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INTRODUCTION

The development of nuclear energy has been characterized by a continuous evo-

lution of the technological and philosophical underpinnings of reactor safety to

enable operation of the plant without causing harm to either the plant operators

or the public. Currently, the safety of a nuclear plant is assured through the com-

bined use of procedures and engineered safety features together with a system

of multiple protective barriers against the release of radioactivity. This approach

is embodied in the concept of Design-Basis Accidents (DBA), which requires the

designers to demonstrate that all credible accidents have been identified and

that all safety equipments and procedures perform their functions extremely reli-

ably. Particularly important functions are the automatic protection to shut the re-

actor down and to remove the decay heat while ensuring the integrity of the con-

tainment structure. Within the DBA concept, the so-called severe accidents were

conveniently defined to be those accidents that lie beyond the DBA envelope;

hence, they did not form part of the safety case.

The very large number of safety analyses that have been performed during the

last three decades have exposed several inherent weaknesses of the DBA ap-

proach; these weaknesses pertain to completeness (i.e., occurence of unforeseen

accidents), understanding of postulated sequences, equipment reliability, and

adequacy of operator procedures. These analyses have also shown that there is a

very small, but nevertheless non-zero, probability (of order 10-5 per year and re-

actor) that a reactor's safety features can fail; such a failure would lead to an im-
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balance between heat production in the reactor core and heat removal by means

of the water coolant -- ultimately leading to core melt-down.

Progression beyond DBA inherently requires a departure from the well-defined

geometry and physical/chemical properties of the undisturbed reactor. In particu-

lar, the molten fuel can no longer be cooled by normal DBA means; this may lead

to severe accidents. In the latest German Probabilistic Risk Study [1], the severe ac-

cidents were grouped as follows: (a) core melt-down under low system pressure

(e.g., following a loss of coolant accident); included in this category are the so-

called steam explosions and the hydrogen deflagration/detonation scenarios; (b)

core melt-down under high system pressure (e.g., loss of the reactor's heat sink);

(c) bypass accidents; (d) direct containment heating. Even though the occurence

probabilities for these severe accidents is of the order of 10-7 per year and reac-

tor, their consequences and the resulting risk of population evacuation (defined

as the occurence probability multiplied by the damage potential) is of the order

of 10-3 km? per year and reactor. This risk is one order of magnitude larger than

that for all other accidents [2].

Since the overall objective of the reactor safety strategy is to protect the public

against dangerous releases of radioactive materials and since the population den-

sity is very high virtually everywhere in Germany, the German law of July 19,1994

(coal/nuclear energy) requires that --even in case of a core meltdown -- for future

reactors there must be no need to evacuate the population living outside of the

plant's perimeter. Furthermore, this requirement must be ensured by determinis-

tic -not probabilistic-- arguments. The immediate consequences of this law are

twofold: on the one hand, to continue work towards reducing the probability of

core meltdown and, on the other hand, to design a (possibly new) containment

that prevents release of radioactivity even if a core meltdown occurs.

Thus, the design requirements for future reactors in Germany can be succintly

summarized as follows: their containments must have filters to accomodate leaks
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(design basis: max. 1.5 Vol% per day), must not fail as a result of core meltdown

consequences, must have a core-catcher to prevent fundament penetration, and

must have long-term decay heat dissipation capabilities.

Current reactor safety research in the European Community is aimed at meeting

the above design goals mentioned in the foregoing. In particular, the reactor

safety program at the Nuclear Research Center in Karlsruhe (FZK), Germany, com-

prises experiments and code developments in the areas of: hydrogen

deflagration/detonation; steam explosions, corium (slug)-structure interaction,

core catcher, and heat removal via natural convection. Due to space limitations,

only one aspect of this research will be touched upon here, namely FZK s PREMIX

program.

PREMIX: An Experimental Program to Investigate Penetration of Molten Alumina

into Water

As has long been known in the foundry and paper-making industries, so-called

steam explosions somtimes occur when hot molten material is quenched in a com-

parable quantity of vaporizable liquid. A reliable explanation of this phenom-

enon is still lacking despite the large research efforts devoted to its understand-

ing. Taditionally, the steam explosion process is analyzed in four stages (even

though these stages are in reality not entirely separate), namely:

1. Coarse mixing: in this stage, the molten core material ("corium") is dispersed in

the form of irregular drops of various sizes, surrounded by vapor films, in a

metastable configuration in water.

2. Triggering: the coarse mixing metastable state is disturbed by an external or in-

ternal pressure pulse. Even though triggering appears to be linked to a local col-

lapse of the vapor film around the corium droplets, the precise nature of trigger-

ing is very poorly understood.
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3. Propagation: the triggering sets off a self-sustaining wave that propagates

through the coarse mixture, causing a fine fragmentation accompanied by ex-

tremely rapid coherent heat transfer. Although there is ample experimental evi-

dence for the existence of such a coherent self-propagating fragmentation wave,

its underlying physical mechanism is not properly understood.

4. Expansion: the mixture of corium, water, and steam expands rapidly (in- or ex-

vessel), generating missiles that could penetrate the containment.

The aim of the experimental program PREMIX [3] is to investigate the coarse mix-

ing stage. Corium is simulated by alumina melt that is generated via the follow-

ing reaction: 8 Al + 3 Fe2C>4 + XAI2O3 -» (4+x) AI2O3 + 9 Fe. Even though this

reaction would theoretically yield a temperature of 3050 K, the measured tem-

perature is about 2600 K due to incompleteness of the reaction and enthalpy

losses to the crucible holding the reactants. The alumina and iron reaction pro-

ducts separate during the reaction due to their distinct densities. This separation

facilitates the retention of the iron so that only the oxidic melt is released fom

the generator into the water pool. The test vessel consists of a cylinder (700 mm

diameter and 3000 mm in height) with four venting tubes, mounted at its top, to

release the steam generated during the alumina-water interaction. The vessel has

glass windows (front, rear, and lateral) for illumination and high-speed photog-

raphy of the interaction zone. Roughly speaking, the vessel comprises the melt

generator (in the upper part) and the water pool (in the lower part); the space

between the water surface, melt generator, and vessel walls is filled initially by

air. For safety reasons, the PREMIX test vessel is housed in a 220m3 container,

originally designed as a pressure vessel (design pressure: 1 MPa) for experiments

on sodium fires and sodium-concrete interactions. The PREMIX test facility is in-

strumented extensively with pressure transducers (in water, gas compartment,

and venting tubes), vortex flow meters (in the venting tubes), and lances with

void probes to determine the development of the interaction zone.
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eters: mass of alumina melt (10, resp. 20 kg), melt release nozzles (one, resp.

three), melt release form (compact jet, resp. spray), height release above water

level (200, resp. 0 mm), water temperature (saturated, resp. 5K subcooled), and

depth of water to fragment catcher (1500, 920, resp. 500 mm). The test matrix for

a representative selection of tests is presented below:

Melt

Mass kg

Temperature K

Height above water
mm

Type of release

Duration of
release s

Water

Temperature K

Depth mm

PM02

9.4

2600

168

compact

0.45

372

1500

PM04

9.2

2600

185

spray

1.0

368

1500

PM06

20.2

2500

195

compact

0.57

371

1500

PM08

9.3

2600

0

spray

0.43

373

1500

PM09

20

2600

0

compact

0.9

373

920

PM10

20

2600

0

spray

0.81

373

500

PM11

20

2600

0

3 jets

1.0

373

500

DISCUSSION

The computerized evaluation of the instrument readings together with the inter-

pretation of the video and high-speed recordings show that the melt stream

forms a funnel-shaped interaction zone while undergoing hydrodynamic frag-

mentation. The interaction zone grows and pushes the liquid water away, there-

by limiting the intensity of the coarse mixing process. In the experiments with 50

cm water depth the melt conglomerated into lumps and - in the case of high

flow rates-- formed a cake on the bottom of the catcher. This points towards the

existence of a physical mechanism that inherently limits the amounts of melt that

can coarsely mix with water -- a phenomenon whose occurence has also been con-
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jectured by other investigators.

Experiment PM11 has unexpectedly produced a steam explosion that damaged

the PREMIX facility. The underlying causes have not been elucidated yet. The fa-

cility is now being rebuild while the analysis of the experimental data continues.

On the other hand, the numerical post-test simulations using three-dimensional

multifield codes have revealed that they underpredict the production of steam,

the pressure buildup, the spreading of the mixing zone and the respective rise of

the water level. Work continues on improving both the physical models and the

numerical solution algorithms. A transfer to reactor conditions of the results ob-

tained so far in the PREMIX program is still in the future.
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