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ABSTRACT

In case of a severe reactor accident inside a Nuclear Power Plant (NPP), the
worst case scenario includes melt-down of a significant part of the core.
Without any counter measures, this will lead to failure of the Reactor
Pressure Vessel (RPV). In order to prevent failure of the RPV, the decay heat
generated by the corium pool has to be removed from the vessel at such rates
that excessive temperature rise of the vessel wall is averted.
Recently, flooding of the lower drywell or external (ex-vessel) flooding has
been suggested as a possible accident management strategy, with the purpose
to cool the relocated heat generating corium pool in such a way that vessel
failure is prevented.
The feasibility of this measure is highly plant-specific and is influenced by
the design of the containment, the vessel, and the core as well as the process
conditions during late-phase core melt progression and relocation. Mainly due
to shortcomings in the containment design, external flooding as an accident
management strategy, is not suitable for most existing plants.

This report gives an overview of the state-of-the-art knowledge on the
accident management strategy of external flooding. The phenomena involved
include the heat transfer from the core melt towards the inside of the vessel
wall (in-vessel heat transfer) and the heat transfer from the outside of the
vessel wall to the surrounding water {ex-vessel heat transfer). The in-vessel
and ex-vessel heat transfer determine the heat load on the vessel lower head
and as such challenge its structural integrity.
The corium pool configuration (crust formation, metal segregation) is also of
influence. Crust formation at the pool boundaries has a mitigating effect on
the temperatures in the vessel wall, whereas metal segregation on the pool top
can introduce very large heat fluxes towards the vessel wall.

The ex-vessel conditions should be such that the heat fluxes are well below
the Critical Heat Flux (CHF) in order to avoid an excessive rise of the vessel
wall temperatures. The natural circulation of the coolant should not be
obstructed too much by constructions for thermal insulation.

The likelihood of vessel failure depends on the heat load towards the vessel
wall which is influenced by the in-vessel and ex-vessel conditions and on the
system pressures during and after core meltdown. A methodology to predict
the time to failure due to creep is presented in this report.

Computer codes with the ability to model the relevant phenomena involved in
external flooding are also presented in this report. Currently, the
SCDAP/RELAP5 code seems to be the most suitable for detailed analyses of
the phenomena involved in external flooding.

The results from various experiments and computer simulations indicate that
external flooding at the prototypic conditions during and after a severe
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accident, could be successful as an accident management stategy if
containment, vessel and core design meet the necessary demands.
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SUMMARY

In this report/tip overview of the state-of-the-art knowledge on the ex-vessel
flooding accident management strategy for severe accidents in a NPP has
been given. The feasibility has been discussed, as well as the in- and ex-
vessel phenomena, which influence the structural integrity of the vessel.
Finally, some computer codes with the ability to model the phenomena
involved in ex-vessel flooding have been discussed^ — ..'..«.

"On basis of this knowledge the following main conclusions and
recommendations for further research can be given:

General conclusion:

The cooling of debris contained in the lower head of an RPV by flooding the
vessel externally with water, seems to be a reasonable accident management
strategy. However, the feasibility of this measure is highly plant specific and
therefore any assessment should be performed on a plant-by-plant basis.

Feasibility:

The results from several analyses predicted melting of the upper structures if
the vessel was not completely submerged. This is one of the main reasons
why external flooding is not fit for existing reactors. In many cases here, the
RPV is placed in the containment in such a manner, that flooding the vessel
up to a level where effective debris cooling might be established, leads to a
compression of non-condensible gases up to pressures where containment
venting becomes necessary. This implicates the possibility of the escape of
radio-active fission products out of the containment.

The most important proces parameter, that affects the feasibility of external
flooding, is the decay heat density. If the decay heat density is high, the
efficiency of external flooding becomes questionable. As a limit value for the
decay heat density often 1 MW/m3 is chosen.

The ability to flood the vessel is an important aspect which influences its
feasibility. External flooding can be only succesfull if there exists the
possibility of direct water-vessel contact. If the vessel is surrounded by
thermal insulation, usually there exists a gap between the vessel outside wall
and the insulation, allowing for coolant flow. The resistance for flow should
be small enough to sustain a natural recirculation.

Pool formation phase:

The phenomena in the pool formation phase should also be included in the
analysis. These include effects such as jet enhanced in-vessel heat transfer ,
the ability to establish nucleate boiling as the vessel is flooded and the
thermal and mechanical loading in this phase (incl. thermal shock).
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In-vessel heat transfer:

It is important to observe the phenomena on a local scale. The maximum
downward local heat flux (from debris pool to vessel wall) can exceed twice
the value of the average heat flux (at the junction between the vertical,
cylindrical part of the vessel and the lower head). This may result in high
thermal loadings of the vessel wall at these locations, resulting in a damage
accumulation that proceeds significantly faster than would be predicted on
basis of average global heat transfer values.

The configuration of the corium pool is also of importance. In particular, the
possible separation of a metallic layer has been identified to substantially
increase the thermal loading at the upper edges of the pool, due to the fact
that no protective crust is formed here, as is the case at the corium-vessel
interface.

In the presence of zirconium metal and separation, long term retention of a
melt could lead to chemical dissolution of the vessel at temperatures well
below the melting point of steel.

New experimental data obtained from the large-scale COPO experiments
performed at high modified Rayleigh numbers, showed good agreement with
the empirical correlations for the in-vessel heat transfer (in the upward and
downward direction), resulting from the small scale experiments performed at
significantly lower Ra' values by the group of Mayinger. Also the results
from other experiments indicated that the in-vessel heat transfer can be
described well by the Mayinger correlations.

A number of new experimental programmes - which are still under
development - have also been discussed in this report. These experiments
include the OECD/Russian RASPLAV project, which includes tests with
heated pools of prototypic materials and property measurements of prototypic
melts. Also the BALI experimental program at CEA has been discussed,
which focusses on some important topics which have not been investigated
up to now, such as the formation of a heterogeneous pool and the possible
generation of an inverse convection flow regime in the corium pool, caused
by gas development from the sacrificial wall material and the segregation of a
liquid metal phase with a smaller density.

Ex-vessel heat transfer:

The large-scale CYBL tests, focussing on the ex-vessel boiling phenomena,
demonstrated that at the bottom of the vessel lower head subcooled nucleate
boiling takes place, with small bubbles coalescing to large vapor masses (- 1
m in diameter). The vapor mass disperses in the form of an expanding flat
ring rising along the surface. This flow pattern permits a good ex-vessel heat
transfer and is maintained up to heat flux levels of 200 kW/m2. The results of
the CYBL tests suggest that under prototypic heat flux distributions, the
flooded cavity of the AP-600 reactor addressed by these tests, should be
capable of cooling the RPV in the central region of the lower head.

The CYBL experiments also indicated the complexity of the phenomena to be
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modelled, such as the axisymmetric pulsing of the coalescing bubbles from
the base (BLB), break-up into bubbles, possible condensation because of the
static head and mixing of the water and flashing as the static head falls close
to the top surface in this experiment. Also the small scale SBLB experiments
showed a similar phenomenology.

Several principle means to enlarge the ex-vessel heat transfer have been
proposed, such as the placement of cooling ribs at the vessel outside, Cooling
by a fluid with a large value of CHF under specific conditions, forced
convection of the coolant, flooding at increased containment pressures and
subcooling of the coolant.
From these alternatives only the first and the last are reasonable Options
which fit in the modem passive safety design concept.
The cooling ribs should be designed in such a way that they do not p ^ o k e
an easy accumulation of vapor below the lower head.
A large subcooling of the water surrounding the lower head can be obtained
simply by raising the level (increasing the hydrostatic head).

Structural integrity of the vessel:

The several possible failure modes of the lower head have been investigated.
A major distinction in global head- and penetration failure can be ma<3e. The
general trend - represented in failure maps - is that global head failure is the
governing failure mechanism at elevated system pressures (p > - 2

Recently high-temperature creep- and tensile data became available, which
allow for structural analyses in much higher temperature regime^ than
previously possible. A method is presented which enables to predict the time
to rupture if the vessel wall temperature- and -stress condition are k n o ^ . To
allow for time to rupture predictions under transient conditions, the life-
fraction rule and the principle of accumulated damage were introduced.

The CORVIS experiments focus on the structural aspects of coriuttv.vessel
interaction. The result from the first test performed in '.his experimental
program, simulating the effect of jet impingement, showed a large penetration
of the corium simulant - in this case an iron/alumina mixture - into the lower
head (the maximum penetration was 67 mm in a 100 mm thick test vessel).

Computer codes:

The results from all these experimental programmes will provide further data
for the development and validation of computer models. Several computer
codes, with the ability to model all the relevant phenomena involved in
external flooding, have been discussed. Currently the SCDAp/RELA^s code
seems to be the most suitable for simulating an externally flooded, vessel
containing a heat generating corium pool, because it incorporates 3D
thermalhydraulic models, also for the description of t\vo-phase flows.
Furthermore, with the use of the COUPLE model in SCDAp/RELAt>5 it is
possible to generate a mesh of the vessel with a detailed temperature
distribution, which can serve as input for further structural analyses with
finite element codes.
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Topics for further research:

Topics that require further research are among others:
• the effects of the exposure of construction materials (RCS piping) to hot

gaseous fission products and decay heat, resulting from the corium pool,
• thermal shock effects, resulting from either in- or ex-vessel flooding, on

the structural integrity of the vessel,
• the likelihood of steam explosions if the melt flows into the flooded cavity

after vessel breach,
• every possible failure mechanism and its condition of occurrence has to be

investigated,
• the possibilty of non-Newtonian convection behaviour in a corium pool,

which affects the heat transfer,
• experiments with prototypic melts to verify whether metal separation

indeed is likely to occur,
• experiments with prototypic melts to investigate the possible recriticality

of a molten corium pool as well as the development of models to describe
this phenomenon and its effect on the progression of the accident,

• practical problems, such as the adequate measurement of proces conditions
under the difficult circumstances of core melt-down and a relocated
corium pool. This is important with regard to possible measures to take, in
order to prevent the progression of the accident in a direction which
eventually leads to vessel failure.
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1 INTRODUCTION

Since the major accident in unit 2 of the Three Mile Island (TMI) plant in
1979, the research efforts with respect to the safety of nuclear power plants,
have been intensified. The TMI-2 accident also has encouraged the
development of various accident management strategies in order to eliminate
the possible, devastating effects which could result as a consequence of such
an accident.
A possible scenario of a reactor accident incorporates core melt-down. This
type of accident is referred to as severe accident. In the worst case the
complete core will end up as a molten debris pool (corium) filling a large
part of the Reactor Pressure Vessel (RPV) lower head. During the accident at
TMI-2 only a part of the core was molten down.
Due to decay processes in the molten fuel, heat is generated in the corium. If
no measures are taken to remove this heat continuously, the temperatures in
the vessel wall can rise excessively, which may cause the vessel to breach in
the end. After the vessel failure, the debris will spread out in the containment,
which may lead to the release of additional volatile and non-volatile fission
products as a result of the interaction with concrete. Moreover, through the
release of non-condensable gases, such as hydrogen, the integrity of the
containment may be endangered. After containment failure the only barrier
between the radioactive debris and the environment is the reactor building.
At TMI-2, the debris was succesfully cooled by quenching it with water
inside the vessel. However, the injection of coolant (i.e. water) in a dried-out
vessel (in-vessel cooling) involves the risk of thermal shock effects - with an
ability to challenge the structural integrity of the RPV severely. Adding a
large amount of water into a hot corium pool also implies the possible danger
of steam explosions or energetic Fuel Coolant Interactions (FCI).
Although very little is known about the conditions that provoke FCI, recently
an alternative accident management strategy has been proposed in order to
avoid the steam explosion hazard that is related to in-vessel cooling.
In principle, the corium can be cooled also by flooding the RPV externally
with water (see Fig. 1.1). Therefore, the containment cavity that surrounds the
RPV has to be filled with water. The purpose of this accident management
strategy is to maintain the structural integrity of the vessel wall by removing
the heat generated by the decay processes in the molten corium.
Although the heat removed from the vessel can be enlarged substantially by
flooding it with water under specific conditions, this solution is not so trivial
as it seems, because the large heat fluxes occuring under these conditions can
give rise to a film boiling mode around the vessel. As soon as this happens
the heat transfer deteriorates significantly, thereby raising the temperatures in
the lower head to a level where failure may occur.

Moreover, external flooding is not fit for every type of NPP. The feasibility
of this measure is highly plant-specific and greatly depends on the reactor
design and the geometry of the containment cavity.
World wide research programmes have been started to investigate the
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phenomena involved in external flooding and to determine its possible merits
as an accident management strategy. With respect to these phenomena the
following basic distinction can be made:
- the (convection) flow regime of the molten pool inside the vessel which

determines to a great extent the heat transfer from the corium to the vessel
upper structures and the lower head. Also the possible occurrence of
metallic melt stratification on the top or the bottom of the corium pool as
well as crust formation affect the heat transfer to the vessel wall. These
are called the in-vessel phenomena.

- the steam/water flow regime outside the vessel in the containment cavity
which determines the heat removing capacity from the vessel to its
surroundings. At moderate heat flux levels, nucleate boiling is the
governing boiling mode at the ouside of the RPV. As long as this is the
case a large heat transfer from the vessel to the surrounding water is
guaranteed. However, if the critical heat flux (CHF) is exceeded, transition
to film boiling occurs and the heat transfer to the surrounding water drops
dramatically, leading to an excessive rise of the temperatures inside the
lower head. The phenomena that occur outside the RPV and that influence
the vessel wall temperatures are called the ex-vessel phenomena.

Both the in- and ex-vessel phenomena determine the thermal boundary
conditions for the RPV and as such influence its thermal- and mechanical
load, which in turn challenge the structural integrity of the RPV.

In this report, first the feasibility of external flooding as an accident
management strategy will be discussed. In Chapter 3, a sequence of the main
phenomena involved in core melt progression that are representative for a
severe light water reactor accident will be presented. The phenomena
occurring during the pool formation phase (core melt relocation) will be
discussed in Chapter 4. The in- and ex-vessel heat transfer after the pool
formation phase are discussed in the Chapters 5 and 6 respectively. The
influence of these phenomena on the structural integrity of the vessel is
treated in Chapter 7. Finally, Chapter 8 discusses the main computer codes
that have been developed to model core melt progression as well as their
potentials to describe external flooding.
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Fig. 1.1 External flooding of the RPV
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2 FEASIBILITY

As has already been stated in the introduction, the feasibility of external
floodingas an accident management strategy is highly plant-specific. The
various aspects and plant characteristics that affect the feasibility of external
flooding will be discussed in the paragraphs 2.1 - 2.4. In paragraph 2.5,
topics related to the feasibility aspect, that require further research are
discussed briefly.

2.1 Design of the Containment Cavity

Obviously, the containment cavity or lower drywell, has to be designed in
such a way that it enables the submergence of a large part of the RPV. New
PWR (Pressurized Water Reactor) designs (and also some existing PWR
plants) generally have a containment cavity with a small volume. In such a
small volume, vessel submergence could be obtained already by depletion of
relatively small water inventory into the containment. A small cavity volume
therefore enlarges the potential for external flooding.
In contrast, many existing PWR and especially BWR (Boiling Water Reactor)
plants have such large cavity volumes that vessel submergence, up to a level
where effective cooling of the core debris might be possible, only is establis-
hed if the water from the emergency cooling systems and additional water
reservoirs is depleted into the containment. The containment cavity has to be
filled as soon as possible after core melt-down has started, in order to limit
the amount of time that the corium decay heat can not be removed from the
vessel at a sufficient rate. This means that a large containment volume
imposes additional demands on the minimum required water flow, necessary
to submerge the vessel before failure can occur. For example: to submerge
the major part of the RPV in a Mark-I BWR plant (see Fig. 2.1) within five
hours after core melt-down has started would require a pumping capacity of
600 kg/s whereas for the Loviisa VVER-440 PWR plant (see Fig. 2.2) a flow
of only 9.0 kg/s would be sufficient to guarantee sufficient vessel
submergence in the same period of time.
One should realize that the architect engineer of the containment usually is
not the same for different plant locations, whereas the vendor of a certain
reactor type is. Therefore, external flooding in existing plants might be a
serious option for a severe accident management strategy if the containment-
cavity design enables a fast vessel submergence. The same reactor type at
another location might be surrounded by a different containment, which does
not allow for external flooding.
If eventually the vessel fails, the remaining accident management strategy is
to cool the molten core in the containment. The feasibility of this measure is
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affected by the ratio of the thermal power P,h and the drywell floor area A
[1]. For effective cooling inside the containment the ratio PJA should be
small enough, which for a certain power level is established by enhancing the
pedestal or drywell floor area (see Fig. 2.3 and Fig. 2.4). Fig. 2,3 depicts the
Ringhals 1 containment, a containment designed and developed by ABB.
Vessel failure would lead to an accumulation of core melt into a large volume
below the RPV, which is separated from the condensation pool by a
horizontal concrete wall. If eventually this barrier breaks the corium reaches
the condensation or suppression pool. As this pool is large and deep (5-7 m),
the melt will be quenched and fragmented on its way to the pool bottom,
thereby enabling an effective cooling inside the containment. However,
raising the water level in a limited period of time up to a level where in-
vessel debris cooling might be effective is considerably more difficult to
achieve. The same holds for the ABB Forsmark 1-2 containment (Fig. 2.4),
with an annular suppression pool. Gravitational flow from the annular
condensation pool towards the volume confining the debris mass is the
method used in order to mitigate the corium in the containment. Also here a
large and profound suppression pool is established with a small PJA ratio.
The fact that the PJA ratio should be small, in order to enlarge the potentials
for ex-vessel cooling, imposes additional demands on the construction of the
lower drywell, in order to limit its volume and its suitability for effective
application of External Flooding.

The presence and type of external thermal insulation and other structures
around the RPV are also important because they affect the size of the gaps
available for the water/steam mixture flowing around the vessel and therefore
influence the maximum possible cooling rate.

2.2 Vessel and core design

Not only the containment geometry but also the vessel- and the core design
affect the feasibility of external flooding. Generally, the power density of a
PWR is larger than the power density of a BWR of similar size (i.e. designed
for the same power level), whereas the volume of a PWR vessel is smaller
than the volume of a BWR vessel for equally sized plants. A smaller vessel
volume implies a smaller amount of area available for heat transfer through
the RPV. Both the higher power density and the smaller RPV lead to higher
heat fluxes for PWR vessels, in the case that corium is relocated on the lower
head. Despite all of this, the PWR vessel in general is not as thick as the
BWR vessel of a similar sized power plant. The reason for this is, the fact
that the BWR vessel lower head contains far more penetrations than the PWR
vessel lowerhead. In PWR vessels, the penetrations for control rods and
instrumentation tubes are encountered in the RPV upper head, whereas in
BWR vessels all the penetrations are located in the lower head. In case a
corium pool fills the RPV lower head, penetration failure is likely to occur
before global head failure at low system pressures.

16 ECN-R-95-022 ECN - TUD, May 1995



Feasibility

2.3 Proces conditions

The proces conditions during core melt progression and relocation of the
corium into the lower head, influence the feasibility of external flooding. The
formation of a solid crust at the corium-vessel interface serves as a protective
layer for large heat fluxes (up to 200 W/cm2, according to [2]). The in-
vessel flow regime influences the formation, growth and final thickness of the
crust, but only little experimental data are available for this phenomenon at
the moment. The mechanism of crust formation and growth is currently
mainly based on analytical models such as described by [3].
Also the system pressure influences the possible success or failure of external
flooding. Increasing system pressure deteriorates the feasibility due to the
higher mechanical loads on the RPV.
The ex-vessel flow regime influences the heat removing capacity of the
water/steam mixture surrounding the vessel. For external flooding to be
succesful, the temperatures in the RPV should be kept as low as possible. In
order to realize this, nucleate boiling should be the governing boiling mode at
the outside of the vessel. If the CHF is exceeded, Departure from Nucleate
Boiling (DNB) to a film boiling mode occurs, which means that a steam film
is formed around the vessel (see also par. 4.3). The steam film deteriorates
significantly the heat transfer from the vessel to the surroundings. Therefore,
at all circumstances DNB should be prevented.
The most important proces parameter however is the decay heat density of
the debris. According to [2], a critical value for the decay heat density is 1
MW/m3. If this value is exceeded, the efficiency of external cooling is
questionable. However, it is more likely that the critical decay heat density is
influenced by the reactor type.

2.4 Possibilities for existing plants

Some serious difficulties are encountered if external flooding is applied as a
severe accident management strategy in some existing plants. An overview of
the problems encountered at the BWR Mark-I containment facilities (Peach
Bottom/Browns Ferry) is presented in [4] and discussed briefly in this
paragraph. It is emphasized that the BWR Mark-I containment only serves as
an example of the possible problems that could affect the effectiveness of
external flooding in a negative sense. But as mentioned already in Chapter 1,
the feasibility of external flooding has to be investigated on a plant-by-plant
basis.

The feasibility of external flooding for the Mark-I BWR containment is
doubted because of the following two main reasons:
- In many existing plants it is impossible to submerge the vessel completely,

mainly because of the location of the drywell vents within the containment
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(in the Mark-I BWR containmnent at two-thirds of the vessel height). If
these vents are blocked by the raising water level this would result in a
strong pressure increase inside the containment. Because of the small free
volume of the containment, venting is necessary to prevent a strong
pressure increase caused by the non-condensible gases. The low pressure
pumping systems necessary for the filling of the drywell do not function at
these elevated pressures.

- As shown in Fig. 2.5, a gas pocket would be trapped within the vessel
skirt during the rising of the water level in a Mark-I BWR containment.
This leads to a large portion of the reactor vessel lower head being
unflooded. Analyses performed with the BWRSAR- and the HEATING
code proved this gas trapping eventually to be fatal.
The accumulation of gases could be prevented by drilling holes in the
skirt.

The result of this assessment demonstrated a shift from penetration failure to
bottom head creep rupture if drywell flooding was applied. Also the time to
failure was delayed by more than nine hours (see Table 2.1).
Partial venting at the manhole access leads to a smaller amount of gas to be
trapped within the vessel skirt (see Fig. 2.6). This influences the time to
failure in a positive sense as can be seen in Table 2.2. Complete skirt venting
(there is no trapped gas volume, i.e. the vessel outer surface is completely
flooded) prevents global head- or penetration failure, but despite all these
measures the analyses still predicted melting of the upper vessel wall, 20
hours after core melt-down. When these upper structures melt down into the
lower head, large amounts of steel are supplied to the pool. This means that
the likelihood of metal segregation increases. This effect is undesirable
because of the fact that a metal layer is not bounded by a protective crust
which prevents the transfer of large heat fluxes to the vessel wall.
To prevent melting of the upper structure the vessel should be completely
submerged. In many existing plants there are no possibilities to achieve this.
Therefore, the possibility of complete vessel submergence should be
integrated in future design concepts.
The Loviisa PWR containment and Zion PWR are examples of containment
design that allow for external flooding. Complete vessel submergence without
the need for containment venting is achievable in these designs (Fig. 2.7),
because of the large free volume (57000 m3 for the Loviisa PWR containment
and 77000 m3 for the Zion PWR containment) and the location of the reactor
in a cavity at the bottom. The Mark-I BWR containment (Peach Bottom) is
also depicted in Fig. 2.7. With its small free volume (12000 m3) and because
of the location of the reactor vessel in top of the containment it does not
allow for complete vessel submergence without venting.
Drywell flooding could lead also to loss of pressure control possibilities when
the Safety Relief Valves (SRVs) are submerged (Fig. 2.8). This scenario leads
to higher system pressures with, as a consequence, increased wall tensile
stresses. Therefore, in this case the creep rupture failure time is two hours
shorter than for the depressurized case (compare entries 3 and 4 in Table 2.3),
which means that creep rupture occurs at a lower vessel wall temperature.
From the discussion above and in former paragraphs it has become obvious
that external flooding has some disadvantages regarding its application to
most existing plants.
Summarizing the main obstructions:
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- in most BWRs, venting systems are necessary to maintain the containment
pressure sufficiently low in order to enable the low-pressure pumping
systems to function properly. The use of venting systems under these
circumstances involves the risk of radio-active emissions.;

- large pumps and alternative power sources (station black-out conditions)
are necessary to fill the drywell in the shortest period of time possible,
after core degradation has started.

- to prevent failure of the upper structures and upper vessel wall (melting)
the complete vessel has to be submerged.

The main advantages are:
- failure of the bottom head penetrations and vessel drain is prevented;
- creep rupture of the reactor vessel is delayed and prevented if complete

skirt venting is established. Submergence of the entire vessel also prevents
melting of the upper structures and upper vessel wall.

There are a lot of uncertanties in the processes and phenomena involved in
the external flooding of an RPV containing a molten debris pool. These
uncertainties are of concern because they can affect the feasibility of external
flooding in a negative sense. They are discussed briefly in the following
paragraph.

2.5 Topics of concern

Various safety aspects are related to debris cooling (and external flooding) as
an accident management strategy concept. In order to get a complete view of
the effects related to large molten pool heat transfer, its coolability and the
influence on the safety of the installation, the following topics require
attention and further research:
- the effects of the exposure of construction materials to hot gaseous fission

products and decay heat. This could lead to failure on various locations in
the RCS (foi example: the piping between the RPV and the steam
generator (PWR) or the pressurizer surge line, see Fig. 2.9).

- if - despite flooding the RPV externally - the vessel breaches, energetic
fuel coolant interactions (FCI) might occur, which could damage the
containment. The main conclusion of a Probabilistic Safety Assessment
(PSA) presented in [5], however, was that flooding the RPV externally
is better than doing nothing, even though adverse effects of ex-vessel
steam explosions might occur.

- every possible failure mechanism in the lower head and its condition of
occurrence has to be investigated. Up to now, Lower Head Failure (LHF)
research concentrated on global head failure based on a mechanics of
materials approach. However, penetration failure is a mechanism which is
more likely to occur, especially for BWRs and at low system pressures
[6]. Only recently experimental data became available considering high
temperature creep of the widely used pressure vessel steels SA533B1 and
SA508-CL2 [7] and of the penetration steels Inconel 600, 304 stainless
steel and SA106B carbon steel [8]. Creep failure is a mechanism which
is likely to occur, especially at the high temperatures involved in the case
of a relocated high temperature corium pool.
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- special attention is required for the measurement of the proces conditions
under the difficult circumstances of core melt-down and a relocated
corium pool. Reliable monitoring of the plant conditions (for example:
temperatures, pressure, fission product release) is important with regard to
accute possible emergency measures to take in order to prevent a course of
the accident which leads to vessel failure.

- according to [2], the corium pool bottom probably consists of a slurry of
solid particles. This possibly introduces non-Newtonian convection
behavior.

- if metal separates from the corium to form a distinct layer on top of the
pool (the average density of the metallic melt is less than the average
density of the corium), this may lead to excessive heat fluxes to the RPV,
up to 5 MW/m2 [2]. This is caused by the fact that the metallic melt is not
separated from the RPV by a protective crust (which is formed on the
corium-vessel interface). The likelihood of metal segregation increases if
melting of the upper structures occurs. According to [4] this can be
prevented only by complete vessel submergence.

- in a non homogeneous corium pool, the possibility of fission power
generation still exists. Very little is known about recriticality in a molten
core. All the current models assume a homogeneous pool with no fission
power generation.
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Table 2.1 Effect of drywell flooding on the failure mechanism and time to
failure for the Peach Bottom/Browns Ferry Mark-I BWR contain-
ment

Drywell flooded

No

No

Yes

Failure mechanism

Penetration assemblies

Bottom head creep
rupture

Bottom head creep
rupture

Time to failure (min)

250

600-640

780-840

Table 2.2 Effect of skirt venting on failure mechanism and time to failure
for the Peach Bottom/Browns Ferry Mark-I BWR containment

Skirt vented

No

Partial

Complete

Failure mechanism

Bottom head creep
rupture

Bottom head creep
rupture

Melting of upper vessel
wall

Time to failure (min)

780-840

840-900

>1200
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Table 2.3 Effect of drywell flooding, skirt venting and reactor vessel
depressurization on failure mode and time to failure for the
Peach Bottom/Browns Ferry Mark-1 BWR containment

Drywell
flooded

No

No

Yes

Yes

Yes

Yes

Skirt vented

—

No

No

Partial

Complete

Reactor vessel Release
depressurized mechanism

Yes

Yes

No

Yes

Yes

Yes

Penetration
failures

Bottom head
creep rupture

Bottom head
creep rupture

Bottom head
creep rupture

Bottom head
creep rupture

Melting of
upper vessel
wall

Time to
failure (min)

250

600-640

660-700

780-840

840-900

>1200
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BWR (Mark-I) Elevation/free-volume
from bottom (roughly)

40 m/
12000 m3

20 m/
10000 m3

40 m

- 10 m/
7000 m3

5 m/
4000 m3

0 m/
0 m3

"Original" suppression pool water

"Injected" water HBUBBBB Corium

| Reactor vessel support skirt

Fig. 2.1 External flooding in a Mark-I BWR containment
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PWR (Loviisa WER-440)

Hot leg

Cold leg

Elevation/free-volume
from bottom (roughly)

17 m/
5000 m3

CAVITY

7 m

- 12 m/
1400 m3

- 11 m/
160 m3

4 m/
150 m3

0 m/
0 m3

-> Water flow => Water-steam -mixture flow

Sump/cavity water Corium

Fig. 2.2 External flooding in a Loviisa WER-440 PWR containment

24 ECN-R--95-022 ECN - TUD, May 1995



Feasibility

Dry well head •

Dry well-

Diaphgragm
floor

Wetwell

•Reactor
pressure
vessel

-Pressure
suppression
vents

•Condensation
pool

Fig. 2.3 Ringhals 1, ABB-Atom containment design

Reactor
Pressure
Vessel

Condensation
pool

Dry well

Wetwell

Pedestal

Fig. 2.4 Forsmark 1-2, ABB-Atom containment design
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• %

Fig. 2.5 A gas pocket would be trapped within the vessel skirt during the
rising of the water level

Fig. 2.6 Partial venting at the manhole access reduces the size of the
trapped amount of gas beneath the reactor vessel support skirt
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In-Core
Instrument

Tunnel

• Water Level
After RWST

Injection

• Reactor Cavity

NMNMN/VI/I/I/

Fig. 2.7 Loviisa PWR-, Zion PWR- and Peach Bottom Mark-I BWR
containment
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«•REACTOR PRESSURE
VESSEL

DRYWELL

rDOWNCOMER
WENT HEADER MAIN VENT

TORUS

QUENCHER

Fig. 2.8 Location of a SRV and its tailpipe in a Mark-I BWR containment
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steam line

reactor pressure vessel

Fig. 2.9 Reactor Coolant System of a PWR
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3 CORE MELT PROGRESSION

Prior to the final state of a melt-down, a sequence of processes takes place,
from the initiation of the accident to the corium pool filling the lower head.
Based on studies of the TMI-2 accident and several other research program-
mes a number of phenomena have been distinguished that play an important
role in core melt progression. The list of phenomena presented here is not
complete and mainly serves to give an idea of possible accident scenarios
which can give rise to a molten corium pool. For an extensive overview and
description of the phenomena involved in core melt progression, with a main
focus on the SBWR (Simplified Boiling Water Reactor), reference is made to
[9].
In the following paragraph a specific accident scenario for the SBWR will be
discussed. From the point where core uncovery starts all LWR accident
scenarios roughly proceed in the same manner, so the example discussed here
is illustrative for many cases.
In the next paragraph the phenomena that accompany the various stages in
the accident scenario will be discussed briefly. Finally some comments are
made on the significance of knowledge of the complete phenomenology
involved in external flooding.

3.1 Bottom Drain Line Break scenario for the
SBWR

A possible severe accident scenario for the SBWR (see Fig. 3.1), an advanced
type of BWR developed by General Electric (GE), is the BDLB, as described
in [9]. A short overview of this specific scenario is presented here:
shortly after a fracture is formed in the bottom drain line, the reactor is fully
scrammed. The steam/water mixture present in the RPV flows out of the
vessel, thereby decreasing also the level in the downcomer (which is the
section of the RPV, outside the core, where the water - after being separated
from the steam in the steam separator assembly - flows back (downwards) to
the core). If the level in the downcomer drops below a certain setpoint, the
Automatic Depressurization System (ADS) is activated (this setpoint value is
referred to as LEVEL 1). As a consequence, the Depressurization Valves
(DPVs) are opened. Due to continuous inventory loss, both through the break
and through the DPVs, and the failure of both the active and passive safety
injection systems, core uncovery occurs, which means that the decay heat
cannot be removed from the core at sufficient rates anymore. Steel structures
and the Zircaloy fuel cladding are oxidized by the superheated steam. Melting
of the control rods is started (B4C), followed by the melting of stainless steel
and finally of the UO2. The corium is relocated on the Core Support Plate
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(CSP), which starts to get overheated and eventually fails. Finally the corium
relocates into the RPV lower head. If the molten debris in the lower head is
not cooled sufficiently this accident sequence finally ends up in lower head
failure (LHF).

3.2 Severe accident phenomena

The phenomena accompanying the course of a severe accident will be
discussed briefly in this paragraph. For a complete overview reference is
made to [9]. A severe accident involving core melt may be triggered in
several manners, such as improper operator action or malfunction of one or
more reactor components, as described in the former paragraph. During the
progression of a severe accident, the following sequence of phenomena may
occur:
- Metallic blockage:

At approximately 1073 K the melting of the control rods (B4C) starts,
followed by the melting of the steel structures at about 1723 K, the
Zircaloy cladding of the fuel rods at ± 2033 K and finally the UO2 at ±
3123 K (chemical dissolution already takes place at lower temperatures).
The melt flows down to cooler locations where it can solidify and form
blockages in the flow channels between the fuel rods. As these blockages
obstruct coolant flow, the progression of the accident may be fastened.

- UO2 liquefaction:
The molten Zircaloy is able to chemically dissolve the UO2 tablets at
temperatures ± 1000 K below the UO2 melting point. The liquid Zr-U-0
mix flows down to cooler locations where it can solidify and form
blockages similar to the metallic blockages described above.

- Melt relocation to the lower plenum:
If the core melt progression continues, eventually a pool of corium will
arise in the lower plenum of the vessel.

- Steam explosion:
If water is to be found in the lower plenum during melt relocation, the
possibility of steam explosions exists. As a consequence of the large
temperature difference between the corium and the water a rapid steam
generation occurs, thereby creating pressure waves which can damage the
RPV.

- Core debris interactions in the lower plenum:
As has been discussed in Chapter 2 already, the RPV design affects to a
large extent the influence of the debris interactions with the vessel.
Especially the presence of penetrations in the lower head is of particular
importance for the possible failure mode. In Chapter 4 a more profound
discussion of this topic can be found.

- Effect of melt progression on recriticality:
In the case of a severe melt-down accident, the control rods will first start
melting, followed by the steel, the Zircaloy cladding and the UO2. In the
existing studies the assumption is made that eventually a homogeneous
melt is formed where fission power generation is negligible due to neutron
absorption by the control rod elements. However, this assumption was
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never experimentally verified. Currently, also no theoretical models
describing recriticality in the corium pool are available.
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SBWR

Simplified
Boiling Water
Reactor Assembly

1 Reactor Pressure Vessel

2 RPV Top Head

3 Integral Diyer-Separator Assembly

4 Main Steam Line Nozzle

5 Depressurization Valve Nozzle

6 Chimney

7 Feedwater Inlet Nozzle

8 Reactor Water Cleanup/Shutdown
Cooling Suction Nozzle

Isolation Condenser Return Nozzle9

10 Gravity-Driven Cooling System Inlei
Nozzle

11 RPV Support Skirt

12 Core Top Guide Plate

13 Fuel Assemblies

14 Core Plate

15 Control Rod Guide Tubes

16 Fine Motion Control Rod Drives

GE Nuclear Energy

Fig. 3.1 Isometric view of SBWR RPV
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4 PHENOMENA IN THE POOL
FORMATION PHASE

In order to determine the temperature distribution in an externally flooded
vessel lower head containing core debris, it is necessary to model all the
phenomena involved, both in- and ex-vessel and in the pool formation phase-
as well as in steady state conditions.
As was seen in the previous paragraphs, severe vessel damage can already
arise during the core melt progression, for example as a consequence of
steam explosions occurring during core relocation into a lower head which
still contains water. Therefore it is important to consider also this phase of
the accident in the analysis of possible LHF. It is possible that the first melt
attack and the transition from a recently relocated core to a coolable corium
pool challenges the structural integrity of the vessel lower head more than
under steady state conditions, when the vessel is flooded externally. The
steady state is reached when the in-vessel heat transfer - from the corium to
the vessel - equals the ex-vessel heat transfer - from the vessel to the
surrounding steam/water mixture. In that case the vessel wall temperature
does not change in time and only depends on the location in this phase.

The pool formation phase involves a wide range of phenomena, as specified
in [10]:
- late-phase core melt progression and relocation (coherent versus gradual

slumping, melt jet characteristics);
- steam explosions (energetic FCI);
- core melt fragmentation, quenching and attack against the lower head and

penetrations (thermal loads);
- dryout and remelting of an in-vessel core debris bed and the establishment

of convective currents in molten corium (time scales, decay power level,
pool homogeneity);

Whether the RPV survives the pool formation phase is highly design-specific,
yet lowering the sytem pressure and enhancing the internal and external
cooling of the vessel increases the likelihood of preventing (or at least
delaying) vessel failure, due to reduced mechanical and thermal loads.
Very few experimental investigations have been performed to study the pool
formation phase. An extended experimental program which included
phenomena related to pool formation was realized by the group of Prof.
Mayinger at the Technical University of Hannover in the years 1970-1982. A
short description of these experiments is given below. A more profound
overview is given in [11].

The flow conditions - both, in- and ex-vessel - are usually characterized by
means of dimensionless groups. In Appendix A a summary of frequently used
dimensionless numbers is given.

The investigated case by the Mayinger group was the influence of a fluid
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(water) jet flowing from above into a semicircular vessel geometry (i.e. slice
geometry, simulating a RPV lower head on a small scale) filled with the
same fluid. The fluid within the slice geometry is heated internally by means
of an electric current (simulating decay heat generation). The jet is also
heated and its temperature can be varied. An overview of the test chamber is
shown in Fig. 4.1.
The inner radius of the semicircular geometry is 128 mm, and the
characteristic length equals the maximum height of the fluid level, H.
Although the experiments have been performed on a small scale compared to
the real reactor vessel dimensions, comparison of the characteristic
dimensionless Grashof (Gr) and Prandtl (Pr) numbers for the real RPV
geometry with the model enables that the plant conditions can be described
also by the model.

The expected flow regime within the semicircular geometry is a combination
of a free convection flow regime in fluids with internal heat sources and a
forced flow regime by the fluid jet. The main characteristic in this flow
regime is the following quotient: GrHIReB. Here ReB is the Reynolds number
of the jet and GrH is the Grashof number that characterizes the free convecti-
on flow regime in a corium pool with fluid height H. For the velocity the
average velocity in the jet is substituted and for the characteristic length the
width of the jet B is taken. A large value of GrHIReB

2 implies that free
convection is dominant. A small value of GrHIReB

2 characterizes a dominant
forced flow regime.
An important result from the experiments was the stagnation of the flow
regime in a region at the bottom of the semisphere if GrHIReB exceeded a
certain critical value. This is clearly shown in Fig. 4.2.
It was found that there was a strong increase in local Nusselt number (compa-
red to the average Nusselt number: TTü within the stagnation point region
(see Fig. 4.3), which means that the heat transfer through the wall in this
region is also very large compared to the surrounding regions. This means
that the thermal load on the vessel wall is highest in the stagnation point
region.
The critical value of GrHIReB depends on various parameters, such as
temperature, Rayleigh number, maximum height of the fluid pool and width
of the jet:

GrH

Rel .
ent

(4-1)

where: K(T) : temperature dependent factor
Ra' : modified Rayleigh number
H : maximum height of the fluid pool in the test chamber
m(T) : temperature dependent exponent

For more information about the temperature dependent parameters reference
is made to [12].

The jet temperature was found to be also an important parameter that influen-
ces the flow regime. A dimensionless temperature was introduced, which is
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defined as follows:

T -T
0 = i """ (4-2)

T -T
max w

where: 7} : jet temperature
Tmax : maximum fluid temperature in the case of free convection
Tw : lower wall temperature

This definition allows a differentiation between buoyancy and momentum
forces of the jet. The following cases are possible:
- 0 < 0: buoyancy- and momentum forces of the jet are oriented in the same

(downward) direction;
- 0 = 0: the jet temperature and the fluid temperature are equal, influence of

the buoyancy forces can be neglected;
- 0 > 0: buoyancy- and momentum forces of the jet are oriented in different

directions.

Eq. (4-1) usually is expressed in terms of this dimensionless temperature 0 ,
hence:

GrH 0.265= C(0)ito>ü"°^
ReB

2

B hrit

Many sets of experiments were performed with combinations and variations
of the following parameters:
- velocity of the jet (ReB number);
- height of the fluid pool;
- width of the jet with variation of the pool height;
- temperature of the jet with variation of the jet velocity;
- temperature of the jet with variation of the pool height;
- position of the jet in relation to the center of the semicircular geometry.

The following major conclusions were drawn from the experimental results.
- there is a strong increase in local Nusselt number within the stagnation

point. The maximum value increases with increasing ReB number of the jet
(see Fig. 4.3);

- the stagnation point region increases with increasing jet temperature;
- the maximum Nu number increases with the decreasing fluid level;
- the position of the jet influences the Nu number distribution (see Fig. 4.4).

As can be seen, the local maximum in the Nu number distribution corres-
ponds to the location of the jet. The measured peak values of the Nu
number are increasing with increasing distance from the central position
up to a relative distance of about xIR ~ 0.6. At larger distances the
influence of the increasing angle of the wall dominates and leads to a
reverse tendency. For a more extensive review of the experimental results
and conclusions reference is made to [11].

One has to bear in mind that the experiments described above were on a very
small scale. Investigations were performed in the range: Ra' < 2.1010, whereas
in a real reactor geometry values up to Ra' = 1017 are possible. The transition
to the turbulent regime is at Ra' = 1013. Large scale pool formation
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experiments were never executed.
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Fig. 4.1 Semicircular testchamber for the pool formation experiments
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a) ... without fluid jet flowing from above

b) ...with fluid jet at critical value of Gr/Fteg

c) ... with fluid jet at a value below the critical Gr/Re|

Fig. 4.2 Typical temperature distributions in a semicircular geometry with
and without fluid jet flowing from above in central position
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Fig. 4.3 Measured local Nusselt number distributions
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Ra' = 1.6 . 109, HIR = 0.78

Fig. 4.4 Local Nusselt number distributions measured at different jet
positions
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5 IN-VESSEL HEAT TRANSFER

In this chapter, the theory and various experiments that have been executed
concerning the heat transfer from a corium pool to the vessel wall are
discussed. The in-vessel heat transfer constitutes:
- heat transfer from the decay-heated corium pool to the lower head wall in

contact with the corium by:
• convection,
• conduction.

- radiation from the decay-heated corium pool to the upper surfaces of the
vessel.

This chapter focusses on in-vessel heat transfer by convection.

In paragraph 5.1 the correlations for steady state average heat transfer
between a heat generating fluid and a semispherical vessel in both the
upward- and downward direction will be discussed. The majority of correlati-
ons mentioned in this paragraph are based on small scale experiments
executed by the group of prof. Mayinger at the Technical University
Hannover (Germany) in the period 1974-1975.
Paragraph 5.2 discusses the research programme performed recently at the
University of California, which results allow for a more detailed description
of the in-vessel heat transfer and show its dependence on location.
The results from the experiments performed at the high modified Rayleigh
numbers in the COPO facility showed good agreement with the correlations
developed by the Mayinger group. The COPO research programme is
discussed in paragraph 5.3.
All the research programmes discussed so far did not account for the mecha-
nism of crust formation, which involves the development of a shallow
solidified layer at the pool boundaries. From the SCARABEE BF1 experi-
ment with a small amount of molten UO2, it became clear that a solid crust is
formed and that it serves as a very effective protective layer, resisting large
heat fluxes without erosion. The BF1 experiment is discussed in paragraph
5.4.
Finally the description of the RASPLAV- and BALI experiments will be
discussed in the last two paragraphs.
The RASPLAV experiments, with large amounts of real molten corium
material, tend to simulate the interaction of corium with the VVER PWR
RPV.
The large scale BALI experiments will focus on special topics which have
not been investigated up to now.
As both experimental programmes have just been started, currently no results
are available.
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5.1 Correlations for average heat transfer

The group of prof. Mayinger, already mentioned in Chapter 4, also performed
small scale experiments on a heat generating fluid in a semicircular geometry,
under steady state conditions (i.e. no pool formation).

As the Nusselt number Nu can be interpreted as a dimensionless temperature
gradient at a surface, the upward- and downward heat flux through the
surface considered can be expressed in terms of the Nusselt number in
upward direction Nuu and -downward direction Nud. The semi-empirical
correlations for a completely filled semispherical geometry are (i.e. R = H):

(5-2)

where: q" , qj' : upward-/downward heat flux [W/m2]
kc : heat conduction coefficient of the corium

[W/m.K]
R : radius of the semi-spherical geometry [m]
ATU, &Td : maximum temperature difference between corium

and free surface of the pool (M) or between cori-
um and inside lower vessel wall (d)

One of the purposes of the experiments was to determine the influence of Ra'
on Nu. From numerical calculations and former experiments it was concluded
that:
- heat conduction within the fluid and from the fluid to the surroundings

dominates at low Ra' numbers;
- at higher Ra' numbers increasing convection processes dominate the heat

transfer.
This effect can also be seen in the changing streamline- and isothermal line
pattern, as is shown in Fig. 5.1. The group of Mayinger performed 2D experi-
ments in a small semicircular test chamber (Fig. 5.2.). The inner radius of the
test chamber varied between 25 mm and 280 mm. Like the pool formation
experiments the fluid used was water heated by means of an electrical
current. The temperature field within the semicircular geometry were
measured. The results of these measurements allow the distinction of three
different areas of flow behaviour (Fig. 5.3):
- a non-uniform turbulent flow regime in the upper layer where the tempera-

ture is relatively low and, hence, the density relatively high. This layer is
not stable. A steady state is not reached.

- the layer below which is higher in temperature and influenced (cooled) by
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the turbulent upper layer.
- at the lower part of the semicircular geometry there is a stable, calm liquid

layer. This is a stratified flow field characterized by low velocities. Flow
pattern and temperature distribution are time independent. From these
results the conclusion can be drawn that in the upper part of the geometry
the heat transfer is dominated by convection, whereas in the lower part
conduction is the governing mechanism.

One of the important results from these experiments were the correlations
expressing the average Nusselt number as a function of the modified Rayleigh
number. For a completely filled geometry (H > R) these expressions are:

Nu = 0.36Ra>023 (5-3)
u

Nud = 0.54J?a- ° 1 8 (5-4)

These expressions were validated within the range: 107 < Ra' < 5.1010.
The experiments also revealed a strong variation in Nusselt number along the
lower and upper bound of the geometry as can be seen in Fig. 5.4. Along the
upper bound Nuu fluctuates considerably, which is caused by the convective
nature of the heat transfer.
From the definition of the modified Rayleigh number it is obvious that the
fluid level has a large influence (fifth order of magnitude) on its value.
However, in the right-hand side of the Eqs. (5-3) and (5-4), the fluid level, H,
appears linear, since the exponent of the modified Rayleigh number is
approximately 1/5. Since H appears linear on both sides of Eqs. (5-3) and
(5-4), this means that the liquid level does not affect the in-vessel heat
transfer coefficient, provided that H > R.

If the fluid level decreases, the volume fraction in the lower region with a
stratified flow field increases (Fig. 5.5). As a consequence, the heat transfer
to the lower bound is decreasing at lower fluid levels. Also the increasingly
flatter geometry which results from the lower fluid level causes a decline in
the downward heat transfer created by the smaller velocities.

The Nu-Ra' correlation for the downward boundary of a partially filled (H <
R) semispherical geometry becomes:

— w-->)

The validity range for this expression is:
0.3 < HIR < 1.0 and 107 < Ra' < 5.1010.
For H=R eq. (5-5) simplifies into eq. (5-4).

The expression for Nuu does not change, but its value does change as the
fluid level H decreases.

The most striking result of these experiments is that the majority of the
generated heat within the pool is transferred upward, as appears from the
Nusselt number distributions shown in Fig. 5.4. This means that the lower
head is only loaded by a fraction of the generated heat in the corium.
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Substituting eqs. (5-3) and (5-5) into eqs. (5-1) and (5-2) respectively, leads
to the following expressions for the upward-/downward heat flux:

q" =
R

(5.6)

The overall steady-state energy balance of the debris accumulated in the
vessel lower head (see Fig. 1.1) is:

(5"8)

where: Vmelt : volume of the molten debris (corium) [m3]
q : volumetric heat generation of the corium [W/m3]
Au : upward-facing surface area [m2]
Ad : downward-facing surface area [m2]

Here it is assumed that the pool superheat in the upward- (Ar„) and down-
ward (A7rf) direction are equal (AT). This assumption is justified because a
crust is formed at the pool boundaries (also at the pool free surface according
to [3], which is not depicted in Fig. 1.1) and at the solid crust/liquid corium
interface the corium melt temperature is valid, which is either constant or
varies in a small traject.
Substituting and solving for the superheat gives:

Ar =
K

0.36A,.Ra-0-23
 + 0.54iUto-aiB (j

\0.26 - l
(5-9)

If the volume of the relocated molten corium is known, the superheat can be
calculated with the use of the molten pool properties and inner vessel radius
R gathered in Table 5.1 [13]. With the downward heat flux mentioned in
Table 5.1 and the area for downward heat transfer, the decay heat that is
transferred downward becomes -4.9 MW which is about one-fourth of the
decay power produced by the corium pool.

5.2 Correlations for local heat transfer

Results of low temperature experiments on a larger scale, conducted to
determine the heat transfer to the bounding walls of partially filled spherical
cavities are reported in [14]. The Freon-113 pool used in these
experiments was volumetrically heated by means of microwaves (using a 750
watt conventional microwave and a wave guidance unit, see Fig. 5.6).
The Freon-113 was contained in a pyrex bell jar. The jar was cooled external-
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ly with subcooled water. Pool depth and pool radius were varied parametri-
cally, thereby varying also Ra' within the range 10n-1014. The bell jar was
covered by a lid, containing one large square hole to allow the waveguide to
be lowered into the bell jar and twenty eight small holes for thermocouple
passages. Seven additional thermocouples were attached to the inner wall and
seven more were added to the outer wall of the vessel. A water cooling
system is used to maintain the temperature of water surrounding the vessel
nearly constant with time. In Fig. 5.7 one can see that the pool is divided into
seven volumes, each of them containing several thermocouples in the pool
and on the wall inside and - outside. If one assumes one dimensional heat
conduction through the vessel wall1, the rate of heat transfer through it can
be determined from the inside and outside wall temperatures:

a = k^i-lT -T \ (5-10)

where: qi : time averaged rate of heat transfer [W]
kj : thermal conductivity of the vessel wall material

[W/m • K]
Aj : wetted curved surface area of the volume designated

with the index j [m2]
8 : thickness of the vessel wall [m]

Tw!J , Twoj : time averaged inside wall- and outside wall tempera-
ture at the volume designated with the index j [K]

Aside from the heat transfer by conduction through the vessel wall, the other
contributor to the heat loss is the evaporation from the pool surface, which
was accounted for by determining the amount of liquid lost from the free
surface over the duration of the experiment.

The time averaged maximum pool temperature and 'qi are used to determine
the time averaged heat transfer coefficient at the location j :

h. = q> _ (5-11)

where: 7T : time averaged heat transfer coefficient at the location j
[W/m2.K]

T mas : maximum pool temperature [K]

In Fig. 5.8 the ratio of the measured local to average heat transfer coefficient
is shown as a function of the position measured from the lower stagnation
point. The heat transfer coefficient is the lowest at the stagnation point (heat
is transferred to the vessel wall mainly by conduction through the fluid) and
increases along the periphery of the spherical segment (enhanced heat transfer
through convection in the upper layer). From this figure it can be seen that

According to [14] this assumption is justified, except at the lower stagnation point (i.e. the
lowest point within the semispherical vessel (j=l)) and near the pool free surface.
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the curves represent the data for a partially filled bell jar (HIR = 0.4) and for
a completely filled bell jar (HIR = 1.0). It is obvious that the local heat
transfer coefficient not only depends on the angular position 8, but also on
the height of the pool or pool angle (j). Based on these experiments, a
correlation for the local heat transfer coefficient along the hemispherical wall
and in the case of a free pool surface is developed:

^ = C.sin0-C,cos0 for 0 . 6 5 < - s l (5-14)

where:

C, = -1.25cos(J>+2.55

C2 = -2.3 cos 4> +3.6

4)2

and

= 0.55sin©+0.25 for 0<-<;0.65 (5-14)
i

A comparison of the experimental heat transfer coefficient data with these
correlations proved that most of these data lie within ± 20% of the predicti-
ons from these correlations (Fig. 5.9). Fig. 5.10 shows the isotherms obtained
by linear interpolation of temperatures obtained from thermocouples placed at
different locations in the pool. From this figure the stratification in the lower
part becomes obvious. Also a recirculatory zone in the corner on the left hand
side is formed.
With the heat transfer coefficient averaged over the wetted surface of the pool
the average Nusselt number can be determined. In Fig. 5.11 the Nusselt
number is plotted as a function of the modified Rayleigh number. The plotted
data are for various values of HIR. From these data the following correlation
is developed:

Niij = 0.54 Ra' \— {•>'*••>)

[RJ

The experimental data have been correlated with eq. (5-15) within ± 10%. As
can be seen from Fig. 5.11, the values for the Nusselt number predicted by
eq. (5-15) approach the values predicted by the correlation (5-5) very closely
for HIR = 1.0. On basis of this it can be concluded that heat transfer coeffi-
cients predicted by the Mayinger correlation are also representative of these
experimental data. Correlation (5-15) covers the Rayleigh number range 10"
< Ra' < 1014.
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Since Nu-Ra'02, and Ra' depends on the fifth power of H, this suggests that
at high Rayleigh, numbers (turbulent flow) heat transfer coefficients for a
hemisphere are independent of the pool height. However, more experiments
are necessary to confirm this. For shallower pools the heat transfer coefficient
depends very weakly on the pool radius.
Based on this assumption, the results of this study can be easily extended to a
reactor situation in which Rayleigh numbers of interest are on the order of
10n.

5.3 Results from the large scale COPO experiments

Although the experiments discussed above were performed on a small scale,
the correlations that resulted from the recently executed large scale COPO
experiments at high Rayleigh numbers (order: 1015) showed good agreement
with the Mayinger correlations. The experiments and their results are extensi-
vely discussed in [15] and will be discussed shortly in this paragraph.

The COPO facility is a 2-dimensional "slice" geometry at 1/2-scale that
resembles exactly the torospherical lower head (and a part of the cylindrical
vessel wall) of the Loviisa VVER-440 reactor (see Fig. 5.12). The large
dimensions of this facility (span: 1.77 m, maximum pool depth: 0.8 m,
thickness of the slice: 0.1 m) allow for experiments at high Rayleigh num-
bers, characteristic for debris pools in a real reactor geometry. The test
section is insulated as shown in Fig. 5.12. The fluid used in these tests is a
conducting ZnSO4-H2O solution which is heated by means of an electrical
current. The electrodes are located on the inside of the side flats. The
current through each electrode can be individually adjusted, if necessary, in
order to produce uniform volumetric heating. The side and bottom walls
consist of 57 separate cooling units, as illustrated in Fig. 5.13. The cooling
units are grouped into several groups and the coolant (water) flow is adjusted
evenly among the units of each group to obtain a nearly isothermal boundary.
The top surface cooling is provided by the two large cooling units 58 and 59.
The cooling units are electrically insulated from the pool. The cooling water
passes through heat exchangers and its flow rate is measured by an electro-
magnetic flow meter. The fluid and pool boundary temperatures are compre-
hensively mapped by 140 thermocouples. Power input is deduced from
electric current and voltage measurements. The local heat fluxes are obtained
from energy balances on the coolant circulating through each unit. The
experimentally measured local heat fluxes were grouped and averaged over
the pool top boundary (cooling units 58 and 59), the vertical pool boundary
(cooling units 1 to 10 and 48 to 57), and the lower, curved pool boundary
(cooling units 11 to 47). Likewise it is possible to determine the upward heat

flux qu" , downward heat flux qd" and the horizontal heat flux in the

sideward direction qj'.

The following main results were obtained from the experiments:
- the horizontal heat flux in the sideward direction is quite uniform. The

average sideward Nusselt number Nuhr is predicted well by the relation:
(see also Fig. 5.14).
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NUhr = 0.85 to-019 (5-16)

the downward heat flux depends strongly on the location but appears to be
independent of the height of the fluid pool if H > Hc (see Fig. 5.15).
If Ra' increases, the deviation between the experimentally determined
Nusselt numbers and the theoretical values obtained from the Mayinger
correlation (eq. (5-5)) grows, as can be seen in Fig. 5.15. The explanation
for this has to be sought in the fact that eq. (5-5) was determined for small
scale semispherical cavities (without a cylindrical part) at low Rayleigh
numbers.
In [15] this deviation is accounted for by slightly increasing the Rayleigh
number exponent in eq. (5-5) to 0.182.
from Fig. 5.16 it can be seen that the values for the upward Nusselt
number predicted by eq. (5-3) are too low, in the range Ra' > 5.1014, if
compared to the experimental results. This means that the Mayinger
correlation eq. (5-3) leads to conservative estimates of the upward heat

flux qu". The heat generated by the pool is dissipated through the pool
boundaries, hence low estimates of Nuu result automatically in higher
values for Nuhr and Nud, which represent the thermal load on vessel side
wall and lower head wall respectively. According to [15] the upward heat
flux is dissipated easily, whereas the downward and sideward heat fluxes
challenge the integrity of the vessel wall, hence from an engineering point
of view the use of Eq. (5-3) for the calculation of the upward Nusselt
number is recommended.

5.4 Crust formation

The experiments discussed so far did not include the formation of a solid
crust at the pool boundaries (i.e. free surface and corium-vessel interface),
which is important because it affects to a great extent the heat transfer from
corium pool to the confining vessel structure. A theoretical analysis that
includes the effects of crust formation is presented in [3]. The formation of a
crust was also established during the small scale SCARABEE BF1 experi-
ment with a molten UO2 pool [16].

The BF1 test was performed with 5 kg molten UO2 (melt temperature: Tmell >
2840°C) in a 6 cm diameter stainless steel (Tmell ~ 1400°C) crucible, cooled
by flowing sodium from the outside. The UO2 pool can be brought to
different power plateaus (up to 140 W/cm3) leading to radial heat fluxes
representative of those expected in a reactor after scram. In Fig. 5.17 an
overview of the test section is given. The locations where temperatures were
recorded by means of thermocouples are also indicated in this figure.
The test objective was to find out if a solid fuel crust is formed on the steel
walls at the UO2 pool boundaries and whether such a crust remains stable for
fluxes corresponding to decay heat power levels in a reactor.
The test results made clear that this is indeed the case: a crust builds up and
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remains on the wall. The flux distributions along the vertical side wall of the
crucible as well as the crust thickness are dispayed in Fig. 5.18. The crust
serves as a very effective protective layer, resisting fluxes up to 200 W/cm2

without erosion.

5.5 RASPLAV experiments

Currently at the Kurchatov Institute of Nuclear Safety from the Russian
Academy of Sciences the RASPLAV experiments (rasplav: Russian for
'melting') with real molten corium material have started. The RASPLAV
facility is intended for physical simulation of molten corium interaction with
the VVER PWR RPV. Two test geometry facilities have been developed:

- RASPLAV-A: "slice segment" - section of the vessel between two vertical
walls, allowing for 2D thermalhydraulic experiments (see
Fig. 5.19), scale 1:2.5;

- RASPLAV-B: hemispherical lower head geometry for 3D thermalhydrau-
lic experiments (see Fig. 5.20), scale 1:10.

Some characteristic parameters of the RASPLAV-A facility are presented in
Table 5.3. The composition of the corium relocated to the vessel lower head
is presented by the following components: uranium dioxide, zirconia, zirconi-
um and stainless steel.
For the RASPLAV-A facility, the heating of the corium will be established
by means of electrodes submerged in the melt and/or located on the side
walls of the vessel. Prior to entering the vessel model the corium will be
prepared in an induction melting furnace, where it will be heated to a
temperature of 2500°C.
As a coolant medium for external flooding of the vessel model, molten salt
with a temperature of approximately 500°C is used. The maximum obtainable
temperature of the corium is restricted by the heatproof properties of the
electrodes (currently the maximum temperature achieved is 2800°C). The
range of Ra' during the experiments is 10' '-1012 for the corium pool and 1015

for the salt [17].
In Fig. 5.21, the experimental section and reactor vessel model of the RAS-
PLAV-B facility are shown.
Also here the corium will be heated in an induction melting furnace before
entering the experimental section. The power is supplied to the corium using
an angular graphite electrode. The hole in the electrode is made in the form
of a truncated cone, the smaller base of which is directed to the corium. The
corium enters the vessel model through the hole in this electrode.
Table 5.2 presents some technical data of the power supply system from the
RASPLAV-B facility. The corresponding Ra' numbers of this facility are 10"
(UO2) and 1014 (salt). Currently there is no progression in the development of
the RASPLAV-B experiments due to lack of funds.

1995 May, TUD - ECN ECN-R-95-022 51



External Flooding

5.6 Large scale BALI experiments

The BALI project, currently in progress at CEA (Commisariat a l'Energie
Atomique) Grenoble, focuses on some important topics which have not been
investigated up to now, such as [18]:
- the possible generation of an inverse convection flow regime (i.e. upward

flow at the pool boundaries, downward flow at the pool centre) caused by
gas development from the vessel wall material and the segregation of a
liquid metal phase with a smaller density. This inverse flow regime causes
the location of the maximum heat flux to change to the bottom of the
corium pool;

- the possible formation of a heterogeneous pool. Some accident scenarios
emphasize the existence of non-homogeneous pool formation such as a
solid oxidic debris embedded into a metallic melt. This specific pool
formation is also referred to as a porous pool.

The following objectives were set for the BALI experiments:
- the development of a database for internal temperature distribution,

velocity distribution, boundary layer behaviour and heat flux distribution
at the boundaries of a homogeneous liquid pool with variable viscosity for
different geometries: hemispherical, rectangular pools and shallow layers,

- to investigate the effects related to solidification (i.e. temperature drops
below the corium melt temperature) at the pool boundaries,

- the development of a data base (internal temperature and velocity distribu-
tions, heat flux distribution) for gas release at the pool boundaries,

- to investigate the thermalhydraulics of a porous pool.
As a testing fluid water with a salt addition for direct Joule heating (electric
current) will be used. The viscosity of the water may be varied by means of
glycerin addition.

The test section arrangement consists of a slice of a hemispherical geometry,
as is depicted in Fig. 5.22. The slice is about 15 cm thick, 2 meters large and
2 meters high. The wall of the slice is made of glass allowing for
visualisation and optical velocity measurements. The pool will be direct
current heated by two gridded electrodes placed on the glass surfaces. The
pool is cooled through the bottom, lateral and top surfaces. The pool will be
instrumented with thermocouples. Thermocouples embedded in the wall (see
Fig. 5.22) are used in order to provide data for the measurement of the lateral
heat flux distribution. Velocity measurements are achieved through particle
tracing.
A more profound overview of the BALI facility is given in [18].

52 ECN-R-95-022 ECN - TUD, May 1995



In-Vessel Heat Transfer

Table 5.1 Molten pool properties

Input

k

a

V

P =
q

R

vmelt =

3 [W/m.K]

7 . 10"7 [m2/s]

6 . 10"7 [m2/s]

10"4 [1/K]

1.5 . 106 [W/m3]

2.3 [m]

14.2 [m3]

Calculated

H =

Au =

Ad =

AT =

q\

1.6 [m]

15.1 [m2]

23.1 [m2]

304 [K]

= 2.1 . 105 [W/m2]

Table 5.2 Technical data of the power supply
system for the RASPLAV-B facility

transformer rated 1000

power [kVA]

high side voltage [V] 6000-10000

low side voltage [V] 105-38.4

maximum operating 25
current [A]

power network 50
frequency [Hz]
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Table 5.3 Characteristic parameters for the RASPLAV experiments and a
real reactor geometry

parameter

radius [m]

melt height
[m]

thickness of
segment [m]

melt volume
[m3]

interaction
area [m2]

upper area
[m2]

thickness of
vessel [m]

mass of
corium [kg]

heat
generation
rate [MW/m3]

characteristic
flux* [kW/m2]

external
cooling

* calculated
assuming a heat
generation rate of
4 MW/m3

real reactor
geometry

2.3

1.0

-

10

14

11

0.2

80000

1.5

300-700

RASPLAV-A
slice 1

0.2

0.3

0.2

0.021

0.145

0.08

0.06

180

2-4

390

salt: 773 [K]

RASPLAV-A
slice 2

0.4

0.4

0.1

0.025

0.125

0.08

up to 0.1

220

2-4

500

salt: 773 [K]

RASPLAV-B

0.2

0.25

-

0.025

0.31

0.086

0.093

200

2-6

200

salt
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Ra'«7x10\Pr-7

Ra'=.7x10\Pr-7 Ra'«7x107.Pr«7

7x10\ Pr-7 a' = 7x10',

Fig. 5.1 Calculated stream lines and isothermal lines at different Ra'
numbers
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Fig. 5.2 Semicircular test chamber for the steady state heat transfer
experiments

Fig. 5.3 Measured temperature fields at four different points in time
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120

Nu

60

0,5 x/2r, F/90* 1

(R = 128 mm, Ra' = 1.2 . 10'°, x = distance to the center of the test
chamber)

Fig. 5.4 Distribution of the Nusselt number along the upper and lower
boundaries of the semicircular geometry
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h/r -

h / r = O,78 Ra' * 1,4*10 qjL • 0 ,033

h / r =.1 na' s 4 , 4 ' 1 o 9 qx « 0 ,03

Fig. 5.5 Measured temperature distributions at different fluid levels
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To Microwave Unit

F o a m -

Q.Z cm

Fig. 5.6 Experimental facility for the determination of the heat transfer to
the bounding walls of partially filled spherical geometries
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Fig. 5.7 Location of the thermocouples in the pool and on the wall; (HIR
= 1.0)
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Fig. 5.8 Ratio of local to average heat transfer coefficient with respect to
the angle along the semisphere for a 22 cm radius bell jar (free
pool surface)

Gr-
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Q: R = 22 cm

O: R = 10.5 cm

1: R = 7.5 cm

. 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5

Fig. 5.9 Comparison of experimental heat transfer coefficient data with
the predictions from the developed correlations (R = radius bell
jar)
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Twater = 24.2

Fig. 5.10 Isotherm patterns for 22 cm radius bell jar, HIR = 1.0 (all
temperatures are in °C)
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Fig. 5.11 Comparison of the experimental data for the Nusselt number as a
function of the modified Rayleigh number with the Mayinger
correlation and the present correlation
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Fig. 5.12 Schetnatic of the COPO facility

Fig. 5.13 Identification of the cooling units on
the COPO facility test section
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Fig. 5.14 Variation of the heat fluxes on the vertical boundary of the pool
with the Rayleigh number
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Fig. 5.15 Variation of the downward heat fluxes with the Rayleigh number

66 ECN-R-95-022 ECN-TUD, May 1995



In-Vessel Heat Transfer

20

16

o 12
X

4

n

upper
1

• 03 q

a a

. . . . ) . . i •

surface

-

«q. (3)
a exptr.

i . . . . i . . . .

10
Ra x 10"'

15 20

— eq. (5-3), D experiments

Fig. 5.16 Variation of the upward heat fluxes with the Rayleigh number
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Fig. 5.17 Test section (instrumentation data, test conditions) of the
SCARABEE BFl experiment
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Figure 4: Flux distributions and crust thickness at the last power plateau

Fig. 5.18 Heat flux distributions and crust thickness (heat generating
power level by the melt: 140 Wlcm3)

1995 May, TUD - ECN ECN-R--95-022 69



External Flooding

1- top cover, 2-reactor vessel model, 3-guide, 4-bottom plate, 5-side plate

Fig. 5.19 Rasplav-A facility
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1-top cover, 2-test chamber, 3-bottom, 4-emergency tank, 5-current lead, 6-
reduction gear, 7-brake, 8-electric motor, 9-experimental section

Fig. 5.20 Rasplav-B facility
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1-electrode holder, 2-graphite electrode, 3-cover, 4-reactor vessel model, 5-
guide, 6-water cooled vessel, 7-tray, 8-special bottom electrode

Fig. 5.21 Experimental section of the RASPLAV-B facility
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Fig. 5.22 Hemispherical slice geometry for the BALI experiments
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6 EX-VESSEL HEAT TRANSFER

Part of the heat that is generated in the corium under the conditions of
external flooding, is conducted through the vessel wall and is eventually
removed by the water/steam mixture surrounding the vessel. The rate at
which this heat is removed depends on the coolant flow condition, which in
turn depends on the heat flux transferred from the vessel to the coolant and
on geometrical factors, such as the gaps available for coolant flow and the
permeability of the insulation (if present).

Starting with a description of the boiling curve and boiling modes for pool
boiling in par. 6.1, eventually, the deviations from this well-known boiling
condition that occur in the case of ex-vessel boiling will be treated in par.
6.2. The orientation of the heated surface affects CHF considerably.
The heat removing capacity of the coolant alo depends on its recirculation
rate, which is influenced on its turn by the geometrical shape and dimensions
of the vessel-containment cavity configuration. Therefore also considerations
on the water recirculation of an externally flooded RPV will be presented in
this chapter.
The small scale experiments for the determination of the boiling curves on a
downward facing hemispherical surface (SBLB), performed at Pennsylvania
State University and the large scale CYBL experiments executed at SNL
(Sandia National Laboratories) will be discussed in par. 6.4 and par 6.5
respectively. The observed phenomenology of these different experiments
proved to be very consistent.
As most RPVs are surrounded by thermal insulation (separated by a small
annular gap allowing for coolant flow), its influence on the effectiveness of
ex-vessel cooling will be discussed on the basis of an experimental program
performed at Fauske & Associates, Inc., in par. 6.6.
A description of the SULTAN experiments that are currently under progressi-
on at CEA, Grenoble will be presented in par. 6.7.
Finally, in the last paragraph the possibilities for increasing the ex-vessel heat
transfer will be discussed.

6.1 The boiling curve and boiling modes

Water exhibits, like all fluids, different regimes of boiling depending on the
heat flux from the heated surface to the surrounding water and on the
position of the surface related to the surrounding water.
We will first consider the following experiment: a horizontal wire, which can
be heated electrically, is surrounded by a large amount of water at saturation
temperature Tsat (Fig. 6.1).
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The power of the arrangement can be varied. While increasing the power
input to the wire, its temperature is measured and at a given point will exceed
the saturation temperature of the water. If the surface heat flux q" is plotted
against this temperature excess ATe, the so-called boiling curve will appear
(Fig. 6.2). In the afore-mentioned case, the heat flux is in the upward
direction (i.e. from the heated surface below, towards the water above, as
shown in Fig. 6.1). This is called saturated pool boiling.
The boiling curve clearly demonstrates the various modes of pool boiling:

ATe < ATeA: free convection boiling: for water at atmospheric pressure this is
the governing regime for ATe < 5°C. Point A is referred to as Onset of
Nucleate Boiling (ONB). Below this point fluid motion is determined by free
convection effects.

ATeA < ATe < ATeC: nucleate boiling: as can be seen from Fig. 6.2 two
different flow regimes can be distinguished in this range. In the region A-B
isolated bubbles form at nucleation sites (places at the heated surface where
bubbles are formed) and separate from the surface as illustrated in Fig. 6.1.
This separation induces considerable fluid mixing near the surface, thereby
substantially increasing the convection heat transfer coefficient h and, thus,
q". As ATe increases beyond ATeM, more nucleation sites become active and
increased bubble formation causes bubble coalescence. In the region B-C, the
vapor escapes as jets or columns, which eventually form slugs of vapor. The
bubble coalescence inhibits the fluid motion near the heated surface and
therefore has a decreasing effect on h. This explains the presence of an
inflection point P, where the heat transfer coefficient h posesses its maximum
value. At this point h begins to decrease with increasing ATe, although q",
which is the product of h and ATe continues to increase. At point C however,
further increase in ATt is exactly balanced by the reduction in h. The
maximum heat flux qmax", is usually termed Critical Heat Flux (CHF), and for
water at atmospheric pressure it exceeds 1 MW/m2. From this point on, a
considerable amount of vapor is formed, making it difficult for liquid to
continuously wet the surface.

In the nucleate boiling regime the convection transfer coefficient h exceeds
values of 104 W/m2.K.

ATeC < ATe < ATeJ}: transition boiling: this region sometimes also is termed
as unstable film boiling or partial film boiling. Bubble formation is so rapid
that a vapor film or blanket begins to form on the surface. The thermal
conductivity of vapor is much less than that of the liquid, hence h and q"
decrease with increasing ATe.

ATe > ATeJ3: film boiling: at point D in the boiling curve, the heat flux is at a
local minimum qmin". This is also referred to as the Leidenfrost point. Heat
transfer from the surface to the liquid occurs by conduction through the
vapor. As the surface temperature is increased, radiation through the vapor
film becomes significant and the heat flux increases with increasing ATe.

One should realize that the boiling modes beyond point C as described above
only occur in the manner described, as control is maintained over Ts. In most
engineering applications this is usually not the case. If we consider starting at
point P, as depicted in Fig. 6.3, and gradually increase q", Ts will increase
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following the boiling curve up to point C. However, any increase in qs"
beyond this point will induce a sharp departure from the boiling curve in
which surface conditions change abruptly from ATeC to èJTe£ = Ts£ - Tsal. Ts£

may well exceed a temperature where failure- or even melting of the surface
material can occur. This phenomenon is called Departure from Nucleate
Boiling (DNB), and makes accurate knowledge of CHF important.
Kutateladze and Zuber obtained the following expression for CHF (pool
boiling) [19]:

24 p
(6-1)

where: hfg : latent heat of vaporization [J/kg]
pv : density of saturated vapor [kg/m3]
p, : density of saturated liquid [kg/m3]
a : surface tension of the fluid [N/m]
g : gravity constant [m/s2]

Eq. (6-1) is independent of surface material and geometry, provided of course
that the pool boiling condition is guaranteed. Replacing the Zuber constant
(7t/24) by an experimental value of 0.149 and approximating the last term in
parentheses by unity (pv « p,) modifies eq. (6-1) into the following simpler
expression, which is widely used [19]:

og(P/-Pv) (6-2)

This expression is valid if the characteristic length of the horizontal heater
surface is large compared to the mean bubble diameter.
The CHF is largely influenced by the pressure, mainly due to the pressure
dependence of surface tension, the heat of vaporization, and the vapor
density.

6.2 Boiling conditions for an externally flooded
RPV

It is important to observe that in the case of an externally flooded RPV the
heat flux direction does not meet with the pool boiling condition (i.e. from
the downward facing heated surface - lower head - above, towards the water
below or from the sideward facing heated surface in horizontal sideward
direction and all the angles in between). This means that the pool boiling
correlations developed in par. 6.1 cannot be used for these applications,
although they possess theoretical significance. This paragraph presents
correlations for downward facing and inclinated boiling.

From a thermalhydraulic point of view, the situation related to the cooling of
the RPV by water is characterized by [20]:
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- low pressures outside the vessel (varying from atmospheric pressure to a
few bars overpressure),

- large dimensions of the flow channels around the vessel (varying from a
few centimetres to several metres),

- the thermalhydraulic state of the corium pool inside the vessel. The in-
vessel heat transfer influences the ex-vessel heat flux distribution. The flux
levels are affected by:
• the mass of corium relocated into the lower head,
• the structure of the corium pool (crust formation, metal segregation),
• the decay heat power,
• the fraction of the decay heat power that is transferred upward/down-

ward,
• the shape of the in-vessel heat flux distribution,

- from a passive safety design viewpoint, natural convection of water is
assumed.

If we consider the externally flooded RPV, according to [20] the following
two boiling regions can be distinguished (see Fig. 6.4):
- a two-phase boundary layer develops nearby the downward facing vessel

surface. The boiling phenomena exhibit 2D- or even 3D effects and are
referred to as Boundary Layer Boiling (BLB).

- around the sidewall of the vessel, the gaps available for coolant flow are
usually quite narrow (in Fig. 6.4 the narrow space between the outside of
the RPV wall and the thermal insulation, allows for heat removal by
coolant flow). The formed bubbles are driven upwards by buoyancy forces
directly after leaving the vessel surface. As a result the boiling tends to
take place in channels and therefore is referred to as channeling. In the
channeling region the boiling effects are essentially one dimensional.

As long as the coolant flow is guaranteed, channeling is favourable for the
ex-vessel heat transfer.

Several experiments have been executed to determine the CHF of an inclined
surface compared to the value for pool boiling. These were mainly experi-
ments with small surfaces (characteristic dimensions of a few centimetres). In
Fig. 6.5 an overview of the various normalized values obtained from these
experiments is given. It can be seen that there is a rapid decrease in CHF as
the surface approaches the horizontal downward inclination (180° angle).
From this figure it can be seen that the Vishnev correlation (valid for 2D
plates) gives conservative estimates of CHF compared to the others:

CHF = OTF0(-£°lif (6-3)
°{ 190 )

where: CHF0 : critical heat flux for upward facing boiling [W/m2]
(j) : angle of inclination of the heated surface [°]

For CHF0 eq. (6-2) should be substituted.
From this equation it follows that for downward facing boiling CHF is less
than a quarter of the value for pool boiling. The reason for this is that vapor
accumulates easily below a downward facing surface.
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Several other effects have been noted, such as [20]:
- decreasing CHF with increasing area of the heated surface,
- decreasing CHF at transient cooling conditions,

The experiments and the correlations presented in this chapter should be
considered as indicative. Extrapolation to real reactor geometries is not
possible because of the small dimensions and deviating shapes of the experi-
mental pieces (2D plates). Also the effect of recirculating flow, which is an
important aspect in the modelling of ex-vessel heat transfer, is not considered
in the experiments. One should realize also that in channels with a large
hydraulic diameter and in the case of a large hydrostatic head, boiling under
subcooled conditions is likely to occur. Compared to saturated conditions,
CHF increases slightly.

6.3 Water recirculation

Usually the flooded reactor in the containment cavity can be represented
schematically as depicted in Fig. 6.4. The water that floods the vessel below
the lower head and along the sidewalls of the vessel is heated and eventually
starts boiling. The water/steam mixture is driven up by buoyancy forces. In
passive plants the escaping steam is condensed by means of a condenser in
the containment, and the water is returned to the cavity. This way, a closed
circulation system is obtained. Flooding of the vessel can be succesfull only
if a continuous flow of water or a low quality water/steam mixture around the
vessel is guaranteed.
Any flow circulation system can possibly experience flow instabilities which
may affect the mass flow rate. These instabilities are usually classified into
static- and dynamic instabilities:
- static instabilities concern the mean mass flow rate. They are discussed

further on in this paragraph,
- dynamic instabilities are periodic flow oscillations around a mean value of

the mass flow rate, which can lead to periodic dry-out and rewetting of
some parts of the heated surface. These are quite complicated phenomena
which depend on many parameters such as the shape of the flow path and
the pressure level.
Periodic dry-out and rewetting of the vessel wall might be acceptable if
this does not lead to a strong increase in the vessel wall temperature. This
is achieved by constructing the vessel wall as thick as possible (if the
thickness increases, the thermal inertia of the vessel wall - which has a
mitigating effect on the temperature amplitudes - also increases).

Static instabilities can be modeled using the approach of the so-called
external- and internal characteristics as described in [20]. These characteristics
describe the relation between mass flow rate and pressure drop in the flow
paths in the reactor-containment geometry. The circulation flow paths
generally are divided into two main parts which are denoted as hot leg and
cold leg.
The hot leg is the water/steam mixture flow path, for instance the gap
between reactor vessel and thermal insulation.
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The cold leg is the liquid water flow path (including condenser and water
sump).
The flow is induced by buoyancy forces ('chimney effect').
Two precise points are defined to separate the hot- and cold leg. An obvious
choice are the points E and T as shown in Fig. 6.6.
The internal characteristic describes the relation between mass flow rate and
pressure drop for the hot leg, whereas the external characteristic represents
the same relationship for the cold leg.

Following a fluid particle along its streamline, the pressure difference Ap it
will experience in the cold leg is determined mainly by the hydrostatic head
due to the liquid level H, or:

Ap = PlgH (6-4)

As a result of friction losses the effective hydrostatic head becomes smaller.
The friction losses, which increase quadratically with the mass flow rate, are
subtracted from the hydrostatic head. As a result the external characteristic of
the cold leg becomes as shown in Fig. 6,7.

As in the hot leg two-phase flow is involved, the internal characteristic is
considerably more complicated. The pressure drop of two-phase flows in
canals with a large hydraulic diameter and at low pressures is difficult to
determine with the current knowledge. Most codes have been only validated
for normal operating conditions. Also most codes lean on ID approaches and
can not model 2D or 3D effects.
As such also the curves obtained from experiments performed on canals with
a small hydraulic diameter (a few millimetres) and under forced convection
conditions - flow is induced by a pump - (see Fig. 6.8), do not have practical
significance, but are of theoretical value. In Fig. 6.8 both the internal- and
external characteristic of such a system are depicted, which allows for the
determination of the working point. This is the intersection between the
internal- and external characteristic. Depending on the pressure head delivered
by the pump and the shape of the internal characteristic several working
points can exist, which are not necessarily all stable working points.
If we consider a small increase in the mass flow rate from point A, this will
lead to a larger value of the pressure drop in the system, than the pressure
head delivered by the pump. As a consequence the mass flow rate will
decrease until the pressure drop and the pressure head are equal again, which
means a return to point A. On the other hand, a small decrease in the mass
flow rate, leads to an excess of pressure head, thereby causing an increase in
the mass flow rate until pressure head and pressure drop cancel each other.
Hence, small excursions in both directions are stabilized around this working
point.
This is not the case in the working point B (at a low pressure head). Depart-
ing from this working point, a small decrease in the mass flow rate leads to a
larger value of the pressure drop in the system, than the pressure head
delivered by the pump can handle. As a result the mass flow rate will
decrease and a flow excursion follows until the stable point C, at a very low
mass flow rate and with a high quality is reached. In this region dry-out is
likely to occur.
The stability considerations described above are mathematically expressed by
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the Ledinegg criterion. A working point is stable if:

(6-5)
dih) ext

where: int, ext : refer to the internal- and external characteristic respecti-
vely

m : mass flow rate [kg/s]

Large hydraulic diameters and low mass flow rates under natural convection
conditions lead to a considerably different shape of the internal characteristic.
In Fig. 6.9 (source: [20]) the internal characteristics at two different power
levels for a LMFBR subassembly is shown (LMFBR: Liquid Metal Fast
Breeding Reactor). The characteristics were obtained from measurements.
Onset of boiling is also notable in these characteristics by a strong increase in
the pressure drop, departing from point A to lower mass flow rates. One can
see that with the external characteristic as shown in Fig. 6.9 an unstable
workingpoint is formed at A where the Ledinegg criterion is not fulfilled for
small decreases in the mass flow rate, leading to flow excursions to very low
mass flow rate levels (high quality region).
The sudden decrease in the pressure drop in the internal characteristic for low
power levels (from B to B') was deliberately imposed to the system. At B'
the Ledinegg criterion is not fulfilled and for small decreases in the mass
flow rate, flow excursions to the high quality region occur (C).

From these considerations the important conclusion can be drawn that the
hydrostatic head (which is one of the few variables which can be controlled
to a certain extent, by varying the liquid level H) and mass flow rate of the
coolant should be high enough to guarantee stable working points. Flow
obstructions in the coolant flow path (such as valves), which limit the mass
flow rates below certain values can lead to a displacement of the working
point to an unstable state, where flow excursions to very low mass flow rates
are likely to occur with as a subsequent effect, the dry-out of the heated
surface. Quantitative estimates of minimum required mass flow rate and -
hydrostatic head are very hard to make, since the internal characteristics for
real reactor-containment geometries are unknown.
Also boiling phenomena with predominant 2D- or 3D effects (such as BLB)
limit the applicability of the presented theory.

6.4 Subscale Boundary Layer Boiling experiments

In this paragraph the small scale experiments performed at Pennsylvania State
University, as described in [21], for the determination of boiling curves
on a downward facing hemispherical surface will be discussed. The objective
of these experiments was to obtain basic information concerning the ex-vessel
phenomena involved in external flooding of an RPV containing corium, in
order to evaluate the feasibility of this accident management concept. More
specifically the goals of the experiments discussed in [21] were:
- observation of the characteristic features of the two-phase liquid/vapor
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boundary layer along the heating surface,
- deduction of local boiling curves by performing heat transfer measure-

ments of downward facing boiling.

6.4.1 Apparatus

The experimental apparatus consisted of a pressurized water tank (pressure
range: 0 bar over-pressure to 1.378 bar over-pressure = 0 to 20 psig) with a
condenser assembly, a heated hemispherical vessel and a data acquisition
system, as depicted in Fig. 6.10. The hemispherical surface was small in size
with a radius varying from 15.24 cm (6.0 inches) to 38.1 cm (15 inches) and
a wall thickness of 1.27 cm (0.5 inch). The wall materials of the hemispheri-
cal vessel were copper and stainless steel. The water was preheated to its
saturation point before a run. The hemispherical surface was electrically
heated. The power input to each segment was controlled separately in order
to maintain the local heat flux at a prescribed value (except for segment 1,
which was unheated). The obtained heat flux level ranged between 0.01
MW/m2 and 1.0 MW/m2. The segmented hemispherical vessel was suspended
in the center of the tank by a vertical guidance mechanism that allowed the
vessel to travel freely in the vertical direction while keeping the tank leak-
tight. Surface and sub-surface temperature measurements were made possible
by embedding 25 thermocouples in the wall at various depths and locations
between the bottom center and the upper edge of the vessel. Direct observati-
on of the downward facing boiling phenomena and the two-phase boundary
layer was performed through three viewing windows located in the lower
portion and near the top of the water tank.

6.4.2 Experiments and results

Flow observation and heat transfer measurements were (or will be) performed
for either transient quenching and steady state boiling of the heated hemisphe-
rical vessel. Characteristic boiling curves at various locations of the hemisp-
herical vessel were deduced from the measured temperature data (Fig. 6.11).
As can be seen the resulting boiling curves vary considerably along the
downward facing curved heating surface. CHF is the lowest for the bottom
location and increases almost by a factor two from the bottom center to the
upper edge of the vessel lower head model.
The two-phase flow regime is a function of the heat flux level. At low heat
fluxes, the boundary layer is relatively smooth. On the other hand it is
irregular and wavy at high heat fluxes.
At a given heat flux level, the characteristic size of the vapor bubble tends to
decrease monotonically from the bottom center to the upper edge of the
vessel. Large vapor bubbles with a shape resembling a pancake form at the
bottom center of the vessel. Upon departure from the bottom, the vapor tends
to wash away the 'growing' bubbles on its path and gradually transforms into
the shape of a hemispherical cap. Similar phenomena were also observed
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during the experiments performed at the large-scale CYBL facility (see par.
6.5).
Depending on the frequency of bubble departure from the bottom center of
the vessel, the bubbles in the downstream locations may be carried away
from the heating surface before reaching their critical sizes for departure.
When a heated hemispherical vessel, initially at a temperature of ~350°C is
quenched into a large bath of quiescent water, transition from film- to
nucleate boiling does not take place simultaneously throughout the entire
surface. Rather, it occurs at the upper edge of the vessel at fikst and then
propagates downward to the bottom of the vessel.
The rate of cooling of the vessel by downward facing boiling is highly non-
uniform. This non-uniformity stems from the boundary layer behaviour of the
two-phase motions and the differences in the characteristic size and departure
frequency of the bubbles that grow at varios locations of the vessel.

Experiments have been started only recently (March, 1994). Currently no
more results were available. Future experiments must provide data that allow
for the development of a suitable scaling law in terms of the local boundary
layer thickness, the characteristic size of the bubbles and the physical dimen-
sion of the curved heating surface. The scaling law may then be used to
extrapolate subscaled boiling data to full-scale reactor applications.

6.5 Large scale Cylindrical Boiling experiments

The experiments with the CYBL facility (CYlindrical BoiLing) are the only
large scale boiling experiments that have been executed recently. The CYBL
test program has been developed and executed by SNL (Sandia National
Laboratories, USA). The purpose of the experiments was to find out whether
external flooding, as an accident management measure, is able to save the
vessel with full scale reactor dimensions from failure, if it is challenged by
heat fluxes equivalent of those resulting from a corium pool.

6.5.1 Apparatus

CYBL is a tank-within-a-tank design of which the inner tank simulates the
RPV and the outer tank the containment cavity (Fig. 6.12). The inner tank is
made of 316 L stainless steel with a diameter of 3.7 m and a height of 6.8 m.
The torospherical lower head of the inner tank has a crown radius of 3.35 m
and a knuckle radius (i.e. transition between the spherical part of the lower
head and the cylindrical part of the vessel) of 0.66 m. The outer tank is also
made of 316 L stainless steel and is 5.1 m in diameter and 8.4 m high
[22]. During the recently performed test program the inner test tank had a
torospherical head, but the facility has been designed in such away that it can
accept any lower head design provided that its diameter does not exceed 3.7
m. The in-vessel heat generation is produced by an array of twenty radiant
lamp panels (Fig. 6.13). Each panel measures 0.3 m by 1.2 m and consists of
a flat aluminium reflector and two bus bars for installing up to sixty-three
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480 V, 6 kW linear quartz lamps. The reflector and the bus bars are water
cooled. The panels are organized into twelve individually controlled heating
zones, as depicted in Fig. 6.13. Each numbered zone contains two panels,
except the four outer zones (1, 6, 9 and 12) which each contain only one
panel. By adjusting the power input to each zone, the amount of lamps on
each heating panel and the three dimensional configuration of the panel array,
the heat flux distribution can be customized to the needs of the experimenter.
The maximum total power available is 4.3 MW.
For uniform heat flux tests, the double-panel heating zones (2, 3, 4, 5, 7, 8,
10 and 11) are all operated at the same power and the four single-panel
heating zones (1, 6, 9 and 12) are operated at 75% of the power of the
double-panel zones. Therefore, the power density at panels 1, 6, 9 and 12 is
1.5 times that, of the other panels. For an edge-to-center heat flux ratio of 2,
the center four panels (3 and 4) are off and the rest of the zones are powered
at 120% of the power required for uniform heat flux tests in order to achieve
the same maximum heat flux. The maximum achievable heat flux was
determined from system design experiments to be about 40 W/cm2 (0.4
MW/m2).
The outer vessel contains 51 viewing windows, allowing the boiling process
to be observed from a variety of directions. Nearly three hundred data
channels are used to monitor vessel and surface temperatures, as well as
water temperatures on a variety of locations. Temperature gradients from in-
depth- and surface temperature measurements are used to calculate local heat
fluxes.
A map of thermocouple array placement and thermocouple locations on the
bottom head is shown in Fig. 6.14.
A ten-camera video system is used to view and record the boiling process.

6.5.2 Experiments

The performed test program was as follows:
- uniform heat flux experiments with heat fluxes up to 20 W/cm2 in a fully

flooded cavity,
- variable heat flux experiments with average heat flux up to 20 W/cm2 and

an edge to center heat flux ratio of two in a fully flooded cavity.
The target heat flux of 20 W/cm2 is based on an estimate of the maximum
cooling requirement for the AP-600 reactor submitted to a molten corium
pool [22]. The fact that a torospherical lower head was used during the
experiments, leads to conservative results, as steam accumulation (leading to
lower CHF) below this head occurs more easily than in the case of hemisphe-
rical heads (typical of most western reactors).
The tests were performed within the framework of the DOE-NPR program
(DOE: Department of Energy, NPR: New Production Reactor) as well as the
DOE-NE (Office of Nuclear Energy) program (NE1 and NE2 series). A
summary of all the executed tests is given in Table 6.1.
The edge-peaked heat flux distributions are designed to examine the
sensitivity of the ex-vessel boiling process to a non-uniform heat flux
distribution similar to the edge-peaked distribution resulting from melt
convection.
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Because of the large gravity head due to the water above the vessel bottom
region, the bulk condition near the bottom head area was subcooled and
therefore in all cases the entire bottom head was subjected to subcooled
nucleate boiling.

6.5.3 Results

The heat flux distribution from two uniform heat flux tests (NPR-A, 16
W/cm2 and NE2-E, 20 W/cm2) and one non-uniform heat flux test (NPR-B)
are shown in Fig. 6.15. Arrays A/B and E/F are tw<& orthogonal arrays on the
bottom head. Arc distances from 0 cm to 146 cm correspond to the crown
region and the knuckle region extends from 146 cm to 218 cm. The edge of
the crown region has a surface inclination of 25.7°. Surface inclination
reaches 90° at the edge of the knuckle region.
For the uniform heat flux tests NPR-A and NE2-E, the heat flux over the
entire surface is constant to within about 10% to an arc distance of 168 cm.
Along the 0° - 180° and 90° - 270° axes (Fig. 6.14), there is a gradual drop
of about 20% to a distance of 213 cm and a sharp drop to zero at 229 cm.
For the non-uniform heat flux case, the heat flux peaks around 168 cm from
the bottom-center location.

All the tests indicate that the bottom center area is least effective in heat
dissipation. This is illustrated by examining the surface temperature distributi-
on as measured by array A/B for NPR-A and NPR-B (Fig. 6.16). For both
the uniform heat flux distribution (NPR-A) and the edge-peaked heat flux
distribution (NPR-B), the highest temperature is in the bottom center area.
As described earlier, visual observation was possible by means of viewing
windows and was registrated by a camera system. Likewise, the ex-vessel
boiling phenomenology was revealed. Several distinct areas, each exhibiting
their specific phenomena, can be distinguished.
At the bottom region of the vessel, subcooled nucleate boiling occurs. The
small generated bubbles coalescate to a large vapor mass, almost 1 m in
diameter and with a maximum thickness varying from approximately one to
three cm. The vapor mass disperses in the form of an expanding flat ring
rising along the surface (Fig. 6.17). However, eventually this configuration
becomes unstable and the ring thickens and breaks into smaller arc segments.
The broken vapor segments condense in the surrounding subcooled water,
leaving essentially no trace. The radial location of this condensation zone is
quite well defined; the corresponding radius increases with heat flux. The
phenomena in the bottom region have a cyclic nature. The frequency of the
pulsating pattern in the bottom center region increases with the heat flux, but
the frequency only increases very slightly at high heat fluxes.
Intense vaporization (flashing) takes place in the top 30 cm of the water. In
Fig. 6.18 an overview of all the ex-vessel boiling zones and the phenomena
occuring within is shown.
One should realize that in a "real" accident, the vertical portion of the reactor
vessel wall is heated by radiation and convection. As a consequence, the
condensation zone near the bottom head rim would be modified. From the
experiments there proved to be no qualitative difference in the boiling process
between the non-uniform heat flux and uniform heat flux cases. In both cases
the bottom center region exhibits the typical cyclic pattern.
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The results of the three CYBL test series suggest that under prototypic heat
load and heat flux distributions, the AP-600 flooded cavity should be capable
of cooling the RPV in the central region of the lower head that is addressed
by these tests.

6.6 The influence of thermal insulation on the
coolability of the vessel

Commercial reactors generally have thermal insulations surrounding the RPV.
Usually this insulation is placed in sections and is designed in such a way
that it permits the entrance of water. A gap between the vessel and the
insulation allows for direct vessel-coolant contact if the vessel is flooded
externally. However, the mass flow rate of ths water entering the gap should
be large enough to guarantee heat removal at sufficient rates. Therefore the
thermal insulation and the gap should be designed in such a way that they
permit the entrance of water at the mass flow rates necessary to establish a
good cooling of the vessel wall.
In this paragraph the small-scale experiments executed to investigate the
coolability of an RPV surrounded by thermal insulation will be discussed.
The experiments were executed at Fauske & Associates, Inc. and are shortly
discussed in [6] and more extensively in [23] as well as in [13]. In the
following also a brief review of the experiments will be given.

6.6.1 Apparatus

In Fig. 6.19 a schematic of the apparatus used at the experiments is shown.
The RPV lower head was simulated using a standard 0.3 m outer diameter
pipe cap. Two different vessel wall thicknesses were studied: 1.75 cm and 3.3
cm.
The experiments included tests with either uninsulated or insulated conditions
at the lower head. The insulation was standard reflective thermal Mirror
insulation. It was 7.5 cm thick and contained 8 thermal radiation barriers, a
design which is standard for use in Nuclear Power Plants (NPPs). Heat fluxes
were determined using thermocouples embedded in the carbon steel wall at
various locations in the lower head. The experimental system is capable of
producing high heat fluxes through the vessel wall by use of high temperature
molten iron thermite (2400 K). The thermite was heated remotely by means
of a thin wire heater in a cone shaped crucible. Once ignited, the thermite
burned to completion and melted through a lead plug at the bottom of the
conical section, thereby released directly into the lower head.

86 ECN-R-95-022 ECN - TUD, May 1995



Ex-Vessel Heat Transfer

6.6.2 Experiments

In Table 6.2 an overview of the tests that have been carried out is given. The
first two tests are shakedown experiments which were used to check the
thermite delivery system. Tests 3 and 4 were performed with the simulated
RPV lower head uninsulated and submerged in a large water pool, which was
initially at room temperature. These experiments were performed to determine
whether the outer surface would be subjected to vapour blanketing (film
boiling) as a result of the high heat transfer rates through the carbon steel-
wall. The heat removal rates are measured by means of thermocouple pairs.
Forty thermocouples were used, the majority of which is shown in Fig. 6.20.
In [13] an extensive overview of the exact thermocouple locations is given.
Before the insulated tests were carried out, a separate effect experiment was
performed to determine the water inleakage rate through the newly purchased
reflective insulation.
The principal goal of test 6 was to increase the time of the transient and to
investigate the effect on the heat fluxes.

6.6.3 Results

The maximum heat removal rates are remarkably consistent for the various
thermocouple pairs. For test 3 the heat removal rates demonstrate a maximum
of about 1.6 MW/ml In Fig. 6.21 the heat removal rates measured with the
thermocouples 17 and 32 are given, for test 3 and 4 respectively. The heat
flux decreases with time because of the increasing conduction length as the
debris solidifies inside the lower head.
The agreement between the heat flux measurements between two inner
thermocouples and an inner and an outer thermocouple, indicated that there
was no measured wall temperature escalation, which implies that no film
boiling was taking place at the vessel outside. Nucleate boiling was the
governing boiling state during the entire transient.
Test 4 used the thinner wall vessel. As expected, the heat fluxes produced by
this configuration were much greater than those observed with the thicker
wall test apparatus. The maximum peak heat fluxes were in excess of 3
MW/m2.
It was concluded that complete vaporization of the average water inleakage
(0.11 kg/s) through the reflective insulation, took place at an average heat
flux of 2 MW/m2 (atmospheric pressure conditions). As mentioned above, this
value was only exceeded during the test with the thin-walled vessel. The tests
with the heavier wall - which is more prototypic for a real reactor geometry -
showed maximum heat fluxes that stayed well below this value.
Measured heat fluxes for test 5 and 6 for the thermocouple pair 17-24 are
given in Fig. 6.22. The measured heat fluxes for test 5 show some difference
in details with the tests 3 and 4, although the overall behaviour is essentially
the same.
The measured peak heat flux values for test 6 were the same as those
observed in test 5. However, the test duration was doubled.
Extrapolation of these results to a full scale reactor geometry shows that the
expected heat fluxes through the RPV wall would be less. There would also
be a greater water leakage flow rate through the insulation. Consequently the
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reactor vessel lower head would be able to effectively remove the energy
transferred to the vessel wall through the debris crust if external flooding is
applied.

Although the investigation described above showed encouraging results, it is
emphasized that also the type of insulation, its permeability for water and the
gaps allowing for coolant flow are plant-specific. Therefore also the coolabili-
ty of a vessel surrounded by insulation should be investigated on a plant-by-
plant basis.

6.7 SULTAN experiments

To investigate the specific phenomena involved in ex-vessel boiling and the
influence of geometry, scale and circulation rates on CHF the SULTAN
experiments have been developed by CEA at Grenoble (France). Data
concerning mainly channeling and BLB are required. More specifically the
goals of the SULTAN experiments are [18]:
- provide a database for code validation for low pressure- and large hydrau-

lic diameter situations;
- investigate the BLB regime: flow stability, layer thicknesses, void fraction

distribution, quality distribution, temperature distributions in the liquid
water, pressure drop as a function of channel size (this is very important
for the prediction of the rate of flow recirculation), CHF;

- investigate the transition to the channeling flow regime,
- investigate the channeling regime: flow stability, void fraction, pressure

drops, CHF.
The previous items will be investigated for a flat heating surface of variable
inclinations, variable pressures and - hydraulic diameters.

6.7.1 Apparatus

The experiments are executed with a flat heating plate (4 meters long and 15
cm wide) which may be set vertically or in an inclined position. The inclina-
tion may vary from 0° (for horizontally downward facing surface) to 90°
(vertical) and even up to 120° (facing upwards).
The heat flux delivered by the plate is uniform and may be varied up to 1
MW/m2.
The heating plate is positioned in a rectangular channel. The width of the
channel may be varied between 3 cm and 15 cm (Fig. 6.23).
The water is fed at different controlled temperature levels at 50°C to 0°C
subcooling.
The test section is prolongated by an adiabatic tube up to the place where the
over pressure is imposed. The overpressure is varied between 1 bar and 5 bar.

The heating plate is instrumented with thermocouples in order to detect ONB
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and DNB.
A set of thermocouples is also distributed at the surface opposite to the
heating plate in order to measure the axial temperature distribution in the
liquid while BLB occurs.
Pressure drops are measured along the test plate (four pressure drops covering
one meter each). The test section inlet and outlet absolute pressures are
measured.
Radial void fractions are measured by means of optical fibers and temperature
distributions are measured at several levels. These measurements will help to
characterize the boiling layer nearby the heating plate.

6.7.2 Experiments

Forced convection tests will be performed first in order to measure two-phase
pressure drops over a wide range of operational conditions. These results will
be used for code validation and will be very useful for a pre-design of a
natural circulation flow-path.
The test program has been started in December 1993. The first configuration
which is investigated is a vertical channel with a 3 cm width. Tests are
planned to extend over 2 years. Currently no results are available.

6.8 Principle means to enlarge the heat transfer

Despite the encouraging results from some experiments presented in this
chapter, there is still a lot of uncertainty related to the phenomena that both
influence the in-vessel- and ex-vessel heat transfer. Whether CHF is exceeded
under various circumstances depends to a great extent on these processes.
Future RPV-containment configurations should be preferably designed in such
a way that nucleate boiling conditions at the vessel outside are guaranteed
with the utmost reliability, during the unlikely event that the containment
cavity has to be flooded because of a core melt-down. To increase the
reliability of these measures it is suggested that they are modified in such a
way that the heat transfer under all circumstances is as large as possible.
There are various principal methods to improve the heat transfer substantially.
These are:
- the placement of cooling ribs at the vessel outside in order to enlarge the

area available for heat transfer. A larger heat transfer area leads to an
increase in the heat flow. The cooling ribs should be designed in such a
way that they do not permit an easy accumulation of the generated vapor
below the vessel, which could result in a preposterous effect (decreasing
CHF).

- forced convection increases the heat transfer substantially. The stagnant
boundary layer at the surface becomes more shallow at increased flow
velocities. Also bubbles are removed from the heated surface at an early
stage which also has a positive effect on the heat transfer.
One should realize however, that forced convection introduces a lot of
active components in the coolant circuit (pumps, fans etc.) which affects

1995 May, TUD - ECN ECN-R--95-022 89



External Flooding

the overall system reliability in a negative sense. This does not fit in the
modern passive safety design concept, which tries to reduce the amount of
active components to a minimum.

- flooding at increased containment pressures, which leads to an increase in
CHF. A substantial increase in CHF, however, is only reached at very
high containment pressures (maximum CHF for water is reached at 73.7
bar), which leads to the following insuperable disadvantages:
• at large over-pressures the likelihood of the escape of gaseous radio-

active products out of the containment increases,
• the mechanical loads on the containment are increased by flooding at

large over-pressures. The containment may well not be designed to
cope with such large loading conditions, thereby affecting the reliability
of this measure.

• also here active components are necessary to pressurize the containment
(i.e. compressors), thereby violating the passive safety design concept
(although also the possibility of pressure build up exists if the vessel is
flooded externally, due to accumulation of non-condensable gases in a
containment with a small free volume, if no venting takes place).

All these serious disadvantages together eliminate this method as an option
for the enhancement of ex-vessel heat transfer.

- subcooling of the coolant has a strong effect on CHF. As soon as the
growing bubbles will come in contact with the subcooled liquid, implosion
of the bubbles will occur, even before they have left the surface (large
subcooling). As a result, the rate at which bubbles are formed increases,
which has a positive effect on the heat transfer and the CHF.
From the theory and experiments described in this chapter it has become
clear that the likelihood of subcooled nucleate boiling increases if the
hydrostatic head in the flooded cavity increases.

Summarizing it can be concluded that enhancing the heat transfer area
(carefully designed cooling ribs) and increasing the subcooling of the water
by raising the water level in the containment cavity (hydrostatic head) are the
only serious possibilities - within the passive safety design concept - to
enhance the ex-vessel heat transfer as much as possible.
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Table 6.1 Summary of the tests performed at the CYBL facility

test

NPR-A

NPR-B

NE1-UA

NE1-UB

NE1-UC

NE2-A

NE2-B

NE2-C

NE2-D

NE2-E

heat flux [W/cm2]*

16

16

16

18

20

8

16

17

18

20

Peak heat flux is given
for the edge-peaked tests

flux distribution

uniform

edge-peaked

uniform

uniform

uniform

edge-peaked

edge-peaked

edge-peaked

edge-peaked

uniform

Table 6.2 Summary of the tests performed to investigate the influence of the
thermal insulation on the coolability of the RPV wall

Test

1

2

3

4

5

6

Thermite
mass (kg)

10

10

10

10

10

20

Vessel wall
thickness (cm)

3.3

1.75

3.3

3.3

Insulated

Shakedown

Shakedown

No

No

Yes

Yes

Pressure
equilibration
method

External pipe

External pipe

Vent holes

Vent holes
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Fig. 6.2 Boiling curve for water at one atmosphere; surface heat flux q"
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Fig. 6.3 Onset of the boiling crisis (DNB)
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Fig. 6.4 Boiling regions around an externally flooded RPV
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REACTOR REACTOR MODEL
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^ Submerged
, Water return

Heat exchange
on core-catcher

Fig. 6.6 Water recirculation in a reactor-containment configuration
during external flooding. Beneath the vessel a core-catcher is
constructed.
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Fig. 6.7 External characteristic for natural convection
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Fig. 6.8 Internal- and external characterics for a channel with a small
hydraulic diameter, subjected to two-phase forced convection
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Fig. 6.9 Internal- and external characteristic for a LMFBR subassembly

1995 May, TUD - ECN ECN-R--95-022 99



External Flooding

o O o

a Acquisition System

b c
Condenser

Insulated
Cap v

Heated Vessel

Saturated Liquid ""** 'Two-Phase
Boundary Layer

I 1 Auxiliary Heater 1 1

Viewing Window

Xybion Camera/
Spin Physics 2000

Liquid Tank

V

D

Lp

», Unheated
Segment

3 / Independently
Heated
Segments

Heated
Segments

Unheated
Segment

Side View Top View

Fig. 6.10 Schematic of the experimental apparatus for the SBLB experi-
ments and the division of the curved heating surface into the test
segments
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Fig. 6.12 Schematic of the CYBL facility
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Fig. 6.17 Example of the vapor mass at the bottom center of the test vessel
and the expanding vapor ring from previously dispersed vapor
mass (heat flux: 14 W/cm2).
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Fig. 6.18 Schematic of the various zones around the vessel and their
accompanying boiling phenomena
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Fig. 6.19 The gap between the thermal
insulation and the RPV wall,
allowing for the vessel to be
externally flooded
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Fig. 6.20 Measured peak heat fluxes as a Junction of position
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Fig- 6.21 Measured heat fluxes from the vessel to the water for the tests 3
and 4 for the designated thermocouple pair
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Fig. 6.22 Measured heat fluxes from the vessel to the water for the tests 5
and 6 for the designated thermocouple pair
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Fig. 6.23 SULTAN: test section cut (through viewports)
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7 STRUCTURAL INTEGRITY OF
THE VESSEL

The purpose of external flooding is to maintain the structural integrity of the
RPV lower head which is affected by the boundary conditions created by the
in-vessel- and ex-vessel heat transfer. Therefore the temperatures in the RPV
at any location should not exceed a level where failure can occur. Failure can
occur at temperatures far below the melting temperature of steel.
In-vessel- and ex-vessel heat transfer as well as the conduction through the
vessel wall determine the thermal loading of the RPV. These three thermalhy-
draulic processes are highly coupled and result in a temperature distribution
of the vessel shell. Once this temperature distribution is known, it is possible
to perform a structural analysis of the vessel. The purpose of this final
analysis is to predict whether failure occurs under the thermal conditions
governing the vessel shell.
The failure criteria depend into a high extent on the failure mode. An
overview of the dominant failure modes and two methodologies that enable
to predict the failure mode that occurs first under a given set of conditions,
will be piesented in the first paragraph.
The theory and recently executed experiments on high-temperature creep- and
tensile behaviour are presented in the second paragraph.
In the last paragraph, the CORVIS experimental program at the Paul Scherrer
Institute in Switzerland will be discussed shortly. CORVIS tends to simulate
the interaction of molten corium with vessel wall material.

7.1 Failure modes

There are several possible modes or combinations of modes that could lead to
LHF during a severe accident. The failure modes that appear to be the domi-
nant ones for existing LWR plant designs under severe accident conditions
will be presented in this paragraph, followed by a methodology to determine
which failure mode will occur first under a specific set of conditions.
Failure maps are frequently used to determine, for a wide range of system
pressures, whether the pressure-bearing capacity of a vessel is jeopardized by
either global head- or penetration failure. They will be discussed in section
7.1.3.
Finally, in section 7.1.4 a remark on material defects (cracks) and their
possible propagation under severe accident conditions can be found.
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7.1.1 Overview

Currently the following failure modes have been distinguished [24]:
- penetration tube heatup and rupture: corium melt attack on lower head

penetrations may result in melt entering a penetration channel and refree-
zing, thereby causing tube blockage and potentially tube rupture;

- penetration tube ejection: corium melt attack and sustained heating from
accumulated debris may lead to penetration weld failure and subsequent
penetration tube ejection;

- lower head global rupture: stress induced by elevated system pressure
and/or the core and structure weight, in combination with sustained
heating from accumulated debris, may lead to lower head global failure;

- localized effects and jet impingement: non-uniform heat sources within the
debris bed or a coherent jet of debris impinging directly onto the lower
head can cause localized thermal- and mechanical loads, which can
possibly lead to LHF. In addition there is also the potential that a coherent
jet can ablate the vessel head.

- thermal shock: in case the vessel is flooded externally, also the possibility
of failure due to thermal shock exists. The rapid quenching of the vessel
wall introduces structural changes in the steel, thereby lowering its yield
strength to a level where it can not withstand the stresses induced by
elevated system pressures, corium- and structure weight and the steep
temperature gradient over the vessel wall.

7.1.2 Methodology for determination of the failure mode

A methodology for determining which vessel failure mechanism occurs first
during a severe accident scenario is presented in Fig. 7.1 (source: [24]). The
user must travel each possible path in this figure, starting from the START
box at the top and proceeding downward. If there are lower head penetrations
in the vessel such as in the Babcock and Wilcox (B&W), Westinghouse, and
General Electie (GE) vessels, all paths are considered. If there are no lower
head penetrations in the vessel, such as in most Combustion Engineering
(CE) vessels, only the paths including the "CE" designation are considered. If
the user reaches a box containing a failure mechanism and determines that it
is not possible for a failure mechanism to occur, the user is directed along the
"no" path (labeled N). If the user determines that it is possible for a failure
mechanism to occur, the appropriate model is applied to determine the time at
which failure is predicted to occur. Then the user is directed to continue in
the flow diagram with a GO TO statement. After each appropriate failure
mechanism has been evaluated for a particular scenario, failure times are
compared to determine which failure mechanism occurs first and the
properties of the debris in the lower plenum at the time of failure.
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7.1.3 Failure maps

Usually the pressure-bearing capacities of vessel heads and their penetrations
are expressed in failure maps (see Fig. 7.2 and Fig. 7.3), which predict the
failure mode (i.e. global- or penetration failure) as a function of system
pressure, RPV inner wall temperature and the debris bed type. However, it is
emphasized that these temperatures and pressures should only be considered
as approximate because there is considerable uncertainty associated with these
values. The failure curves in these maps are based mainly on analytical
models and FEM analyses (Finite Element Method). Three types of debris
beds are distinguished:
- primarily metallic debris, with a temperature of approximately 2100 K;
- primarily ceramic slurry, with a temperature of approximately 2800 K;
- primarily ceramic molten pool at a temperature of approximately 3100 K.
Which type of debris bed is formed depends on the type of accident and the
course of events during the accident. A primarily metallic bed will be formed
if a relatively small amount of the fuel relocates with a relatively large
amount of the control rod and structural material. A primarily ceramic slurry
contains about half of the fuel and a large amount of control rod and
structural material, whereas a primarily ceramic molten pool results as a
consequence of a complete melt-down.
Both ceramic slurry and ceramic molten pool will end up in a layered stru-
cture. It is assumed that eventually a metallic layer will form on top of the
corium pool (lower density).
For the case of a molten ceramic pool in a BWR vessel, model results
indicate that tube failures will occur at lower temperatures than vessel failure
for any system pressure. Except for the BWR case with a molten ceramic
pool, model results indicate that global rupture is the controlling failure mode
in BWRs or PWRs with system pressure above approximately 2 MPa.
Despite the significantly lower temperature of the metallic melt, both failure
maps indicate that the formation of such a melt leads to relative low inner
wall failure temperatures at any system pressure, if compared to the other
debris types. The reason for this is the already mentioned mechanism of crust
formation at the boundaries of a molten ceramic pool. The crust resists large
heat fluxes and therefore serves as a protective layer for the vessel wall.

As stated before, the failure maps are based on model results. Uncertainties in
the ultimate strength data at high temperatures for penetration materials do
not allow a clear distinction of the controlling failure mode in the 0 . 1 - 2
MPa pressure range. Therefore, within this range, the results should be treated
with caution.
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7.1.4 Crack propagation

Most analyses performed assume a vessel wall without defects. However, if
small cracks are present, the possiblity of crack propagation has to be ac-
counted for. Especially under elevated system pressures - occurring in some
severe accident scenarios - crack growth is likely to be stimulated. During the
post-accident research of the TM-2 RPV, cracks were encountered in the
vessel wall [6]. Although in this case the vessel did not fail, it proves that in
future analyses the possibility of crack propagation should be considered.

7.2 High-temperature creep- and tensile behaviour

The lower heads for commercial RPVs are generally fabricated from the plate
material SA533B1 or its predecessor, SA302B, which has very similar
structural properties. Lower head penetrations, such as instrument tubes,
control rod guide tubes and the drain nozzle, are constructed of Inconel 600,
304 stainless steel or SA105/SA106B carbon steel. Only recently high-
temperature creep tests were performed for these materials so that structural
analyses can be made in much higher temperature regimes than previously
possible. These tests and their results are shortly discussed in this paragraph.
It should be noted that the objective of these tests was to provide data for
accident analyses with failure times between 1-100 h as distinct from regular
design creep data with time scales of thousands of hours.

It is also emphasized that additional tests are necessary to reduce the range of
uncertainty associated with these data. In particular, data were not previously
available for the SA105 material at temperatures above 811 K and extrapola-
tion of previously available data indicated that the ultimate strength of this
material became negligible at 1000 K. However, test results indicate that the
ultimate strength of SA105B material is considerably greater than indicated
by previous data.
The time to creep rupture for a given vessel wall temperature and stress is
often estimated with the use of the Larson-Miller correlations, which will be
also discussed in this paragraph.

7.2.1 Creep

For steel exposed to ambient temperatures the relationship between stress and
strain in the elastic region can be described by the well-known Hooke's law.
Typically the relationships between stress and strain are time-independent in
this region. At elevated temperatures though, it is known that deformation
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progresses in time, even under constant stress levels. The phenomenon that
strain exhibits time-dependent behaviour under this constant stress condition
is referred to as creep.
If the strain is plotted as a function of time (creep strain history), three
characteristic areas of creep progression can be distinguished from the
appearing curve (see Fig. 7.4):
- primary creep: large strain rate, though slightly decreasing with time;
- secondary creep: the strain rate is almost constant with time;
- tertiary creep: the strain rate increases until rupture occurs.

Since creep strain histories are often used in FEM applications, the curves
usually are fitted to third order polynomials:

e =A+Bt+Ct2+Dt3 C7"1)

where: £ : creep strain
t : time [h]
A, B, C and D : constants

Currently there is considerable consensus on the theory that creep rupture will
be the governing failure mechanism, at the elevated temperatures occuring in
the vessel shell if it is exposed to the heat fluxes generated by a corium pool.
Creep failure can occur at temperatures well below the melting point of the
vessel- or penetration steel and is stimulated at elevated internal pressures.
For most RPV steels the temperatures in the vessel shell should not exceed
800 K in order to eliminate the potentials for creep failure.

7.2.2 The Larson-Miller correlations

The time to rupture at a certain stress condition is influenced by the tempera-
ture of the stressed material. The relationship between stress, temperature and
time to rupture is often expressed by the Larson-Miller correlation:

IMP = 0 .00ir(a+log(g) (7-2)

where: LMP : Larson-Miller Parameter
T : temperature [°R] '
a : material dependent constant
tr : time to rupture [h]

The Larson-Miller Parameter is also determined by the stress condition. The
correlation between LMP and the average stress is also material dependent:

LMP = b-cloga (7"3)

where: b,c : material dependent parameters

1 °R = 9/5 K
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o : stress [ksi] '

When the vessel is subjected to uniform internal pressure, the average stress
induced in the lower head is given by the following analytical formula:

a = SB: (7-4)
28

where: a : average stress [Pa]
p : internal pressure [Pa]
R : lower head radius [m]
5 : lower head wall thickness [m]

If the stress and temperature are known eqs. (7-2) and (7-3) combined result
in the time to rupture tr It is emphasized that the results from eq. (7-4) first
must be coverted to units ksi, before substitution into eq. (7-3).
The LMP correlations were developed for materials under constant stress and
temperature.
However, during a severe accident temporal variations in stress and tempera-
ture occur. To account for these transient conditions a life fraction rule is
used, based on the principle of accumulated damage [25]. Under each set
of temperature and pressure (stress) a different time to rupture tr will be
predicted by the LMP correlations. If we consider temperature and pressure to
be constant during a small time step Ltt the damage caused by these
conditions during this time step is defined as Ar//r and the accumulated
damage D for all time steps is:

D = Y,^i (7-4)

Failure is defined to have occurred when D exceeds unity.
The LMP equations and eq. (7-4) can also be used in finite element analysis,
as discussed in [25]. For each single node in the mesh, the accumulated
damage is calculated after every time step. If at any point failure occures (D
> 1) the yield locus at that point will contract to zero, leading to a stress
redistribution to the remaining intact points. This is referred to as ligament
clipping. In this case, failure usually is defined to have occurred when all
through-thickness ligaments have been clipped at a particular node, as descri-
bed in [25].

1 ksi = 6894.76 kPa
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7.2.3 High temperature creep- and tensile tests

Creep tests for the pressure vessel steels SA533B1 and SA508-CL2 and for
the Ni alloy Inconel 600, as well as the penetration steels 304 stainless steel
and SA106B carbon steel were performed at INEL (Idaho National
Engineering Laboratory, USA). In Fig. 7.5 a schematic diagram of the creep
test set-up is shown. The high surface oxidation rates on the test coupons at
the elevated temperatures during the experiments required that the creep tests
be performed in an inert atmosphere. Therefore, an environmental chamber
filled with argon gas was installed around the test coupon to prevent this
oxidation effect.
Coupons were fabricated from samples obtained from archived material of a
real reactor vessel lower head and were having either a meridional orientation
with respect to the vessel lower head or a radial (through-wall) orientation in
the vessel plate material. Orientation effects were evaluated because of
expected variations in strength resulting from the plate rolling process.
As a baseline reference, room temperature tensile tests were conducted on the
test material.An extensive overview of the tensile- and creep test program
executed can be found in [7] (for the materials SA533B1 and SA508-C12)
and in [8] (for the materials Inconel 600, 304 stainless steel and SA106B
carbon steel). In [7] also the constants for the cubic fit of the creep strain
history data of SA533B1 are listed.
The constants for the cubic fit of the creep strain history data of Inconel 600
and SA106B carbon steel are presented in [8].

The Larson-Miller correlations resulting from the experiments described
above, for the vessel steels SA533B1 and SA508-CL2, as well as for the Ni
alloy Inconel 600 and the penetration steels 304 stainless steel and SA106B
carbon steel can be found in Table 7.1 (in this Table the data for the vessel
steels SA533B1 and SA508-CL2 are obtained from [7], data for the Ni alloy
Inconel 600 and the penetration steels 304 stainless steel and SA106B carbon
steel are obtained from [8]). The data gathered in this table allow for
estimation of the time to rupture under a given set of stress-vessel wall
temperature conditions.
In Fig. 7.6 an overview of the INEL SA533B1 tensile test results concerning
the yield (engineering1) strength are presented. It can be seen that the yield
strength decreases rapidly if the temperature of the specimen exceeds 900 K.
Similar results were obtained for the ultimate strength (see Fig. 7.7).
The Inconel 600 yield strength obtained from the INEL tensile tests can be
found in Fig. 7.8, whereas the ultimate strength (both true and engineering) is
presented in Fig. 7.9.
The yield- and ultimate strength data for 304 stainless steel can be found in
Fig. 7.10 and Fig. 7.11.

1 The axial stress o in a test specimen is calculated by dividing the (axial) load F by the
cross-sectional area Ac. When the initial area of the bar is used in this calculation, the resulting
stress is called engineering stress or nominal stress. A more exact value of the axial stress,
known as the true stress is also used sometimes. It is calculated by using the actual area of the
bar, which can become significantly less (necking) than the initial area, at high tensile loads.
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Finally, the yield- and ultimate strength data for SA106B carbon steel are
presented in Fig. 7.12 and Fig. 7.13 respectively. Yield- and ultimate strength
data from tensile tests for the vessel steel SA508-CL2 were not available.
Studying the tensile data, it can be seen that for all steels a rapid loss in
ultimate strength occurs if the wall temperature exceeds a certain value. These
temperature levels are gathered in Table 7.2.

7.3 CORVIS experiments

Currently the CORVIS project (COrium Reactor Vessel Interaction Studies) at
the Paul Scherrer Institute in Switzerland, is one of the few large-scale
research programmes that tend to simulate the penetration of relocated corium
into the lower head. The purpose of the CORVIS project is both to obtain
experimental data and to develop computational models. The experiments will
be performed under atmospheric pressure in a cylindrical steel container, the
bottom of which represents a full-scale piece of the RPV lower head with
typical penetration tubes.
The experimental program will start with the simulation of corium penetration
in the lower head. As a simulant an iron/alumina mixture is chosen. The
mixture consists of 1000 kg iron and 1000 kg alumina and is electrically
heated.
During the experiments emphasis will be given on the following topics
[26]:
- heat-up of the vessel wall and temperature dependent formations due to

the weight of the structures and of the melt,
- the mechanism of the first release from the vessel; i.e. melt-through of a

penetration tube in the vessel above the welded joints to the vessel, failure
of the welded joints or failure of the vessel itself.

- the type and history of the vessel leakage; i.e. formation of one or several
holes, history of the growth of the holes (or large vessel wall break),

- the release rate and constitution of the melt released from the vessel,
- solidification of the melt inside the tubes and tube blockage.

Up to now only the results from CORVIS test 02/1 have been published. A
schematic drawing of the test vessel used for these experiments is shown in
Fig. 7.14. The uninsulated bottom section of the test vessel was 100 mm
thick and 700 mm in diameter. It was made from low carbon structure steel,
welded to a 20 mm thick cylindrical section. A total number of 42 thermo-
couples were distributed at different locations. 800 kg of iron/alumina melt
was used for the experiments. The purpose of this test was to demonstrate the
effects of melt jet impingement on the structural integrity of the test plate
shown in Fig. 7.14. As can be seen from this figure, the mixture was divided
into two distinct phases: an A12O3 phase on top and an iron phase at the
bottom of the test vessel.
The results showed a maximum penetration of 67 mm into the test plate.
Metallographic- and chemical analyses revealed that the plate material was
been replaced by the thermit iron, fusing with it finally at a depth of approxi-
mately 65 mm.
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Although the physical properties of iron/alumina simulant differ significantly
from those of corium, it is assumed that similar phenomena might happen as
a result of corium-vessel interaction.
Large penetrations of corium into the vessel wall (melting), resulted also from
numerical simulations described in [3].
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Table 7.1 Larson-Miller correlations for the vessel steels SA533B1 and
SA508-CL2 and for the penetration materials Inconel 600 (Ni
alloy), 304 stainless steel and SA106B carbon steel

Steel LMP(T [°R], tr [h]) LMP(o

SA533B1

SA508-CL2

Inconel 600

304 stainless steel

SA1O6B carbon steel

0.0011(20 + logfr)

0.0017(20 + logfr)

0.001TQ3 + logfr)

0.0017(16 + logrr)

0.0017(13 + log?,)

49.164 - 13.13991ogo

45.296 - 8.63671ogo

36.196 - 8.94331oga

43.163 - 9.15551oga

30.867 - 7.62821oga

Table 7.2 Maximum admissible temperatures
for the vessel steel SA533B1 and the
penetration materials Inconel 600,
304 stainless steel and SA106B
carbon steel

Steel

SA533B1

Inconel 600

304 stainless steel

SA106B carbon steel

Maximum admissible
temperature [K]
(above these temperatures
the listed materials exhibit
a rapid loss in ultimate
strength)

900

800

800

600
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8 COMPUTER CODES

One of the main goals of the experiments described in this report, is the
development of computer codes, which are able to describe all the
phenomena involved in late-phase core melt-down, as well as the ex-vessel
conditions imposed to the RPV wall by flooding it with water. The codes
should be able to represent not only the steady-state heat transfer from the
corium to the vessel wall and from the vessel wall to the coolant, but also
need to cope with the heat transfer under transient conditions. The main
output of such a code should incorporate a detailed temperature distribution
of the RPV wall, which enables to predict whether failure might occur under
these conditions (i.e. thermal-mechanical loads). The integrity of the vessel
wall (and its penetrations) then could be investigated, using its temperature
distribution as input for structural finite element analyses.
In the following some codes, which were used in external flooding analyses,
will be discussed briefly.
One has to realize that external flooding was proposed only recently as a
possible accident management strategy for NPPs. Therefore, most codes or
their modules for modelling the thermalhydraulic phenomena involved in
external flooding, are in an early stage of development and still need
thorough validation.
Currently only very limited information on these codes is available. The
descriptions presented in this chapter are only based on information provided
by the institutes which have developed or have used the codes.
Well defined experiments, concerning specific areas in reactor safety
analyses, are used to validate some of the codes listed in this chapter on their
ability to model specific phenomena. Some of these experiments are prepared
and executed under the authority of OECD/CSNI, the so-called 'International
Standard Problems' (ISPs). The results of the experiments are compared with
the predictions of the codes simulating the ISP sequence of events, allowing
for further development and improvement of the codes.
Other validation activities are being carried out within the International Code
Assessment Program (ICAP).
Not all of the codes listed in this chapter are subjected to ISP- or ICAP
validation.
The only full-scale severe accident in a LWR that is available for code
validation is the TMI-2 accident. Various code simulations have also been
compared to the real progression of the TMI-2 accident. A Joint Task Group
was raised under the supervision of OECD and US-DOE in order to judge 11
codes on their capability of simulating this accident. The Joint Task Group
came to the following main conclusions [9]:
- all the 11 codes, even the ones with simple thermal hydraulics models,

performed well for the initial small LOCA phase of the accident,
- core reflood, debris generation and late phase melt progression were not

predictable.
Validations on the capability to model the phenomena involved in external
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flooding analyses, have only been started recently, mainly for the
SCDAP/RELAP5 code [32].

8.1 LOWHED (UK)

The LOWHED code is developed by AEA Technology and was used there
for the calculation of the transient effects involved in a loss of feedwater
accident.
LOWHED is a parametric model for events occurring in the lower head of a
LWR, following debris relocation. It's primary purpose is to predict, for a
given input of debris- and lower head parameters (users choice) [2]:
- the timing and mode of vessel failure,
- the debris composition and temperature at vessel failure.
The vessel response is calculated by means of a 2D thermal response model
which includes:
- implicit solution for radial wall cells, which are coupled to the debris cells

via heat transfer coefficients and interface temperatures,
- explicit solution for the heat conduction in the azimuthal direction.
Vessel ablation is also modelled.
The heat transfer coefficient used in LOWHED is a function of the pool
superheat and allows for some user input.
For more detailed information about the LOWHED code, reference is made
to [2].

8.2 MELCOR/BWRSAR (USA)

MELCOR is a fully integrated computer code that models the progression of
severe accidents in NPPs, from the initiating event up to the fission product
release to the environment. MELCOR is intended to be a relatively fast-
running code for parametric studies rather than for detailed mechanistic
calculations, although mechanistic models have been added recently such as
the BWRSAR module (Boiling Water Reactor Severe Accident Response).
BWRSAR was originally developed as an independent code by ORNL.
BWRSAR is able to model the in-vessel thermalhydraulics. More information
on the MELCOR code and the BWRSAR module can be found in [9].
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8.3 TRIO (France)

The TRIO codes were developed at CEA in Grenoble, France. The TRIO
codes are used to model complex 3D turbulent flows and heat transfer, such
as occur in a molten corium pool.
TRIO consists of the following two sub-codes:
- TRIO-VF for the description of the in-vessel phenomena, resulting in a

heat flux distribution on the inside of the RPV wall. These phenomena are
treated by a Finite Volume (VF) approach.

- TRIO-GENEPI, a finite element code for the description of the ex-vessel
two-phase (steam/water) flow. This code contains a large set of two-phase
flow physical correlations. The heat flux distribution calculated by the
TRIO-VF code can be used as a boundary condition for calculations
performed with the TRIO-GENEPI code. In every control volume the local
conservation equations are averaged, resulting in mass-, momentum and
energy balances for the two-phase mixture, in three dimensions.

More information on the TRIO codes can be found in [27] and [28].

8.4 TOLBIAC (France)

TOLBIAC is a code which is also developed at CEA. Its purpose is the
simulation of the behaviour of a molten core within a RPV or a core catcher,
taking into account the ablation of the wall and the relative position of the
core componenets.
Three components are described [29]:
- a liquid metal phase corresponding to the metals from the molten core,
- a liquid oxide phase which is divided into heavy oxides from the core and

light oxides from the ablation of the wall,
- a gas phase corresponding to the gases generated by the ablation of the

wall.
Four mass balance equations (liquid metals, liquid heavy oxides, liquid light
oxides and gas), two energy balance equations (liquid metals and liquid
oxides) and three momentum balance equations (liquid metals, liquid oxides
and gas) are written. The discretization uses either a rectangular or cylindrical
3D meshing. The equations are solved with a two-step quasi-implicit method,
thereby avoiding the time step Courant limitation.
The ablation of the solid structure is taken into account: the geometry of the
cells in contact with a solid wall changes with time and a liquid- and a gas
mass is generated. The ablation velocity depends on the wall heat transfer
coefficient and on the proportion of the conduction heat flux to the total heat
flux. Crusts are only taken into account in the thermal resistance between the
fluid and the wall.
A I D conduction calculation is performed for the walls.
Currently version 1 of TOLBIAC is in use which describes only two velocity
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fields (metal and oxide). Simplified constitutive laws are used (interfacial
heat- and -momentum transfer, wall to fluid heat- and momentum transfer). A
fission energy source (recriticality of the corium) can also be modeled, as
well as the top radiation heat losses.
Results from TOLBIAC calculations on a corium pool in a lower head were
compared to calculations using the TRIO-VF code. Despite the fact that the
velocity field predicted by TRIO-VF was much more complex than resulted
from the TOLBIAC calculations, the global values of the wall heat flux
calculated by the two codes were quite the same.
In [29] more specific information on simulations using the TOLBIAC code
can be found.

8.5 NARAL/EREC (Russia)

The NARAL/EREC codes were developed at EREC (Elektrogorsk Research
Engineering Centre) in Russia and are designed to model the following
phenomena [30]:
- core degradation simulation (EREC/MEI code),
- molten corium - RPV interactions (NARAL.CV 1P/2P code),
- ex-vessel cooling thermalhydraulics (NARAL.FEM 2P code),
- melt-coolant interactions (EREC.FDM 3P code),
- melt-containment wall interactions (ERECFEM 2D code),
- temperature distribution in the RPV (NARAL.IHC code).
NARAL.CV calculations, using a low Reynolds number turbulence model for
the corium behaviour, were compared with the results from the COPO
experiments. The deviations were very large at high Ra' numbers.
Calculations with other turbulence models lead to more satisfying results.
More specific information on these codes and the turbulence models used, is
presented in [30].

8.6 SCDAP/RELAP5 (USA)

The SCDAP/RELAP5 code (Severe Core Damage Analysis Program/Reactor
Excursion and Leak Analysis Program) has been developed by INEL. The
main purpose of the code is to provide a best-estimate of the
physical/chemical state of the coolant system of a LWR during transients,
including severe accidents incorporating core melt-down [9].
The RELAP5 models describe the coolant thermalhydraulics, whereas the
SCDAP models describe the behaviour of the core components and the debris
throughout the vessel.
The latest release of SCDAP/RELAP5 (MOD 3.1) includes extended models
for the application of the code to a wider range of plant designs and
conditions, including: material interactions, flow of metallic melts, reflood
conditions and effects of cold walls. Also 3D hydrodynamical and two-phase
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flow models [31] are introduced.
Using the COUPLE model, available in SCDAP/RELAP5, it is possible to
generate a detailed mesh of the debris bed and vessel wall, containing
temperatures at all the nodal locations.
All these characteristics make the SCDAP/RELAP5 code particularly suitable
for external flooding analyses.
Integrated analyses of severe accident sequences have been performed, using
the SCDAP/RELAP5 code, often in combination with commercially available
finite element codes for the structural analyses.
Chavez and Rempe (INEL) used SCDAP/RELAP5 (MOD 3) in combination
with the ABAQUS code - a finite element code for structural analyses - to
analyze a BWR vessel - with one penetration (drain line) - under severe
accident conditions [32].
The output of the COUPLE calculations contains the nodal locations- and -
temperatures of the vessel wall. These data can be used as input for structural
analyses with finite element codes such as ABAQUS [32] or ANSYS.
In [32] an extensive overview of these analyses is given.
In [31] an overview of the mathematical equations used in the RELAP5 code
for the modelling of the two-phase flow is presented.
SCDAP/RELAP5 is subjected to ISP/ICAP validation.
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APPENDIX A: DIMENSIONLESS
GROUPS

Grashof number (GrL):

GrL = — (A-l)

where: (3 : thermal expansion coefficient [1/K]
g : gravity constant [m/s2]
AT : the maximum temperature difference in the fluid [K]
L : characteristic length [m]
v : kinematic viscosity [m2/s]

GrL is the ratio of buoyancy to viscous forces. It characterizes the free
convection flow regime in a fluid with internal heat sources, as is the case
with molten core debris generating decay heat.

Nusselt number (NuL):

NuL = Q (A-2)
kf

where: h : convection heat transfer coefficient [W/m2.K]
kf : thermal conductivity of the fluid [W/m.K]

NuL can be interpreted as a dimensionless temperature gradient at a surface.

Rayleigh number (Raj:

= gpziL (A.3)
L av

where: a : thermal diffusivity [m2/s]

The Rayleigh number is the product of the Grashof and Prandtl numbers. It
is an important parameter that characterizes the flow conditions in a fluid
heated from below.

Modified Rayleigh number (Ra'L):

Ra-, = ^ ^ - (A-4)

where: q : volumetric heat generation [W/m3]
kc : thermal conductivity of the molten core debris [W/m.K]
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kc : thermal conductivity of the molten core debris [W/m.K]

For liquids with internally heat sources the modified Rayleigh number is
used.

Reynolds number (ReJ:

Re = 2ïk = Yk (A-5)
U V

where: p : density [kg/m3]

v : average velocity [m/s]

ReL is the ratio of the inertia and viscous forces.

Prandtl number (Pr):
pr = Ji£ = X. (A-6)

kj a
where: p : dynamic viscosity [kg/s.m]

c : specific heat [J/kg.K]

Pr is the ratio of the momentum and thermal diffusivities. From the definition
it is obvious that Pr solely depends on the properties of the fluid.
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