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Preface 
 
 
 
 
What is nuclear safety in 2008? This is the technical and scientific estimation for the nuclear 
power plants of the risks of severe accidents, i.e. accidents beyond design. The main 
objective of nuclear safety is to avoid radioactive releases in order to insure safety and health 
for the public and for the nuclear workers. A complementary important objective is to avoid, if 
possible, the damage to the nuclear plants. For the current Light Water Reactors, the main 
strategy is to avoid an over heating of the nuclear fuel due to abnormal conditions for the 
nuclear reactors. During the last 15 years, important advances in the knowledge of the 
severe accident phenomenology have been obtained in the frame of technical and scientific 
research, especially in Europe. For some phenomena, much better understanding has been 
achieved. 
For the nuclear safety, spreading of this knowledge is also an important objective. For these 
reasons, after the EUROCOURSE 1997 on the “Analysis of Severe Accidents in Light Water 
Reactors” held in Madrid in October 1997, and EUROCOURSE 2003 on “Corium: Severe 
Accident R&D and Nuclear Power Plant Safety” held in Aix-en-Provence in January 2003, a 
new 1-week “Severe Accident Phenomenology Short Course” was held at Cadarache, 9-13 
January 2006.  The “Severe Accident Phenomenology Short Course” is part of the 
Excellence Spreading activities of the European Severe Accident Research Network of 
Excellence SARNET (project of the EURATOM 6th Framework programme). 
These lecture notes present in 16 chapters the current state of the art for the severe accident 
phenomenology knowledge. The first lecture presented the historical aspects of reactor 
safety and severe accidents (TMI-2 and Chernobyl-4). The phenomenology of a severe 
accident was described through its progression in core and in the lower head up to vessel 
failure. The ex-vessel accident progression with the loadings which can cause early 
containment failure (i.e., DCH, H2 combustion, steam explosion) and the late containment 
failure (i.e., MCCI, coolability, etc.) was described. The source term, with the release and 
transport of fission products in the primary and containment systems, was specially 
emphasized. Besides the main topics of the course focused on Severe Accident 
Phenomenology, the topics of safety assessment, PSA-2, severe accident management and 
the accident stabilization aspects of new LWR designs were taught. 
 
 

BAL RAJ SEHGAL 
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September 2008 
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1. Introduction 
 
The LWR Safety that we are concerned with in this lecture is, basically, about estimating the risks 
posed by an individual or a population of nuclear power plants to the public at large and the efforts 
to reduce these risks. The public of most concern is that which resides in the vicinity of a nuclear 
power plant but also at other locations, which could be affected by an accident in a nuclear power 
plant located anywhere. 
 
The basic goal of LWR safety is to assure that a LWR will not contribute significantly to the 
individual and societal health risks. This basic goal translates to the prevention of the release of 
radioactivity into the environment from the power plant. A complementary aim is to prevent 
damage to the plant and to protect the personnel at the plant from injury or death in an accident. 
 
Since LWR safety aims to protect public at large, it is heavily regulated. Each nuclear power 
country (and some without nuclear power plants) have regulatory commissions (bodies), which 
regulate every aspect of a nuclear power plant from design and construction to operation and any 
modifications. They require very extensive analyses, documentation and quality control. The 
reactor safety design has to follow definite rules and basis. Some of these requirements will be 
described in the text. 
 
The reactor performance on the other hand, is concerned with long term steady state operations, 
since most LWR plants are base-loaded and strive to operate at full power, without interruption, 
between scheduled outages for maintenance. Reactor performance is concerned with efficiency, 
capacity factor, fuel cycle costs, maintenance costs and the radiation dose to the operating staff. 
Thus, it is not regulated. However, it has been found that a well-running LWR power plants is, 
generally, a safer plant with a much lower frequency of incidents, which, generally, are the 
precursors to more serious events. 
 
2. The Early Days 
 
The nuclear era started with the natural-uranium-graphite pile built by Fermi and his associates at 
the Stagg field of the Chicago University (1). It did not involve light water as a coolant since only 
natural Uranium was available and criticality could be achieved only with graphite or heavy water. 
The safety concepts developed there, however, were adopted by the LWR plants that developed 
several yeas later. It was recognized by Fermi and his associates that : 

• nuclear fission reactions, which are the basis of nuclear power, emit high levels of 
radioactivity and thus could be a health hazard to any person exposed to it. This implied 
shielding, containment and remote siting. 

• the safe operation of the reactor (or pile) would require protective and control measures, 
as evidenced by the provision of a control rod in the pile that Fermi and his associates 
built. 

The shielding and remote siting were practised for the plants that were built for the production of 
plutonium in USA and other countries during the years before and after the end of the Second 
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World War. Remote siting of these plants not only protected the public but also maintained the 
secrecy of the production of the material for nuclear weapons for a number of years. 
 
The containment aspect for protecting the safety of the public from a nuclear accident was not 
considered or employed for the plants generating plutonium. Those were the years of above-
ground nuclear weapons tests, which were releasing considerable amounts of radioactive fission 
products in the atmosphere in any case. Fortunately, there are no reported accidents of any great 
significance in the plutonium production plants in USA or in other Western countries. 
 
The leak-tight containment as a safety system for a civilian nuclear power plant was not long in 
coming. It was proposed in 1947 (2) for a sodium-cooled fast reactor which was the focus of the 
power reactor development by the US Department of Energy at that time. Later, the leak-tight 
containment was adopted by the LWR power plant developers. 
 
3. The Development of the Civilian LWRs 
 
The LWR development started as a military program in USA from the initiative of Admiral 
Rickover, the father of the US Nuclear Navy (3). The pressurized water-cooled reactor (PWR) was 
conceived as the power plant for submarine propulsion by his team, since a sodium-cooled fast 
reactor, the focus of the US national program was considered as unsuitable for a nuclear 
submarine submerged in water. The funds and the considerable intellectual resource assembled 
by Admiral Rickover resulted in an extraordinarily rapid development of the PWR power plant for 
the US submarine fleet. 
 
President Eisenhower issued the call for Atoms for Peace in 1954 (3) which became the signal for 
the adaptation of the military developments for civilian purposes. The construction of the Shipping 
port PWR (3), which was completed in 1957, provided the prototype for nuclear power plants 
generating a substantial amount of electrical power for public consumption. It should be remarked 
here that EBR-1, a fast reactor, was the first nuclear reactor in USA to demonstrate generation of 
electrical power. However, the quantity generated was insufficient to transmit for public 
consumption. 
 
The development of the other civilian water-cooled nuclear power reactor, i.e. the Boiling Water 
Reactor (BWR) was started almost in parallel with that of the PWR and the construction of the 
Shipping port PWR power plant. The BWR development was spear headed by the General 
Electric (GE) Company, a private enterprise, which, in fact, invested their own funds to develop 
the BWR as a commercial power plant. In this they were aided by the work performed at National 
Laboratories in USA, e.g. Argonne National Laboratory, which built a 5 MW BWR system (3) and 
the Idaho Laboratories, where experiments were performed (4) to demonstrate the stability and 
safety of the BWR system. The first prototype commercial BWR power plant was designed and 
built, as a dual-cycle (i.e. it had a separate steam generator for the steam that went to the turbine) 
plant, already in 1960 by the General Electric Co. 
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In USA, the first truly commercial nuclear power plant was the Yankee-Rowe plant, a PWR, which 
was also constructed in 1960. This plant was conceived as a commercial venture and was 
specifically commissioned by a utility company supplying electricity to the public. The Yankee-
Rowe plant was constructed with a leak-tight containment and it was approved for commercial 
operation by the regulatory authorities in the United States Atomic Energy Commission (USAEC). 
The plant designers at that point in time did not realise that their decision to employ a leak-tight, 
pressure-bearing, containment was the most important safety decision that they took. 
 
The civilian use of nuclear energy was very popular with the public during 1960s. Claims were 
being made that nuclear energy could provide unlimited electric power, too cheap to meter. 
Projections were being made of constructing hundreds (or even a thousand) power reactors in 
USA alone. Some proposals involved the siting of the plants very close to the cities to provide 
generation sources near the large consumption centers, in order to become more economic in the 
total cost of the electricity to the consumers. The 1970s saw a large number of orders placed by 
the US utility companies with the US vendors of which the most prominent were (1) Westinghouse 
for the PWR plants, since it was the vendor for the naval PWRs, (2) General Electric Co for the 
BWRs, since they were the developers of this reactor type, (3) Babcock Wilcox for PWRs, since 
they had much experience in construction of conventional power-generation equipment. Later 
Combustion engineering, another vendor of the conventional power-generation equipment joined 
their ranks and constructed PWRs. There was a quick scale-up of reactor power from 300 to 600 
to 1000 MWe. LWR nuclear plant construction programs were started in Germany, France, Japan, 
Sweden, Soviet Union and some other countries. England chose to construct gas cooled nuclear 
power plants. 
 
4. Early Safety Assessments 
 
Assessments of the hazards of a major accident in a nuclear plant were started in early 1950s. 
The 1955 Geneva Conference, which was the first gathering of nuclear reactor scientists from 
East and West, provided the first estimates of the possible hazards of a hypothetical accident in a 
LWR. The paper presented by the US investigators (5) estimated the consequences to be 200-
500 fatalities and 3000 to 5000 high exposures. Even before these results were fully digested, the 
study WASH-740 (6) was published. This study was performed with the stated purpose of 
estimating the consequences for the ‘worst-case’ nuclear accident, in order to provide data for 
nuclear plant insurance legislation. The authors of WASH-740 assumed that 50% of the 
radioactive inventory of a 500 MWe reactor would be released in the atmosphere and at the same 
time the most unfavourable weather conditions would be prevailing. They estimated that up to 
34000 fatalities, 43 000 injuries and contamination of 240 000 square kilometres of land could 
occur. A probability estimate of ~10% was quoted pertaining to these consequences. The WASH-
740 authors stated categorically, that the estimates of deaths, injuries and land contamination 
were highly conservative because of the assumptions made in deriving these consequence 
estimates. 
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5. The Siting Criteria 
 
The consequences and the risks estimated in the WASH-740 study hastened the enactment of 
the site criteria by the US Atomic Energy Commission (USAEC). These criteria recommended in 
the report TID-14844 (7,8) published in 1959, are based on the recognition that the pressure-
bearing containment provided on the projected LWRs would, most probably, survive in a 
hypothetical accident and that the release to the atmosphere will only be through the leakage of 
the fission products deposited in the containment (the Source-Term). The study assumed a 
certain fraction of the gaseous and solid fission products, contained in an irradiated core, to be 
deposited in the containment as it was done for the WASH-740 study. The difference, of course, 
between these two studies is that the authors of the WASH-740 study released it immediately to 
the atmosphere, while the authors of TID-14844 released it to the atmosphere only at the leak rate 
of the containment, i.e. 0.1%/day. 
  
The TID-14844 required the establishment of an exclusion and a low-population zone (LPZ) on 
whose boundaries the limits of exposure that could be suffered by the thyroid and the whole body 
of a person, situated there, were prescribed. 
 
The recommendations of TID-14844 were considered in the site criteria enacted by the USAEC in 
1962. Those criteria provided the minimum distance that a nuclear plant should be situated away 
from a low population center as a function of its thermal (or electric) power capacity. These criteria 
are the first regulatory action towards recognizing the potential of using a nuclear reactor for 
generating electricity if it is sited correctly. 
 
5.1. Assumptions and Requirements of  TID-14844 and 10 CFR 100 
 
The authors of the TID 14844 and the code of Federal Regulations that resulted: 10 CFR 100, 
made the following main assumptions about the source term, i.e. the fission products released 
into the containment during the nuclear accident : 

• 100% of the noble gas inventory in the core 
• 50% of the halogen inventory 
• 1 % of the solid fission products 
• 50% of the released halogens remain available for further release from the containment; 

spray, wash-down features and filtering devices could provide additional reduction. 
However, these were not credited. 

• Containment leak rate of 0.1% per day.  
 
The radioactive fission product transport in the atmosphere was assumed to be under the 
following conditions : 

• Atmospheric dispersion under inversion-type conditions; no shift in wind direction for the 
duration of the leakage. 

• No ground deposition of particulates. 
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The doses to the population provided in these documents are as follows : 
• For 2 hours exposure at the boundary of the exclusion area, maximum whole body dose of 

25 rem and thyroid dose of 300 rem. 
• For 30 days, or infinite exposure, at the outer boundary of the LPZ, the maximum whole 

body dose of 25 rem and thyroid dose of 300 rem. 
 
The definitions of the areas around the site are also provided in 10 CFR 100, as follows (see Fig. 
1) : 

• exclusion area is the fenced area around the plant where public is normally not allowed 
• low population zone is the area around the exclusion area whose extent is determined by 

the dose rates established above 
• the nearest population center containing about 25000 residents should be away from the 

reactor by at least 1.33 times the distance from the reactor to the outer boundary of the 
LPZ. 

 
The other requirements on siting are, of course : 

• regulations on land use for plant and transmission lines, 
• regulations for water use and the temperature of the water body to which the plant is 

discharging water to, 
• the access and corridors for evacuation of the residents of at least the LPZ, 
• other environmental regulations, 
• the attitudes of the local population and Government bodies. 

 
Figures 2 and 3, taken from TID-14844 show the distances needed for the exclusion area, the 
LPZ and the population center as a function of the thermal power of the LWR to be sited at a 
particular location. 
 
6. Safety Philosophy  
 
Before a fleet of nuclear power reactors were constructed for the commercial market, it was 
important that a philosophy for the safety design and a safety design basis be developed (8). 
These were developed as the orders for the reactors started coming in USA and the regulatory 
part of the USAEC started to function in earnest. 
 
6.1. The Defense in Depth Approach 

 
The defense in depth approach to the safety design followed intuitively from the configuration of a 
LWR, which provides 3 important physical barriers to the release of the fission products to the 
environment viz, the clad on the fuel element, where the fission products are generated, the 
reactor vessel, which contains all the fuel elements forming a reactor core and the leak-tight 
containment, which is supposed to keep any fission products inside the containment from 
escaping to the environment. Assuring the integrity of each of these physical barriers in any 
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accident scenario becomes the defense in depth approach against the release of radioactivity to 
the public environment.  
 
In practical  design aspects, the defense in depth approach for safe design was refined as a set of 
preventive measures as follows : 

• perform careful reactor design, reactor construction and reactor operation so that 
malfunctions, which could lead to major accidents will be highly improbable, 

• provide systems and equipment, which would prevent such malfunctions, as do occur, 
from turning into major accidents. Examples are: Scram systems to shut down the fission 
reactions in the core and leak-before-break detection equipment to anticipate serious loss 
of coolant from the reactor primary system, 

• provide systems to reduce and limit the consequences of the postulated major accidents, 
e.g. the emergency core cooling systems (ECCS) 

 
There are at least 3 echelons for the defense in depth approach. The first echelon provides 
accident prevention through sound design, which : 

• can be built and operated with very stringent quality standards, 
• provides high degree of freedom from faults and errors, 
• provides high tolerance for malfunctions should they occur, 
• employs tested components and materials, 
• employs considerable redundancy in instrumentation, control and mitigation systems. 

 
The second echelon of the defense in depth approach assumes that there will be human or 
equipment failure. It provides detection and protection systems to maintain safe operation or shut 
the nuclear plant down safely when incidents occur due to the human or equipment failure. 
Examples of the detection and protection systems are: 

• sensitive detection systems to warn of incipient failure of fuel cladding or the coolant 
systems, 

• redundant sources of in-plant electricity, 
• systems for automatic shut down on nuclear fission reactions in the core (SCRAM) or 

signals from the monitoring systems. This is generally achieved through insertion of control 
rods in the core. 

 
The third echelon of the defense in depth approach is to provide additional margins to protect the 
public should severe failures occur despite the first two echelons. Examples of systems and 
equipment, which provide such additional margins are: 

• the steel-lined concrete building containing the whole high pressure primary system of a 
LWR. This containment should be constructed with a pressure-bearing and leakage 
prevention rating, 

• the ECCS to flood the core with water and to keep it covered if the high pressure coolant of 
a LWR is lost through a break in the piping of the primary system somewhere. 
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The above defense in depth approach is followed all over the world. It is quite comprehensive and 
has served the nuclear enterprise well over the ~50 years that the commercial plants have been in 
operation. There has not been a single catastrophic break in the large pipes of the primary 
systems in the LWRs installed so far. 
 
7. Safety Design Basis 
 
A basis for the design of the safety systems had to be provided to the LWR designers. In USA, 
this was provided by the USAEC, the precursor to the US Nuclear Regulatory Commission 
(USNRC), which was formed a few years later (1974) and was established as an independent 
civilian agency charged, specifically, to regulate the fast developing nuclear power industry in 
USA. The USNRC has other functions besides the regulation of the nuclear power industry: from 
radiation sources used in medical profession to waste management. 
 
The safety design basis selected for the LWRs was, and is, the large break loss of coolant 
accident (LOCA). This is the two sided, guillotine break of the largest pipe in the primary system, 
i.e. the coolant discharge from such a break is supposed to occur from both sides of the break. 
The large LOCA is considered to be an enveloping accident removing water from the primary 
system at the largest rate. The consequence of a large LOCA is the uncovery of the reactor core 
in a very short time (~30 seconds) requiring in turn supply of water to the reactor at a 
commensurate rapid rate to fill the vessel and submerge the core in water, before the decay heat 
would raise the temperature of the Zircalloy clad above the threshold temperature for the 
exothermic Zircalloy – steam oxidation reaction, which can lead to the clad and the fuel melting.  
 
It must be remarked here that the PWR and BWR have significantly lower probability of a power 
increase accident due to reactivity insertion. In  these reactor designs, as the core heats up and 
increases the void fraction due to the  boiling of the water coolant, there is a large negative 
reactivity and power feed back, which shuts down the fission reaction, even when the control rods 
are not inserted. The reactivity induced accident (RIA), thus, was not considered as the safety 
design basis accident. 
 
Besides the large LOCA as the enveloping accident, other accident and/or incident events were 
specified and it was required that the specified events be analysed and documented for review in 
the Chapter 15 of the Safety analysis Report (SAR) that each plant owner has to submit before it 
could be granted a construction or operating license. 
 
Some examples of transients specified for safety design basis are as follows: 

• increase in heat removal by the secondary system  
• decrease in heat removal by the secondary system 
• decrease in reactor coolant system flow rate 
• reactivity and power distribution anamolies 
• increase in reactor coolant inventory 
• decrease in reactor coolant inventory 
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• radioactive release from a subsystem or component 
• anticipated transients without scram. 

 
These transients were chosen since they affect the state of the reactor and can lead to additional 
complications in operations. For example, an increase in heat removal by the secondary system in 
a PWR would lead to low temperature for the primary coolant which would add reactivity to the 
core and increase power. A decrease in heat removal in the secondary system would lead to 
higher pressure in the vessel of a PWR. 
 
A decrease in the core water inventory may be through a small break LOCA, which complicated 
the transient experienced by the TMI-2 (as described later) and lead to the accident. The small 
break LOCA, in particular, can go on for a considerable time to become a complex transient. The 
operator response and actions can change the course of the transient to a benign or a more 
demanding state for the reactor parameters. 
 
Besides the chapter 15 of the SAR, the regulatory authorities require the submittal of 
comprehensive information on other related topics in the SAR. These include for example: 

• site description 
• functional performance 
• description of all safety systems and the engineered safety features 
• conformance with the General Design criteria for the design, construction and operation of 

the plant 
• quality assurance program and pre-operational testing  
• periodic testing requirements for operations 
• failure mode analysis 
• radiological monitoring and surveillance requirements 
• possible R&D needed to confirm the design chosen. 

 
 

7.1. LOCA and the ECCS Controversies 
 
With the successful operation of the PWR and BWR demonstration reactors at Shippingport and 
Dresden, respectively, the US electric power utility industry wanted to construct plants of much 
greater power rating. Meanwhile, the large LOCA was approved as the design basis, which 
demanded the design and performance of a very robust emergency core cooling system (ECCS). 
The USAEC appointed a task force to study the various ECCS designs submitted by the vendors 
for the reactor plants that the utility companies wanted. The task force was also chartered to 
evaluate the consequences in case the ECCS did not function sufficiently well. Their findings (9)  
that this could lead to core melt-down and possible containment failure posing a great hazard to 
the public created much uncertainty all around. The USAEC responded to this uncertainty by 
requiring improvements in the new ECCS designs of the vendors, e.g. by providing greater 
capacity, redundancy, diversity and assurance of electrical supply. The other reactors were also 
asked to install or improve their ECCS. 
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A major recommendation of the ECCS task force to the USAEC national research program was to 
(a) perform experiments to observe the thermal hydraulic processes of the ECCS, (b) obtain data, 
(c) develop models for predictive analyses and (d) validate the models against the measured data. 
The USAEC started an experimental program by building a small scale thermal-hydraulic loop 
simulating a large-break LOCA with ECC injection. The first experimental results obtained lead to 
uncertainty about the efficacy of the ECCS. It was observed that the injected water bypassed the 
core and did not reach the hot rods in the electrically-heated core. The analysis models at that 
point in time had not recognized that the steam generated in the hot core would not let the water 
enter the core due to phenomenon of counter-current flooding (CCF). It was later observed that 
the CCF  breaks down during an extended ECCS injection and water could reach the hot rods. 
The USAEC responded (10, 11) by demanding additional margins in the ECCS calculation 
models. Quite detailed criteria were issued for the assumptions to make and the heat transfer 
correlations to use in the models for predictions of the thermal hydraulic behaviour of the plant 
during the large LOCA and the ECCS injection following the large LOCA. A limiting temperature 
for the Zircaloy cladding of the hot rods was proposed, which was kept below the temperature at 
which the exothermic Zircaloy-steam reaction accelerates. The specification of these criteria did 
not satisfy the critics and public hearings on the ECCS performance in LWRs were organised in 
January 1972. 
 
The ECCS hearings (11) lasted for more than 18 months and the conclusions reached, pointed to 
the inadequacy of the knowledge and understanding of the phenomena defining the thermal 
hydraulic behaviour during the large LOCA; a very violent event. In addition, it was concluded that 
the calculational models available at that time could not be defended easily. Another study (12) of 
large LOCA and ECCS for LWRs was conducted by a group assembled by the American Physical 
society. This study also concluded that there was insufficient knowledge-base to make reliable 
quantitative predictions of the plant behaviour and consequences in reactor accidents. This 
American Physical society group recommended an intensive research effort for 10 years or more, 
to acquire sufficient knowledge about the very complex phenomena that prevail during the large 
LOCA accident. They emphasized the development of validated models, which could be used for 
LOCA with ECCS for prototypic plants. They also pointed to the need of quantifying the margins 
which may be available in the mitigation of a large LOCA by the ECCS. 
 
The acrimonious debates during the ECCS hearings, the differences in the opinions of various 
experts and the recommendations made by the various independent groups prompted the US to 
start an ambitious research program on LOCA and ECCS. Simultaneously a code of Federal 
Regulation (10CFR 50) (13) was enacted, which had the force of a federal law, providing the 
safety design-basis and the general design criteria for the safe operation of a LWR plant. This 
design basis included a large LOCA and a set of operational transients for which analyses results 
had to be submitted. The large LOCA analyses had to be performed on a very conservative basis 
with prescribed assumptions and correlations for heat transfer. The clad temperature limit was 
specified to be 1200°C (2200°F) and the limit on clad oxidation was prescribed to be 17%. Several 
guideline documents were written, which for example, provide categories of accidents, classes for 
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various levels of quality control, etc. As an example, the primary system had to be class 1, which 
required rigorous quality control and inspections on the materials, the manufacturing and the 
welding processes employed. The corner-stone for LWR safety was established as (i) remote 
siting, (ii) prevention of any radioactivity release in the design-basis accidents (DBAs), (iii) defense 
in depth, (iv) strong containment and (v) deterministic safety analyses. These corner stones are 
still the basis for safety design of the LWRs. 
 
The countries in Western Europe and Japan watched the developments on the LWR safety in 
USA. They chose to follow the rules and regulations that were enacted in USA for the design, 
construction and safe operation of LWR plants. They may have added some more regulations but 
they did not subtract any of the important criteria or regulations in 10CFR50 and 10CFR100. 
These countries also followed the US ECCS Research Program and they collaborated with it, and 
supplemented it, by building several experimental facilities of their own. 
 
The large LOCA and the ECCS research conducted in the USA and other countries was very 
comprehensive and very expensive, since several large scale integral effect and separate effect 
facilities were constructed. The largest of these was the LOFT (loss of fluid test) facility, which 
employed a nuclear core generating ~55MWth power. The scaling employed in all of  these 
facilities was that the ratio of power/primary system volume was kept equal to the prototypic value 
from a 1000 MWe LWR power plant. This scaling was found to be appropriate for most of the 
thermal hydraulic processes that occur during the large break LOCA and the ECCS injection. 
Hundreds of large and small scale, integral effect, and separate-effect, experiments were 
performed in these facilities to understand the physics of the two-phase thermal hydraulic 
phenomena occurring and to obtain pertinent data for the validation of computational codes, e.g. 
the RELAP series of codes and the TRAC code, which was developed later on. Many of the 
separate-effect experiments illuminated the details of the phenomena, which helped in the 
formulation of the computational models that were later employed in the integral codes. For 
example, the reflooding process being so complex was modelled with representative models for 
which insight and data were obtained from the separate-effect experiments. 
 
Most of these experimental facilities were closed down in 1990s. There are, however, a few large 
scale facilities left, e.g. ROSA in JAERI, Japan, PKL in Germany, where research on any new 
issue that may arise in LWR thermal hydraulics and safety would be performed. Presently, it is 
believed that the codes RELAP-5 and TRACE (successor to TRAC) are able to generate 
reasonable predictions of the thermal hydraulic behaviour of PWRs and BWRs in the large LOCA 
accident with ECCS injection. These codes without the large LOCA assumptions provide best-
estimate analysis results for the large LOCA. The operational transients can also be analysed, 
since, recently, those codes have incorporated the control systems with their time lags, the 
secondary systems of PWRs and the actions of the safety and the relief valves. 
 
After the TMI-2 accident in 1979 (described later in this paper), the integral and separate effect 
facilities built for the research on large LOCA were employed for the research on small break 
LOCA, which posed its own unique thermal hydraulic phenomena, e.g. phase separation (since 
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more time is available), natural circulation, etc. Again hundreds of separate-effect and integral-
effect experiments were performed to delineate the physics of the new phenomena and models 
were developed for incorporation  in the codes. Later,  the LOFT facility was also employed for a 
few tests in which severe accident conditions were simulated and indeed clad and fuel damage 
occurred and fission products were released. These were the terminal tests for the LOFT facility; 
data obtained in those tests has been employed for validation of core-degradation models in the 
LWR severe accident codes. 
 
It must be remarked here that in all of the experiments conducted, over the many years, on the 
integral and separate-effect facilities for the LOCA and ECCS research, at no time the clad on the 
heater rods or on nuclear fuel rods (in LOFT) experienced temperatures exceeding 2200°F. It has 
been re-assuring to the reactor safety community that the ECCS, as designed for the PWRs and 
BWRs,  will be able to protect the core (with perhaps some minimal damage) and prevent any 
significant release of radioactivity to the containment or to the environment. It should be added 
that containments are designed for the large LOCA thermal and pressure loadings and their 
integrity should not be in question for the large LOCA accident. 
 
8. Public Risk of Nuclear Power 
 
Late 1960s and the early 1970s were the glorious years for nuclear power in USA and the World. 
The promise of cheap nuclear power was still in full bloom and there were firm orders and many 
orders in the wings for nuclear power plants in USA. The power ratings were increasing and more 
and more companies were becoming nuclear power plant vendors. The prospect of a large 
number of nuclear plants dotting the landscape of USA and of other countries in a relatively few 
years made some persons quite apprehensive and questions arose about the risk posed to the 
general public by accidents in nuclear power plants. Since, there was no quantitative measure of 
public risk in 1960s, Farmer (14) of UK proposed such a measure through a curve of probability 
vs. consequences, with the risk defined as probability x consequences. The proposed curve was 
basically intuitive and recognised that as the consequences increase, the probabilities of 
occurrence for such consequences should decrease. The risk of a certain enterprise would be 
acceptable to the public if the probability of a certain consequence remained below the proposed 
curve. In contrast, the probability values above the curve, for specific consequences, would not be 
acceptable to this public. 
 
Farmer also recognised that public may well accept accidents with low consequences at a 
reasonable frequency, however it may not accept accidents with very high consequences at an 
equal risk level. Thus, the high consequence accidents should pose a low overall societal risk. 
 
Farmer proposed the curve shown in Figure 4 with the accident consequences represented by the 
release of curies of 131 I on the abscissa and the probability of occurrence on the ordinate. The risk 
level of 1 is chosen for the consequence level of 103 curies of radioactive 131 I released with a 
probability of 10-3. The curve is flattened at the top so that the highest probability of some (10 
curies) radioactive 131 I release is 10-2. The curve can be given a slope of -1 for an equal risk for 
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high consequence accidents, but more likely public acceptance would be for the line with a slope 
of -1.5, so that the very high consequence events occur with a relatively low public risk, e.g. a 
release of 106 curies of  131 I would be acceptable only with an occurence probability of 10-8, i.e. 
with a risk level of 10-2. 
 
Farmer’s curve and approach did not specify any risk values for accidents in nuclear plants, but it 
clarified societal acceptance of risk for a new technology and it provided a base for  the 
quantification of the risk of nuclear power. 
 
8.1. The Reactor Safety Study (WASH-1400) 
 
The United States Nuclear Regulatory Commission (USNRC) was established in 1974. One of the 
early initiatives of the USNRC was to sponsor a study of the public risk of nuclear power under the 
leadership of Professor Norman Rasmussen of MIT with the very able assistance of Saul Levine 
of USNRC. This study, named the Reactor Safety Study (RSS), published as the report WASH-
1400, (15) provided the first structured assessment of the public risks of accidents in the U.S. 
LWRS. 
The RSS employed a comprehensive and detailed fault and event tree methodology to obtain the 
probabilities of faults and of the accident scenarios that could release radioactivity in the 
environment to damage the health of the public in the vicinity of the plant and also contaminate 
the land around the site of the nuclear plant. A typical PWR and a typical BWR were chosen for 
the Level 1,2 and 3 probabilistic safety analysis (PSA). State of the art methodology was 
employed for the Level 2 and Level 3 consequence estimations. Clearly, the severe accident 
progression and consequence models employed were not as detailed and sophisticated as they 
became later; but, looking back, it is remarkable that the estimates made for the consequences in 
many of the beyond the design basis (BDBA) scenarios were reasonably good. This speaks for 
the good engineering judgment capability of the U.S. researchers working on the RSS. This study 
was published in 1975.  
In the following paragraphs we will provide some snapshots of the methodology employed by the 
RSS researchers and then describe the principal results obtained by them, as reported in WASH-
1400 (15). 
The RSS researchers recognized quite early that the integrity of the containment, which is the last 
barrier to the release of fission products to the environment, is the key to the determination of the 
consequences of the severe accident. In this context the containment failure was categorized as 
shown in Figure 5. The α and γ modes of containment failure (rupture) were considered as 
catastrophic due to a fast-acting loading generated either by an in-vessel steam explosion or by a 
hydrogen detonation in the containment. The έ mode of failure applied, primarily to the Mark-1 
BWRs in USA. The δ mode of failure was ascribed to the over pressure created in the 
containment due to the steam released from the primary system during a break, but more 
significantly due to the molten corium concrete interaction that occurs when the molten core is 
discharged on the containment basement in the event of the failure of the vessel. The energetic 
modes of containment failure would not provide any retention of the containment aerosol source 
term but the δ and β (containment leakage) modes of failure could be credited with retention due 
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to (a) the natural processes of aerosol deposition on walls, floors etc. and (b) operator-action or 
automatic remedial actions e.g. spray actuation.  
Figure 6, shows the event tree for the BDBA large break, LOCA scenario. An event tree is 
inductive and it looks forward. Its logic is very similar to that of a decision tree, as employed for 
decision-making in business, economics etc. An event tree is generally drawn from left to right 
and begins with an initiator. This initiator is an event that could lead to shutdown or failure of a 
system or a component. In the event tree, the initiatiors are connected to other possible events by 
branches; a scenario is a path of these branches. The tree in Fig. 6 shows the probabilities of 
success and failure for each of the systems or processes listed at the top. These, in turn, 
determine the final probability of the consequences represented by each branch of the tree on the 
right. 
The event tree shown in Fig. 6 can be reduced to that shown in Fig. 7 to concentrate on the major 
consequences and their probabilities. This tree shows, for example, that with the non-availability 
of electric power both the ECCS and fission product removal systems are unable to function. The 
containment failure probability is same as the probability of the failure of electric power to function. 
The tree in Fig 6 or 7 could be combined with the containment failure mode tree in Fig. 5. 
The fault tree, an example for which is not shown here, is a construction to determine the 
probability of the initiating fault or failure. Thus for each of the tree branches shown in Fig. 6, the 
probability shown, e.g. PB for the failure of the electric power to function or PC1 the failure of ECCS 
to function, in spite of the success of having electric power functioning, are determined by the fault 
tree analysis in which the plant electrical and mechanical systems and components are examined 
for the probability of their failure, which leads to the probability PB or PC1 described above. The 
fault trees can be huge with many branches since many components e.g. electric relays, switches, 
pumps etc. may be involved in the functioning of a safety system. 
The fault trees and event trees provide the probability of the events occurring; however, the 
consequences of the events have to be determined by developing models for the physical process 
that occur in the BDBA. The researchers of the RSS developed a code for estimating the source 
term (fission products resident in the containment as a function of time) and, then, the release and 
transport in the environment  for the various modes of failure of the containment and the various 
metreologies assumed for the areas around the location of the PWR and the BWR that were 
considered in the study. The fission products released, being, so many were combined into 
certain number of categories and their biological damage, in terms of early fatalities, or exposures 
that would lead to early illnesses, was calculated. In addition, estimates were made of the total 
property damage that would occur and the land area that could be subject to contamination due to 
the release. In this respect it was found that a higher-consequence accident scenario would have 
a lower probability of occurrence. For example catastrophic containment rupture which would 
release fission products without retention in the containment, as could occur with an in-vessel 
steam explosion, or with a hydrogen explosion in the containment, is of much lower probability 
since these energetic events have much lower probabilities of occurrence. 
Tables 1 and 2, extracted from the report WASH-1400, provide the main results of the RSS. Table 
1 shows the consequences of early fatalities, early illness, total property damage in billions of 
dollars, decontamination area in square miles and the relocation area in square miles as a 
function of probabilities which vary from 5x10-5 (1 in 20,000) to 1 x 10 -9 (1 in a billion). The highest 
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probability selected was  5x10-5,  which was the calculated probability of core melt occurring in a 
LWR/year. Table 2 presents the long term consequences of latent cancer fatalities, thyroid nodule 
cancers and genetic effects in the population close to the PWR and the BWR plants considered in 
the RSS. 
What is immediately clear is that the threshold for the public hazard is the occurrence of a core 
melt accident in a LWR. There is no hazard to the public if such an accident does not occur, since 
no fission products are released until there is a core heat up and clad failure. The probability of 
core melt occurring is quite small. Certainly, an individual reactor would be decommissioned long 
before, and that is the hope and prayer of each of the owners of the LWR nuclear plants. Another 
conclusion from these two tables is that the early consequences are indeed very small. Only when 
the probability values are very small (10 -7 to 10-9) that, the early fatalities and illness values can 
be called significant. The longer term effects appear to be significant at the levels of probability 
equal to 10-6. However, here the latent cancer fatalities due to the postulated core melt-down 
accident in a LWR are competing with the cancer fatalities caused by cigarette smoking and the 
environmental hazards that a public regularly, and by their own volition, accepts. In fact the latent 
cancer incidence of 170 is less than the statistical uncertainty in the normal cancer fatalities/year.  
The thyroid nodules are generally not associated with the other environmental hazards. Thyroid is 
caused by the deposition in the thyroid of a person of the radioactive Iodine released as a fission 
product in the core-melt accident. Children are more susceptible to the thyroid malignancy. This is 
the reason for the distribution of iodine tablets to the population around a nuclear plant, so that the 
thyroids are already saturated with non-radioactive iodine. The genetic effects supposedly are 
caused by mutations in the cells in the body. Again the numbers are too small to be statistically 
significant, since such effects are also caused by other environmental substances e.g. chemicals 
or even airplane rides. This is illustrated in Table 3, also extracted from WASH-1400, in which 
comparison is made for the latent (or long-term) health effects caused by the core melt accident in 
one reactor against those that occur normally in the population that was exposed to the core-melt 
accident. It is seen that even for the very low probability of 10-6, i.e. a rather severe accident in 
which containment failure did take place and a large fission product release occurred, still the 
latent health effects are of the order of 1/10th of those of normal incidence. 
The consequence -  probability estimates derived by the authors of WASH-1400 for one reactor 
can be extrapolated to a population of reactors in a country or the World. Table 4 shows such an 
extrapolation for 100 reactors, which is approximately the current population of the LWR power 
plants in the USA. The calculated incidence of one core-melt accident in such a population is 1 in 
200 years or 5x10-3/year. The consequences remain the same i.e., insignificant to statistically 
insignificant. 
Interesting data are shown in Table 5, also obtained from WASH-1400, which shows the average 
risk of fatality by various man-caused and nature-caused events per year. These statistics are for 
USA in late 1960’s and early 70s. The highest number of fatalities are self and man-caused by the 
operation of motor vehicles, followed by falls, fires, drowning, firearms, air travel etc. It is seen that 
the most risky enterprise that we engage in, is that of operation, and being in the vicinity, of motor 
vehicles. The numbers have improved since late 1960s and early 1970s because of the many 
improvements (airbags, seatbelts, etc) in modern cars, but the traffic has worsened and speeds 
have increased. 
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The nature-caused events are also listed in Table 5, which include lightning, tornadoes and 
hurricanes. The fatalities caused by hurricanes and tornadoes shown in this Table may be less 
than what they are in more recent years. The probabilities for an individual suffering a fatal nature-
caused accident may, also, have increased recently as these events have been of greater 
strength lately. The probability of an individual suffering a nuclear-accident-caused fatality has 
been estimated to be 1 in 5x109 or 2x10-10/year, which is really insignificant.  
Another comparison of man-caused, nature-caused and one reactor severe accident in a 
population of 100 reactors is shown in Table 6, which shows probabilities for large consequence 
accidents, which may result in fatalities of 100 or 1000 persons. It is seen that the most frequent 
cause is the airplane crash for a 100 fatality accident and a hurricane for a 1000 fatality accident. 
The recent Tsunami in which 200,000 persons died or the earthquake in Pakistan-India in which 
more than 50,000 persons died are, basically, very high consequence unique events. The 
probability of 100 fatalities occurring in a nuclear accident for a country with 100 nuclear plants 
was estimated by WASH-1400 to be 1 in 100,000 years and for 1000 fatalities occurring the 
probability was estimated to be 1 in a million years. 
The most famous and most quoted results from WASH-1400 are shown in the Figs. 8,9, and 10 
which compare, in turn, the fatalities and the property damage caused by a nuclear accident in 
USA, with its 100 nuclear plants, against the man-caused and nature-caused events. Clearly, the 
probabilities at any consequence level for the 100 nuclear plants are many orders of magnitude 
smaller than those for the other man-caused or for the nature-caused events. The close 
comparison of the public risk from the 100 nuclear plants to the nature-caused event of a 
meteorite hitting the earth is apt but it was ridiculed by some of the vocal critics of WASH-1400. 
The other significant results from the WASH-1400 were a comparison of the probabilities for the 
various consequences for a PWR vs. those for a BWR. It was found that the risks were quite the 
same for those two types of LWRs. An example is shown in Fig. 11 for the consequence of early 
fatalities/year from a severe accident in either reactor. 
A startling finding of the RSS was that the operator errors could be a significant contribution to the 
probability of a core-melt accident occurring. There was no quantification of this contribution; 
however, it was clear that in complex events, operator actions could aggravate the situation, 
which could progress into causing damage to the core. A case in particular, was of the small 
break LOCA, which may continue for 1 to 2 hours during which wrong actions of the operator 
could result in a core-melt accident. This is exactly what happened during the TMI-2 accident. It 
must be noted here that large scale two phase phenomena were not as well known at that time 
and there were surprises, which were later understood and recognised. 
WASH-1400 received an exhaustive review from a diverse group of scientists, including a panel 
set up by the USNRC under the leadership of Prof. Lewis (16). The reviewers liked the 
methodology employed but questioned the estimation of the uncertainties and the final values for 
the core-damage frequency. No major discrepancies, however, were discovered. Germany 
followed the same procedures as in WASH-1400 for their plants and published the German Risk 
study in 1980 (17). 
The WASH-1400 prediction of the risk to the public from a population of say 100 nuclear plants to 
be so much less than any other risk that the public faces, was a great vindication for supporters of 
nuclear power. The order stream for new nuclear plants continued to grow and actually was 
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overwhelming the capacity of the vendors. These were the years of optimism. It was still not clear 
whether the cost of nuclear electricity will be less than that from coal-fired plants, since the design 
criteria, the strict quality control and its documentation and the submission of safety analysis 
report and other documents was adding tremendously to the capital costs of LWRs. In addition, 
the court challenges by interveners were delaying the construction of several nuclear plants in 
USA which were also adding very significant sums to their capital costs.  
 
9. The TMI-2 Accident 
 
The core melt accident in the Three Mile Island – 2 (TMI-2) reactor near Harrisburg Pennsylvania 
occurred in March 1979, i.e. less than four years after the publication of the RSS (WASH-1400). 
This accident was entirely unexpected and it was a shock to the nuclear establishments all over 
the world. The detailed results of the WASH-1400 were not known to a large part of the nuclear 
community and suddenly there was a general realization that we missed something vital in our 
perceptions. That a core can melt and melt so fast was never in our thought process. For a 
number of years, it was thought that, perhaps, only a small part of the core was damaged. Only 
after the removal of the upper internals, it became clear that, at least, half of the core had melted. 
Later, it was found that some (20 tonnes) of the melted core had reached the lower head. If the 
operators had not filled the TMI-2 vessel with water, or if a much larger quantity of melt had 
dropped into the lower head, it is not clear whether the lower head would have survived and that 
all the melt would be retained in the vessel. Release of melt to the containment, and the possible 
melt-concrete interaction, would have created much greater uncertainty and untold additional 
issues in 1979.  
 
The accident started with the loss of feed water to the steam generators, which resulted in the dry-
out of the secondary side of the steam generators within 10-15 minutes. The dry-out of the 
secondary side stopped the heat removal from the core and the reactor pressure started 
increasing. Meanwhile, this fault automatically tripped the turbine and scrammed the reactor. The 
reactor vessel pressure increase opened the pilot-operated relief valve (PORV), as it should have, 
to decrease the pressure in the vessel. As the pressure in the vessel decreased, the PORV 
should have closed, however, it did not, and the coolant kept discharging from the vessel and the 
vessel pressure started decreasing. This led to the start of the high pressure ECCS, as it should, 
and some water started to be added to the vessel. Meanwhile, the pressure decrease in the 
vessel created much steam, a phase separation and the formation of a steam bubble. The water 
in the pressurizer, which could have come to the vessel, was blocked due to the steam bubble or 
by the flow of steam (CCFL phenomenon) and the pressurizer indicated full. The operators 
reacted too slowly to the fact that PORV was open, which they closed after a considerable amount 
of water had been lost from the vessel. Another error made by the operators was that they closed 
the ECCS injection to the core, following their instructions in case of the indication of a full 
pressurizer. They also stopped the pumps since they had started cavitating due to the passage of 
steam along with water in the primary system.   
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The above equipment failure, coupled with faulty operator actions resulted in loss of much water 
from the vessel, no water addition to the vessel, boil-off of water in the vessel and finally the 
uncovering of the core at approximately 130 minutes after the  first malfunction. No primary feed 
water was being added, since the pumps were stopped and the ECCS was shut off; the 
continuing boil-off resulted in core uncovering almost completely. The decay heat and the 
absence of heat removal raised the clad temperature to values where the exothermic steam – 
Zircaloy reaction started. From then on, there was no turning back from a core-melt scenario! 
About 50% of core was melted and flowed down to form blockages near the bottom; see Figures 
12 and 13. 
 
Luckily, the operators started the cavitating pumps back on and filled the vessel with water. This 
action stopped further melting of the fuel elements but it fragmented much of the already molten 
fuel in the core region to form a debris bed, which could not be fully cooled, even when 
submerged in water. The fragmented debris in the core region reheated and about 20 tonnes of 
the molten material broke through the crust at the side and flowed down to the lower head, while 
ablating the core cylinder. The water present in the lower head and in other parts of the vessel, 
finally quenched the melt; although it took a few hours. The vessel survived and the next day, the 
pumps were stopped. The natural circulation flow between the vessel and the steam generators 
was sufficient to remove the decay heat from the core.  
 
The Zircaloy-steam exothermic reaction produced hydrogen which was released to the 
containment through the open PORV. It accumulated in the containment and several hours after 
the start of the accident burned; producing a pressure spike of 2 bars in the containment. The 
containment, designed for the pressure rating of 5 bars, had no problem with the hydrogen burn 
and did not sustain any damage.  
 
The volatile fission products released during the core heat up, melting of cladding and melting of 
the fuel also accumulated in the containment and radioactivity was detected in the containment. At 
that time a door was open from the containment to the auxiliary building and some fission 
products were released to the auxiliary building, before the door was closed by the operators. 
Despite the fact that the auxiliary building was not built like a leak-tight containment only ~ 0.01 % 
of fission products escaped from it to the environment. In total, less that 10 -5 % of 131I inventory of 
the core was released to the environment. During the first 16 hours, after the accident, only 
approximately 10 Ci was released to the environment and ~70 curies of I was released over the 
next 30 days (see Fig. 14). Radioactive material found within the exclusion area surrounding the 
reactor included ~0.5 Ci of 137Cs and ~0.1 Ci of 90Sr. In this context, it is perhaps, instructive to 
know that the inventories of 131I, 137Cs and 90Sr in a prototypic LWR core, near the end of a cycle, 
are ~91, 5 and 4 million curies. The TMI-2 core was only 90 days old and its inventory of fission 
products would have been somewhat less than these values. 
 
The TMI-2 accident did not cause any injuries or deaths or property damage. It also did not 
release sufficient fission products to contaminate the soil around, except perhaps the exclusion 
area slightly. It, however, caused serious psychological harm on the whole USA and, in particular, 
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on the population of Harrisburg and Pennsylvania state. The major cause was the duration of the 
perceived threat: for almost one week, there were news that there may be a hydrogen bubble 
inside the vessel, which could explode, fail the vessel and the containment resulting in a 
devastating release of radioactivity at any moment. This was faulty science since a hydrogen 
explosion could not occur due to the lack of oxygen. But it was not contradicted vigorously by the 
USNRC. This lead to panic-driven evacuation from a very large area around the plant, even 
though the authorities never called for an evacuation. This publicity, the interviews with so many 
so called ‘experts’ and the many ‘what if’ projections soured the public completely on nuclear 
power. It is only very recently that the public view of nuclear power is changing.  
 
9.1  The Aftermath of TMI-2 Accident 
 
The occurrence of the TMI-2 accident, in spite of the very small public physical damage, was 
taken very seriously by the authorities and the nuclear industry. The President appointed a special 
commission to enquire into the causes and the circumstances of the accident. They (18) identified 
eighteen faults and errors: five in design, two in regulation and eleven in operation. An error 
identified for the USNRC was their failure to inform TMI-2 plant personnel of a similar event that 
happened earlier at the Davis-Bessie plant (designed and built by the same vendor) which was 
successfully terminated. The commission also faulted the USNRC for not making the effort to 
admit that it had made an error about the possibility of a hydrogen explosion occurring and 
informing the public forcefully about it.  
 
The TMI-2 accident was a wake-up call for the whole nuclear enterprise in USA. It was realized 
that this accident was unlike the design-base accidents but more like the accidents postulated in 
WASH-1400. The equipment errors (valve malfunctioning) and operator errors that initiated it and 
the circumstances of the accident called for much better equipment testing, control room 
instrumentation, operating procedures, lines of authority, lines of communication, technical 
support to the operator, emergency planning, public evacuation etc. It identified that non-technical 
aspects e.g. operator training, emergency procedures, organization, management, etc. are as 
important as the technical aspects, e.g. equipment design, construction, equipment qualification 
and safety analysis. The industry responded to these new challenges immediately by forming a 
new organization named INPO and the industry research arm EPRI started the Industry Degraded 
Core (IDCOR) research program. The focus of safety research was put on the beyond design 
base accidents. Further research was initiated both by USNRC and EPRI. The USNRC worked 
with the utility industry to require TMI-2 back fits for the plants. These back fits included hydrogen 
control measures, since the TMI-2 containment was subjected to a hydrogen burn generating a 2 
bar pressure spike during the accident and containments of several plants had either lower design 
pressure or smaller volume than the TMI-2 containment. Hydrogen combustion research was 
initiated to test igniter systems for control of hydrogen in the containment.  
 
Several good results observed from the TMI-2 accident were also noted. These included the 
performance of the leak tight containment, which did not suffer any damage when hydrogen 
burned. The heat sink was established with natural circulation flow between the core and the 
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steam generators and a safe stable state was reached without failure of both the vessel and the 
containment.  
 
Another good result from the TMI-2 accident was the absence of significant airborne iodine and 
cesium  radioactivity in the TMI-2 containment. Most of the radioactivity was found to be in the 
sump water. Analysis activity (19) initiated soon after the accident pointed out that almost all of the 
iodine and cesium fission products released in the accident, converted to the highly-water-soluble 
compounds, CsI and CS OH, which were removed from the containment atmosphere either by the 
water spray activated, or by the aerosol agglomeration and deposition on the floors and the walls 
of the containment and eventually transported to the sump. This reduced, by orders of magnitude, 
release that could occur through the containment leakage to the environment. 
  
The LWR safety research became the LWR Severe Accident Safety Research, starting from 
1980, even though the LOCA experiments and research did not terminate. But the whole focus of 
the LWR safety research shifted to the beyond the design-base accidents. We shall address this 
topic after we describe the other major accident which affected the history of nuclear power 
safety.  
 
9.2  The Chernobyl Accident.  
 
A core melt accident happened in one of the four RBMK reactors situated in a complex called the 
Chernobyl nuclear power plant (NPP) in Ukraine, Soviet Union. The RBMK are water- cooled 
channel type reactors in which the water boils as in a BWR, however they are moderated by 
graphite. The core configuration is that of a large graphite block in which about 2000 channels are 
drilled each of which contains a pressure tube and a large fraction of them contains a fuel bundle 
through which the cooling water flows from the core bottom to the top. The channels are 
connected at the bottom through several headers, to water inlet. The channels at the top are 
connected to a multitude of pipes which bring the steam (two phase mixture) to the steam drum, 
from which the separated steam is taken to the turbine and the water flows back to the inlet piping 
at the bottom of the channels.  Fresh feed water is admitted to the steam drum. A picture of the 
RBMK configuration is shown in Figures 15 and 16. The RBMK core is physically much larger 
than that of a LWR since it is moderated by graphite, which has a much larger diffusion and 
slowing down length for neutrons. The core is fuelled, at power, by a fuel machine resting on the 
shielding above the core. The fuel machine takes a bundle out and replaces it, in general, with a 
fresh fuel bundle. This it does almost every day.  
 
Besides the differences of moderator between the RBMK and a PWR or a BWR and that of 
multiple pressure tubes (as in a CANDU reactor), instead of a pressure vessel, there is a major 
difference (deficiency) in the RBMK that it has a containment only on the bottom part of the core 
and on the piping underneath the core; see Fig. 17. The outlet piping and the top of the shielded 
core are enclosed in a confinement building which is not pressure-bearing or leak tight. This 
building is accessible to the plant personnel, even when the reactor is operating. A water pool is 
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situated below the containment at the bottom of the core to serve as a condenser pool for any 
steam release from a break in the inlet piping under the reactor core. 
 
The reactor is controlled by the control rods that enter the core from the top. These control rods 
are different from those in a LWR, since they are follower type rods in which a graphite region is 
inserted in the core followed by an absorber. This, as we shall see, acted badly during the 
accident.  
 
The RBMK is also different from a LWR in two other very important aspects viz., its reactivity feed 
back characteristics and its stability behavior at low power level(s). The LWR being optimally 
moderated by the water loses reactivity as the water density decreases e.g. by boiling of the water 
coolant. Thus a BWR, for example, will experience a large negative reactivity, if for some reason 
(e.g. rise in power, depressurization, etc.) the void fraction (quality) increases. This will decrease 
the power level and shut the fission reaction down even if the control rods are not inserted. The 
RBMK, on the other hand, being optimally moderated by graphite will have a positive reactivity 
feed back, if the water density decreases from that in regular operation, since that reduces the 
absorption in the coolant. This behavior: positive void coefficient and the rather unstable operation 
at low power required the reactor operation to be limited by certain constraints, the principle ones 
being that: 
- the reactor should be operated only when a certain number of control rods are in the core. 
- operation of power levels below 20% of full power should be avoided.  
The former is required, since the control rods do not have to travel as much to insert the absorber 
in the core. The latter is to avoid the large instabilities at low power levels which are hard to 
control and adjust. The operation of an RBMK without the presence of the required number of 
control rods in the core was strictly forbidden. 
 
It should be remarked at the outset that the Chernobyl accident was a reactivity increase accident 
(RIA) rather than a heat removal degradation accident as was the TMI-2. The accident happened 
on the night of April 26, 1986. 
 
Most of the information including the figures in the following paragraphs is extracted from a 
Canadian report (20) which was published in Sept. 1987 after the post-accident briefing that the 
Soviet scientists conducted at the IAEA offices in Vienna. We believe this is the most cogent 
description of how and why the Chernobyl accident happened.  
 
The four reactors of Chernobyl are located near the small town of Chernobyl about 105 km north 
of Kiev in Ukraine. The nearest city is Kiev and the plant personnel lived in the specially 
constructed town of Pripyat, 3 km from the NPP with a population of 45,000. Pripyat River flows 
next to the town of Pripyat on its way to the reservoir near Kiev. Fig. 18 shows the geography of 
the area around the NPP. Fig. 19 shows the location of Chernobyl with respect to the neighboring 
countries. Normally such a figure will not be required for the description of a nuclear accident, 
since all studies for the atmospheric transport of radioactive releases from a LWR containment 
had predicted that fission products would not be found beyond a 20-30 km zone around the NPP. 
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In the case of the Chernobyl accident, however, radioactivity was first detected at the Forsmark 
plant on the east coast of Sweden at a distance of more than a 1,000 km from Chernobyl. 
Forsmark plant personnel initially thought that something had gone wrong with their plant but soon 
confirmed that the radioactivity found came from somewhere in the East. The source was 
confirmed only after 2-3 days when the Soviet authorities announced the accident in the 
Chernobyl reactor no. 4. 
The following description of the accident is taken verbatim from the Canadian Report (20).  
 
9.3.  How and Why It Happened  
 
9.3.1. A Test for Safety Sets it Off 
 
It is one of history’s ironies that the worst nuclear accident in the world began as a test to improve 
safety. The events of April 26 started as an experiment to see how long a spinning turbine could 
provide electrical power to certain systems in the plant. The reason for the test ? Well, the 
Soviets, in common with most of the rest of the world, design their reactors not only to withstand 
an accident, but also to cope simultaneously with a loss of electric power. This may seem a little 
strange—to run out of power at a generating station—but in an accident the reactor is shut down 
right away, so can’t generate its own power directly. It would normally get power from the 
electrical supply to the station or from the other reactors at the same site. To ensure an extra layer 
of defence, it is considered that there is a possibility that these sources have also failed. The 
normal backup is to provide diesel engines at the site to drive emergency generators, just as 
hospitals do in case of a power failure. These diesels usually start up in 30 seconds, and in 
Western plants this is a short enough interruption to keep important systems going. For the 
Chernobyl reactor, the Soviets felt this was not short enough, and they had to have almost an 
uninterrupted supply. Now even with the reactor shut down, the spinning turbine is so heavy, it 
takes a while to slow down, and the Soviets decided to tap the energy of the spinning turbine to 
generate electricity for the few seconds before their diesels started. The experiment was to see 
how long this electricity would power the main pumps which keep the cooling water flowing over 
the fuel. 
 
The test had been done before on unit no 3, with no particular ill-effects on the reactor. However, 
the electrical voltage had fallen off too quickly, so that the test was to be redone on unit no.4 with 
improved electrical equipment. The idea was to reduce reactor power to less than half of its 
normal output, so all the steam could be put into one turbine; this remaining turbine was then to 
be disconnected, and its spinning energy used to run the main pumps for a short while. At the 
meeting in Vienna the Soviets were at some pains to point out that the atmosphere was not 
conducive to the operators performing a cautious test: 
 

1. The test was scheduled to be done just before a planned reactor shutdown for routine 
maintenance. If the test could not be done successfully this time, then the people would 
have to wait another year for the next shutdown. Thus, they felt under pressure to 
complete the test this time. 
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2. Chernobyl unit #4 was a model plant – of all the RBMK-1000 type plants, it ran the best. Its 
operators felt they were an elite crew and they had become overconfident. 

3. The test was perceived as en electrical test only, and had been done uneventfully before. 
Thus, the operators did not think carefully enough about the effects on the reactor. There 
is some suggestion that in fact the test was being supervised by representatives of the 
turbine manufacturer instead of the normal operators.  

 
9.3.2. How the Trap Was Set 

 
The accident really began 24 hours earlier, since the mistakes made then slowly set the scene 
that culminated in the explosion on April 26. The ‘Event Sequence’, attached shows a summary of 
all the things the operators did and how the plant responded; here we describe the key events.   
 
At 1 a.m. on April 25, the reactor was at full power, operating normally with steam going to both 
turbines. Permission was given to start reducing power for the test, and this was done slowly, with 
the reactor reaching 50 % power twelve hours later at 1:05 in the afternoon. At this point only one 
of the two turbines was needed to take the steam from the reactor, and the second turbine was 
switched off.  
 
Normally, the test would then have proceeded, with the next step being to reduce power still 
further to about 30%. However, the people in charge of the distribution of electricity in the USSR 
refused to allow this, as apparently the electricity was needed, so the reactor stayed at 50% 
power for another 9 hours. At 11:10 p.m. on April 25, the Chernobyl staff got permission to 
continue with the power reduction. Unfortunately, the operator made a mistake, and instead of 
holding power at about 30%, he forgot to reset a controller and the power fell to about 1 % - the 
reactor was almost shut off. This was too low for the test. Now in all reactors, a sudden power 
reduction causes a quick build-up of a material called Xenon in the uranium fuel. Xenon is a 
radioactive gas, but more important it sucks up neutrons like a sponge, and tends to hasten the 
reactor down the slope to complete shutdown. As well, the core was at such a low power that the 
water in the pressure tubes was not boiling, as it normally does, but was liquid instead. Liquid 
water has the same absorbing effect as Xenon. To try to offset these two effects, the operator 
pulled out almost all the control rods, and managed to struggle back up to about 7% power – still 
well below the level he was supposed to test at, but as high as he could go because of xenon and 
water.  
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Event Sequence 
 

Time Event  Comments 
April 25 
01:00 

 
Reactor at full power 
Power reduction began 

As planned 

13:05 Reactor power 50% 
All steam switched to one turbine 

As planned 

14:00 Reactor power stayed at 50% for 9 
hours because of unexpected 
electrical demand 

 

April 26 
00:28 

 
In continuing the power rundown, 
the operator made an error which 
caused the power to drop to 30 
MW (th), almost shutting the 
reactor off.  

 
This caused the core to fill with 
water & allowed Xenon (a neutron 
absorber) to build up, making it 
impossible to reach the planned test 
power 

01:00 -01:20 The operator managed to raise 
power to 200 MW (th). He 
attempted to control the reactor 
manually, causing fluctuations in 
flow and temperature. 

The RBMK design is unstable with 
the core filled with water – i.e., small 
changes in flow or temperature can 
cause large power changes, and the 
capability of the emergency 
shutdown is badly weakened. 

01:20 The operator blocked automatic 
reactor shutdown first on low water 
level, then on the loss of both 
turbines. 

He was afraid that a shutdown would 
abort the test. Repeat tests were 
planned, if necessary, and he 
wanted to keep the reactor running 
to perform these also.  

01:23 The operator tripped the remaining 
turbine to start the test 

 

01:23:40 Power began to rise rapidly. 
 
 
 
The operator pushed the manual 
shut down button. 

The reduction in flow as the voltage 
dropped caused a large and fast 
increase in boiling leading to a fast 
power rise. 
 
Too late. The damage was done in 
the next four seconds. The 
emergency shutdown would have 
taken six seconds to be effective  

01:23:44 The reactor power reached about 
100 times full power, fuel 
disintegrated, and excess steam 
pressure broke the pressure tubes 

The pressure in the reactor core 
blew the top shield off and broke all 
the remaining pressure tubes.  
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It was as if you were trying to drive a car with the accelerator floored and the brakes on- it’s 
abnormal and unstable.  
Indeed it is a very serious error in this reactor design to try to run with all the control rods out. The 
main reason is that some of these same rods are used for emergency shutdown, and if they are 
all pulled out well above the core, it takes too long for them to fall back into the high power part of 
the reactor in an emergency, and the shutdown is very slow. The Soviets said that their 
procedures were very emphatic on that point, and that “Not even the Premier of the Soviet Union 
is authorized to run with less than 30 rods!” 
Nevertheless, at the time of the accident, there were probably only 6 to 8 rods in the core. At any 
rate, the operator had struggled up to 7 % power by 1.a.m. on April 26, by violating the procedure 
on the control rods. He had other problems as well – all stemming from the fact that the plant was 
never intended to operate at such a low power. He had to take over manual control of the flow of 
water returning from the turbine, as the automatic controllers were not operating well at the low 
power. This is a complex task to do manually, and he never did succeed in getting the flow 
correct. The reactor was so unstable that it was close to being shutdown by the emergency rods. 
But since a shutdown would abort the test, the operator disabled a umber of the emergency 
shutdown signals. 
 
After about half an hour trying to stabilize the reactor, by 1:22 a.m. the operators felt that things 
were as steady as they were going to be, and decided to start the test. But first they disabled one 
more signal for automatic shutdown, and this sealed the reactor’s fate. Normally the reactor would 
shut down automatically if the remaining turbine were disconnected, as would occur in the test, 
but because the staff wanted the chance to repeat the test, they disabled this shutdown signal 
also. The remaining automatic shutdown signal would go off on abnormal power levels, but would 
not react immediately to the test. The staff were now in the worst possible situation for a rise in 
power which could not be caught in time by the shutdown systems. And this is what happened.  
 
9.3.3. The Test Begins.  

 
At 1:23.04, the turbine was disconnected and its energy fed to 4 of the 8 main pumps. As it 
slowed down, so did the pumps, and the water in the core, now moving more slowly over the hot 
fuel, began to boil. Twenty seconds later the power started rising slowly, then faster, and at 
1:23:40 an operator pushed the button to drive in the emergency rods and shut down the reactor. 
We do not know for sure why de did it – the individual was one of the early casualties – but likely 
he saw either the power begin to rise or the control rods start to move too slowly in to overcome 
the power rise. But it was too late. The shutdown rods were so far removed from the core they 
would have taken six seconds to begin to shut the reactor down. Actually, the insertion of the 
graphite region of the control rods into the core added more reactivity initially, since it displaced 
water in the channel. Within four seconds, the power had risen to perhaps 100 times full power 
and had destroyed the reactor.  
The destruction of the whole reactor and the release of the radioactivity to the environment was 
exacerbated by a common-cause fault in the Chernobyl design: the concrete lid on top of the 
reactor is lifted by the pressure due to steam entry from the failure of a small number of pressure 
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tubes. In this accident with the large power increase the fuel disintegrated in small particles, failed 
the clad, mixed with water to generate steam very rapidly (explosively) which failed a number of 
pressure tubes, which in turn lifted the concrete lid, breaking all 1660 exit pipes, making the 
steam, the fission products and fuel fragments available for release. The pressure and energy 
generated were sufficient to hurl the concrete lid, topple the fuel machine, blow the roof off the 
confinement building and form a high pressure plume which rose to heights where the winds 
transported the radioactive products to the neighboring countries. The deposition pattern was 
dictated by the weather patterns over the neighboring countries. Most of the radioactivity 
deposited in Ukraine, Belarus and Russia, however, radioactive particles were detected in many 
neighboring European countries and even in countries far away from Chernobyl e.g. Japan. 
 
The heavy land contamination, which persists to this day occurs in Ukraine and Belarus. Much 
cleanup was performed by thousands of liquidators, who came from the scientific, civilian and 
military infrastructures of Soviet Union. The number of immediate deaths is quite small (31) for 
such a disastrous accident. It is possible that there may be shortening of life for part of the 
liquidator population which absorbed substantial doses during the clean-up process of the site and 
environs. A recent UN report has stated that the effects of radioactivity released on the public 
health and the environment are not as large as were predicted earlier. 
 
The accident was terminated by adding with helicopter almost 5000 tons of sand, clay and boron 
bearing material on top of the core region. It is not clear whether this was the best thing to do, 
since it acted as a heat shield: inside the graphite burned for at least 7 days during which time all 
the remaining fuel bundles melted releasing volatile fission products to the environment. The 
molten material spread through the space under the reactor and flowed to the basement; see Fig. 
20 to 23. The water in the pool had been emptied to prevent any steam explosion at the cost of 
the lives of the two volunteers from the NPP staff. A sarcophagus was built on top of the 
destroyed reactor with haste. This building is still standing but it is not in good shape. 
 
The G-7 countries are currently funding the construction of another confinement (sarcaphogus) 
building on top of the present one. The material inside is in the form of very fine particles (dust) 
still containing much radioactivity. The collapse of the roof of the present sarcophagus could 
generate a dust cloud which could again contaminate the areas surrounding the NPP.  
 
Chernobyl accident was the worst blow to nuclear power. The confidence of the public already 
shaken by the TMI-2 accident was lost to the nuclear power. This was also further eroded by the 
many so called scientists who greatly exaggerated the long term health and genetic effects of 
radiation. 
 
The Chernobyl accident cannot be considered as a LWR accident, since the reactors are so 
different and the Chernobyl reactor, basically, had some design flaws and no containment (where 
needed). The public, however, does not know the difference between a RBMK and a LWR. To 
them our assertion that a nuclear power plant cannot blow up like a bomb was found to be, at 
least, wanting if not wrong. The magnitude of fission products released during the Chernobyl 
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accident exceeded those released in the Hiroshima bomb and their transport to many neighboring 
countries and their effect on the life style of several sets of populations was destructive to the 
safety case of nuclear power as was expounded with the results of the WASH-1400. The costs of 
clean up in the evacuation area around Chernobyl is estimated to be 7 billion rubles (at that time 
ruble was more expensive than a USD) and these costs were with the use of personnel from the 
Soviet Army and nuclear laboratories. Chernobyl accident exacted very large economic, social, 
psychological and political costs from the Soviet Union and the nuclear enterprises all over the 
world. It stopped many nuclear power programs. 
 
Recently a UN report stated that the effects of Chernobyl on the populations around have not 
been as bad as they were originally envisioned. Many evacuees have returned to Pripyat and 
many of the liquidators are in reasonably good health 20 year after the accident. In spite of these 
benign news, the effects of Chernobyl cannot be belittled.  
 
10. The Difficult Years 
 
The TMI-2 accident and later the Chernobyl accident created the difficult years for the nuclear 
industry. The ‘nuclear opposition’ in USA, which was already quite active before 1979 gathered 
tremendous force and opposed the completion of the plants under construction and ordering of 
any new plants. Their tactic of delaying the construction and completion through legal challenges 
increased the capital costs of the plants. The plants were also subjected to inspections by INPO 
and the post TMI-2 requirements that USNRC placed on the plants. The latter included, e.g. valve 
function, hydrogen management specific plant improvements, operator training, man-machine 
interface, instrumentation, safety culture, etc., etc. Very soon, the nuclear electricity, which was 
hailed as too cheap to meter became too expensive to generate and bring on line. The plants also 
being new did not operate too well: their capacity factors were in the range of 50 to 70%, which 
were too low to break even. The utility companies lost money, and did not have sufficient funds to 
invest in plant improvements. The vendors lost many orders and a number of plants were left 
incomplete with great losses to the utility companies. Nothing went well for the nuclear industry 
during those years, which extended till, at least, year 2000. 



Nuclear Reactor Severe Accident Phenomenology  
Chapter I:  Light Water Reactor (LWR) Safety – A Historical review 

I - 28 

11. Severe Accident Research 
 
The wake-up call from the TMI-2 accident to the nuclear industry and the regulatory authorities 
was the realization that in spite of many years of earnest efforts at prevention of a core-melt 
accident, such an accident can occur. It was also realized that only a core-melt accident will 
provide the public hazard of LWRs. The Chernobyl accident provided a vivid demonstration of the 
hazard of the core-melt accident to the public, if the containment fails. It was clear that such 
accidents had to be prevented and mitigated; and towards that purpose a knowledge-base on 
those accidents had to be acquired. 
 
The core melt accidents were initially called degraded core accidents, lately they have been called 
Severe Accidents. They are also called at times – beyond the design basis accidents (BDBA) 
and/or the Design Extension accidents (DEA). The most-generally accepted designation these 
days is severe Accidents (SA). 
 
The knowledge-base about SA was very poor in 1979. Except for the work performed by the 
WASH-1400 team, which itself was quite preliminary, there was no organised on-going effort 
anywhere in the West or East. After the TMI-2 accident, immediately, a resolution was made to 
acquire knowledge about the progression and consequences of severe accidents. This was done 
not only in USA, but also in European countries and both experimental and analysis development 
research programs were initiated (21). A research center: NSAC (nuclear safety analysis center) 
was formed at Electric Power Research Institute (EPRI), the research arm of the utility industry. 
The USNRC laboratories geared up for experiments in which fuel elements would be subjected to 
the kind of heat transfer degradation scenario that TMI-2 experienced. The EPRI effort also 
included development of the MAAP code (22) for the determination of consequences in various 
severe accident scenarios for PWRs and BWRs. The objectives of the research were to determine 
if the present LWR plants were sufficiently safe or they required substantial backfits, both for the 
prevention of the initiation of severe accidents and to mitigate their consequences if they do start. 
Simultaneous with the initiative of the research and development, the tools developed by WASH-
1400, namely the fault tree and the event tree analyses were formalized into the Probabilistic 
Safety (Risk) analysis – 1 (PS(R)A-1) and the USNRC required the plants to perform the PRA-1 
studies in the so-called individual plant examination (IPE) program to discover any vulnerabilities 
in plant equipment, instrumentation, procedures, etc., which could lead to a severe accident. 
 
The severe accident research effort in USA was almost as long as that for ECCS, but it was not 
as extensive. Lately, the programs started by European Union, and the European National 
governments have supplemented the US severe accident programs admirably. In particular, the 
PHEBUS program pursued by CEA, France, with international collaboration has performed core 
melt experiments on a prototypic rod bundle with (fission products) through a representative 
primary system and the containment of a PWR.  
 
Clearly, the phenomena involved in a severe accident are extremely complicated, since the main 
characteristics of the severe accident scenarios are the interactions of the core melt with the 
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reactor structures and water; and the release, transport and deposition of the fission product 
carrying vapors. The interactions of core melt may lead to (i) ablation of structures, (ii) steam 
explosions, (iii) vessel failure, (iv) concrete melting and gas generation, (v) spreading/dispersion 
of heat generating core melt (debris). These phenomena involve the disciplines of thermal 
hydraulics, high temperature chemistry, high temperature material interactions, aerosol physics, 
among others. Predictions of the consequences of a severe accident have to be based on 
experimentation and models whose veracity may be limited by the scale at which the information 
about phenomenology is derived. Scaling considerations become very important since large scale 
experiments with prototypic melts are very expensive and very difficult to perform. 
 
The emphasis in severe accident research was placed on the integrity of the containment. That, 
this is the correct choice follows from the consequences of the TMI-2 and the Chernobyl 
accidents. The TMI-2 containment was full of fission products released from the core during the 
core heat-up and melting process but the fission products were retained in the containment. As 
mentioned earlier the containment by pass due to the open door to the auxiliary building and the 
leakage over time were the contributors to the very small release of iodine. More recently 
emphasis has also been placed on the survivability of the reactor vessel and in retaining the melt 
inside the vessel by flooding the containment with water and cooling the outer surface of the 
vessel. This has been adopted for the AP-600 (23), AP-1000 and the Korean APR-1400.  
 
The loadings which can fail the containment were identified and they were classified into two 
groups: (1) which could fail the containment early and (2) which could fail the containment much 
later. This early versus late distinction arose due to the natural processes that control the 
concentration of the fission product aerosols in the containment atmosphere. It was found that 
almost all of the fission product aerosols agglomerate and deposit on the walls and floor of the 
containment in approximately 4 hours and from there they are transported to the sump. Thus, they 
are not available for release to environment on the failure of the containment. In this process, the 
more toxic fission products, i.e., 131 I and 137 Cs which had formed the highly water-soluble 
compounds CSI and CSOH are removed from the containment as soon as a spray action is 
activated. In this context, it should be mentioned that the USNRC requires maintenance of 
containment integrity in a severe accident of at least 24 hours with a conditional (on the 
occurrence of a severe accident) probability of 10%.  
 
Hydrogen combustion-detonation, steam explosion, direct containment heating (DCH) and melt 
attack on the BWR Mark-1 containment liner were identified as the energetic processes which 
could fail the containment early. The longer-term gas producing molten corium concrete 
interaction (MCCI), which would pressurize the containment and the lack of coolability were 
identified as the processes, which could fail the containment later. It should be noted that a 
release during the later (after 24 hours) failure of the containment may be 4 to 5 orders of 
magnitude smaller, than that for the early failure of the containment. 
 
The in-vessel accident progression determines the containment loadings of fission products (the 
source term), the hydrogen and the mass and composition of the melt delivered to the 
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containment. Thus, any meaningful evaluation of the energetic processes, mentioned above, and 
their loads on the containment requires a good description of in-vessel accident progression and 
estimates of its products: fission products, hydrogen and melt characteristics. Accurate description 
of the in-vessel accident progression is also essential for evaluating the success of the accident 
management strategy of retaining and cooling the melt within the vessel by cooling the external 
surface of the vessel. This, of course, requires the flooding of the containment prior to the arrival 
of the melt to the lower head. The following lectures in this course treat the phenomenology that 
has been developed for the various topics mentioned above during the in-vessel and ex-vessel 
progression of a severe accident. In particular, the loadings which can fail the containment early-
and-late are treated in separate lectures.  
 
12. Severe Accident Management 

 
After the TMI-2 and the Chernobyl accidents, it was clear that: 

(1) the great environmental and human costs of Chernobyl will be entirely unacceptable;  
(2) the public consequences of the TMI-2 accident were minor, in spite of the great turmoil 

caused and that was due to the TMI-2 containment preserving its integrity.  
Severe accident research since 1980 showed that indeed there could be dynamic loads imposed 
on the containment, which could fail the containment early to cause a very large release of 
radioactivity to the public. Such a large release would pose a greater public risk than that 
prescribed in TID14844 or even that calculated by WASH-1400. It became clear that the 
accidents, which may impose large dynamic loads on the containment had to be (a) prevented 
and/or (b) mitigated completely. This was the birth of severe accident management (SAM) as an 
active tool for minimising the public risk of a severe accident. SAM may be defined as follows 
“SAM is the use of existing and alternative resources, systems and actions to arrest and mitigate 
accidents that exceed the design basis of nuclear power plants”. 
 
The earliest SAM action in the LWR plants was that of the management of the hydrogen 
concentration in the containment. This was required by the USNRC in view of the hydrogen 
combustion event in TMI-2 containment. Other actions followed, some requiring backfits in the 
plants, some requiring operator actions for which training schedules had to be devised. Severe 
accident management guidelines (SAMGs) were produced for the Westinghouse PWRs and the 
General Electric’s BWRs, which were appropriately modified for each specific plant. Most of the 
utilities in USA have already implemented the SAMGs for their individual plants. Some of the 
European plants also have implemented their individual SAMGs. They have closely followed the 
guidelines produced by the appropriate owner groups in USA. They have adapted the set points, 
curves and computing aids that were produced by the US Owner Groups for their specific plants. 
The French, German and Swedish plants have a rather open approach for SAMGs, since no 
generic standard guidelines are employed. Each plant or each set of plants (as in France) are 
performing work on their individual plants to implement SAMGs. In general, each plant is using 
some equipment back-fits, specially designed to deal with a severe accident. They have also 
made many procedural and operational changes. 
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In the following paragraphs, the structure produced in the OECD Report (38) is employed to group 
the SAM actions under four main functions viz.: (1) cooling a degraded-core, (2) managing 
combustible gases, (3) managing the containment temperature, pressure and integrity and (4) 
managing the release of radioactivity. 
 
12.1.  Cooling a Degraded Core 
 
Adding water to the reactor (RPV) is an action that is very similarly implemented in many 
countries. There is a general agreement that the hazards posed by increased hydrogen 
generation; possible re-criticality and increased steam production do not outweigh the benefits of 
retaining the degraded core inside the vessel. The criteria generally followed for this action is to 
supply to the reactor vessel with water as soon as injection capability is available. Westinghouse 
Owners Group (WOG) standard guidelines contain warnings about the side effects of increased 
hydrogen production, and their computing aids take into account, in a simplified way, the 
additional risk of hydrogen combustion in the containment. The issue of re-criticality is generally 
considered to affect more the BWR, where borated water sources are less available and early 
control rod material meltdown and relocation is a possibility. General Electric (GE) standard 
guidelines specify the use of the liquid control system in case of core melt criticality, but no criteria 
are given on the water flooding rate. 
 
RCS depressurization is also a generic SAM action that can be accomplished in a variety of ways. 
The preferred way for PWR is the “feed and bleed” system, adding water to the steam generators 
and depressurizing the secondary sides thereby cooling down the primary side and reducing its 
pressure. If this action is ineffective, depressurization can be accomplished by direct opening of 
pressurizer valves. There are numerous benefits to intentional depressurization, i.e. alternate 
means of cooling become available, and high pressure melt ejection is avoided, although there 
are also possible drawbacks, like increased hydrogen production and higher probability of in-
vessel energetic fuel-coolant interaction. All PWRs have pressurizer valves that can be used, 
although sometimes pressurizer spray is a possibility. All BWR are designed to be easily 
depressurized in case of ADS failure. 
 
The action of containment initial flooding in order to delay vessel failure by means of cooling 
through the vessel wall, is one where there is considerable variation among countries, it is 
recognized that the action can not by itself guarantee vessel integrity, especially for reactors with 
high power, but the action may delay vessel failure. 
 
Containment flooding to several levels is recommended in the standard Westinghouse Owners 
Group (WOG) Severe Accident Management Guidelines, although specific implementation will 
depend on the design of the reactor cavity. Generic GE standard guidelines recommend drywell 
or primary containment flooding as an integral SAM action that could provide a means of core 
cooling through the vessel wall, and also a possibility of alternative vessel flooding through the 
relief valve tail-pipes. German plants do not consider cavity flooding and continue the concept of 
“dry cavity.” Finland has implemented the strategy in Loviisa plant. Swedish and Finnish BWRs  
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have also implemented the strategy that a water pool is created under the vessel as soon as the 
water level may fall below the top of the core. However, the level of water does not reach the 
vessel and the vessel wall is not cooled. This action is for ex-vessel cooling of debris/melt which 
deposits into the water pool on the failure of the vessel. This action is not for cooling of the vessel 
from outside.  
 
12.2.  Management of Combustible Gases 
 
There are considerable variations in the strategies followed to reduce H2 and CO inventory in the 
containment, because of the differences in existing equipment and the status of implementations. 
Many countries have decided on the use of catalytic recombiners in PWR containments, which 
can reduce H2 and CO concentrations while keeping containment pressure low. Some BWRs and 
some PWRs use igniters, to produce intentional H2 or CO burns. Venting of the containment is a 
strategy considered also for the reduction of combustible gas inventory.  
 
Catalytic recombiners have demonstrated their capability of reducing H2 concentration under 
steam-inerted atmospheres, very low H2 concentrations, and presence of aerosols (38). 
Installation of recombiners has been decided in Belgium, Germany, France and the Netherlands 
and in some Eastern European countries. Finland has decided on the installation of a new H2 
management system using catalytic recombiners, although currently igniters are being used. G.E. 
BWRs with Mark I and II containments and KWU German BWRs of old design are inerted and do 
not use ignition devices. G.E. BWRs with the larger Mark III containments have ignition systems. 
The PWRs in USA do not have any hydrogen management system. Their containment volume is 
supposed to be large enough to not create a high (>10%) concentration hydrogen mixture. The 
PWRs in Europe are being fitted with passive catalytic recombiners.  
 
12.3.  Management of Containment Temperature, Pressure, and Integrity 
 
Automatic or manual initiation of containment sprays to condense steam released exists in most 
BWRs and PWRs although there is a significant variation in the equipment dedicated to the 
implementation of this action.  Sprays are also used, in the longer term, in conjunction with heat 
exchangers, which can extract heat from the containment to avoid pressurization. German plants 
have spray systems. Swedish plants have an independent dedicated spray system. Loviisa in 
Finland, Zorita in Spain and two Belgian plants have external spray systems for their steel 
containments. 
 
Fan cooler systems in PWRs can extract heat and avoid late pressurization due to release of non-
condensable gases during MCCI, but not all plants have fan coolers as qualified safety grade 
equipment. The initiation of fan coolers for SAM in PWR containments is considered in Belgian, 
Spanish, and UK plants, and it is included as a standard action in WOG SAMG. 
Containment flooding is considered both in PWRs and BWRs. Also, a consensus is developing 
that initial containment flooding will improve the chances of ex-vessel melt coolability in case of 
vessel breach, in spite of the higher risk of energetic ex-vessel melt water interactions, and will 
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reduce ex-vessel radioactive releases. Here we have to distinguish between PWRs with their 
larger and relatively strong containment and BWRs with their small containments and perhaps 
vulnerable vessel support structures, whose integrity may be threatened by a highly energetic 
steam explosion. Containment flooding before the discharge of the melt is not practised in the 
French and German PWRs and BWRs. There the water is added only after the melt has been 
deposited on the basemat. Coolability of the melt is not expected. There will be ablation of the 
concrete basemat and possibly a basemat melt-through..  
 
Many European plants include the strategy of containment venting, to avoid late failure due to 
over-pressurization. Scenarios like complete loss of containment heat removal capability, or full 
power ATWS in BWR, are typical examples where containment venting becomes essential. This 
accident management action can avoid late failure due to pressurization by non-condensable 
gases released during MCCI, for which containment heat removal systems are ineffective. Venting 
can be used also to ease containment flooding, and to reduce the inventory of combustible gases. 
Considerable variation exists in the implementation of this SAM feature. The standard WOG 
SAMG do not include containment venting as a SAM strategy. Venting of containment with 
specially designed filtered vents systems is implemented in all PWRs and BWRs in France, 
Germany, Sweden, Netherlands and Switzerland. The U.K., Belgium and Spanish PWRs do not 
have venting. Spanish BWR have a dedicated manually operated venting system, which connects 
the suppression pool airspace to the off-gas stack, without filtering. The U.S. plants do not employ 
containment venting, except that some U.S. BWRs are installing the same venting systems as the 
Spanish BWRs. 
 
12.4.  Management of Radioactivity Releases 
 
Standard strategies for mitigating the rate of radioactivity release through opening in the 
containment boundary include reducing the containment pressure, by means of available 
containment heat removal systems and through the venting systems. At later times in a severe 
accident revolatalization releases from the deposited aerosols in the RCS become a concern. 
Mitigation of those releases will involve cooling of the RCS walls. 
 
A common strategy, for reducing the inventory available for release in the containment, is the 
initiation of containment sprays in PWR and BWR. Sprays were designed for early operation and 
steam condensation after LOCA; and not for long term operation during severe accidents. 
However, sprays can produce effective aerosol deposition due to interception of droplets. Also, 
sprays can remove some of the gaseous molecular Iodine as long as they do not become 
saturated with I. The effectiveness of sprays will depend on the availability of AC power and the 
extent of the areas covered by the spray system. Iodine volatility in many PWRs is reduced by 
means of additives that are included in the design of containment sumps, or the containment 
spray system. 
 
Engineered filtering systems are installed in most PWR and BWR, with HEPA filters generally 
designed for conditions of normal operation. Use of engineered filtering systems during severe 
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accident environmental conditions is possible, but the efficiency of the filter may be reduced if 
additional technical features have not been provided (i.e. emergency filtering systems).  Swedish 
plant containments have a venturi filtered venting system specially designed to deal with sever 
accident situations, which have a very high value of DF. The French plants have a sand-based 
filtered venting system for the severe accidents.  
 
Removal of radioactive aerosol, by means of scrubbing in BWR suppression pools, is a beneficial 
side effect of the suppression pool functional design. Aerosol scrubbing by means of a water pool 
overlying the core debris is also considered in standard WOG and GE standard SAMG, as a 
strategy to reduce ex-vessel releases to the containment. 
 
Secondary side flooding is a standard strategy, included in WOG SAMG, for mitigation of releases 
to the environment due to SGTR accidents, and protection of SG tubes from creep ruptures.  
 
13. New LWR Plants 
 
The presently installed LWR plants in Western countries have been addressing their safety 
performance from the day they were installed and operating. Prior to the TMI-2 accident the safety 
design-base issues, e.g. the functioning of ECCS for various breaks, were of most concern. The 
plant concerns were also with the integrity of the primary system, e.g. the G.E’s BWRs plants 
needed replacement of some piping, the vessel weld material was of concern, etc. 
 
After the TMI-2 accident, the safety performance concerns were with the severe accident safety, 
i.e. the prevention and mitigation of these accidents. This has been formalized into the programs 
of Severe Accident Management (SAM) at most of the LWR plants. Severe accident research 
results have lead to backfits and accident management actions and procedures, which have 
enhanced the safety of the plants, or provided the rationale for deliberate decisions of not 
requiring any backfits or SAM measures.  
A representative list is as follows: 

• hydrogen control with igniters and catalytic recombiners, 
• improved safety valves on PWRs, 
• no inerting of MARK-3 BWRs, 
• water addition to the MARK-1 drywell to prevent liner failure, 
• vessel depressurization for DCH protection, 
• no backfits for protection against alpha mode failure, 
• use of BWR suppression (condensation) pools for fission product removal, 
• hard vents for BWRs from the suppression pool, 
• flooding of PWR vessel cavity for Westinghouse PWRs, 
• flooding of drywell for Swedish BWRs, 
• additional water delivery sources for accident termination, 
• reinforcement of containment penetrations, 
• realistic ex-vessel source term specification, 
• pressurized thermal shock prevention procedure, 
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• filtered venting, 
• long term management of Iodine in the containment. 

 
Clearly, not all the severe accident issues have been resolved for the presently installed plants. 
The most important of the unresolved issues is the coolability of the melt/debris produced during 
the postulated severe accident in order to stabilize and terminate the accident. This will assure 
that the containment remains intact and that there is no significant radioactive release, precluding 
either the evacuation of the nearby population, or their speedy return to their homes if any 
evacuation did occur. The issues of (a) ex-vessel steam explosion-induced containment failure, 
which is of concern for reactors that establish a deep water pool in their containments; (b) 
hydrogen detonation-induced containment failure, (c) DCH induced containment failure, (d) MCCI 
induced basemat failure or containment pressurization failure, can be addressed of through 
operational or accident management actions, respectively, by (i) not establishing a water pool in 
the containment, (ii) depressurizing the vessel in time and providing valves, which will bring the 
vessel pressure below 20 bars, (iii) availability of the hydrogen igniter and/or recombination 
systems and (iv)assuring the cooling of the melt/debris below the concrete ablation temperature of 
1000°C.  
 
One can reach the conclusion that if the melt/debris can be cooled and kept cool to stabilize and 
terminate the accident without having a pre-existing pool in the containment, all the remaining 
concerns about the danger of severe accidents in the LWRs may be addressed adequately. 
Alternatively if the melt can be cooled and retained in the vessel, thereby assuring containment 
integrity, the same conclusion may be reached. Recent concerns about the production of the 
fission product Ruthenium or the release of some small fraction of iodine as gaseous iodine are 
also addressed, since an intact and low leakage containment will protect the public against the 
hazard of these releases to the containment. 
 
We believe that the Generation 3+ LWRs or the near-future new LWRs have focussed on the 
issue of the long term coolability, stabilization and termination of the severe accident as their goal. 
Two lines of design measures have been developed in these new LWRs; (a) in-vessel coolability 
and melt retention and (b) ex-vessel coolability and melt retention. We shall describe these very 
briefly in the following paragraphs. 
 
14. Conclusions 

 
The march of history for LWR safety has shown a definitly positive direction. The potential of 
nuclear power for public good accompanied by its potential for serious public hazard was 
recognized early and this is to the credit of the scientists and engineers, who pioneered the 
civilian nuclear power. Much credit also has to be given to the regulatory commissions (bodies) of 
the various countries, who have been the guardians of public safety during the development and 
spread of nuclear power in the World. Most credit, however, has to go to the scientists and 
engineers, who have diligently raised every safety issue or question, performed research and 
provided solutions. It has been a splendid history and it deserves praise. 



Nuclear Reactor Severe Accident Phenomenology  
Chapter I:  Light Water Reactor (LWR) Safety – A Historical review 

I - 36 

 
The challenges posed by the TMI-2 accident were met through patient hard work, severe accident 
research, and design innovation. The presently-installed LWR plants made improvements in 
components, systems, operator training, man-machine interface, safety culture, etc., thereby 
significantly reducing the probability of a severe accident occurring. They also instituted severe 
accident management backfits, systems and procedures, which are providing assurance of the 
elimination of an uncontrolled and large release of radioactivity even in case a severe accident 
occurs. Still, the presently-installed plants can not provide assurance of coolability of a melt 
pool/debris bed, which could be formed during a bounding severe accident. In that situation, the 
LWR owner can not assure the public that the accident has been terminated and that there is no 
further danger of the release of radioactivity. 
 
The new, generation 3+, LWR designs, exemplified by EPR, VVER-1000, AP-1000, APWR-1400 
and ESBWR, which employ in-vessel, or ex-vessel, cooling and retention of the core melt/debris 
bed that would be produced in the postulated severe accident, are reaching the end state of the 
development for public safety for LWRs. They, not only provide systems, which have an extremely 
low probability for a severe (core-damage) accident but also assure that there will not be any large 
release of radioactivity to the environment. The public living in a low population zone near a 
nuclear plant does not want to move from, or abandon the return to, their homes. Although such 
assurances have not been explicitly provided by the designers (vendors) of these new LWRs, they 
may be able to do so. Convincing the public will not be easy, however, these designs have the 
potential for making such convincing arguments. 
 
The challenges of LWR safety have diminished and the new designs are great accomplishments. 
We can not, however, forget the incidents like Mihama, or the potential near-incident due to 
corrosion of vessel-head in TMI-1 or several others, e.g. partial power black-out in FORSMARK-1, 
which attract much publicity. The human component of LWR safety needs to be improved. In 
particular, complacency has to be banned. The operators, staff and the management of the 
nuclear plants have to be more responsive and reliable than what the plant components and 
systems are. 
 
Plant aging is an issue that will be making itself visible more and more in the future years. Some 
of the LWR plants are reaching near the end of the original estimate of their life spans. The 
reliability of components and systems will become less and less in future. The need for vigilance 
on the part of plant staff and management has to increase. The utility companies have to 
recognize this and be prepared to spend the money to replace/renew old equipment, 
instrumentation and systems. 
 
It should be remembered always, that the public has given civilian nuclear power a very short 
leash with respect to safety and in order to keep the confidence of the public, the human and 
management component of LWR safety can not afford to fail. It should be stressed that, presently, 
the nuclear power industry can not even afford a successfully- terminated and contained severe 
accident. There, still, would be too many ‘what-if’ questions and perceptions. 
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Figure 15. Schematic diagram of the RBMK-1000 
 
Figure 16. Cross Sectional View of Reactor Vault 
 
Figure 17. Chernobyl Containment 
 
Figure 18. Area Nearby the Chernobyl Reactor site 
 
Figure 19. Chernobyl Reactor Location 
 
Figure 20. Excellent Photo of Chernobyl 4 and 3, right after the Explosion 
 
Figure 21. Looking into debris-filled reactor (look for the inverted lid on the left) 
 
Figure 22. The Photo is Made from the Helicopter on May 3, 1986. The Smoke May Be From the 
Graphite Fire. 
 
Figure 23. The “Elephant’s Foot”. Once molten fuel/debris mixture that dripped down through the 
floors of the damaged RBMK-1000 reactor at Chernobyl 
 
Figure 24. In-vessel melt retention 
 
Figure 25. EPR core catcher 
 
Figure 26. Tian Wan VVER core catcher. 
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TABLE 1 

CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS 
PROBABLITIES FOR ONE REACTOR 

 
 

Consequences 

    (a) This is the predicted chance of core melt per reactor year 
    

 
Chance per  

Reactor-Year 

 
Early 

Fatalities 

 
Early 
Illness 

Total  
Property 
Damage 

$109 

 
Decontamination 

Area ~Square Miles 

 
Relocatio

n Area 
Square 
Miles 

One in 20,000 (a) <1.0 <1.0 <0.1 <0.1 <0.1 
One in 1,000,000 <1.0 300 0.9 2000 130 
One in 10,000,000 110 3000 3 3200 250 
One in 100,000,000 900 14,000 8 - 290 
One in 
1,000,000,000 

3300 45,000 14 - - 



Nuclear Reactor Severe Accident Phenomenology  
Chapter I:  Light Water Reactor (LWR) Safety – A Historical review 

I - 43 

TABLE 2 
      

CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS 
PROBABLITIES FOR ONE REACTOR 

 
 

Consequences 

(a) This is the predicted chance of core melt per reactor year 
(b) This rate would occur approximately in the 10 to 40 year period following a potential 

accident 
(c) This rate would apply to the first generation born after a potential accident. 

Subsequent generations would experience effects at a lower rate. 
 

 
 

Chance per  
Reactor-Year 

 
 

Latent Cancer (b) 
Fatalities  
(per year) 

 
 

Thyroid Modules (b)  
(per year) 

 
 

Genetic Effects(c)  
(per year)  

One in 20,000 (a) <1.0 <1.0 <1.0 
One in 1,000,000 170 1400 25 
One in 10,000,000 460 3500 60 
One in 100,000,000 860 6000 110 
One in 
1,000,000,000 

1500 8000 170 

Normal Incidence 17,000 8000 8000 
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TABLE 3 
 
INCIDENCE PER YEAR OF LATENT HEALTH EFFECTS FOLLOWING A POTENTIAL 

REACTOR ACCIDENT 
 

Chance per  
Reactor per year 

 
 

Health  
Effect  

(per year) 

 
One in  

20,000 (a) 

 
One in  

1,000,000 (a) 

Normal (b) 

 Incidence Rate in 
Exposed 

Population  
(per year) 

Latent  
Cancers 

 
<1 

 
170 

 
17,000 

Thyroid  
Illness 

 
<1 

 
1400 

 
8000 

Genetic  
Effects 

 
<1 

 
25 

 
8000 

(a) The rates due to reactor accidents are temporary and would decrease with time. The bulk 
of the cancers and thyroid modules would occur over a few decades and the genetic 
effects would be significantly reduced in five generations. 

(b) This is the normal incidence that would be expected for a population of 10,000,000 people 
who might receive some exposure in a very large accident over the time period that the 
potential reactor accident effects might occur.  
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TABLE 4 
 

CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS 
PROBABLITIES FOR 100 REACTORS 

Consequences 

(a) This is the predicted chance per year of core melt for 100 reactors  
(b) This rate would occur approximately in the 10 to 40 year period after a potential accident 
(c) This rate would apply to the first generation born after the accident. Subsequent 

generations would experience effects at a decreasing rate. 

 
 

Chance per  
Reactor-Year 

 
 
Latent Cancer (b) Fatalities 

(per year) 

 
 

Thyroid Modules (b)  
(per year) 

 
 

Genetic Effects(c)  
(per year)  

One in 200 (a) <1.0 <1.0 <1.0 
One in 10,000 170 1400 25 
One in 100,000 460 3500 60 
One in 1,000,000 860 6000 110 
One in 10,000,000 1500 8000 170 

Normal Incidence 17,000 8000 8000 
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TABLE 5 
 

AVERAGE RISK OF FATALITY BY VARIOUS CAUSES 
 

Accident Type Total Number Individual Chance per 
Year 

Motor Vehicle 55,791 1 in 4,000 
Falls 17,827 1 in 10,000 
Fires and Hot Substances 7,451 1 in 25,000 
Drowning 6,181 1 in 30,000 
Firearms 2,309 1 in 100,000 
Air Travel 1,778 1 in 100,000 
Falling objects 1,271 1 in 160,000 
Electrocution 1,148 1 in 160,000 
Lightening 160 1 in 2,000,000 
Tornadoes 91 1 in 2,500,000 
Hurricanes 93 1 in 2,500,000 
All Accidents 111,992 1 in 1,600 
Nuclear Reactor Accidents  
(100 plants) 

 
- 

 
1 in 5,000,000,000 
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TABLE 6 
 

AVERAGE PROBABILITY OF MAJOR MAN-CAUSED AND NATURAL EVENTS 
 

 
Type of Event 
 

Probability of  
100 or More 
Fatalities 
 

Probability of 
1000 or More 
Fatalities 
 

Man-Caused   

Airplane Crash 1 in 2 years 1 in 2000 years 
Fire 1 in 7 years 1 in 200 years 
Explosion 1 in 16 years 1 in 120 years 
Toxic Gas 1 in 100 years 1 in 1000 years 
   
Natural   

Tornado 1 in 5 years Very small 
Hurricane 1 in 5 years 1 in 25 years 
Earthquake 1 in 20 years 1 in 50 years 
Meteorite Impact 1 in 100,000 years 1 in 1,000,000 years 
   
Reactors   

100 plants 1 in 100,000 years 1 in 1,000,000 years 
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• At Boundary of Exclusion Area, No Member of Public May Exceed 
25 rem Whole-Body Dose For Design Basis Accident. 

• Timely Evacuation of Low Population Zone Must be Planned 
(Emergency Evacuation Plan) 

• Population Center Must Be at Least 1 – 1/3 Times Farther Away 
than LPZ Boundrary 

 
 
 
 
 

Figure 1. Part 100 Distance Requirements, (Typical Plant)  
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Fi
Figure 2. Exclusion Radius Determination 
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Figure 3. Population radius Determination 
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Equivalent Ground-level Release of Iodine – 131 in Curies 

 
 
 
 
 

Figure 4. Farmer’s Curve 
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Figure 5. PWR Containment Event Tree 
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Figure 6. Simplified Event Trees for a Large LOCA 
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Figure 7. Reduced Event Trees for a Large LOCA 
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Figure 8. Frequency of Fatalities due to Man-Caused Events 
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Figure 9. Frequency of Fatalities due to Natural Events 
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Figure 10. Frequency of Property Damage due to Natural and Man-Caused Events 
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Figure 11. Probability Distribution for Early Fatalities per Reactor Year 
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Figure 12. Hypothesized Core Damage Configuration at 173 Minutes 
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Figure 13. Hypothesized Core Damage Configuration at 226 Minutes 
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Figure 14. Release Fractions at TMI-2 
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Figure 15. Schematic Diagram of the RBMK-1000 
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Figure 16. Cross Sectional View of Reactor Vault 
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Figure 17. Chernobyl Containment 
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Figure 18. Area Nearby the Chernobyl Reactor Site 
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Figure 19. Chernobyl Reactor Location 
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Figure 20. Excellent Colour Photo of Chernobyl 4 and 3, Right after the Explosion 
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Figure 21. Looking into the debris-filled reactor (look for the inverted lid on the left)  
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Figure 22. The Photo is Made from the Helicopter on May 3, 1986. 
 The Smoke May Be From the Graphite Fire 
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Figure 23.The "Elephant's Foot". Once molten fuel/debris mixture that dripped 
down through the floors of the damaged RBMK-1000 reactor at Chernobyl 
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1. Accident Sequences for LWRs 

 
The objective of this chapter is to define in a general way the initial and boundary conditions 
of the reactor core and the core degradation processes during the course of a severe 
accident.  The scope is limited to the Light Water moderated Reactors (LWRs), this means 
that for example neither the degradation of Canadian Deuterium-Uranium (CANDU) reactor 
pressure tubes nor degradation of the graphite moderated RBMKs are considered herein. 
Also detailed characterization of plant sequences, including accurate quantification of 
possible parameter ranges, is beyond the scope of these lecture notes. 
This chapter is a summary of the similar chapters on the description of accident sequence 
phenomena and boundary conditions in the “In-Vessel Core Degradation Code Validation 
Matrix” [4,5] and in the "Primary System Fission Product Release and Transport-State of the 
Art Report to the CSNI" [6]. Also taken into account are the status reports on Fission Product 
Release [7], on VVER specific features [8], on Molten Material Relocation [9], on Core 
Quench [10], [11], on Molten Fuel Coolant Interaction [12], [13] and the Proceedings of the 
Workshop on In-Vessel Core Retention and Coolability [14], and the Rasplav Application 
Report [15]. Detailed information can be found in the “Cataloge of Generic Plant States 
leading to Core Melt in PWRs” [16]. 

 
1.1. Plant Types 
 
The plant types considered in this lecture are those that are uranium dioxide (UO2) fuelled, 
and light water moderated and cooled.  This includes light water reactors (LWRs), i.e. 
pressurized water reactors (PWRs and VVERs) and boiling water reactors (BWRs) of U.S. 
and European origins. Advanced design plants are not explicitly discussed in this report, 
although advanced light water reactors (ALWRs), including passive plants, are expected to 
have reactor cooling system (RCS) accident boundary conditions similar to low-pressure 
sequences for existing LWRs. 
 
1.1.1. Western PWRs core characteristics 
 
The sizes of Western PWRs range from the single loop 510 MW(th) Zorita plant in Spain to 
large four-loop 4270 MW(th) units, such as the Chooz B1 and B2 plants in France or the new 
European Pressurized Water Reactor (EPR) [17]. Despite such differences, which are mainly 
reflected in the fission product and core material inventories, there are no substantial 
differences in the basic nuclear and thermal-hydraulic parameters such as system pressure 
(~16 MPa), inlet temperature (~ 565 K), fluid temperature rise (30 – 35 K) or power density in 
the core (25 – 40 kW/kg uranium).  The core material inventories of a typical 3600 MW(th) 
PWR are 100,000 kg urania fuel, 26,000 kg Zircaloy cladding, 2,800 kg absorber material 
(Ag, In, Cd) and 4,000 kg stainless steel structure material.  There are several PWRs with 
burnable neutron poison rods with gadolinium or control rods with boron carbide (from 320 to 
530 kg of B4C in PWR-1300, PWR-1450 and in EPR).  Depending on the accident sequence, 
large amounts of boric acid (up to 40,000 kg) can be injected by means of the emergency 
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core cooling system (ECCS).   
Despite the sometimes significantly different RCS designs or control systems, the 
arrangements of the fuel rods, spacer grids, control rods and guide tubes are nearly identical.  
This means that local processes are similar for all Western PWRs discussed. 

 

1.1.2. Eastern PWRs core characteristics (VVER plants) 
 
The sizes of Eastern PWRs range from six-loop 1300 MW(th) VVER-440 plant to large four-
loop 3000 MW(th) VVER-1000 or the advanced reactor VVER-1500 with 4300 MW(th). 
Despite such differences, which are mainly reflected in the fission product and core material 
inventories, there are no substantial differences in the basic nuclear and thermal-hydraulic 
parameters such as system pressure (12 – 16 MPa), inlet temperature (540 – 561 K), fluid 
temperature rise (~ 30 K) or power density in the core (~37 kW/kg uranium).  The main 
difference from Western reactors cores is the triangular grid which results in a more densely 
packed core, and in the case of VVER-440 the six-edge fuel assembly canister (Zr2.5%Nb) 
and absorber elements (boron steel 2 % B, 20 % Cr, 16 % Ni) with movable fuel assemblies.  
With these canisters they are more BWR-like than PWR-like. The VVER-440 reactors have 
valves in the hot and cold legs to isolate the loops in case of leakage from steam generator 
tubes. The second important difference from Western reactors is the use of horizontal steam 
generators, this result on one hand in less effective natural convection in the loop and on the 
other hand in larger coolant inventory in the secondary system. The core material inventories 
of the VVER-1000 are 80,098 kg urania fuel, 22,630 kg Zr1%Nb cladding, 272 kg boron 
carbide (B4C) as absorber material and 4,342 kg stainless steel structural material for the 
Russian fuel type [8].  There are several PWRs with burnable neutron poison rods with 
gadolinium or control rods with boron carbide.  Depending on the accident sequence, large 
amounts of boric acid (concentration of 40 g H3BO3/kg water) can be injected by means of 
the emergency core cooling system (ECCS). 
 
1.1.3. Western BWRs core characteristics 
 
The thermal power of BWRs range from the small 183 MW(th) Dodewaard plant in the 
Netherlands (now shutdown) to the large 3840 MW(th) Grundremmingen plant in Germany.  
The basic nuclear and thermal parameters are system pressure (~ 7.1 MPa), which 
determines the steam outlet temperature (~ 560 K), feed water temperature (455 – 490 K) 
and specific power (20 – 30 kW/kg uranium).  The core material inventories of a typical 
3800 MW(th) BWR are 155,000 kg urania fuel, 76,000 kg Zircaloy cladding and channel 
boxes, 1,200 kg absorber material (B4C) and 15,000 kg stainless steel structural material.  
Under Anticipated Transients Without Scram (ATWS) conditions or as an accident 
management action, large quantities of borax and boric acid (on the order of 4,000 kg) might 
be injected by means of the stand-by liquid control system (SLCS). 
On the other hand, the arrangement of both the fuel rods in the channel boxes and the control 
blades are very similar for the various types of BWRs.  The control blades consist of small-
diameter stainless steel tubes filled with boron carbide which are positioned between the 
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channel boxes.  Regarding the core geometry, differences only exist in the distribution of fuel 
rods and water holes within a fuel element, which might affect the core material relocation 
and flow blockage processes during the core degradation. 
The similarities of PWR and BWR core designs imply that the most variant conditions are the 
power density due to fission, the decay heat and the fluid state, which depend on plant status, 
initiating event and accident progression.  These conditions are discussed below. 

 

1.2. Plant Status and Initiating Event 
 
The plant may be in different conditions: reactor operation, hot or cold stand-by or shut-down 
cycle. 
 
Most severe accident risk analyses reflect the reactor operation conditions [18, 19]. Although 
there are differences among the plants analyzed, the dominant sequences tend to be the 
same; differences appear mainly in their expected frequencies and uncertainties.  The 
dominant accident groups, each one including similar sequences, for PWRs and for BWRs 
are: 

• Loss of off-site power (LOSP) or station blackout 
• Transients with scram function (eg. TMLB') 
• Transients with failure of scram function (ATWS) 
• Small break loss of coolant accidents (SB-LOCA) 
• Steam generator tube rupture (SGTR) 
• Steam generator header cover leakage (only VVER) 
• Interfacing loss of coolant accidents or V-Sequence 
• Intermediate break loss of coolant accidents 
• Large break loss of coolant accidents (LB-LOCA). 

 
The core damage frequencies (CDFs) leading to core melt range up to 3.0·10-4.  They provide 
insight on the relative likelihood of various sequence types and indicate weaknesses in the 
safety systems or guide cost-benefit analyses.  Independent of the likelihood of a specific 
sequence, the severe accident computer codes should be able to cope with each physically 
reasonable accident progression. 
In the following, the different accident sequences are briefly described. 

 

1.3. PWR Accident Sequences 
 
Station blackout sequences are initiated by a loss of off-site power (LOSP).  With safety 
systems functioning normally, the LOSP would result in reactor trip, emergency diesel 
actuation, and decay heat removal via the secondary side. However, in station blackout 
sequences, the concurrent failure of the emergency diesels involves the loss of the injection 
which precludes the cooling to the reactor coolant pump seals. This might result in a 
component failure and create a small LOCA. The additional failure of the auxiliary feedwater 
(TMLB') causes a pressure increase with the opening of the pressurizer relief valves. 
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Inventory will be lost through the relief valves as they open and close in cycles or as they 
might erroneously stay open.  Due to the lack of AC power, the safety injection systems are 
inoperable and core damage will result. 
Transient sequences at power can be initiated by a number of events that result in a reactor 
trip. Additional failure leading to loss of decay heat removal would be required to cause core 
damage. Transients tend to lead to similar RCS conditions (e.g. high pressure) as station 
blackouts. 
Within the class of LOCAs in PWRs, various sequences are evaluated, including those 
resulting from large, intermediate, and small breaks with failure of the emergency core cooling 
systems (ECCSs), from the beginning or after the start of sump water recirculation.  Only 
passive accumulators are assumed to be operational.  These sequences can lead to core 
degradation at different times, depending on the location and size of the break, plant 
condition and failure modes. 
Small LOCAs are associated with RCS ruptures with blowdown rates equivalent to double-
ended circumferential breaks in pipes < 5 cm in diameter.  The RCS pressure tends to remain 
higher than secondary side pressure, and a reactor trip occurs.  As the break size is 
insufficient to provide core cooling, even with high pressure injection, decay heat removal 
through the secondary side or through primary feed and bleed is necessary.  Moreover, long-
term cooling must be provided for.  The failure to accomplish high-pressure injection or the 
decay heat removal function will lead to core damage. 
Intermediate LOCAs are associated with RCS ruptures and flow through open valves with 
blowdown rates equivalent to double-ended circumferential breaks between 5 and 15 cm in 
diameter.  The RCS pressure remains stable, but lower than secondary side pressure. 
Large LOCAs are beyond that size but the associated severe accident phenomenology is 
similar to that of intermediate breaks.  These breaks cause a rapid coolant blowdown, lasting 
seconds to minutes.  The rapid depressurization and voiding causes the reactor shutdown, 
which is later maintained by injecting borated water.  The core reflooding and decay heat 
removal functions must be assured, which requires the correct actuation and operation of the 
low-pressure systems and systems for the containment cooling function.  If such safety 
functions are not accomplished, core damage will occur. 
SGTR and interfacing LOCA sequences will generally have RCS conditions that are bounded 
by the sequences previously discussed. 
Concerning VVER there are no new initial events leading to core melt, except the leakage or 
rupture of steam generator collector, which generally results in larger break sizes than steam 
generator tube ruptures. The accident progression in VVERs in general is similar to that in 
PWRs. However the differences due to material and geometry (less effective natural 
convection in the primary system and larger coolant inventory in the secondary system) can 
result in differences in the accident sequence and timing. 
 
1.4. BWR Accident Sequences 
 
A BWR station blackout begins with a turbine trip followed by the loss of all Alternating 
Current (AC) power.  The reactor is shutdown, and can be depressurized if battery power 
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remains available.  In the case the reactor is not depressurized, the removal of decay power 
may be accomplished with high-pressure injection systems operating with turbine-driven 
pumps, but only if station Direct Current (DC) power is available.  If such systems become 
depleted before AC power is restored, core damage occurs (long term station blackout) [20].  
If the high pressure injection system is inoperable from the beginning, core damage occurs 
much earlier (short term station blackout). 
Transients, including anticipated transient without scram (ATWS), require the intervention of 
operators to depressurize the system, to scram the reactor manually, or to actuate manually 
the secondary shutdown system, i.e. the stand-by liquid control system (SLCS), if it is not 
automatically initiated.  Several BWR ATWS sequences could be considered, involving 
various combinations of failure to shutdown the reactor by manual scram or by the secondary 
shutdown system.  If shutdown is achieved by the secondary shutdown system, but the 
vessel is not manually depressurized, then the high-pressure injection system may take 
decay heat out to the suppression pool.  If the suppression pool is not cooled, the pool will 
become saturated.  Pool saturation or impurities in the pool produce failure of the high-
pressure system, and core damage results.  If shutdown is not achieved and if a relief valve 
remains stuck open, then the outcome of the process will depend on the extent to which the 
core is cooled with the low pressure injection system and the recirculation system. 
LOCAs tend to lower core melt frequency in BWRs due to the lower system pressure, the 
presence of internal recirculation pumps in some designs, and due to larger redundancies in 
the ECCSs, active and sometimes passive, plus the possibility of automatic or manual 
depressurization. On the other hand, if ECCS is not sufficient, the core heat up is much faster 
and the time for accident management actions much shorter than for other plant types. 

 

1.5. Stand-by and shutdown conditions 
 
Accidents in PWRs and BWRs starting from hot or cold stand-by conditions are in principle 
similar to those initiated during normal reactor operation. They are different with regard to 
timing of the accident progression and heat-up rates due to the lower decay heat, but they do 
not create new failure modes. 
A different failure mode might occur if the accident is initiated during a shutdown cycle of a 
reactor [21], [22].  In this period, the RCS is often open to the containment atmosphere and 
minimal safety systems are functional.  Sometimes even the vessel head is dismantled.  This 
means that, in the case of failure of the decay heat removal system, boil-down occurs. This 
boiling process might be very slow, and might be accompanied by air ingression.  Studies 
[23], [24] have shown that these shutdown cycle accidents contribute significantly to the 
overall core meltdown risk. 
Before the accident progression, starting from the different initiating events is described in 
section 3, the main energy and hydrogen sources will be discussed in the following. 
 
1.6. Energy and Hydrogen release 
1.6.1. Decay heat 
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Apart from Reactivity Initiated Accident (RIA) conditions, the decay heat is under severe 
accident conditions the most significant quantity which determines the core dry-out or core 
heat up rate [25], [26]. The amount of decay heat produced in the reactor will slowly decrease 
as more and more of the radioactive material decays to some stable forms.  
The decay heat power comes mainly from five sources: 

1. Unstable fission products, which decay via α, β-, β+ and γ ray emission to stable 
isotopes.  

2. Unstable actinides that are formed by successive neutron capture reactions in the 
uranium and plutonium isotopes present in the fuel.  

3. Fissions induced by delayed neutrons.  
4. Reactions induced by spontaneous fission neutrons.  
5. Structural and cladding materials in the reactor that may have become radioactive.  

 
Heat production due to delayed neutron induced fission or spontaneous fission is usually 
neglected. Activation of light elements in structural materials plays a role only in special 
circumstances, and is usually excluded from decay heat analyses. 
In relative short time after reactor shut down (t > 1000 s) short life isotopes have decayed and 
the decay heat can be determined with sufficient accuracy as function of uranium and 
actinides composition (Np, Pu), burn-up, power level during elapsed time period (days to 
weeks), and time after reactor shut down. The effect of burnable fission-poisoning elements 
(Gd) is not significant for higher burn-up. 
The data in the following table are derived from a 3750 MW(th) PWR with an average burn-up 
of 10/20/30 MWd/kg  Uranium of 107,000 kg urania. The specific power under operation 
conditions yields 35 kW/kg UO2. The specific heat capacity of urania is approximately 
350 Ws/kg/K. For a system pressure of 7 MPa the evaporation heat of water is 1.5 MWs/kg.  

 
Table 1: Effect of decay heat  

Time after reactor shut-down 18 s 1 h 10 h 3 days 

Decay heat (%) relative to full power 4.0 1.3 0.7 0.4 

Adiabatic heat-up rate of core (K/s) 4.0 1.3 0.7 0.4 

Evaporation of water (kg/s) at p = 7 Mpa 100 32 17 10 

 

The table shows that for typical severe accident conditions starting from nominal operation 1 
to 10 h after reactor shut down the decay heat is about 1 %. The equivalent evaporation rate 
would be about 20 kg/s and adiabatic heat up rate is about 1 K/s. With increasing core 
temperatures, the oxidation of the cladding material contributes significantly to the core heat-
up and yields in a temperature escalation with more than 10 K/s. The oxidation is 
accompanied by hydrogen generation, which might be released into the containment und 
jeopardize the integrity of the containment. This process will be described in detail in Chapter 
3.  
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1.6.2. Hydrogen generation 
 
The hydrogen source from the RCS is one of the most important boundary conditions for the 
containment [11], [27]. Thermal hydraulic analyses and accident management measures 
depend on the integral mass of generated hydrogen and on the hydrogen generation rate. 
This source term is strongly determined by the reactor type (PWR, VVER, BWR), the thermal 
power (size), and accident sequences. Quantitative assessments require careful analyses by 
means of computer code calculations using validated models. 
The estimation of the upper limit of hydrogen source considers the oxygen potential of the 
most chemically reactive components in the core, i.e. the mass of zirconium and boron 
carbide. Other materials and structures are not considered, due to their lower chemical 
reactivity and less surface exposed to the fluid. Table 2 shows for zirconium, iron and boron 
carbide the chemical reaction and the released energy per mol of the oxidizing material.  
 
 

Table 2: Chemical reaction with steam 

 Chemical reaction Energy release Mol.Weight 

Zr Zr + 2 H2O  ZrO2 + 2 H2 ΔH = 64 MJ/kg Zr 91 g/mol 

Fe 2 Fe + 3 H2O  Fe2 O3 + 3 H2 ΔH =   1 MJ/kg Fe 56 g/mol 

B4C B4C + 8 H2O  2 B2O3 + CO2 + 8 H2 ΔH = 15 MJ/kg B4C 56 g/mol 

 

Based on the chemical reactions and the mass inventories the potential of hydrogen 
generation can be estimated. The corresponding data for modern Western-type PWR and 
BWR are depicted in Table 3. 

 
Table 3: Mass inventories and maximum amount of hydrogen generation 

Component Fuel Ass. Canister Absorber Absorber Hydrog.

Reactor type Zr (kg) Zr (kg) Fe (kg) B4C (kg) H2 (kg) 

French PWR 900 MWe 20,000 --      300    320   1,000 

Konvoi PWR 1300 MWe  32,000 --      500 -- 1,400 

BWR-72 1300 MWe 39,000 36,000 15,000 1,200 4,500 

 
This means that for the PWR with 1300 MW electrical power a potential of 1,400 kg hydrogen 
generated is mostly given by the total oxidation of the zirconium inventory (relalive small 
contribution from B4C and iron) and 13,000 kg water would be consumed. It is obvious that 
the water inventory does not limit the integral hydrogen generation.  
Much higher is the potential hydrogen generation in case of the BWR with the same electrical 
power due to the high mass of zirconium of the canister walls and the additional iron and 
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boron carbide mass of the absorber elements. Even if only 30 % of hydrogen would be 
generated, the integrity of the relatively small containments would be at high risk. Therefore 
the containment is inerted to avoid any deflagration or detonation of hydrogen in the 
containment.  
Due to the high relevance of hydrogen generation rate in the vessel and the release into the 
containment for the PWR, based on simplified assumptions, considering experimental 
experience and accident analyses, some limitations will be outlined in the following. 
Bundle experiments such as CORA have shown that the amount of oxidation depends on the 
heat-up rate before the cladding starts melting. At very low heat-up rates the oxidation is 
more complete and reaches about 80 % that means that all of the cladding material at higher 
temperatures oxidizes completely. At higher heat-up rates not more than 60 % of the cladding 
oxidizes before clad failure. As a realistic average value one can assume for LWRs an 
oxidation degree of 60 ± 20 %, which corresponds to approximately 600 ÷ 1200 kg hydrogen 
generation. 
The maximum hydrogen generation rate depends on the steam availability and thereby on the 
decay heat. With the assumptions that 1 % of thermal power is the upper bound of the decay 
heat (three hours after SCRAM) and that 30 % of this energy is used for evaporation, one 
gets a power of 13 MW for the steam generation which is equivalent to about 5 ÷ 8 kg/s. This 
limits the hydrogen generation rate to approximately 0.5 ÷ 1.0 kg/s. 
 
In case of core slumping the steam generation increases considerably but the ceramic 
material does not contain large amounts of metallics and therefore the hydrogen source is not 
dominated by oxidation but enhanced flow from the RCS to the containment. The hydrogen 
source is then determined by the accumulated hydrogen in the RCS and the release path. In 
case of a large hot leg break, the amount of accumulated hydrogen in the reactor pressure 
vessel (RPV) is small but the fluid flow is not significantly limited yielding a hydrogen source 
of approximately 5 ÷ 10 kg in a few seconds.  
In cases accidents with an intact RCS (high pressure scenario) the H2 flow is limited by the 
capacity of pressurizer valves (less than 1.5 kg/s). 
Another bounding case is the quenching of a hot core with a significant amount of metallic 
zirconium still present. Under these circumstances the estimation of maximum hydrogen 
generation rate is based on the remaining oxidation potential (let’s assume 50 % of the 
maximum value, i.e. 600 kg) and the quench rate. One high pressure injection pump delivers 
about 10 kg/s water which would result in about 1 kg/s hydrogen (lower bound). Higher 
capacities, e.g. due to activation of emergency core cooling system (about 40 - 200 kg/s), 
result in higher hydrogen generation rates. The upper bound can be estimated by the 
assumption of the shortest time for the core quench (about 1 minute) which would result in 
about 10 kg/s hydrogen generation rate in the case a of hot leg break. The conclusion for 
PWRs is, that based on first principles and evaluation of experiments some limiting values 
can be estimated: the amount of hydrogen generation is in the range of 600 ÷ 1200 kg and 
depending on the scenario the maximum hydrogen generation rate might not exceed 
0.5 ÷ 10 kg/s. More precise data require detailed computer code analyses.  
 



Nuclear Reactor Severe Accident Phenomenology  
Chapter II:  In-Vessel Core Degradation, Early Phase and Melt Formation in Core Region  including Fission Products Release 
and Transport in RCS 
 

II - 80 

1.7. Degraded Core Accident Progression 
 
The behavior of the core, particularly the heating of the core due to oxidation and the melting 
of core materials, is very strongly dependent on the composition and configuration of the 
core. Since UO2 and Zirconium-based cladding alloys are used in most commercial power 
reactors being operated around the world, the strong consequence of Zircaloy oxidation will 
be repeated with minor variations due to the actual alloying elements present. For example, 
Zr-Niobium alloy oxidation rates are somewhat lower than that for Zircaloy.  As a result, the 
oxidation driven heating rates at high temperatures may also be somewhat lower than that for 
equivalent amount of Zircaloy. The melting points and chemical interactions between different 
core materials will also have a similar consequence on the changes in core geometry. The 
general melting of core materials will depend on the melting temperatures of each core 
material but will be impacted by the formation of lower melting temperature alloys as different 
materials in the core chemically interact where the materials are in close contact. In most 
cases, the formation of the lower melting temperature alloys will result in the earlier and lower 
temperature failure of core structures, similarly to the impact of the chemical interactions 
between Zircaloy, stainless steel/Inconel, control material structurese on the early failure of 
Ag-In-Cd and B4C control structures. The relative consequence of these chemical interactions 
can be determined using the appropriated phase diagrams and reaction kinetics rates. In the 
case of Zircaloy-stainless steel reactions, the reaction rates become nearly instantaneous as 
temperatures approach 1500 K, typically resulting in the destruction of the structures at this 
temperature even though lower melting point alloys are initially formed at much lower 
temperatures. 
For other core materials, the oxidation and melting processes, although still important, may 
have a significantly different consequence on the behavior of the core. For example, 
aluminum-based fuel elements, used in many research reactors, will respond very differently 
from Zr-UO2 fuel rods due to the lower melting temperature of the aluminum alloys. In this 
case, although these alloys can react very strongly with steam, the early melting and 
relocation of the cladding effectively prevents the oxidation of these materials under most 
conditions. A more subtle difference, although of equal importance, is the consequence of the 
grid spacer materials and designs used in the core. Because of the strong interaction of 
Inconel and stainless steel with Zircaloy cladding, spacer grids composed of these materials 
will be destroyed at relative low temperatures (1500 to 1700 K) because of the formation of 
the lower melting point alloys. On the other hand Zircaloy spacer grids will remain in place to 
much higher temperatures (2000 to 2100 K). However, the Zircaloy spacer grids will also 
oxidize much like the Zircaloy cladding materials. Since the intact spacer grids also act as 
debris catchers, the location of in-core blockages will depend on the spacer grid materials. 
The design of the core will largely determine the accident progression. For example, in typical 
PHWR designs with horizontal flow channels, the changes in fuel channel geometry at 
temperatures above 1000-1200 K may be somewhat different from those of typical LWRs with 
vertical fuel elements as the PHWR horizontal fuel elements sag and contact the inner wall of 
the flow channels. PHWRs are not in the scope this lecture note as mentioned at the 
beginning of §1. 
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For PWRs, molten material will tend to accumulate locally to the bottom of the fuel channels. 
In this case the formation of blockages that may restrict the flow in individual flow channels 
may be enhanced. Such blockages may have the beneficial effect, limiting the total hydrogen 
production as steam is prevented from entering the channels. However, these blockages will 
also have the negative effect, reducing the local convective heat removal from the coolant 
channels and enhancing the temperature increase. In this case, the initial formation of 
blockages may have a very strong impact on the subsequent failure of the flow channels and 
the longer term formation of molten pools in the core.  
The general impact of natural circulation of coolant or steam in the RCS and vessel is to 
reduce temperature gradients in the core and vessel by moving heat from the hotter channels 
to the cooler channels and structures.  However, natural circulation is strongly affected by the 
design of the plant.  Natural circulation in the primary loops results in the heating of the RCS 
piping and components while providing additional cooling of the core. Even in the event that 
the natural circulation in the loops is blocked by the presence of water in loop seals or 
equivalent piping configuration, the possibility of natural circulation within the piping similar to 
hot leg circulation still must be considered. In all cases, the natural circulation helps remove 
additional heat from the core and vessel structures, slowing the heatup of the core. On the 
other hand, the transfer of heat to the RCS piping and components may also lead to the 
failure of these structures, in particular, that of the steam generator (SG) tubes.  
Although similar in design to Western LWRs, VVER plants, particularly some of the older 
designs, may also exhibit significant in their overall response during a SA. The additional 
water inventory in some VVERs, relative to the total power in the core, may result in core 
uncovery times slower than for otherwise equivalent LWRs.  Thus the overall heating and 
melting rates associated with decay heat and Zircaloy oxidation may be correspondingly 
lower.  Differences in the control rod design in some VVERs, in particular the materials used 
and location of those materials, will have an impact on the early failure of control rods and 
ultimately on the fission product retention in the system.  Other notable effects are discussed 
in reference [8]. 
 [RBMK reactors with separate vertical flow channels surrounded by graphite are very 
different from typical LWR designs. For temperatures above 1500-1700 K the channels are 
likely to fail due to the interactions between the materials in the fuel bundles and channel 
walls similar to the failure of grid spacer and control rods in LWRs. As a consequence the 
subsequent progression of the accident will be totally different from that of LWRs because the 
presence of graphite and separated fuel channels.   In addition, other features of the RBMK 
design including the differences in core neutronics, the limited strength of the primary cooling 
circuit (due to the lift-ff of the upper core plate at relatively low pressures), and differences in 
RCS design (locations of loop seals for example) will also have an effect on the response of 
the plant.  
For gas cooled reactor, the presence of graphite will also be an important factor in the overall 
response of the plant.  Much like RBMKs, the thermal capacitance of the graphite will change 
the thermal response of the core relative to LWRs, slowing the heatup of the core for similar 
power levels.  On the other extreme, the oxidation of the graphite, particularly in the presence 
of air, may result in additional heat generation and the production of non-condensable gases 
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similar to the oxidation of Zircaloy or B4C. RBMKs are not in the scope of this course as 
remained at the beginning of §1.   

 
2. Thermal-hydraulics 

 
During a SA, accurate prediction of the overall thermal-hydraulic response of the plant is of 
fundamental importance for a successful analysis. However, since the thermal-hydraulic 
response of the plant is also very sensitive to (a) the plant design, (b) the response of the 
plant systems and components to the initiating events, (c) operator actions, and (d) other 
external events, it is impossible in this report to define general trends for the thermal-hydraulic 
response of all plant types and conditions [16]. Nevertheless, once a specific reactor design 
and accident conditions are known, it should be possible to accurately predict the thermal-
hydraulic response using currently available SA codes and models.  
There is a wide range of phenomena that can impact the thermal-hydraulic response of the 
plant.  One of the most dominant factors for the management of SAs, is the effect of the core 
and vessel reflooding, which is considered as one of the remaining few outstanding technical 
issues on SA.  Some of the important trends associated with this process are discussed in the 
later section for the reflooding. 
 
2.1. Natural circulation of steam and non-condensable gases 

 
For typical PWR designs, there are three general modes of natural circulation that may have 
an impact on the response of the plant during a SA: in-vessel natural circulation, circulation 
within the hot leg and associated piping, and circulation through the primary loops. 
For in-vessel natural circulation, experiments and detailed code calculations have shown that 
the natural circulation flow patterns are typically formed in the vessel as a direct result of the 
variation in temperature within the core and vessel. These flow patterns can be initially 
influenced by the ballooning and rupture of the fuel rod cladding, the formation of blockages 
formed over a long time period, and other damage inside the core. The primary impact of in-
vessel natural circulation is to delay the overall heating of the core, due to the more effective 
heat removal from the hotter core regions to the colder core structures. As a result, radial 
temperature gradients in the core are reduced and the resultant heating pattern becomes 
much more uniform. Once the peak core temperature approaches to 1500 K, the effect of 
natural circulation is somewhat reduced due to the accelerating oxidation process of the 
hotter core region that is driven by the strong positive influence of temperature on the reaction 
rates. 
 
2.2. Reflooding of hot damaged cores 

 
The reflooding of hot (temperatures above 1500 K), but relatively intact fuel rods may result in 
sharp increases in the temperatures of the fuel rods and surrounding core regions, large 
production of hydrogen and steam, enhanced fission product release and core material 
melting. This sounds counter-intuitive, but the increases in temperature are caused by the 
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oxidation of the regions of the core that have not yet been quenched but are exposed to large 
quantities of hot steam produced by the quenching process.  Although this is still an area of 
active research, a wide range of reflooding experimental data as well as data from TMI-2, 
have demonstrated these characteristic trends. These data have shown that this behaviour 
occurs as a direct consequence of the accelerated oxidation of the Zircaloy-rich structures;  
the cracking of the protective oxide layer (ZrO2) enabling a quite direct oxidation of the 
underlaying Zircaloy layers is a possible contributor while not clearly confirmed by QUENCH 
results.  Another contributor is the oxidation of relocated Zircaloy-rich and B4C-rich mixtures 
that may be present in the coolant channels and were found characterized by enhanced 
oxidation during reflooding or rapid cooling phases as observed in recent small scale 
experiments [30]. As a result of the enhanced oxidation of the core during quenching, local 
hydrogen production rates may increase by an order of magnitude relative to the rates 
produced during core degradation. In turn, the local heat generation rates in the core also 
increase by an order of magnitude, completely overshadowing the local decay heat 
contributions by factors of 10 to 20.  
The rapid heating and cooling, and the associated hydrogen production rates, can also affect 
other processes within the reactor system.  Fission product release rates can increase rapidly 
during quench due to micro-cracking of the fuel and the related release of fission products 
bubbles trapped on the grain boundaries. It should also be noted that the temperature 
escalation due to the enhanced oxidation accompanying the quenching can also cause 
enhanced fission product release. For example, the rapid increase in fission product release 
was observed in the only two experiments, SFD-ST and OECD LOFT-FP-2, where irradiated 
fuel rods were quenched under SA conditions. These two experiments used trace-irradiated 
fuel.  
The pressure in the system can also increase because of the production of large amounts of 
steam and hydrogen during quenching.  The rapid increase in pressure was observed in TMI-
2 under similar conditions when one of the reactor pumps was turned on briefly after initial 
core melting has started.   
The core design and the temperature history of the core before quenching, can have a 
quantitative impact on the mentioned effects of quenching. Transients leading to the heavy 
oxidation of the core prior to reflood will reduce the consequence of oxidation during reflood 
since there will be less Zircaloy to oxidize during reflood. The presence of B4C structures, as 
noted above, or Zircaloy fuel assembly shrouds in certain BWR and VVER designs will have 
the opposite consequence because of the additional oxidation potential of these structures 
and associated mixtures.  
After large blockages of molten fuel have been formed, the consequence of core reflooding is 
not well known from a quantitative point of view. However, the TMI-2 accident analysis and 
other supporting calculations have shown that after peak core temperatures exceed 2800 K 
and large melts of UO2 and ZrO2 have been formed, reflooding the core is not effective in 
arresting sustained core heating and growth of the molten pools.  The aforementioned result 
is mainly due to the reduced heat transfer surface area and the low thermal conductivity of 
the ceramic crust surrounding the melt. In the case of TMI-2 accident, the molten pool placed 
in the upper core region continued to grow, and ultimately a portion of the melt was relocated 
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into the reactor lower plenum, even after the core had been totally covered with water.   In 
addition, the existing mechanical analysis on the molten pool crust has shown that the 
stability of the crust depends on its configuration and thickness, and variations in system 
pressure. While the thickness of crust is determined from the local heat transfer from the crust 
surface to the surrounding water, the other two parameters are dependent on the prior 
temperature history of the core and external thermal-hydraulic boundary conditions [28]. 
The reflooding of the regions of the core with temperatures above the melting point of the 
Zircaloy cladding (~2250 K for Zircaloy saturated with oxygen) but below the melting point of 
the fuel (~3120 K) is expected to show trends somewhat in between the previous two 
extremes. For temperatures higher than 2250 K, intact fuel columns may collapse due to the 
thermal shock associated with quenching but will not produce any significant quantities of 
hydrogen since much of the remaining Zircaloy may either be completely oxidized or melted 
and relocated in the lower temperature regions of the core. The collapse of the fuel may result 
in an increased release of the fission products trapped inside the fuel rods.  Additional 
hydrogen may be produced mainly from the lower temperature core regions where molten 
Zircaloy may have refrozen or accumulated in the form of metallic layers, but this hydrogen 
production rate is limited by the reduced surface area of Zircaloy. 
The consequence of reflooding of the lower plenum region and structures is not well known, 
and as is discussed in a later section, is an active area of current research. The examination 
of the TMI-2 lower head, and similar experiments using simulant materials have shown the 
potential for the enhanced cooling of the debris and vessel structures due to the combination 
of the formation of gaps between the debris and the vessel structures and the cracking of the 
debris itself.  
 
3. Oxidation of core materials 

 
The oxidation of core materials is important in view of the SA progression, due to the 
production of hydrogen and other combustible gases, the generation of heat that may exceed 
the decay heat at high temperatures, and the transition of the metallic materials (e.g., Zr) into 
brittle ceramic materials (e.g., ZrO2).  Of them, as described in section 1.6.2 above, the 
oxidation reaction of Zircaloy by steam is considered as the most important contributor to the 
behaviour of the core.  
The oxidation of other materials, particularly B4C, can also be important in some cases. It 
should be noted that other Zr alloys behave differently from Zircaloy. When the oxidation 
kinetics of different alloys is considered, thus, the quantitative trends may be somewhat 
altered. 
3.1. Zircaloy oxidation in steam 

 
During a SA, the oxidation of the Zircaloy structures has a significant consequence on the 
overall behaviour of the LWR core.  Although the specific consequence depends to some 
degree on the type of transient being analyzed, the exponential increase of the Zircaloy 
oxidation in fuel rod temperatures exceeding 1500 K is a characteristic feature of 
representative SA experiments and plant simulations.  In the presence of steam,  the sharp 
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increase in fuel temperatures is a direct result of the positive feedback between temperature 
and the oxidation of Zircaloy (autocatalytic interaction). As shown in the LOFT-FP-2 
experiment, the initial core heat-up rate less than 1 K/s due to decay heat is rapidly increased 
by an order of magnitude, due to additional heat released by the Zircaloy oxidation. As a 
result, temperatures of the fuel rods and intact core structures increase rapidly to above the 
melting point of Zircaloy (2250 K). In this condition the subsequent thermal response of the 
core, particularly peak or average core temperature, is strongly dependent on the sustained 
oxidation of the Zircaloy.  While the total heat generated by the Zircaloy oxidation process is 
enough to drive the peak core temperature above 3000 K and up to the melting point of the 
fuel, the total amount of oxidation energy added to the core can be limited by several effects: 
1/ the availability of steam in the core, 2/ the diffusion of steam through the hydrogen rich 
boundary layer in front of the cladding (hydrogen blanketing) and 3/ the diffusion rate of 
oxygen through the external ZrO2 scale and underlying metallic Zircaloy.  In general, the 
diffusion coefficient for Zircaloy is characterized by an exponential function of temperature. 
For typical transient sequences, the diffusion of oxygen into the Zircaloy tends to limit the 
oxidation process at lower temperatures. Once the peak temperature exceeds 1500 K, the 
positive feedback between core temperature and oxidation rate is limited by the growth of the 
external ZrO2 scale.  More specifically, the rate of oxidation decreases as the oxide thickness 
grows (at constant temperature, the rate is inversely proportional to the oxide layer 
thickness). However the increase of the diffusion rate with temperature completely 
overwhelms the consequence of the protective effect of the ZrO2 layer up to the complete 
oxidation of the cladding. As the core temperature become higher, the availability of steam 
and the diffusion of steam to the surface of the Zircaloy structures limit the oxidation rate and 
the core thermal-hydraulic conditions become more important than the temperature itself. In 
particular, the increase of hydrogen concentration in the upper core region and the decrease 
of steam generation rate due to the decreased water level, become more effective in limiting 
the maximum oxidation rates, especially in the upper core region portion. 
At a given location of the core, the total amount of oxidation that depends on the amount of 
Zircaloy present at that location can also be limited by the liquefaction and relocation of 
Zircaloy. For transient sequences characterized by relatively rapid initial heating rates (above 
0.3 to 0.5 K/s), the build-up of a protective oxide layer on the outer surface of the Zircaloy 
cladding is limited, allowing above the Zircaloy melting temperature, cladding failure and 
relocation of molten Zircaloy to the lower core region.  In this case, the oxidation process is 
terminated at the original location of the Zircaloy. Although the relocating Zircaloy continues 
to oxidize, the enhanced cooling as the melt moves toward cooler regions of the core tends to 
rapidly cool the material, in turn terminating the oxidation process as the material moves 
lower in the core.  For transient sequences characterized by slower heating rates, typically 
lower than 0.3 to 0.5 K/s, the formation of a thicker protective oxide layer prevents the 
relocation of the molten Zircaloy and as a result the Zircaloy can be completely oxidized in 
place. For intermediate initial heating rates, a combination of relocating Zircaloy and complete 
consumption of the Zircaloy tends to control the oxidation process. 
The total amount of hydrogen released to the RCS and containment building is mainly related 
to the oxidation of the Zircaloy. Although the oxidation of the core structures (stainless steel, 
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B4C) can contribute to the total amount of hydrogen generated in the vessel, the early melting 
of these structures tends to limit their contribution. The oxidation of the fuel can also 
contribute to the total hydrogen, but is limited by the exposure to steam and the rate of 
oxidation of UO2.. 
The temperature response of the core is directly related to the Zircaloy oxidation process. 
Although the maximum core temperature is ultimately limited by the melting of the fuel, the 
peak core temperature is limited by the peak oxidation rate. At rapid heating rates, the peak 
core temperature occurring during rapid oxidation approaches the melting point of Zircaloy.  
At slow heating rates, the peak core temperature can be limited by the melting point of the 
ZrO2 material.  The bundle heating and melting experiments are normally terminated just after 
the rapid oxidation and melting occurs and the peak core temperature measured in the 
experiments is directly related to the peak oxidation rate.  

 
3.2. Oxidation of B4C in steam 

 
As discussed in the previous section on core reflood, a limited number of reflooding 
experiments with fuel rod bundles or B4C control blades have shown that the oxidation of B4C 
may contribute to the production of hydrogen and also to the production of other gases such 
as CO, CO2, CH4 and large amounts of B-compound aerosols [30]. The latter gases are 
mainly produced during reflood or final rapid cooling phase. Nevertheless, the produced 
methane may react with the iodine released from the fuel to form volatile organic iodine (key 
factor of the radiological risk). However, this was found to be very low. More important are the 
potential effects of CO, CO2 and B-compounds on the chemistry of fission products in the 
primary circuit. Regarding the H2 production, it should be noted that the amount of B4C is 
relatively small compared to the amount of Zircaloy in typical NPPs so that the consequences 
of B4C remains limited (maximum 15% of the total hydrogen production is due to B4C). The 
B4C was also found to favour the core liquefaction during the degradation phase of bundle 
experiments such as CORA and QUENCH tests with B4C material and the Phebus FPT3 
test. The main impact of B4C oxidation concerns the change of the chemistry in the RCS and 
in the containment. It is responsible for the production of significant amounts of volatile iodine 
very soon during the FP release from the core as found in the Phebus FPT3 test. .  
 

 
 

4. Loss of core geometry during a severe accident 
 

The loss of the original core geometry can occur gradually over a period of minutes to hours, 
covering, for LWRs, a wide range of temperatures from 1000 K to 3000K. The specific timing 
and temperatures of the core degradation processes are very strongly dependent on types of 
core materials, the initial uncovery and heating rates of the core, system pressure, and overall 
thermal-hydraulic response of the plant so the ranges quoted apply strictly to Western LWR 
designs with UO2-Zircaloy fuel rods, and Ag-In-Cd or B4C control rods or blades. The main 
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causes of core degradation are chemical interaction between core material leading to the 
formation of low melting point alloysOther reactor designs may respond differently as a 
consequence of different formation of lower melting point alloys and melting temperatures. 
Since the core geometry is changed primarily with the local core temperature, many of these 
changes can occur simultaneously in different regions of the core.  The typical transient 
sequences involve a general increase in the maximum and average core temperatures with 
time and the initial geometrical changes such as ballooning and rupture of the fuel rods 
occurs at lower temperatures during the early phase of transient sequence. During the 
following phase the core degradation increases with the temperature. A notable core 
geometrical change due to fragmentation of heavily oxidized materials can be associated with 
the core reflooding. This kind of geometrical change can occur at any time once the core 
structures have absorbed a sufficient amount of oxygen to become brittle. 
 
4.1. Ballooning and rupture of the cladding 
 
For low-pressure accident sequences, the Zircaloy cladding starts to balloon and rupture 
once the core temperature reaches 1000 to 1200 K.  In that case, the timing and temperature 
of ballooning and rupture depend on the internal pressure of the fuel rods (including any 
fission gases that may be released into the gap), and the mechanical characteristics of the 
cladding material.  For high-pressure accident sequences, due to the collapse of cladding 
onto the fuel at low temperature the failure of Zircaloy cladding may be delayed until the core 
temperature reaches above 1500 K. Even though the cladding does not fail mechanically in 
that case, chemical interactions between the Zircaloy cladding and other core materials can 
cause local failures of the cladding due to the formation of low melting temperature alloys. 
At this stage of core damage, the most significant consequences of cladding ballooning and 
rupture is the release of fission products, the exposure of the inner surface of the cladding to 
steam, and changes in the relocation of fuel rod materials later in the transient. Ballooning 
and rupture may also alter subsequent flow patterns in the core, particular when the 
deformation is extensive. 
Experiments (OECD Halden LOCA Project) with high burn-up fuel rod segments have 
recently shown that the fuel fragments from higher elevations can fill in the lower ballooned 
region of the cladding, resulting locally in a higher linear power due to the increased fuel 
mass per length. This might impact the long-term coolability of the core even under Design 
Basis Accident conditions. 
4.2. Liquefaction and relocation of control and structural materials 
 
For typical LWR designs and at temperatures between 1500-1700 K, chemical interactions 
between Fe-Zr, B4C-Fe, Ag-Zr, B4C-Zr and others can result in the early liquefaction and 
relocation of core structures such as grid spacers, Silver-Indium-Cadmium or B4C control 
structures, and the portions of the Zircaloy cladding material in direct contact with the other 
materials. For rapid transient sequences where the onset of chemical interactions is not 
delayed, the failure can occur at temperatures near 1500 K. For slower transients, the failure 
will be delayed until temperatures near 1700 K are reached. In the latter case, the formation 
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of protective oxides on the Zircaloy tends to delay and restrict the kinetics of chemical 
interactions. 
At this stage of core damage, the most significant consequence of the material interactions is 
that the control materials can become segregated from the fuel, increasing the potential for 
recriticality in case of core reflooding.  
 
4.3. Liquefaction and relocation of Zircaloy cladding  
 
The melting point of Zircaloy typically ranges between 2000 and 2250 K depending on the 
alloy and oxygen content. 
Just above 2000 K, the Zircaloy cladding can melt and in some cases drain into the lower 
core regions. Since the relocation of the molten Zircaloy cladding may be delayed or 
prevented by the formation of protective oxides on the outer surface of the cladding, the 
drainage of molten Zircaloy depends to a large extent on the early temperature history. For 
fast transients with heating rates in excess of 0.3 to 0.5 K/s or transients with the low core 
water level, the Zircaloy cladding will melt and drain with a short delay into the lower core 
regions. In this condition, the dissolution of UO2 by molten Zircaloy is limited.  For much 
slower transients (typically with heat-up rates below 0.3 to 0.5 K/s), the relocation of molten 
Zircaloy is inhibited by the formation of a thick protective oxide layer (ZrO2) on the outer 
surface of the cladding. The formation of this thick protective oxide layer can be also 
enhanced by transients characterized by multiple events of core heating and cooling with 
peak temperatures remaining below 2000 K preventing relocation of molten Zircaloy. 
Examples might include the cycling of relief valves or periodic accumulator injection.  
When maintained in place in between UO2 pellets and the external ZrO2 layer, the molten Zr 
can dissolve partly the UO2 pellets and, at a lower extent, the external ZrO2 layer of the 
cladding. These chemical interactions induce the liquefaction of UO2 and ZrO2 at about 
1000K below their melting points and are responsible for the formation of U-O-Zr mixtures 
which remain in place up to the failure of the ZrO2 layer at temperatures greater than 2300K. 
The greater the ZrO2 thickness, the longer molten Zr can stay in contact with UO2 and 
dissolve it. In this case the dissolution is limited by the concentration of Zr in the liquid phase 
(typically 20 % by mass concentration). 
After clad failure, the oxidation of the relocating mixtures can continue. Nevertheless, the 
most significant consequence of the drainage of molten Zr-rich mixtures is the reduction in the 
hydrogen production and of the large generation of heat due to the oxidation of the Zircaloy. 
Globally, the reduction in the core oxidation is due both to the relocalisation of the molten 
Zircaloy in colder zones of the core where its freezes on grid-spacers or near the water level 
and to the formation of the blockages with reduced surface areas exposed to the steam.  
A secondary consequence of the fuel dissolution by the molten Zircaloy is the impact on 
fission product release. Enhanced release can occur due to the dissolution of the crystalline 
matrix and the migration of related gas bubbles through the bulk melt phase. However as 
observed in some experiments carried out under some reducing conditions the liquid phase 
could also act as a trap for large gas bubbles, producing a foaming-like structure in which 
bubbles are stable.  
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After relocation, the subsequent heat-up of the core can be altered due to the fact that natural 
circulation flow patterns change as the coolant channels fill up with molten material. These 
flow blockages zones typically located at the original grid spacer elevations or near the water 
level in the lower portion of the core, are a preliminary step in the formation of subsequent 
blockage of molten fuel and remaining oxidized cladding materials. However, existing 
experiments indicate that the formation of such metallic Zr-rich blockages are not necessary 
to the formation of subsequent regions of frozen or molten pools of fuel or other oxidized 
materials. Ceramic crusts composed of oxidized materials can also form as a direct result of 
heat transfer in the core. 
 
4.4.  Liquefaction and slumping of the fuel 
 
The fourth significant change in core geometry occurs when the temperatures of the fuel or 
oxidized cladding material approach their melting points. In these conditions, the fuel and 
remaining oxidized cladding material start to slump lower in the core. In some cases, if the 
fuel has a sufficient level of burn-up and the RCS pressure is low enough, the fuel can swell, 
causing additional reductions in the flow area, as the initial porosity of the fuel increases. 
Depending on the location of the slumping material, and the temperature gradients in the 
core, the ceramic fuel and oxidized cladding material will relocate to cooler regions of the core 
until it freezes, resulting in the formation of large blockages. These blockages can then trap 
molten materials formed subsequently at higher levels in the core or upper plenum. Although 
the specific temperature range for fuel rod collapse depends on the composition of the fuel 
and oxidized cladding material, and on additional chemical interactions (UO2 oxidation by 
steam, UO2-ZrO2 eutectic formation,…) the formation of ceramic melts will occur at 
temperatures well below the melting point of the ZrO2 and UO2 and even lower than the 
temperature of formation of the UO2-ZrO2 eutectic at ~ 2800 K.   Bundle experiments with pre-
irradiated fuel such as Phebus FP experiments carried out in oxidizing conditions showed fuel 
collapse temperatures around 2500-2600K quickly followed by a molten pool formation. 
The consequence of the formation of large blockages characterized by molten pools of 
ceramic material can be significant. Because of the size of the blockages, typically extending 
over a large portion of the core, the flow patterns in the core can be greatly altered. However, 
the blockages may result in enhanced cooling of other unrestricted core regions, slowing the 
heat-up of cooler, typically lower powered core regions. Since the molten core pool may be 
surrounded by the peripheral frozen crust, fission products may be retained inside the fuel 
even though temperatures are above its melting point. When the size of the molten pool is 
relatively large, the resultant molten pool natural circulation can affect the heat transfer to the 
peripheral boundary through surrounding crust.  The most notable impact of the molten pool 
natural circulation is that the heat transfer rate to its sides and top may be much greater than 
to the bottom. Thus, the frozen crust becomes thinner in the sides and top of the molten pool 
than the bottom, resulting in the preferential failure of the corresponding crusts at the upper 
level. 
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4.5. Relocation of molten pool materials into the lower plenum 
 
The fifth significant change in the core geometry occurs as the molten pool trapped in the 
core moves lower in the core or lower plenum.  In the case of TMI-2, the melt moved through 
core bypass into the lower plenum (over 50 tones of corium in the core pool, ~30 tonnes were 
relocated through the bypass). Although there is limited data for this process under prototypic 
conditions, the TMI-2 accident progression analysis indicates that the melt relocation is 
initiated by the penetration of the molten pool to the outer or lower periphery of the core and 
the failure of the frozen crust enclosing the melt. Prior to more dramatic relocation to the 
outside of core, the molten material can move radial and axially in the core region, but the 
movement appears to be a sporadic expansion of the frozen crust and molten pool due to the 
limited core flow areas.  The melt relocation can occur even if the core is completely covered 
with water although the additional cooling may slow or even prevent the further movement of 
the melt.  In the case of TMI-2, the core was reflooded prior to the relocation of a significant 
amount of the melt into the lower plenum. In spite of the cooling water injection which filled 
the core region, the progression of the molten pool in the core could not be stabilized, the 
heat exchange through the surrounding crust being not sufficient to extract the residual power 
generated by trapped fission products in the pool. The radial progression was sufficient to 
reach the surrounding core former wall. Although the exact details of the melt relocation in 
TMI-2 are not known, it was postulated that the melt relocation into the lower plenum was 
initiated by a variation in the system pressure. This pressure variation resulted in a 
mechanical failure of the crust, the melting of a hole in the core former walls by the hot melt, 
and subsequent drainage of the melt through the bypass into the lower plenum. A small part 
of the melt was directly relocated axially through some fuel rod assemblies at the periphery of 
the core. This mechanical failure of the crust and relocation of a portion of the melt was 
accompanied by the partial collapse of loose debris and fuel rod fragments supported by the 
upper crust. Although confirmatory data are not available for prototypic core materials and 
scale, in the case of accidents where the core is not reflooded and the core is uncovered, the 
molten pool will continue to grow axial and radial until reaching the boundary of the core.  The 
fraction of the core that is molten at this stage and ultimate relocation path into the lower 
plenum will depend on the power distribution in the core, the design of the core and 
surrounding structures, and the thermal-hydraulic boundary. 
Because of the difference in axial peaking factors in the BWR core, with relatively flat flux 
distribution during some stages of the burn-up history, and the PWR core, with a more 
pronounced cosine shape distribution, it has been postulated that the molten pool is more 
likely to drain directly into the lower plenum in the BWR case or through the core bypass 
region in the PWR case. The drainage of the melt into the lower plenum is also made more 
likely in BWRs since many SA sequences in BWRs also result in the earlier depressurization 
of the system, resulting in a relatively low water level at the start of initial core heat-up. 
The consequence of relocation of the melt into the lower plenum will depend strongly on the 
amount of water available in the lower plenum.  In the unlikely case that the lower plenum is 
steam filled, the melt can directly contact the lower head structures and may melt through the 
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structures relative quickly.  In the more likely case where water is present in the lower 
plenum, the heating of the lower head structures will be delayed but the system pressure may 
increase sharply because of the contact of the melt with the water. Although the likelihood of 
an energetic melt-water interaction within the vessel is considered to be low, any 
fragmentation of the melt due to the enhanced heat transfer between the melt and the water 
can alter the long-term coolability of the debris and vessel wall. The relative timing and nature 
of the relocation process also has an important effect on the stratification of molten core 
materials in the lower plenum of the vessel. For example, the early relocation of ceramic 
material from the upper core portion may result in the formation of multiple layers of ceramic 
and metallic materials in the lower plenum. The late relocation may promote the mixing of 
core materials in the lower plenum resulting in the reduction of the number of different 
material layers. 
 
4.6. Fragmentation of embrittled core materials during quenching 
 
The sixth major change in core geometry, unlike most of the other changes, results from the 
the fragmentation of embrittled materials due to the addition of water to the core. At lower 
temperatures below 1500 K, the fragmentation of fuel rod materials has been relatively well 
characterized due to the research on cladding embrittlement under DBA conditions. In this 
case, experiments have shown that the cladding will fail and fuel pellets may fragment. At 
temperatures above 1500 K, the change in geometry is very much dependent on the 
geometry of the degraded core at the time of reflood. For regions where either molten metallic 
or ceramic melts have refrozen, there may be some cracking of the refrozen material but 
there is little over change in the geometry of the material. For regions where the fuel rods are 
relatively intact and peak temperatures remain below the melting point of Zircaloy, the fuel 
and cladding may fragment and partially collapse to form a solid debris bed.  For regions 
where fuel rods are relatively intact but the peak temperatures have exceeded the melting 
point of the Zircaloy cladding, the fuel pellets will remain relatively unchanged even though 
much of the Zircaloy cladding has melted away.  
The relative stability of the columns of fuel pellets, once Zircaloy melting temperatures have 
been reached, has been attributed to the dissolution of UO2 by molten Zircaloy, resulting in 
penetration of molten Zr into cladding cracks and gaps between fuel pellet and cladding.  This 
process effectively welds the fuel pellets together. Two notable exceptions have been noted. 
First, if the melting and draining of the molten Zircaloy occurs very quickly, the fuel pellets 
collapse during the addition of water. This has been attributed to the fact that there is 
insufficient time for the molten Zircaloy to penetrate into the pellet interfaces and cracks. 
Second, if the fuel is exposed to steam for an extended period of time, the oxidation of the 
UO2 by steam tends to cause the fuel to break apart on grain boundaries during quenching.  
The primary consequence of this change in geometry is associated with the breakup of the 
protective ZrO2 layer and underlying brittle oxygen-rich Zr layerof the cladding. As discussed 
in more detail in a previous section on reflood, this breakup can result in the dramatic 
increase in the oxidation rate of the Zircaloy under some circumstances. The breakup of fuel 
rods can also result in a dramatic increase in fission product release, as the fuel is exposed to 
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hot steam and the breakup of the fuel at grain boundaries is enhanced. A secondary 
consequence of the fuel rod breakup is that the resulting rubble debris bed may alter 
subsequently the flow patterns in the core and the heat transfer from the fuel.  
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1. Introduction 
 
The TMI-2 is the only core meltdown accident in a PWR or BWR to date. About 20% of the core 
inventory was relocated to the water filled lower head. The figure 1 shows the final state with a 
molten cake with an overlying particulate debris bed had formed in the lower head while the lower 
head was still flooded. 
 

 
Figure 1: final state of TMI-2-lower head 

 
The configuration and the damage are somewhat inconsistent: Some guide tubes in contact with 
the cake and the debris did not melt while others melted away. Though the hot cake was in direct 
contact with the vessel wall no serious thermal attack of the RPV vessel wall occurred. The 
overlying debris is not evenly distributed, in the middle above the hot spot there is no overlying 
debris at all. 
The findings from the TMI-2 accident provide the guideline for developing scenarios for the 
evolution of a severe accident in the lower head. TMI-2 is the only experimental knowledge 
available in the prototypic scale. All other approaches to the problem are based on a combination 
of expert judgment, small-scale experiments and extrapolation to reactor conditions. Since 
experiments with radioactive corium are not feasible this is the only way to investigate the 
problem. 
The configuration is highly complex and many physical phenomena are playing an important role 
in the evolution. This is illustrated in the figure, where some issues are shown. 
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Figure 2: physical phenomena involved in SA lower head 

 
This lecture focuses on the phenomena. Identifying the important phenomena, understanding the 
conditions under which they play an important role and the capability to predict their effect both 
qualitatively and quantitatively is the objective of the research on the behavior of the molten core 
in the lower head. 
 
A reliable knowledge is important for: 

•  a realistic estimate of the hazard and risks connected with a core meltdown, 
• especially for the use in PSA Level 2 analyses, 
•  the assessment of accident management measures, 
•  the determination of the potential of gap cooling and the possibilities for in-vessel 

retention. 
 
There should also be a word of caution: The scenarios and phenomena presented here are an 
extrapolation of reliable knowledge by expert judgment to physical situations for which no real life 
experience exists. So there is no proof that some important points have not been missed or 
extrapolation may be wrong. It should also be pointed out that the small scale experiments have 
been designed in such a way that the expected phenomena occur. This does not prove that under 
reactor conditions they will occur. As long as it is not possible to explain why there was no thermal 
attack on the lower head in the TMI-2 accident it is evident that the research on the behavior of 
the molten core in the lower head is still missing some important facts. 
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2. Objective of Research on the Late In-Vessel Phase 
 
This section deals with the “Late in-vessel” phase of a severe accident. This part of the scenario 
starts with the relocation of the molten core material from a region in the reactor core above the 
flow distributor plate to the lower head. The objective of the research is to find out what will be the 
next step in the evolution of the severe accident. 
There are two bounding cases that characterize the late in-vessel phase: 
 
• Melt retention within the vessel. 

This is only possible if there is: 
1. sufficient cooling including sufficient water supply from inside and outside of the vessel, 
2. no re-criticality, 
3. no steam explosion. 
 

• Vessel failure by melt attack and melt relocation to the lower cavity. 
Four parameters are of concern: 
 
1. vessel failure mode, including from catastrophic failure by complete cut-off of the lower 

head, hole-type opening or fish-mouth cracks (in some cases) that will close after 
depressurizations, 

2. failure time, which limits the time for in-vessel retention accident management measures 
by the operator, 

3. breach location, where the melt is released to the cavity, 
4. breach size, which gives the amount of melt released to the cavity. 
 

 It should be emphasized the special features of the individual design can make a big difference 
and that besides the fundamental differences between PWRs and BWRs there are also 
differences between the various type of PWRs and BWRs. 

 
3. Initial Conditions 
 
The prime variable of the initial conditions are: 
 

1. the amount of melt, its composition and its content of fission products. The relocated melt 
is made up of four relevant components: 

 
a. The corium which is a solution of Uranium oxide in Zirconium and which is 

characterized by the U/Zr ratio and the degree of oxidization. 
 
b. Other material from the core internals, mainly stainless steel (Fe, Cr, Mo) and 

control rod material (In, Cd, Ag or B4C) and boron from borated coolant fluid. 
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c. The fission products, which did not escape the melt. These are called “low volatility” 
fission products and the source of the volumetric heat production. 

 
d. Plutonium from neutron capture, which could be - alone or in combination with 

uranium - the source of recriticality, the restart of a chain reaction. 
The greater the amount and the decay heat production, the harder it will be to cool 
the melt. 
 

2. The rate of melt delivered to lower head. Sudden release of a large amount may lead to 
hazards while low rates are not considered to be dangerous. 

 
3. The type of relocation: hot liquid corium melt of 2500°C or a wet sand type of relocation of 

lower temperature liquid-solid mixtures.   
 

An initial condition that is a branch point for two bounding scenarios is the presence of water in 
the lower head (see figure 3). 
 
 

    
Figure 3: possible scenarios: Left: dry lower head, Right: Wet lower head. 

 
1. Dry lower head. In this case the hot melt comes into contact with the lower head structure and 
lower head internals (if there are any) and the melt jet may impinge the vessel wall. Jet 
impingement is an issue to analyze. A impingement of the hot melt jet on vessel wall could 
endanger the vessel integrity, since the melt jet temperature (2500°C?) may be much higher 
temperature than vessel melting temperature (1500°C) and a large stagnation heat flux cannot not 
be excluded. 
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There are no hot corium experiments on jet impingement but small scale experiments with melt 
stimulant which indicate that small diameter, long duration melt jets are of much greater concern 
than the large-diameter short-duration jets. 
The self-protecting mechanism lies in the fact that oxidic corium may form an insulating crust while 
the heat in the metallic vessel flow easily away from the impingement location before major 
damage can occur. 
2. Wet lower head. In this case the hot melt drops into water: This may results in : 
a) steam explosion. It is of concern that a steam explosion might result in a immediate and 
catastrophic failure of the RPV. If the steam explosion does not cause great damage like blowing 
the vessel or ejecting instrument tubes in the lower head it may have another very unfavorable 
effect. It may form very small size particles that may create low porosity debris bed, that is hard to 
cool. 
No hot corium steam explosion has been achieved in experiments till today. 
However it cannot be excluded that this is a mechanism that does not work under reactor 
conditions. 
b) break-up of corium jet, partially or completely in to small corium debris and form a debris bed 
with or without overlying water. The melt jet can break-up of real hot corium was investigated in 
the FARO experiments [4]. It was found that a particulate bed forms with particles of 2-3 mm in 
size particles. 
c) Jet impingement of the vessel wall cannot be excluded, but is of minor concern  if there is water 
in the lower head. 
d) Steam oxidation of the corium to a higher degree due to the evaporation of the residual water in 
the lower head. 
 
Lower head internals are geometric initial conditions. They have a substantial effect on the 
evolution of the scenario. It makes as big difference if the lower head has no penetrations or not. 
Penetrations are undesirable for structural integrity, but control rod guide tubes in the lower head 
are favorable for mastering severe accident conditions. 
Especially in BWRs there is a forest of control rod guide tubes which is expected to prevent : 
 

a. Dry lower head, some water is always left in the center 
b. melt jet impingement, there is no way to reach the wall directly 
c. Steam explosion, because there is not sufficient space to form a pre-mixture for a large-scale 
steam explosion 
In addition, there will be a better coolability of the debris bed due to additional cooling by the 
tubes, in particular if water flow is maintained in control rod guide tubes. 
 

4. Boundary Conditions 
 
If the operators in the control room are aware of the meltdown of their reactor and if they are 
trained well enough they will find a way to restore the water supply, The fundamental boundary 
condition in the scenario is the time point and the amount of water available inside the vessel for 
in-vessel cooling or outside the vessel in the cavity for ex-vessel cooling. This boundary condition 
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can change the evolution of the severe accident completely. It also makes severe accident 
analyses more complex since in every situation the question has to be analyzed what will happen 
if water is applied to this configuration of the molten material? 
To stabilize the melt, the decay heat of only a few Megawatts has to be removed. This requires 
only a few kilograms of water per second which is not so hard to achieve. The prime concern is 
the question if the melt configuration is coolable in the sense that supplying enough water will stop 
the thermal attack on the vessel wall or – though plenty of water is available - the melt forces its 
way to the containment. 
Generally speaking, only ex-vessel cooling can stop the vessel failure and this can only be 
achieved if no excessive stagnant heat fluxes occur. In-vessel retention requires a sophisticated 
in-vessel retention system. It is doubtful that by simply pouring water on top of the hot melt the 
melt will be stabilized, though it worked in the TMI-2 accident.  
 
5. Coolability of the Particulate Debris Bed in the Lower Head 
 
The prime concern connected with particulate beds is coolability : How long can the bed be kept 
from forming a molten pool. In an optimistic bounding case the relocated melt forms a particulate 
bed full of saturated water, the pessimist case is that that bed is dry and starts the attack on the 
vessel wall immediately. 
There are several options for the debris bed to start the attack on the vessel wall. The most 
severe attack is that the debris bed melts down completely and turns into a hot molten pool in 
direct contact with the vessel wall. This leads to question under which conditions complete melting 
will occur (see figure 4). 
 
 

   
Figure 4: debris into hot molten pool 

 
The first step on the way to the molten pool is the appearance of stagnant dry-out regions in the 
debris bed. Most researchers define the coolability limit of the debris bed as the point when 
stagnant dry-out regions appear. The corresponding heat flux is called dry-out heat flux. It is 
calculated by dividing the heat generated by the volumetric heat source in the bed by the 
horizontal cross section of the bed.  
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Though it is generally accepted that passing this coolability limit results in a total meltdown of the 
particulate debris, a critical comment is in order here: Dry-out in a water bed means 100°C and 
the melting temperature of corium is 2500°C. The heat required for the evaporation of the water is 
only a small part of the heat required to heat the saturated steam up to 2500°C. The potential of 
high temperature steam cooling has not been investigated yet. 
The prime parameters of a particulate bed are: 
1. the average size of the particles, 
2. the size distribution, 
3. the overall shape of the bed, 
4. the ways that water can enter into the bed, like top cooling or bottom cooling. 
 

All these parameters have a substantial effect on the issue of keeping the particulate bed from 
forming a melt pool or attacking the vessel wall. 
For uniform particulate beds there has been a large body of experimental investigations in small 
scale facilities using simulant materials. Experiments are typically carried out in cylinders or slab 
filled with balls or sand particulate and water supply is provided from the bottom or the top. As 
soon as stagnant dry-out areas appear the heaters are shut off. No experiments have been 
conducted yet with real corium or until the point where local molten regions have formed. 
In some experiments it has been observed that the bed reaches a point where the geometry is no 
longer fixed but the size of the channels is changed by the fluid flow, smaller particulates are 
washed out of the bed and washed into the bed again at other regions thus creating dynamic 
configurations of the bed. 
If there is no permanent sufficient water supply to the bed, it will sooner or later dry out and form a 
molten pool. It has always been assumed that this pool has the shape of a hemispherical cap, as 
would be the case if a liquid is poured into the lower head. If one assumes that the pool forms by 
melting a particulate bed this shape is not self-evident, especially in case that there is a stable 
crust. 
 

6. Convective Melt Pool in the Lower Head 
 
The two cases presented above “dry lower head” or “wet lower head” will lead to the formation of 
a melt pool which heats up to a stationary state. The volumetric heat generation in the pool is so 
strong that it will be in a state of turbulent natural convection. 
The material composition of the pool will be mainly in-vessel corium consisting of molten solution 
of Uranium oxide and Zirconium plus some material from the control rods and the core internals. 
There may be a substantial amount of Plutonium also. The fission products contribute only a 
minor part of the molten material and they may be considered as well mixed impurities. It is 
reasonable to expect that the lower head internals like a sieve barrel or tubes penetrating the 
lower head will melt and also contribute to the molten pool composition. 
 
There are several options for the boundary conditions of this molten pool: 

1. Since the vessel is at low temperature and a good heat conductor, an insulating crust will 
form at the lower boundary, which is in direct contact with the vessel or with a postulated 
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cooling gap. This results in an isothermal boundary for the pool: the solidus of the molten 
corium (~ 2350°C) 

2. There are four options for the upper boundary of the pool: 
a. Direct contact to the RPV atmosphere consisting of air or steam. 
b. Metal layer, made of RPV internals that do not mix with the pool. 
c. Overlying particulate debris bed, that has not yet melted and which may be dry or wet 

due to cooling. 
d. Overlying water cover, cooling the melt pool from above. 
In all cases an insulating upper crust will form. This upper crust may be stable or instable. 
In case it is stable it provides an isothermal boundary. This is the standard model for the 
molten pool. 

 
In case that it is unstable, convective shear will lead to break-up of the crust and subduction of the 
crust plates. This phenomenon is observed in lava ponds or at large scale the continental drift. 
These mechanisms have not yet been investigated. 
Due to the heat transfer to the core internals in the course of the transient material from the upper 
core structures will be falling onto the pool. Possibly it will destroy the upper crust and change the 
actual configuration and the convection pattern. 
The main focus in pool research is on the hemispherical molten pool with an isothermal stable 
crust. This assumption results in a substantial simplification because changes in the heat flux are 
balanced by the crust thickness and not a change in temperature. The heat flux from the pool is 
no longer dependent from what is going on outside the pool but only on the geometry of the pool, 
the heat production inside the pool and the material properties of the melt. Under the assumption 
that the Boussinesq approximation holds, the state of the pool can be characterized by two 
parameters the Raleigh number Ra*and the Prandtl number Pr. 
In the last 30 years a large number of experiments have been carried out on the heat flow 
distribution from internally heated pool with isothermal boundaries. Since the Raleigh number is 
proportional to L5, L being the length scale, the Raleigh number of a prototypic reactor melt pool 
cannot be achieved in small scale experiments using simulant fluids. Therefore simple scaling is 
not possible and reactor conditions have to be extrapolated from experiments with lower Raleigh 
numbers. 
The main experimental finding in small-scale slab or hemispherical facilities is a turbulent chaotic 
convection flow inside the pool, which is characterized by chaos in time and space and controlled 
by two distinct heat transfer mechanisms:  

a. The bulk transport of material in form of mushroom shaped cold downward plumes 
resulting from instabilities of the upper thermal boundary layer and which are generated in 
a chaotic pattern in time and space. 

b. Some minor downward flow along the side-walls of the vessel. 
 
But none of theses flows is stationary. Only an average value in time can be observed. 
In the lower part of the pool there is an almost stagnant region with a downward temperature 
gradient. 
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The main findings are that a substantial amount of the heat goes upwards and the maximum side 
wall heat flow is close to the top and almost no heat flow at the bottom. 
Correlations for the heat flow based on Ra* have been derived from the measured data, which 
can be used to calculate the heat flow from the pool and extrapolate it to reactor conditions. 
The impact of this model for the melt pool has far reaching consequences. In case of a stationary 
pool the heat flux from the wall is equal to the heat flux through the RPV vessel wall and the effect 
on the vessel wall can be calculated immediately. There is no real need for sophisticated 
computer simulation. 
Some critical comments are in order here: 

1. All the heat produced inside the pool must leave the pool. There are two questions to 
answer: Which amount of the heat escapes through the top and which amount through the 
bottom? Which is the maximum local bottom heat flux that will attack the vessel wall? 

2. It is the temperature difference that causes heat to flow. If there is an uneven heat flux 
distribution this can only be caused by shape and thickness of the thermal boundary layer 
in the convective pool. e.g. in the Rayleigh Bénard problem convection transports the heat 
from the lower to the upper boundary without losses, the only heat resistance comes from 
the thermal boundary layers. Therefore the 1/3 law holds. 

3. Unfortunately turbulent internal convection is one of the white spot on the map of physics. 
Very little basic facts on internal convection are known. In a turbulent cavity there is an 
overall motion in the interior that causes a global transport and is usually viewed as the 
wind of turbulence. At the boundaries are two boundary layers: 
a. thermal boundary layer 
b. viscous boundary layer 
In the corium melt pool there is also an additional diffusive boundary layer. All these 
boundary layers have different thickness that are dependent on the state of turbulence and 
temperature and affect the heat flux from the melt. Actually the difference in temperature 
and concentration across these layers are responsible for the heat transfer across the 
boundaries. 

4. The heat transfer in the turbulent convective pool is not a permanent stagnant flow with 
overlying smaller eddies but it characterized by the erratic out-break of mushroom shaped 
plumes from the top boundary layer. 
It is this intermittent flow that only in a timely average produces the heat flux from the pool. 
There is no basic understanding of this plume mechanism. Some researches in turbulent 
flow expect also a coherent motion to appear which may lead to local hot spots. 

5. Extrapolation from lower to higher Ra* numbers is not expected to work for the so-called 
“ultimate regime”. Based on the theory of homogeneous turbulence the heat flux must 
become independent of the material properties in the limit of Ra* -> ∞, so there must be an 
upper limit of validity for correlations derived from low Ra* experiments. 

 
The question, if a stable crust will form in case of contact with the RPV atmosphere can not be 
answered finally. In the MASCA test both situation have been observed. The concern with an 
unstable upper crust is that the missing crust provides a path for metals and fission products to 
escape from the pool. Due to the high temperatures in the pool a significant vaporization of pool 
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materials other than Uranium oxide and Zirconium may take place. This may help with the cooling 
of the molten pool but might have adverse impact on the source term. 
Pool convection experiments with a free floating upper crust in contact with an atmosphere have 
not yet been conducted. 
 

7. Stratification and Immiscibility 
 
So far, only issues of a homogeneous molten pool have been discussed. In the past there have 
been concerns that corium made up of low oxidized corium and fission products may form two 
immiscible liquids. It was expected that in this case a stratified molten pool may evolve. The 
stratification may have a substantial impact on the heat flux from the pool. 
 
In a stratified pool with two immiscible fluids the heat from the lower layer is transferred to the 
upper layer by heat conduction only. This conduction is controlled by the temperature difference 
across the boundary layer that separates the two layers which both are in turbulent convection. 
This causes a substantial reduction of the upward heat flow from the lower layer and all the heat 
generated in the lower layer leaves through the wall causing a drastic increase of the lateral heat 
flux. 
 
Experiments have demonstrated that in a homogenous pool the ratio of Qup/Qdown is about 1.5. The 
boundary between the two immiscible layers reduces the upward heat transfer, so that ratio of 
Qup/Qdown for the lower layer is reduced to 0.2. This means that in the experiments the upper layer 
forms more or less an insulating lid on top.  
 
Indeed, in the RASPLAV experiments a stratification was observed but it was also found out that 
this stratification was due to some minor Carbon impurities and it could be experimentally 
determined that this phenomenon occurs only under certain very restrictive conditions. The 
conditions under such corium stratification may occur can be excluded for most nuclear power 
plants. So there is no general concern about immiscibility and stratification of pure in-vessel 
corium any more. 
 
8. Effect of Steel Addition and the Effect of Oxidizing 

Atmosphere 
 
So far, only the analysis has been limited to a pool consisting of corium made up of Uranium oxide 
and Zirconium. In a severe accident, the pool may initially be made up of low oxidized corium and 
some negligible impurities, but due to the addition of lower head internals or core internals a 
substantial amount of stainless steel (Fe, Cr, Mo) or control rod materials (Ag, In, Cd) or boron / 
boron carbide may be also added to the melt. 
 
This problem was investigated in the MASCA project and it was found that the addition of steel to 
sub-oxidized corium leads to the formation of an immiscible second phase in the pool, a metallic 
body. Depending on the degree of oxidation the metallic body may be heavier than the ceramic 
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corium and lead to a two layers pool with the metallic layer at the bottom. This phenomenon is 
called the first inversion. Before the experiments researches expected the metal to stay on top 
because the metal is lighter than the corium melt. The experiments show that the steel takes 
some uranium from the uranium oxide to form a new immiscible heavy metallic phase. 
This phenomenon works only as long as free Zr is available, in highly oxidized corium the metal 
stays on top. If oxygen is available in the atmosphere, the lowly oxidized corium in the pool will be 
oxidized further to a high degree and the steel will be pushed out of the compound. The metallic 
phase is reduced and becomes lighter and in the end it surfaces to the top. This phenomenon is 
called the second inversion. 
This leads to the question, how this phenomenon will affect the heat flux from the pool ? 
Since the heats source is the fission products, this is equivalent to the question, where do the 
fission products go?  
The answer is simple and straightforward: the metallic fission products go to the metallic phase, 
the oxidic fission products go to the oxidic phase. Since the metallic fission products contribute 
less than 10% of the decay heat, this effect does not change the heat flux from the pool 
substantially.  
There is however, the question: how long does it take for the second inversion to occur ? 
 

   

 

Figure 5: second inversion of metallic layer- 

 

9. Focusing Effect 
 
In the case of a molten metal layer on top of an oxidic melt pool, a new phenomenon may appear, 
the so-called focusing effect. The metal layer is in contact with the pool crust or the pool at the 
bottom and with the vessel wall at the sides. If the top heat flow is radiation only, this heat flow is 
very low compared to the heat flow to the sides and convective rolls (from Raleigh-Besnard 
convection) in the layer start transporting most of the heat to the vessel walls. By this mechanism 
upward heat flow of decay, heat generated in the pool will be directed towards the wall of the 
lower head (see figure 6). 
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Figure 6: focusing effect 

 
 
This phenomenon was observed in slab experiments with insulated top. If the layer is thin, it has 
the potential to heat up the vessel wall locally and form a hot ring.  
Eventually it will melt the vessel in the contact zone leading to rapid vessel failure unless 
sufficiently cooled from the outside. 
But there should be a word of caution concerning this scenario: If the focusing effect melts the 
vessel wall, there will be a local failure of the weakest part along the circumference. The metal 
layer will flow out through the hole driven by gravity and pressure difference but the molten corium 
may stay inside contained in the crust, unless the vessel pressure force it out.  
This effect has been investigated in experiments and correlations have been derived. 
The effect is well understood but strictly limited to well-defined configurations. 
 
10. External Cooling 
 
If the melt pool is in contact with the vessel wall the thermal loads from the molten pool on the 
vessel wall are sufficient to cause failure of the vessel. The vessel has to be cooled externally in 
order to save it from failure. This is usually done with the flooding of the cavity.  
There are two issues to cope with: 

1.supply enough water 
2. open a path for the steam to escape. 
 

External cooling must be applied in time before substantial damage has occurred. In the course of 
time external cooling will not only cool down the wall but it will also cool the melt gradually from 
the outside.  
 

11. Gap Cooling 
 
Though in the TMI-2 accident no external cooling was available, the vessel wall did not 
experience any noteworthy thermal attack in contradiction to what all simulations 



Nuclear Reactor Severe Accident Phenomenology 
Chapter III:  Late in-vessel phenomena 
 

III - 108 

predict to date. The thermal attack on the vessel wall was limited to a hot spot in which the internal 
vessel wall reached temperatures of ~1100°C in a region of approximately 0.5 meter width, which 
was rapidly cooled after approximately 1/2 hour.  
To explain this finding, the gap cooling hypothesis was proposed: It assumes the existence of a 
narrow gap between the melt pool crust and the internal surface of the lower head (see figure 7). 
The water entering gap would evaporate and cool the lower head wall well enough to prevent it 
from failure. In the gap there will be a counter-current flow of water entering the gap and steam 
leaving the gap. 
 

 

 

Figure 7: gap cooling 
 
Experiments have shown that this phenomenon works well, but no experiments have been 
pushed to the limit, when the thermal attack on the lower head wall started. All experiments were 
stopped when the upper side of the gap was not longer cooled by the fluid. In all experiments the 
bottom of the gap had always a water film on it. The experiments demonstrated the potential of 
gap cooling in slab sections and in full axially symmetric geometries. Experiments with 
hemispherical gaps indicated an improved cooling due to the fact the steam can escape the gap 
in all directions.  
The first idea of how a gap might form was that the gap might form due to vessel creep, though no 
creep was observed in TMI-2. Experiments investigating this idea showed no success: Gap 
cooling did not work with gaps created by creep. One often heard argument against the gap 
cooling hypothesis is that there is no reliable mechanism for gap formation.  
Actually there is one: in every debris bed of particulates of similar size a virtual gap exist close to 
the wall which breaks the symmetry of the bed. The porosity at the wall is equal to one while the 
average porosity is about 0.4. 
An engineered gap has been proposed as part of an in-vessel retention system. It has been 
demonstrated by experiments that an engineered wide gap is feasible and the cooling limits are 
depending on the heat flux from the pool and not on the gap. 
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Some critical comments should address the experiments: 
 

1. No experiments of the meltdown of a particulate debris bed and the formation of a melt 
pool have been carried out to date. 

 
2. Since it is a well known fact that the melt pool creates an uneven local heat flux distribution 

ranging from 5% of the average value at the bottom to 250% at the top of the pool it is hard 
to understand why the experiments were carried out with an unrealistic even heat flux 
distribution. In a realistic distribution most of the steam is generated not far from the gap 
entry which gives a very different mass flow scheme. 

 
12. Cooling by Top Flooding 
 
If the operators manage to supply water into the RPV sometime after melt relocation to the lower 
head, there are four options for the state of the lower head (see figure 8): 
 

1. a dry particulate bed or a melt pool with an overlying dry particulate bed. 
In this state, the bed will be at high temperatures. If water supply becomes available and 
water is poured on top of the bed, the question is: Will the bed quench successfully? This 
will only be the case, if there is some substantial water ingress into the bed that cools it to 
saturation temperature? 
Several data exist on quenching of debris beds which show that top quenching is a highly 
dynamic effect which has the potential to blow the bed apart and into a new configuration. 
If quenching is successful depends on the porosity. Low porosity beds are more likely not 
to quench than high porosity beds. Low porosity beds may be formed in the lower head 
during the melt jet break-up process. Low porosity can be formed if a wide range of particle 
size is available, especially if ultra small size particles are available, as is the case if a 
steam explosion occurs. The convection inside the bed will transport the ultra small size 
particles away from regions of high velocities and deposit them in regions of low velocity. 
The pictures of the TMI-2 particle bed show no fine particles, but the cake actually formed 
at a position where the convective flow in conjunction with gravity would have deposited 
these particles at the bottom where the flow starts moving upward. 
Quenching of the overlying particulate bed is very desirable because it helps to keep the 
molten pool and the heat flux from the molten pool small and coolable. 
 

2. Melt pool with no crust in direct contact with the water. 
If no particulate bed is on top of the melt, the water ingress will come into immediate 
contact with the hot melt or the hot metal layer. After an initial dynamic interaction with a 
large heat transfer, most likely the upper layer of the pool will form a stable crust if the heat 
flux is not above the coolability limit. If the crust remains stable this leads to the same 
conditions as for the pool with Crust  

 
3. Melt pool with crust on top. 
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Since the heat flux from the pool is assumed to be independent from the outside, the only 
effect of top flooding is a thicker crust. It should be mentioned that movies of hot ceramic 
lava entering the ocean in Hawai show a rapid formation of a stable crust and almost no 
crust dynamics. 

 
4. Melt pool with an unstable crust on top. 

In this case the water ingress affects the molten pool and the heat flux from the molten 
pool. There will be a substantial cooling of the pool, but experiments investigating the top 
flooding of ex-vessel corium pools indicate that a complete quenching of the pool may not 
be achieved. 

  
Figure 8: cooling by top flooding 

 
 
13. Vessel Failure 
 
There are three options for vessel failure: 
 

1. Combined attack by heat and pressure. 
In this case the cause of vessel failure is creep, which is induced in the vessel wall at high 
temperature, when subjected to a pressure loading. In case that the reactor does not have 
sufficient flow capacity in the relief and safety valves, depressurization may not be able to bring 
the pressure down to containment pressure. This depends on the individual design. Generally 
speaking some  PWRs do not have sufficient flow capacity while most BWRs are designed to 
depressurize to containment pressure. 
Creep is limited to the regions where the vessel wall is above more than 600°C and increases 
rapidly with higher temperatures. Thus the regions of highest temperature in the vessel wall will 
experience most of the creep, which will be at the top of the pool or at the metal layer in case of 
focusing effect. 
Vessel steels show a great degradation of their yield and ultimate stress at elevated temperature 
and this is when creep starts. The vessel creep process is multi-axial and the vessel steels differ 
in their creep properties depending upon the content of additives and impurities in steel. 
Creep displacement may be viewed as a very slow flowing of the softened material. It takes 
minutes to hours for the creep deformation to develop. It will result in a thinning of the vessel wall 



Nuclear Reactor Severe Accident Phenomenology 
Chapter III:  Late in-vessel phenomena 
 

III - 111 

and the formation of a breach. This phenomenon has been investigated in a set of experiments 
and the problem is well understood and can be adequately simulated. 
Based on the assumed heat fluxes and pressures the important parameters: 

(a) the time to the opening of the breach 
(b) the breach location, this location can only be determined along the vessel vertical 
height, the position on the circumference depends on local individual properties of the 
vessel 
(c) shape and size of breach 
Since the hot zone is at the top of the pool, penetrations at the bottom have no influence. 
A lot of tests have been performed ranging in scale (1/10th) to (1/5th). Some used hot melt 
with a bottom crust to heat the vessel. The experiments show that the shape and size of 
the breach depends largely on the vessel steel, ranging from fish-mouth type cracks to 
oval holes. All breaches were limited in size, no circumferential crack that might lead to a 
complete tear-off of the lower head has been observed. 
Since the breach is expected at the top of the pool, only a part of the melt contained in the 
vessel will be ejected. It is likely the remaining melt will slump down together with the lower 
plenum wall. 

 

2. Breach by heat attack only. 
In case that the vessel is sufficiently depressurized the vessel may fail due to heat fluxes 
higher than the vessel wall can sustain, either due to the focusing effect or the peaking of the 
bottom heat flux at the top of the pool. 
In case of a crust pool the first breach will not lead to the ejection of greater amount of melt 
since there are no driving forces. After a substantial thinning at the hot ring, the vessel wall 
may not be able to sustain the dead weight and slump down into the cavity. It may however tip 
at an angle depending on the could gradually azimuthal extant of the failure opening and 
discharge most of the remaining melt into the cavity.  
No experiments have been performed to date on this phenomenon, but it is reasonable to 
believe that lower cold part of the lower plenum wall has not lost it strength and will fall down 
with the crusted pool. 
 
3. Eutectic interaction of vessel steel and corium 
Solid vessel steel (melting point 1500°C) and solid corium crust (solidus 2300°C) may interact 
by solid diffusion to form a liquid eutectic with a melting point of about 1100°C, as was found in 
recent experiments. If the eutectic stays in place there is no danger, but if it slips away there 
might be a progressive eutectic melting of the vessel wall, which may finally lead to a breach. 
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Figure 9: vessel failure 

 
 

14. Phenomena Identification and Ranking Table 
 
In 2003 a concerted action of the EC experts in Severe Accidents was performed to establish a 
table on the severe accident issues where large uncertainties still subsist. All phenomena that 
have been investigated in connection with the evolution of a severe accident have been put in a 
PIRT (Phenomena Identification and Ranking Table). The outcome of the PIRT for late in-vessel 
issues is shown in the following tables. 



Nuclear Reactor Severe Accident Phenomenology 
Chapter III:  Late in-vessel phenomena 
 

III - 113 

Corium Behavior in Bottom Head 
Physical situation Issue Phenomenon Phenomena Description other specific features Vote 

 
Molten pool failure 
modes 
 

The various failure modes of the molten pool in the core region, as well as 
the failure location and the initial size of the crust break, are the initial 
conditions for the relocation to the lower head. The flow rate of corium 
leaving the pool will depend on the initial size of crust break, on hydrostatic 
head of molten pool, etc. The size of the break will increase due to corium 
heat transfer. 

2,5 Initial conditions  
 

Characteristics of 
corium arrival in lower 
plenum 
 

The characteristics of corium arrival into the lower head are the chronology 
of successive slumps, the temperatures, masses and composition of 
corium flows, etc... The timing and mode of the corium relocation process 
will modify the further behavior of corium in the lower head. It will also affect 
the risk of steam explosion. 

2,5 
 

Corium flow through the 
internals – wet lower 
head 

Steam explosion Vapor explosion in case of corium contact with water in the 
lower head. 

 
2,4 

Corium relocation to lower 
head 
 

Oxidation and 
hydrogen 
production 
 

Corium oxidation at 
arrival in lower head 
 

The metallic components of the melt that slumps into the 
residual water pool in the lower head and breaks up could be oxidized by 
steam which is intensively produced. Melt-water interaction will only occur 
with residual water pool in lower plenum. 

2,07 
 

Lower head debris bed 
behaviour 
 

Heat transfer Thermal-hydraulics 
within the debris bed 
 

The heat-up or cooling of the debris depends on the external heat transfer 
and the debris porosity. If the debris bed is embedded in water and critical 
heat flux and porosity are not limiting, the debris does not heat up or will be 
quenched. If the convective heat transfer from the debris to the coolant is 
less than the heat generation, the debris will dry out and may melt. 
In this case, the debris porosity decreases. Importance of nonuniform 
debris distribution. 

2,33 
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Corium Behavior in Bottom Head 
Physical situation Issue Phenomenon Phenomena Description other specific features Vote 

 
Molten pool formation The molten pool is formed by molten debris or by relocation of melt from 

the core region without significant fragmentation and its accumulation in the 
lower plenum. The relocation is either continuous or intermittent. Molten 
structure material might contribute to the melt pool. A molten pool in the 
lower plenum behaves in principle similarly to that in the core region but its 
size might be much larger due to the crucible-like pressure vessel wall and 
to supplementary material coming from internal structure melt-through. It 
might be below or/and above a debris bed. 

2,36 Pool configuration 

Segregation and 
stratification of 
materials 
 

Depending on the relative density of the different materials and their 
relative miscibility (existence of miscibility gaps), liquid phases (such as 
metallic and ceramic materials) may separate and form different layers. 
Metals may also come atop from melt-through of core structures. It 
depends on physical and chemical properties as well as thermal and flow 
conditions and affects slightly the heat source distribution but significantly 
the heat flux distribution to the boundary in case that the heat conductivity 
varies a lot. 

2,57 
 

Lower head molten pool 
behaviour 
 

Heat transfer Pool heat transfers to 
boundaries 
 

The pool heat transfers include the phenomena: focusing effect, radiation 
upward heat transfer in case of dry lower head, heat transfer to a dry or wet 
particle bed, and heat transfer to possibly overlying water. It also includes 
the downward heat transfer by conduction. 

2,57 
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Corium Behavior in Bottom Head 
Physical situation Issue Phenomenon Phenomena Description other specific features Vote 

 
  Vaporisation of pool 

materials 
In a large corium pool, heat-up due to decay heat could lead to a significant 
vaporisation of metals and/or fuel. Impact on fission product source term. 

1,85 

Vessel external cooling  Wet cavity Effect of lower head 
penetrations 
 

Lower head penetrations like in TMI or BWRs may have a substantial 
impact on RPV wall external cooling by affecting the external convection 
flow and the steam formation. Special case of BWR and of some PWR. 
Recently performed experiments indicate that penetrations do not 
significantly hinder the heater transfer to the water. 

2,36 
 

Thermal and mechanical  
loadings and behavior of 
structures including the 
lower head 
 

Lower head Thermal and 
mechanical loadings 

If different corium layers form by stratification in the lower head (oxide, 
metals, debris), this will induce axisymmetrical thermal loadings of the 
lower head with various distributions. In the absence of stratification, the 3D 
distribution of the mixture of debris and molten corium in the lower plenum 
will induce local hot spots, and thus asymmetrical thermal loadings on the 
vessel. The mechanical loadings will be the primary pressure and the dead 
weight of vessel and corium. Important for 3-D effects. 

2,5 

  RPV mechanical 
failure 

RPV modes of mechanical failure: plasticity, damage, creep 2,58 
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The experts have put votes ranging from 0 (not relevant) to 3 (highly important) on the issues. 
Both aspects i.e.,lack of knowledge and safety relevance have been voted separately. The table 
represents the state of knowledge on the phenomena that control the evolution of a severe 
accident in the lower head. 
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1. Introduction 
 
The conditions in the reactor pressure vessel (RPV) in the late phase of a core melt accident 
can differ significantly depending on the failure history of the core and RPV. If a failure of the 
RPV lower head occurs, the condition of the molten core, i.e. temperature, composition, 
distribution, and mass of the melt, together with the design of the lower head, determines the 
location, shape and size of the breach. The decisive parameter for the mode of melt release 
is the system pressure at the time of RPV-failure. If the pressure is at the same level as the 
pressure in the containment, or only slightly above, the molten part of the core inventory will 
flow into the reactor pit by gravity. This is the most likely and also most desirable scenario. 
The release of radioactive aerosols will be small and the further development of the accident 
is determined by the specific plant provisions. 
 
In most pressurized water reactors (PWR) the system pressure at core melt accidents will be 
low (psystem< 20 bar), either because of the accident history (e.g. steam line break) or by 
intentional depressurization of the reactor cooling system. Hence, a high pressure melt 
ejection (HPME) at system pressure is very unlikely. However, if the pressure is between 5 
and 20 bar or higher, e.g. because of late reflooding and rapid steam generation, the melt will 
be ejected forcefully into the reactor pit and possibly beyond, even at these low pressures. In 
this case it depends on the cavity geometry whether the melt will be trapped in save places 
without severe consequences or whether it will be dispersed into the containment 
atmosphere with unfavorable effects upon the accident progress. The finely fragmented melt 
particles lead to efficient debris-to-gas heat transfer, hydrogen generation by exothermic 
metal-steam reactions in the reactor pit and hydrogen combustion in the containment. These 
processes, referred to as Direct Containment Heating (DCH), may cause a rapid increase in 
temperature and pressure in the containment and thereby endanger the integrity of the 
containment, or may have an impact on vital safety components [1,2]. 
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Figure 1: Phenomena occurring during a forceful melt ejection 
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2. Conditions at vessel failure 
 
The extent of DCH depends on a large number of parameters, each of them impaired by 
uncertainty. 
 
2.1. In-vessel parameters 
 
The nature of the corium is given by its mass, temperature and temperature distribution, 
location inside the vessel, phase structure, i.e. layering and crusts, and composition, i.e. 
fraction of oxides and metals. It is evident, that melt dispersion and direct containment 
heating processes are more extensive for 

• larger melt masses in the bottom of the vessel, 
• higher melt temperatures, 
• higher metal fractions in the corium,  

but also for   • higher initial RCS pressure. 
 
The amount of metal (steel, Zr, Cr) in the corium affects the amount potential of the chemical 
energy during the dispersal process. The metallic components of the dispersed material can 
be oxidized by blow-down steam, liberating both energy and hydrogen which can 
subsequently burn when it reaches oxygen rich regions. The amount of residual water in the 
vessel can flash and increase the available steam mass, but at the same time can cool the 
corium when it is co-ejected with the debris. 
 
2.2. Vessel failure modes 
 
Experimental information about vessel failure modes comes mainly from the LHF (Lower 
Head Failure) and FOREVER (Failure Of REactor VEssel Retention) experiments [3-5]. Two 
basically different failure modes can occur, depending on the core design. If the incore 
instrumentation is through the bottom head, these penetrations can be weakened or 
enlarged by contact with melt and act as a location for failure initiation, or the whole 
instrument guide tube can be ejected. The second mode is initiated by a weakening of the 
vessel wall caused by an internal melt jet in the sequence of core degradation or a hot spot 
occurring within the area of the highest heat fluxes. Both events can cause a failure in the 
vessel bottom, which implies that most of the melt in the lower head is discharged from the 
vessel.   
 
If a corium pool from in the lower head, it is assumed that a stratification of metal and oxide 
takes place, with a metal layer on top of an oxide pool. Thereby the highest heat flux could 
be at the contact between metal layer and vessel wall, which is called focusing effect. This 
edge peaked heat flux can lead to a side failure, a circumferential rip of the vessel wall. The 
rip can span only a small part of the vessel perimeter (50-80 degree) or can progress to a 
fast unzipping of the lower head. In the first case only part of the melt pool will be discharged 
out of the vessel, while in the second case a very fast blow down will occur, which may not 
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lead to a large dispersion of the melt, due to the short duration of the flow process. 
Generally, larger breach sizes give rise to more extensive melt dispersion, however only up 
to a certain degree, because not all the ejected melt mass can be fragmented within the 
short duration of the blowdown.   
 
2.3. Ex-vessel parameter 
 
Among the ex-vessel parameters the cavity design has the greatest impact on the dispersal 
of melt and consequently the direct containment heating. Cavities with a large instrument 
tunnel leading into relatively small compartments trap a large amount of debris, which cannot 
interact efficiently with the containment atmosphere.  Highest containment pressures are 
obtained with ‘open’ cavities, i.e., cavities with a direct flow path into the containment dome.  
 
The pressure increase depends on the extent of hydrogen combustion in the containment. 
Therefore the knowledge of the composition of the containment atmosphere is essential, 
such as the steam, oxygen and preexisting hydrogen content.  
 
3. Discharge phenomena  
 
3.1. Hole ablation 
 
The molten corium is significantly hotter than the melting point of the vessel steel wall, and 
therefore the initial hole size in the lower head will enlarge due to heat transfer from the 
flowing melt to the wall [6-8]. Ablation of the hole will occur when the interface temperature 
between steel wall and flowing melt reaches the melting point of the steel. The ablation rate 
is given by balancing the convective heat transfer to the wall with the energy required to heat 
and melt the wall:  
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Dh   diameter of breach 
hd,w heat transfer coefficient 
Tc          temperature of corium 
Tmp,w  melting point of steel wall 

Tw      temperature of steel wall 
ρw       density of steel wall 
cp,w      specific heat of steel 
hf,       heat of fusion of wall 

 
The key parameter is the heat transfer coefficient which depends above all on the question if 
a crust is formed at the interface, and whether that crust is stable or floating on the ablating 
steel and is stripped from the interface by the flowing corium. The final size of the hole is 
governed by the duration of melt discharge. The time to eject all the melt from the RPV with a 
constant hole size is: 
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with  
 

Mo   initial melt mass 
Cd    discharge coefficient 
A          area of breach 

vM        velocity of melt jet 
ρM        density of melt 
 

 
However, due to the increasing hole size the true discharge time is shorter. This time can be 
determined taking into account the ablation rate. Generally, for small initial diameters the 
time for the ablation process is longer and the hole growth will be larger than for initially 
larger holes. This is generically shown in Fig. 2.  
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Figure 2: Generic behavior of breach diameter with wall ablation  

 
This means, that different small initial breach sizes will be growing to a more or less identical 
final size, depending mainly on the available melt mass, while large initial holes will not grow 
much more.  
 
3.2. Discharge stages 
 
3.2.1. Bottom failure 
 
Three distinct stages of the outflow can be distinguished for failures in the lower head of the 
RPV: 
1. the single-phase liquid flow,  
2. the blow-through with two-phase flow, 
3. single-phase gas flow. 
 
The single-phase gas flow can be subdivided in choked flow (for high pressure ratios 
pRPV/pcav) and subsonic single-phase gas flow. The duration of the individual stages depends 
on the hole size, the height of the liquid in the lower head, the pressure and the liquid 
density. 
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Figure 3: Stages of melt discharge and blow-down 
 
The single-phase liquid discharge progresses until, at some critical level, a funnel-like 
depression forms over the outlet hole. This is termed gas blowthrough. Pilch and Griffith [9] 
have done a detailed literature survey with regard to the application to the DCH-problem. For 
the critical liquid level at the onset of blowthrough they recommend to use the Gluck 
correlation [10,11]: 
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with hb, the height of liquid at start of blow through, D,  the inner diameter of the lower head, 
d, the diameter of the breach and the Froude number  Fr = uL/(gd)1/2, where uL is the liquid 
velocity and g the gravitational constant.  

This relation can be approximated by:    bb Fra
d
h

⋅= , 

With 0.5 < a < 0.67, and 0.4 < b < 0.5, depending on experimental findings. The time of 
blowthrough is then a function of the initial liquid height, the hole diameter, respectively the 
diameter as function of time, the pressure in the RPV and the properties of the steam and the 
melt.  
 
Most important for the DCH processes is the interaction of corium and steam during the two-
phase stage of the blowdown but also thereafter, under certain circumstances.  The velocity 
of the jet increases with decreasing liquid fraction up to the beginning of single-phase gas 
flow. Now, the velocity at the breach will be velocity of sound (choked flow), as long as the 
vessel pressure is higher than the critical pressure. The turbulent blowdown process causes 
intensive mixing of melt and steam, especially in cavity geometries with a large distance 
between lower head and pit floor. Here a strong recirculation of the flow occurs. 

 
3.2.2. Side failure 
 
A side failure is possible with edge peaked heat flux. The level of the melt pool will be near or 
above the failure site. At the start of the blowdown melt is forcefully ejected out of the breach, 
hitting the wall of the cavity. Blowthrough occurs when the liquid level at the breach sinks 
below the upper edge of the failure. A stratified flow at the breach forms, where gas entrains 
melt out of the hole until the liquid level drops below a critical distance below the lower edge 
of the breach [12, 13]. This distance is predominantly a function of the gas velocity and the 
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density ratio of gas and liquid. The melt mass remaining in the lower head does not 
contribute significantly to DCH, except for some oxidation at the remaining pool surface.  

 
3.3. Jet types and fragmentation 
 
A forcefully ejected liquid jet is generally fragmented. Only by special precautions a compact 
jet can be obtained over a short distance. These conditions do not exist at vessel failure. If 
gas is dissolved in the melt, the gas will expand when the pressure drops and break up the 
jet. Also without this effect the jet border will not be smooth, and the velocity difference 
between jet and surrounding gas will lead to the fragmentation of the jet. The governing 
parameter is the Weber number: 

12
2

≥=
σ

ρ relG vd
We  

with     
d droplet diameter 
ρG density of gas in pit 
vrel relative velocity between gas and jet 
σ surface tension 
 

If the Weber number is higher than a critical value (approximately 12) the liquid is fragmented 
into smaller droplets. This effect is more important for large distances between vessel and pit 
floor. For short distances the jet break up at impact at the pit bottom may be predominant.  
 
After gas blowthrough the fragmentation of the jet by two-phase flow is very intense (Fig. 
4.b). The Weber number will be much larger due to the high gas velocity and the drop size 
consequently will be smaller. The enlarged contact area between steam and melt promotes 
chemical reactions (oxidation and hydrogen generation), heat transfer and release of 
radionuclides. The fragmented droplets or particles are easily transported out of the pit.  
 

    
(a)                                           (b) 

Figure 4: (a) Single phase jet, (b) two-phase jet 
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4. CAVITY PHENOMENA 
 
Discussion of phenomena in the cavity should always be accompanied by the aspect of 
cavity geometry.  The important characteristics for melt dispersal and DCH are the flow paths 
out of the cavity and their destinations, the existence of melt retention features and the height 
below the pressure vessel. Table I lists those characteristics for six different reactor plants.  
 
Table I. Characteristics of different reactor cavities 
 

 Zion 
Calvert 
Cliffs 

EPR Konvoi P’4 
VVER-

1000 
Direct flow path into containment 
dome 

no yes no (no) yes no 

Flow path from lower pit into 
compartment  

yes no 
negligibl

e 
no yes yes 

Flow path along main cooling lines 
into pump and steam generator 
rooms 

small yes yes yes yes negligible

Melt retention features no no no yes niche no 

Cavity height below pressure vessel high low low low high low 

    

GA 301

 
  (a)                        (b)                     (c)                       (d)                 (e)                     (f) 

Figure 5: Different cavity designs: (a) Zion, (b) Calvert Cliffs, (c) EPR, (d) P’4, (e) Konvoi, 
(f) VVER-1000 

 
4.1. Film formation, entrainment and debris transport 
 
During single-phase liquid jet discharge the melt hits the pit bottom and can be further 
fragmented. The larger part moves as a film along the floor and is redirected into vertical 
direction at the wall. It moves up the wall by inertia as a closed film or breaks up after a 
certain distance. If the initial velocity was high enough, melt can leave the cavity during this 
stage, usually as coarse fragments and large drops. During the two-phase blowdown the film 
is accelerated and torn apart and droplets are entrained by the much faster gas (steam) flow. 
A criteria whether entrainment takes place is given by the Kutateladze number:  
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Different values for the threshold for debris dispersal are given for different cavities. For the 
Zion cavity Ku > 6 – 13 was stated. The results of the DISCO experiments in EPR geometry 
could be correlated by  
 fd = 0.4 log10 (Ku) 
where fd gives the mass fraction of melt dispersed out of the cavity, with the limit value of 
0.76 [14-17].  Many such dispersal correlations were devised for different cavity designs [1], 
with the objective to define a low-pressure cutoff, such that the RCS pressure is insufficient 
to cause significant dispersal from the cavity. Different ways to tackle the problem have been 
taken. On the one side are the pure correlations with dimensionless groups of measured 
results and on the other side are phenomenological models with parameters adapted to the 
experimental results. All are valid only for the investigated cavity geometries, and some 
cannot be adapted to prototypic conditions. Great care has to be taken when using these 
correlations for reactor application.  
 
Considering the differences in the cavity designs listed in Table I and shown in Fig. 5, we can 
understand, that it is not only important to know how much melt is carried out of the cavity, 
but also, where its final location is and what the size of the debris is. Fig. 6 shows an 
overview of typical results from scaled experiments with steam and iron-alumina melt for five 
different reactor plants. These results may vary somewhat with RCS pressure and breach 
size, but the relations between the different cavity designs will persist. In all reactor pits some 
melt remains just because of crust formation, so even higher pressures would not blow out 
more than 80%. In the Zion plant all dispersed melt is transported via the large chute into a 
relatively small compartment, which limits the consequences for DCH at a low level, in spite 
of the high dispersal rate. The Calvert Cliffs cavity has a direct flow path into the containment 
dome, here DCH will be high. The EPR cavity is similar to the Calvert Cliffs design, with the 
important difference, that no direct path leads to the containment dome. Therefore, more  
melt is retained in the pit and little is dispersed into the containment dome. Again, DCH is 
limited to a low level. The French 1300 MW reactor plant P’4 has a very high pit, here mixing 
of steam and melt is very efficient. This offsets the high melt retention capability in the pit and 
the fact, that the melt fraction transported to the bottom access chamber adds little to DCH. 
This, together with the fraction transported directly to the containment dome, leads to 
relatively high DCH. The cavity of the VVER-1000 plant is almost completely closed, 
connected to the outside only by venting lines and a door that opens at 4 bar overpressure. 
In the event of vessel failure, the pressure in the cavity will quickly reach 4 bar and the door 
will yield. So half of the melt will be trapped in the bottom access chamber and the other half 
will remain in the pit. Although the bottom access chamber is connected to the containment 
dome, the melt is not finely fragmented and therefore little DCH occurs.  
 
The debris found in the cavity is mostly in form of crusts, the remains of melt films. In the 
bottom access chambers and in the compartment of the Zion plant the melt enters as film 
and droplets, which hit a wall after a relatively short flight path. Melt ending up in the pump 
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and steam generator rooms had to change directions several time during its way from the 
vessel to their final destination. A part has been trapped in the bends along their way and will 
freeze on the wall, the rest is fragmented and may have hit walls in the rooms. The degree of 
fragmentation varies during the blowdown; it is highest during the single-phase gas blow 
down. Also the breach size governs the degree of fragmentation by determining the mass 
flow rate of the steam and thereby the maximum velocity in the cavity and in the flow cross 
section along the main cooling lines. Generally, the mean size of the debris found in the 
subcompartments is larger (1-3 mm) than that in the containment dome (0.2 - 1 mm). 
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Figure 6: Comparison of dispersal fractions in different reactor designs 
 
4.2. Debris-gas interaction 
 
The most intense interaction between fragmented melt and steam occurs in the cavity. Both, 
heat transfer and chemical reactions heat up the steam and increase the pressure locally. 
Depending on the cavity geometry pressure peaks may reach high values (over 10 bars). 
These peaks can even stop the melt ejection out of the reactor pit temporarily. 
   
The heat transfer from the debris to the gas phase is by convection and radiation. The heat 
transfer rate is given by    

)( gdd TTAhQ −=&  
where h is the effective heat transfer coefficient for both convective and radiative heat 
transfer, and Ad is the debris–gas interface area. The interface area of a given mass varies 
with the particle diameter as d-1. Generally, gas phase convective heat transfer dominates 
the radiative contributions in the cavity and can be expressed by  

33.05.0 PrRebaNu +=  
for flow over a sphere, with Nu = h d / k , where k is the gas thermal conductivity. These 
correlations imply that the heat transfer rate varies with drop diameter as d -1.5, if radiation 
and heat transport inside the melt drop are neglected. The latter is of course only true for 
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small drops. Another restriction to this conclusion is the effect of the velocity difference that 
plays a role in the Nusselt number correlation, via the Reynolds number. Smaller particles 
follow the gas velocity closer than large particles, and consequently the Reynolds number is 
smaller. 
   
Analogous considerations with respect to the diffusion coefficient lead to similar conclusions 
for the chemical reaction rates. In terms of characteristic time scales of these processes they 
are roughly between 0.003 and 3 seconds for drop diameter between 0.1 and 10 mm. Since 
the particle size depends mainly on the velocity (Weber number), and the velocity is not 
much affected by facility scale, the particles have similar sizes in small scale experiments 
and reactor scale (provided they have the same physical properties). However, the particle 
residence times vary linearly with scale. Therefore, the reliability of experimental results has 
to be ensured taking these time scales into account.  
Since the most intense interaction occurs during the period of simultaneous steam blowdown 
with melt fragmentation, i.e. during the two-phase flow and single phase steam flow with melt 
entrainment, the ratio of this characteristic dispersal time to the total blow down time is used 
in some analysis methods [1,23], and is termed the coherence ratio 

 Rτ = τdisp/ τblowdown .  
The metal part of the corium can be oxidized by the oxygen in the cavity atmosphere and by 
the blow down steam. A significant amount of oxygen will only be present during the period 
of single-phase melt ejection, later the air atmosphere will be blown out of the cavity by the 
steam. If an-oxidized metal droplets or particles are still present in the subcompartment or 
the containment dome the reaction with air-oxygen can continue there. In the metal-steam 
reaction hydrogen is produced. The most important metals in the corium that can be oxidized 
are zirconium, chromium and iron. The oxidation processes are,  
 

with oxygen:  Zirconium Zr    +     O2    →   ZrO2         - 1080 kJ/mole 
     Chromium 2Cr  +  3/2O2   →  Cr2O3      - 1130 kJ/mole 
   Iron  Fe    +   ½ O2   →  FeO     - 244  kJ/mole  

and with steam: Zirconium Zr     +  2H2O   →  ZrO2    + 2H2 - 598 kJ/mole 
Chromium 2Cr  +  3H2O   →  Cr2O3  + 3H2 - 412 kJ/mole 
Iron  Fe    +    H2O   →  FeO      +   H2 -    2 kJ/mole 

 and the hydrogen reaction is   H2    +   ½O2   →  H2O - 242 kJ/mole 
The reactions with zirconium and chromium are highly exothermic and can go to near 
completion. For the iron-steam reaction chemical equilibrium between H2 and H2O is reached 
at a H2/H2O-ratio of approximately 2. The reactions with steam can be limited by the amount 
of available steam or the available time. The limitation by time would rather arise in small 
scale experiments than in reactor scale. If the reaction is not completed in the cavity it can 
continue in the compartments and the containment dome, either with oxygen from air or 
steam. Considering the heat release by the two ways: (1) the reaction with oxygen from the 
containment atmosphere and (2) the reaction with steam, producing hydrogen and then the 
hydrogen combustion with the air-oxygen in the containment, the total amount of heat 
release is the same, as can be seen from the numbers given above. However it may have a 
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different impact on the temperature and pressure increase in the containment, where and 
when the heat is released. This will be discussed in chapter E.3.   
 
It should be noted, that the blowdown steam can already contain hydrogen from the metal-
steam reaction inside the RPV. 
 
4.3. Debris-water interaction 
 
The effect of water in the cavity or co-ejected from the vessel with the melt can be quite 
diverse, depending on the amount of water and the cavity geometry. If the cavity is filled with 
water, steam explosions are possible. Moderate amounts of water can either mitigate or 
augment DCH loads. Mitigation effects arise by quenching of debris, suppression of 
complete chemical reaction and, in the containment dome, suppression of hydrogen 
combustion by steam inerting and cooling by aerosol water.  Augmentation effects include 
increasing the supply of steam for thermal and chemical reactions (in case of blowdown 
steam limited conditions), and increasing the velocity for dispersal processes. Experiments 
generally did not show a significant effect of water on the DCH load. 
 
4.4. Debris-insulation interaction 
 
Few experimental evidence is available about the effect of the interaction between RPV 
insulation and debris. The insulation material is ablated by the hot debris and entrained by 
the steam. No major plugging of flow paths can be expected. The sheet metal will be 
oxidized and is an additional source of hydrogen. 
 
5. PHENOMENA IN THE CONTAINMENT DOME 

 
5.1. Heat transfer 
 
Debris particles can enter the containment dome either on the direct path through the 
annular space between RPV and cavity wall and openings at the top of the reactor pit, or via 
sub-compartments and connections between them and the dome. In the second case larger 
particles cannot follow the change of direction and will hit walls. Since the particle sizes 
reaching the containment dome are small and the flight paths long, interactions with the 
containment atmosphere can reach equilibrium more likely.  
 
Heat transfer to structures is a heat sink that limits and reduces the peak pressure. When 
melt hits structure it will quickly freeze and transfer its energy to the structure. Radiation heat 
transfer to structures may contribute to the heat loss and mitigate DCH loads. The mean free 
path of thermal radiation in a steam atmosphere is similar to characteristic containment 
dimensions. However, with aerosols present in the containment atmosphere the free path is 
much shorter, and part or all of the radiation energy can be deposited in the atmosphere.  
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The main heat sink and limiting effect on the peak pressure is the gas - structure heat 
transfer. The heated blowdown steam and atmosphere looses energy to structures in the 
subcompartments and the containment dome by convection. The height of the pressure peak 
is determined by the time scales of the heat transfer to the gas and the heat transfer from 
gas to structures. High containment pressures are reached if the processes of energy input 
into the atmosphere are faster than the relatively slow processes of heat losses to the 
structure.   
 
5.2. Hydrogen combustion 
 
The blowdown steam together with produced hydrogen enters the upper dome of the 
containment through several flow paths from the cavity or subcompartments. The hydrogen 
comes from the metal-steam reaction in the RPV and in the cavity (150 – 800 kg). The jet 
entrains the atmosphere, which contains oxygen and preexisting hydrogen. Accident 
scenarios postulate a containment atmosphere of air, steam and between 3 and 6% 
hydrogen (300-600 kg). Hot debris particles serve as igniters. If the temperature of the jet is 
high enough (~ 800°C) autoignition may occur. The hydrogen burns as a diffusion flame, and 
the rising hot combustion products increase the mixing of the atmosphere entraining fresh 
oxygen and hydrogen rich gas into the flame. Depending on the hydrogen and steam content 
and the temperature, slow volumetric combustion can take place. If these processes happen 
on the same time scale as the debris dispersal process, they contribute to peak pressure. 
The pressure increase due to hydrogen combustion can be higher than that by other 
processes. Because of the flammability limits for hydrogen-air-steam mixtures not all 
available hydrogen will burn. Between 30% and 90% of the available hydrogen has been 
observed to burn in experiments.   

 
5.3. Pressure increase 
 
The issue of the maximum containment pressure due to DCH is predominant besides the 
issue of final corium location which concerns long term cooling concepts. Concerning the 
load on the containment building the DCH peak pressure is quasi-static, lasting several 
seconds, contrary to the short pressure spikes caused by steam explosions. Containment 
buildings are generally designed for pressure loads between 5 and 10 bars. Fig. 7 shows 
some typical experimental results for a cavity design, similar to the Calvert Cliffs (open), 
respectively the EPR (closed) design.  The time scales as the linear scale, in this case by a 
factor of 18. The scaling from experimental scale to reactor scale in respect of pressure is 
still uncertain for these geometries, especially since hydrogen combustion plays a larger role 
in these geometries than in the Westinghouse-reactor geometries. No significant scaling 
effect on the peak pressure was found for geometries similar to the Zion reactor plant. Some 
experimental and analytical results, however, hint to a potential scaling effect for open 
cavities, giving rise to higher pressure loads in reactor scale than in experimental scale. 
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Here the different paths of heat release due to metal oxidation play a role. If oxidized by air, 
the heat is mainly deposited in the corium droplets, which may not have the chance to 
transfer all heat to the atmosphere, because of hitting structures, trapping and 
agglomeration. On the other hand the hydrogen may or may not burn at the time scale of 
heat transfer from the corium to the atmosphere, and the fraction of burned hydrogen can 
vary depending, among other parameters, on the amount of preexisting hydrogen and the 
compartmentalization of the containment building.  
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Figure 7: Pressure increase in DISCO tests 
 
 

6. Experimental data base 
 
A large data base was established in the years 1986 to 1996 by a concerted action in the 
USA with partners in Great Britain, Spain and Korea. It was initialized by the Zion 
Probabilistic Study in 1981, where it was argued that a high pressure melt ejection (HPME) 
would sweep out the melt into the containment, where the melt would settle into a coolable 
geometry on the containment floor. Thus HPME was regarded as a positive process to 
terminate the accident. However, simple experiments and calculations gave rise to the fear 
that the accompanying pressure increase could endanger the integrity of the containment.  
 
Because of the large number of performed experiments only an overview shall be given here. 
A more detailed description can be found in references [1], [2] and [14] and of course in the 
respective research reports listed in these references. 
 
Experiments with high temperature chemically reactive melts were conducted by Sandia 
National Laboratory (SNL), Argonne National Laboratory (ANL) and Fauske and Associates 
Inc. (FAI).  Generally iron-alumina melts were used, generated by a thermite reaction, only 
ANL performed a few experiments with prototypic melt, containing UO2 , ZrO2 , Zr and steel.  
In most cases steam was used as driving gas, in some experiments nitrogen was applied.  
 
Experiments with cold simulant melts to investigate fluid dynamic phenomena were 
conducted by the above institutions and by Brookhaven National Laboratory (BNL), Purdue 
University, UKEA Winfrith, Korea Advanced Institute of Science and Technology (KAIST) and 
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Korea Atomic Energy Research Institute (KAERI). Water and bismuth-lead alloy were used 
as melt simulants in most cases.  
Separate effects tests and integral effects tests have been conducted. The main focus of the 
investigations were Westinghouse Plants (Zion and Surry) and similar ones in Great Britain, 
Spain and Korea. These reactors have an incore instrumentation through the lower vessel 
head and a large instrumentation chute connecting the lower pit to a subcompartment. The 
modeling of reactor specific details was stepped up during the campaign noting their 
significance for the DCH processes. The problem of scaling was met by doing counterpart 
experiments in different scales. The largest facility (SNL CTTF) modeled the Surry plant in a 
scale 1:5.75. The SNL Surtsey facility had a scale of 1:10, the FAI facility was 1:20, and the 
ANL facility scaled the Zion plant 1:40. Data from of 58 DCH relevant tests with hot melt are 
available relating to the Westinghouse geometry. Counterpart tests in different scales did not 
reveal any strong effect of physical scale. Tests performed with iron-alumina on the one hand 
and with prototypic corium compositions on the other hand, did not show significant 
differences either.  
 
A small series of 7 tests was performed for the geometry of a Combustion Engineering plant, 
which does not have an instrumentation duct in the reactor pit (Fig. 8). These tests were 
performed at SNL in a scale 1:10 with hot melt (CE and CES tests) and at Purdue in a scale 
1:20 with Bismuth-lead alloy. In these types of plants debris can be transported directly to the 
dome (average of 58% vs. 10% in Zion), trapping of debris in subcompartments is absent. 
Final conclusions in respect of pressure loads including potential effects of hydrogen 
combustion could not be drawn, because of lack of relevant information. Also, the scaling 
effect in this type of geometry has not been investigated.  
 

                       
   Zion          Calvert Cliffs 
 

Figure 8: Configuration of a Westinghouse plant (Zion) and a Combustion Engineering 
plant (Calvert Cliffs) 
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The main conclusion of this research program was: prevent high pressure melt ejection by 
depressurization of the RCS, then the pressure load due to DCH will probably stay below the 
design pressure of the containment.  
 
In 1998 two experiments were performed at SNL in cooperation with FZK, IRSN and NRC, 
with a cavity geometry similar to a CE-plant but adapted to the characteristics of the EPR 
cavity, however with a direct path into the containment dome [15]. These tests were 
performed with iron-alumina melt, steam and a prototypic containment atmosphere in a scale 
1:10. The blowdown pressures were lower, 11 and 15 bars vs. approximately 80 bars in the 
CE tests, and the breach diameter was 0.1 and 0.04 m  vs. 0.05 and 0.04 m in CE tests. The 
melt mass was larger with 62 kg vs. 33 kg in CE tests. The melt dispersal into the 
containment dome was large and the pressure increase was 4 bars, the same as the 
maximum pressure found in the CE experiments with 80 bars RPV pressure. The conclusion 
was, that with a hole size larger than 0.05 m diameter in the lower head, even at low 
blowdown pressures the containment load can be high. 
  
In 1998 an experimental and analytical program was started at Forschungszentrum 
Karlsruhe (FZK), to investigate melt ejection scenarios for typical European reactor designs. 
Experiments have been performed in two facilities in a 1:18 scaled EPR geometry, 
characterized by a narrow pit without exit other than through the annular space between 
pressure vessel and cavity wall, leading either directly to the upper containment or into the 
pump and steam generator rooms along the flow path around the main cooling lines. Since 
the system pressure at core melt accidents will be low due to compulsory system 
depressurization, the vessel failure pressures were kept between 0.8 and 2.2 MPa in these 
experiments.  
 
Over 40 experiments were performed with cold model fluids in a test facility DISCO-C, to 
study the fluid dynamic processes with different failure modes of the bottom head under low 
pressure conditions. The fluids employed were water or a bismuth alloy instead of corium, 
and nitrogen or helium instead of steam. The main results from the cold experiments were: 
large holes (Ø ≥ 0.5 m, scaled) at the base of the bottom head lead to high dispersed melt 
fractions (> 50%). The maximum dispersed fraction for such breaches is reached already at 
pressures below 2.0 MPa. A certain amount is trapped in the reactor pit depending on its 
geometry. With breaches at the side of the lower head, the dispersed melt fraction is lower 
and, even with unzipping of the bottom head, the dispersed fraction is smaller than with 
central holes [16].   
 
In a second facility (DISCO-H) six experiments in the same scale were performed with an 
iron-alumina melt, steam and a prototypic atmosphere in the containment. To determine the 
contribution of hydrogen combustion one test was performed with nitrogen and air only. All 
breaches were holes at the center of the bottom head, which lead to higher melt dispersal, 
but may be less likely than breaches at the side of the lower head [17]. 
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Also, experiments have been carried out in the DISCO facilities with the geometry of the 
French P’4 plant at linear scale 1:16.  Fourteen tests with cold simulant melts (water and 
gallium alloy) and five experiments with iron-alumina melt were performed with similar initial 
conditions as in the preceding program [18]. The cavity of the 1300 MWe plant P’4 is 
characterized by a large distance between RPV lower head and pit floor, a niche in the pit, a 
relatively large flow path out of the lower pit into a pit bottom access room, and the upward 
directed flow paths through the space between RPV and cavity wall leading either directly 
into the upper containment building or along the main cooling lines into the pump and steam 
generator rooms (see Table I and Fig. 5).  
 
One experiment was conducted in the frame of the EC-LACOMERA program with a cavity 
geometry of the Bulgarian VVER-1000 plant [19].  
 
7. Modeling Tools 
 
The ultimate goal of all modeling is the application to reactor scale and conditions, since all 
experiments have been performed in small scale and with model fluids, and their results 
cannot be directly applied to the real plant. To reach this goal modeling is essential to 
analyze experimental results, achieve insights in processes, identify sensitive parameters 
and assess scaling characteristics.  
 
There are three classes of modeling: simple analytical models, system codes with increasing 
level of detail in mechanistic models, and multi-dimensional CFD codes.  
 
Simple physics models attempt to represent or bound only the dominant processes 
contributing to DCH loads. They can be evaluated economically many times with different 
initial conditions and variation of uncertain parameters to create a probability distribution of 
containment loads.  
 
The Single Cell Equilibrium (SCE) model [1, 23] is a useful tool to calculate the upper bound 
of pressure increase in the containment. It takes the entire containment volume as a single 
control volume, all thermal and chemical interactions between debris and containment 
atmosphere are at equilibrium, and heat loss to structures is excluded: 
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Experiments have shown that the SCE model yields a pressure rise too high by a factor 2 to 
5.  
 
The Two Cell Equilibrium Model (TCE) [23], the Convection-Limited Containment Heating 
Model (CLCH) [24] and other models treat the thermal and chemical interactions either 
separately in the different locations (cavity, compartments, dome), and/or limit the 
interactions by applying interactions times through flow processes. These models were 
validated against experiments and were applied to plant analysis. 
 
The second class of modeling is contained in the system codes MAAP, MELCOR, and 
CONTAIN [25] (all US developed) which are control-volume codes (lumped parameter). 
Special versions of the codes have incorporated models of DCH processes at different levels 
of detail. A more specialized lumped parameter code is COCOSYS (Containment-Code-
System by GRS) [26], which is a code system employing mechanistic models for the 
comprehensive simulation of all relevant phenomena processes and plant states during 
severe accidents in the containment of light water reactors. ASTEC (Accident Source Term 
Evaluation Code developed by IRSN and GRS)  [27] is a modular code system with 
dedicated DCH modules: RUPUICUV for the processes in the cavity and CPA dealing with 
the processes occurring in the containment. These codes are fast running codes but rely on 
validated correlations and/or analytical models for each reactor design.  
The third class of modeling is done with 2- or 3-dimensional CFD codes, with at least 3 
phases and 3 velocity fields for the different components, liquid melt and solid debris 
appearing as droplets or film, water and the gas (steam, air etc.). Mechanistic models treat 
each phenomenon locally in each computational cell. The most advanced and validated code 
is AFDM, (Advanced Fluid Dynamics Modeling) which belongs to the internationally 
developed SIMMER-code family [20, 21]. It is a multi-phase, multi-component 2-D code with 
3 velocity fields, and special DCH models have been incorporated and validated against SNL 
and FZK experiments. The other code is MC3D, a 3-D multi-phase code, originally 
developed for fuel-coolant interaction. This code is still in its development stage for the 
application to DCH [22]. The analysis with CFD codes gives insight into details which cannot 
be measured and helps to devise appropriate experiments. Once validated against different 
experiments, these codes should give the highest confidence of all three modeling tools, 
when applied to reactor scale.  
For all three classes of modeling the challenges are:  
Extrapolation from experimental scale to reactor scale, with the problem of the different 
effects of length, area and volume scales on processes such as droplet fragmentation, flight 
times, mixing rates, combustion rates and other. 
Extrapolation from simulant melts to corium, with different temperatures (absolute, freezing 
point etc.) different oxidation potential, different specific energy content and different density.  
For future safety assessments fast running codes are necessary and here the biggest 
challenge is the transfer of the detailed models used in CFD codes to fast running system 
codes.  
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1. Introduction 
 
The containment of a nuclear reactor is the last barrier against radiological releases to the 
environment. The Three-Mile-Island accident (1979) has shown that the containment may  be 
threatened by uncontrolled hydrogen combustion processes in core meltdown accidents. 
The spontaneous combustion of approximately 350 kg hydrogen caused the only serious 
pressure load during the whole accident (Fig. 1). Since the TMI-containment building withstood 
this load, practically no consequences for the environment occurred. In contrary, the accident in 
Chernobyl in which the containment failed, caused catastrophic radiological contamination 
(Fig.2). 

 
Figure 1: Containment pressure during the TMI-2 accident. 

 
Hydrogen combustion produced the only significant containment load during the whole accident. 
The peak pressure remained below the containment design pressure, no containment failure 
and practically no external consequences occurred. 
 

 
Figure 2: radiological contamination- The Chernobyl accident 
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The Chernobyl accident demonstrated that a core-melt accident with containment failure can 
have catastrophic consequences. The further evolution of nuclear power must aim at restriction 
of accident consequences to the plant itself, even in case of a core-melt accident.  
The comparison of these two accidents shows very clearly the fundamental importance of the 
containment as last barrier against the release of fission products. The quantitative comparison 
of damage indicators with non-nuclear energy carriers confirms, that if the Chernobyl accident is 
left aside and only TMI is included in the damage statistics, nuclear power poses not more risks 
than other energy sources (Fig.3). The further development of today's nuclear safety concept 
towards sustainable nuclear technology therefore requires, that even in a core meltdown 
accident, the radiological consequences must be limited to the plant itself. This means, that in 
future reactor concepts core meltdown accidents have to be included into the plant design from 
the very beginning and should not be shifted to a residual risk class. 
 

 
Figure 3: Damage indicators for energy related severe accidents.  

 
Compared to other energy sources the risk of nuclear energy is small, if containment failure can 
be excluded (Chernobyl accident). Since hydrogen combustion is an important potential 
containment failure mechanism, the complete mechanistic simulation of hydrogen behaviour in 
core-melt accidents is necessary for further evolution of nuclear power in the 21st century. 
 
The objective of the hydrogen work is therefore the development of scientific methods and tools 
for the control of hydrogen in core melt accidents in order to rule out containment failure in future 
reactor generations. Therefore the following work is necessary: 

• Development of modern 3-D CFD-software for the mechanistic description of hydrogen 
distribution and combustion in reactor containments, and  

• analysis of bounding accident sequences for the development and proof of effective H2-
control measures. 

 
The analysis and mitigation of hydrogen related phenomena represents an important safety 
task. It’s solution is a major contribution to the further reduction of risk arising from the operation 
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of nuclear power plants and for a further evolution of nuclear power into a safe, clean, 
competitive and sustainable energy source in the 21st century. 
 
 

2. BASIC REQUIREMENTS FOR NUMERICAL SIMULATION 
OF HYDROGEN BEHAVIOUR 

 
Hydrogen behaviour in core meltdown accidents is influenced by many physical processes 
which occur on very different time and length scales. The most important phenomena are: 

- Release of hydrogen and steam at the leak of the primary circuit,  
- distribution and mixing with the air in the building, 
- ignition when a burnable mixture is present, 
- slow quasi-laminar deflagration, 
- fast turbulent deflagration, 
- deflagration to detonation transition (DDT), 
- detonation, 
- pressure and temperature loads to the reactor building. 

 
Particular models have to be developed for the description of these phenomena, which may all 
be summarised under the term "reactive flow simulation". Prior to any modelling, one has to be 
aware of the fundamental requirements for a successful simulation : 
 

1. The entire problem can be divided into sub-problems, e.g. in the field of flow 
mechanics into diffusion, convection, heat conduction, heat radiation, turbulence 
etc. 

2. Every physical sub-process can be described mathematically. 
3. The model equations for the sub-processes are closed (no free parameter). 
4. The accuracy of the mathematical model is sufficient for the question under 

consideration. 
5. The numerical solution of the entire equation system is stable, definite and 

convergent (e.g.not user dependent). 
6. Time and cost expenditures are justifiable. 
 

Since every model development in numerical flow simulation starts with empirical statements 
from a certain physical level (except DNS), the models developed and also the numerical 
solution algorithms have to be verified against experimental results. A stringent verification has 
to fulfil the following demands : 
 

- experimental data on different geometrical length scales are simulated, 
- every model should be checked on single effect experiments, 
- combinations of models should be verified on experiments with coupled processes, 
- all models should be tested together on integral experiments, 
- the validation matrix should also contain blind pre-calculations, 
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- the numerical program should be compared in benchmarks with other codes. 
 
The software development at FZK for the description of hydrogen phenomena therefore follows 
the flow scheme depicted in Fig.4. Prior to the application of a simulation program to the full 
reactor scale, which is of course not included in the validation basis, the scaling capability of the 
models has to be tested and proven. For the above mentioned release of hydrogen and steam 
for instance, experiments were performed in a model containment (Battelle Model Containment, 
500 m3) and a relatively small reactor building (HDR, 11.000 m3). Only if the BMC experiments, 
as well as the HDR experiments can be recalculated satisfactorily, one can speak of a 
predictable numerical program which may be applied to full reactor scale problems. The 
capability for scaling requires that the governing physical processes are the same and the same 
equations describe the process mathematically with sufficient accuracy. 
 

 
Figure 4: Software development approach used at FZK for the development of three 

dimensional hydrogen distribution and combustion codes. 
 
3. REASONS FOR CFD MODELLING 
 
Two different model approaches have been pursued for the simulation of hydrogen behaviour in 
core melt accidents : 
 
a) so-called "lumped parameter" (LP) models, and 
b) computational fluid dynamics (CFD) models. 
 
CFD-codes solve the general 3d Navier-Stokes equations in an averaged form, which does not 
resolve the fine structure of a real turbulent flow. Instead, a turbulence model is used to describe 
the subscale turbulent transport of mass, energy and momentum. In LP-codes commonly 
applied for nuclear safety studies, a simplified set of conservation equations is solved for zero-
dimensional nodal points, neglecting the momentum vector balance. The LP formulation is zero-
dimensional because the equations contain no spatial derivatives. The last assumption is the 
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reason why LP models are only suitable for a restricted part of flow problems, in which the 
influence of the momentum transport on the flow can be neglected, compared to the influence of 
the pressure gradient. Since only scalar equations are solved in LP models, there is no 
calculated information about the flow direction. 
The direction of the flow is implicitly defined by the spatial arrangement of the zero-dimensional 
control points, i.e. the convection paths are predetermined, or at least restricted, by the user due 
to the chosen "nodalisation". Generally in LP codes connections between control points are only 
modeled via one flow path, so that no simultaneous counter flow is possible. Turbulence effects 
are not modeled at all. 
 
Due to the coarse space division into relatively few zones in LP codes, the effect of numerical 
diffusion becomes much more important, compared to CFD codes. The number of zones in LP 
containment simulations typically lies in the range of 10 to 100, while in CFD calculations 
100.000 and more numerical cells can be used nowadays. Numerical diffusion in CFD codes is 
also restricted by higher order solution procedures for the discretized conservation equations. 
The simplification in the model equations and the coarse spatial discretization in LP codes 
naturally lead to larger uncertainties in the results of the calculations, in particular, combustion 
processes cannot be modeled with sufficient accuracy. 
 
Due to these reasons the work at FZK aims at development of predictable 3D CFD 
programs that are verified on suitable experimental data. With this approach local values of 
species concentrations, temperature, velocity and other flow variables can be resolved. Local 
parameters influence important processes as e.g. the condensation of steam at walls, or the 
hydrogen removal by a catalytic recombiner which is governed by the local H2-concentration at 
the entrance and not by the average hydrogen concentration in a large control zone. Experience 
from many hydrogen analyses has shown that the hydrogen risk is often dominated by 
inhomogenities in concentrations, temperatures or other parameters. Therefore these local 
quantities need to be resolved for a reliable risk estimate. 
 
4. ANALYSIS PROCEDURE 
 
A main result of the hydrogen work at FZK is the development of an analysis methodology for 
the complete and deterministic description of hydrogen behaviour in severe accidents [1]. In the 
following paragraphs the individual steps of this methodology are briefly described, emphasizing 
the input data required and the resulting output. The methodology is based on three-dimensional 
numerical simulation tools. 
The first phase of the analysis addresses the formation of a combustible mixture in the 
containment (Fig. 5). 
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Figure 5: Hydrogen analysis 

 
The first phase in the hydrogen analysis addresses the formation of a combustible mixture in 
the containment. This requires information about the plant geometry, the mitigation measures 
which should be included in the modelling, the bounding accident scenarios and the 
corresponding hydrogen and steam concentrations. At FZK the 3D CFD code GASFLOW is 
used to calculate hydrogen and steam concentrations in the containment 
 
4.1. Plant geometry 
 
At the beginning of every simulation a geometry model of the containment must be made on 
the basis of 2D-cuts or 3D-CAD files. The plant design has many important consequences 
for the later steps in the CFD-analysis, e.g. plant type (PWR or BWR) or thermal power of the 
core define important parameters of the hydrogen source term. The containment design and 
the free volume influence the H2-concentrations, and the spatial distribution of steel and 
concrete in the containment decide over the steam condensation and the resulting steam 
concentration in the accident atmosphere. 
From a mathematical point of view the containment geometry defines the boundary 
conditions for the solution of the three-dimensional equations of flow mechanics. The 
construction of a 3D computational grid for a large complex reactor containment is a very 
demanding and time consuming task. Often a compromise between the desirable level of 
detail of the geometry model and the computational possibilities has to be made. The 
experience from a number of containment simulations has shown that a large part of the total 
expenditure for the numerical modelling is needed for the creation of a detailed 3D geometry 
model and its independent examination by plant personnel. Neglected or not adequately 
modelled flow paths may have a significant influence on the calculated convection loops and 
the resulting H2- and steam distribution in the building (Fig. 6).  
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Figure 6: Example for a 3d containment geometry model (German 1300 MWe PWR), 
using 110.000 computational cells, average volume per cell 0.7 m3.  

 
The computed flow solution can depend sensitively on small geometry details. The shown 
flow velocities range from 0.2-2.6 m/s. 

 
4.2. Mitigation 
 
When modeling a given plant it has to be decided which measures for hydrogen control in 
severe accidents should be included in the numerical simulation. For these mitigation 
devices verified CFD models have to be available to allow a reliable prediction of their 
effectiveness concerning the reduction of hydrogen and the effects on other relevant 
accident parameters. 
Therefore numerical models for potential H2 reduction systems like spark igniters, glow plug 
igniters, Siemens/AREVA and NIS recombiners were developed, verified in different test 
series in the Batelle model containment, and implemented in the 3D distribution program 
GASFLOW. Fig. 7 shows a catalytic recombiner developed by Siemens/AREVA. 
If e.g. spark igniters and catalytic recombiners are considered as mitigation measures, the 
position of these modules has to be defined within the grid resolution of the CFDgeometry 
model. 
In the case that the further analysis of the hydrogen behaviour (described in the following 
steps of the procedure) should lead to unacceptable loads for the containment, the hydrogen 
mitigation approach has to be improved until containment failure can be ruled out. 
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Figure 7: Example for a catalytic recombiner used to remove hydrogen from a 
containment atmosphere by H2/O2 reaction on catalytic surfaces (Siemens/AREVA 

design). 
 
 
4.3. Accident scenarios 
 
For a given plant with defined geometry and H2-mitigation system the next question is, which 
severe accident sequences should be chosen as representative cases. A severe accident 
requires, that after a particular event all redundant and diverse safety injection systems are 
not available for an extensive period of time (hours). All conceivable accident sequences can 
be divided in two groups, LOCA’s (loss of coolant accidents) and transients. In transients a 
imbalance exists between heat generation in the core and heat removal via heat sinks. Fig. 8 
summarizes the parameters which can in general influence the type and course of a severe 
accident sequences. 
It is neither possible nor necessary to examine all sequences with respect to their hydrogen 
risks. In Germany several criteria were proposed that allow to define a subset from the broad 
spectrum of physically possible accident sequences which pose the greatest demands to the 
hydrogen control systems. In other words, it is investigated which core meltdown accidents 
may create the most difficult conditions for hydrogen control. 
 
From this point of view, “hydrogen scenarios” should cover the two large accident classes 
“LOCA’s” and “Transients”, they should cover unfavourable H2-source properties as e.g. 
large integral H2 amounts, high release rates, low steam fractions, high release locations, 
and they should furthermore take into account unfavourable containment conditions, as e.g. 
low steam content or steam stratification at the beginning of the H2-release. 
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Figure 8: Summary of parameters which can influence the type and course of a severe 

accident. 
 
Based on these and further considerations five scenarios were selected for a bounding 
analysis of hydrogen behaviour in severe accidents [2]:  
 

1. Surge-line LOCA (large rupture of the primary circuit). 
2. Small-break LOCA (50 cm2 break area) without secondary heat sink, including 

failure of the reactor pressure vessel (RPV). 
3. LOOP (Loss of off-site power) with depressurization of the primary system and 

flooding of the core after recovery of the grid, without RPV failure. 
4. Loss of feed water with primary depressurization.  
5. Steam generator tube rupture with open secondary circuit (bypass scenario). 

 
These five hydrogen scenarios represent together a broad spectrum of high demands to the 
hydrogen control systems. Other accident scenarios should be covered, since no other 
containment situation is expected, which is more difficult to control. The restriction of the 
scenarios to a lower number, e.g. only one or two, would leave questions unanswered 
concerning the general effectiveness of the H2-control systems in core meltdown accidents. 
 
4.4. Hydrogen and steam sources 
 
After defining the relevant hydrogen scenarios, the next question is which sources could be 
expected for steam and hydrogen release at the break location. For a consistent 
CFDcalculation mass, momentum and energy of the released species are required for the 
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complete duration of the accident. Furthermore, position and direction of the source jet have 
to be defined. 
The determination of the time-dependant hydrogen and steam source for a given accident is 
still subject to large uncertainties. Currently it is only possible to estimate source terms with 
“Lumped parameter” codes like MELCOR, MAAP, SCDAP-RELAP or VULCAIN. Generally, 
the hydrogen and steam source is known best during the early invessel phase of the 
accident. Nevertheless, predictions of different codes for the same accident scenario can 
vary significantly, particularly during fuel rod destruction or displacement (Fig.9). The 
uncertainties generally increase with the progression of the accident, since the initial and 
boundary conditions for the metal-water reaction (like temperature and surface of the metal 
exposed to steam, or the steam supply) as well as the physical phenomena occurring, are 
becoming increasingly complex and less transparent. 
 

 
 
Figure 9: Example for different code predictions for a given accident sequence (3 inch 
SB-LOCA with fast secondary cool-down). The spread in predicted hydrogen masses 

increases with increasing time and accident progression due to increasing 
uncertainties in boundary conditions and physical phenomena. 

 
For the late in-vessel phase, which is dominated by debris and melt pool formation,only 
parametrical models exist. For the determination of the time resolved hydrogen/steam 
source, steam supply, temperature as well as zirconium mass and surface of the displaced 
core have to be known. 
Currently there are no predictive models for the hydrogen and steam generation by:  
• Oxidation of U-Zr-O-melts 
• Reflooding of the overheated, dry core 
• Failure of the reactor pressure vessel (DCH) 
• Ex-Vessel steam/metal reactions, neither for mild nor energetic cases. 
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The only reasonably well understood process in the “Ex-Vessel-Phase” of a core meltdown 
accident is the core-melt/concrete interaction, in which besides hydrogen also significant 
amounts of CO can be formed in case of a limestone basement. 
It should be emphasised, that an adequate data base for hydrogen distribution calculations 
also requires well defined steam sources, since the occurrence and outcome of a fast 
combustion event, which possesses the highest damage potential for the containment, does 
not only depend on the hydrogen but also on the steam concentration. 
 
4.5. Hydrogen distribution 
 
With the known characteristics of the hydrogen and steam source, that means time resolved 
mass, energy and momentum fluxes, the next task is the calculation of transport and mixing 
of hydrogen and steam with the air in the containment. The result of this simulation should be 
the time and space dependant temperature and composition of the H2/steam/airmixture. 
A large number of interacting physical processes and thermodynamic states have to be 
simulated with a high spatial resolution to determine gas compositions within a sufficiently 
small uncertainty band, which allows meaningful hydrogen combustion simulations. 
Appropriate goals for this task are the prediction of hydrogen concentrations with an 
accuracy of a few percent absolutely (e.g. 12 ± 2 % H2), steam concentrations within 5 
percent (e.g. 30 ± 5 % H2O) and a local resolution of 1 m3 per calculation cell. The modeling 
concentrates on the description of: 
• 3D compressible fluid flow, 
• convective heat transfer between gas and walls, 
• radiative heat transfer (at high steam concentrations and temperatures), 
• evaporation and condensation of water, 
• heat conduction into structures, 
• turbulence modelling and, 
• mitigative measures as e.g. recombinators and igniters. 
 
For the modeling of the 3D-hydrogen distribution in a nuclear containment the CFDcode 
GASFLOW [3] and the code TONUS/CAST3M developed by CEA and IRSN [4] are 
available. Figure 10 shows an example from the GASFLOW validation work [1] and Figure 
11 an example for full scale containment analyses [1]. 
The distribution calculation will result in time and space dependant temperature, hydrogen, 
air, and steam concentrations in the containment. The next question which arises concerns 
the hazard potential of this mixture. Is it flammable? If yes, when and where occurs the 
ignition? After ignition, will the flame be able to accelerate under the given conditions or 12 
even undergo a transition into a detonation? These questions are addressed in the second 
phase of the analysis which is summarized in Fig. 12. 
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Figure10: Example for GASFLOW validation [1.1]. Blind pressure predictions of CFD codes in 
the German National Benchmark, test TH7 in the ThAI facility, involving steam injection from 

two different locations 
 

 
 

Figure 11: Example for a full scale containment analysis from EPR design studies using 
GASFLOW.  

 
The analysis addresses a SB-LOCA; hydrogen and steam sources were taken from MAAP 
calculations (AREVA), 44 catalytic recombiners were modelled and geometry model was provided by 
AREVA. Shown are computed H2, steam and temperature fields at 3500s after begining of the 
accident. 
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Figure 12: second phase of hydrogen analysis 
 
The second phase of the hydrogen analysis addresses the hazard potential which is 
connected with the hydrogen/ steam/air distribution computed in the first phase of the 
analysis, see e.g. Fig.12. Criteria were developed from a large body of experimental data to 
estimate the fastest possible combustion regime for a given mixture and geometrical 
constraint. 
 
4.6. Ignition / flammability 
 
The distribution analysis may result in burnable mixtures for given times and space domains. 
To initiate the combustion process an ignition event is necessary. At this stage of the 
analysis the location and time of the ignition leading to the first stable flame propagation has 
to be determined. 
Ignition sources can be divided into random and intentional events (e.g. igniters). When 
igniters are taken into account in the analysis, the location and time of the first ignition are 
well defined by the development and expansion of the H2/air/steam cloud into the 
containment. As soon as an ignitable mixture (≥ 4% H2) reaches the first active igniter, the 
ignition will be initiated. With correctly designed ignition systems the ignition of the mixture 
will occur in the vicinity of the source shortly after the beginning of the hydrogen discharge 
into the containment, which at this time will contain only relatively small amounts of 
hydrogen. 
Without this intentional ignition, location and time of the first ignition cannot be predicted 
mechanistically. A large number of potential ignition sources can be identified during a 
severe accident, as e.g. electrical systems, bursting pipes or hot core melt particles. In this 
case the consequences of a random ignition have to be examined. An exception is the self-
ignition of a H2/steam-mixture in the vicinity of the source, which can be described with a 
mechanistic code such as GASFLOW. 
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A survey of industrial accidents with hydrogen showed that more than 90% of the incidents 
lead to ignition, where the actual cause was often unknown [5]. Therefore conservatively the 
presence of an ignition source should be assumed. The controlling factor for occurrence of a 
hydrogen combustion is then the flammability of the mixture. 
In any case, for a mechanistic analysis of the hydrogen related processes an ignition has to 
be either calculated (via igniters or self-ignition) or ignition position and time have to be 
postulated. The inclusion of igniters can be regarded as a possibility to initiate the ignition 
event at an early point in time, before high hydrogen concentrations have accumulated in the 
containment. In terms of risk minimisation an early ignition of the hydrogen seems to be more 
advantageous than to wait until an uncontrolled random ignition occurs at high hydrogen 
concentrations [6]. 
The determination of location and time of the first ignition is important since it represents the 
end of the non-reactive phase of the accident sequence and defines the initial conditions of 
the now starting reactive phase. 
 
4.7. Flame acceleration 
 
After ignition the combustion starts as slow, quasi-laminar, premixed H2/air/steam 
deflagration. It will propagate preferably in the direction with the highest flame speed, which 
means generally towards richer and/or dryer mixtures and into regions with high turbulence. 
This effect and also the self induced turbulence, which is generated due to the expansion of 
the burned gas, can cause a transition from a slow laminar to a fast turbulent deflagration. 
The σ-criterion is used in the FZK analysis procedure for the conservative estimation of the  
flame acceleration potential. This criterion was derived from many experiments with different 
H2-O2-dilutent mixtures in obstructed tubes of different scales [7, 8, 9, 10, 11]. The result of 
the data evaluation is shown in Fig. 14, in which each point represents one experiment. The 
expansion ratio σ of the mixture is defined as “density of unburned mixture / density of 
burned mixture at constant pressure”. At 300 K initial temperature fast combustion regimes 
are only observed for σ ≥ 3.75 (dark points), independent of the length scale, which is 
expressed in Fig. 13 in a non-dimensional form as “tube diameter / laminar flame thickness”. 
The limiting value for flame acceleration (σ = 3.75) corresponds to 10.5 vol% in case of dry 
H2-air mixtures. Fig. 14 presents an example for containment application of the σ-criterion 
[12]. If this criterion is not fulfilled, only a slow laminar combustion can be expected, which 
may be modelled with a suitable code. If the σ-criterion shows the possibility for flame 
acceleration, the question has to be investigated whether the mixture which was calculated in 
the distribution simulation may even be capable of a transition to detonation.  
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Figure 13: Flame acceleration criterion derived from experiments with different H2-O2-

dilutend (N2, Ar, He) mixtures in obstructed tubes of different scales.  
 
Flame acceleration is only observed for σ > 3.75 (±0.1) at 300 K initial temperature. In H2-air 
mixtures this corresponds to 10.5 vol% H2. 
 

  
Figure 14: Example for containment application of the σ-criterion (Fig.14) from a 

containment design study of FANP/AREVA [12].  
 

In the red colored regions mixtures developed which could support a fast turbulent 
deflagration. Removing or partly opening the horizontal ceilings would prevent the predicted 
hydrogen accumulation. 
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4.8. Deflagration- to- detonation transition (DDT) 
 
To answer this question, the λ-criterion [13, 14, 15, 16, 17, 18] is applied as a decision tool in 
the FZK analysis methodology (Fig.15). It compares the characteristic dimension of the 
reactive hydrogen/steam-air cloud with its mean detonation cell size λ. If the characteristic 
size is not sufficient for DDT, a fast turbulent combustion has to be modelled, for which the 
COM3D code is used at FZK. Otherwise the simulation of a detonation is necessary, e.g. 
with the code DET3D. 
 

 
 

Figure 15: Criterion for deflagration/detonation transition (DDT) in hydrogen-air and 
hydrogen-air- steam mixtures.  

 
Correlation of all experimental data shows that detonation on-set requires a certain minimum 
scale of the reacting cloud, which can be expressed as D/λ >7, where D is the characteristic 
geometrical size of the reacting mixture and λ is the detonation cell size of the average 
mixture composition. 
 
The three transition criteria for  
• flammability (inert to burnable) 
• flame acceleration (slow to fast deflagration, σ-criterion) and 
• detonation on-set (deflagration to detonation, λ-criterion) 
 
are used to determine the appropriate combustion mode and to select the corresponding 
numerical simulation tool. Such transition criteria are necessary for the analysis of hydrogen 
behaviour, since the direct numerical simulation of the transition process is currently not 
feasible. Much smaller length scales need to be resolved for such calculations, compared to 
the distribution and combustion simulation on full reactor scale. The mechanistic modeling of 
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an ignition event, for instance, requires the resolution of the ignition kernel, including detailed 
chemistry and radiation losses. In the flame acceleration process the transition from laminar 
to turbulent combustion must be modeled, and during the initiation of a detonation the 
formation of a "hot spot" with a strong ignition and its amplification in the surrounding mixture 
have to be resolved numerically. 
It is important to note that the determination of the three empirical transition criteria used 
here only requires information about concentrations and geometrical dimensions of the 
burnable mixture which is formed during a severe accident. This information is known from 
the 3D distribution calculation (e.g. GASFLOW). Therefore the three criteria may already be 
evaluated "online" during the distribution analysis to identify time and space domains with 
sufficiently reactive mixtures. 
The criteria can give early hints to maximum possible combustion velocities and to 
mechanical loads of the containment without performing a full-scale combustion simulation. 
They offer an easy way to check and optimize the effectiveness of the mitigation measures, 
introduced at the beginning of this analysis. If, for instance, local detonations should be ruled 
out, it has to be guaranteed that the λ-criterion is not fulfilled. This method may also be used 
for the determination of number and position of igniters in the containment, to prevent local 
detonations in a given scenario. 
The correlations used for the criteria were implemented in an interactive program called GP-
code (standing for Gas Properties). Fig. 16 gives an example for the calculated limits of the 
combustion regimes. The DDT limit is scale dependent: in larger systems leaner mixtures 
can undergo a detonation transition. The example of Fig. 16 relates to a characteristic size of 
D=10 m, where D=(Volume)1/3. 
In summary, the described criteria have two important functions in the analysis of hydrogen 
behaviour: 

- early judgement of the fastest possible combustion regime and of the related loads to 
the containment without a detailed combustion analysis and  

- selection of the appropriate numerical combustion program for the 3D-analysis. 
The third phase in the analysis procedure is the combustion simulation (Fig.17). 
 
 
 



Nuclear Reactor Severe Accident Phenomenology 
Chapter V: Hydrogen Behaviour and Control In Severe Accidents 
 

V - 155 

 
Figure 16: Calculated limits for different combustion regimes of H2-air-steam mixtures 

using the above described criteria for flame acceleration and DDT. 
 
The DDT limit is scale dependent, here a characteristic size of the reactive mixture of 10 m is 
used. 
 

 
Figure 17: third phase of hydrogen analysis 

 
The third phase of the hydrogen analysis is simulation of the bounding (fastest possible) 
combustion regime for the H2-air-steam mixture calculated in step 1. 
Three specific 3d codes were developed at FZK to describe slow deflagration, fast turbulent 
deflagration and detonation respectively. 
 
 
4..9. Combustion simulation 
 
Because different physical processes govern the different combustion regimes it appears 
appropriate the developed special numerical tools for each of these regimes. Fig. 18 depicts 
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e.g. the classification of turbulent premixed deflagration (Borghi diagram) which by itself is 
quite complex and deserves a special code development. 
The following three 3D-codes, are developed and used at Forschungszentrum Karlsruhe :  
  

- V3D and FLAME3D for slow deflagration (slow premixed deflagration and standing, 
non-premixed diffusion flame)  

- COM3D for fast (partly) premixed turbulent deflagration and 
- DET3D for stable detonation in (partly) premixed H2/air/steam- mixtures. 

 

 
Figure 18: Classification of turbulent premixed deflagrations using three non-

dimensional numbers (Ret, Da, Ka).  
 
In severe accident analysis a wide range of regimes with different integral turbulent length 
scales and turbulent intensities needs to be modeled. At FZK the COM3D code is developed 
for this purpose. 
In V3D a semi-implicit, in COM3D an explicit numerical scheme is used for the solution of the 
reactive Navier-Stokes-equations [19, 20, 21, 22]. FLAME3D and DET3D use an explicit 
solver for the reactive Euler equations [23]. All codes can use arbitrary geometrical boundary 
conditions and allow internal flow obstacles. A graphical user interface allows easy 
representation of complex 3D geometries with the aid of geometry elements (plates, cubes, 
spheres, etc.). An intensive validation process for all physical models and numerical methods 
with the use of suitable experimental data on different geometry scales was performed. This 
validation work has been described in detail in [1]. 
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Slow combustion regimes, described with V3D and FLAME3D, do not endanger the 
containment in terms of pressure loads, but rather by temperature loads. Standing diffusion 
flames are capable of exerting thermal loads on the safety enclosure via three different heat 
transfer mechanisms: 
 

- Direct contact with the structures 
- Heat transfer via radiation, mainly infrared radiation of steam 
- Convection of hot combustion products (steam, nitrogen) followed by gas/structure 

heat transfer. 
 
The numerical models in V3D were evaluated with the help of H2/air/steam diffusion flames. 
Fast turbulent deflagrations (modelled with COM3D) and stable detonations (modelled with 
DET3D) mainly lead to pressure und impulse loads since the high combustion rates do not 
allow sufficient time for significant heat transfer to structures. Most of the combustion energy 
is transformed into heat and kinetic energy of the gas phase and finally to pressure waves. 
An example for the simulation of a turbulent deflagration in a full scale reactor containment is 
shown in Fig. 19 [24]. This COM3D calculation used GASFLOW results as input and initial 
conditions. DET3D was also used to evaluate detonation overpressures and impulses in 
severe accident scenarios. Fig. 20 shows an example of a full containment detonation 
simulation for a future reactor containment study. 
The fourth and last phase of the hydrogen investigation is the consequence analysis (Fig. 21). 
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Figure 19: Example for the numerical simulation of a turbulent deflagration in a full 

scale reactor containment (COM3D).  
 

The initial conditions were taken from the corresponding GASFLOW calculation. Three 
perpendicular cross sections through the 3d geometry and the computed hydrogen volume 
fraction are shown, numerical cell size was 30 cm, total number of computational cells was 
3.1 million blue is burned gas. 
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Figure 20: Example for a full containment detonation simulation using DET3D.  

 
Global detonations loads of this size could not be sustained by current PWR containments, 
but it was shown that future containments could be designed to withstand such loads with 
reasonable costs [25,26] 
 

 
Figure 21: fourth phase in the hydrogen analysis 

 
The fourth phase in the hydrogen analysis, is the consequence analysis, which is based on 
the combustion loads. The most important goal of the analysis is to evaluate the containment 
integrity. As a first step a simple Single Degree Oscillator (SDO) model can be used to 
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estimate for structural response. If a need for more detailed investigations should be 
identified, 3d codes like ABAQUS can be applied to model containment structural dynamics. 
 
4.10. Mechanical and thermal loads 
 
The thermal and mechanical loads of the 3D combustion simulation, particularly the 
temperature and pressure histories at different positions in the containment are recorded in 
the calculation. Which one of these two load forms dominates is mainly defined by the time of 
the first ignition in the containment. Early ignition leads in most cases to low pressure peaks 
but high thermal loads because of standing diffusion flames, provided the steam content in 
the released gas is below 60%. Late ignition of a hydrogen accumulation causes high 
pressure loads, but the temperature increase in large structures is negligible. In both cases 
the same combustion energy is released, however on very different time scales (hours 
compared to seconds) and with correspondingly different heat release rates. 
 
4.11. Structural behaviour 
 
The calculated combustion loads represent the input data for the last step of the analysis, 
which is the investigation of the structural behaviour of the containment. Thermal loads due 
to stable diffusion flames should not lead to containment failure, caused by degradation of 
sensitive components as e.g. cables or air lock gaskets. Furthermore no safety related 
components of the plant, which are needed to terminate the accident, e.g. emergency 
cooling systems, should fail due to the hot atmosphere or damaged cables. 
Mechanical loads due to fast flames include over-pressures, impulses and possibly impact of 
debris, generated by combustion pressure waves. If fast deflagration processes cannot be 
avoided with mitigation methods, a detailed investigation of the structural behaviour is 
required to rule out containment failure. 
The structural investigation is complicated by the fact that the containment consists of many 
different components with different mechanical and thermal properties. The spectrum 
extends from m-thick concrete structures to thin elastic gaskets in the personnel air lock. 
Temperatures, pressures or radiation loads in severe accidents could also result in complex 
synergetic effects of the structure behaviour, so e.g. for the materials of elastic gaskets [27]. 
 
First order estimates of the structural behaviour of containment components under gas 
dynamic loads can be made with a single degree oscillator model [28]. If the single degree 
oscillator model provides hints to hazardous situations, more detailed 3D-finite-element 
calculations should be applied to gain more precise statements about the structural 
behaviour of the containment. 
Figure 22 gives an example for the application of the single-degree-oscillator model [28]. 
Figure 23 presents results of a bounding analysis using ABAQUS for the structural 
mechanics part of the analysis [29]. 
The final goal of the hydrogen analysis methodology described in this paper is the 
development of predictable tools for the consistent simulation of hydrogen behaviour in 
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postulated accident scenarios. Examples for full containment analyses can be found in the 
references 10.1 to 10.9 and 11.1 to 11.3 of [1]. 

 
Figure 22: Example for the application of a Single Degree Oscillator model. 

 
For a given accident scenario the pressure history (shown left) was calculated for the dome 
apex of the containment. This dynamic pressure load causes the effective static pressures 
(shown on the right) for different oscillator frequencies. 
 

Figure 23: Example for the application of ABAQUS in structural response studies.  
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The case study investigated the deformation of a German PWR spherical steel containment 
under assumed very conservative detonation loads [29]. No failure was predicted by the 
ABAQUS calculation. The installed recombiners in German nuclear power plants plus the 
existing structural capacity of the steel shell may well provide sufficient hydrogen control for 
severe accidents (further refined study necessary). 
 
5. Conclusions 
 
The further evolution of nuclear power into a safe, clean, competitive and accepted energy 
source in the 21st century requires the demonstration that the consequences of severe 
accidents can be confined to the plant itself. The objective of the hydrogen work is therefore 
the development of verified numerical tools which allow a mechanistic description of 
hydrogen distribution and combustion in nuclear reactor containments, and which can 
identify effective hydrogen mitigation measures to exclude containment failure. 
This paper describes the main physical phenomena by following a consistent analysis 
procedure which addresses all important accident parameters. Because hydrogen risk is 
often dominated by inhomogeneities of the accident atmosphere, the aim is development of 
CFD models with high spatial and temporal resolution. 
The four major steps in the hydrogen analysis are summarized in Fig. 24. They address the 
prediction of the burnable mixture during the accident, the evaluation of the potential hazard 
connected with this mixture, the simulation of the conservative combustion regime (the 
fastest possible combustion mode) and finally the analysis of the consequences for 
containment integrity. The ultimate goal is to demonstrate that a given NPP containment, 
equipped with certain hydrogen mitigation devices will resist even a core-melt accident and 
prevent large environmental contamination. Future nuclear reactor generations (III and IV) 
will be required to include severe accidents into the design and to show safe control of such 
events. 

 
 

Figure 24: Summary of the analysis of hydrogen behaviour and control in severe 
accidents. 
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1. Introduction 
During a severe accident large amounts of molten core materials (corium) containing a large 
fraction of molten fuel may enter into contact with the cooling water generating a so-called 
“fuel-coolant interaction” (FCI). If a number of conditions are realised, transfer to the water of 
a significant part of the energy stored in the corium melt may take place so rapidly that 
explosive vaporisation of the water occurs. This process, called steam explosion, can result 
in mechanical damage of the reactor structures. Steam explosion risk evaluation requires to 
be able to quantify the level of the generated loads to verify whether reactor structures are 
capable to withstand them, and design appropriate counter-measures. This is particularly 
important for the containment, which is in light water reactors (LWRs) the last barrier to the 
release of radioactive fission products to the environment.  
Figure 1 shows the FCI situations that are considered susceptible to result in a steam 
explosion with potential damage to the structures in LWR severe accidents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Different FCI possible scenarios in a LWR accident 
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After melting of a certain amount of core materials, a breach eventually forms in the crust or 
structure that holds the melt within the core and the corium melt starts flowing down towards 
the lower head. The first FCI situation that occurs is when the melt interacts with the water of 
the reactor pressure vessel (RPV) lower head. A steam explosion occurring during this FCI 
may induce failure of the lower head and/or a liquid slug playing against the uppermost 
structures of the RPV, accelerating them up to hitting the upper head with a significant 
amount of kinetic energy. This energy is maximum if the lower head does not fail and may 
induce rupture of the bolts that hold the upper head into place. The upper head is in turn 
accelerated upwards up to the containment roof like a missile and may cause failure of the 
roof. This mode of failure of the containment, known as “alpha-mode failure”, received most 
attention in the past because it was believed to be potentially the main cause of containment 
failure due to a steam explosion and because of its early occurrence in the accident 
sequence. Second international steam explosion review performed in 1996 [1], 
complemented by experimental programme BERDA performed at FZK 2], allowed 
eliminating this issue as presenting a significant risk for the containment.  
 
On-going studies on in-vessel steam explosion focus on the risk of lower head failure. In 
existing reactors, lower head failure is expected due to thermal loading of the corium debris 
and accident management procedures are designed accordingly1. But a steam  explosion 
inducing a early vessel failure during core melt slump into water would challenge those 
procedures. For new generations of reactors based on in-vessel retention of the corium 
debris, it is obvious that the risk of lower head failure due to a steam explosion has to be 
evaluated. 
 
When the vessel melts through, the corium melt slumps into the cavity. Either because it is 
part of the accident management strategy to flood the cavity before vessel failure for 
quenching the melt, or because it is very likely that water will collect on the cavity bottom 
during the earlier phase of the accident, ex-vessel steam explosion has to be considered as 
a potential risk. There are no phenomenological differences between in- and ex-vessel steam 
explosion, but the different initial and boundary conditions can significantly impact on the 
strength of the explosion. These differences are essentially the pressure of the system (a few 
bar ex-vessel vs. up to 20 bar in-vessel at the time of melt relocation), the temperature of the 
water (sub-cooled ex-vessel vs. saturated in-vessel), the melt composition (e.g., higher steel 
content ex-vessel), the melt delivery (e.g., single large pour ex-vessel vs. multi-jet pour in-
vessel), the depth of the water (up to 7 m ex-vessel in Swidish BWR vs. 2 m in-vessel in 
PWR). 
 
Another FCI situation that can lead to a steam explosion in LWRs is flooding of debris after 
melt collection in RPV lower head or cavity, leading to what is in general referred to as 
“stratified steam explosions”. These situations lead to explosions that are less energetic than 
those associated to melt pour because of the limited quantity of melt which can mix with 

                                                 
1 A particular case is the TMI-2 accident where no vessel failure occurred. The reasons for that are 
addressed in another lecture. 
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water before the explosion (mixing around the interface melt-water) and because the system 
is less constrained thus allowing early venting of the explosion. They received far less 
attention than melt pour situations and will not be considered in this lecture. The interested 
reader can refer to 3] for experimental studies and 4] for theoretical considerations and 
modelling of stratified steam explosion.  
 
It has to be noted that power excursion accident may induce steam explosion in some types 
of reactors. Fast power increase induces melting of the fuel and its high pressure ejection 
from the fuel element claddings into the coolant, resulting in fast vapour production. Steam 
explosions of this type occurred in Chernobyl accident. This type of accident is not 
considered as an issue for LWRs.  
 
The remainder of this lecture is devoted to describing steam explosion resulting from melt 
pouring into water, as being the most challenging generic FCI situation for LWRs. Except 
otherwise mentioned, the “system” will always mean the components in interaction plus the 
surrounding structures.  
 
2. Some definitions adopted in this lecture 
 
In this lecture, fuel-coolant interaction or corium-coolant interaction, designated under the 
term of “FCI”, will refer to the generic process in which molten core material (corium) is put in 
close contact with water coolant. As an example, an FCI occurs as soon as corium melt is 
poured in water (or vice-versa) during a severe accident, independently of the evolution of 
the system. A steam explosion is a particular type of FCI. 
 
“Steam explosion” will be used each time we speak of an FCI with energy so rapidly 
transferred from the melt to the water that pressure peaks of large amplitude and short 
duration (dynamic pressure) are produced. What is behind “large” and “short” is then a 
question of scale. An event resulting from fast fragmentation of a single melt drop interacting 
with water into very fine fragments (“explosion of the drop”) and producing peaks of order 1.0 
MPa and duration of 10-6 s is a steam explosion. It is of little concern for reactor safety, but 
holds some fundamental fragmentation and heat and mass transfer mechanisms that govern 
larger scale explosions. In addition, such local explosion occurring during an FCI involving 
reactor-scale amounts of corium melt and water can be the initiator of an explosion involving 
tons of melt and having millisecond duration. 
 
It can be shown and is experimentally verified that large quantities of melt penetrating at 
once into water cannot produce a one-step explosion like a single drop does1. Pre-
fragmentation of the melt occurs, and the steam explosion is the result of a process which, 
starting form the explosion of a single fragment or small group of fragments, will amplify and  
propagate to all or part of the pre-fragmented melt. It is this sort of propagating event, which 

                                                 
1 Actually, a single drop explosion is not a true one-step process, as the drop is completely fragmented 
after some cycles of growth and collapse of the steam bubble surrounding the drop.    
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can generate pressure peaks of order 100 MPa and milliseconds duration, that is challenging 
for the reactor structures and is therefore an issue for reactor safety. The self-sustained 
character of such explosions makes them to be compared to chemical detonations and 
called “thermal detonations”.   
 
“Efficiency” or ”conversion ratio” of the explosion is usually the ratio of the mechanical energy 
output to the total thermal energy content of the corium mixed with water at the time the 
explosion occurs. It is generally used as an indication of violence, intensity, strength of the 
explosion for a given melt-water system. Care must be taken with using and extrapolating 
this notion to other geometries or situations than those used to establish it. Damage an 
explosion may induce depends on the quantity of participating melt, and lower efficiencies 
may produce higher damage if sufficient melt is involved (see note on page 167). 
Nevertheless, the notion is largely used as a measure of the explosivity of a melt-coolant 
system.    
 
3. Conceptual description of the steam explosion process  
 
On the basis of experimental observations and analyses, a large-scale steam explosion 
associated with melt pour can be represented conceptually as in Figure 2. First the corium 
melt penetrates and breaks-up into water in film boiling regime giving rise a melt-water-steam 
mixture (pre-mixing). Typically, the melt fragments which form during this phase are of cm-
size (coarse mixing). Due to the presence of a vapour film between the melt and the water, 
heat transfer from corium to water is relatively low  and the corium remains essentially in a 
liquid state. After a certain amount of melt has penetrated into the water, an event (the 
trigger) may initiate the steam explosion process itself somewhere in the pre-mixture, 
generally when the melt front hits the bottom of the housing structure (here vessel or cavity). 
The trigger induces vapour film collapse locally, and liquid (melt)-liquid (water) contact 
occurs, giving rise to fine fragmentation of the melt (typically fragments <100 µm) allowing 
rapid heat transfer to the water and subsequent high pressurisation. Expanding, this zone 
produces further fragmentation around it, and this process escalates and propagates to all 
the pre-mixture. Propagation is a self-sustained process, which can reach supersonic 
velocities depending on the pre-mixture characteristics. In this case the propagation front is 
associated with a shock, which reaches the water surface in few ms and leaves behind it a 
high pressure region inducing dynamic loading of the surrounding structure (120 MPa of 
duration 1 ms have been measured in 1-D experiments with alumina melt). It can be 
considered similar to a chemical detonation, where fragmentation plays the role of the 
chemical reaction. Analogy with a chemical detonation together with a model for 1-D 
geometry was first proposed by Board et al. in a famous letter to Nature in 1975 5]. They 
called it a “thermal detonation”. Pressure relief of the exploded zone can induce the 
generation of missiles leading, e.g., to alpha-mode failure and/or to high static pressurisation 
of the housing structure if the volume is closed. 
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The four steps pre-mixing, triggering, propagation and expansion, and the reasons why an 
explosion may or may not occur will be now described in more detail. 
 

 
 

Figure 2: Conceptual picture of a steam explosion associated with melt pour (partly 
form Corradini, 1985) 

 
 
 
4. Description of the various steps of a steam explosion 
 
Pre-mixing 
It is necessary that a significant amount of melt be involved in a steam explosion in order that 
it has a “chance” to damage the reactor structures. If a steam explosion occurs as soon as 
melt contacts the water in a surface explosion, the melt mass involved is very small and so is 
the explosion strength. Actually, a significant amount of melt, if not all, can penetrate into the 
water before or without any steam explosion. As the melt descends through it fragments due 
to hydrodynamic forces and releases energy to the water. Steam is produced and a melt-
water-steam mixture forms. Given the fragmentation process of the melt and the boiling 
regime of the water, the rate of heat transfer is governed by the pouring rate of the melt. The 
partly quenched debris settles on the bottom where it eventually forms a mass debris bed 
and/or re-melts due to decay heat forming a molten pool. This is what occurred in the TMI-2 
accident, where about 20 tons of corium melt relocated in the lower head in approximately 2 
min while the vessel was full of water. It resulted in a vessel pressure increase of 2 MPa due 
to steam production, but no steam explosion occurred. In steam explosion terminology, this 
mixing is called “pre-mixing” because it precedes a possible steam explosion, which is 
another type of mixing process. Examples of two pre-mixing configurations obtained with two 
different melts in the KROTOS facility illustrated in Figure 3 are shown in Figure 4. 
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Figure 3: KROTOS test vessel and 
visualisation devices. Melt poured in 
water via the release nozzle. Water pool 
diameter 0.2 m, depth ~1 m. 

Figure 4: Pre-mixing configurations in KROTOS 
tests. Left: Corium melt. Right: Alumina melt. 
Viewing area 100x200 mm, CANON video camera. 
(From 6]) 

 
Figure 5 shows typical sizes of particles collected after FCI without steam explosion 
in KROTOS (5-kg-scale melt, 6]) and FARO (100-kg-scale corium melt, 7]) 
experiments. Pre-mixing with alumina melts in KROTOS produced fragments of 
mean size of order 10 mm as compared to 1 mm with corium.  
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Figure 5: Pre-mixing particle size distributions in selected FARO and KROTOS corium 

tests. 
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Another condition to be verified in order a steam explosion can occur is that during the 
mixing phase most of the corium remains in molten state. This is possible when melt and 
water mix together in film boiling regime of the water, because heat transfer to the water 
through the film is low. Film boiling is always the boiling regime of water in LWR reactor core 
melt down accidents due to the very large temperature difference existing between the melt 
(above 2000°C) and the boiling temperature of the water (even if at elevated pressure). 
Therefore, the necessary condition for steam explosion occurrence is always verified in LWR 
reactor severe accident conditions1. But this condition is not sufficient. A trigger is required. 
 
Triggering 
Film boiling is an unstable situation, which can be disrupted by events occurring during melt 
descent through water. Collapse of the vapour film somewhere in the pre-mixture may initiate 
fine fragmentation of the melt and rapid heat transfer to the water, which, extending to all the   
pre-mixture in a few milliseconds may give rise to high pressurisation of the system. The 
initiating event is called the trigger.  
 
Nowadays, it is difficult if not impossible to predict whether or not a steam explosion will 
trigger in a given situation. This makes very difficult the definition of counter-measures to 
prevent steam explosions. It is the reason why present analyses of the steam explosion risk 
postulate that an explosion can not be ruled out during an FCI (triggering probability equal to 
1) and assess the consequences it may have on the surrounding structures. This helps 
designing structure that can withstand steam explosion and defining severe accident 
management strategies. 
 
Even though steam explosion occurrence can hardly be predicted, experimental data base 
allows establishing the conditions that are more or less favourable to “spontaneous steam 
explosions”. A spontaneous explosion does not require any external event to occur: the 
trigger is generated by the system itself. It has been observed that, when a steam explosion 
occurs spontaneously, it often triggers when the melt contacts the structure containing the 
water, which generally occurs when the melt front reaches the bottom. The reasons for that 
are not clear but the change of boiling regime due to melt impact on the structure (transition 
from film boiling to transition or nucleate boiling) may generate localised pressure pulses that 
are capable to trigger the explosion. Another possibility is water entrapment by melt, followed 
by rapid vaporisation of the entrapped water. Installing a thermoplastic liner on steel 
structures have revealed sufficient to suppress spontaneous steam explosion in some 
experiments, which indicates that change of boiling regime was the most likely cause of the 
explosion in such cases. Unfortunately, this behaviour cannot be generalised. 
 
Steam explosions have been found more difficult to trigger spontaneously when the system 
pressure is high. The reason is that stability of the vapour film increases with the pressure 
and thus, more energy is required to collapse it. Large void (steam) fraction in the pre-

                                                 
1 Provided, however, that liquid water remain present in the pre-mixture. If all liquid water is swept out 
due to, e.g., intense vapour counter-flow, no steam explosion can occur (see section 0). 
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mixture can also prevent spontaneous occurrence of steam explosion. Here, it is the large 
steam fraction (large film thickness) that makes liquid -liquid contact difficult. For instance, 
explosions in saturated water are more difficult to trigger than in sub-cooled water. The 
presence of non-condensable gases in the mixture has a cushioning effect that hinder film 
collapse. Non-condensable gases can result from entrainment of cover gas by the melt when 
penetrating into the water and/or from chemical reaction occurring during the mixing process 
itself (e.g., hydrogen production due to corium oxidation by the steam). Again the reason 
here is a major resistance to film collapse and the increase of void (steam+gas) fraction in 
the pre-mixture.  
More recently, on the basis of experimental results obtained in the TROI facility (South 
Korea, 8]) it has been suggested that corium of non-eutectic compositions may be more 
resistant to steam explosion than eutectic corium melts. However, the possible reasons for 
such a behaviour are not clear at present and further investigation is on-going. 
No steam explosion was observed in the TMI-2 accident, which accumulated most of the 
conditions that are unfavourable to a spontaneous steam explosion: High pressure (>100 
bars), saturated water (large void fraction), hydrogen production (Zr oxidation during 
quenching), fission products in corium (large interval liquidus-solidus). Similarly, no 
spontaneous steam explosion have been observed in any of the FARO and KROTOS tests 
performed with up to 175 kg of 80w% UO2-20w% ZrO2 melts (~20-50K solidification interval) 
at pressures between at 0.1 and 5.0 MPa in either saturated or subcooled water. But, 
spontaneous steam explosions are easily obtained in TROI facility with 70w% UO2-30w% 
ZrO2 melts (0 K solidification interval). 
An event external to the system may trigger an explosion. Experimentally, artificial triggering 
of steam explosions have been obtained by applying an external shock on the steel container 
housing the FCI (e.g., hammer blow), a shock wave generated inside the system by the 
rupture of a high pressure gas capsule or by a chemical explosion, a rapid water motion 
generated by a piston. Figure 6 shows the pressure signature in pure water of two different 
triggers used in the KROTOS facility of Figure 3. In both cases, the energy of the trigger is 
similar and around a few hundred of Joules, but one has small amplitude and “long” duration 
while the other has large amplitude and short duration.  
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Figure 6. Pressure wave generated in pure water by two different types of trigger used in 
the KROTOS facility. Pressure signals corresponds to six elevations distant 200 mm from 
each other at the test tube wall ( K0 to K5, see Figure 11). Left: Rupture of a 14 MPa gas 
capsule at bottom of test section. Right: Explosion of 0.17 g of pentrite at bottom of test 

section. 
 
Experimental data base shows that a steam explosion may be obtained when an external 
trigger is applied to those situations that exhibit a certain resistance to spontaneous steam 
explosion (e.g., high system pressure, liner on structures…). Triggers of Figure 6 have been 
able to trigger steam explosions in KROTOS corium/water experiments in conditions where 
no spontaneous explosions were observed. Explosive trigger of Figure 6 was able to cause 
an explosion in the only attempt performed in FARO facility (FARO L-33 performed with 25 
kg of corium melt at pressure 0.4 MPa and water at ambient temperature, 9]). Figure 7 
shows the pressure response to the gas trigger of Figure 6 of two corium-water systems in 
KROTOS facility. In the first case (K-37), the trigger was not sufficient to induce an explosion. 
The pressure wave was damped with respect to the pure water case and propagated at a 
velocity typical of the pre-mixture characteristics (130 m/s). In the second case (K-53), the 
same trigger was sufficient to induce an explosion and the propagation front moved at a 
velocity of 400 m/s into the pre-mixture. The main difference between the tests was the 
system pressure (0.10 MPa in K-37 vs. 0.36 MPa in K-53). In K-37 large void (steam fraction) 
in the pre-mixture due the low system pressure could inhibit the explosion even with an 
external trigger. The slightly higher pressure in K-57 was enough to reduce the void 
sufficiently for a steam explosion to occur with the same trigger.  
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Figure 7: Possible evolution of pre-mixtures exposed to the same trigger. Main 
differences between K-37 and K-53 conditions is the system pressure: 0.1 MPa 

and 0.36 MPa in  K-37 and K-53, respectively. (see pressure transducers 
positions in Figure 11) 

 
It can be concluded that any melt/coolant mixture involving high temperature melt such that 
film boiling is the dominant boiling regime of the coolant may generate a steam explosion if a 
sufficiently energetic trigger is provided1. The problem is establishing how much energetic is 
energetic enough for a given system and/or situation. Past studies have been inconclusive in 
that respect and, according to the present situation of the FCI research, little progress is 
expected in this area in the near future. This uncertainty is the main reason why steam 
explosion occurrence is often postulated in the analysis of FCI accident scenarios. 
 
Propagation 
 
The trigger is a local event initiator of a process which will propagate to all the pre-mixture 
and lead to rapid transfer to the water of a significant part of the thermal energy stored in the 
melt. The characteristic time of propagation is the order of a few milliseconds at reactor 
scale. One may say that propagation is the steam explosion phase where thermal energy of 
the melt is converted into thermal energy of the coolant. 
 
It is generally admitted that the trigger (e.g, melt-bottom impact) causes the vapour film 
around the neighbour particles to collapse, resulting in a “liquid-liquid” contact (liquid water-
liquid melt) inducing rapid fine fragmentation of the melt. This process is called “thermal 
fragmentation”. One possible way it is believed this process may occur is illustrated in Figure 

                                                 
1 Note that there is no experimental evidence that it would be possible to trigger an explosion for very 
high system pressures such as in TMI-2 accident. The maximum system pressure used to trigger an 
explosion with UO2-based melt was 1.0 MPa (SUW series performed at Winfrith with a UO2-Mo 
mixture at 3600K. M. J. Bird, 22nd National Heat transfer Conf., Niagara Falls, 1984). Triggering the 
explosion was not easy, but the results showed an enhanced melt quantity participating in the 
explosion with respect to tests performed at lower pressures in the same facility. Thus, while the 
efficiency was lower than in a similar test performed at lower pressure, it induced more damage to the 
facility due to the higher melt mass participating.            
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8. Film collapse induces liquid water jet impingement on the melt drop surface (top picture) 
and water penetration inside the drop (middle picture). Pressure generated inside the drop by 
heat transfer and vaporisation of the entrapped water causes the drop to fragment and the 
fragments to be expelled out of the drop (bottom picture), the vapour film to grow and 
collapse again, inducing further fragmentation of the drop. This phenomena occurring 
simultaneously at several locations at the drop surface induces its rapid destruction (often 
called “explosion of the drop”) and a local high pressure region. It has been experimentally 
observed that a tin drop in water is totally fragmented (exploded) after a number of film 
growth/collapse cycles lasting a few ms, while the very nature of the way the drop fragments 
has not been observed so far. 
 

 
 
 

Figure 8: Conceptual illustration of thermal fragmentation induced by film collapse 
(from Kim and Corradini, 1988). 

 
The explosion of a drop (or a few drops) may in turn induce neighbour drops to explode the 
same way and this phenomenon may propagate step by step to all the pre-mixture. 
Propagation velocity depends on the conditions in the pre-mixing region, i.e., for a given 
system, essentially component distribution (melt-water-steam). It may correspond to the 
propagation velocity of disturbances in the pre-mixing region, resulting in sequential ignition 
of the mixture. In this case there is no steam explosion and the pressurisation of the system 
is relatively limited, slow and uniform, without generation of shock waves. Typical velocities 
in this case are of the order of some tens of m/s. An example of sequential ignition of 
explosions of drops not having the characters of a thermal detonation is given in  
Figure 9. In this experiment, a first drop was triggered on the left by a spark discharge and 
the explosion propagated from left to right at a velocity around 8 m/s, not sufficient to induce 
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generation of shock waves and a global pressurisation of the system. A series of pressure 
peaks of amplitude less than 2.0 MPa and duration 10-5 s corresponding to the explosion of 
each drop was recorded at the base of the test rig. This did not represent any danger for the 
thermoplastic test container. 

 

 
Figure 9. Propagation of vapour explosion in multiple drop system (from Frost and 

Cicarelli, 1988). Tin drops 1073 K; Water 327 K; Drop spacing ~2 cm; Measured 
Propagation velocity 8 m/s. 

 
If the mixture conditions are favourable (e.g., large concentration of melt drops and sufficient 
liquid water), the propagation velocity may rapidly escalate up to reaching a quasi-steady 
state presenting all the characters of a detonation: a shock wave sustained by energy re-
leased in the zone immediately following the shock front propagating at supersonic velocity in 
the pre-mixture. It is generally considered that thermal fragmentation alone cannot produce 
such a detonation wave, but is progressively substituted or complemented by hydrodynamic 
fragmentation induced by differential velocity between melt and coolant created by the pas-
sage of the shock front. An illustration of this process is given in Figure 10. As a comparison 
with the sequential ignition of drops of  
Figure 9, a thermal detonation of a tin/water mixture issued from tin jet penetrating in water 
propagates at a velocity of order 100 m/s and produces a single peak of order 10 MPa 
pressure at the wall and 10-3 s duration. Tin/water explosions are generally mild events, but 
sufficient to destroy the Plexiglass® test-tube and container in test KROTOS K-13, which 
movie was presented to the participants at the course. A steel tube would not have suffered 
any damage.  
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Figure 10. Illustration of a thermal detonation (from Cronenberg et al., 1980) 

 
Also depending on the conditions, the pre-mixture can “burn” more or less completely before 
any pressure relief can take place, creating very high pressures behind the front. Su-
percritical explosions with dynamic pressures of order 100 MPa and impulses in excess of 
100 kPa.s have been obtained in Al2O3/water systems in quasi 1-D geometry (Figure 11). In 
one of these tests, the 40-mm thick steel bottom of the test tube was severely damaged the 
tube itself permanently deformed. Note that in multi-dimensional systems like in reactor 
accident, “venting” may reduce the pressurisation at the walls and mitigate the explosion ef-
fects with respect to one-dimensional situations. 
Fragments of size < 100 µm are produced during this process. Figure 12 shows particle size 
distributions of debris from steam explosion with alumina melt as compared to debris from 
experiments without steam explosion. 

 
Figure 11. Explosion pressures measured at test-section wall at different elevations in 

KROTOS K-49: 1.47 kg of alumina melt at 2700 K in 1-m-depth water at 294 K. 
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Figure 12 : Debris size in selected KROTOS alumina tests with steam explosion 
compared to debris size without steam explosion (top two curves) 
 
 
Expansion 
Expansion is the phase where thermal energy of the coolant is converted into mechanical en-
ergy resulting in possible damage to the surrounding structures. Keeping in mind the analogy 
with a chemical detonation and considering a (stationary) detonation wave progressing in the 
pre-mixture from the closed end of a very long tube (one-dimensional situation with the ex-
plosion triggered at the closed end), one can see that: 
 

1. The region behind the detonation front (the “burn gases” region) is an expansion zone 
where elevated pressures are reached depending on the pre-mixture characteristics 
(see, e.g., cases of tin and alumina above), 

 
2. The pre-mixing zone ahead of the detonation wave is not “seeing” anything before 

being reached by the wave. So it is for the space downstream to the pre-mixing 
region.  

 
If the tube is sufficiently strong to withstand the impulse resulting from high pressure behind 
the detonation front, all the space surrounding the tube is not affected by what is occurring in 
the tube itself until all the pre-mixture has entirely “burned” (i.e., the detonation wave has 
reached the downstream boundary of the pre-mixture). Then pressure relief against the 
surroundings will occur. Suppose the tube is vertical and the explosion occurs underwater. 
Tube pressure relief will induce ejection of materials from the tube and upwards acceleration 
of the water slug and possible other overlying materials (possibly leading to alpha-mode 
failure as described earlier). In a close system, pressurisation of the surroundings results. 
This situation that can be considered to occur in the quasi one-dimensional KROTOS 
configuration using a 20-mm-thick steel test-tube (Figure 11).  
 
If the tube is not strong enough to withstand dynamic loading, part of the mechanical energy 
will be lost for deforming and rupturing the tube, inducing a venting of the explosion, and a 
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reduction of the energy transferred to the upward motion of the slug is expected. This 
situation was observed, e.g., in KROTOS-13 tin-water experiment. 
 
Transposition of this ideal picture to a steam explosion occurring in the lower head in case of 
core melt down accident could lead to alpha-mode failure and/or lower head failure, which 
are the two major issues for in-vessel FCI. In reality, FCI in reactor conditions is likely to be a 
3-D situation and the separation between propagation on one hand and expansion on the 
other hand is not so straightforward. The development of multi-dimensional FCI codes allows 
to cope with this interdependency.   
 
Summary  
 
Corium melt poured into water experiences coarse fragmentation (fragments of order some 
mm) in film boiling regime due to hydrodynamic effects. This phase is called pre-mixing and 
is unstable (meta-stable). Destabilisation of the system locally induces drop-size explosion 
with production of 100µm-size fragments which starts propagating through the pre-mixture 
(triggering). If conditions are favourable (unfavourable from the safety point of view), 
escalation to supersonic propagation velocity may occur inducing in a self-sustaining process 
similar to a chemical detonation extending to all or part of the pre-mixture. This process 
occurring in the RPV lower head induces dynamic loading of the lower head walls with 
possible failure of the lower head. It may accelerate a slug (missile) made of water and/or 
overlaying materials against the upper head with possible failure of the upper head, 
becoming in turn a missile which may fail the the containment roof (Alpha-mode failure). A 
steam explosion occurring in the cavity beneath the RPV in case of rupture of the RPV lower 
head either by mechanical or thermal loading may damage the cavity wall, challenging 
containment integrity, and/or induce displacement of the vessel with possible further damage 
to the primary circuit and by-pass sequences.  
 
5. Global estimates of steam explosion energetics 
 
Independently of the amount of melt which can be (pre-)mixed with water and of the 
geometry, it is possible to calculate, by thermodynamic methods, the work done during the 
expansion phase as a function of the ratio of the initial volumes fractions of melt and water. 
Hicks and Menzies proposed in 1965 a thermodynamic estimate giving an effective upper 
limit of the energy conversion for fast reactors 10]. This was done by considering 
instantaneous and constant-volume mixing of melt and coolant to thermodynamic 
equilibrium, followed by isentropic expansion of the system to its end state (atmospheric 
pressure). The maximum conversion ratio (mechanical energy output divided by the thermal 
energy of the melt) is found for almost equal volume of melt and coolant. This maximum is in 
the range 50-60%. For corium-water and alumina-water systems, and around 27% for tin-
water systems.  The supercritical explosions observed with alumina in the quasi 1-D 
geometry of KROTOS (e.g., Figure 11) and that produced ones of most violent explosions 
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ever observed1 correspond to a conversion ratio of less than 3% (considering all the melt 
present in water at the time of the explosion) inducing severe damage to the test tube, and 
those performed with tin and corium less than 0.5%. This is true also for all experiments 
performed since Hicks-Menzies estimates. It should be noted that the original Board and Hall 
thermal detonation model, which contrarily to Hick-Menzies model gives a description of the 
dynamic processes involved in a steam explosion, results in similar efficiencies as shown in 
Figure 13. 
Clearly, even supposed known the global characteristics of the pre-mixing (melt-water-steam 
fractions and melt mass), the above methods are not applicable for reactor safety 
assessment. In the real world, pre-mixtures are not so ideal and number of dissipations 
processes limit energy conversion. Models have been subsequently developed to take into 
account parametrically these effects, such as limiting the amount of participating melt or 
considering the transient nature of the fragmentation. There were useful to help identifying 
some key processes that limit explosion efficiency, but are of little use to address the 
complexity of the reactor situations. To address these situations mechanistic codes were 
developed, which are able to calculate complete FCI sequences and structure loading. 
 
 

 
Figure 13. Comparison of expansion work following a constant volume process (Hick-
Menzies process) and a Chapman-Jouguet detonation (Board-Hall process) for tin at 

1773K and 50% initial void fraction (from D.L. Frost et al., 1991). 
 
 
6. Insight into modelling of steam explosion in FCI codes 
 
As can be understood from the above sections, steam explosion is a multi-component, multi-
phase, multi time-scale phenomenon with heat and mass transfer. There are basically two 
components: corium and water. In some case, inert gases are also present, e.g., when 
oxidation occurs during melt-water interaction, producing hydrogen. There are two phases for 
the water (liquid and vapour) and two phases for the melt (liquid and solid), with phase 
change for each component. It takes seconds or minutes to (pre-) mix melt and water 

                                                 
1 Values around 10% have been reported for the FITSB series performed at SANDIA N.L., but the 
method these values have been obtained by the experimental team has been  critisized by Farawila et 
al. -Nuclear Science and engineering, 104, 288-295 (1990 ) -  who obtained values around 2%.   
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together depending on the accident scenario and instant of triggering, while propagation 
occur at millisecond time-scale. 
 
It is seen that describing all these processes in a unified structure is a tremendous task. It 
has been achieved by developing FCI deterministic codes, which describe all theses 
processes with different degrees of approximation and still uncertainties that will now be 
discussed. The codes have to resolve a huge system of equations of mass, momentum and 
energy for each component and/or phase according to their degree of details. The closure of 
the system is obtained through constitutive laws for the various phenomena, in particular 
melt fragmentation, heat transfer and friction laws for both the pre-mixing and the explosion 
phase. Most of the codes are 2-D axi-symmetric and the real 3-D situations are 
approximated by various artefacts.  
 
6.1. Modelling of the pre-mixing phase 
 
As giving the initial state of the medium the explosion will propagate through, it is of 
fundamental importance to calculate properly this phase. Initial state means essentially 
geometry and distribution of water, gas(es) and corium in the pre-mixture. For the corium, it 
is further important to know which proportion freezes during melt penetration, as essentially 
liquid corium can be finely fragmented by the explosion wave and deliver its energy to the 
water during the time-scale of the propagation/expansion phase. 
 
If we consider a corium melt jet penetrating into water, we may distinguish between jet break-
up into particles (sometimes called primary break-up) and, possibly, fragmentation of those 
particles into smaller particles (secondary break-up). But in a reactor accident, it is very 
unlikely that a nice corium jet forms, so that usefulness of addressing jet-break-up for reactor 
application is still a matter of debate. In some codes, the melt is considered entering into 
water as a collection of drops of given sizes. The initial given size(s) of the particles is (are) 
deduced from experimental data or other considerations more related to the code structure. 
Note that in case jet break-up is calculated, the dimension (diameter) of the particles 
generated from the break-up process is also an input data, in general. But unlike the former 
case, they are formed as the jet descent through the water according jet break-up laws, 
which may be different from one code to another. The lack of detailed experimental data in 
representative conditions has made it difficult converging towards a common position on this 
issue so far. 
 
The particles generated form the jet or given a priori, experience, in principle, further 
fragmentation as they progress down into water until cohesive forces (surface tension) 
balance the disruptive forces (inertia). Again here different models are used, none of them 
having being fully validated so far.  
 
The downward progression and spread of jet and drops are governed by the coolant two-
phase flow generated by heat transfer from the corium to the water. Heat exchange and 
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steam generation are established by using film-boiling correlations resulting in different flow 
regimes as a function of the local gas fraction, from bubbly flow (water is the continuous 
phase) to droplet flow (gas is the continuous phase) or churn turbulent flow.  
 
As in a reactor accident melt pour into water may last minutes, part of the corium may solidify 
before an explosion occurs. This limits, for a given scenario, the quantity of melt that  may be 
involved in the explosion. For instance, if an explosion had occurred in TMI-2 at the end of 
melt relocation in the lower head (which lasted ~2 minutes) part of the relocated 20 tons 
would certainly have been solidified, and thus not available for the explosion. Another 
process that may limit the amount of pre-mixture susceptible to sustain propagation is water 
depletion due to entrainment of water out of the zone by escaping steam (no liquid water = 
no steam explosion). At the very beginning of FCI research, attempts were made to quantify 
this “limit to pre-mixing”, i.e. find out the maximum amount of melt which could be mixed with 
water before fluidisation of liquid water by steam. Depending on the hypotheses and 
parameter choices, the quantity varied by several orders of magnitude, which makes the 
method inapplicable for safety assessment. 
 
Summarising, deterministic FCI codes are presently used for calculating the pre-mixing 
phase. They allow establishing the time dependent flow maps associated with melt 
penetration into water, and thus, any time, the properties of the mixture a steam explosion 
may propagate through. They resolve systems of mass, momentum and energy equations 
for coolant and melt depending on their degree of approximation. They vary essentially by 
the description of the melt jet (continuous of collection of drops), drop break-up processes, 
film boiling models, coolant flow description, partitioning energy release between steam and 
water. These differences highlight a lack of understanding of these phenomena and of their 
importance for calculating real situations. This is due essentially to the difficulty in getting the 
required data in the extreme conditions testing must be performed. This issue is addressed 
further in Chapter 0.  
 
6.2. Modelling of the trigger 
 
The apparently stochastic character of the triggering of a steam explosion does not allow to 
predict where and when it will occur. So in the codes, the trigger time and position are always 
imposed by the user. As in experiments spontaneous explosions often trigger when the melt 
contacts the bottom, so it is generally assumed in numerical simulations of reactor accidents. 
However, this might not give the strongest explosion. So, for risk assessment, the effect of 
changing the time and position of the trigger on the explosion strength may be necessary, 
which requires a large amount of calculations. 
 
Several ways are used to simulate a trigger, all resulting in a local over-pressurisation in a 
elementary cell of the computational mesh. For instance, applying 15 MPa in the centreline-
lowermost cell of the lower head or cavity (similar to what done in KROTOS tests) is 
generally sufficient to start propagation.     
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6.3. Modelling of the explosion phase 
 
With respect to the pre-mixing phase the differences in the treatment of the explosion phase 
lie in the description of the generation of fine fragments and rapid heat release to the coolant.  
 
Nowadays, there are two models used in the codes to describe the explosion phase from a 
given or calculated pre-mixture: the micro-interaction model and the non-equilibrium model. 
In the micro-interaction model  used in ESPROSE and IDEMO codes a certain amount of 
water, steam and melt fragments are mixed together and in thermal equilibrium, forming a m-
fluid the expansion of which is the cause of the pressure build-up. Figure 14 illustrates the 
concept according to Yuen and Theofanous as compared to ideal Board and Hall type of 
propagation. 
In the non-equilibrium concept used in MC3D and TEXAS codes part of the heat from the 
fragments is used to produce vapour, which is the cause of the pressure build-up. 
Again, lack of direct observation due to technical difficulties makes it difficult to reach 
convergence on the fundamental processes that actually govern this phase.  
 

Classical concept

1D Micro-interaction

2D Micro-interaction

From Yuen et al., 1993

Classical concept

1D Micro-interaction

2D Micro-interaction

From Yuen et al., 1993

 
 

Figure 14 : Illustration of the micro-interaction concept 
 
6.4. Status of understanding  
 
The diversity of the approaches reveals a lack of understanding of some fundamental 
aspects of FCI and steam explosion phenomena. This is due to the complexity of the 
phenomena itself as already mentioned (1-D two-phase flow is already difficult to model!) but 
also to the difficulties of direct observation in turn due to the extreme conditions at which 
testing must be performed. Low temperature experiments or/and experiments performed at 
high temperature with “simulant” melts, e.g., alumina have been used to validate the models. 
But when applied to experiments performed with prototypical corium melts in realistic 
conditions they have difficulties to reproduce the results. In particular, they cannot reproduce 
the low explosivity of corium melts as found in recent tests (KROTOS and TROI already 
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mentioned) with respect to alumina melt: in KROTOS explosion efficiency is divided by 10 
when passing from alumina to 80w%UO2 –20w%ZrO2 melts. It is not clear yet whether the 
differences in the pre-mixing configurations or in the material properties are the main causes 
of the differences in the explosion energetics.  
If the differences are due to the pre-mixing characteristics (essentially component fraction 
and drop size), it may be an artefact of the experiment geometry and conditions. The main 
question is whether or not those pre-mixing configurations that produced strong explosions 
with alumina are possible for other conditions, and in particular reactor conditions.  
If the differences are due to the melt properties, then the question is rather to verify whether 
those properties are a common characteristic to all possible corium compositions. The main 
differences in melt properties that can affect pre-mixing and propagation are: 
Freezing during pre-mixing, which both reduces the amount of melt available for fine 
fragmentation and makes it more difficult, 
Viscosity, especially for materials with a large solidus-liquidus intervals,  
Physico-chemical behaviour of the materials, 
Hydrogen production. 
 
The FCI codes are not presently modelling these “material effects”, except for hydrogen 
production in some of them. 
 
7. OECD SERENA Programme  
 
So, what to do? Do we need to resolve all these uncertainties for reactor safety assessment 
purposes? In order to evaluate it, an international programme performed under the auspices 
of OECD/NEA has just been achieved (SERENA Phase1). The scope was to make a status 
of the FCI codes capabilities to calculate steam explosion in reactor situations, and to find 
out what would be strictly needed to bring understanding and predictability of FCI energetics 
to sufficient levels for risk management.  
Codes presently used by different organisations throughout the world for safety assessment 
were involved (see Table 1). The predictive capabilities of the codes were assessed on two 
typical configurations found of common major concern for in- and ex-vessel situations, 
respectively. Figure 15 shows the two selected configuration the initial conditions. A trigger 
was applied when the melt front contacted the bottom.   
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Table 1. Partnership in SERENA and code used 

 
 

 
Figure 15. Calculated reactor cases in SERENA 

 
Despite the differences in modelling and approaches, and the large scatter of hypothesis and 
results for both pre-mixing and explosion, the reactor calculations indicate clear tendencies 
(Figure 16): 
 

• For the in-vessel case, the calculated loads are lower than the capacity of the 
defined-model intact vessel (estimated to be above 300 kPa.s); 

• For the ex-vessel case, the calculated loads, even low, are above the capacity of the 
defined-model cavity walls (estimated to be a few tens of kPa.s). The scatter of the  
results raises the question of quantifying the containment safety margin for ex-vessel 
steam explosion. 

 
These rather attractive results are challenged by: 

 
Partners Codes 

CEA/IRSN MC3D 
GRS (IKE) IKEMIX, MC3D/IKEJET, IDEMO 

FZK MATTINA 
KAERI/KMU TEXAS V, TRACER II 

NRC (UCSB, UW) PM-ALPHA, ESPROSE, TEXAS 
KINS IFCI 6.2 
JAERI JASMINE 

NUPEC VESUVIUS 
EREC VAPEX 
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• The uncertainties on the pre-mixing flow patterns (especially on melt and void 

distributions) and geometry, due to the lack of detailed experimental data. It is 
believed in particular that the codes overestimate void fraction to such high levels that 
it acts as a mitigator of steam explosion.  

• The uncertainties on material influence on the energetics. Data are available for two 
close corium oxidic compositions. In some cases “reduced” parameters have been 
used to model the explosion without firm physical reasoning. 

• The scatter of the results for ex-vessel situation does not allow to quantify the 
containment safety margins.  

 
In other words, if it could be confirmed by providing sufficient data on pre-mixing zone 
internal structure that void is properly calculated, in-vessel steam explosion issue could be 
considered definitively resolved from the perspective of risk of rupture by dynamic loading. 
The same way, if the reduced energetics could be confirmed for a large spectrum of corium 
compositions (possibly finding bounding compositions) the problem of quantification of 
containment safety margins for ex-vessel steam explosion would be reduced to reducing the 
scatter between the codes predictions. 
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Figure 16. In- and Ex-vessel calculated loads by the various codes used in 

the SERENA exercise 
 

8. Next steps 
 
We arrive to the important conclusion that even though large uncertainties still exist on 
fundamental aspects of FCI and steam explosion processes, the resolution of the issue for 
reactor applications depends on the resolution of a very limited number of uncertainties, 
namely  level of void in pre-mixture and material effect on steam explosion energetics. This 
led to the proposal for a phase 2 of SERENA aiming at obtaining the complementary data on 
these issues and reducing the scatter of the predictions. 
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The proposal is based on the use of two complementary corium facilities to obtain the 
required data (Figure 17): 
 

• One, KROTOS (CEA, France), being more suited for investigating intrinsic FCI 
characteristics of the melts and equipped with high energy X-ray radioscopy device to 
“visualise” pre-mixing, 

• The other, TROI (KAERI, Korea), being more suited for testing more reactor-like 
conditions by having more mass and 3-D capabilities, and equipped for tomography. 

 
Five complementary tests are proposed to be performed in each facility with varying the 
geometry and corium compositions. 
 

KROTOS test section TROI test assembly

5 kg of melt
1-D geometry
New release device
X-ray radioscopy
External trigger

20 kg of melt
2-D geometry
Intermediate catcher
Tomography
External trigger

UO2-ZrO2-Steel-Zr-FP

KROTOS test section TROI test assembly

5 kg of melt
1-D geometry
New release device
X-ray radioscopy
External trigger

20 kg of melt
2-D geometry
Intermediate catcher
Tomography
External trigger

UO2-ZrO2-Steel-Zr-FP

 
Figure 17. KROTOS and TROI facilities to be used in SERENA-2 

 
The tests will be accompanied by analytical activities aiming at: 

• Determining, through pre- and post-test calculations,  what is needed to be improved 
in the models to adequately calculate the pre-mixing flow patterns and corium 
explosions yields, 

• Identifying the reasons for the significant spread of the results in the calculations of 
Phase 1 

• Integrate the findings in the codes and verify the progress made in reducing the 
scattering of the predictions of the reactor cases of Phase 1. 

 
Planned duration of the programme is four years. 
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9. Conclusions  
 
Steam explosion occurring during corium melt pouring into water has received most attention 
so far as considered the most challenging for LWR  structures. The accident conditions in a 
LWR are such that when molten corium penetrates into water it first fragments into cm-size 
particles, while remaining essentially molten. A “coarse mixture” of corium drops, steam and 
liquid water forms. This is an unstable situation, and in some cases very fine fragmentation of 
the corium drops occurs inducing a very rapid release of the remaining internal energy of the 
corium to the water, with shock wave formation and subsequent expansion of the system 
giving rise to dynamic loading of the surrounding structures. This process is called a “steam 
explosion”.  
 
Conceptually, steam explosion may be considered as a propagating event similar to a 
chemical detonation as suggested originally by Board et al. (thermal detonation concept): a 
coarse  mixture of melt, steam and water exposed to a triggering event may detonate, i.e., be 
the place where a shock wave develops and propagates at supersonic speed in the mixture 
sustained by energy release in the zone immediately behind the shock front. As far as 
reactor safety is concerned, the main challenge is to establish the characteristics of the 
mixture that can form, for a given accident scenario, in terms of melt-water-steam fractions 
and melt quantity, and to evaluate the level of dynamic loading to the structure in case a 
steam explosion takes place in this mixture.  
 
Experiments performed in a large variety of conditions have shown that maximum energy 
conversion ratios (thermal energy of the melt in the pre-mixture divided by mechanical 
energy release) were one order of magnitude lower than those predicted by the 
thermodynamic model of Hicks-Menzies giving an upper limit ~50% for corium-water 
systems. The reasons for that were found in the heterogeneity of actual pre-mixtures and on 
energy dissipation processes in the propagation wave, not taken into account in both the 
Hicks-Menzies and Board et al. models. Deterministic codes have been developed that 
describe these processes in a detailed manner, thus obtaining more realistic estimates of 
mechanical energy release and corresponding dynamic loads.  
 
Although these codes still have a number of parameters not totally validated due to the lack 
of data, in turn due to the difficulty to obtain the required level of details because of the 
extreme conditions testing must be performed, they have reached a certain level of maturity 
and are able to calculate reactor situations as shown in Phase 1 of the OECD SERENA 
programme. The large scattering of the predictions reflects the lack of understanding of a 
number of FCI processes, but, as far as reactor application is concerned, the main 
uncertainties lie on void level in pre-mixture and generic explosion behaviour of corium melts. 
     
Reducing these uncertainties to a sufficient level for reactor safety assessment is the scope 
of Phase 2 of SERENA, which achievement should be a definite step towards resolution of 
the steam explosion issue for LWR’s . If the calculations results were confirmed for the in-
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vessel case, we could reasonably envisaged the closure of the issue of bottom vessel failure 
by steam explosion, which is specially important for the new generation of reactors based on 
in-vessel retention (IVR) concepts (e.g., AP600, AP1000…). For the ex-vessel case, 
reducing the scatter of the predictions would probably not eliminate the risk of cavity 
damage, but will allow specifying the level of the loads. A problem is then to analyse it in 
terms of impact on the containment and on severe accident management strategies, which is 
to a large extend design dependent. 
 
Another problem is that we are not presently able to propose solutions to prevent steam 
explosion. Adding substances in the water to change its properties (e.g., increase surface 
tension and/or viscosity) has been studied in the past but did not provide reliable results. 
Putting igniters (controlled artificial triggers) like for hydrogen would certainly be a solution 
but there is little chance that such a solution be applied even if applicable. 
 
Lastly, besides the issue of dynamic loading, dispersion and micronisation of the debris by 
the explosion(s) may impact the debris retention strategies. This issue has not been given 
great attention so far. 
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1. Introduction 
 
After vessel failure, the corium would interact, in current reactors, with the concrete in the 
reactor pit. This concrete layer base not is part of the containment, which is the third and last 
barrier to the release of radioactivity to the environment in the event of to severe accident. In 
advanced concepts as the EPR, the corium would interact with concrete during its temporary 
retention in the reactor pit [1]. In a typical commercial PWR of 1300 MWe, about 120 t of 
oxides (UO2, ZrO2, …) and 80 t of metal (Fe, Cr, Ni, Zr) could relocate in the reactor cavity. 
For a 6-m diameter cavity, this leads to a melt height of the order of one meter. This height 
would be reduced in the case of spreading aq employed in the EPR. Without additional 
measures, the long-lasting release of decay heat may lead to melt-through of the basement, 
depending on its thickness. Further on, the release of steam and concrete decomposition 
gases permeably H2O, CO2, Co increases the containment pressure these may also be an 
accumulation of flammable hydrogen as the metals in the melt oxidize will the strum 
produced during concrete ablation. 
Concrete is a complex mixture of cement, water and aggregates. Under extreme 
temperatures, it will decompose into an oxidic, lava-like melt and gases, carbon oxides [2]. 
The corium pool is heated by the decay power and gases are bubbling through it, while 
concrete decomposition products mix with corium. 
Corium is subject to internal decay power (typically 30 MW initially, decreasing to 10 MW 
after 10 days), which is predominantly generated in the oxide layer. So Molten Core-
Concrete Interaction (MCCI) is governed by an imposed power, not an imposed temperature. 
If heat removal is insufficient with suspect to with respect to the decay heat being generated 
the temperature of the melt will increase until melting of adjacent structures does occur. This 
precludes the “simple” use of refractory materials to contain corium e.g. as a liner without 
sufficient capacity of heat extraction. 
MCCI is also characterized by the strong coupling of several intense phenomena high 
temperature concrete, thermal hydraulics and heat transfer, in a Buhl lip corium pool, 
physico-chemistry induced by the changes in material composition due to the admixture of 
molten in corium concrete, oxidation of metals, or onset of solidification. In this document, the 
high temperature ablation of concrete is described first, and then the major MCCI 
experiments are presented. Two types of codes were developed, based on different 
approaches to this complex phenomenology, and they will be presented afterwards.  
 
2. Concrete and Its Decomposition 
 
Concrete is a mixture of cement paste and aggregates. The paste, composed of Portland 
cement and water, coats the surface of the fine and coarse aggregates (respectively the 
sand and the gravel). Portland cement, the basic ingredient of concrete, is a closely 
controlled chemical combination of calcium, silicon, aluminum and iron oxides as well as 
small amounts of other ingredients to which gypsum is added in the final grinding process to 
regulate the setting time of the concrete. Lime and silica make up about 85% of the cement 
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mass. Typical nuclear reactor basement concrete are made from aggregates employing  
variable proportions of silica (SiO2) and limestone (CaCO3).  
Through a chemical reaction called hydration, the paste hardens and gains strength to form 
the rock-like mass known as concrete. Within this process lies the key to a remarkable trait of 
concrete: it is plastic and malleable when newly mixed, strong and durable when hardened. 
Figure 1 summarizes the proportion of the different constituents of concrete. 

  
Figure 1: Repartition of concrete components 

 
Several authors have described the reactions that occur with an increase of temperature in 
cement and concrete [3, 4, 5]: 
 

• 30 – 105 °C: the evaporable water and a part of the bounded water escapes. It is 
generally considered that the evaporable water is completely eliminated at 120 °C. 

• 110 – 170 °C: the decomposition of gypsum (with a double endothermal reaction), the 
decomposition of ettringite and the loss of water from part of the carboaluminate 
hydrates take place 

• 180 – 300 °C: the loss of bounded water from the first stage of decomposition of the 
C-S-H and carboaluminate hydrates 

• From 300°C: increase in porosity and microcracking 
• 374 °C: critical point of water above-which no free water is possible 
• 450 – 550 °C: dehydroxylation of the portlandite 
• From 550 – 600 °C: increase in thermal effects 
• 573 °C: α→ β transformation of quartz in aggregates and sands 
• 700 – 900 °C: decarbonation of calcium carbonate in cement paste and carbonate 

aggregates 
• 720 °C: second stage of decomposition of C-S-H 
• From 1100-1250 °C: start of melting (solidus). 

 
The amount of water that is present in concrete as chemically bound, physically bound, and 
free water is 7 weight-% typically, or 170 liters/m3. This water is released during heat-up of 
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the concrete at the corium interface, primarily in the form of steam (Figure 2). As the typical 
temperature of the corium melt is close to 2000 K, the corresponding steam volume that will 
percolate through the melt is very high, namely some 1000 m3 per 1 m3 of decomposed 
concrete. This highlights the strong effect of gases on agitation and heat transfer of the melt.  
 

 
Figure 2: Decomposition of siliceous concrete during heat-up 

 
The molten residuals of cement and aggregates form a viscous, glassy oxide melt that will 
dissolve in the oxide fraction of corium.  
 
The decomposition enthalpy to bring concrete from room temperature to total melting is 
generally between 1.8 and 2.5 MJ/kg and includes the different chemical reaction enthalpies. 
Roche et al [6] have measured solidus and liquidus temperatures for several types of 
concretes (Table I).  
 

 Siliceous Lime-siliceous Limestone 
Solidus Temperature 1130°C 1120°C 1220°C 
Liquidus Temperature 1250°C 1295°C 2305°C 

Table I: Solidus and liquidus temperatures for different types of concrete 
 
The composition of the concrete aggregates is also important for the gas release. For a 
concrete with limestone aggregates, lime burning, that is the thermal decomposition of 
calcium carbonates to CaO and CO2 in the temperature range from 700 to 900°C, may 
increase the amount of released gases by a factor 3 as compared to siliceous concrete. A 
special type of concrete that is used in plants of Russian design to shield the radiation in the 
lower cavity, is fabricated with serpentine aggregates, which is a mineral of the composition  
(MgO)6•(SiO2)4•(H2O)4 with a substantial content of water. Also this water is released during 
heat-up of the concrete and increases the steam two rate through the melt. 
Carbon dioxide and steam percolating through the corium melt will oxidize the metal fractions 
of the melt basically in the sequence Zr, Cr, Fe. The oxidation of Zr and Cr is a highly 
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exothermic process that contributes to significant energy release in the melt. The resulting 
gases are H2 and CO that accumulate in the containment and may lead to flammable gas 
concentrations. 
It is essential to note that decomposition of concrete by the thermal attack of the high 
temperature corium melt is reasonably described as a melting process with simultaneous gas 
release. Spalling of concrete plays a minor role. 
During concrete heating, its thermal properties change, mainly due to drying and 
decomposition [2, 7].  Figure 3 presents the thermal diffusivity against temperature for a 
typical basaltic (amorphous silica aggregates) concrete. Water content mainly affects the 
thermal properties rather than aggregate composition. 
 

 
Figure 3: Typical concrete thermal diffusivity [7]  

Data from YoungGwang Nuclear plant concrete, compared to literature data 
Correlation: � =9.1639 10-7 T(°C)² -0.00136982 T+.909062 (10-6 m²/s) 

 
3. Major MCCI experiments 
 
Early experiments 
 
Table II lists the major experiments that were conducted in the early days of MCCI research. 
Except for BETA (in simulant materials), all of these were performed in 1D geometry. These 
tests showed that thermal ablation was the major process governing MCCI: the ablation rate 
is, at first order, the ratio of the heat flux by the enthalpy needed to heat and melt a unit 
volume of concrete. The gas flow rate is higher for limestone concrete than for siliceous 
concretes and is linked to the ablation rate. The contribution of released gases during MCCI 
to the containment pressurization is considerable: the accumulation of non-condensable 
gases would lead to a pressure increase of around 3 bars in the case of a siliceous concrete 



Nuclear Reactor Severe Accident Phenomenology 
Chapter VII: Molten Core-Concrete Interaction and Basemant Behavior 
 

VII -199 

and of around 5 bars in case of limestone-sand concrete. The H2 production during MCCI 
may be also very high, in particular, in the case of siliceous concrete, although the production 
rate is much smaller than that occurs during in-vessel core degradation. The gas production 
determined mainly by the corium decay power evolution is not very sensitive to the MCCI 
modelling uncertainties. 
 

Program Lab. Concretes Corium 
Scale 
(pool 

volume)
Geometry Parameters

BETA 
[8]  

Figure 5 

FZK 
(Germany) 

Siliceous 
Limestone 

Simulant 
(Al2O3+Fe) 

~100 L 2D 

Decay 
Power 

Melt mass 
60-120 min. 

ACE 
[9] 

Figure 4 

Argonne 
National 

Lab. 
(USA) 

Siliceous, 
Limestone, 
Limestone-
Common 

Sand 

Oxide 40 L 1D 

Power 
Corium 

composition 
30-120 min. 

SURC 
[10, 11, 12, 

13] 
Figure 6 

Sandia 
Nat. Lab. 

(USA) 

Siliceous, 
Limestone 

Oxide (incl. 
Some Zr 
and FPs) 

~25 L 1D 
120-180 min.

Aerosol 
release 

WETCOR 
[14] 

Sandia 
Nat. Lab. 

(USA) 

Limestone-
common sand

Alumina 
based 

simulant 
15 L 1D 

Overlying 
Water Pool 

120 min. 

MACE 
[15] 

Figure 7 & 
Figure 8 

Argonne 
Nat. Lab. 

(USA) 

Siliceous 
Limestone -

common sand
Oxide 75-300 L 1D 

Mass, 
Composition
Up to 7h45 
mn ablation 
Water over 

melt 
Table II: Early MCCI experiments 
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Figure 4: Sketch and photograph of the ACE facility 

   
Figure 5: Post Test views of BETA experiments:  

(left) BETA- V2.1 siliceous concrete (right) BETA-V 3.2 limestone concrete  
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Figure 6: Sketch of the SURC facility  

 
Figure 7: Post test sketch of MACE M1B test [15] 

( 480 kg corium over Limestone Common Sand for 6 hours ) 

 
Figure 8: Power and Pool temperatures from test MACE M3b  
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ACE/MACE tests provided also some information on the fission product aerosol release from 
oxidic corium during the interaction with concrete: only a small fraction is released, especially 
above siliceous concretes.  
During some of these tests, the power was doubled at once (in order to destroy an anchored 
crust) and the pool temperature varied only slightly (Figure 8). In other tests, eruptions have 
been observed that formed debris-piles like volcanoes (Figure 7). 
 
3.2. Recent Experiments 
 
 Table III Table III summarizes the more recent experiments on MCCI. Most of them 
addressed the 2D aspects of the ablation and/or focused on the coupled models. One of the 
major result from these tests is that dry ablation of silica-rich concretes tends to present an 
anisotropic ablation pattern (more efficient ablation of the sidewalls compared to downwards 
ablation), whereas the tests with limestone-rich concrete show a quasi isotropic ablation, 
except maybe in the first part of the test. In case of water flooding, COTELS tests (with 
siliceous concrete) indicated that water penetration in the degraded concrete walls limited 
sideward ablation and thus favoured downwards ablation. 
 

Program Lab. Concrete Corium 
Scale 
(pool 

volume)
Geometry Parameters 

CCI  
[16, 17] 
Figure 9 

Argonne 
National 

Lab. 

Siliceous, 
Limestone 
Common 

Sand 

Uranium 
thermite 

(oxide melt)
~80 L 

2D 
(rectangular) 

Concrete 
composition 

Heating 
duration 

Time of top-
flooding 

VULCANO 
[18] 

Figure 10 

CEA 
Cadarache

Silica-
rich, 

limestone-
rich 

concretes 

Oxide 
Oxide+metal

~5 L 
2D 

(hemicylindrical) 

Concrete 
composition 

Corium 
composition 

COTELS 
[19] 

Figure 11 

NNC 
Kazakhstan

Siliceous Oxide+Metal ~5 L 2D Cylindrical 
Concrete/mortar

Flooding 

ARTEMIS 
[20] 

Figure 12 

CEA 
Grenoble 

Simulant 
(salt 

eutectic) 

Simulant 
(salts) 

 
1D-2D 

cylindrical 

Determination 
of interface 
conditions 

MEK-T1A 
[21] 

Figure 13 

KAERI 
(Korea) 

Basaltic 
Alumino-
thermite 

10 L 1D Transient test 

Table III: Recent MCCI Experiments 
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Figure 9:  CCI experiments 

left: sketch of CCI-2 test with limestone-rich concrete – isotropic ablation -right:  post 
test photograph of the CCI-3 cavity in siliceous concrete –mostly sideward erosion -. 

 
Furnace 

 
Figure 10: VULCANO experiments 

left: sketch of the facility – right: top view of bubbling corium during VB-U4 test 

     
Figure 11: COTELS 

left: scheme of the facility – right: cut of the corium and concrete after test 
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Figure 12: Scheme of the ARTEMIS facility 

 
Figure 13: Photograph of concrete specimen after MEK-T1A test 

 
4. Major MCCI codes 
 
The early MCCI experiments clearly demonstrated that the heat transfer between melt and 
concrete controls its erosion [21]. The heat transfer mechanisms are nevertheless strongly 
dependent on the (varying) composition of the melt and concrete.  
The heat flux ϕi through a given interface i is given by: 
 
ϕi = hi (Tpool-Ti)        (1) 
 
where hi is the convective heat transfer coefficient (mixed convection due to the sparging 
gases) and Ti is the interface temperature for the considered boundary.  
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The heat balance on the ablating concrete layer gives: 

concrete

ii

H
S

t
m

Δ

⋅
=

∂
∂ ∑ϕ

        (2) 

 
where ΔHconcrete is the enthalpy necessary to heat and melt an unit mass of concrete, Si is the 
area of interface i and m is the mass of concrete which has been ablated. It must be noted 
that this mass must be divided in a volatile part (especially important in presence of 
limestone, CaCO3) and a part that will form the corium-concrete mixture. 
The closure of this system of equation is given by the global conservation of energy: 
 

QSii =⋅∑ϕ         (3) 

 
In all models, basically metallic and ceramic phases are to be distinguished, with a large 
variety of composition. In the early phases of MCCI, mixtures of uranium and zirconium 
dioxides are heavier than the metallic phases (mainly molten steel and zircaloy). As concrete 
decomposition products will mix with the oxide phase of corium, it will become lighter than 
the metallic phase. Thus, it is expected to have an emulsion of oxides and metals in the early 
period and, later, a transition to a layered configuration with metal at the bottom. The 
threshold between these two configurations may be determined from the BALISE correlation 
[22]: the pool is an emulsion if the gas superficial velocity Jg (in cm/s) satisfies the inequality: 
 

light

lightheavy
gJ

ρ
ρρ −

≥ 6.5        (4) 

 
or if, as proposed by  Epstein et al. [23], the density of the mixture of the two liquid phases 
and bubbles is lower or than the density of the light phase : 
 

( )
L

HH

LL

HL

H

V
V

VV
ρ

ρ
ραρ

≤⎥
⎦

⎤
⎢
⎣

⎡
+

+
−

1
1

1       (5) 

 
Two main families of models have been proposed depending on the assumed interface 
condition at the melt periphery. In the classical models, the boundary condition is assumed to 
be at the melt solidus temperature (see Appendix for more details on chemical 
thermodynamics and phase diagrams) or a so-called “softening temperature” [24], or the 
concrete melting1 temperature [25]. There is a “mushy zone” in which the solid fraction 
concentration decreases with temperature. 
In another modelling proposed by Seiler and Froment [26, 27], the boundary temperature 
that has to be taken into account is the liquid pool melt temperature (there can be as much 
as 1000 K difference between liquidus and solidus temperatures in core-concrete mixtures). 

                                                 
1 Strictly speaking, the concrete, being a multi-component mixture, does not have a defined melting 

temperature but a melting range (see Table I). The concrete melting temperature generally corresponds to the 
temperature at which concrete loses its geometry, i.e. to generation of a liquid fraction of the order of 30 vol.%.  
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This is the case if thermodynamic quasi-steady state is assumed; then, the most refractory 
species (a solid solution of UO2 and ZrO2) in the melt is deposited on the concrete walls and 
the rest of the corium is devoid of solid particles.   
Another major differences between these two families of codes is that the former ones use 
explicit descriptions of the thermochemical reactions while the latter codes compute 
thermodynamic equilibrium compositions.  The two families of models and codes will now be 
presented. 
 
4.1. Classical (thermohydraulic) model 
 
In the codes CORCON (developed by Sandia National Labs [28] from 1981 to 1993) and 
WECHSL [29], the interface condition for the formation of crusts along the melt boundaries is 
determined at a temperature related to the corium-concrete quasi-binary phase diagram (see 
Figure 18). This temperature was originally referred to the melt solidus temperature [21], as 
in metallurgy. Bradley [28] has proposed some improved modelling in which the interface 
temperature lies between the solidus and the liquidus. The temperature drop ΔT between the 
pool and this interface temperature Tsolidif is calculated, in quasi-steady state from the heat 
flux density ϕ and the heat transfer coefficient h:  
 
ΔT = ϕ/h         (6) 
 
which can be large because h is rather low due to the significant solid fraction in the melt or 
at least in the mushy zone. Foit [30] proposed to take into account the effect of viscosity in 
this “slag layer” by reducing the homogeneous-fluid Nusselt number Nu0 according to the 
following correlation: 
 

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 356,0645.0 int

0

n

bulk

erfaceNuNu
μ

μ
     (7) 

 
where µ is the viscosity at the interface and bulk temperatures and n is a fitted parameter 
(fitted  as n=-14 on the data from the ACE tests [31]) 
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Figure 14: Sketch of the main models of the WECHSL code [24] 

 
4.2. Thermalhydraulic-Physicochemistry coupled models 
 
In the TOLBIAC-ICB [32], COSACO [1, 33] codes, there is an explicit coupling between the 
thermalhydraulic and physicochemistry. In TOLBIAC-ICB, the interface temperature is the 
liquidus temperature (quasi steady state hypothesis [34]). Under these circumstances, the 
heat transfer to the concrete is determined by processes in the pool, only influenced by gas 
and molten concrete mixing in with corium. The crust thickness adapts to the heat flux. 
Figure 15 presents the configuration considered in the TOLBIAC-ICB code: gas is sparging 
in a totally liquid pool. All the crusts are at the boundaries. Molten concrete is mixed with 
corium thanks to periodic crust breaches, which are not modeled in any code.  

 
Figure 15: Schematic of the liquid corium pool configuration considered for 

TOLBIAC-ICB [32] 
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COSACO allows for some bulk solidification in the pool, leading to an interface temperature 
that is between liquidus and solidus, but usually close to liquidus . One point in favor of an 
interface temperature close to liquidus is the fact that, when the power was abruptly 
increased, like in MACE M3b [9], the melt temperature increased only slightly: the coupled 
model implies rather a change of melt composition by crust remelting that slightly affects the 
liquidus temperature, whereas the classical modeling predicts a large increase of 
temperature by Δϕ/h (h being small).   
 
In the MEDICIS [35] code, the pool interface temperature may be chosen by the operator 
between the solidus and liquidus temperatures. Application [35] to the ACE experiments 
showed a best fit to experimental results with interface temperatures around 80% Tliquidus + 
20% Tsolidus. 
 
It must be noted that both the classical and coupled approaches lead to similar values of the 
heat flux: in the classical approach, the heat transfer coefficient is small, due to the mushy 
zone high viscosity, and the temperature difference between pool and interface is large, 
while, in the couple models the heat transfer coefficient is larger – since it is computed for a 
less viscous melt above liquidus – but the temperature difference is lower. 
 
4.3. Heat transfer correlations 
 
Table IV presents the most used correlations for the heat transfer to the pool walls. One of 
the major unknown is the repartition of the heat flow depending on the orientation of the 
surface. It must be noted that while these correlations provide close results in water, their 
results tend to diverge for corium conditions. 
 

Name [Reference] 
 

Correlation 
 

BALI [36] 
22.0

136.03

Pr67.19 −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= melt

melt

Gmelt

g
j

Nu
μ
ρ

 downwards 

29.0
073.03

Pr75.24 −
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= melt

melt

Gmelt

g
j

Nu
μ
ρ

upwards 

Blottner [37] 

3/1

0

3

31.0 ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
+Δ=

ρ
ραβ

να void
D

TgLNu  

Deckwer [38, 39] 

  
St = 0.1(ReFrPr2)−0.25 

  

Kutateladze-Malenkov [ 

3/2510.3
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛−

kg
PJc

J
Gp

G

σ
μ

 

Pour 4.10-4< JGµ/σ<10−2 

3/2
410.3 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛−

kg
PJc Gp  

Pour JGµ/σ<10−2 

Table IV: Heat transfer correlations used for convection induced by bubbling 
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In case of stratified layers, two competing heat transfer models have been proposed. 
According to Greene [41] the heat transfer at the interface between oxide and metal layer 
can be written as: 
 

Nu= 1.95 Pe0.72 or  ( ) 72.028.028.095.1 PGbubble cJkrh ρ−=   (8) 

 
This correlation provides quite different results than BALI correlation or Werle [42]. Greene’s 
correlation leads in case of a stable stratified pool configuration to a high convective heat 
transfer coefficient between oxide and metal layers, which might induce a preferential 
concrete axial ablation. Therefore the uncertainty on the heat transfer between oxide and 
metal layers has to be strongly reduced. 
 
4.4. Summary 
 
Table V summarizes the major characteristics from each code. 
 

Feature/code MEDICIS TOLBIAC COSACO CORCON WEX/ 
WECHSL 

erosion algo.   
reliability /capabilities 

high         
(multi-layer 
basemat) 

high  (basemat 
meshing) 

high low medium 

thermo- 
chemistry database 

Interface with 
GEMINI2 

coupling with 
GEMINI2 

coupling corre 
lations 

corre 
lations 

pool/crust 
temperature 

user’s para-
meter between 
Tsol and Tliq 

Tliquidus specific model 
between Tsol 

and Tliq 

Tsolidus Tsolidus 

hconv at pool 
interfaces 

main available 
correlations 

main available 
correlations 

Bali/ 
Kutateladze 

Kuta- 
teladze 

FZK 
models 

hconv at  
oxide/ metal interface 

Greene x  
user’s factor 

Bali Bali (oxide) 
+Kutateladze 

(metal) 

Greene Werle 

configuration 
evolution 

yes (simple 
criteria) 

yes simple 
criteria) 

yes simple 
criteria  

yes detailed 
models 

no 

corium   quenching yes yes detailed  no no no 
 flexibility of interface   

struct. model  
large medium medium low low 

 
Table V: Comparison of MCCI codes 
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5. Corium Coolability issues 
 
The European Utility Requirements on melt stabilization for future reactors state that : the 
designer shall provide that corium would relocate in the reactor cavity in a coolable 
configuration. As an alternative, the designer may include a Corium Collecting and Cooling 
device, usually called a core catcher, provided with a corium cooling system. This system 
shall not have any active component in the containment”. Several options can be considered: 
direct water cooling through wet cavity, top flooding or bottom flooding or indirect cooling in 
an externally cooled core catcher.  
Coolability is limited by heat conduction in a solidified oxidic corium(with a thermal 
conductivity of around 2 W.m-1.K-1 and a decay heat of about 0.8 MW/m3). In case of top and 
bottom cooling of a corium slice, there would be a parabolic temperature profile (Figure 16) 
with a surface temperature at water boiling point and a central temperature at solidus: 
 

( ) volboil qkTTh /2max −≤  

 
This leads to a maximum thickness of the order of 20 cm for cooling on both sides and 8 cm 
for top cooling if the corium maximum temperature is to remain below the concrete 
decomposition temperature.  

 
Figure 16: Conduction temperature profiles 

 
Fragmentation of the melt is therefore necessary to achieve coolability: This has lead to the 
study of water ingression in the corium surface cracks [43], of the fragmentation due to melt 
ejection [44] as well as to the development of the COMET bottom-flooding concept [45]. Ex-
vessel core catchers are described in the relevant lecture notes of this course.  
In summary, fast solidification of corium requires either shallow layers or efficient melt 
fragmentation. Otherwise complete solidification may take months, as decay heat decreases 
with time. During this period attacks of structures must be envisioned. The amount of cooling 
by water top-flooding alone is still under investigation and additional bottom cooling may be 
needed to avoid long-term attack of the basemat. Nevertheless, these mechanisms will 
significantly reduce the ablation rate. Designed fragmentation or externally-cooled core 
catcher can guarantee corium coolability. 
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6. Conclusions  
 
Remaining uncertainties in basic knowledge on MCCI concern mainly the heat flux 
distribution within homogeneous pool and a stratified pool, the structure of pool interfaces, 
the pool configuration evolution and the corium quenching mechanisms. 
Key safety issues still to be resolved are the prediction of the 2D ablation profile, the 
evaluation of the upward radiative heat loss in dry conditions and the efficiency of corium 
quenching by top water injection. International R&D currently aims at resolving these issues. 
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7. Appendix: Some notes on Chemical Thermodynamics 
 
Binary phase diagrams show the phases formed in differing mixtures of two elements over a 
range of temperatures. Compositions run from 100% Element A on the left of the diagram, 
through all possible mixtures, to 100% Element B on the right (Figure 17). Weight 
percentages are often used to specify the proportions of the alloying elements, but atomic 
percent may be used. 

 
Figure 17: A typical phase diagram 

Alloys tend to solidify over a temperature range (up to 1200K for corium-concrete mixtures), 
rather than at a specific temperature like pure elements. At each end of the phase diagram 
only one of the elements is present (100% A or 100% B) and therefore a specific melting 
point exists. 
Sometimes, there is a mixture of the constituent elements which produces solidification at a 
single temperature like a pure element. This is called the eutectic point (The phase diagrams 
for some very simple binary alloys do not have eutectic points). The eutectic point can be 
found experimentally by plotting cooling rates over ranges of alloy composition. Pure element 
compositions and eutectic composition are marked in yellow on Figure 17. 
By cooling alloys from the liquid state and recording their cooling rates, the temperature at 
which they start to solidify can be determined and then plotted on the phase diagram. If 
enough experiments are performed over a range of compositions, a start of solidification 
curve can be plotted onto the phase diagram. This curve will join the three single 
solidification points and is called the liquidus line. It corresponds to the lower boundary of the 
liquid phase area in the phase diagram. 
In the same way as liquid solutions, it is possible for one element to dissolve in another, 
whilst both remain in the solid state. This is called solid solubility and is characteristically up 
to a few percent by weight. This solubility limit will normally change with temperature. The 
extent of the solid solubility region can be plotted onto the phase diagram and labelled 
appropriately. In Figure 17, the solid solution of B in A (i.e. mostly A) is called α and a solid 



Nuclear Reactor Severe Accident Phenomenology 
Chapter VII: Molten Core-Concrete Interaction and Basemant Behavior 
 

VII -213 

solution of A in B (i.e. mostly B) is called β. Note that some elements compounds have zero 
solid solubility in others, as SiO2 in UO2. 
If an alloy composition does not place itself within the small solid solution regions at either 
side of the phase diagram, the alloy will become fully solid at the eutectic temperature, 
shown as the eutectic line on the phase diagram. At alloy compositions and temperatures 
between the start of solidification and the point at which it becomes fully solid (the eutectic 
temperature) there is equilibrium between a liquid and a solid of different compositions. The 
curve for the end of solidification is called the solidus line. 
The region below the eutectic line, and outside the solid solution region, will be a solid 
mixture of α and β phases, and is labelled to reflect this in Figure 17. 

When there are many constituents, it is no more possible to draw phase diagrams. The 
equilibrium phase composition can nevertheless be estimated by minimizing the Gibbs 
Energy Function [46] using a dedicated thermodynamic database for corium [47]. As an 
illustration, Figure 18 presents pseudo-binary phase diagrams between corium and 
concretes. 

 
Figure 18: Liquidus and solidus temperatures for three quasi-binary core-

concrete mixtures [6] 
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1. Introduction 
 
Corium Spreading is insert from the above paragraph diminishing the corium height. It is the 
basis of the EPR core catcher [1, 2]. In the hypothetical case of a core meltdown accident in 
EPR, the vessel could fail and the corium would be temporarily collected in the reactor pit. 
Then, the gate at the bottom of the reactor pit would fail and the corium would released to 
spread on a dedicated spreading surface. 
Spreading is also important for the discharge of corium in large reactor pits and in core-
catchers such as that of the Tian Wan VVER-1000 [3]. 
In the next section, general modeling of spreading will be presented, then the major 
spreading experiments and codes will be presented. Finally, applications to reactor case will 
be discussed. 
 
2. Spreading Modelling 
 
We will first describe the hydrodynamic spreading of fluids of constant physical properties, 
then we will discuss the effects of solidification during the spread during process and finally 
we will propose a simplified model of spreading. More precise models are available in the 
computer codes. 
 
2.1. Hydrodynamic spreading of isothermal fluids 
 
Spreading of a fluid over an inclined plane has been thoroughly studied for volcanic lavas [4]. 
It is controlled by gravity, inertia and viscous forces.  
Within the lubrication hypotheses (small spread thickness compared to other dimensions, 
flow almost parallel to substrate), the projection of Navier-Stocks equation on the x-axis 
gives: 
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Figure 1: Spreading over an inclined plane 

 
The boundary conditions are: no slip on the substrate [u(z=0)=0] and, neglecting the effects 
of surface tension, no viscous stress at the free surface:  
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For a Newtonian fluid, these equations yield to: 
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The spread thickness is related to the flow rate q  by unit of width : 
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The effect of non-Newtonian rheology is presented by Dragoni [4].  
Over a horizontal plane, the only driving force is the gravity force due to the slope of the 
spread height. There cannot be any simplified formulation assuming constant thickness. 
Several regimes have been considered depending on the major forces. In the case where 
gravity and viscosity are dominating, Huppert [5] developed the following similarity solution 
for a spread volume proportional to tα (α=0 correspond to dam break, α=1 to a constant flow-
rate). Navier-Stockes equation reduce in radial coordinates, for a point source, to : 
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Volume conservation (the fluid is assumed incompressible) implies: 
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So by combining both equations: 
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The conservation of the spread volumes lead to : 
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Huppert [5] found a similarity solution of equations (6) and (7) by defining: 
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where ξN is the value of ξ at the radius rN (t) du front, and z = ξ/ξN. It occurs then that the 
function ψ  follows: 
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For a constant flow rate (α=1), the parameter ξN equals to 0.715 and the front progresses 
according to: 
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Griffiths and Fink [6] presented a review of the possible regimes based on the similarity 
solutions of Huppert. Foit [7] adapted it for spreading with a time-dependant viscosity. 
 
2.2. Solidification while spreading 
 
During spreading, the melt cools down and eventually freezes. Pinkerton and Wilson [8] have 
analyzed lava flows with respect to its condition at the instant of immobilization. The corium 
rheology is affected by a coupling between shear motion and solidification [9].  
Following Flemmings [9], we use the term semi-solid to describe a slurry of crystals 
suspended in a solidifying liquid subjected to a flow-induced shear stress. The viscosity of a 
semi-solid mixture depends on the residual liquid chemical composition, temperature and 
pressure as well as on the volume fraction, the shape of the solid particles and, obviously, 
shear-rate and history.  
A practical way proposed [10, 11] to estimate the viscosity of semi-solids is to first determine 
the viscosity of the remaining liquid phase, and secondly to take into account the solid phase 
as a suspension of crystals in the remaining liquid. In this approach, the solid volume fraction 
is estimated using a thermodynamic model of the solidification process. It must be underlined 
that during the solidification process, the viscosity of the liquid phase varies, first because of 
cooling, but also because its composition changes due to partial solidification.  
Ramacciotti et al. [12] have proposed to apply an extension of Arrhenius [13] suspension 
model :   
 
ηrel=exp(2.5 C φ)        (13) 
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where an empirical factor C is introduced; it was found to be around C~6 for corium 
spreading tests. 
This empirical correlation has been validated [12, 14] against experimental data on semi-
solid metallic alloys, corium mixtures, molten salts and solidifying lavas and basalts. 
 
2.3. Scaling based modelling 
 
Dinh et al. [15] have proposed a simplified approach for estimating the spreading length by 
considering the length reached when the melt has lost, by radiation and convection, sufficient 
enthalpy to reach an immobilization criterion. 
They have proposed the following simplifying assumptions: spreading hydrodynamic regime 
the melt physical properties are supposed to be constant during the flow ; the flow 
characteristic velocity is supposed to be constant as well as the heat fluxes. It is assumed 
that the flow will stop when it reaches an assumed solid fraction and that solidification time 
scale is proportional to flow thickness. 
We will concentrate here on flows in the viscous-gravity regime spreading over a plane 
surface, whereas the model can be easily transposed to other regimes or to flows over an 
inclined plane. Figure 2 (from [16]) shows that for most of the spreading flow, the front 
progression indeed follows the theoretical law [7] for isothermal spreads with a best-fitted 
viscosity law.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35 40
time, s

fr
on

t p
ro

gr
es

si
on

, m

VE-U7, ceramic substrate

VE-U7, concrete substrate

Approximate sol., estimated visc= 35 Pas

 
Figure 2: Comparison of the VULCANO VE-U7 spreading flow front progression 

with theoretical predictions [16]. 
Non-dimensional flow thickness L is estimated by dividing the flow thickness h by the 
capillary thickness: 
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where σ is the surface tension, ρ is the specific mass and g is the acceleration of gravity. 
The flow characteristic time (without solidification) is defined as the time to reach the capillary 
thickness hcap. For the gravity-viscous regime, the characteristic velocity u is given, 
neglecting a constant of the order of 1, by: 
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where G is the volume flow rate, V is the flow total volume and ν is the kinematic viscosity (at 
the inlet temperature).  
 
The flow characteristic time is thus given in the viscous-gravity regime by : 
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The solidification criterion can be set at the temperature corresponding to 55 vol% of solid 
[17]. Experimental results from the VULCANO tests showed that at the front surface 
temperature at the time of immobilization corresponded to roughly 70 vol% of solid. Since 
there are steep temperature gradients in the thermal boundary layer [18, 19], the average 
temperature of a characteristic flow volume at the flow front will be higher, and its volume 
fraction will be below 70%, in coherence with the assumption of 55 vol% which was first 
deduced from molten steel flows [20]. 
The solidification characteristic time, necessary to solidify a flow of the capillary thickness 
hcap is given by: 
 

 
vcapdownup
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where H(T0) and Hsolidif are the specific enthalpies at the initial temperature T0 and at the 
solidification temperature Tsolidif, Qv is the volumetric heat source, ϕup is the upward heat flux 
– estimated by the radiative heat flux at T0 – and ϕdown is the downwards heat flux – 
estimated with Dinh et al. [21] correlation : 
 
 ( )solidifpbas TTuc −⋅⋅⋅⋅= 00027.0 ρϕ        (6) 

 
where cp is the melt specific heat. 
Since, it requires a time Lτsolidif to solidify a flow of dimensionless depth L, and hydrodynamic 
spreading reaches the length corresponding to this depth L after τconv/L,  Dinh et al.[15] 
related dimensionless thickness to the dimensionless time τ defined as the ratio of the 
convection and solidification timescales: 
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 L=τ1/2           (7) 
 
After some algebraic manipulations, the length L1D of a spreading flow in a channel of width 
D is given by: 
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Although viscosity appears only as a 16th root in the expression for the flow length, this 
physical property varies dramatically over the solidification range and is therefore one of the 
major parameters controlling spreading flows.  
This model has been successfully validated against experimental results; In most of the 
cases, the computed spreading length is within a factor of 2 of the actual results. It must be 
noted that uncertainties on the melt initial temperature and on the solid fraction vs. 
temperature curve lead to a large range of uncertainties in the results. 
 
3. Major Spreading experiments 
 
Table I synthesizes the characteristics of the major spreading experimental programmes. 
Using various melt materials.  
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Program Lab. Material 
Scale 

(spread 
volume) 

Geometry Parameters 

CORINE 
[22, 23] 
Figure 3 

CEA  
(France) 

Low 
temperature 

simulants 
(water,  

glycerol, low 
fusion point 

metallic 
alloys) 

~50 litres 19° sector 

Flow rate  
Material (viscosity, pure 
compound- non eutectic 

alloys) 
Top / bottom cooling 

Effect of sparging gas 
through the substrate 

Greene 
[24] 

BNL  
(USA) 

Lead ~ 1 litre 
Square 
section 

Mass 
Overheat 

Water height 

S3E 
[15] 

Figure 4 

KTH  
(Sweden) 

Low and 
medium 
(1200°C) 

temperature 
simulants 

5-20 
litres 

1-D channel 
Rectangular 

section 

Flow rate  
Overheat 
Material 

Substrate (effect of 
concrete) 

Dry/wet spreading 

SPREAD 
[25] 

Hitachi 
Energy 

Res. Lab. 
(Japan) 

Steel 
1-15 
litres 

Rectangular 
channel 
Half-disk 

Spread mass 
Overheat 
Flow rate 

Inlet geometry 
Substrate 

Water level 

KATS 
[26, 27, 28] 

Figure 5 

FZK  
(Germany)

Aluminium 
Thermite 

(Al2O3 + Fe) 
around 
2000°C 

Up to 
850 litres

Rectangular 
channel 
¼ plane 

Spread mass 
Flow rate 
Substrate 

Adjunction of concrete 
decomposition products 

Oxide and/or metal phase 
Reflooding 

Table I: Experimental programs with simulant materials 
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Figure 3: Spread of a low-temperature metallic alloy in the CORINE facility. 

Note the spread height sensors, above the spreading plane. 

 
Figure 4: Oxides  (30%BaO 70% B2O3) spreading in the S3E 1-D test section 

 
Figure 5: Test ECOKATS-2, 7.4 s after spreading start [28] 
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Due to the coupling of processes during spreading, experiments with prototypic corium 
(Table II) have been necessary to validate the models developed employing with the 
simulant material experiments. 

 

Program Lab. Material 
Scale 

(spread 
volume)

Geometry Parameters 

COMAS*   
[29] 

Figure 6 

Siempelkamp 
 (Germany) 

Corium-
Concrete-

Iron 
mixtures 
Liquidus 
around 
1900°C 

20-300 
litres 

Rectangular 
channels 
45° sector 

High flowrates (>150 kg/s)
Effect of silica fraction 

Substrate 
(céramic/metal/concrete) 

FARO1  
[30] 

Figure 7 

JRC Ispra 
 (European 

Commission) 

UO2-ZrO2 
Liquidus 
around 
2700°C 

~20 
litres 

19° sector 
Presence/absence of a 
shallow water layer 
Metallic substrate 

VULCANO 
[31] 

Figure 8 

CEA  
(France) 

UO2-ZrO2 
+ concrete 
products  
Liquidus 

from 1900 
to 2700°C 

3 - 10 
litres 

19° sector 

Flowrate 
Composition 

Nature of Substrate 
(ceramic, concrete, steel) 

 
Table II: Prototypic corium experimental programs 

                                                 
1 This facility has been dismantled. 
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Figure 6: COMAS test EU-2B; spreading over three different substrates. 

 
Figure 7: Infrared Thermography of the FARO L32S spread. Crust cracks appear 

brighter.  

 
Figure 8: VULCANO VE-U7 test over a ceramic (left) and a concrete (right) 

spreading section. 
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Two different phenomena have been observed depending on the presence of concrete 
decomposition products in the oxide spread mixture.  
For in-vessel corium, the corium surface formed rigid solid crusts. These crust were seen 
rafting over the liquid and broke at several occurrences, leading to a stop and go 
progression. The corium surface was quite rough. 
For corium-concrete mixtures, there is rather a smooth viscous skin on the corium surface. 
This surface skin is generally folded (see e.g. Figure 8). It has been shown [19] that these 
folds are due to instabilities caused by the rapid variations of viscosity with depth at the 
upper boundary layer. The progression at the front is similar to that of half-track motion, the 
upper surface drifting at a velocity higher than the front velocity. 
The major effect of concrete decomposition products is that it enlarges substantially the 
solidus-liquidus interval from 50-100°C for (U,Zr)O2 mixtures to more than 1000°C. The 
amount of heat to extract before the crust is fully solid is more than twice for corium-concrete 
mixtures than for urania-zirconia corium. Thus, during spreading of corium-concrete 
mixtures, the surface remains viscoplastic while it may be completely solidified for (U,Zr)O2 
mixtures. It is believed that the good spreadability of corium-concrete mixtures, even if the 
initial temperature was largely below liquidus, is due to the existence of a large solidification 
range. 
 
4. Major spreading codes 
 
Several mechanistic codes have been developed to model corium spreading. Table III 
present their main characteristics. These codes were intensively validated. The validation of 
these codes include: 
A benchmark on one EU COMAS spreading test [29] 
A benchmark on the several-ton simulant material spreading experiment ECOKATS-2 [28, 
32]. 
A benchmark on the VULCANO VE-U7 spreading benchmark with prototypic composition 
close to that which is expected at the EPR gate melt through [16]. 
These exercises show a good estimation of the spreading surface (or thickness) with 
uncertainties in the order of 20% (The uncertainty for the simplified model is over 50%). The 
corium viscosity against temperature is the major parameter controlling the spreading flow of 
corium. 
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Code Origin Geometry Characteristics Validation 

MELTSPREAD 
[33] 

ANL for 
EPRI 
(USA) 

1D 
Simulates substrate 
ablation and corium 

oxidation 

Mainly on 
Greene’s tests 

THEMA 
[23] 

CEA 
(France) 

2D 
Integrated 

along 
vertical 

axis 

Models corium 
solidification 

(bulk/crust) and 
substrate melting 

3D resolution of heat 
equations in substrate 

Analytic solutions 
Analytic tests 

Simulant material 
and prototypic 
corium tests 

LAVA 
[34] 

GRS  
(Germany) 

2D 
Integrated 

along 
vertical 

axis 

Cellular automaton 
Stress on corium 

cooling and rheology 
(Bingham fluid) 

idem 

CROCO 
[35] 

IRSN  
(France) 

2D 
horizontal 
+ vertical 

Fine modelling 
Calculation of free 

surface with a Eulerian 
grid coupled to a 

Lagrangian modelling 
of the fluid. 

idem 

CORFLOW  
[36] 

Siemens/F
ramatome 
(Germany) 

3D 

Fine modelling 
Free surface modelled 
by a height function 

verifying kinematic and 
continuity equations 

idem 

Table III: Principaux logiciels de simulation de l’étalement du corium 
 

5. Reactor applications 
 
With these validated codes and models it is possible to extrapolate to reactor case. 
Steinwarz et al. [37] indicate e.g. that even for very conservative situations, spreading is not 
a problem.  
For instance, Wittmaack [36] simulated corium spreading in the EPR core-catcher (Figure 9) 
with CORFLOW code. He consided that 370 t (59 m3) of corium (250 t of a corium-sacrificial 
concrete mixture and 120 t of metal in a 178 m² spreading plane (10 m long) modelled by 
27x13x14 meshes. In this reference case, corium is released in 8 s through a 2.4 m² gate, 
i.e. a 7.4 m3/s average flow rate. Analysis of the corium-concrete interaction in the reactor pit 
[38] indicates that the melt initial temperature is around the liquidus temperature, implying a 
small solid fraction and thus a low viscosity, which is favourable to spreading. 
The oxidic melt liquidus temperature is estimated around 2573K and CORFLOW calculations 
show that for an initial temperature above 2100 K, spreading flow, reaches the spreading 
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section wall in less than 7 s and covers the wall surface in less than 12 s. After a few 
minutes, the free surface is almost flat. Radial velocities reaching 4.7 m/s have been 
computed. 
Similar results have been obtained from THEMA calculations [39] and with the simplified 
spreading model [15]. 
Actually, the main uncertainty lies with the size of the breach in the gate, which controls the 
corium flow rate. If this rate was extremely small, spreading would be less efficient [36]. In 
the simplified model (equation 8), flow rate is both directly in the numerator at the power 7/16 
and in the denominator through convective heat flux. In order to double the corium height, it 
would be necessary to have a flow rate of the order of 45 L/s (300 kg/s) corresponding to a 
0.03 m² breach [1] whereas Azarian et al. [40] consider as lower bound a flow rate of 1 t/s 
(150 L/s). Therefore, as all calculations predict a large margin on spreading, it can be 
considered that a satisfactory spread will be achieved in all the considered conditions.  

Gap

Melt Discharge Channel

18
20

0

Boundary Structure

Gap

Reactor Pit

Flooding Device
Compartment for 

Spreading Area 170m2

11600

 
Figure 9: Top view of the EPR spreading section [1] 
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6. Conclusions  
 
Spreading is controlled by the competition between hydrodynamic flow and the rate of 
solidification, which are coupled through the solidifying melt rheology. It appears that the 
presence of a large solidification range, for the corium concrete mixtures, favours 
spreadability. 
A simplified model has been developed. Several codes have been developed and validated 
on experiments with simulant and prototypic materials.  
Spreading has been chosen for the EPR core-catcher in order to reduce the corium height 
and facilitate its cooling and stabilization. 
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1. Introduction 
 
The term “Source Term” is widely used in industrial safety studies, connected with risk and 
environmental impact assessment analyses. Generally, the term refers to the amount of 
radioactive or hazardous material released to the environment from a facility following an 
accident. The evaluation of this quantity is of great importance because it is the first essential 
step in the whole risk assessment chain. Clearly, the source term is the necessary input for 
assessing the distribution of the hazardous material in the various environmental media (air, 
water etc.), and by that to assess the exposure, doses and, ultimately, possible health effects to 
workers and public. 
 
The evaluation of the source term is a long standing issue in nuclear safety, in particular in 
severe accident research. Still, in the glossary of terms in nuclear science and technology of the 
American Nuclear Society the term “source term” is not included. In many cases the term is used 
to describe the release in the containment, but often is also used to refer to the release in the 
external environment. For the purposes of the present course the following definition is 
proposed. 
 
Source Term: the quantity, time history, and chemical and physical form of radionucleides 
present in the containment atmosphere, during the course of a severe accident. 
 
As one may notice, the term “fission products” is not used in the above definition, but instead is 
replaced by the more general term “chemical and physical form of radionucleides”. This is 
because the fission products (and structural materials) released from a degraded core are 
drastically transformed, physically and chemically, prior to becoming the “ingredients” of the 
source term. This is due to the vigorous physical and chemical processes that take place as the 
released materials are transcending the primary system and the containment. Accordingly, the 
source term is estimated by considering two separate calculations, which are: 

• The transport, physical processes and chemical processes in the Reactor Coolant System 
(RCS). 

• The transport, physical and chemical processes in the Reactor Containment. 
 
The present lecture deals with the transport and the physical processes taking place. The focus 
is on describing the phenomenology and the providing the underlying physical theory. The 
physical theory is primarily concerned with aerosol physics and dynamics. The chemical 
processes, which involve thermo-chemistry under radiation, are the object of the next lecture. 
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2. Aerosol physics and dynamics 
 

2.1. Basic Processes 
 
The vapourized fission products (FPs) and structural materials experience a significant reduction 
in temperature as they leave the core and enter the RCS. As a result, with the exception of the 
most volatile elements, the released species condense and take the form of aerosol particles 
suspended and entrained by the gas (steam) flow. We will give an account of the fundamental 
aerosol processes, as necessary in describing the progression of the accident in the RCS and 
the containment. 
 
The basic aerosol processes are schematically shown in figure 1. A distinction has to be made 
between the so-called internal and external processes. 
 
Internal are the processes that lead to changes of the aerosol characteristics due to processes 
that occur within a volume. There are two broad classes of internal processes: 
coagulation/agglomeration and gas-to-particle conversion. Coagulation/agglomeration occurs as 
particles collide due to their relative motion. Relative motion between aerosol particles is 
generated by a variety of mechanisms, such as Brownian motion, fluid turbulence, fluid shear, or 
due to field forces (e.g. gravitational, electrostatic). When two particles collide they may fuse 
together and loose their identity. In this case the process is called coagulation. Eventually, they 
may retain their identity and shape. In this case larger particles are built-up as a chain of primary 
particles. The larger particles are called agglomerates and the process is called agglomeration. 
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Figure 1. Schematic representation of aerosol processes (internal and external) within an 

elemental volume (source: Multiphase Flow Handbook, Taylor & Francis - CRC 
Press, 2005) 
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Gas-to-particle conversion occurs as physical or chemical processes generate a supersaturated 
vapour in the gas phase. In severe accidents the basic physical process that leads to 
supersaturation is cooling. The metastable vapour state relaxes to equilibrium via two distinct 
routes: i) the generation of new particles, called nuclei or embryos, via a process known as 
homogeneous nucleation; ii) the growth of existing particles via a process known as 
condensation or heterogeneous nucleation. 
 
External are the processes which induce changes in the aerosol properties by transporting 
particles across the volume boundaries. The mechanisms driving the external properties are 
practically synonymous with the particle motion and deposition mechanisms, because their 
effect is to make particles migrate from the fluid element and deposit to an available surface. 
There are several mechanisms driving particle motions: 
 

• Gravitational settling 
• Brownian diffusion 
• Inertial motion 
• Fluid turbulence (turbulent diffusion, eddy impaction) 
• Electrostatic forces 
• Phoretic forces 

 
In Section B.3 below we will present the physical basis and the basic theory for each individual 
particle motion mechanism. 
 
2.2. Particle size statistics 
 
Before describing the most relevant particle motion and deposition mechanisms, a brief 
discussion on the aerosol particle sizes is in order. Indeed, two are the primary quantities of 
interest that characterize the source term: the chemical composition of the particles and the 
particle size distribution. 
 
Typically, in the RCS or the containment the various nuclides reside in particles of 1 μm in 
diameter. The dot over the letter i is several hundreds of time larger than a 1-μm aerosol 
particle. Still, it is important to realize that although we are dealing with “objects” that are 
extremely small, they should not be confused with gases or vapours. This is illustrated by figure 
2, which compares the relative size and spacing, as well as the mobilities of an “air molecule” 
and a 0.1-μm aerosol particle. It is clear that aerosol particles are expected to behave in a 
fundamentally different way than gas molecules. 
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Figure 2. Comparison between “air molecules” and a 0.1-μm aerosol particle. Left: 
relative sizes and spacing. Right: path of a) the air molecule in 1.6 ns; b) the 

aerosol particle in 1700 ns; both trajectories are magnified about 300 000 times. 
(source: W. Hinds, Aerosol Technology, John Wiley, 1999). 

 
It is also important to realize that, contrary to gases and vapours, particles are characterized by 
a size distribution. We call as monodisperse an aerosol in which all particles are of the same 
size. Polydisperse is an aerosol characterized by a size distribution. Monodisperse aerosols are 
not occurring naturally. They are man-made for special technological applications. Their 
generation is generally difficult and requires sophisticated technological methods. Instead, 
polydisperse are the actual, naturally occurring aerosols. In severe accidents, the aerosols in the 
RCS and the containment are of high polydispersity. The size distribution is broad, i.e the 
particle diameters span over several orders of magnitude, from a few nanometers to more than 
10 μm. Such size distribution are necessarily described with statistical means. A common metric 
is the number distribution, defined as follows: 
 

Number distribution ( )N pn d : ( )N p pn d dd =  the number of particles per unit volume, say 

1 cm3 of gas, having diameters in the range pd  to p pd dd+ . 

 
The number distribution should not be confused with the number concentration. The number 
concentration, n , is the total number of particles in a unit volume of gas and is given by 

0
( )N pn n d dd

∞
= ∫ p. The units of n  are L-3  (number cm-3), whereas the units of ( )N pn d  are L-4 

(number cm-3 μm-1). 
 
The number distribution is not always the most appropriate metric to characterize an aerosol. 
Several aerosol properties depend on particle surface area, volume, or mass. For instance, the 
condensation rate of vapours onto particles depends on the aerosol surface area. The activity of 
a nuclear aerosol depends primarily on the mass of the aerosol rather than the number of 
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particles. Accordingly, one defines, in a way similar as above, the distributions with respect to 
surface area, volume, or mass. These definitions are given below. 
  

- Surface area distribution ( )S p pn d dd = ( )S pn d : ( )S p pn d dd = the surface area of particles 
per cm3 of gas, having diameters in the range pd  to p pd dd+ . The units of ( )S pn d  are L-2 (μm2 

cm-3 μm-1). 
Volume distribution ( )V pn d : ( )V p pn d dd = the volume of particles per cm3 of gas having 

diameters in the range pd  to p pd dd+ . The units of ( )V pn d  are L-1 (μm3  cm-3  μm-1). 

Mass distribution ( )M pn d : ( )M p pn d dd = the mass of particles per cm3 of gas having diameters 

in the range pd  to p pd dd+ . The units of ( )M pn d  are M L-4 (μg cm-3  μm-1). 

 
Attention is drawn to the fact that for the same aerosol the number, surface, volume, or mass 
distributions may be significantly different. To illustrate this, consider as example the case of a 
basket containing nine grapes and one apple. In terms of number it consists by 90% of grapes, 
whereas in terms of mass it consists by 90% of apples. Caution is required in selecting a metric 
to describe an aerosol, depending on the property we need to characterize. 
 
In severe accidents the source term size distribution is described with the help of a lognormal 
distribution. The lognormal distribution is the most commonly employed distribution in aerosol 
science and technology, and is given by 

 
( )

( )

2

2

ln ln1 exp
2 ln 2 ln

p pg

p g g

d D
f

dπ σ σ

⎛ ⎞−⎜ ⎟= −
⎜ ⎟
⎝ ⎠

 (1) 

 
As can be seen, the lognormal distribution is described with two independent parameters. The 
median diameter pgD , and the geometric standard deviation. gσ  An example is given in figure 3. 

As can be noticed the lognormal distribution has a skewed shape, with a long tail at the large 
sizes. The median diameter is the diameter for which one-half of the particles are smaller and 
one-half are larger, i.e. the median diameter divides the distribution curve into equal areas, and 
is always to the right of the highest point. The highest point corresponds to the most frequent 
size, and is called mode of the distribution. An important property of the lognormal distribution is 
that it is self-preserving. If the number distribution ( )N pn d  is lognormal, the surface distribution 
and the volume distribution will be also lognormal, having the same gσ  as the parent distribution 

and median diameters easily calculated from the known median diameter. For example, the 
volume median diameter V

pgD  and the number median diameter N
pgD  are simply related by 

( )2exp 3lnV N
pg pg gD D σ= . These conversion equations, known as the Hatch-Choate equations, are the 

real power and utility of the lognormal distribution. 
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Figure 3. Example of lognormal number distribution having a median diameter of 2 μm 

and a geometric standard deviation of 1.8. 
 
2.3. Particle motion – deposition mechanisms 
 
Here we will summarize the basic features of the most relevant particle motion mechanisms 
namely, gravitational settling, diffusional motion and inertial motion.  Phoretic effects connected 
with specific aspects of severe accident phenomenology, in particular thermophoresis in the 
RCS and diffusiophoresis in the containment, will be addressed below in sections C.2 and D.3, 
respectively. 
 
2.3.1. Gravitational settling 

 
In severe accident conditions aerosol particles generally behave as “Stokesian” particles, i.e. as 
they move, the flow around them is in the Stokes regime. The Stokes regime holds when 

1pRe << , where pRe  is the particle Reynolds number. The latter is defined as 

p g p gRe d Vρ μ= , where gρ  is the gas density, pd  the particle diameter, V  the particle 

velocity, and gμ  the viscosity of the gas. The drag force, DF , in the regime 1pRe <<  is given by 

the well-known relationship D g pF  = 3 Vdπμ , known as the Stokes law. An important point that 

differentiates the motion of an aerosol particle from the motion of a macroscopic sphere in a fluid 
is the so-called slip effect. If the particle diameter is much larger than the mean free path of the 
molecules of the suspending gas, then the aerosol particle moves, indeed, like a macroscopic 
object and the drag force is given by the previous equation. Instead, if particle diameter is 
comparable or smaller than the mean free path of the gas molecules, then the surrounding gas 
is no longer seen as a continuum. The previous equation is no longer accurate in determining 
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the drag force incident on the particle. The dimensionless number that describes non-continuum 
flow effects is the Knudsen number, which in the aerosol literature is defined by the ratio of the 
mean free path λ  to the particle radius, namely 2 pKn dλ= . When 1Kn >>  non-continuum 

effects are important. Such flow conditions are said to be in the free molecular regime. Instead, 
when 1Kn <<  the flow conditions are referred to as the continuum regime. When there is a 
departure from the continuum flow regime (small particles)  there is a significant decrease in the 
Stokes drag force. This effect is taken into account with the help of a correction factor, as 
following: 

 

 
3 p

D
c

Vd
F

C
πμ

=  (2) 

The correction factor cC , known as Cunningham correction factor or slip correction factor, is 

given by: 

 
1 exp p

c
p

d
C

d
λ α β γ

λ
⎡ ⎤⎛ ⎞

= + + −⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦  (3) 

 
In the literature, various values can be found for constants ,   and α β γ , which, however, all give 
very similar values for cC . The suggested values are 2.34a = , 1.05β =  and 0.39γ = . With 

these values experimental data based on results for liquid particles and solid particles, are 
reproduced within 2.1%. For a 1-μm particle the slip correction is only 1.15, but increases 
sharply as size decreases, becoming well higher than 10 for particles smaller than 0.01 μm. On 
the other hand, slip effects are negligible for particles larger than 10 μm. 
 
A simple balance of the two major forces acting on a settling particle, i.e. gravitational force and 
drag force, leads to the expression giving the gravitational settling velocity: 
 

 
2

cpp
ts

g

d gC
 = V

18
ρ

μ
 (4) 

 
where g  is the acceleration due to gravity. 
 
2.3.2. Diffusion 
 
As a result of their continuous bombardment by the molecules of the surrounding gas, aerosol 
particles exhibit a random motion, called Brownian motion. The macroscopic effect of Brownian 
motion is the net transfer of particles from regions of high to low concentration, a process known 
as diffusion. Diffusion of aerosol particles due to Brownian motion can be described by the well-
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known Fick’s law in terms of number of particles diffused, namely, pJ D n= − ∇
r

, where pJ
r

 is the 

number flux vector, n  the number particle concentration and D  a diffusion coefficient. 
 
The diffusion coefficient depends strongly on particle size, with smaller particles diffusing much 
more efficiently than larger particles. The dimensionless number characterizing particle diffusion 
is the particle Schmidt number, defined in the same way as in molecular mass transfer: 
 

 g
p

v
Sc

D
=  (5) 

where gν  is the kinematic viscosity of the suspending gas. Generally, the diffusion coefficient of 

aerosol particles is orders of magnitude smaller than the diffusion coefficient of molecular 
diffusion in gases, and comparable in magnitude with diffusion coefficients observed in 
molecular diffusion in liquids. The diffusion coefficient of particles can be determined with the 
following equation 

 

 
3

B g c

g p

k T C
D

dπμ
=  (6)

  
which, without the slip correction factor cC , is known as the Stokes-Einstein equation. In this 

equation gT  is gas temperature and 231.381 10Bk −= ×  J K-1 is Boltzmann’s constant. Note that 

the diffusion coefficient depends on particle diameter and gas properties (temperature and 
viscosity), but not on particle physical properties. As it will become apparent below, diffusional 
transport is important only for small particles of the submicrometer range. 
 
2.3.3. Inertial motion 
 
In an accelerating flow field, particles are not able to follow perfectly the fluid motion due to their 
own mass. For instance, in straight-line accelerating (decelerating) motion, aerosol particles lag 
behind (ahead) the Lagrangian “fluid particles”. In curvilinear motion, as for example in a flow in 
a bend, the particle trajectories deviate from the fluid streamlines and may impinge on the 
surface. This mechanism, known as impaction, is a major deposition mechanism. The extent to 
which the motion of an aerosol particle adjusts to or deviates from the motion of the fluid is 
described with the help of three interrelated characteristic parameters: the relaxation time τ , the 
stop distance LS , and the Stokes number Stk. These parameters are defined below for the case 

of flow in the Stokes regime: 
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Relaxation time:  

 
2

18
p p c

g

d Cρ
τ

μ
=  (7) 

 
Stop distance: 
 

 0LS U τ=  (8) 
 
Stokes number: 

 

 
2

00

18
p p cL

g

d C UUS
Stk

L L L
ρτ

μ
= = =  (9) 

 
In the definitions above 0U  is a characteristic fluid velocity and L  a characteristic length. Note 

that particle relaxation time, and generally inertial effects and impaction, do not depend on the 
properties of the particle only, but on the properties of the combined particle-fluid system. This is 
clearly attested by Eq. (7), which involves the viscosity of the gas, as well as the mean-free path 
of the gas through the slip correction. 
 
The Stokes number is an important similarity parameter used to scale particle trajectories, and 
hence impaction deposition, in particle-flow systems that are geometrically and hydro-
dynamically similar. Also, it is a widely used practical criterion for determining the 
responsiveness of aerosol particles to changes of fluid velocity, thereby predicting if impaction 
will take place. For 1Stk <<  particles follow closely the fluid motion and do not impact on 
surfaces, whereas for 1Stk >>  escape the flow and may deposit by impaction. 
 
An important case of inertial transport arises in turbulent flow, stemming from the inability of 
particles disposing significant inertia to follow the fluid turbulent eddies. Statistically, more 
particles are inertially transported (injected) from regions of high turbulence intensity to regions 
of lower intensity. Inertial deposition due to turbulence is commonly referred to as eddy 
impaction, turbulent impaction, or, even, turbophoresis. 
 
It is instructive to consider the relative importance of diffusion versus inertia. A quantity to 
characterize the strength of Brownian diffusion is the root-mean-square net displacement of a 
diffusing particle over a time interval tΔ . This displacement is related to the diffusion coefficient 
through the simple expression rms 2x D t= Δ . The ratio rms sx V tΔ , where sV tΔ  represents the 

displacement due to gravitational settling, is an indicator of the importance of diffusion. For 
spherical particles of standard density in air this ratio is of order one for 1pd ≈  μm, whereas it is 
of order 103 for 0.01pd ≈ μm and of order 10-3 for 10pd ≈ μm. This is the reason that the 1 μm 
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size is the dividing line between the “fine” particles and the “coarse” particles. It follows that 
Brownian diffusion is the dominant transport mechanism only for fine particles, i.e. smaller than 1 
μm. Instead, for coarse particles (greater than 1 μm in diameter) gravitational settling and inertial 
effects are the dominant particle motion and deposition mechanisms.   
 
2.4. Aerosol flow modelling 
 
The calculation of the source term necessitates the simulation of the aerosol transport and 
deposition in the RCS and the containment. Aerosols are transported (convected) by the gas 
flow, which is primarily steam in the RCS and an air-steam mixture in the containment. As they 
are transported both internal and external processes take place. An example of the former is 
size distribution changes because of condensational growth (heterogeneous nucleation): fission 
products present in the gas as vapours condense onto available particles, so the latter grow. As 
to external processes, besides convection, one has also to consider the various mechanisms 
that make particles deposit on the circuit walls, or the containment walls. Typical examples are 
inertial impaction in the bends of the primary circuit, diffusional deposition of fine particles, 
gravitational deposition, as well as particular phoretic effects like thermophoresis and 
diffusiophoresis. 
 
The complicated interactions between transport, deposition, and size distribution changes can 
be described by a population balance equation, that in the aerosol literature is known as the 
General Dynamic Equation (GDE). The numerical solution of the GDE is one of most essential 
steps in the various codes that simulate transport in the primary circuit or the containment (e.g. 
the primary circuit code SOPHAEROS, or the containment code COCOSYS). In its general form, 
the GDE is three-dimensional in space. For simplicity, we give it below in one-dimensional form, 
which also is that mostly used in the severe accident codes: 
 
 

 ( )
g-p coag

4
g dep

h

n n n nnu V n D
t x d x x t t

∂ ∂ ∂ ∂ ∂ ∂⎛ ⎞+ + = + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
 (10) 

 
 
In the above equation the independent variables are position x, time t, and a third variable that 
may describe particle size. As such, particle diameter pd  can be used. In practice, particle 

volume v  is also used because volume is conserved during coagulation. The dependent 
variable is a multivariate size distribution function, ( ; , )pn n d x t= , or equivalently ( ; , )n n v x t= .  

 
On the left-hand-side, the first term is the accumulation term, the second is the convective term 
( gu  is gas velocity), and the third gives the deposition flux (drift flux) due to the various external 
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processes ( hd  is the hydraulic diameter of the duct). Therefore, appropriate correlations for 
deposition velocity depV  are needed to account properly effects like sedimentation, diffusional 

deposition, inertial impaction, thermophoresis etc. A great deal of effort is invested by the code 
developers in seeking and validating candidate correlations. On the right-hand-side, the first 
term describes axial diffusion (not very important in most cases), and the next two terms 
describe the internal processes, namely gas-to-particle conversion and coagulation. The terms 
giving the internal processes can be further written as following: 
 

 *
nuc

g-p

( ) p
p p

p

ddn J d d n
t d dt

δ
⎛ ⎞∂ ∂

= − − ⎜ ⎟∂ ∂ ⎝ ⎠
 (11) 

 

 
coag 0 0

1 ( , ) ( ) ( ) ( ) ( , ) ( )
2

vn dvK v v v n v n v v n v dvK v v n v
t

∞∂
= − − −

∂ ∫ ∫% % % % % % % %  (12) 

 
In Eq. (11) the first term on the right-hand-side models homogeneous nucleation (δ  is the Dirac 
function). Clearly, this requires knowledge of the nucleation rate nucJ  and knowledge of the 
critical diameter, *

pd , which is the size of the homogeneously nucleated embryonic particles. 

These two important parameters are the object of the various nucleation theories. In severe 
accident codes a nucleation theory referred to as “the classical nucleation theory” is mostly 
used. Modelling of homogeneous nucleation is a vast domain involving thermodynamics and 
physical chemistry. Further details can be found in the textbooks given in the Bibliography. The 
second term on the right-hand-side models particle growth by condensation (i.e. heterogeneous 
nucleation). Clearly, the important parameter to know is the derivative pdd dt , known as the 

growth law. Knowledge of the growth law involves complicated thermodynamics, chemistry, and 
heat and mass transfer. In section D.2 we will address the fundamental case of particle growth 
due to steam condensation, which is the basic effect, taking place in the containment. 
 
Equation (12) describes coagulation. It is usually called Smoluchowski equation, after the name 
of Smoluchowski, who in 1916, presented a consistent mathematical treatment of particle 
coagulation. The important parameter involved here is the coagulation kernel K, which is a 
bivariate function of the sizes of the colliding particles, 1 2( , )K K v v= , giving the collision 

frequency between particles of volume v1 and v2. The most important mechanisms that force 
particles to collide are Brownian motion, relative motion due to laminar shear or fluid turbulence, 
and gravitational settling. There exist expressions giving the collision frequency due to each 
individual mechanism. The overall kernel used in Eq. (12) involves some kind of addition of the 
individual kernels. Further details can be found in the textbooks in the Bibliography. 
 
It is obvious from the above introductory discussion that the solution of the GDE is a challenging 
task. On one hand it requires sophisticated numerical methods to cope with the complicated 
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integro-differential form of the mathematical expressions. On the other hand, it requires valid 
correlations for the various physical parameters described above. The physical behaviour of 
these parameters is not generally known under severe accident conditions. For this reason, 
large-scale experiments have been organized, Phebus FP in particular, to confront experimental 
data to the theoretical predictions. 
 
3. Behaviour in the RCS 

 
3.1. Phenomenology 
 
Accident simulations with severe accident codes in PWRs indicate that during the in-vessel 
phase the temperature of the gas passes from 1500-3000 K in the core to 450-1000 K in the 
primary circuit. As a result, most fission products and structural materials emitted as vapours 
from the degraded core will be found under high supersaturation levels when they are 
transported through the reactor coolant system. The supersaturated vapours will contribute to 
the formation and growth of aerosols, via homogeneous and heterogeneous nucleation, 
respectively. Notable exception to this general trend are the noble gases (Xe, Kr), or the highly-
volatile nuclides like iodine, which are transported all the way through the RCS as vapours. In 
general, control rod materials, cladding materials, fuel and stainless steel constituents form 
species of low volatility, which nucleate rapidly. More volatile fission product species nucleate 
downstream in cooler regions of the circuit. It is reasonable to anticipate that aerosol formation 
may occur even before entering the RCS, in the cooler upper part of the core, especially for the 
low volatility elements. There is experimental evidence from the Phebus FP tests that nucleation 
may indeed initiate in the upper part of the core. Clearly, the condensation of the various 
elements onto particles or structural areas is mainly controlled by volatility. In this respect, the 
role of chemistry is very important. The conditions in the RCS favor the chemical interactions 
between different species residing in the gas phase as vapours, or between vapours and 
aerosol particles. The formed compounds may have physical properties, volatility in particular, 
significantly different than that of the initial elements. Therefore, the role of chemistry is central in 
determining the transport of the emitted fission products and other materials out of the core and 
through the primary circuit. 
 
Homogeneous nucleation leads to the generation within the gas flow of single-component nuclei. 
These nuclei, called embryos, are extremely small particles of the nanometer size range or 
smaller. The so-formed ultra-fine particles serve as sites for condensation of the more volatile 
species, which still remain in the gas phase in vapour form. During this process there is a 
competition between vapour condensation on pre-existing particles and condensation on the 
pipe walls. The fraction of vapour that condenses on the aerosol particles is determined by a 
complicated balance between vapour transport to the particle surface and vapour transport 
through the background gas to the pipe walls. In general the former route is more favored 
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because the surface area of the aerosol particles available for vapour condensation is orders of 
magnitude larger than the structural surface areas. This heterogeneous nucleation process 
makes that the initially formed particles become larger and multi-component. Besides that route, 
coagulation/agglomeration is another process that contributes to the increase of the aerosol size 
spectrum. In particular, the homogeneously nucleated primary particles are very mobile because 
of their small size. Indeed, as Eq. (6) attests, diffusivity is inversely proportional to particle size. 
The intense Brownian motion promotes coagulation rapidly, leading to the formation of larger 
particles. 
 
The overall effect of the above described phenomena is that in the RCS the source term is in the 
form of multi-component polydisperse particles, suspended by the steam flow. This general 
picture has been experimentally confirmed by the Phebus FP tests. The test FPT0 has 
effectively shown that the nuclear aerosol consists of multi-component aerosol particles of well-
mixed composition, containing all major released products, with the exception of iodine. The size 
distribution of the aerosol is broad, covering an extended range of particle sizes. The median 
diameter of the distribution, measured at different stations along the circuit, was found to 
increase, which is a clear indication of continuous particle growth. The aerosol has a mass 
median diameter of around 1 μm, and a geometric standard deviation of more than 2. On the 
basis of Eq. (1), it follows that the aerosol mass is distributed over the size range from 0.01 μm 
to 10 μm. For the conditions expected in the RCS, the Knudsen number varies, respectively, 
between 10 to 10-3. Therefore, the size distribution covers all the regimes, from the continuum to 
the free molecular regime. 
 
During their transport in the RCS the various elements, be them separate or chemically 
recombined, are depositing on the walls of the pipework as vapours or aerosols. Deposition is 
highly beneficial because it attenuates the source term transmitted to the containment. Vapour 
deposition is mainly connected with wall condensation or, sometimes, surface absorption. 
Aerosol deposition, which is the most important, depends on the particle size and the gas flow 
conditions. The flow regime in the RCS depends on the steam flow rate at the core outlet, which 
in turn depends on the accident sequence, in particular on the degree of de-pressurisation and 
the exothermic reactions in the core. The flow regime in the RCS depends also on the diameters 
of the pipework and the prevailing gas temperatures along the circuit. Simulations with codes 
indicate that all flow regimes may occur in the RCS, ranging from the laminar through the 
transitional to the fully turbulent regime. In the Phebus FP experiment FPT0 the gas flow 
generally remained laminar in the hot part of the circuit. At the steam generator inlet reached the 
transition regime and probably also became turbulent. In the cold part of the circuit the gas flow 
was turbulent. The principal deposition mechanisms that are expected to be operant in the RCS 
are the following: 

• Brownian diffusion for the fine fraction of the size distribution. 
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• Inertial impaction for the coarse particles whenever the flow is forced to change direction, 
for example, in the bends, contractions or expansions of the pipework. 

• Turbulent diffusion and eddy impaction in the cooler parts of the circuit, where turbulent 
flow conditions mostly prevail. 

• Thermophoresis, in places where there is significant gas-to-wall temperature difference. 
 
Along the circuit aerosol deposition is not uniform. Instead, there are areas of preferential 
deposition. Such areas are the water separators and steam dryers in BWRs, or the steam 
generator tubes in PWRs. In Phebus tests most circuit deposition was localized in the steam 
generator hot leg, with thermophoresis being the dominant removal mechanism. Due to its 
importance, the physical basis of thermophoretic deposition is further discussed in section C.2 
below. 
An important effect that may take place in the RCS and influence critically the source term is 
aerosol re-suspension or re-vapourization of the deposited matter. Aerosol re-suspension is a 
complicated process, which is not yet well understood. Many factors seem to play an important 
role, such as the gas velocity variation, the level of turbulence, the roughness of the surface, the 
morphology and porosity of the deposits etc. Re-vapourization may arise as the RCS walls are 
continuously heated due to the decay heat of the deposited fission products. Currently, there is 
uncertainty as to the impacts of re-suspension or re-vapourization on the source term 
transmitted to the containment. 
 
3.2. Thermophoretic deposition 
 
Aerosol particles suspended in a non-isothermal gas tend to migrate from the hotter to the 
colder regions. This movement, called thermophoresis, arises from the asymmetric 
bombardment exerted on a particle. Statistically, more momentum is received on the “hotter 
side” of the particle than on the “colder side”. The macroscopic result is a net transport in the 
direction of decreasing temperature, thus deposition on surfaces which are colder than the gas 
stream. 
 
The thermophoretic velocity, thV , is expressed as a function of the local temperature gradient as 

follows 

 g
th thV K T

T
ν

= − ∇  (13) 

In the equation above T  is gas temperature and thK  is a dimensionless parameter, the 

thermophoretic coefficient, that depends on properties of both the gas and the particle. 
Theoretical expressions for thK  have been rigorously derived only in the limits of continuum flow 
( 0Kn → ), the so-called Epstein expression, or in the limit of free molecular flow ( Kn → ∞ ), the 
so-called Waldmann expression. Talbot and co-workers, based on a theoretical expression 
suggested by Brock, proposed a fitting formula over the entire range 0 2 pKn dλ≤ = ≤ ∞  which 
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agrees to within 20% or better with most of the available experimental data. The Brock-Talbot 
expression reads 
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and is the most widely used expression for the calculation of the thermophoretic coefficient. In 
Eq. (14) g pk k  is the ratio of gas to particle thermal conductivity and cC  the Cunningham 

correction factor, cf. Eq.(3). The constants sC , tC , mC  arise from non-continuum effects at the 

particle interface: they are associated to the temperature and velocity boundary conditions (jump 
conditions) at the particle-gas interface. The recommended values are 1.17sC =  (thermal creep 
coefficient), 2.18tC =  (temperature jump coefficient), and 1.14mC =  (velocity jump coefficient). 

 
Figure 4 shows the thermophoretic coefficient thK  as a function of the Knudsen number and 
parameterized by g pk k . As can be seen thK  has values around 0.5 and becomes a constant 

for very small particles (free molecular regime). For large particles it depends both on particle 
size and on the gas-to-particle thermal conductivity ratio. This dependence is due to the non-
negligible temperature gradient established within a particle of appreciable size, which affects 
locally the temperature gradient of the gas. 

10-2 10-1 100 101
0

0.2

0.4

0.6

0.8

Knudsen number,  Kn=2 λ /dp

Th
er

m
op

ho
re

tic
 c

oe
ffi

ci
en

t, 
 K

th

dp << λ       
Small particles      
Free molecular regime
                     

dp >> λ  
Large particles 
Continuum regime

kg/kp=0.001 

0.01 

0.1 

0.5 

 
 
Figure 4. Thermophoretic coefficient thK  as function of Knudsen number, 2 pKn dλ= , for 

various gas-to-particle thermal conductivity ratios g pk k  (source: Multiphase 

Flow Handbook, Taylor & Francis -CRC Press, 2005). 
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4. Behaviour in the Containment 
 

4.1. Phenomenology 
 
The fission products arrive at the containment with the physical and chemical characteristics 
they have acquired during their transport in the primary circuit. Therefore, all fission products 
except noble gases and some free iodine arrive at the containment as aerosols. The various 
elements, either separately or chemically bound, are expected to be well mixed within the 
particles. The Phebus FP experimental observations support this assumption. It was found that 
the aerosol particles in the containment were a mixture of the various nuclides, and, moreover, 
the composition was independent from particle size and fairly homogeneous. 
 
Severe accident simulations indicate that during the in-vessel phase of the accident the 
containment atmosphere is a steam-rich environment, at saturated conditions or close to 
saturation. The flow circulation in the containment atmosphere plays an important role because it 
controls the transport and distribution of steam, other non-condensable gases or vapours, and 
aerosols. Flow field calculations in conjunction with mass and heat transfer calculations 
determine the amount of steam that is condensed on the cool containment walls or other 
structural surfaces. Containment thermal-hydraulics have been extensively investigated both 
experimentally and analytically and in general a good level of understanding has been reached. 
 
The presence of high humidity in the containment induces an intense condensational growth of 
the aerosol particles. Steam condenses on the aerosol surface forming water droplets and, 
eventually, dissolving the particle material. This process is enhanced by the presence of 
hygroscopic substances within the aerosol (e.g. CsOH). The mechanism of hygroscopic 
condensational growth is further described below in section D.2. Steam condensation increases 
significantly the size of the particles. This has very important implications on the evolution of the 
source term. First, the increase of particle size enhances gravitational settling rate and therefore, 
aerosol depletion through deposition on surfaces. Secondly, coagulation/agglomeration is 
intensified as larger falling particles collide with smaller ones. Enhanced 
coagulation/agglomeration increases further the particle mass and size. Another mechanism 
contributing to enhance deposition in the containment is diffusiophoresis. Diffusiophoresis is 
driven by the steam mass flux towards the condensing wall surfaces and the associated Stefan 
flow. This mechanism is an important phoretic effect for the nuclear aerosols in the containment 
and is addressed below in section D.3. 
 
Computer code analyses and experimental observations effectively confirm that size distribution 
increases in the containment, and that suspended aerosol mass is quickly removed. The 
dominant deposition mechanisms are gravitational settling and diffusiophoresis. The overall 
trend is that larger particles are eliminated from the containment atmosphere, in which remain 
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airborne the smaller particles. The net result is a drastic decrease with time of the in-
containment source term. The findings of the first Phebus FP test FPT0 are characteristic in this 
respect: during the core degradation phase and the following 20 minutes, 80% of the initially 
suspended mass in the containment was deposited on the containment walls. The mass median 
diameter of the airborne matter was initially equal to approximately 7 μm, very quickly decreased 
to roughly 4 μm, and finally was stabilised to 0.5 μm. 
 
4.2. Hygroscopic condensational growth 
 
In the presence of high humidity aerosol particles grow. Condensation of water vapour is driven 
by the pressure difference between the ambient vapour pressure and the vapour pressure at the 
surface of the particle. Since latent heat is released at the particle surface during steam 
condensation, the treatment of particle growth requires considerations of the vapour mass 
transfer, as well as of the heat transfer between the particle and the ambient gas mixture. In 
general, growth processes are controlled either by gas-phase transport, or chemical reactions on 
the particle. The so-called growth law, i.e. the derivative  pdd dt  that expresses the rate of 

change in particle size as a function of particle size and chemico-physical properties of the 
aerosol system (see Eq. (11)), is transport-limited in the former case and reaction-limited in the 
latter case. 
 
Hygroscopic condensational growth is a typical process in which the growth law is transport-
limited. The growth rate is obtained by solving the coupled equations for heat and mass transfer. 
Mason at the beginning of seventies introduced an analytical approximation to the two coupled 
equations for the growth rate of a droplet by condensation. The Mason’s analysis can be 
summarized by the following expression 
  

 
mass heat

4 1

p

ddp S
dt d f f

⎛ ⎞−
= ⎜ ⎟+⎝ ⎠

 (15) 

 
where sat/ ( )S p p T∞ ∞=  is the saturation ratio, defined as the ratio between vapour pressure in 
the ambient gas, p∞ , and vapour saturation pressure  over a flat surface, satp , at the gas 
temperature far away from the particle surface T∞ . The term massf  represents the contribution 

associated to vapour diffusion through the gas to the particle surface, and is given by: 
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where liqρ  is the density of the bulk liquid (water) and VR  the water vapour gas constant. The 
term heatf  is the contribution to the growth rate due to heat conduction away from the particle 

through the gas and is given by 
 

 liq
heat 1 HH

V g

LL
f

R T T k
ρ

∞ ∞

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (17) 

 
where HL  is the latent heat of vapourization and gk  is the thermal conductivity of the gas. 

 
Equation (15), known as Mason's equation, is based on equilibrium assumptions which may lead 
to significant inaccuracies when applied to small aerosol droplets.  
There are three important thermodynamic and kinetic effects that need to be taken into account: 
 

1. The so-called Kelvin effect, which is a curvature effect, arising from the fact that 
equilibrium vapour pressure satp over the highly curved particle surface may be 

significantly higher than that over a flat surface. 
2. The solute mass effect is due to the presence of dissolved molecules in the liquid droplet, 

causing a vapour pressure lowering with respect to vapour pressure over pure water. 
3. The so-called Fuchs effect, connected with the departure from the continuum regime for 

small particles.  
 
The Kelvin and solute-mass effects may be incorporated in Mason's equation by modifying the 
droplet's equilibrium surface pressure, namely by replacing the term 1S −  in the numerator of 
Eq. (15) by 
 

 Kelvin solute1S f f− − +  (18) 
 

 1 1
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R T d
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p

n v
f

dπ
=  (20) 

 
Equations (18)-(20) above are known as Köhler equations. In these equations uR  is the 
universal gas constant, 1σ  the surface tension of the solvent (water), 2n  the number of moles of 
the solute, and 1v  the molar volume of the water in the solution, which, for a dilute solution may 

be approximated by the molar volume of pure water. 
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The Fuchs effect can be accounted by multiplying the growth rate with a correction factor, known 
as the Fuchs and Sutugin interpolation formula. This formula is given by: 
 

 
( )FS 2

1 2 /

1 3.42 / 5.33 /
p

p p

d
f

d d

λ

λ λ

+
=

+ +
 (21) 

 
With the above corrections, a modified Mason’s equation can be inferred as follows: 
 

 Kelvin solute
FS

mass heat

14p

p

dd S f f
f

dt d f f
⎛ ⎞− − +

= ⋅⎜ ⎟+⎝ ⎠
 (22) 

 
Equation (22) is valid for determining the growth rate of the aerosol particles in the containment 
atmosphere. 
 
4.3. Diffusiophoresis and entrainment by Stefan flow 
 
Particles suspended in a non-equilibrium binary gas mixture, where the two gases inter-diffuse, 
experience unequal momentum transfers by collisions with the molecules of the gas diffusing in 
one direction and the molecules of the other, oppositely diffusing gas. A net force is exerted on 
the particle in the direction of diffusion of the heavier gas molecule. The resulting motion, which 
is driven by the prevailing concentration gradient, is called diffusiophoresis. The above picture, is 
further complicated when diffusion is concerned with the transfer of a condensible vapour 
through a background gas towards a condensing surface, as is precisely the case during wall 
condensation of steam in the containment. Under such circumstances, a secondary macroscopic 
flow is established within the gas, known as Stefan flow, which arises from a subtle mass 
balance between the diffusive flows of the gas and the water vapour. The direction of Stefan 
flow is always away from an evapourating surface or towards a condensing surface. Therefore, 
the motion of the particles is determined by the combined action of Stefan flow and 
diffusiophoresis. For such a combined motion Waldmann and Schmitt provided in mid-sixties the 
following theoretical expression for the particle drift velocity 
 

 1 12
1

21 1 2 2
pV ψ

ψψ ψ
= − ∇

+

M D
M M

 (23) 

 
where 1 2, M M  are the molecular weights of the condensible vapour (steam) and the 
background gas, 1 2, ψ ψ  the molar fraction of the vapour and the gas, and 12D  the binary gas 

diffusion coefficient. Note that the velocities obtained with Eq. (23) are independent of particle 
size. The predictions of Eq. (23) are in very good agreement with experimental data obtained 
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with small nichrome particles ( 0.02 0.2pd≤ ≤  μm) in diffusing water vapour in air and helium. 

The use of Eq. (23) for larger particles requires caution. 
 
For the case of water vapour in air, a practical approximate formula to use is 
 

 4 2 -1 -1 11.9 10  (cm  s  mb )p
dp

V
dx

−= − ×  (24)  

 
where 1dp dx  is the gradient of the partial pressure of the water vapour. The above correlation 

is within  ±5% accurate with available measurements. If Eq. (23) is evaluated at standard 
conditions of pressure and temperature a numerical expression identical to Eq. (24) is recovered 
[note that ( )2 11 d dxψ ψ  can be written as ( )2 11 p dp dx  where 2p  is the partial pressure of the 

gas]. Therefore, Eq. (24) has the appealing property of being both an empirical and a theoretical 
formula suitable for the calculation of the particle drift velocity due to combined diffusiophoresis 
and Stefan flow in water vapour-air systems. 
 
4.4. Aerosol leaks through cracks 
 
The mobile nuclides present in the containment as aerosols or vapours may be released to the 
environment even when the containment remains intact. The available route for such releases 
are the leakages through the containment cracks and/or the failed seals and penetrations. In the 
course of an accident one may anticipate the leak-tightness of the containment to deteriorate 
because of the pressurisation effects. The assessment of the source term to the environment is 
generally based on the assumption that there is no retention of fission products in the leak paths 
from the containment. Therefore, the transmission of fission products from the containment is 
taken to occur with the general leakage rate. There is experimental and theoretical evidence of 
strong retention of aerosols in the leak paths, leading even to complete plugging of the leak flow. 
Currently, there is interest to know the impact of aerosol retention in leakage paths, to further 
reduce the uncertainty margins in the source term assessment and the off-site radiological 
consequences. Such improvements take additional importance for future NPPs, as most 
European Safety authorities require that severe accidents be considered in the design. 
 
Several small-scale laboratory studies on aerosol trapping in small tubes and capillaries have 
been performed in the past. In these early studies the used tubes or capillaries had diameters 
ranging from few micrometers to few millimeters, and the employed pressure differences were 
up to several bars. In parallel, a number of theoretical studies were performed. The most 
frequently cited model to evaluate plugging by the deposited aerosol was developed by 
Vaughan and Morewitz in the eighties. This model simply states that the total mass transported 
through a duct prior to complete plugging is proportional to the cube of the duct diameter: 
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 3m k D= ⋅  (25) 

 
The coefficient k was quantified as 30±20 g/cm3 through experimental data fittings over a wide 
range of duct diameters (20 μm to 26.5 cm) and pressure differences (0.3 kPa to 0.7 MPa), with 
a variety of aerosol materials. 
 
Large scale experiments have been performed in the past in the USA (the Containment System 
Experiment program at Battelle Memorial Institute), using a one-fifth linear scale model of a 
typical 1000 MWe PWR. A series of aerosol leakage tests gave a decontamination factor 15 for 
iodine and 100 for cesium in dry conditions, and almost complete retention in wet conditions (i.e. 
when steam was condensing on the containment walls). Other large scale experiments were 
performed in Japan by NUPEC on actual containment penetrations of a BWR plant using dry CsI 
aerosol particles: they indicated decontamination factors between 10 and 1000. 
 
At the present, two major facilities are available in Europe for experiments on aerosol retention 
within concrete cracks. The first experimental apparatus, named COLIMA, regards more general 
aspects of fission product behaviour and is managed by CEA at the Cadarache Center (Fig. 5). 
The second interesting facility is set up at IRSN Saclay (Fig. 6). This facility permits controlled 
aerosol production and retention measurement. The part regarding the cracked wall consists of 
a reinforced concrete sample 128 cm × 75 cm × 10 cm. The sample wall was cracked by 
subjecting it to shear stresses of alternate directions (Fig. 7). The cracked panel is coupled with 
two identical boxes on either sides of the wall. Aerosol particles are injected into the upstream 
box, and measures of the penetrating aerosol downstream permits to determine the retained 
fraction. Tests have been performed with three monodisperse aerosols (50 nm, 1 µm and 4 µm). 
With the coarse particles of 4 μm the aerosol was completely trapped in the cracks. The results 
for the 1 µm aerosol diameter have shown a partial retention, attributed to the mechanisms of 
Brownian diffusion, sedimentation and impaction. 
 
The IRSN tests with the 1-µm particles have been studied theoretically using a generic aerosol 
model. The model is based on the numerical solution of the aerosol transport equation, Eq. (10), 
ignoring the internal processes, and focusing on the various deposition mechanisms. Deposition 
is calculated by using appropriately defined deposition velocities for each individual mechanism 
(e.g. inertial impaction, Brownian diffusion, gravitational settling, and eventually, turbulent eddy 
impaction). Figure 8 shows the comparison between theory and experiment. As can be seen, 
good agreement is obtained in the laminar flow regime. The detailed mechanistic model 
provides more accurate predictions than global correlations on aerosol retention. 
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Figure 5.Layout of COLIMA facility: COLIMA was already used to study the 
mechanisms, the kinetics and the nature of the fission products released in the 
late phase of a PWR severe accident. The main outcome was the characterization 
of the aerosols produced during this late phase. The following characteristics 
made COLIMA facility interesting for studies on aerosol transport in cracks: 

1) generation of prototypical MCCI aerosols; 
2) design pressure of 5 bar; 
3) maximum temperature of 140 ºC; 
4) production of steam. 
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Figure 6. IRSN experimental facility for aerosol retention measurement in concrete 

cracks. 
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Figure. 7. The cracks network reproduced in IRSN test. 
 

At higher pressure difference the flow regime is experimentally seen to become transitional-
to-turbulent. The predicted deposited fraction is underestimated in that regime. Still, however, 
by “turning on” the deposition mechanism due to turbulent eddy impaction fair predictions are 
obtained. This modelling exercise shows that is feasible to calculate aerosol retention in 
containment cracks by employing relatively simple aerosol modelling based on mechanistic 
principles. 
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Figure 8. Aerosol retention in containment cracks: comparison between theoretical 
predictions and the IRSN experimental results for aerosol particles of 1 μm. 
The predictions from simple global correlations are also shown (dashed line). 
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1. Introduction 
 
The evaluation of possible release of radioactive material in the environment during a 
Nuclear Power Plant Severe Accident is a major concern, generally called the Source Term 
issue. The radioactive material released from the core include fission products, irradiated 
structural material and actinides such as uranium and plutonium – the associated 
phenomenology is described in an other lecture of this course. Once released from the core, 
they are transported and partly deposited in the Reactor Cooling System (RCS) and 
eventually injected into the containment building. Both in the RCS and the containment, they 
undergo physical and chemical processes which govern their behaviour and finally their 
airborne concentration in the containment’s atmosphere. Being able to understand and 
predict these processes is a pre-requisite for the evaluation of possible release of radioactive 
material in the environment. 
This part of the course attempts to describe chemical processes, while another lecture deals 
with physical processes. Hopefully, a number of mitigation processes would decrease the 
concentration of airborne radioactive material in the containment. The most important ones 
are described here. Radioactive material may be released to the environment through 
leakages of the containment, due to its failure or through containment bypass. These 
features are not described here. Figure 1 gives a sketch of the Source Term pathway to the 
environment. 
 

FPs and structural materials release from fuel

RCS: transport, physical 
processes, chemical processes 

Containment: transport, physical 
processes, chemical processes, 
engineered mitigation processes

Release to environment

Containment 
by-pass

Containment failure
Leaks through cracks

 
Figure 1: The Source Term pathway to the environment 

Parts described in this lecture are in blue. 
The objective of this lecture is not to give a full description of all the phenomena involved but 
rather to give, in a simple way, a picture of the most important ones. The lecture is divided 
into four parts. The first two ones deal with chemistry in RCS and containment, starting with a 
brief introduction of basic involved processes and then describing the phenomena. The third 
one is a description on how a number of engineered safety systems would tend to decrease 
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the airborne concentration of radioactive material in the containment. The fourth one is a 
short summary of the lecture. A short annotated bibliography is added. 
 
2. Fission Product Chemistry in Reactor Cooling System 

(RCS) 
 
2.1. Basic Processes 
 
Fission products are released from fuel when heated up at high temperature in the course of 
a severe accident. They are generally released as vapours with may be atomic or more 
complex species. The chemical speciation depends on complex thermodynamic equilibriums 
between different phases within the fuel where fission products are located and the gaseous 
environment directly in contact with the fuel. 
Once released, fission product vapours will react with other elements and often form different 
species. The chemical reactions involve: 

− The carrier gas, which is for most accidents a mixture of steam and hydrogen, 
with a composition depending on the accidental sequence; 

− The other released fission products; 
− Structural material released from control rods or control blades, fuel 

claddings… 
The chemical reactions may involve only gaseous and vapour elements (homogeneous 
reactions) or both vapour and condensed elements (heterogeneous reactions). The 
condensed reactants can be aerosol particles or pipe walls including material deposited on 
them. 
 
2.2. Thermodynamic Equilibrium 
 
In the high temperature region of the RCS, i.e. near the core, the kinetics of the reactions are 
fast enough to allow reaching the thermodynamic equilibrium. Temperature is an important 
parameter, as kinetics follow Arrhenius laws with an exponential dependence to temperature. 
As an example, the Cs, I, O, H system can be described by  a set of two simplified chemical 
reactions: 

HIgCsOHOHgCsI +↔+ )()( 2  

22 2/1)()( HIgCsOHOHgCsI ++↔+  
with the following equilibrium constants depending on temperature and partial pressures of 
the different species1: 

)exp()( 1
11

2
T
BA

PP
PPTK

OHCsI

HICsOH
p −==  

                                                 
1 It should be noted that, by convention, the partial pressures used in the formulation of 

equilibrium constants are referred to the pressure in standard conditions i.e. P0 =1 atm, so that the 
equilibrium constants are dimensionless. However, the total pressure of the system has an influence 
in case of non equimolar reactions, and this must be taken into account according to the Le Chatelier 
rule. 
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The reality is much more complex as many elements may be present altogether and react to 
form different species. As an example the SOPHAEROS2 standard simplified database 
considers, for cesium and iodine, reactions with: 

− Ba, Te, Mo, Ru fission products; 
− Ag, In, Cd structural material from control rods; 
− and O and H from the coolant. 

This leads to the possible formation of I, AgI, BaI, CdI, Cd2I2, HI, HOI, I2, InI, TeI2, TeI3, Cs, 
Cs2, CsO, Cs2O2,CsOH, Cs2MoO4, Cs2Te, Cs2RuO4. Other species can be formed if one 
includes other elements such as for instance B and C from boron carbide neutron absorbers 
or Sn from zircaloy claddings. 
Increasing the complexity, some of the species will condense once formed and  some will 
interact with surfaces. It should also not be forgotten that condensed species, once 
deposited on surfaces, maybe be re-vaporized in case of changes in temperature, in carrier 
gas composition (H2O/H2 ratio) or if their partial pressure in the gas phase decreases. 
Indeed, all these phenomena will displace the thermodynamic equilibrium. 
Thermodynamic laws provide the bases for calculating the composition of a given system at 
equilibrium. For each species, thermodynamic data are needed: enthalpy and entropy of 
formation in standard conditions 0HΔ  and 0SΔ , as well as specific heat capacity pC as a 

function of temperature T . Then enthalpy and entropy HΔ , SΔ  can be calculated at each 
temperature using ppp TSTTHTC )/()/()( ∂∂=∂∂= . The Gibbs free energy of each species 

STHG Δ−Δ=Δ  is then derived. For a system of n species with mole fractions ia  the Gibbs 

free energy of the system is then i
i

i GaG Δ=Δ ∑  

From the second law of thermodynamics, the equilibrium is reached for the values of mole 
fractions ia  for which GΔ  is minimum. Calculating them will give the composition of the 

system. 
There are some requisites for applying such a procedure to evaluate the composition of a 
system at thermodynamic equilibrium: 

− The amount of elements that may react together (fission products, structural 
material, steam and hydrogen) must be known i.e. release from the core and 
composition of gases, including their evolution with time during an accidental 
transient must be evaluated; 

− The possible species and their thermodynamic properties must be identified 
using databases from literature. 

It is generally necessary to simplify the system so that it becomes practically calculable using 
e.g. a mathematical solver for minimizing Gibbs free energy. 
Different approaches are used in the different severe accident codes. A first approach is to 
rely on previous studies validated by experimental results for determining the chemical 

                                                 
2  SOPHAEROS is a module of the integrated severe accidents code ASTEC dealing with 

fission product in the primary circuit 
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speciation of fission products. In MELCOR, for example, all iodine reacts with cesium to form 
CsI, the remaining cesium forming cesium hydroxide CsOH. Note that the hypotheses can 
evolve according to progress in knowledge: for instance cesium molybdate Cs2MoO4 has 
been added in MELCOR. A second approach is to perform a chemical calculation with a 
selected database and a specific mathematical treatment to determine the composition at 
equilibrium. This is the case for instance with SOPHAEROS, which can use either a standard 
simplified database including 15 elements and about 100 species, or an extended database 
including about 800 species. 

 
2.3. Chemistry at lower temperature 
 
When cooled down in the RCS, the vapour species will generally condense either to form 
new aerosol particles (homogeneous nucleation), or on already existing aerosol particles 
(heterogeneous nucleation) or on surfaces such as pipes walls. At a temperature close to the 
containment one, all fission products are condensed, with the noticeable exception of iodine 
in ruthenium treated in section 2.4. As at low temperature the kinetics of chemical reactions 
is slow and also due to limitations in mass transfer for heterogeneous reactions, the 
behaviour of transported material is then governed mainly by aerosol physics, treated in 
another lecture of this course. 
During the condensation process, there are in most cases no chemical changes in speciation 
(congruent condensation) but this is not always the case as illustrated by the example of 
ruthenium oxides, with congruent condensation for the dioxide and non congruent 
condensation for the tetra-oxide: 

)()( 22 cRuOgRuO ↔  

224 )()( OcRuOgRuO +↔  
Thermodynamics allow to calculate the equilibrium vapour pressure of a species over a given 
condensed compound. 
The condensed species, once deposited on surfaces, maybe be re-vaporized in case of 
changes in temperature, in carrier gas composition (H2O/H2 ratio) or if their partial pressure in 
the gas phase decrease. Indeed, all these phenomena will displace the thermodynamic 
equilibrium. An example of measured re-vaporization of deposited caesium in the Phebus 
FPT-1 experiment is given in figure 1 where the evolution of deposits in the hot leg and cold 
leg of the circuit are displayed. 
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Figure 2: Evidence of caesium re-vaporisation in the Phébus FPT-1 experiment 

(after D. Jacquemain et al. FPT-1 final experimental report, 2000)  
 

In this particular case, neither the temperature, nor the flow rate, nor the composition of the 
carrier gas were changed, and the re-vaporisation is attributed to the decrease of caesium 
concentration in the gas phase 
 
Before being re-vaporized, the deposited species may have reacted with the substrate 
forming new and different compounds. This is illustrated in figure 3 showing the results of 
Knudsen cell experiments on samples of deposits on pipe walls coming from the Phebus 
FPT-1 experiment. One can observe different peaks in the volatilization rate as a function of 
temperature. These peaks correspond to different species. 
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Figure 3: Volatilization rates of samples from Phebus FPT-1 in Knudsen cell 
experiments (from J.P. Hiernault et al. REVAP European Project) 

 
The samples were retrieved from the hot part of the Phébus experimental circuit on which 
caesium was deposited at about 970 K. The temperatures at which are observed 
vaporisation peaks tend to indicate that different species were formed after interaction of 
caesium deposited species with the substrate 
Re-vaporization of deposited fission products may be a source of delayed release into the 
containment and must thus be properly taken into account, as this could influence the timing 
of potential releases to the environment. 

 
2.4. Role of chemical kinetics 
 
In the high temperature region of the RCS, i.e. near the reactor core, chemical reactions in 
gas phase are fast enough to allow reaching the thermodynamic equilibrium. In the low 
temperature region, say at about 500 K, reactions are slow as non-equilibrium situations can 
prevail. In between, it may be necessary, for certain elements, to take into account the 
kinetics of chemical reactions. This is the case for iodine and ruthenium that are discussed 
hereafter. 
 
2.4.1. Iodine behaviour in the RCS 
 
The Phebus FP programme is a set of five integral experiments studying the degradation of 
an irradiated fuel bundle up to melting, the release of fission products from the fuel, their 
transport in a simulated RCS and their behaviour in a simulated containment building. The 
scaling down ratio is about 1/5000 as compared with a 900 MWe nuclear power plant. 
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In the first two experiments of the programme, FPT-0 and FPT-1 – and this was confirmed in 
the following ones – there is an experimental evidence of presence of gaseous iodine in the 
containment very early in the experiment, i.e. during the fuel degradation. This is not 
consistent with in-containment production of gaseous iodine, processes described in section 
3, due to the kinetics of those reactions. This early presence of gaseous iodine has been 
attributed to an injection from the RCS, with a maximum fraction when the atmosphere in the 
RCS was reducing or mixed ([H20]/[H2] ≈ 1). 
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Figure 4: Early presence of gaseous iodine in Phebus FPT-1 containment 

(from D. Jacquemain et al. FPT-1 final experimental report, 2000)  
 

Blue dots are the gaseous iodine fractions present as a gas in the containment. Blue solid 
line is the evolution of the total iodine mass in the containment. The dotted black and green 
lines are respectively the molar fractions of hydrogen and steam in the RCS 

 
The experimental observations are not consistent with thermodynamic calculations at 
equilibrium, which give lower fractions of gaseous iodine. Even more contradictory, the 
highest gaseous iodine fraction predicted by calculations is when the atmosphere is very 
oxidising, i.e. with a much smaller amount of hydrogen than in the experiment. 
Among other hypotheses to explain this discrepancy, the best one is related to limitations in 
the chemical reactions in the RCS due to their kinetics. This means that what is measured is 
not a composition at equilibrium. This understanding is reinforced by the fact that a higher 
gaseous iodine fraction is measured in the FPT-0 experiment, where the concentration of 
fission products including iodine is much lower. Indeed at low concentration, kinetics of 
chemical reactions slow down. 
Modelling the kinetics of the involved reactions is underway. The models are to be validated 
on the CHIP programme (part of the International Source Term Programme). The work is 
discussed in the frame of SARNET (Source Term area, Work Package WP 14.2). 
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2.4.2. Ruthenium behaviour in the RCS 
 
In certain accidents, air may be in contact with the fuel, submitting it and the transported 
fission products to a very oxidising environment. This is the case, for instance for a reactor 
severe accident after melt-through of the reactor pressure vessel, for a reactor accident in 
shutdown conditions, for a spent fuel storage pool draining accident, or for fuel handling 
accidents. 
In such conditions, ruthenium is released from the fuel in same manner as other volatile 
fission products such as cesium and iodine. Experiments on its transport under air performed 
by AEKI in Hungary and VTT in Finland show the presence of gaseous ruthenium tetroxide 
RuO4 at temperatures typical of a cold leg break (about 450 K). RuO4 is not 
thermodynamically stable at these temperatures and should normally be condensed as 
ruthenium dioxide RuO2. 
The measured vapour pressures at low temperature in the AEKI first series of tests 
correspond to the equilibrium vapour pressure of RuO4 over condensed RuO2 at about 600-
700°C. This means clearly that chemical reactions kinetics play a role in ruthenium transport 
under very oxidising conditions, i.e. in the presence of air, explaining the presence of a 
metastable species at low temperature. 
Experimental and modelling work is in progress. It is included in the SARNET Work Package 
WP 14.1. 
 
3. Fission Product Chemistry in Containment 
 
3.1. Basic Processes 
 
The fission products are mostly released as aerosol particles into the containment. They will 
be deposited on walls, painted or not, by gravitational settling, thermophoresis and 
diffusiophoresis3. The particles deposited on the walls will be partly washed down by 
condensing steam and go into the sump water, where they dissolve or not, depending on 
their chemical speciation. They are then submitted to liquid phase chemistry under radiation. 
The fission products that can be injected as non condensed vapours (here called gases), 
such as iodine and ruthenium can react with surfaces through adsorption and desorption 
processes, can react with air radiolysis products such as ozone and nitrogen oxides, and will 
exchange with the liquid phase. This is illustrated on figure 5 for the case of iodine. 
In the following sub-sections, we will focus on iodine chemistry, both in liquid and gas 
phases. Recent studies showed that ruthenium chemistry may be as important for specific 
accidents in which air ingress promotes a release of gaseous ruthenium in the containment. 
Due to the limited amount of time available for this lecture, this issue is not included. 

                                                 
3  see chapter IX 
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Figure 5: Simplified sketch of iodine chemistry in containment (from 7) 

 
3.2. Water radiolysis 
 
Upon absorption of radiation, water decomposes and produces chemically reactive radicals 
and species •OH, •H, H+, eaq

-, H2 and H2O2. These species would react with each other to 
reform water, process during which additional species such as HO2, O2 and •O2

- are also 
formed. This is illustrated in figure 6. 
 

H 2O  •O H, •H , eaq
− , H + , H 2 , H 2O 2

NO 2
− , NO 3

− ↔ N 2, NH 3

m etal ions (e.g., Fe2+ ↔ Fe3+)

HO 2 , O 2, •O 2
−

RH → •R  → → CO 2

O 2

W ater Radiolysis Reactions

surfaces

air radiolysis

 
Figure 6: Water radiolysis reactions (from 7) 

 
The water radiolysis products will react with dissolved fission products. The important case of 
iodine is treated in the next sub-section. 
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3.3. Liquid phase chemistry of iodine 
 
The iodine aerosol particles injected into the containment are metal-iodides such as cesium 
iodide. They are generally soluble with the important exception of silver iodide AgI. Once 
dissolved, they produce iodide ions I-. A number of reactions will happen involving water 
radiolysis products as schematised in figure 7. The number of existing reactions is too 
important to give a comprehensive description of them in this course. What is to be 
remembered is that the net effect is the oxidation of iodide ions I- into volatile molecular 
iodine I2 that has then the potential to be released into the containment’s atmosphere. 

 

Figure 7: Conversion of non-volatile iodine species to I2 (from 7) 
 

The net formation of volatile I2 depends on a number of different parameters, one of the most 
important being the pH of water: the lower the pH, the higher the I2 production. This 
illustrated in figure 8 taken from parametric studies performed in the frame of the 
International Standard Problem n°41 (ISP 41)4. One can observe in that figure that the 
amount of volatile I2 can vary by about one order of magnitude or more per pH unit.  

 
Figure 8: Effect of pH on production of volatile I2 at 90°C and 1kGy/hr (from19) 

                                                 
4 International Standard Problems are exercises organized by the OECD Committee on 

the Safety of Nuclear Installations.  

Non-volatile species
I−, HOI, I3−, IO3 

−, etc
Volatile I2

Reactions with water radiolysis products
•OH, •H, eaq

−, •O2
−, H2O2, HO2•, etc

Iodine hydrolysis and equilibria
I2 + H2O = HOI + I− + H+;   I− + I2 = I3−;  etc

Conversion of Non-Volatile Iodine Species to I2



Nuclear Reactor Severe Accident Phenomenology 
Chapter X : Source Term - Transport in Primary System and Containment  Chemical Processes and Mitigation Measures 
 

X - 271 

 
The other main influential parameters on iodine volatility are temperature and dose rate: it 
decreases with temperature and increases with dose rate. The effect of the latter can be 
seen in Figure 9, again coming from ISP 41. 

 

 
 Figure 9: Effect of dose rate on iodine volatility at pH 5 and 90°C (from19) 

 
Organic materials are present in the sump coming from different sources such as paints and 
cables. Their radiolysis leads to the formation of organic radicals •R that will react with I2 to 
form organic iodides RI, the simplest and the most volatile of which being methyl-iodide CH3I. 
Not only CH3I can be formed, but also higher molecular weight species. As they are less 
volatile, they are generally not considered in safety evaluation studies. 
Reactions of hydrolysis and radiolysis can convert organic iodides RI into iodide ions I-. This 
is illustrated in Figure 10. 
 

I2 RI

Organic Radiolysis:  RH •R

Hydroysis:  RI + H2O = ROH + I− + H+

Radiolysis:  RI + eaq
− = •R + I−

I−

Formation and Decomposition of RI

 
Figure 10: Formation and decomposition of organic iodides in liquid phase (from 19) 

 
A large number of Pressurised Water Reactors use silver as a neutron absorber in their 
control rods. When the control rod is heated up, silver is vaporised and finally released into 
the containment and drained into the sump water. It may be present under two forms: 
metallic insoluble Ag or soluble oxide Ag2O (the partial oxidation of silver particles takes 
place mainly in the containment). Both the metal and the oxide forms can react with iodine to 
form insoluble silver iodide AgI, the reaction with the oxide being more efficient. The 
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formation of AgI consumes I2 and iodides ions I- that are no more available to form volatile I2 
through radiolytically driven processes.  

↓→+ AgIIAg 22 2  
OHAgIHIOAg 22 222 +→++ ↓

+−  
It should be noted that silver must be in excess as regards iodine to be an efficient trap, as 
silver iodide AgI is not stable under radiation. The effect of silver on iodine volatility is 
illustrated in Figure 11, coming from ISP 41. 
 

 
Figure 11: Effect of silver on iodine volatility in liquid phase (from 19) 

Note that there is one calculation showing no effect, just because at that time there 
was no model for Ag-I interaction in the code. 

 
Gaseous iodine present as dissolved I2 or RI in the sump water will partition to the gas 
phase. This partition depends on mass transfer coefficients in the liquid and the gas phase 
related to thermal-hydraulic conditions, while the ratio between the concentrations in gas and 
liquid phases at the gas-water interface obeys Henry’s law. 
 
3.4. Gas phase chemistry of iodine 
 
Gaseous iodine in the containment comes from two different sources: the RCS and the sump 
water as explained in previous sub-sections.  
Inorganic iodine I2 interacts with containment’s surfaces via adsorption and desorption 
mechanisms. Most studies have so far focussed on organic-based painted and stainless 
steel surfaces. A first outcome of these studies is that I2 can be much more efficiently trapped 
by painted surfaces than by stainless steel ones. The paints have a twofold action: they act 
not only as a sink for volatile inorganic iodine I2, but also as a source of volatile organic 
iodides. Radiation plays a strong enhancing role in the latter process and has much more 
influence than temperature. 
There are still large uncertainties in the quantification of these processes and efforts are 
underway for reducing them, especially with the EPICUR experiments, part of the 
International Source Term Programme, the results of which are analysed in SARNET. 
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The atmosphere of the containment is mainly composed of humid air that will, under 
radiation, form radiolysis products including active radicals and molecules. Inorganic and 
organic iodine will react with these air radiolysis products to form new species. This is 
schematised in figure 12. Inorganic iodine I2 is oxidised in different iodine oxides species IxOy 
(e.g. I2O5, I4O9). These less volatile species should condense to form very fine particles that 
may either deposit on surfaces or be drained to the sump water to form dissolved iodate ions 
IO3

-. 
Organic iodides are decomposed to form inorganic species. 

 

N2, O2, H2O in air •OH, HO2•, •O, O3, •N, eaq−, etc

Radiolysis of Humid Air

I2

NOx, Nitric acid, Nitrate Formation

IxOy, Iodate Formation

Organic Iodide decomposition
Organic iodide

Air Radiolysis Induced Reactions

γ, β

  
Figure 12: Air radiolysis induced reactions (from 7) 

 
The quantification of the processes associated with air radiolysis products has made a good 
progress mainly through the recent PARIS Project initiated by IRSN. It should be however 
noted that there are still large uncertainties about the fate of the new species formed such as 
iodine oxides, that depend on thermal-hydraulics in the containment and physics of fine 
aerosol particles. 
 
4. Mitigation 
 
Mitigation stands for all processes that may lead to a decontamination of the containment’s 
atmosphere, these by reducing them the potential for significant release of radioactive 
material to the environment. 
Natural processes act to remove aerosols from the atmosphere. They can be augmented by 
engineered systems and management measures to clean the atmosphere more rapidly. 
Engineered systems can also reduce the concentration of gaseous iodine in the atmosphere. 
 
4.1. Natural processes for aerosols 
 
The natural processes that remove aerosol particles from the containment’s atmosphere are 
deposition processes. The most efficient ones are gravitational settling, thermophoresis and 
diffusiophoresis. The aerosol growth by coagulation with other particles or due to steam 
condensation or adsorption is also of importance as it increases their settling velocity. These 
processes are described in an other lecture of this course. 
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4.2. Engineered safety systems for aerosols 
 
Containment spray is used for reducing pressure in the containment’s atmosphere by 
inducing condensation of steam. It can be used in two modes: direct or re-circulating. In the 
direct mode, water from an outer tank is sprayed through nozzles in the upper part of the 
containment generating a large number of cold droplets. In the re-circulating mode water is 
taken from the sump, cooled down in a heat exchanger and then sprayed. 
The falling water droplets remove the aerosol particles by several mechanisms: 

− Sweep-out of the particles that are unable to avoid the falling droplet; 
− Interception of particles as they follow stream-lines around the droplets; 
− Diffusion of particles to the droplet surfaces; 
− Phoretic capture due to temperature gradients and steam condensation. 

Overall, spray is very efficient to remove particles from the atmosphere. A typical 
decontamination factor (expressed as an inverse time constant for the airborne aerosol 
concentration decrease) is about 10 hr-1, whereas it is about 0.5 hr-1 by natural processes 
without spray. 
The spray efficiency depends on the particle size distribution: fine and large particles are 
more efficiently removed than intermediate size ones. Large particles are for instance more 
sensitive to sweep-out and interception, whereas small ones are more sensitive to diffusion. 
In Boiling Water Reactors, the gases laden with aerosol particles can be directed into water 
pools through so-called quenchers. The quenchers are submerged pipes with many holes 
through which the gas will sparge the water pool breaking the flow into bubbles. The aerosol 
particles are removed from the bubbles by several mechanisms: 

− Condensation of supersaturated steam; 
− Sedimentation within the bubbles; 
− Diffusion of particles to the bubble’s surface; 
− Inertial impaction of particles on the bubble surface; 
− Sweep-out of particles by bubble oscillations. 

 
4.3. Mitigation of iodine 
 
A first mitigation measure is to prevent the formation of gaseous iodine. As explained in 
previous sections, gaseous iodine can be injected in the containment’s atmosphere either 
from the RCS or from the sump water. The second route of gaseous iodine formation can be 
largely prevented if the pH of the sump water is kept alkaline – a value of 9 or anyway >7 
would be adequate – by safety engineered systems. Such measures are implemented in a 
number of power plants using soda NaOH, potassium hydroxide KOH or tri-sodium 
phosphate Na3PO4. For instance, in French nuclear power plants, soda is present in the tank 
used for spray. This means that the mitigation will be efficient if the spray is available. 
Another way of mitigation is to remove the gaseous iodine from the containment’s 
atmosphere. Engineered systems such as spray or suppression pools can remove an 
important part of inorganic gaseous iodine I2 from the atmosphere. Their efficiency depends 
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on the pH of water that should be alkaline or at least not acidic. They are generally 
considered as non efficient for the removal of organic iodine. 
 
4.4. Filtered containment venting 
 
In some nuclear power plants with large dry containments, procedures are implemented to 
vent the containment in case of overpressure to avoid its failure and a large early release of 
radioactive materials. The released gases pass through filters that must have a large aerosol 
retention capacity to avoid their clogging. Their retention efficiency is generally much greater 
for aerosol particles than for gaseous iodine. As an example, for filtering systems used in 
French nuclear power plants (using sand-bed filters), the decontamination factors are about 
1000 for aerosols, 10 for inorganic iodine and 1 for organic iodine. 
 
5. Conclusion 
 
Chemical processes are of high importance for fission products transport in the Reactor 
Cooling System and their behaviour in the containment building. 
In the RCS, they involve a large number of elements including fission products themselves, 
structural material and the carrier gas, generally a mixture of steam and hydrogen but in 
some cases air. At high temperature, fission products are generally in vapour form and their 
speciation is governed by gas phase reactions that are generally fast enough to allow the 
system reaching thermodynamic equilibrium. This allows in principle to perform predictive 
calculations. 
When cooled down in the RCS, fission product vapours will condense either as aerosol 
particles or on surfaces to make deposits. Fission products deposited by condensation may 
be re-vaporised in case of changes in temperature, carrier gas composition or gas phase 
fission product concentration. This would lead to a delayed fission product release to the 
containment. 
Most of the fission products enter the containment as aerosol particles with the notable 
exceptions of iodine and ruthenium which are injected partly in a gaseous form (in air ingress 
conditions for ruthenium). The presence of gaseous iodine and/or ruthenium at the exit of the 
RCS (at the break) is very likely due to chemical kinetic effects. 
Apart from volatile ruthenium, iodine is the fission product for which the chemical processes 
are the most important, as they govern its concentration in the atmosphere under gaseous 
inorganic and organic forms. 
Iodine bearing aerosol particles are dissolved in the sump water where iodide ions undergo a 
number of chemical reactions, especially with water radiolysis products, promoting the 
formation of volatile inorganic and organic iodine that partition with the gas phase. If silver is 
present in sump water with a large excess as compared with iodine, the formation of non-
soluble silver iodide inhibits the formation of volatile iodine through radiolytically driven 
processes. 
Gaseous inorganic iodine interacts with surfaces through adsorption/desorption processes, 
painted surfaces being a much more efficient trap than steel ones. Part of the inorganic 
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iodine trapped by painted surfaces is converted into organic iodine. Gaseous iodine reacts 
with air radiolysis products, part of the inorganic iodine being oxidised and part of the organic 
iodine being destroyed. The balance between all formation and destruction phenomena, in 
liquid and gas phases governs the concentration of gaseous iodine in the containment’s 
atmosphere. 
Several natural processes tend to lower the concentration of fission products in the 
containment’s atmosphere having thus a mitigating effect. They can be augmented by safety 
engineered systems and accident management measures to clean the atmosphere more 
rapidly. Efficient engineered systems for aerosol removal are sprays and suppression pools 
(in BWRs). They can also remove an important part of inorganic iodine from the atmosphere. 
Keeping the sump water alkaline is an efficient measure for preventing the formation of 
volatile iodine in the liquid phase. Finally, filtered containment venting in case of containment 
overpressure can reduce the releases to the environment. 
 



Nuclear Reactor Severe Accident Phenomenology 
Chapter X : Source Term - Transport in Primary System and Containment  Chemical Processes and Mitigation Measures 
 

X - 277 

REFERENCES 
 
Only a short list of references is given here where the reader can find additional information 
on the matters dealt with in the lecture. 
 
Good overviews of fission product behaviour in the reactor cooling system and the 
containment during a severe accident are given in: 
 
1 A.L. Wright: Primary System Fission Product Release and Transport, A state-of-the-
Art report to the Committee on the Safety of Nuclear Installations, NUREG/CR-6193, 
NEA/CSNI/R(94)2, ORNL/TM-12681 (1994) 
2 Insights into the Control of the Release of Iodine, Caesium, Strontium and other 
Fission Products in the Containment by Severe Accident Management, Report 
NEA/CSNI/R(2000)9 (2000) 
 
 
General information about thermochemistry can be found in textbooks. Two reference 
examples are cited, one for equilibrium chemistry and one for kinetics: 
 
3 K. Denbigh: The principles of Chemical Equilibrium, 4th edition, Cambridge University 
Press (1981) 
4 H.S. Johnston: Gas phase reaction rate theory, University of Berkeley, Ronald Press 
Company (1966) 
 
 
Examples on how chemical kinetics can be treated in the Reactor Cooling System can be 
found in: 
 
5 D.J. Wren: Kinetics of Iodine and Caesium reactions in the CANDU reactor primary 
heat transport system under severe accident conditions, Atomic Energy of Canada Ltd, 
AECL-7781 (1983)  
6 L. Cantrel, E. Kraussmann: Reaction kinetics of a fission product mixture in a steam-
hydrogen carrier gas in the Phebus primary circuit, Nuclear Technology, vol 144 (2003) 
 
 
For iodine chemistry, a state-of-the-art report was recently published by the OECD 
Committee for the Safety of Nuclear Installations. An iodine data book was established in the 
frame of SARNET European network of excellence composed of 6 parts. Another recent 
reference  document on iodine chemistry in the containment is also cited. The reader will find 
numerous references in all three papers for deeper investigation. 
 
7 B. Clément (coordinator): State of the Art Report on Iodine Chemistry, Report 
NEA/CSNI/R(2007)1 (2007) 



Nuclear Reactor Severe Accident Phenomenology 
Chapter X : Source Term - Transport in Primary System and Containment  Chemical Processes and Mitigation Measures 
 

X - 278 

8 S. Dickinson, H. Sims: Iodine data book - Part 1 Radiation chemistry of aqueous 
inorganic iodine: SARNET-ST-P4, AEAT/R/NS/0783 (2005) - Part 2 Organic iodine 
chemistry: SARNET-ST-P38, WMT(05)P115 (2006) - Part 3 Surface reactions: SARNET-ST-
P48, Nexia Solutions (06)7042 (2007) - Part 4 Mass transfer: SARNET-ST-P49, Nexia 
Solutions (06)7653 (2007) - Part 5 Gaseous iodine chemistry: SARNET-ST-P50, 
WMT(06)P081 (2007) – Part 6 Large-scale experiments and modelling: SARNET-ST-P51, 
WMT(06)P148 (2007) 
9 J.C. Wren et al.: The Chemistry of Iodine in Containment, Nuclear Technology 
129(2000) 297-325 
The ruthenium issue is only briefly discussed in the lecture. The reader interested in can find 
more information in the following papers: 
 
10 I. Nagy et al.: Oxidation and release of ruthenium from short fuel rods above 1500°C, 
EUR 21752 EN (2005) 
11 U. Backmann, M. Lipponen, A. Auvinen, U. Tapper, R. Zilliacus, J. Jokiniemi: On the 
transport and speciation of ruthenium in high temperature oxidising conditions, Radiochim. 
Acta 93, 297-304 (2005) 
12 C. Mun, L. Cantrel, C. Madic: Review of Literature on Ruthenium Behavior in Nuclear 
Power Plants Severe Accidents, Nuclear Technology 156-3, 332-346 (2006) 
 
A large number of small or medium scale experiments dealing with fission product chemistry 
have been performed and are referred to in the synthesis documents cited above. Less were 
integral by nature, i.e. involving a complex mixture of different elements. Two programmes are 
cited here: the FALCON programme performed at a rather small-scale and using fission 
products simulants and the Phébus FP programme looking at the behaviour of fission products 
released from heated irradiated fuel. For the latter programme, two documents summarising the 
main outcomes are cited and the third one provides details about the first experiment of the 
programme. 
 
13 A.M. Beard et al.: Chemistry studies in support of Phebus FP: Multicomponent aerosol 
behaviour, Final report, vol 1: Experiments, EUR 14005/1 EN (1992) 
14 A.M. Beard et al.: Chemistry studies in support of Phebus FP: Multicomponent aerosol 
behaviour, Final report, vol 2: Analyses, EUR 14005/2 EN (1992) 
15 B. Clément, R. Zeyen: The Phebus Fission Product and Source Term International 
Programmes, International Conference New Energy for New Europe, Bled, Slovenia, 
September 5-8, 2005 
16 J. Birchley, T. Haste, H. Bruchertseifer, R. Cripps, S. Güntay, B. Jäckel: Phebus FP: 
Results and significance for plant safety in Switzerland, Nuclear Engineering and Design 235 
1607-1633 (2005) 
17 B. Clément, N. Hanniet-Girault, G. Repetto, D. Jacquemain, A.V. Jones, M.P. Kissane, 
P. von der Hardt: LWR Severe Accident Simulations: Synthesis on the Results and 
Interpretation of the first Phebus-FP experiment FPT0, Nuclear Engineering and Design 226, 5-
82 (2003) 



Nuclear Reactor Severe Accident Phenomenology 
Chapter X : Source Term - Transport in Primary System and Containment  Chemical Processes and Mitigation Measures 
 

X - 279 

The International Standard Problems of the OECD/NEA Committee for the Safety of Nuclear 
Installations provide a good opportunity to check the adequacy of models to reproduce 
experimental results. Two recent exercises, ISP41 and ISP46 were dealing with fission 
products behaviour. 
 
18 J. Ball et al.: International Standard Problem (ISP) n°41 – Containment Iodine 
Computer Code exercise based on a Radioiodine Test Facility (RTF) Experiment, 
NEA/CSNI/R(2000)6 
19 J. Ball et al.: International Standard Problem (ISP) n°41, Follow-up Exercise – 
Containment Iodine Computer Code exercise (Parametric Studies), NEA/CSNI/R(2001)17 
20 J. Ball, C. Marchand: International Standard Problem n°41, Follow-up Exercise, 
Phase 2 Iodine Codes Comparison against CAIMAN and RTF Experiments, 
NEA/CSNI/R(2004)16 
21 B. Clément, T. Haste: Comparison Report on International Standard Problem ISP-46 
(PHEBUS FPT1, NEA/CSNI//R(2004)18. 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XI : Level 2 PSA: Principles and Overview of Practices 
 

XI - 280 

 
 
 
 

Chapter XI 
 
 

Level 2 PSA: Principles and Overview of Practices 
 
 

 

 

 

M. L.  Ang1,  B. Chaumont1 

1AMEC NNC Limited Booths Park, Chelford Road, Knutsford, Cheshire WA16 
8QZ, UK 

Email: ming.ang@amecnnc.com 
2Institut de Radioprotection et Surete Nucleaire 

Fontenay aux Roses, France 
Email: Bernard.Chaumont@irsn.fr 

 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XI : Level 2 PSA: Principles and Overview of Practices 
 

XI - 281 

 
1. Introduction 
 
Probabilistic Safety Assessment (PSA) is now a well recognised and established technique 
which has been put to a range of nuclear power plant applications (Ref. [1]). PSAs are 
normally performed at three levels as follows (Ref. [2]): 
 
• Level 1 PSA which identifies the sequences of events that can lead to core damage 

frequency and provides insights into the strengths and weaknesses of the safety 
systems and procedures provided to prevent core damage. 

• Level 2 PSA which identifies the ways in which radioactive releases from the plant can 
occur and estimates their magnitudes and frequencies. This analysis provides 
additional insights into the relative importance of the accident prevention and mitigation 
measures in the design.  

• Level 3 PSA which estimates public health and other societal risks such as 
contamination of land and food. 

 
Since the WASH 1400 study in the mid 70s, in which the concept of a Level 2 PSA was 
introduced, significant progress has been made in methodology development and the 
performance of plant specific studies internationally. Key development in methodology and 
derivation of insights regarding plant vulnerability to severe accidents for Light Water Reactor 
(LWR) designs (for PWRs and BWRs) were driven by a number of key studies, notably: 
 
• US Zion-Indian Point study (1981) - This study (Ref. [3]) involved a more structured and 

expanded approach compared to WASH 1400 (Ref. [4]) methodology and made use of 
the early generation of severe accident analysis code MARCH to support the Level 2 
PSA quantification. Limited number of PSAs performed in US and Europe at that time 
were largely based on this methodology. A notable independent study, the German 
Risk Study using Biblis B as the reference plant, was also carried out at this time. This 
was conducted in two phases and led to research and development activities being 
carried out that were aimed at providing a better understanding of severe accident 
phenomena – for example, the early BETA experiments were performed to support the 
validation of the WECHSL code for the analysis of core-concrete interactions.  

• USNRC NUREG-1150 Study (1989) – The methodology involved in this study (Ref. [5]) 
was significantly expanded in the use of the large containment event tree (referred to 
as Accident Progression Event Tree APET) and the introduction of an integrated 
uncertainty analysis for the entire PSA. The Source Term Code Package (STCP) was 
adopted for severe accident analysis and other codes were developed specifically to 
support the study (including a simplified code for source term generation (XSOR) and a 
code for quantifying the APET (EVENTRE)). The study coincided with intense research 
activities into the phenomena of high pressure melt ejection, direct containment 
heating, induced creep rupture failure of RCS piping, fission product release and 
transport behaviour and others. The study was based on 5 US reference plants. 
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• US Individual Plant Examination requirement – In response to US Generic Letter GL 
88-20, Level 2 PSAs were performed for all US plants. Some made use of the EPRI 
NSAC-159 methodology (Ref. [6]) based on a smaller CET and the MAAP code and 
others made use of the appropriate NUREG-1150 PSAs reference plant study.  

 
Many Level 2 PSAs were also performed in Europe and elsewhere with the more recent 
impetus provided by the implementation of Severe Accident Management (SAM) at NPPs 
worldwide. The SAM initiative is aimed at providing a structured capability in severe accident 
mitigation, if successive preventive measures have failed to restore core cooling. This 
structured approach would require an understanding of plant vulnerability typically achieved 
from a plant specific Level 2 PSA.  
 
This note provides an overview of the current status of Level 2 PSA practices internationally 
for LWR designs. 
 
2. Level 2 PSA Methodology 
 
A review of the state of art in performing Level 2 PSAs for 19 PWRs and 8 BWRs before 
1997 is given in Ref. [7]. Insights and comparison of the results obtained from some other 
Level 2 PSAs are provided in Ref. [8]. Further development in recent and ongoing Level 2 
PSAs are discussed in Ref. [9] and Ref. [10]. 
 
An overview of the Level 2 PSA process is shown in Figure 1 and a more detailed discussion 
of the individual steps is given in Ref. [11] with illustrations provided in Ref. [7]. Guidance in 
the performance of Level 2 PSAs can be found in the IAEA procedure guide (Ref. [11]), the 
US IPE submittal guidance (Ref. [12]) and the EPRI guidance (Ref. [13]).  
 
The overall approach is typically comprised of the following steps: 
 
• Definition of the Plant Damage States (PDSs) 
• Accident progression analysis using an event tree approach in the form of a 

Containment Event Tree (CET), also known as an Accident Progression Event Tree 
(APET), This step involves the construction of the CET and its quantification 

• Definition of Source Term Categories (STCs) or Release Categories (RCs) for the 
binning of the CET end points 

• Source term analysis for the STCs/RCs 
   
3. Definition of Plant Damage States (PDSs) 
 
The fault sequences that lead to core damage are identified in the Level 1 PSA. The large 
number of sequences necessitates the grouping into a practical number of Plant Damage 
States (PDSs) to be carried forward to the Level 2 analysis. These PDSs define the intitial 
and boundary conditions necessary for conducting severe accident progression and source 
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term analysis. The PDSs are therefore defined based on a number of key attributes (or 
criteria, or characteristics) that would result in similar severe accident progression, 
containment response and fission product release to the environment. Typical grouping 
attributes for LWRs include the following (Refs. [1] and [2]):   
 
• the type of initiating event (intact RCS or LOCA) 
• the status of safety systems, such as reactor protection system, residual heat 

removal system and emergency core cooling (injection and/or recirculation mode) 
• the availability of ac and dc power 
• the primary circuit pressure (high or low) at the time of core damage 
• the status of pressure reduction systems (e.g. PORV position for PWRs) 
• the time at which core damage occurs (early or late relative to reactor trip) 
• the integrity of containment (intact, failed, isolation failure, bypassed due to SGTR or 

an interfacing system LOCA) 
• suppression systems status when core damage occurs 
• the availability of the containment protection systems (containment sprays, heat 

removal systems, hydrogen mixing/recombiners/ignitors, containment venting)  
 
The number of PDSs varied from 10 - 60 in the PSAs reviewed in Ref. [8]. Based on a 
number of attributes from 5 - 19, a review of European Levels PSAs in the SARNET project 
showed number of PDSs ranging from 10 - 180 (Ref. [10]). Further examples of PDS 
definition and a discussion on the actual condensation process to achieve a practical number 
of actual PDSs for Level 2 PSA analysis can be found in Ref. [7]. Typically, a CET is 
quantified for each PDS.    
 
4. Containment Event Tree or Accident Progression Event 

Tree 
 
4.1. Approach to CET construction 
 
In a typical Level 2 PSA for LWR applications, the response of the containment to accident 
sequences with core damage is modelled using a CET or APET. The event tree approach 
was developed in the WASH-1400 study (Ref. [4]) to address containment failure modes due 
to in-vessel steam explosion, overpressure, hydrogen combustion and basemat penetration. 
The CET traces in an orderly manner the interrelated physical processes affecting the 
containment integrity. The top events are comprised of phenomenological issues, system 
recovery issues, actions related to severe accident management, integrity of containment 
and other issues. Quantification of the CET branches for each given PDS allows the 
conditional probabilities of the different accident progression pathways to be quantified. Time 
frames are defined to mark the various important stages of severe accident progression and 
the times of major changes in the fission product release behaviour. Since the containment 
presents the final barrier to the release of fission products to the environment, the status of 
the containment is assessed at the end of each time frame. Each CET pathway represents a 
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severe accident progression scenario and an attendant Source Term Category (STC) is 
assigned. Recent Level 2 PSAs for LWRs are all based on CETs developed with varying 
degree of detail. 
 
A survey of CET construction in recent PSAs shows that they broadly follow two approaches: 
 
(i) A ‘traditional’ approach giving smaller (typically 20 - 30 nodes), easily understood and 

presentable CETs. Examples of this approach are CETs from the Beznau PSA, 
Oconee PSA, AP 600 PSA (Ref. [7]) and a number of US IPEs (Ref. [8]). The questions 
are mainly concerned with phenomena that challenge the containment integrity as the 
severe accidents progress. The explicit treatment of safety system related events is 
limited by generally defining them in the PDSs and addressing mainly recovery 
potential and actions related to SAM. Binary branching is normally considered at each 
node (YES/NO) which mainly involves a probability assignment. This approach is by far 
the most widely adopted. 

(ii) The NUREG-1150 approach which involves a large CET (termed APET in the study, 
typically involving 50 to in excess of 100 nodes) and a level of detail which is intended 
to provide a comprehensive representation of the variety of accident scenarios. The 
questions concern both phenomenological and system aspects. The system events 
address issues such as equipment survivability, recovery of key safety systems and 
operator intervention. Multiple branching at each node is normally adopted. This 
approach may be seen to provide a more best-estimate representation. The number of 
nodes in the NUREG-1150 reference plant APETs are as follows: Surry/71 nodes, 
Zion/72 nodes, Sequoyah/111 nodes, Peach Bottom/145 nodes and Grand Gulf/125 
nodes.  More recent examples using this extended event tree approach are APETs for 
the IRSN French 900 MWe PWR PSA, Dukovany PSA and Laguna Verde PSA (Ref. 
[9]). 

 
Generally, a generic CET, specific to the reactor design and design features that influence 
the severe accident and fission product release/transport behaviour, is adopted to deal with 
all the PDSs. For example, in the Sizewell B PSA (Ref. [14]), a CET is used in conjunction 
with all the PDSs dealing with faults at power and shutdown. Use of PDS specific CETs is 
rare. 
 
4.2. severe accident issues in CET/APET 
 
Illustration of issues addressed in some CETs is provided in Table 1. It can be seen that the 
simple 5 node WASH-1400 CET (Ref. [4]) has been expanded considerably to give the Zion 
PSS CET (Ref. [3]) which was representative of the CETs adopted in Level 2 PSAs 
performed in the early 80s. The nodal questions are mainly phenomenological, i.e. they 
address the relative importance of the various physical phenomena that impact the 
containment integrity or fission product release behaviour. The expansion of this CET to the 
72 node NUREG-1150 Zion APET was seen as necessary in providing a comprehensive 
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model to describe the severe accident progression for a multitude of accident sequences. 
These questions could be classified into the following groups: 
 
• Accident sequence initiating events, e.g. early failure of ac power 
• Initial containment conditions, e.g. pre-existing leakage or isolation failure 
• Active system status questions, e.g. spray availability after LOCA 
• Active system recovery questions, e.g. fan cooler availability after restoration of ac 

power 
• Physical phenomena 
• Impact of physical processes on active containment systems, e.g. fan cooler availability 

after hydrogen burn. 
 
Two additional phenomena pertinent to accident sequences with high reactor coolant system 
(RCS) pressure, e.g. station blackout sequence, are addressed in the Zion APET. They are 
natural circulation induced creep rupture failure of RCS pipework and high pressure melt 
ejection (HPME) giving direct containment heating (DCH).  Effective mitigation of DCH can 
be achieved by depressurisation of the RCS before vessel breach. This depressurisation can 
be achieved by timely operator action as part of SAM, if the design is equipped to do so. 
Other changes are more detailed treatment of hydrogen combustion and ex-vessel 
phenomena, such as core-concrete interaction. A further diversion from the CET construction 
method in the earlier PSAs is the use of multiple branching instead of binary branching at 
each node. This approach is used mainly to : 
• provide a finer categorisation to represent intermediate states, e.g. RCS pressure and 

breach sizes 
• address recovery of systems. 
 
On the phenomenological issues, the following general statements can be made: 
 
(i) There is generally consistent treatment in the CETs of the mechanisms that provide 

challenges to the containment during the different phases of severe accidents. The 
potential failure modes and challenging mechanisms are summarised in Table 2 (Ref. 
[12]).   

 
(ii) There is general consensus regarding the scale of impact of these mechanisms on the 

containment integrity as a result of extensive containment performance evaluations 
during the last few years. Obviously, the scale would be dependent on the details of the 
reactor design and accident sequences. For a large dry PWR containment, for 
example, of the mechanisms responsible for early containment failures listed in Table 
2, the following insights have been derived from past studies: 

 
• The alpha mode failure, i.e. penetration of containment from missiles generated from 

in-vessel steam explosion, is a low probability event (Refs. [15] and [16]). In the case of 
ex-vessel steam explosion, there is general concurrence that potential shock waves 
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generated would pose negligible threat to the containment due to the substantial decay in 
air (Ref. [17]). 

• The containment is less vulnerable to the loadings from DCH than previously thought 
(Refs. [18] and [19]). The reactor cavity configuration and the sub-compartment 
arrangement in the containment could significantly limit the magnitude of DCH in 
preventing extensive corium dispersal.  

• Steam pressure spike resulting from corium/water interaction at vessel failure is unlikely 
to provide a severe threat to the containment integrity. 

• Hydrogen deflagration alone is unlikely to pose a severe challenge. 
• The combined effects of hydrogen combustion, DCH and steam spike could, however, 

under certain conditions, threaten the containment integrity. 
 
(iii) In the early PSAs, the ‘threshold’ model referred to in the Containment Performance 

Working Group (CPWG) study (Ref. [20]) was adopted to characterise the loss of 
containment integrity. This involved the definition of a threshold pressure, with some 
associated uncertainty range, above which gross failure of the containment is assumed 
to occur. The containment shell is assumed to fail catastrophically within a narrow band 
of pressures.  More recent containment integrity studies, also involving scaled models, 
however, show that the leak-before-break scenario is more likely and local leakage failure 
is the more likely failure mode. The dominant failure mechanism is attributed to a liner 
rupture caused by the interaction of the liner and its anchorage system with the concrete 
at major stiffness discontinuities. In order to provide a more realistic assessment of 
containment performance and pathways for the radionuclide release to the environment, 
recent CETs consider different failure modes and failure sizes when the containment 
status is assessed at the different time frames. 

 
(iv)   Generally the CETs do not include the explicit treatment of source term phenomena such 

as for example: iodine chemical form, revaporisation and resuspension from surfaces, 
and deposition of fission products and aerosols in RCS and containment. These aspects 
are considered in the definition of the source terms for the STCs or RCs. 

 
4.3 Quantification of the CET 
 
The quantification of a CET involves the assignment of probabilities (also referred to as split 
fractions in some literature) at each node. The nodal probability assigned in general 
represent the analyst’s ‘degree of belief’ (DOB) that a particular outcome will occur. These 
subjective probabilities can also be interpreted as the uncertainty of the physically correct 
outcome and therefore the adequacy in the state of the knowledge pertinent to a particular 
phenomenon. A treatise on the application of subjective judgement (also referred to in the 
literature as expert judgement, expert opinion, engineering judgement or personalistic 
judgement) in safety analyses can be widely found in literature, (e.g. Refs. [21] and [22]). 
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As the probability is the outcome of the analyst’s reasoned appraisal to a technical issue 
specified by a CET top event, the quality of this judgement is dependent on the analyst’s 
current state of knowledge on a particular issue. Key sources of up-to-date information 
should be available to support the probability assignment and typically, they include: 
 
• calculations from severe accident analysis codes  
• other PSA studies 
• relevant experiments 
• state of art reviews provided by experts 
• expert judgement or expert opinion. 
 
The point to be made here is that, there is generally available a good body of such 
information, generated from world-wide severe accident studies, to supplement the analyst’s 
own analysis. Incorporation of such information would enhance the quality of the technical 
assessment.  
 
The assessment of an issue can be made more traceable by decomposing the problem into 
a number of constituent issues according to the physics of a phenomenon. The extent of 
decomposition can vary considerably depending on the complexity of the phenomenon under 
consideration. In a Level 2 PSA, two common methods are typically used, viz. decomposition 
event tree (DET) or phenomenological fault tree (PFT). Examples of use of DET and PFT 
can be found in Ref. [23] and Ref. [13] respectively.  An example of using a DET for the 
evaluation of hydrogen combustion in the Sizewell B Level 2 PSA (Ref. [23]) is shown in 
Figure 2. The DET is comprised of the following issues: 
 
• combustible hydrogen concentration to support hydrogen deflagration or detonation 
• the extent of mixing 
• the presence of ignition source 
• the potential of direct transition from deflagration to detonation. 
 
An example of using PFT in the evaluation of the DCH issue adopted in the Ringhals Level 2 
PSA is shown in Figure 3 (Ref. [24]). The following conditions are necessary for DCH to be 
realised and they provide the basic events: 
 
• high pressure in the primary system at reactor vessel failure 
• the main part of the fuel in the lower head is molten at reactor vessel failure 
• vessel failure occurs locally - at an instrument tube 
• a sufficiently large fraction of the debris leaves the vessel and is dispersed in the 

containment  
 
Results from a series of DCH-calculations performed using a computer code CORDE were 
used as a basis of quantification. An event tree is used in conjunction with this fault tree to 
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describe the consequences of DCH.  The different consequences represented by different 
releases of activity to the environment, are assigned as end states in the event tree. 
 
The main advantage of using fault trees and event trees is that they give a good overview of 
a problem.  These phenomenological logic trees can also be used to examine an issue in 
isolation or used directly in Level 2 PSA studies.  PFT has been used extensively as an issue 
decomposition method for nodal issues in a CET.  A drawback of the method based on fault 
trees and event trees is that the time dependence cannot be straightforwardly modelled.  
 
Although the CET quantification approach is firmly established in Level 2 PSAs, it has been 
criticised in a number of areas (Ref. [25]). Recent notable development to overcome some of 
these limitations include the Risk Oriented Accident Analysis Methodology (ROAAM) and the 
use of more basic physical models in the IRSN approach (Ref. [26]). 
 
4.3.1. ROAAM methodology 
 
More recently, ROAAM was developed and formalised specifically for addressing difficulties 
in getting results of practical utility from PSAs applied to SAM.  These difficulties arise 
because the phenomenological evolution of severe accidents is highly uncertain, and 
because of  PSA’s weakness to deal with these uncertainties.  In part these weaknesses are 
inherent in the methodology, and in part they are due to the manner in which PSAs have 
been performed.  In ROAAM, the aforementioned difficulties are handled in a more profound 
way involving the following steps: decomposition, splintering, and conservative evaluation of 
any part (called “intangible”) that cannot be approached realistically.  The most recent and 
complete description of the ROAAM concept and recent applications is given in Ref. [25].  
 
The main element of a ROAAM analysis is a probabilistic framework.  The purpose of the 
framework is to decompose a complicated physical phenomenon into sub-phenomena, each 
of which represents a well-posed technical problem and can be solved independently.  
Quantification consists of developing the rationale for assigning numerical values to each 
component of this structure.  In its implementation, the ROAAM process begins with an initial 
document put together by one expert or a closely knit research group.  The document 
contains the framework, detailed explanation of all quantifications, results and possibly a set 
of arbitrary parametric studies to find out sensitivity.  The review process should involve key 
experts worldwide.  The issue is considered to be resolved when all of the experts agree that 
the demonstration has been sufficiently robust and convincing.  To make the communication 
between experts easier, it is useful to explicitly indicate the position of an issue and also the 
quality grade of evaluation. 
 
The ROAAM methodology has been applied in a number of issue resolution studies, 
including DCH, α-mode containment failure and Mark-1 liner attack (Ref. [25]). More recently 
it has been applied in the assessment of reactor cavity flooding to achieve in-vessel retention 
(IVR) of corium as a feature of SAM for the AP600 design and Loviisa plant.  Figure 4 shows 
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the ROAAM framework adopted to support the development of hydrogen management 
strategy for the Loviisa plant. This probabilistic framework has helped to demonstrate that 
containment failure due to hydrogen deflagration is ‘physically unreasonable’ if the hydrogen 
management strategy is implemented at the plant (Ref. [27]).   
 
Table 3 provides a tabulated summary of the treatment of key parameters relevant to the 
DCH phenomenon using ROAAM, CET and PFT models adopted in some studies (Ref. [24]). 
 
4.4 Severe accident analysis codes 
 
Severe accident and source term analysis using a variety of computer codes is a major part 
of Level 2 PSA. They tend to fall into two broad categories, standalone and integrated 
computer codes.  A description of some codes and a comparison of key features are 
provided in Ref. [7]. A number of standalone codes, tending to be mechanistic in approach, 
have been developed to study either exclusively a particular phenomenon or a particular 
phase of a severe accident. In contrast, an integrated severe accident code incorporates the 
thermal-hydraulics, chemical and fission product models into a single code for the core, 
primary and secondary coolant systems, and the containment building.  
 
Significant progress has been made, since the NUREG-1150 study, in the development of 
integrated severe accident analysis codes for the modelling of the complex melt progression 
behaviour and the resultant fission product release and transport behaviour. Two specific 
codes are widely used in the current generation of Level 2 PSAs, viz MAAP4 (MAAP5 under 
development) and MELCOR. Both codes have undergone significant validation (both integral 
and separate effect experiments) and benchmarking exercises. Current application has 
tended to make use of these integral codes for providing the baseline analysis of accident 
sequences with supplementary analysis provided by other standalone codes for the 
evaluation of some other phenomena. The THALES2 code has been developed in Japan 
and its use is confined largely within the country. The development of the Franco-German 
code ASTEC is well underway and some modules are currently used in the IRSN Level 2 
PSA for the French 900 MWe plant. It is seen as the European code for future severe 
accident analysis. 
 
Overall, the integral codes MAAP and MELCOR are seen to have reached a level of 
adequacy in providing a severe accident analysis capability for the understanding of overall 
plant behaviour and prediction of potential radiological releases to the environment. This is 
reflected by the scaling down of model development effort since the late 90s. Further 
refinements are confined largely to addressing issues related to the modelling of SAM 
measures and improving code performance (through user feedback). Users acknowledge 
that uncertainties related to the phenomena still exist (epistemic uncertainty) and this is 
generally addressed in the uncertainty analysis as a formal part of a Level 2 PSA.  
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5. Source term categorisation process 
 
The large number of CET end-points will need to be grouped to provide the interface 
between Level 2 analysis and the Level 3 consequence analysis. The categorisation scheme 
is normally comprised of two distinct steps. The first groups the CET end-points on the basis 
of similar source term phenomena to form Source Term Categories (STCs), the second 
groups STCs on the basis of similar environmental consequence to form Release Categories 
(RCs). The allocation of STCs to RCs is based on the potential of each source term to cause 
adverse effects. As relatively few of the current Level 2 PSAs are extended to Level 3, the 
terms STCs and RCs are sometimes used synonymously. 
 
The CET end points are categorised according to some attributes related to fission product 
release, retention and transport mechanisms through each of the major barriers to the 
environment. This purpose of this categorisation (also referred to as source term binning) is 
to allow practical source term analysis to be performed for each defined STC. The key 
attributes include (Ref. [2]): 
 
• timing of release 
• containment status at the end of each time frame (e.g. status of containment isolation, 

containment penetration failure to give enhanced leakage, containment structural 
failure to give large leak area, status of filtered containment venting, basemat 
penetration, design basis leakage) 

• modes of ex-vessel releases (e.g. dry core concrete interaction, HPME, core concrete 
interactions from submerged corium) 

• fission product removal mechanisms (e.g. containment sprays, secondary containment 
or reactor building) 

• pressure suppression pool (BWRs) 
 
If the Level 2 PSA is to be taken into a Level 3 PSA, additional attributes may be to be 
defined and they include: height of release, energy of release and release duration. 
 
The source terms are normally derived by using integrated severe accident analysis codes. 
In these codes, the major radionuclide species are grouped on the basis of similarity in 
chemical and physical properties. A typical grouping scheme adopted for the MELCOR code 
is as follows (Ref. [2]): 
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Radionuclide class name 
 

Representative
Species 
 

Member elements 

Noble gases Xe He, Ne, Ar, Kr, Xe, Rn, H,N 
Alkali metals Cs Li, Na, K, Rb, Cs, Fr, Cu 
Alkaline earth Ba Be, Mg, Ca, Sr, Ba, Ra, Es, Fm 
Halogens I F, Cl, Br, I, At 
Chalcogens Te O, S, Se, Te, Po 
Platinoids Ru Ru, Rh, Pd, Re, Os, Ir, Pt, Au, Ni 
Early transition elements Mo V, Cr, Fe, Co, Mn, Nb, Mo, Tc, Ta, W 
Tetravalents Ce Ti, Zr, Hf, Ce, Th, Pa, Np, Pu, C 
Trivalents La Al, Sc, T, La, Ac, Pr, Nd, Pm, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, Tm, Yb, Lu, Am, Cm, Bk, Cf
 
In some PSAs, the source term estimates are confined to the noble gases, I and Cs groups 
as I/Cs releases provide an indication of the early and latent human health consequences. 
The need for detailed accounting of fission product species is dependent on the objectives 
and scope of the Level 2 PSA. A summary of source term assessment for European Level 2 
PSAs reviewed in the SARNET project is provided in Table 4 (Ref. [10]).  
 
6. Uncertainty Analysis 
 
The process of quantification of uncertainties and assessment of their relative importance 
has always been regarded as an essential and integral element of the PSA methodology, 
although the manner and extent in which uncertainties are addressed in PSAs can differ 
greatly. The overall objective of the uncertainty analysis in the PSA is to provide a measure 
of the imprecision in the PSA outcomes (PDS frequencies, STC/RC frequencies or the 
ultimate risks), and the overall objective of the sensitivity analysis is to identify the major 
contributors to this imprecision. In reality, the treatment of uncertainties in the context of an 
entire PSA is quite a formidable exercise which cannot be achieved in a straightforward 
manner. In deciding the method of uncertainty analysis for a Level 2 PSA, the nature of 
uncertainties that need addressing in the CET analysis, severe accident progression analysis 
and source term analysis must be considered. In addition, depending on the requirement for 
the uncertainty analysis in the overall PSA, the choice of method will also depend on the 
need to achieve compatibility with the other components of the PSA. Description of some 
mathematical techniques can be found in Refs. [29] and [30]. A detailed review of uncertainty 
treatment in Level 2 PSA is provided in (Ref. [7]).    
 
A structured uncertainty assessment in Level 2 PSA is typically comprised of the following 
steps: 
 
• Definition of the scope of the uncertainty analysis 
• Characterisation/evaluation of each identified uncertainty issue 
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• Propagation/combination of uncertainties 
• Display and interpretation of the results of the uncertainty analysis 
 
In the majority of the Level 2 PSAs, the uncertainty analysis has been pursued largely in the 
form of structured simple sensitivity analysis for the CET/APET analysis. This represents a 
practical approach although the results provide little statistical relevance in an integrated 
PSA structure. The uncertainty associated with a chosen parameter is represented by just 
bounds, normally justified with supporting evidence. Suggestion on the CET issues to be 
investigated is provided in the US IPE submittal guidance (Ref. [12]) and they are listed in 
Table 5. The sensitivity analysis is similarly applied in the assessment of key issues of 
uncertainty relevant to severe accident progression and fission product behaviour. 
 
The NUREG-1150 study provided a milestone in PSA methodology in providing a structured 
uncertainty analysis as is outlined in Ref. [31]. In this approach, the uncertainty associated 
with a parameter is represented by a probability distribution.  Uncertainty propagation is 
achieved using the Latin Hypercube Sampling method (LHS), a stratified Monte Carlo 
sampling approach. As an integral part of the NUREG-1150 uncertainty analysis 
methodology, elicitation of expert judgement on the issues for which the uncertainty is seen 
as greatest was adopted. Six expert panels were established for the formal elicitation 
process (viz front end, in-vessel, containment loads, structural response, molten core-
concrete interactions and source term). The NUREG-1150 uncertainty approach (without the 
expert elicitation) has since been applied in a limited number of recent PSAs, e.g. Ref. [32].  
 
It is clear that considerable progress has been made recently in methodology development 
as attempts are made to address epistemic and aleatory uncertainties in Level 2 PSAs. This 
is reflected by the advanced techniques presented in the proceedings of Ref. [28].  The 
potential of these methods are being investigated in some PSAs (e.g. the response surface 
approach in the IRSN Level 2 PSA for the 900 MWe plant and the KAERI methodology in the 
formal integration of Level 1-2 uncertainties). It must be emphasised, however, that the 
method design will ultimately depend on the requirement of the PSA. 
 
7. Conclusions  
 
Many Level 2 PSAs have been performed in recent years and they are now seen as an 
integral part of nuclear power plant safety cases. A consistent framework has now been 
established with the applications of the individual components of the Level 2 PSA 
methodology. The acceptability of the methodology since the early studies in the 1980s is 
due largely to the significant progress made in the understanding of severe accident and 
source term phenomenology and the performance of the current generation of integrated 
severe accident analysis codes. Two recent OECD/CSNI Workshops (Refs. [9] and [28]) 
highlighted current international development and identified areas requiring further 
improvement.  
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Table 1 A Summary of Issues Considered in Some Example CETs 
 

Issues 
 

Zion 
PSS 

(1981) 

NUREG-
1150 

Zion study 
(1987) 

Sizewell 
B 

PSA 
(1992) 

AP600
PSA 

No of nodes 19 72 20 21 
Questions related to 
initial conditions   

 ♦  ♦ 

     
Phenomenological Issues     
In-vessel core melt progression ♦ ♦ ♦  
Hydrogen combustion ♦ ♦ ♦ ♦ 
Temperature induced failure of RCS  ♦ ♦ ♦ 
In-vessel steam explosion ♦  ♦ ♦ 
In-vessel core cooling ♦ ♦  ♦ 
Vessel failure mode  ♦   
High pressure melt ejection ♦ ♦ ♦  
Direct containment heating  ♦ ♦  
Water in cavity ♦ ♦ ♦ ♦ 
Ex-vessel steam explosion/steam 
spike 

♦ ♦ ♦ ♦ 

Core concrete interaction ♦ ♦ ♦ ♦ 
Basemat failure ♦ ♦ ♦  
Containment failure timing1 ♦ ♦ ♦ ♦ 
Containment failure modes2  ♦ ♦3 ♦ 
Containment isolation failure  ♦  ♦ 
     
System related issues     
ac power recovery  ♦   
RCS depressurisation before vessel 
failure 

 ♦  ♦ 

Recover containment cooling  ♦ ♦4  
Passive containment cooling    ♦ 
Hydrogen control system    ♦ 

 
Notes: 
1. Addressed indifferent time frames 
2. Size of failure 
3. Failure modes addressed in nodal branches 
4. Addressed as sensitivity study in expanded 22 node CET 
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Table 2 Potential Containment Failure Modes for PWRs 

With Large Containments (Ref. [12]) 
 

 
Containment bypass 
 
• Interfacing-system loss-of-coolant accident 
• Failure to isolate containment 
• Steam generator tube rupture 
 
Early containment failures 
 
• Overpressurisation with high temperatures 
 

- due to noncondensible gases and steam 
- due to combustion processes 
- due to direct containment heating 
 

• Missiles and pressure loads 
 

- due to steam explosions 
 
• Vessel thrust force 
 

- due to blowdown at high pressure 
 

Late containment failures 
 
• Overpressurisation with high temperatures 
 

- due to noncondensible gases and steam 
- due to combustion processes 
 

• Meltthrough 
 

- due to basemat penetration by core debris 
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Table 3   Summary of Treatment of Key Parameters 
in Direct Containment Heating Evaluation (Ref. [24]) 

 ROAAM CET PFT 
Scenario definition defined by splinter 

scenario 
defined by plant 
damage states for the 
PSA 

defined by plant 
damage states for the 
PSA 

Initial conditions   treated as a PFT 
event 

• RCS pressure & 
temperature 

* +  

• initial hole size * input input 
• final hole size calculated + + 
• melt temperature * + + 
• UO2 mass # + + 
• oxidised Zr 

fraction 
# + + 

• steel mass # + + 
• control rod mass * + + 
• pre-existing H2 calculated + + 
• autoignition 

temperature 
* + + 

• melt fraction 
ejected into cavity 

* + treated as a PFT 
event 

• ejected fraction 
from reactor cavity

 
* 

 
treated as a CET node

 
+ 

• dispersed fraction 
through gap 

*  + 

• dispersed fraction 
through seal table 
room and SG 
vents 

 
* 

treated as a CET node  
+ 

• coherence ratio calculated melt/steam interaction 
calculated in severe 

accident analysis 

 
+ 

• containment 
pressure and 
temperature 

 
* 

 
+ 

 
+ 

Containment 
pressurisation 

CLCH and TCE 
calculations 

+ + 

Plant specific 
fragility curves 

yes yes yes 

Containment 
pressurisation vs. 
fragility curves 

yes treated in a CET node 
on containment status 

 
yes 

Sensitivity analysis yes in both severe 
accident analysis and 

CET nodes 

yes 

 Notation:*  defined for each splinter scenario 
#  probability distribution defined for each splinter scenario 
+  provided in severe accident analysis 
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Table 4   Summary of approaches in source term categorisation and derivation in 
some European Level 2 PSAs (Ref. [10]) 

 
Organisation No of bins Attributes to 

define bins 
Computer 
codes for 
source term 
calculations 

Source term 
grouping 

Comments 

AVN 
 

- - - - Radiological 
releases not 
assessed yet. 

EDF 
 

15 RCs Mode of 
containment 
failure, timing of 
core melt, DCH, 
safeguard 
system, RPV 
failure timing 

   

Framatome 
 

8 RCs (for 
EPR) 
 

Defined by 
representative 
accident 
sequence, 
accounting for 
accident initiator, 
safety system 
availability, 
leakage pathways 
and others (for 
EPR) 

MELCOR for 
BWR PSAs, 
MAAP4 for 
PWR, 
MAAP4 and 
COCOSYS 
for EPR 

Based on 
MAAP4 
grouping (12 
groups), iodine 
model in 
MAAP4 used 
for PWR study, 
IMPAIR iodine 
model used for 
EPR study 

 

GRS 
 

8 RCs (for 
PWR) 

Timing of release, 
release route 
(ringroom 
ventilation 
system), filtered 
venting, V 
sequence and SG 
tube leak 

MELCOR (v 
1.8.4) for 
PWR study, 
adjustment 
made for 
iodine 
release: 5% 
as elemental 
and 0.5% as 
organic  

RC definition 
based on noble 
gases, iodine 
and caesium 
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Organisation No of bins Attributes to 
define bins 

Computer 
codes for 
source term 
calculations 

Source term 
grouping 

Comments 

IRSN 
 

RCs defined by 
APET based 
on a number of 
defined 
attributes, 
combination 
led to about 
1000 RCs. 
These RCs are 
re-grouped for 
result 
presentation. 

37 identified, 
including 
containment 
failure mode and 
timing, status of 
safety features 
(RHRS, 
pressuriser 
valve), early and 
late containment 
challenging 
mechanisms, V-
LOCA 

Simplified 
model 
developed 
using ASTEC 
code 
calculations 
and 
experimental 
results 
(PHEBUS-PF 
and 
VERCORS) 

4 groups: noble 
gases, 
molecular 
iodine, organic 
iodine and 
aerosols 

The release 
model 
includes 
several 
parameters for 
uncertainty 
assessment.  

LEI 
 

10 RCs, 
grouped into 3 
main 
categories 
INPP1 to 
INPP3 

Core damage 
mode (number 
and modes of 
ruptured fuel 
channels); ALS 
(confinement) 
failure modes or 
bypass 

RETI , 
CONTAIN 
and expert 
judgement 

Source term 
estimates are 
based on 
iodine release 
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Organisation No of bins Attributes to 
define bins 

Computer 
codes for 
source term 
calculations 

Source term 
grouping 

Comments 

NNC Source term 
categories 
(STCs) defined 
by CET based 
on a number of 
defined 
attributes, 
combination 
led to over 300 
STCs for CET 
end-point 
grouping for all 
PDSs.   

Allocation of CET 
end-points based 
on a source term 
phenomena logic 
tree with the 
following 
variables: 
oxidation release 
from FCI or 
HPME, 
vaporisation 
release from CCI, 
containment 
failure modes (DB 
leakage, 
enhanced 
release, gross 
failure) and 
timing, basedmat 
melt-through. 
 

Fuel load PSA 
based on 
MAAP 3B, 
adjustment 
made for 
iodine 
release, 0.2 % 
assumed as 
organic 
iodine. 
FCI/HPME 
source term 
based on 
NUREG-1150 
approach. 
Follow on 
studies based 
on MAAP4. 

12 groups as 
defined by 
MAAP 
methodology 

The STCs 
were grouped 
into 22 RCs 
defined for L3 
PSA analysis. 
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Organisation No of bins Attributes to 
define bins 

Computer 
codes for 
source term 
calculations 

Source term 
grouping 

Comments 

SWP Two types of 
RCs adopted: 
sequence 
based RCs 
and source 
term based 
RCs. 10-20 
sequence 
based RCs 
and 
approximately 
50 source term 
based RCs are 
used. 
Sequence 
based RCs are 
used mainly for 
grouping the 
CET end-
points 

Sequence based 
RCs typically are 
defined by safety 
functions or 
factors that are 
important for the 
timing or 
magnitude of the 
releases. The 
quantification of 
the RC is usually 
based on a 
representative 
sequence using 
MAAP. 
Source term 
based RCs are 
defined by 
parameters that 
influence the 
releases, e.g. 
release initiation 
and release 
magnitude over 
intervals. 
Assignment of 
CET end-points is 
based on a rule-
based approach.   

Based on 
MAAP4, 
allowance 
made for 
organic and 
elemental 
iodine, FCI 
and DCH by 
expert 
judgement 
and other 
methods.  

12 groups as 
defined by 
MAAP4 
methodology 

Specific 
emphasis 
placed on Cs 
as Swedish 
accident 
mitigation 
provision 
aimed to 
reduce ground 
contamination 
of  long life 
fission 
products 
 

TUS    RC definition 
based on noble 
gases, iodine 
and caesium 

General 
approach to 
radioactive 
releases 
assessment 
provided. 
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Organisation No of bins Attributes to 
define bins 

Computer 
codes for 
source term 
calculations 

Source term 
grouping 

Comments 

UJV 12 categories 
defined that 
are usually 
binned to 5 by 
EVNTRE for 
current 
revision. 
Definition 
based on 
release timing 
and magnitude 
of Cs and Ba, 
with defined 
thresholds. 

Classification for 
the APET end 
points is 
performed with 
the user 
functions. 
Release 
mechanisms are 
defined by some 
nodes and the 
mitigation (in the 
form of 
decontamination 
factors extracted 
from MELCOR 
analysis) defined 
by others.   

Based on 
MELCOR 
1.8.3 
calculations 

4 groups are 
traced: 
Noble gases, 
Cs, Te, Ba 

Molecular and 
organic iodine 
are neglected, 
iodine 
assumed as 
CsI. 
Phenomena 
not treated 
include: 
aerosol 
formation due 
to ex-vessel 
steam 
explosion and 
HPME/DCH, 
revolatilisation 
due to 
hydrogen burn 

VEIKI 13 source term 
categories 
(STCs) for ‘at 
power’ PDSs 
and 4 for 
shutdown and 
spent fuel 
storage pond 
faults.  

CET endpoints 
binned according 
to: containment 
boundary status, 
state of reactor 
before accident, 
time of change of 
containment 
boundary status, 
mitigation system 
status 

Based on 
MAAP4/VVER 
calculations 

13 groups as 
defined by 
MAAP4/VVER 
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Table 5 Suggested Parameters for CET Sensitivity Study (Ref. [12]) 
 

• Performance of containment heat removal systems during core meltdown 
 
• In-vessel phenomena (primary system at high pressure) 
 

- H2 production and combustion in containment 
- Induced failure of the RCS pressure boundary 
- Core relocation characteristics 
- Mode of reactor vessel meltthrough 

 
• Ex-vessel phenomena (primary system at high pressure) 
 

- Direct containment heating concerns 
- Potential for early containment failure due to pressure load 
- Long term disposition of core debris (coolable or not coolable) 
 

• Ex-vessel phenomena (primary system at low pressure) 
 

- Potential for early containment failure due to direct contact by core debris 
- Long term core-concrete interactions: 
 

 Water availability 
 Coolable or not coolable 
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Figure 1. Overview of Level 2 PSA 
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Figure 2.   Decomposition Event Tree for Assessment of hydrogen combustion for 
Sizewell B Level 2 PSA (Ref. [23]) 
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Figure 3. Phenomenological Fault Tree for Assessment of Direct Containment Heating 
for Ringhals Level 2 PSA (Ref. [24]) 
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Figure 4.  ROAAM Model for Assessment of hydrogen Deglagration for Loviisa SAM 
Development (Ref. [27]) 
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1. Introduction 
 
Where is the place of the environment when we speak for the safety?   
First and foremost is useful to explain the difference between “safety” and “security”, and then 
to find the environment in the definitions.  
There are two groups composed of renowned experts from all parts of the world and charged 
with providing advice to the IAEA : 
 

 The Advisory Group on Nuclear Security defines nuclear security as: “the prevention 
and detection of and response to theft, sabotage, unauthorized access, illegal 
transfer, and other malicious acts involving nuclear material, other radioactive 
substances, or their associated facilities” [1] 
 
 The International Nuclear Safety Advisory Group (INSAG) defines nuclear safety as: 

“the achievement of proper operating conditions, prevention of accidents or mitigation 
of accident consequences, resulting in protection of workers, the public and the 
environment from undue radiation hazards” [1] 
 

And also very suitable is to look at the precise IAEA definition for “General Nuclear Safety 
Objective”: “to protect individuals, society and the environment from harm by establishing and 
maintaining in nuclear installations effective defences against radiological hazards”[3]  
 
Undoubtedly the ensuring of the protection of the public and the environment from undue 
hazards, the ensuring of the health and safety of the populations is inseparable part of the 
nuclear safety complex necessities and actions. From here and the line of comprehension for 
the essence of this lecture – when we learn on the safety assessment we need to include and 
consider the assessment and prevention of the NPP environmental impact and human health 
risk with the whole public care and responsibility now and for the next generations. 
 
The aim of this lecture is to share with the trainees the approach based on the European and 
IAEA’s regulations and to submit knowledge for: 
 
• Study and reporting Environmental Impact Assessment (EIA) of NPP  
• Risk/Emergency Zones (EZ) definition and EIA reflection in the Energy Zone planning for 

NPPs in operation 
• The rationality and the opportunity to relate the PSA levels 2&3 with EIA and EZ planning 

for PSA approach application. 
• Fulfillment of the programs for Environmental Impact reduction and EZ planning 

improvement. 
 

Same examples besides are shown derived mainly from: 
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• EIA Report of the “Investment Proposal for Belene NPP Construction”, 
 
• Study and EIA report of Kozloduy NPP in operation, 

 
in accordance with Bulgarian regulations in this field. 
 
2. Environmental Impact Assessment (EIA) and 

Emergency planning regulations 
 

The rationale for EIA is based on European and National Regulations and the standards and 
requirements of the IAEA, as: 
 

• EIA Convention in Transboundary Context (Ratified in Bulgaria by law – SG, 1995) 
• Safe Use of Nuclear Energy Act, 2002 
• Environment Protection Act, 2002  
• Ordinance on the Conditions and Procedure for Performance of EIA of Investment 

Proposals for Construction, Activities and Technologies, 2003, etc. 
 
Environmental protection takes an important place in the IAEA safety standards. For instance 
in in accordance with the “Safety of Nuclear Installations, Safety Series No. 110” any 
industrial activity both yields benefits and incurs risks. If in the case is applied definition for 
the risk - risk is taken to be the probability that a specified harmful effect will occur within a 
specified period, is important to mention:  
 

• Complex industrial activities, such as the operation of nuclear installations, usually 
have associated risks of various types. The risks may be borne by the site personnel, 
by people living near the installation and by the whole of society. 

 
• The environment may also suffer harm if radioactive materials are released, 

particularly under accident conditions. Consequently, it is necessary to limit the risks 
to which people and the environment are subject for all reasonably foreseeable 
circumstances.  

 

2.1 EIA report’s structure. FP release into environment and human health risk 
assessment 

 
The purpose of the EIA and report could be defined as follows : 
 
• Studies and analysis of possible reasons, sources and levels of impact and determination 

of potential risk for the environment and human health during construction, normal 
operation and possible design basis and beyond design basis accidents at the plant, and 
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• To define recommendations and measures to decrease the impact ot the nuclear plant on 
to the all components of the environment and the population,  

 
incl. on this basis to be determine the risk/emergency zones and thence to be implemented 
the emergency planning. 
 
Part 1. Description and analysis of the environment components and factors, material and 
cultural heritage, and their interaction 
 
• Climatic and meteorological conditions, quality of the atmospheric air 
• Surface and ground water movement study 
• Land and soils analysis 
• Seismic conditions analysis of the region - in the case Belene NPP that’s in 320-km area 

around the plant site  
• Biological diversity, protected territories 
• Regional health and hygiene aspects study 
• Social and socioeconomic environment zoning: Population and demography; Inhabitants 

and communities; Economic resources, manpower and employment, etc.  
 
Part 2 Analysis and assessment of the hypothetic impact on the population and the 
environment during NPP construction, normal operation and in case of accident  

 
a) FP release to the environment   
 

The system for processing the gaseous radioactive releases in the power units of a NPP is 
designed and constructed to control, collect, process, store and release the radioactive gases 
formed during the different stages of plant operation.  
 
The normal gas emissions are released from the plant into the environment through systems 
for processing waste gases, which are designed to minimize the releases into the 
environment and the impacts on the environment. Potentially, radioactive gases are also 
present in the plant buildings as a result of leakages in the process systems. Those gases are 
released into the environment through the ventilation systems of the buildings, but the FP 
release obligatory is being controlled and monitored and then:  
 

 the radioactive gases are either stopped by a Carbon Filtration System (CFS) or  
 they will be kept for possible later release into the environment according to the 

normative regulations.  
 
For instance some investigations for VVER show that after CPS the FP release into the 
ambient air is almost 100% for the Radioactive Noble Gases (RNG), ~ 1% for the long-lived 
aerosols (LLA), and ~ 40% for the tritium. 
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The sources of organized gas-aerosol radioactive releases into the atmosphere are the 
reactors Spent Fuel Storage Facility through their respective ventilation stacks. The 
radioactive emissions released into the atmosphere from NPP consist of numerous 
radionuclides, represented by over 50 kinds with a period of half-decay from 30 s (106Ra) to 
30.2 years (137Cs). The basic expected radioactive releases into the atmosphere from NPP 
are presented in three groups, with radionuclide composition represented mainly by: 
• Radioactive noble gases (RNG):    85Kr,  87Kr, 88Kr, 133Xe, 135Xe, etc. 
  
• Long-lived aerosols (LLA):  134Cs, 137Cs, 58Co, 60Co, 54Mn , 95Zr, 
                                                             95Nb, 144Ce, 110Ag, 59Fe, etc. 
• Iodine-131 :  131I  

 
Generally, the total radioactive emissions of the three groups RNG, LLA and I-131 for all of 
the current reactors are significantly lower than the maximum allowable releases. In 
accordance with ALARA concept for radiation protection optimization, release limitation and 
public exposure, releases from PWR-type NPPs were decreased many times after 1990. 
Anticipated radioactive emissions into the atmosphere from the Belene NPP are from 6 to 16 
times lower than the maximum permissible ones.  
 
Expedient is the FP release from each NPP to be compared also with the so called 
normalized indicators, published from UN Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR). It puts more rigorous requirements to NPP although its impact on the 
environment has not actually increased.  
 

b) FP release dispersion in the atmosphere 
 
The assessment of NPP impact on the environment is carried out mainly by determination of 
annual concentrations and deposition fields for the three most important radioactive 
contaminants, i.e. RNG, LLA and I-131. In the analysis numeric models, corresponding to the 
methods “Plume” established by the MoEW, are used.  
 
More precise SCREEN3 model on the basis of “THE INDUSTRIAL SOURCE COMPLEX 
SHORT TERM MODELS” of  EPA – US could be applied.  With Gauss correlation are defined 
dispersion for gases and aerosols. There are applied also Pasquill-Giffor dispersion’s 
functions for various categories of atmosphere stability for rural conditions and Mc Elroy- 
Pooler urban conditions, Briggs correlations for wind profile, etc. 
 

c) FP release into surface water 
 

Circuit leaks, Spent Fuel Storage Facility, equipment decontamination facilities, installations 
for iodine-exchange filter regeneration and purification, special laundries for means of 
protection, sanitary gates, radio-chemical laboratories, etc. 
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By the VVER units depending on the specific activity, the liquid radioactive is divided into two 
groups: highly- and low radioactive  (above and bellow 0.3 MBq/dm3 respectively).  The 
savage water, boron-containing water and water from special laundries and sanitary gates 
are called “untreated” radioactive wastewater. After treatment and purification in the Water 
Treatment Systems, this water so called “disbalance” water are discharged to Danube river 
through the hot channel, as is by Kozloduy NPP. 

 
In comparison to the standardized indicator for NPP in the world with PWR reactors, 
according to the UNSCEAR report for 1998 (19 GВq/GW.a), which was representative for the 
EIA-1999/2000 of the Kozloduy NPP the total ß-activity of the chemical treated water from 
Kozloduy NPP was much lower. 
 
Regarding tritium, the activity of the chemical treated water is higher, but for instance from 
Kozloduy NPP during the years of research for EIA, it did not exceed 15 % of the set annual 
limit according to the technical regulations. Regarding the standardized indicator 22 
TBq/GW.a according to the report of UNSCEAR for VVER reactors, the released tritium with 
the chemical treated waters is about 30 %. 
 
Along with the radionuclides - fission products of uranium and activation of different 
substances from the construction materials of the nuclear reactors and the reagents, imported 
to maintain the water regime, there are also non-radioactive substances, contained in the 
liquid radioactive and industrial wastewaters – boric acid, complex substances, detergents, 
oils, etc. The assessment of the potential chemical impact to the surface and underground 
water is also very important part of the EIA. 
 

d) Radiation monitoring 
 

As result of the release by normal NPP operation the radioactivity of the environment is 
almost unchanged. For instance the deviations of the radioactivity of the soils around 
Kozloduy NPP 1972-2001 and river Danube (1994-2001), before and after Kozloduy NPP are 
insignificant: 

  
e) Radioactive and non-radioactive waste 
 

The annual radioactive waste in EU (EU DG TREN, Waste in EU, 2000)  is estimated as 
follow: 

o 50 000 m3 (0.00013 m3/cap), incl. 1% HLW = 500 m3 (1.3 cm3/cap) in 
comparison with annual 

 
o 46 000 000 m3 (0.12 m3 per inhabitant) Non-radioactive hazardous waste and  
 
o 2 700 000 000 m3 (7.3 m3/cap) Conventional waste 
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Unified scheme of the RAW management (by IAEA) is recommended for application (figure 
1). 
 

    

Management of the Radioactive Waste
RAW generation

RAW categorisation

Separation of RAW

RAW purring
RAW concentration

RAW pressing
Control elimination

RAW packing

RAW storage

RAW interment

RAW keeping

RAW burning

 
Figure 1. Unified scheme of the RAW management (by IAEA) 

 
 
The categorised non-radioactive waste are defined: 
 

 Non-hazardous: household, metal, insulation materials, etc. 
 
 Construction:  large pieces of concrete, wire and iron sheet, bricks, roof tiles, 

mortar, etc. 
 

 Hazardous: burnt luminescent and mercury-vapour lamps, exhausted batteries, 
spent machine oil, packing of fuel materials and lubricants, etc. 

 
f) Human health risk assessment  
 

The share of the radiation impact of the NPPs by normal operation is insignificant for the total 
personal annual dose of people irradiation – awerage 2.8 mSv/year. 

 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XII:  Safety assessment  – NPP environmental impact and human health risk assessment 
 

XII - 315 

 
 

With calculations of the expected personal dose of people irradiation depend on the fields of 
FP release, dispersion in the region and comparison with of the general assessment could be 
make conclusions for the concrete case. 
 

Part 3. Information on the methods used to prognosticate and assess the impact on the 
environment 
 

A description of the applied methods is necessary to be included in the report. 
 
Part 4. Measures intended to prevent, mitigate or stop potential harmful impact on the 
environment, as well as a plan for execution of these measures 
 

Recommendations should made to specify the technological and engineering parameters in 
design for the proposals for a new NPP construction and measures to be planed and 
executed by means of:  
 

- Environment management 
- Own monitoring plan  
-  Emergency plan 

 

2.2 EIA’s reflection in the Emergency zoning/planning 
 

Bearing in mind the stages of implementation of each investment project, it was necessary to 
provide the emergency planning in two respective parts, as follows: 
 

i. Emergency planning up to the start of the operation of the NPP (construction 
stage) 

 

Risk for population, number of cases with fatal outcome/GW.a 
INSAG-5 
         Early     Late 
 
Coals                    0.1-1.0   2.0-6.0 
 
Oil       0.001-0.1             2.0-6.0 
 
Gas           0.2   0.004-0.2 
 
Nuclear energy    0.001-0.01             0.005-0.2 
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ii. Emergency planning in relation to the operation of the plant as a nuclear facility, 
including the transport of nuclear fuel 

 
For instance in compliance with the Regulation on Planning and Preparedness for Action in 
Radiation Accident (1999), the accidents in the emergency planning of Belene NPP are 
categorized in the classes : 
 

1) For a total radiation accident 
2) For a local radiation accident 
3) For a hazard 

 
In the planning of actions in the event of radiation failure, respective areas are selected for 
the undertaking of population protection measures, referred to as “Emergency Planning 
Zones”  
 
For instance to determine the emergency planning zones in the region surrounding Belene 
NPP, a design analysis has been made of Maximum Design Basis Accident (MDBA) and its 
radiation consequences.  
 

 The design analysis has been made for hypothetical increasing of the leakage of the 
localization system by a factor of ten, in which case 10 times more radioactive 
releases in the atmosphere than in the event of a MDBA.   

 
 The analysis is carried out for the gravest meteorological situation, in which the 

highest earthly concentrations of radioactive isotopes are obtained and also the 
highest dose burdens in the spread direction of the radioactive cloud.   

 
 In this cas the early phase of such MDBA in Belene NPP are in compliance with the 

dose criteria of the Regulation on Basic Norms of Radiation Protection (BNRP-2000). 
 
In accordance with the IAEA-TECDOC-953, October 2003 the recommended emergency 
planning zones for installations hazard categories 1 and 2 are summarized in table 1: 

 
Installation 

 
Preventive 
Protection 

Measures Zone 

Emergency 
Protection 

Measures Zone 

Long-period  
Protection  

Measures Zone 

Reactor > 
1000 MW 

(th) 
3 – 5 km 25 km 300 km 

Table1. Emergencv planning zones 
 
Applying the conventional approach practically the zones have been defined in the Bulgarian 
Regulation on Planning and Preparedness for Action in Radiation Accident.   
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Take in account the TECDOC-953 and fact that the type of reactor for the new Belene NPP 
still has not been specified, independently  from the above calculation results, at the moment 
is applied the conservative approach in determining the Emergency Protection Zone size of 
30 km for the purposes of emergency planning and the protection of the population and 
environment.   

 
3. Innovation approach of PSA applications in the EIA and 

Emergency zoning/planning 
 
For improvement and optimization of the EIA and Emergency Planning as reflection and 
consequence of PSAs is necessary further development of the PSAs and their application for 
EIA and EPZ because the levels 
 

• PSA 1  - core melt probability 
 
• PSA 2  - probabilities for loss of containment integrity and for radioactive releases into 

environment, and 
 

• PSA 3 – for assess most probable transfer of RA in the environment for EIA, Risk 
assessment and for EPZ determination 

 
are working tools but for each other – to improve the interfaces between the levels, especially 
L2-L3 interface, with view to apply by the EIA and EPZ probabilistic parameters of the FP 
releases by the events with defined probabilities to appear for the conditions in the nuclear 
plant. 
 
4. Environmental impacts reduction analysis and 

programme subjects  
 
In compliance with the regulations, the subject of the such analysis is to generalize the 
measures proposed by the companies and the recommendations of the EIA experts and to 
define an action plan applying for implementation of the investment proposal of NPP 
construction, so that to meet the national-, European- and IAEA safety and environmental 
normative requirements .  
 
5. Conclusions 
 
In compliance with the European, Bulgarian and IAEA’s regulations an approach is 
developed for a Study and Environmental Impact Assessment (EIA) ; report of NPP with 
reflection to the Risk/Emergency Zoning/Planning. 
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The emphasis of the lecture is on the EIAR structure and contents, especially on the FP 
release into environment definition, tense human risk assessment and prevention with 
intention the material to could be use as sketch for similar analysis for another NPPs from 
the mentioned above Belene NPP (Investment proposal for construction) and Kozloduy NPP 
(plant in operation) in Bulgaria.   
 With an idea to be develop probability approach further in the practice there are presented 
the existing EIA and Emergency Zoning/Planning and view to innovation approach, based of 
the levels 2&3 PSA application. 
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1. Context of accidents mitigation 
 
1.1. Basic definitions and vocabulary 
 
The domain of incidental and accidental situations is divided in two domains : 
 

• First the normal operating domain limited by the reactor trip. Precisely technical 
Specifications require that the plant reaches a fallback mode when some specific 
equipments are unavailable. At the limit of this domain are incidental and accidental 
situations, possibly in the design basis, for which the priority is the defence of the 
safety barrier i.e. the priority is given to the safety of the core i.e. avoid the 
degradation of the core. For the past 20 years, EDF has made a huge effort on 
avoiding the degradation of the core with incidental and accidental procedures : the 
Emergency Operating Procedures (EOPs). 

• secondly the severe accidents domain where one can presume core degradation, 
where the priority becomes the limitation of radioactive releases to the environment. 

 
1.2. The source term issue 
 
Using the source term terminology, the emergency organisation, procedures and tools were 
studied in France to cope with the S3 source term, compatible with the emergency plans 
(PPI : Plan Particulier d'Intervention). 
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The aim of severe accidents mitigation is to respect S3 by mitigating all probable modes of 
containment failures. For the most probable containment failure modes, a dedicated ultimate 
procedure was established in figure 1: 

 
Figure 1. Severe accident Management 

 
1.3. The incidental/accidental situations management 
 
The aim of incidental/accidental situations manage is to drive the plant into a safe and stable 
condition while ensuring safety issues such as subcriticality, core cooling, containment 
isolation. 
This is done by managing water inventories, energy exchanges and equipment availability 
taking into account numerous constraints: 
 

- safeguard the core, 
- room accessibility, time to operate, repairing time 
- instrumentation and equipment characteristics, 
- effluents management, 
- team organisation, personnel competencies, training 
- …… 

Emergency Operating Procedures are designed to check up the systems and actions with 
the objectives of : 
 

- making the diagnosis of the state of the plant, instrumentation and monitoring 
systems, 
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- ordering actions to prevent plant degradation and return to safe condition, 
- mitigating the consequences of the accident. 

 
EOPs are on a printed form with the exception of some computerized EOPs for N4 plants. 
 
2. History of mitigation procedures 
 
The TMI-2 accident in March, 1979 (Pennsylvania, USA) was a tremendous shock for 
nuclear safety analysts. Even with a very low probability (10-6, 10-7 accident/year/plant), 
Beyond Design Basis Accident could (and did) occur due to a conjunction of technical 
deficiencies and human errors. Because of the closeness of the TMI-2 design to the French 
900 MWe, this accident was carefully analysed by French specialists of nuclear safety as 
well as by international colleagues. One of the many conclusions derived from it was the 
inadequacy of the single initiator deterministic approach especially when instrumentation on 
which is based the interpretation of the current state of the accident is not carefully designed 
for this purpose. How can we cope with   several initiators occurring in delay or possibly at 
the same time ?     

 
Figure 2. TMI-2 view 
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The conception of PWRs and its safety analysis was based upon a deterministic a analysis 
of the Design Basis Accident. 
Following this logic, the operator, in case of an accident, has to “guess” the initiator on the 
basis of its apparent effects, and to follow the pre-established procedure that was studied . 
The accident of the reactor 2 of the Three-Mile-Island power station in 1979 demonstrated 
that a single initiator (Figure 3) (in that case the loss of normal steam-generator feedwater) 
can be superseded by other faults (in that case the loss of auxiliary feedwater added to a 
stuck-open relief pressurizer valve and operator errors). The cumulative effects cannot be 
fully understood by the initiating event approach (EVL).  

Figure 3.The TMI-2 nuclear plant 
 
 
 
 
3. The Initiating Event Procedures for accident 

management of the plant 
 
Progressively superseded by the State Oriented Approach on all French plants, the Initiating 
Event approach (EVL) was based upon the following grid correlating gravity to complexity 
(see figure 4). 
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2/I3I 

Figure 4.the Initiating Event approach (EVL) 1A12 
 

Added to this chart is the use of procedures U2, U4, U5, H4/U3, H1, H3. The severe accident 
dedicated procedures U2, U4, U5 and the GIAH will be described later on. 
 
The EVL procedures are of two types : 
 

- procedures I and A are dedicated to design basis incident and accident based on 
deterministic rules according to specific conditions of operations 

- procedures H cover the so-called "complementary domain of operation"  
 
As an example, wee are going to describe the four H procedures that are in the scope of the 
complementary domain (i.e. Beyond Design Basis situations) [3]. 
 
3.1. Procedures H of the complementary domain 
 
3.1.1. H1 : loss of the cold source (cooling water) 
 
In this case, the initiating event is either : 
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- the loss of the SEC system i.e. the essential service water system 
- or the loss of the RRI intermediate cooling system i.e. the component cooling 

system 
Depending on the conditions of operation (at full power, hot shutdown or intermediate 
shutdown with RRA valved out), the removal of decay heat is usually done with the help of 
the steam generators. Thus, it is essential to refill the ASG i.e. the steam generators auxiliary 
feedwater system water tank. 
 
a) H1.1 : full power, hot shutdown, intermediate shutdown 
 
- injection with cold water at the primary pump seals allowing the boration of the primary 

circuit as well as the control of the pressurizer level 
- cooling of the primary circuit with the steam generators on ASG 
 
b) H1.2 : shutdown cooled by RRA/PTR 
 
b).1 Closed primary circuit 
 
The loss of the cold source leads to the loss of the cooling of both RRA and PTR systems. 
The temperature of the primary circuit is stabilized when SGs extract power in thermosiphon. 
 
b).2 Open primary circuit 
 
Depending on the availability of the SGs, the power is extracted through the SGs or with the 
compensation of boiling water with RCV system (chemical and volume control system) 
 
3.1.2. H2 : total loss of feedwater to the steam generators 
 
In this case, the initiating events are: 
 

- the loss of the normal feedwater of the steam generators (ARE) 
- added to the loss of ASG, auxiliary feedwater. 

 
The H2 procedure consists in a voluntary opening of the three trains of pressurizer discharge 
valves. The safety injections are manually confirmed and the containment sprays (EAS) 
automatically switch on as soon as the containment pressure reaches 2.4 bar (or on a 
manual order on high containment temperature criterion). 
 
3.1.3. H3 : loss of supplied site power (on-site or off-site) 
 
In this case, the initiating event is either: 
 

- the loss of both 6.6kV AC emergency supply distribution system (LHA+LHB) 
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- or the total loss of off-site power 
a) H3-1 : loss of 6.6kV, RRA non connected 
The removal of decay heat is done through the SGs working on ASG and GCTa (turbine 
bypass system). 
One also should avoid the degradation of primary pumps seals (leading to a small break) on 
the primary system because of the loss of injection at the pumps seals, using the LLS turbine 
generator. Isolation of all batteries on low tension signal excepted for those needed for the 
instrumentation used by the conduct. 
Because pressurizer sprays are unavailable, the primary pressure decreases slowly due to 
heat losses from the pressurizer. 
 
b) H3-2 : loss of 6.6kV, RRA connected 
The primary circuit is initially cooled by the RRA. For a closed circuit, the decay heat is 
extracted by ASG and GCTa. For an open circuit, decay heat is extracted by evaporation of 
xwater and refilling from the PTR by gravitation through local alignment. 
 
3.1.4. H4 : loss of safety injection devices or containment spray 
 
In this case, the initiating events are : 
 

- the loss of the low pressure safety injection system after a presumed LOCA (it has 
been demonstrated that after 15 days, only one low pressure pump can extract decay 
heat through the EAS exchanger) 

- and/or the loss of containment spray after a LOCA 
 
The H4 procedure considers manual alignment in order to recover the feeding of cold water 
for EAS or ISBP using a movable link. 
 
3.2. The SPI/SPU procedures 
 
The SPI procedure (Surveillance Permanente en situation Incidentelle i.e. Incidental 
permanent surveillance) was implemented as a first attempt to introduce a state-oriented 
approach in parallel with the initiating-event approach followed by the conduct team. By a 
regular browsing of dedicated parameters, the safety engineer can order the entry in the 
ultimate procedure U1 at different level of an iterative diagnostic (see figure 5) . This 
procedure, which is not a severe accident procedure but a standard accident procedure, is 
applied as soon as an emergency shutdown occurs or the margin to saturation of the water 
of primary circuit is below 20 °C. This is done until the return to standard situation. 
The browsing of the main parameters is applied on : 
 

- the availability of each steam generator i.e. the capacity to extract decay heat without 
contamination, 

- the available mass of water in the primary circuit and its temperature, 
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- the capacity of secondary side to extract power, thus depressurizing the primary 
circuit, 

- the effectiveness of safeguard systems (Safety Injections, containment sprays,…) 
- pressure, temperature and activity in the containment, 
- margin to criticality (boron poisoning, location of control rods,…) 

 
As soon as the U1 procedure is selected, based on criterion described in the following 
schematic, SPI is abandoned for another procedure SPU (Surveillance Permanent ultime i.e. 
Ultimate permanent surveillance) which consists in a regular browsing of the state of the Gs, 
containment, safeguards systems and of course the U1 procedure itself. The U1 procedure is 
described later in the document.  
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Figure 5: Incidental Permanent Surveillance procedure 
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4. The state-oriented approach 
4.1. Progressive introduction of the APE on the French plants 
 
Beginning in 1982, a emergency operation procedure was introduced in the Event Based 
Procedures for Safety Injections (IS)  (figure 6) on the 900 MWe plants as well as criteria for 
the conduct of Containment Spray Systems (EAS) and primary Pumps. The switch on/switch 
off of the high pressure safety injection was based upon a grid giving the water level in the 
pressurizer versus ΔTsat . 1984 saw the introduction of the state-oriented procedures SPI/U1 
(using a state of the plant grid based on state parameters) as a “protective net”. The U1 
procedure is based upon a diagram TRIC versus ΔTsat . Beginning in 1990, the procedures 
ECP (Primary Circuit conduct procedure) and ECS (Secondary Side conduct procedure) 
were introduced on the P’4 type of plants (1300 MWe). These procedures are based upon 
the in-vessel water level measurement, especially useful in two-phase situation. The 
generalized APE is based upon a state of the plant grid of actions. 
Beginning in 1995, the second generation APE procedures were introduced on P4 and N4 
plants, covering all accidents in the RGE (general rules for plant operation) domain for closed 
primary circuit situations Beginning in 1998 were introduced the generalized APE procedures 
on the 900 plants, including open primary circuit situations.  

Figure 6. Procedures for Safety Injections 
 
 
4.2. The three safety functions 
 
The idea of post-accidental conduct is to control the three safety functions of the plant: 
 

- the sub-criticality of the core 
- the evacuation of the power generated by the fission products 
- the integrity of the containment, the last barrier for radioactivity release 
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Although there are unlimited combinations of events, the physical states of the plant, defined 
as a set of values for the physical representative parameters, can be counted. During a 
permanent browsing of the state of the plant (at least periodic), it is possible to correct or 
adjust actions in order to improve it [8]. 
By careful analysis, the three safety functions have been declined into 6 state functions. 

 
. 

 
4.3. The six state functions 
 
Six “state functions” have been defined in order to draw a representative picture of the 
physical state of the plant [2]. 

 
 

Figure 7. The six state functions 
 
4.4. Physical state of the plant 
 
The physical state of the plant can be represented by several state functions [7]. A possible 
representation is the diagram "In-vessel water level versus ΔTsat " [7] (figure 8). 
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The level of water in the vessel is derived from ΔP (vessel top pressure – vessel bottom 
pressure) and the signal from the neutron detector device (source range monitor: chaînes 
CNI). Is the difference between the saturation temperature at the RRA pressure and the 
temperature TRIC . 

Figure 8. In-vessel water level versus ΔTsat "  
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Figure 9. physical situtations 
 
4.5. Emergency operation procedures in the APE 
 
The generalized APE includes six procedures ECP (primary circuit procedures) and one 
procedure ECS (secondary side procedure) to deal will all possible situations. Because the 
procedures are "forgiving", operators describe them as stress reducing. Because there is no 
risk of unrecognised event, operators have confidence in the procedures so they can focus 
their attention on the physical parameters coming from the plant: this enhances their 
efficiency. 
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Figure 10. Emergency operation procedures in the APE 
 
5. The Ultimate procedures 
5.1. U1 : standard accident conduct in degraded state 
 
The U1 procedure is not a severe accident procedure although the entrance in this 
procedure is considered to be irreversible. U1, as a EVL procedure, is nearly no more used. 
The use of U1 allowed the best use of : 
 

- the steam generators, 
- the safety injections, 
- the pressurizer relief valves, 
- the primary pumps. 
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Criteria for entering in U1 were seen in the SPI. Actions of U1, depending on the state of the 
plant, allow :  
 

- the opening of the 3 SEBIMs (PORVs) 
- maximisation of safety injections if available 
- maximal removal of heat from non active steam generators 
- disolation of accumulators when P>20 bars 
- possible switch on a primary pump if TRIC < 700°C 

 
U1 is now disappearing completely with the extensive implementation of the APE on all 
French plants. 
As soon as U1 is activated, SPI is abandoned to the profit of SPU : Surveillance Permanente 
Ultime i.e. Ultimate Permanent Surveillance. According to SPU, the safety engineer browses 
the state o f each SG and confirms its isolation in case of high level of activity. He also 
checks the EAS conduct as well as Safety Injections. 
 
5.2. U2 : search for abnormal leakage of the containment (in case of bypass of 

the containment) 
 
In case of high level of activity in the TEG chimney, U2 allows the search of abnormal 
leakage paths through the containment using non movable dose rate measurements (KRT). 
U2 tries to monitor and restore confinement after the accident. The entry criterion of U2 is 
based on measured radioactivity in the containment with a much lower threshold than in the 
GIAG. So, U2 can be applied before the GIAG. 
 
Eventual waste liquid radioactive effluents collected in sumps outside reactor building can be 
re-injected into the reactor building. In the last version of the GIAG, one cannot re-inject in 
the reactor building before 24 hours after the accident (in order to avoid any leakage at the 
re-injection point, as a result of the strategy to maintain confinement at first).Iodine filters are 
also used to limit the relaese. After GIAG is applied, the U2 procedure is superseded by the 
GAEC/containment (see later). 
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Figure 11: U2 sketch 
 
 
5.3. U3 : recovering of EAS 
 
The U3 procedure is the natural extent of the H4 procedure seen before. U3 is not a 
dedicated severe accident procedure but a standard accident one. It consists in preparing 
alignments using movable pumps or heat exchangers in order to recover the containment 
spray system. U3 is not a dedicated severe accident procedure. 
 
5.4. U4 : melt-through of the concrete basemat 
 
The non mitigated corium/concrete interaction can lead to the breakthrough of the concrete 
basemat. The average delay for perforation was evaluated at about 3 days meanwhile 
aerosol concentration has strongly decreased. 
 
Practical dispositions can mitigate the further diffusion of radioactive fission products (for 
instance by sealing all drains located under the reactor pit). 
For the CRUAS reactors, which have a specific anti- seismic basemat design (existence of 
an empty cavity underneath the top basemat , the building itself is leaning on anti-seismic 
pilars), this "void" would be filled with water. Meanwhile there is a soda injection in the 
containment. Just below the reactor pit, the cave is filled with sand, just like a kind of corium 
catcher. 
 
A complementary venting of the containment has been introduced after an eventual basemat 
failure by MCCI (Molten Corium Concrete Interaction) to ensure a low containment pressure 
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at the time of the top basemat failure (in order to limit transfer from the building to the 
atmosphere). 
 
5.5. U5 : opening of the sand bed filter 
 
The goal of the U5 procedure is to protect the containment from slow over-pressurization. 
The idea is to filter the aerosols and fission products at a maximum rate of 3.5 kg/s through a 
sand bed filter when the pressure in the containment reaches at least 5 bars after 24 hours 
after the accident (slow pressurization). 
U5 cannot cope with a fast pressurization due to H2 deflagration) The objective is to reduce 
the quantity of radioactive fission products released to the environment by a factor 10 (in 
order to be compatible with reference source term S3). 
 
In order to avoid any H2 risk in the U5 pipe, the circuit is pre-heated to get rid of 
condensation. 
 
 
Schematic of the sand bed filter 
 
The evacuated gases are released into a independent chimney located in the gaseous waste 
treatment system. 
The decision of opening the venting system is taken by the plant manager and not rules by a 
threshold automatic valve. 
 
 

6. The severe accident management guidelines 
 
The Severe Accident Procedures Guidelines (GIAG) is applied as soon as the degradation of 
the core has started. The initial objective to protect the core has now changed to the 
limitation of radioactive release [1]. The number one objective is to maintain the confinement, 
other actions lie in the optimization domain. 
6.1. Criteria for entry in the guide 
 
The criteria for entrance in the GIAG are based on one of the following criterion : 

- when TRIC MAX > 1100 °C. The choice of this threshold is governed by the fact that this 
temperature is never reached in case of Design Basis large break LOCA. For TRIC < 
1100 °C, actions are foreseen in procedure U1 or ECP4 when there is no melting or 
relocation of materials. After 1200 °C begin new phenomena such as cladding 
oxidation, cladding rupture and fission products release. On the other end, if safety 
injections are not recovered soon, the core is going to melt for sure. Moreover, after 
1100°C which is the limit of range for this instrumentationn, it is believed that the TRIC 

will not be available any longer. 
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- when the dose rate in containment (measured by the KRT Plant Radiation Monitoring 
System) rises over a time-dependant threshold. To avoid the possible effect of local 
deposit of radioactive fission product near a containment radiation monitoring 
channel, the signal delivered by the two channel, when available, is needed for 
validating the GIAG entrance. 

 
To take into account the decay of radioactive nuclides, the threshold on dose rate is time 
dependant and it is an envelope considering that containment spray system are off and that 
one should avoid the case of cladding rupture even for all rods with full release of gaseous 
fission products which is not the indication of the degradation of the core : 

The objectives of the GIAG are to gain time for implementation of the emergency response 
plan and to avoid or minimise the radioactive releases to the atmosphere (figure 12). 
 

 
Figure 12. entry criteria for SAMG 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XIII:  Mitigation concept : Current PWR plants 
 

XIII - 339 

6.2. The GIAG actions 
6.2.1. Re-feeding of the PTR 
 
In order to restore the inventory of water, one should fill the PTR (reactor cavity / spent fuel 
cooling and 
treatment system ) as soon as possible, first with borated water. 
 
6.2.2. Opening of the LDP 
 
The opening of the three lines of the pressurizer discharge valves (LDP) is recommended for 
the same reasons than the U1 or ECP7 procedures i.e. to depressurize the primary circuit in 
order to avoid high pressure degradation of the core and vessel failure at a pressure over 20 
bars 
 
6.2.3. Conduct of safety injection 
 
At short term, the maximal rate for safety injection is recommended in the continuity of U1 or 
ECP7, whatever the integrity of the vessel. The idea is to quench the core and to try to keep 
the corium in-vessel. The knowledge gained from TMI-2 teaches us that it is possible to keep 
the corium in the lower plenum of the vessel. Before the entrance in the GIAG, safety 
injection shift from cold leg to hot leg and back again regularly in order to avoid boron 
crystallization. Having probably no information on the location of the break, the GIAG 
imposes to stay on the existing configuration of injections as soon as the criterion for 
entrance is reached. 
Whatever the location of corium (in- or ex-vessel) the injection should delay the concrete 
basemat erosion. 
In case of safety injection recovery during the degradation, it is recommended to feed the 
core progressively first with one train only then with both trains. The procedure is also good 
for limiting the hydrogen release during quenching as well as the thermal shock in the core 
(collapse of remnant rods) 
 
6.2.4. De-isolation of the accumulators 
 
Previous conduct procedures leads to isolate the accumulators at 15 bars in order to avoid 
the pressuring nitrogen to flow into the primary circuit. Nitrogen is a non-condensable gas 
and degrades the heat exchanges in the steam generators. With highly degraded core, this 
has no impact and the idea is to gain the available water in the accumulators to the profit of 
the water inventory. 
 
6.2.5. Containment spray system conduct 
 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XIII:  Mitigation concept : Current PWR plants 
 

XIII - 340 

The spray system should be switched on with both trains or only one if the amount of water is 
limited. This action is done to cool the containment atmosphere and to limit the increase of 
the containment pressure. 
 
6.2.6. Steam generator conduct 
 
If the steam generator is available, one should use it for maximum cooling and maintaining 
the level of water in the SG. 
If the steam generator is not available (in case of steam generator tube rupture), there are 
two configurations : 
 

- for a full SG, maintain the isolation to avoid the bypass of the containment 
 

- for an empty SG, depending on the location of the RTE, one should maintain isolation 
(for external RTE) or restore the level of water in the SG (for FPs filtration purpose). 

 
6.2.7. Primary pumps 
 
Primary pumps are switched off to avoid high temperature at the level of steam generator 
tubes by convection of over-heated steam. 
 
6.2.8. Use of cold battery 
 
After one day only, one could use the cold batteries in closed circuit such as EVR 
(containment continuous ventilation system) or RRM (control rod CRDM ventilation system). 
It is extremely important not to unisolate the containment in order to gain the large decrease 
of the source term during the first day of the accident. 
 
6.2.9. Use of procedure U2 and U5 
 
U2 and U5 are fully part of the GIAG 
 
6.3. Validity of GIAG actions 
 
The GIAG actions does not take into account the following events having a very low 
probability of occurrence : 
 

- early failure of the containment by detonation of hydrogen or steam explosion in the 
reactor pit 

 
- early failing of containment due to direct containment heating for which the U1 or 

ECP7 procedure are designed. 
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6.4 Perspectives for GIAG 
 
A new version of GIAG (version 3) will be in operation in late 2003 [4]. This new version 
introduces : 
 

- the use of an extended range containment pressure device 
- the ultimate pressure of the CPY containment 
- the total loss of power (how to secure PORV operability) 
- EAS conduct related to hydrogen risk 
- A few precautions in the accidental conduct : isolation of H4-U3, pre-heating of U5,…) 

 
7. The crisis team action guide GAEC 
 
The GAEC (Guide d'Action des Equipes de Crise i.e. crisis team action guide) is used by the 
crisis team and is applicable before core degradation (in parallel with procedures) and after 
core degradation (in parallel with GIAG). The GAEC consists in four parts : containment, 
water inventories management, long term operating strategies and measures. The idea is to 
detect, as early as possible, containment failures and supplementing actions already forecast 
in the U2 procedure [5]. 
 
For instance, the GAEC/containment is used by the crisis team to perform in-depth 
containment management on the basis of extended monitoring and taking advantage of all 
the information available on site while the conduct team and the safety engineer focus on 
main parameters. The crisis team checks that actions required by ultimate procedures have 
indeed been taken. This is the same for the three other parts in its own domain (figure 13). 
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Figure 13.  crisis team operation 
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Table of acronyms 
 
It was decided, for coherence with schematics and drawings, and for the personal ease of 
the speaker, to keep the French acronyms. Moreover, it would have been extremely difficult 
to translate properly in English acronyms all the shorten expression used in French. This 
table is a kind of dictionary that tries to translate most of the acronyms used through this 
paper and oral presentation as well . 
 
APE : Approche Par Etat, state-oriented approach. 
ASG : Alimentation auxiliaire des générateurs de vapeur, steam generators auxiliary 
feedwater. 
EAS : Aspersion Enceinte, Containment spray system 
EVL : Approche Evènementielle, initiating event approach 
GCTa : contournement vapeur turbine vers l'atmosphère, turbine bypass system to 
atmosphere  
GIAG : Guide d’Intervention Accident Grave, severe accident management guide for 
operator procedure  = SAMG 
GMPP : Groupe motopompes primaires, primary pumps 
ISBP :Injection de sécurité basse pression, low pressure safety injection 
ISHP : :Injection de sécurité haute pression High pressure safety injection 
KRT : chaine de mesure de radioactivitéPlant radiation Monitoring System 
LDP : Ligne de decharge pressuriseur, Pressurizer discharge valves also called SEBIM from 
the name of the manufacturer 
LHA : tableau A de distibution 6.6 kV alternatif secouru, 6.6 kV AC emergency supplied 
distribution sustem, train A 
LHB : tableau B de distibution 6.6 kV alternatif secouru, 6.6 kV AC emergency supplied 
distribution sustem, train B 
PAR : Passive Autocatalytic Recombiner 
PTR :Bâche d'eau piscine, Reactor cavity and spent fuel cooling and treatment system 
(Reactor water storage tank) 
RCV : Contrôle chimique et volumétrique, chemical and volume control system 
RRA : Réfrégiration à l'arrêt, decay heat removal system 
RRI : Réfrégiration intermédiaire, component cooling system 
SEC : Eau brute secourue, essential service water system 
SPI : Surveillance permanent après incident, permanent surveillance after incident 
SPU : Surveillance permanent ultime, ultimate permanent surveillance 
TRIC : Temperature given by the In-Core Instrumentation, located in the upper plenum at the 
outlet of the core. 
U1 : Ultimate procedure leading for instance to the opening of the SEBIMS combined to 
maximal cooling with the steam generators, in order to avoid high pressure melting of the 
core eventually leading to DCH at vessel rupture. The objective of U1 is to avoid the 
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degradation of the core. U1 is not specifically a severe accident procedure but a degraded 
thermalhydraulic state procedure. 
U2 : localisation and isolation of leakage paths through the containment 
U3 : mobile safety device for spray system (EAS) and low pressure safety injection (ISBP) 
U4 : loss of integrity of the containment through the concrete basemat 
U5 : Ultimate procedure leading to the opening at 5 bars of the sand filter located on the roof 
of the containment. This filter will filter airborne fission products especially aerosols and avoid 
containment failure due to over-pressure 
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1. Introduction 
 
Two PWR designs currently rely on ex-vessel corium retention for the management of 
hypothetical severe accidents: the EPR and the VVER 1000-91/99. In these designs it is 
considered that in-vessel retention cannot be proven for large power reactors in all severe 
accident scenarios, so dedicated core-catchers have been designed that can gather the 
corium and cool it safely.  
Ex-vessel retention is also considered in a flooded pit for Nordic BWRs [1,2]. In these 
reactors, it is expected that after a vessel melt-through, the corium will be fragmented in the 
flooded cavity and from a coolable debris bed.  
This lecture concentrates on the core catcher concepts for the EPR and VVER1000. The 
COMET core-catcher concept, which has been proposed and tested by FZK (Research 
Center Karlsruhe), will also be presented here. 
 
2. EPR 
 
EPR is currently being erected at Olkiluoito (Finland) and has been chosen by EDF for 
Flamanville (France) [3]. For this reactor, which is an evolution of the French N4 and German 
KONVOI reactors, corium retention will be achieved by spreading on a 170-m² dedicated 
surface, so that heat fluxes will be reduced in order to exclude attack of structures and to 
allow for passive cooling. 
In case of a severe accident [4,5,6], the primary circuit is depressurized to prevent steam 
generator tube rupture (with potential containment bypass) or early failure of the Reactor 
Pressure Vessel (RPV) at high pressure (with the risk of missile generation as well as of 
direct containment heating by melt dispersion). EPR dedicated pressure relief devices – 
which will be manually activated if the core outlet temperature exceeds 650°C - ensure an 
RCS pressure far below 20 bars at the time of vessel failure. Hydrogen recombinors are 
installed to mitigate the detonation risk. 
In case of vessel melt rupture, the corium will be temporarily retained in the reactor pit which 
will be kept dry (to avoid steam explosion risks). This temporary retention provides spatial 
and temporal separation between the pit, which has to withstand the mechanical shocks that 
may occur during the accident, and the spreading chamber dedicated to long term retention. 
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Figure 1: General view of the EPR reactor pit and spreading chamber [5] 

The reactor pit is covered by a sacrificial concrete – made of Portland cement, iron ore and 
silica aggregates - that will oxidize the metallic uranium and zirconium and lower the corium 
liquidus temperature [7]. It will be eroded until the metallic gate melts. Mixing the corium with 
concrete decomposition products will lead to a composition that is favourable to spreading [8] 
and reduces the spectrum of possible spreading initial conditions [7]. 
 
When the gate melts, large flow rates (around 10 t/s) are expected [8] which improves the 
spreadability.  

 
Figure 2: core catcher top view [6] 
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Figure 3: Structure of the core catcher [6] 

The core catcher is covered by a shallow layer of sacrificial concrete that will limit the thermal 
loads when the corium arrives. The small concrete thickness will limit the formation of non-
condensible gases (H2, CO/CO2), that are released during concrete decomposition.. 
The arrival of the melt on the core catcher triggers the opening of spring-loaded valves that 
initiate a passive water-cooling system [9] that will provide cooling from below and from 
above the corium. For this purpose, the bottom of the metallic structure that makes the core 
catcher provides a system of regular rectangular channels. They are passively flooded with 
water from the Internal Refuelling Water Storage Tank (IRWST). The water keeps the 
channels submerged. Then it floods the corium top surface.  
The generated steam will enter the containment where it will later be re-condensed by the 
Containment Heat Removal (CHRS) system. 

 
Figure 4: Core catcher flow schemes (a) co-current flow (b) counter current flow 

[6] 
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Experiments have qualified [9] the heat removal capability of the this cooling system during 
its two modes of operation (Figure 4):  

• Co-current flow of water and steam: subcooled water enters the channel either 
passively from the IRWST or actively by the CHRS pumps. Along the channels, the 
water will be heated up until saturation is reached. The resulting water/steam mixture 
leaves the channel through the circumferential gap. 

• Counter-current flow of water and steam: in the passive mode, if level equilibrium is 
reached between IRWST and spreading area, water and steam in the channel could 
temporarily flow in opposite directions. 

 
The rectangular channels form fins (Figure 5) at the bottom of the cooling element. At high 
heat fluxes, the formation of bubbles may be so intensive that a dry-out will occur, which will 
unwet parts of the fin upper region. Nevetheless, due to the “Vapotron effect” [10], liquid 
water still flows in the channel lower part, and can safely extract the heat flux. The 
experimental qualification by Fischer et al. [9] claims that at the highest heat fluxes, more 
than 50% of the sidewalls will be unwetted, which still provides sufficient safety margins. 

 
Figure 5: Cooling elements that form the bottom of the core catcher   

measures and design are indicative 
 
One of the advantages of this concept is that the relocation of the molten material into the 
core catcher and its long-term cooling are fully passive and that corium melt would be 
stabilized in a few hours and completely solidified in less than a few days [4]. Another 
advantage is the separation of functions of melt accumulation after vessel failure – in the 
reactor pit – and of long term cooling, as well as the complete uncoupling of the severe 
accident mitigation devices from normal operational components and devices.  
 
3. VVER-1000 
 
Two VVER 1000-99/90 units have been constructed in Tian Wan (China) and planned for 
construction at KudanKulam in India [14]. The TianWan reactors have the first ex-vessel core 
catcher ever built. 
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Figure 6: Photograph of the Tian Wan 1 core catcher  

before insertion of the sacrificial material (courtesy of SpBAEP)  
 
The main practical targets during severe accidents management at VVER plants are the 
following : 

• Core melt localization (in-vessel localization for VVER of medium capacity or 
ex-vessel localization for VVER of high capacity); 

• Hydrogen safety; 
• Long-term containment failure prevention; 
• Secondary containment tightening; 

 
Technically, the main design differences of VVER-91/99 from the reference VVER1000 are 
the lifetime of the main equipment prolonged to 40 years, the extra safety train with 100% 
capacity, the double concrete containment with spray system, and a set of severe accident 
management engineered features including passive hydrogen recombiners, and a core 
catcher. 
 
The core catcher is intended for reception, localization and cool-down of the core melt during 
severe accidents connected with core degradation and reactor pressure vessel failure to 
reduce radiation consequences of such accidents down to the safe level.  
The following factors were also taken into account while choosing the core catcher concept 
[11] for the VVER-91/99 project: 

• experience from the R&D for in-vessel core melt retention concept for VVER-640 
design; 

• availability of a free volume in under-reactor concrete cavity in the VVER-91/99 
design, even if it is smaller than EPR spreading area; 

• availability of large water inventory inside the containment. 
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Taking into account these factors, a crucible core-catcher concept [12,13] was accepted 
which combines elements of in-vessel core melt retention (passive water cooling of metal 
boundaries of the core melt localization area) and elements of conditioning the corium 
physico-chemical properties (thanks to the application of sacrificial material).  
It is presented in Figure 7 and is made of a large vessel that will catch the core melt in case 
of RPV failure. This vessel is filled with a sacrificial material, which will totally oxidize the 
metallic melt and prevent any focussing effect. This core catcher will be externally cooled  by 
water flow.  
 

 
Figure 7: scheme of the VVER 1000 core catcher 

1: containment, 2: reactor, 3: concrete cavity, 4: cantilever, 5: Coolant supply, 6: 
Coolant outlet, 7: ring heat exchanger, 8: Core catcher, 9: protection, 10: heat 

insulator, 11: Air cooling channel, 12: Heat insulator, 13: Lower plate. 
 
During a postulated severe accident the molten corium relocates to the core catcher through 
the central hole in the lower plate and interacts with the sacrificial material located in the 
basket. Heat transfer from the melt is carried out through a heat exchanger wall to cooling 
water circulating inside a heat exchanger. 
The water is fed to the heat exchanger through supply channels. Generated steam is 
removed through steam discharge channels to the containment atmosphere, and the excess 
water overflows through the channels to the containment sump. Heat insulating panels are 
used for transient protection of building constructions and support elements of the core 
catcher against thermal radiation from the corium. To maintain long-term protection, steam 
water cooling is used; after specified time after melt relocation to the core catcher water is 
supplied onto the corium surface. 
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The water is supplied in a section heat exchanger and onto the melt surface from the reactor 
internals inspection shaft and fuel pool with the help of specially designed system (Figure 8). 
The water is supplied to the core catcher after operator opens the electrical-driven gate 
valves. Water inventory contained in the reactor internals inspection shaft and fuel pool is 
enough to ensure melt cooling during 24 hours after beginning of core degradation. 

 
Figure 8: System of emergency use of water from a reactor internals inspection 

shaft and fuel pool 
 

The key feature of the VVER-91/99 core catcher is the sacrificial material: An equimolar 
mixture of Fe2O3, Al2O3 (plus 1% gadolinium oxide) [14] and sacrificial steel. The oxide 
sacrificial material is made as ceramic triangular bricks assembled in hexagonal steel 
cartridges. These cartridges are located in the core catcher basket (see Figure 9).  

 
Figure 9: Sacrificial material cartridge 

 
The sacrificial material provides the following functions: 

• reduction of core melt temperature due to integral endothermic effects (melting and 
dissolution) during interaction of sacrificial material with the corium melt; 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XIV: Ex-Vessel Corium Retention Concepts 
 

XIV - 354 

• increase of heat transfer surface between corium and cooling water in the heat 
exchanger, reduction of heat flux at its walls and increase of the CHF margin; 

• inversion of the oxidic and steel layers in the molten pool. 
• decrease of the corium chemical activity due to oxidizing of its components by 

sacrificial material; 
• minimization of hydrogen generation after oxidizing of zirconium metal contained in a 

melt during initial stage of corium interaction with ceramic sacrificial material; 
• guarantee of core melt subcriticality. 

After inversion water can be supplied onto the oxidic melt surface without danger of steam 
explosions and hydrogen generation from steam-metal reactions.  
The severe accident management with the help of a core catcher is carried out according to 
the following simplified process: 

• During normal operation, design and beyond design basis accidents not leading to 
core damage, heat exchanger and basket with a filling compound are drained, the 
basket is hermetically closed. 

• After signal that temperature above the reactor core exceeds 400°C which signifies 
possible transition of a beyond design basis accident to the severe accident stage, 
the operator opens the valve (5) at the line connecting the reactor internals inspection 
shaft with the heat exchanger to initially fill it with water (see Figure 8). In this period 
the core catcher is in the stand-by mode. 

• After relocation of the first portion of the melt to the core-catcher which is detected by 
indications of the thermocouples installed in the upper part of the basket, the operator 
opens a valve (6). The passive stationary operation of the section heat exchanger by 
cooling water starts. 

• Corium will first fill the empty upper part of the core-catcher, which is large enough to 
collect the whole inventory [12]. 

• Corium interacts with sacrificial materials. The density of the formed oxidic molten 
mixture becomes less than the molten steel density, and melt layers are inverted. 
Molten metal relocates to the lower part of the basket and the oxidic mixture floats 
upwards. Oxides moved to the upper layer of the melt reduces a thermal loading to 
the heat exchanger. 

• Water is then delivered onto the melt surface by opening a valve (7) installed at the 
line from the fuel pool to the core catcher after the specified period of time (30 min. 
[15]), considered sufficient for melt inversion. 

• Passive steady heat transfer from the melt to the cooling water; water boils in the 
section heat exchanger, steam is discharged via the steam channels to the 
containment volume. 

• Recirculation of sump water along with its cleaning and cooling is provided after 
power supply recovery. Also water inventory in the reactor internals inspection shaft 
and fuel pool is replenished. 

• At the melt cooling and subsequent solidification stage the steady decrease of corium 
temperature is provided. According to the estimations carried out, complete bulk 
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corium solidification occurs approximately after 1 year from the moment of relocation 
to the core catcher. 

It can be underlined that the core catcher operation is mainly based on passive principles. 
The only active devices are electro-driven valves installed at the pipelines connecting the 
reactor internals inspection shaft and the fuel pool with the core catcher. 
Importance of the core catcher in the general safety concept for VVER-91/99, novelty of 
many accepted solutions have led to raised requirements to justification of the accepted 
solutions [16, 17, 18, 19]. All activities for core catcher justification can be generally divided 
into the following basic directions: 

• experimental investigation of local processes; 
• calculation model of core catcher operation; 
• calculation investigation for justification of separate core catcher elements; 
• development and investigation of new materials. 

 

4. The COMET core-catcher concept 
 
A different core-catcher concept based on the fragmentation of corium and porosity formation 
has been developed at Forschungszentrum Karlsruhe [20] and was investigated further on 
within the COMET project [21, 22, 23, 24]). After erosion of a sacrificial concrete layer, the 
melt is passively flooded from the bottom by injection of coolant water. The water is forced up 
through the melt, the resulting evaporation process of the coolant water breaks up the melt 
and creates a porously solidified structure from which the heat is easily removed. The porous 
melt is expected to solidify within less than 1 h from onset of flooding, and continuous boiling 
removes the decay heat from the permanently flooded corium bed. 
Corium cooling by passive bottom flooding is used in the COMET concept to arrest and cool 
ex-vessel corium melts. The advantages of this concept compared to the above mentioned 
enclosure concepts are the fast cool-down and complete solidification of the melt within 1 h 
typical. This stops further release of fission products from the corium. The solidification of the 
melt as a porous structure is the basis for safe, permanent long-term cooling. The structures 
in the lower containment and the basement remain cold and intact. A drawback may be the 
fast release of steam during the quenching process, which results in a steam pressurisation 
of the containment, although condensation would subsequently reduce the steam pressure.  
Two variants are proposed which use passive bottom water injection either through flow 
channels or from a layer of porous, water filled concrete (Figure 10). Experiments [23, 24, 25, 
26, 27] have demonstrated the high efficiency of melt fragmentation driven by the fast 
evaporation of the injected water, and complete quenching and long term coolability was 
achieved in a series of large scale experiments with simulant materials and with prototypic 
corium. 
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Figure 10: The COMET bottom-flooding concept: 
Water injection through channels (left)  or from porous concrete layer (right). 

 
 

         
Figure 11. Localizations of the COMET cooling device sideways of or in the 

reactor pit. 
 
Two different solutions are envisaged for the location of the coolant device in the 
containment (Figure 11): 

• The cooling device is located sideways of the reactor pit. This is done in order to pre-
collect melt in the pit over a prolonged time period, allowing collection of late melt 
releases, and further to enable a better controlled spreading onto the cooling device. 
This arrangement was designed as a back-up design concept for the EPR that could 
have replaced the EPR spreading section concept.  

• The cooling device is located in the reactor pit, which may be enlarged laterally to 
reduce the height of the melt. For this variant, the spreading requirements are less 
demanding, but the time available for melt accumulation is smaller, only limited by the 
erosion time for the available sacrificial concrete layer. Optionally, the coolant water 
level which starts to build up after onset of cooling, may be designed to rise to a 
sufficiently high level, in order to cool residual core debris directly in the RPV, thus 
reducing and possibly eliminating further melt releases. This variant may in principle 
be applicable to existing plants 
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Independent of its localization, two variants of the COMET design are presented for the basic 
processes of passive flooding and cooling, and have been evaluated by experiments: 

• The first variant uses an array of plastic tubes, embedded in a horizontal concrete 
layer (Figure 10 left). Connected to a water reservoir and pressurized by its static 
overhead, water is fed into the melt through the plastic tubes after the melt has 
eroded the sacrificial concrete layer on top. 

• The second variant uses a layer of porous, water filled concrete (CometPCA = 
COMET Porous Concrete Advanced) from which flow channels protrude into the layer 
of sacrificial concrete (Figure 10 right). The porosity of the concrete and the flow 
resistance of the flow channels are adjusted to yield an appropriate coolant water flow 
into the melt. This modified concept combines the advantages of the original COMET 
concept with flow channels and the high resistance of a water-filled porous concrete 
layer against downward melt attack. 

 
The time span between start of melt release and passive onset of flooding is defined by the 
thickness of the sacrificial concrete layer, which may be from 10 to 20 cm typical in a real 
plant application. The sacrificial concrete may be fabricated with aggregates from boron 
silicate glass to exclude nuclear re-critically.  
The COMET concept has already been thoroughly validated thanks to large scale 
experiments with up to 1.3 t of high temperature steel and oxide simulant melt - at FZK 
Karlsruhe, comprising transient and sustained induction heating experiments [20, 21, 24]. 
They have been complemented by lower temperature analytical experiments at KTH 
Stockholm [25], transient tests with UO2 based melts at Argonne National Laboratory [26] and 
a sustained heating test with a UO2 based corium at CEA Cadarache [27]. 
In order to describe these overall effects of porosity formation resulting from the pressure 
build up and the feedback with lateral and axial steam and water flows, the above-mentioned 
special modelling on basic processes is not sufficient. A different type of modelling is 
therefore performed for this level. The WABE-2D code [28, 29], developed at IKE, University 
of Stuttgart, was used and adapted. Present results support the technical application of the 
COMET concept. 
 
5. Conclusions  
 
In order to guarantee reliable ex-vessel retention, it is necessary to provide cooling of the 
corium from below and from above. Several designs have been proposed. They have in 
common the use of some sacrificial material that ensures a delay between vessel melt 
through and the start of water-cooling.  
Currently (in 2006) the VVER-1000 core-catchers in TianWan (P.R. China) are the only ones 
installed under operating reactors. The EPR reactor is under construction in Oikiluoto 
(Finland) and will soon be a second operating example of ex-vessel retention.  
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 1. Stabilization and Termination of a Severe Accident 
 

A postulated severe accident in a LWR assumes the occurrence of a melt down of the core, 
breaching the first barrier of the clad to release the radioactive fission products. The accident 
proceeds further and the molten corium moves to the bottom head of the vessel. The bottom 
head would fail if the corium melt remains uncooled, thereby failing the second barrier to the 
release of radioactivity to the environment. The corium melt released to the containment may 
fail the containment in a short time if some energetic reactions, e.g. hydrogen burn 
(explosion), steam explosion or direct containment heating occur. If such energetic 
interactions do not occur, or are managed not to occur, the containment could fail later (by 
several hours or 1-4 days) due to the attack of the core melt on the concrete, which would 
release non-condensible gases pressurizing the containment and possibly cause the melt-
through of the basemat. The containment structural failure or the basemat melt-through 
constitutes the failure of the third and last barrier to the release of radioactivity to the 
environment. 
 
The severe accident management (SAM) consists of actions (measures) that would prevent 
the failure of barriers 1 to 3. The first aim of SAM is to prevent damage to the clad on the 
uranium fuel pins. If that is not possible to do due to the lack of timely injection water to the 
vessel, the second aim of SAM becomes the prevention of the failure of the bottom head of 
the vessel. If that aim is not achieved due to either the inability to inject water to the vessel to 
cool and quench the melt pool in the lower head; the next aim becomes the prevention of the 
failure of the containment and/or the basemat melt-through so that there is no significant 
release of radioactivity to the environment. That event: early or late failure of the containment 
should not occur as per the European utility requirements for new plants. The existing plants 
have also agreed to install equipment for SAM actions which would prevent an early failure of 
the containment and which would reduce the conditional probability of the late failure of that 
containment to 10% and to prevent the failure for at least 24 hours. 
 
One key to the SAM actions preventing failure of clad, vessel or containment is  coolability: 
be it of the hot fuel rods, of the melt pool that could form in the original core geomentry, or in 
the bottom head or on the floor of the basemat. The corium melt temperature is >2000˚C, 
which is greater than the melting temperature of the vessel bottom head steel and the 
melting temperature of the concrete basemat. Thus, after the failure to prevent damage to 
the core in its original confines, the SAM actions are directed primarily for the coolability of 
the melt pool in the bottom head or on the containment floor when it is interacting with the 
concrete in the basemat. Such SAM actions, if successful may be termed as Stabilization 
and Termination of the accident, without preventing a release of radioactivity to the 
environment. 
 
The stabilization and termination of the accident if it is successful with the coolability of the 
core melt in the bottom head is called In-Vessel Melt Retention (IVMR) and the same, if 
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 successful with the coolability of the melt on the concrete basemat is termed as ex-vessel 
melt retention (also called core-catcher). 
 
2. The IVMR Development 
 
2.1. IVMR SAM Strategy 

 
The idea of the retention of core melt inside the vessel as a severe accident management 
(SAM) strategy was conceived during the deliberations on the safety upgrade of the VVER-
440 plant, Loviisa, in Finland. The Loviisa plant has an ice-condenser containment of 
relatively low pressure rating, quite vulnerable to melt attack on the basemat. In the large 
LOCA scenario, the vessel cavity would be full of water due to the melting of ice; thus, out of 
necessity, opportunity and vision, investigation of whether the heat removed by water from 
the outer surface of the vessel would be greater than the heat flux imposed by the melt in the 
lower head were started jointly by IVO (currently called Fortum) and by Prof. Theofanous at 
University of California Santa Barbara (UCSB). The case for  in-vessel melt retention (IVMR), 
as the SAM strategy for Loviisa, was submitted to STUK, the Finnish Regulatory Authority 
(Kymäläinen et al., 1997), who after due deliberation approved this SAM strategy for Loviisa 
(Tuomisto and Kymäläinen, 2000). 
 
The IVMR strategy was next proposed for AP600, the Gen.III+ plant designed by 
Westinghouse. The technology and methodology developed by Theofanous and colleagues 
(Theofanous et al., 1996) was extended to that required for the case to be made for AP-600. 
The AP600 has been certified by the United States Nuclear Regulatory Commission 
(USNRC). 
 
More recently the IVMR SAM strategy has been incorporated into the AP1000 design by 
Westinghouse. This required further development of the technology and methodology, in 
particular, for the enhancement of the critical heat flux (CHF) on the outer surface of the wall 
of the vessel lower head in order to obtain sufficient margin of safety to cover the 
uncertainties. The AP1000 design has been certified very recently by USNRC; again with no 
specific endorsement of the IVMR. Figure 1 shows pictorially the configuration of the vessel 
with a melt pool in the bottom head and the cooling of the outer wall of the vessel with two 
phase flow along the vessel. 
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Figure 1: In-Vessel Melt Retention (IVMR) 

 
The IVMR SAM strategy was also incorporated into the SWR-1000 designed by Siemens, 
prior to its merger with Framatome (Areva NP). The BWR vessel is much larger in diameter 
than a PWR vessel and the BWR contains much greater amounts of steel and Zirconium. 
Clearly, as we shall see, these parameters are helpful for the case of IVMR SAM strategy. 
However, the BWR also has a large number of penetrations in the vessel bottom, which will 
have to withstand any direct attack of melt. 
 
The Korea APR-1400 also employs the IVMR SAM strategy. For a 1400 MWe plant, the 
margin to even the enhanced CHF on the vessel external surface is either very small or non-
existent. However, an additional safeguard employed by the Korean plant is to add water to 
the top of the melt pool; with a separate circuit of water. The water addition would 
substantially reduce the focussed heat flux from the metal layer on the vessel and thus 
preserve a margin to the CHF. 
Clearly, the IVMR SAM strategy is, inherently, very appealing, since its success ensures that 
the PWR and BWR containments designed for a large LOCA cannot be loaded to 
catastrophic failure, either soon after vessel failure, e.g. by direct containment heating (DCH) 
or later, by corium-concrete interactions (CCI) or basemat melt-through. It is possible to 
assure the public that a large release of radioactive fission products will not occur in a 
postulated severe accident at a PWR plant. 
 
2.2.  The Requirements on the IVMR 
 
The IVMR required the development of new phenomenology. It required the description of 
how the melt relocates from the core region to the lower head and the determination of the 
probability (or possibility) of vessel failure due to (i) the melt jet attack on a particular location 
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 in the vessel, (ii) a steam explosion generated by the entry of melt into the water contained 
in the lower head. Further, it required the determination of the melt pool composition, 
configuration (e.g. stratification, etc.) and the description of the melt pool convection process, 
in order to determine the magnitude and polar angle distribution of the heat flux, imposed by 
the assumed melt mass in the lower head, on the vessel wall. Simultaneously it required the 
determination of the magnitude and the polar angle distribution of the heat removal (CHF) 
obtained with the two-phase (water-steam bubbles) flow around the 3-D vessel. For this it 
was necessary to ensure that there would be a two-phase natural circulation flow around the 
vessel to provide flow boiling instead of pool boiling, whence the CHF of 1 MW/m2 is 
increased substantially. The ultimate requirement for a particular reactor design is to show 
that the heat flux imposed by the melt resident in the lower head is less than the CHF of heat 
removal at all polar angle locations of the vessel wall, for all probable melt configurations 
(e.g. stratifications) with a sufficient margin to cover uncertainties. If such a case could be 
made, the IVMR SAM strategy for that particular reactor design would be acceptable and 
there would be no need to consider vessel failure and to analyse the containment response 
to a melt discharge into the containment. 
 
2.3. Development of the Phenomenology for IVMR 
 
The dominant work for the phenomenology of the IVMR has been performed for Loviisa, AP-
600, AP-1000, Korean advanced PWR-1400, which are all PWRs and for the 1000 MWe 
BWR. The Russians in St. Petersburg have also performed work of a similar nature for a 640 
MWe PWR. We shall consider primarily the R&D performed for the Loviisa, AP-600 and the 
AP-1000 plants in the following parts of the text for the lecture notes and the Book. 
 
2.3.1.  Melt Relocation 
 
The PWR core melt down and melt-relocation (to the bottom head) scenarios follow what 
occurred in the TMI-2 accident, see Figure 2. There can be other variations, e.g. the melt 
comes through the core lower plate, instead of through the down-comer-space as occurred 
at TMI-2. There may be some dispute about how the melt relocates to the bottom head; e.g. 
melt could arrive in the bottom head in the form of several concurrent jets. Whatever the form 
of the melt entry into the bottom head, the fact remains that the bottom head contains a lot of 
water and the interaction of melt and water should lead to fragmentation of a large quantity of 
melt. 
 
If the melt relocates through the downcomer, as it did at TMI-2, there is a greater hazard of 
melt jet attack on the vessel wall, as well as that of a steam explosion in the bottom head. 
Both of these events were investigated in turn and the evaluation of these hazards required 
performance of experiments and development of models. 

 
The melt relocation from the core region to the bottom head begins with failure of crust of the 
melt pool in the core region and the ablation of the core radial barrel cylinder or the core 
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 plate. The hole ablation as the melt flows increases the jet diameter and the rate of the 
discharge of the melt to the bottom head. The melt jet will fragment in the water of the bottom 
head, unless it is of 10 to 15 cm diameter, since according to Saito’s correlation (Saito et al., 
1988) the break up length should be 10 to 15 times the jet diameter. It is possible that with a 
large jet there may be some ablation of the vessel wall. 

 
Figure 2: Material Configuration and Heat Transfer Processes at an Intermediate 

State of the Melt Progression – after the Initial, Major Relocation Event, and before 
the Attainment of a Final Steady State (Theofanous et al., 1996) 

 
2.3.2.  Melt Jet Attack on Vessel Wall 
 
The melt jet attack on the vessel wall was investigated through an experimental program at 
the Royal Institute of Technology (KTH). Experiments were conducted with high temperature 
jets of oxidic stimulant materials impinging on lead plates, so that the ΔT between the jet 
temperature and the melting point of the plate was close to that exists in the prototypic 
situation of corium jet impinging on the steel wall. Later, experiments were also performed 
with simulant metallic melt materials impinging on other metal plates. In these experiments 
the heat transfer rates imparted to the plates were measured as a function of time and the 
ablation profile. 

 
An evaluation (Dinh et al., 1997) was made for the prototypic oxidic and metallic melts with 
and without water in the lower head. 
It was found that: 
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 - without water in the lower head; small size (<5 cm), long duration jets are more 
damaging to the vessel wall than large diameter short duration jets to deliver a certain 
quantity of accumulated melt in the core region 

- with water in the bottom head. Most jets will break up and the probability of vessel wall 
failure due to melt jet attack is very low indeed 

- it is physically unreasonable (conditional probability <10-3) to expect that the 15 cm 
thick wall will fully ablate to fail the vessel, during the delivery of the melt from the core 
region to the bottom head. 

 
2.3.3.  Steam Explosion in the Bottom Head 
 
The melt jet entry into the saturated water could cause a steam explosion. The question 
arises whether the resulting dynamic loads are large enough to fail the bottom head locally. If 
such failure occurs, the whole concept of IVMR, becomes moot. We must note here that the 
traditional impact load that was the focus of the attention for the steam explosion in the 
bottom head is that, which could fail the bolts in the upper head, making it airborne and hit 
the containment wall with sufficient force to fail the containment locally. However, the focus 
of the investigation here is to determine if the pressure and impulse generated will fail the 
bottom head locally. We should note here that the AP-600 and AP-1000 vessels do not have 
penetrations in the bottom head. 
 
A study of the steam explosion loads on the bottom head was performed by Prof. 
Theofanous (Theofanous et al., 1995) with the codes ESPROSE and PM/ALPHA with an 
assumed rate of melt delivery of 200 Kg/sec. The steam explosion was modelled and 
impulse load history was determined. This history was input to a structural calculation with 
the ABACUS code (Theofanous et al., 1999). The results of the ABACUS code were 
compared to the fragility curve for the reactor vessel to determine the margin to failure. In 
addition; sensitivity and certainty calculation were performed with variation of parameters to 
ascertain that indeed the conditional probability of failure of the vessel due to a steam 
explosion with quite a large rate of melt delivery will be <10-3, i.e. physically unreasonable. 
 
 
 
2.3.4. Melt Pool Formation in the Bottom Head 
 
The melt delivery to the water in the lower head leads to partial fragmentation and 
quenching. There is a considerable amount of water in the lower head, which will eventually 
(in 1 to 4 hours) evaporate. The partially fragmented and cooled corium debris will dry and 
heat up to form a melt pool in the lower head. During this process, it will also melt the steel 
structures in the lower head and even the lower core support plate if it is submerged in the 
debris. 
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 The composition and the configuration of the melt pool as it is formed is of concern. In 
particular, we need to know 
- What is the content of zirconium in the melt? 
- How much steel has been melted and does it stratify? 
- What are the possible chemical reactions among the constituents with the availability of 

steam and how do they affect the physical configuration and stratification of the pool? 
- How do the possible stratified configurations affect the thermal loading on the vessel 

wall? 
 

This is a complicated and still not fully resolved story. It is research - and the RASPLAV and 
the MASCA Projects are also actors in this play.  
 
2.3.5.  The Magnitude of the Melt Pool 
 
The magnitude of the melt in the lower head will change as a function of time. A key 
assumption needed is whether one should analyze all the developing melt pool 
configurations, stratifications and magnitudes of melting of individual components, e.g. steel. 
Prof. Theofanous in his analysis for the AP-600 assumed a steady state configuration, which 
would provide the largest (bounding) heat source in the lower head (Theofanous et al., 
1996). This bounding loading would be a complete fill-up of the lower head with the oxidic 
and metallic melts. This implies that practically the whole core has melted and filled up the 
lower head. This assumed loading would produce the largest thermal load on the vessel wall. 
It was established that a partially-full lower head would exert less thermal load on the vessel 
wall (see Figure 3). 
 
This steady-state, extreme thermal loading configuration became the base for the analyses 
performed by Prof. Theofanous for Loviisa, AP-600 and AP-1000 reactor designs.  

                
Figure 3: The oxides pool Nusselt number, as a function of the Rayleigh number and the 

‘fill’ fraction, Ho/R (Theofanous and Dinh, 2002) 
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 The potential for pool stratification due to the presence of large amount of steel in the 
bottom head was recognised in early phase of the studies. Steel being lighter and immiscible 
would separate from the oxide melt and ride as a layer on top of the heat generating oxide 
melt. Thus, the configuration consisted of: 

• an oxidic pool containing almost the whole core and the oxidized Zr 
• an upper layer of unoxidized Zr and all the steel that could melt and join the pool, as 

indicated in Figure 4 for AP-600. 
 

                    
Figure 4: Materials configuration in the natural convection, steady state, extreme 

(Theofanous et al., 1996) 
 

2.3.6.  Melt Pool Convection Thermal Loads 
 
The  oxidic melt pool, generating several MW of heat, topped by a metal layer, possibly 
generating some heat (due to metallic fission products), cooled from the vessel exterior by 
flowing water-steam mixture and radiating heat away to the vessel components above, 
became the model for the phenomenology development (see Figures 4 and 5). 
 



Nuclear Reactor Severe Accident Phenomenology 
Chapter XV:  In-Vessel Melt Retention (IVMR) as a Severe Accident Management (SAM) Strategy 

XV-370

 

 
 

Figure 5: Phenomena of In-Vessel Melt Retention 
 

The oxidic pool will be surrounded by crust all around, but inside it will perform natural 
circulation motion. The characteristics of such motions were studied by Steinberner and 
Reineke in Germany (Steinberner and Reineke, 1978) and Kulacki et al. in USA (Kulacki et 
al., 1972). It was known that the character of the convection is as follows: 

- a stationary stratified region near the bottom, where heat transfer is conduction-
dominated 

- a highly turbulent region above the stationary region in which plumes of fluid rise to 
bring heat to the top. The plumes cool down and return to the lower part of the 
turbulent region 

- a convective flow along the spherical boundaries of the pool from top to the bottom, 
replenishing the fluid in the stationary and the highly turbulent regions of the pool. 

 
The most remarkable fact about melt pool convection is that the total upward and downward 
heat transfer correlates almost to a single non-dimensionless number: the internal Rayleigh 
number, which is related to the Grashof number and the Prandtl number. It incorporates 
physical dimension to the power 5. Thus, for prototypic vessel size the values are 1016 to 
1017. The upward and downward Nusselt numbers had been measured for Rá numbers upto 
~1012  but correlation was needed for higher values. 
 
For the work on the Loviisa reactor, an experimental facility named COPO was built, which 
employed a slice facility of ½ scale employing salted water heated electrically. Besides 
measuring the upward and downward heat fluxes, measurements were also made for the 
variation of heat transfer as a function of the polar angle: Nu (Θ). Clearly, as the heat rises, 
greater heat is transferred to the vessel wall at higher polar angles. The maximum 
temperature is close to the top corners of the oxidic pool. 

 
The COPO facility (Kymäläinen et al., 1994) employed a torospherical lower head as found in 
all VVERs. Prof. Theofanous built a facility named ACOPO (Theofanous et al., 1997), which 
was a full scale hemisphere. Instead of heating salted water, he employed hot water, which 
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 was cooled down. The cool-down technique was found to be almost equivalent to fluid 
heating technique. The ACOPO facility is shown in Figures 6 and 7. 

 
The oxidic melt pool convection was effectively modeled by the correlations obtained in 
simulant material facilities: COPO, ACOPO and some others. Further work on melt pool 
convection was performed at Royal Institute of Technology (KTH) with SIMECO facility and 
Kurchatov Institute (KI) with molten salt pools, which formed crust boundaries matching the 
prototypic situation. Later KI performed RASPLAV experiments employing UO-2-ZrO-2-Zr 
mixture melts. The data obtained in the SIMECO (Kolb et al, 2000) and RASPLAV (Asmolov, 
2000) facilities were essentially similar to the COPO and ACOPO facilities. 
 
Thus, with the correlations, the heat split between the top and the bottom could be obtained. 
More heat is transferred to the top than to the bottom. The upper corners experience large 
heat flux. 
 
Figures 8, 9, and 10 provide some of the data that was measured in various facilities for 
Nusselt number versus Rayleigh number and its variation versus the angle along the vessel 
bottom head with zero being at the bottom pole position. 

 

 
Figure 6: Schematic of the ACOPO facility (Theofanous et al., 1997) 
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Figure 7: The ACOPO facility (Theofanous et al., 1997) 

 

 
Figure 8: The heat flux distribution on the lower boundary of a naturally convecting 

hemispherical pool (Theofanous et al., 1996) 
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Figure 9: Nusselt number dependence on external Rayleigh number. Abbreviation: CG – 

Chu and Goldstein, GC – Goldstein and Chu, GD – Globe and Dropkin, GG – 
Garon and Goldstein, KE – Kulacki and Emara, KG – Kulacki and Goldstein, KN – 
Kulacki and Nagle, OS – O’Toole and Silveston, S – Silveston, SR – Steinberner 
and Reineke, T – Threlfall, TA – Theofanous and Angelini (Theofanous and Dinh, 

2002). 

 
Figure 10: ACOPO Heat Flux at the Pool Upper Corner, the Dot Line is Churchill and 

Chu’s Correlation (Theofanous and Dinh, 2002) 
 

2.3.7.  Metal Layer Induced Heat Flux Focussing Effect 
 
The metal melt layer riding on top of the crusted upper boundary of the heat generating 
oxidic melt pool, receives the heat sent to its lower boundary. It performs the classic 
Rayleigh-Benard convection, which transfers heat to its edges, which are touching the part of 
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 the vessel wall above the crust of the oxidic pool. This is the well-known heat flux focusing 
effect. Thus, whatsoever heat is not radiated out from the upper surface of the crusted metal 
layer can become incident on the area of the vessel wall touching the metal melt layer. 
Since, the heat lost by radiation from the metal layer is an important element in the heat 
balance for the metal layer; the emissivity value becomes an important factor. Another is the 
temperature of the vessel internals above the metal layer. These internals would heat-up and 
reach temperatures close to the steel melting point, whence the radiative heat flux would 
become less and more heat would be transferred to the vessel wall.  
 
Clearly, the heat flux on the vessel wall will be determined by the area of the metal layer in 
contact with the vessel. This area is directly proportional to the thickness of the metal layer or 
to the mass of the steel melted. Thin metal layers may inflict quite large heat flux, which 
could be greater than the CHF outside. This will lead to heat-up and melting of the vessel 
from the inside, which may increase the thickness of the metal layer, however, this requires 
that the vessel steel melt mix with the already existing metal layer. A thick metal layer may 
not have heat flux greater than the CHF outside. Thus, the success of the IVMR SAM 
strategy depends on the amount of steel that melts during the melt accumulation process in 
the lower head. Clearly, there may be some chance of sustaining a thin metal layer for a 
short duration even when the bounding configuration has a thick metal layer. Such 
possibilities should be investigated. 
 
The focusing effect can be much reduced if the upper face of the metal layer is cooled on 
top. This is an accident management requirement, which has to be specially taken care of. 
The Korea APR-1400 intends to establish a special water-addition-circuit to add water on top 
of the metal layer. Of course, it is not easy to add water to reach the lower head and stay on 
top of the metal layer. If the metal layer has no crust, there is also danger of stratified steam 
explosions. 

 
2.3.8. Heat Removal Capability at Vessel External Surface 
  
The IVMR strategy requires the flooding of the containment cavity around the vessel. In 
general the water level is established up to the hot legs, so that the vessel wall is kept cool 
above the melt pool in spite of the heat flux that is imposed by the hot melt pool radiating into 
the vessel. It is necessary to establish a heat transport cycle taking heat away from the 
vessel wall. This is done by providing a clear passage way for the steam rising from the 
vessel external surface and a condenser to condense the steam and return the water to the 
water pool from which the water employed for cooling the vessel was drawn. A two phase 
natural convection flow circuit helps to increase the CHF much above its value for pool 
boiling. 
 
The IVMR requirement is that the heat removal heat flux on the vessel wall surface should be 
greater than the heat flux imposed on the inner surface of the vessel wall by the convecting 
melt pool. The critical polar locations on the vessel are: 
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 - near the top of the oxidic pool 
- facing the metal layer. 

 
The critical heat flux that can be removed on the outer surface of the vessel was measured in 
the SULTAN facility (Rouge, 1997), where long heated plates were employed which were 
inclined at different angels. More importantly, CHF as a function of polar angle was 
measured by Prof. Theofanous and colleagues at the University of California Santa Barbara 
in ULPU facility (see Figures 11 and 12). This is a full vertical scale facility, which employed a 
hemispherical-slice copper-block, which is heated by electrical heaters to provide the heat 
flux measured in the ACOPO facility as a function of the polar angle. A temperature transient 
signifying the response of a thermocouple at a location about to experience CHF is shown in 
Figure 13. The experimental procedure consists of increasing the power input to the test 
section to increase the imposed heat flux until CHF conditions are experienced at a location. 
The input power is decreased immediately after the temperature trend is evident. 
 
The ULPU facility establishes the two phase flow (water-steam) natural circulation circuit 
outside the heated vessel wall. The pressure drop and the cooling coil are sized as they 
would be in the AP-600 and AP-1000 flow circuits. Thus, the scaling, except for the slice 
nature of the facility, is exact. 

 

 
 

Figure 11: Schematic of the ULPU facility: Configuration II (Theofanous and Dinh, 
2002) 
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Figure 12: The ULPU facility (Theofanous and Dinh, 2002) 

 

 
Figure 13: A temperature transient (local microthermocouple response) associated with 

boiling crisis (Theofanous and Dinh, 2002) 
 

It is another remarkable fact that the measured CHF increases with polar angle almost in the 
same fashion as does the incident heat flux from melt pool convection (see Figure 14). If it 
were a different behaviour, IVMR could not succeed. The increase in CHF with polar angle is 
due to the ease of bubble departure and the higher velocity of flow as the angle increases. 
 

150

160

170

180

190

200

210

0 5 10 15 20 25 30 35

Te
m

pe
ra

tu
re

 [o C
]

Time [s]



Nuclear Reactor Severe Accident Phenomenology 
Chapter XV:  In-Vessel Melt Retention (IVMR) as a Severe Accident Management (SAM) Strategy 

XV-377

 The measurements made in ULPU-2000 without any shaping of the two-phase flow showed 
the maximum value of CHF to be ~1.5MW/m2 (see Figure 14). This was sufficient for the AP-
600 case, as we shall see presently. However, later when, a IVMR case had to be made for 
AP-1000, which has 66% higher power, without the commensurate increase in vessel 
surface area, increasing the value of CHF became a necessity. 
 
Increase in CHF was obtained by: 

- changes in the flow circuit to decrease the pressure drop 
- shaping the flow circuit along the hemispherical head with a baffle; in order to 

increase the flow velocity. 

 
Figure 14: Critical heat flux as a function of angular position on a large scale 

hemispherical surface (Theofanous and Dinh, 2002) 
 

A new configurations of ULPU were designed called ULPU-configuration IV (see Figure 15), 
in which the maximum value of CHF increased to ~1.8Mw/m2 (see Figure 16). This value of 
CHF did not provide sufficient margin. Additional research was conducted and later the 
ULPU-V, configuration was developed with detailed shaping of flow (see Figure 17), which 
provided a further increase in maximum value of CHF (see Figure 18) In addition to flow 
shaping, surface effects were studied. It was found that the paint, which is generally used on 
the manufactured vessel, was not conducive to increase of CHF. A sand-blasted clean 
surface was found to be more effective. Special chemical treatment of water was also 
devised to increase CHF some more. The ULPU-V configuration, produced CHF values of 
~2Mw/m2, (see Figure 18) which is a substantial increase. With that the case for AP-1000 
became feasible (i.e. with reasonable margin to cover uncertainties). ULPU-V constructed 
the complete natural circulation path of the AP-1000 design as a 1/84-slice and matched 
resistance (flow area and geometry) as specified in the design. 
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Figure 15: Schematic of the ULPU facility: Configuration IV (Theofanous and Dinh, 
2002) 
 

 
Figure 16: New Configuration IV CHF results (data points) (Theofanous and Dinh, 2002) 
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Figure 17: ULPU-V: Three Baffle Configurations (Dinh et al., 2003) 
 

 
Figure 18: ULPU-V Reference Data for AP-1000 IVMR Conditions (Dinh et al., 2003) 

 
2.4.  The Case for AP-600 
 
It should be clear by now that the metal layer focussing effect is the Achilles-heel for making 
a case for the IVMR. The focussed heat flux can be within the bounds of the CHF only if it 
can be shown that there will be a large mass of steel melted in the bottom head and that all 
of that will be in the metal layer at the top of the heat generating oxidic melt pool. This 
ensures that the area of the metal layer touching the vessel is large enough to keep the 
imposed heat flux below the value of CHF of ~1.5MW/m2. 
 
This requirement is met by AP-600, since the core bottom plate, which has many tonnes of 
steel, hangs low into the bottom head. It would be buried into the fragmented corium debris 
and on its melting would also melt. This condition is also met by the bottom head in the 
Loviisa reactors, since the head is torospherical and of shallow depth. Clearly it depends on 
the vessel design and in particular, on the design of the bottom head and its steel content. 
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 As mentioned earlier, the radiative heat rejected by the metal layer is a factor in the 
evaluation of the focussed heat flux. In this context the emissivity factor will be the variable, 
since the temperature of the metal layer will be close to the melting point of steel and Zr 
metal alloy. The coolability region with in-vessel retention for an AP-600 type reactor is 
shown in Figure 19. In this figure, ε, the value of the emissivity of the steel layer varied 
between 0.45 and 0.8 and the CHF value for the outside cooling is taken as ~1MW/m² for 
pool boiling and ~1.5 MW/ m² for the natural circulation boiling on the outer wall of the vessel. 
Coolable and not-coolable regions can be identified with the parameter of quantity of steel 
and Zr on (or the thickness of) the metal layer. The AP-600 position in this graph is identified 
along with the uncertainties in the analysis. It is seen that the bounding configuration AP-600 
is coolable with the accident management strategy of in-vessel melt retention (IVMR). 

 

 
 
Figure 19: The Coolability Region of an AP-600 reactor for different cooling options and 

metal layer emissivity (Theofanous and Dinh, 2002) 
 

2.5.  The IVMR Case for AP-1000 
 
The AP-1000 case, in terms of the focusing effect is similar to that for AP-600,i.e. a large 
amount of steel will melt for the bounding configuration and provide not an extremely large 
focusing effect. 
 

Pool Boiling
ε = 0.45 

N/C  boiling
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 The maximum thermal load for AP-1000 was estimated to be 1.3Mw/m2 which is too close 
for comfort to the maximum CHF value of 1.5Mw/m2 as measured in ULPU-2000, i.e. without 
any special shaping of the flow. 
 
The AP-1000 case, with sufficient margin to CHF could only be made after establishing that 
the CHF could be increased to 1.9 to 2Mw/m2 , with baffling to shape the two phase flow field 
on the vessel external surface, removing the paint on the surface, reducing the pressure drop 
in the flow circuit, etc. 
 
The AP-600 design has been certified by USNRC. The AP-1000 design is currently 
undergoing the USNRC certification process. This is a success story. 
 
3.  Conclusions 

 
The IVMR case established for the Loviisa VVER 440 and the AP-600 appears to have 
significant margin between the heat flux imposed by the melt pool convection on the vessel 
wall and the CHF for heat removal on the outside surface of the vessel wall. No chemical 
reactions were included in that assessment. 
 
Similarly, the IVMR case was established for AP-1000, for which it was necessary to 
increase the value of the CHF for the cooling of the vessel from outside. This was made 
possible by employing baffling to increase the velocity of the two phase flow on the vessel 
outside surface. This provided the needed margin for CHF above the heat flux incident on 
the vessel wall from the melt pool. 
 
We believe that the case of IVMR as a SAM strategy for the high and the very high power 
reactors can be secured only through further analytical and experimental efforts on the 
effects of chemical reactions between the different components of the melt. In this context 
the results of the MASCA experiments; Asmolov and Tsurikov, 2004, would have to be 
considered. In general it may be necessary to describe the coupled thermal-raulic and 
chemical scenarios that may be occurring in the melt pool.  
 
The validation of the methodology may need further experimental efforts with prototypic 
materials. The experiments have to consider the scale effects in their design. 
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1. Introduction 
 
The ASTEC integral code (Accident Source Term Evaluation Code) (Van Dorsselaere, 
Pignet et al., 2005) has been jointly developed since 1996 by the French Institut de 
Radioprotection et de Sûreté Nucléaire (IRSN) and by the German Gesellschaft für Anlagen 
und Reaktorsicherheit mbH (GRS) to describe the behaviour of the complete Light Water 
Reactor (LWR) system in severe accident (SA) conditions including engineered safety 
systems and procedures used in SA management, from the initiating accidental event until 
the possible radiological release of radionuclides out of the containment building. IRSN and 
GRS follow a classical two-tier approach for SA code development: on one hand, integral 
code (or system of codes) for simulation of the whole accident scenario (circuit, fission 
products, containment, radioactive release into the environment); one the other hand, 
detailed codes (or mechanistic codes) for “best estimate” calculations of parts of accident 
scenarios and interpretation of experiments. 
ASTEC development was based in a first stage on former codes, respectively at IRSN the 
ESCADRE system of codes and at GRS the containment codes RALOC and FIPLOC. From 
that time, ASTEC has progressively reached a larger European dimension, notably within the 
5th Framework Programme (FWP) with the EVITA project (Allelein et al., 2004) devoted to 
code validation by independent users. 
This dimension is still increasing in the frame of the SARNET (Severe Accident Research 
and management NETwork) network that started in April 2004 for at 4 years in the 6th FwP 
(Van Dorsselaere, Micaelli et al., 2005). 49 European organizations, including technical-
support organizations of safety authorities, industry, utilities, research organizations and 
universities, join their efforts networking in a durable way their research capacities in the SA 
area. One of the ultimate goals of such jointly executed research activities is to provide 
physical models to be integrated in ASTEC so as to make it the European reference tool for 
safety studies. ASTEC will serve as the main integrator of knowledge: 

• Improved or advanced models will be progressively proposed by the 3 SARNET 
Topics Corium, Source term and Containment. 

• The Probabilistic Safety Assessment level 2 (PSA2) Topic will express requirements 
on code evolution (computing time…). 

• The Severe Accident Research Priorities (SARP) Topic will express its views on R&D 
priorities. 

• The Experimental Databases Topic will make available experimental data for further 
code validation. 

The ASTEC V1.2 latest version was released mid-2005 to 27 SARNET partners. Its content 
and main capabilities, as well as its validation status, are described here. Some examples of 
validation are shown: on the first phases of the TMI2 accident, on the KAEVER and 
TOSQAN experiments on containment thermalhydraulics, on the OECD-CCI2 experiment on 
MCCI and on Phebus.FP integral experiments. Some views on current code capabilities for 
plant applications and on perspectives of model developments are finally given. 
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2. Description of ASTEC V1.2 code 
 
ASTEC V1.2 models most of the physical phenomena involved in SA, except steam 
explosion that is out of the scope of the code requirements. In order to allow a great number 
of accident scenarios to be studied in a safety analysis, a compromise must be found 
between modelling detail and calculation time: one day of accident is simulated in a few 
hours on a PC computer or a UNIX workstation. This satisfies the target that has been 
agreed in the VASA (Validation Approach of Severe Accidents) project of 4th FwP (Allelein et 
al., 2001): to perform a simulation of a severe accident in less than 12 hours, including post-
processing of results. This need to find the right compromise is a considerable challenge for 
integral codes such as ASTEC. 
The code has a modular structure, each of its modules simulating a reactor zone or a set of 
physical phenomena (Figure 1). The ASTEC modules communicate with each other through 
a “dynamic” memory. This memory allows a checking of syntax and consistency of input 
data, the uniqueness of data and a dynamic management of memory size. Two different 
running modes are possible: 

• Stand-alone mode for running each module independently, which is useful for module 
validation, 

• Coupled mode where all (or a subset) of the modules are run sequentially within a 
macro-time step. This mode allows explicit feedback between modules. 

The code is developed and managed within a framework of Quality Assurance procedures: 
programming rules, software tool for version management and change control, and complete 
documentation. This documentation includes one report per module describing the physical 
modelling, and users’ manuals (reports and on-line hypertext). 
The code size is about 350000 instructions and more than 1000 subroutines. The 
programming language is mainly Fortran 90, but some parts are still in Fortran 77 and in C. 
 
2.1. CESAR module  
 
This module describes the Reactor Cooling System (RCS) two-phase thermalhydraulics. All 
intact loops can be gathered in one unique loop to reduce the calculation time. 
CESAR simulates the whole front-end phase in the vessel (with a simplified core modelling) 
and in the loops, and then, after the beginning of core degradation phase, two-phase 
thermalhydraulics in the loops and in the vessel upper plenum only. The models are based 
on a thermalhydraulics simulator code, the physical models of which were derived from the 
reference French CATHARE thermalhydraulics code.  
Two phases are considered: water and gas (steam + 1 non-condensable gas). In the present 
version, only 1 non-condensable gas is considered, such as hydrogen. The numerical 
approach is a 5-equation one: 2 mass balance equations, 2 energy balance equations, and 1 
momentum equation for gas velocity with a drift flux correlation for water velocity. The state 
variables are: total pressure, void fraction, gas enthalpy, water enthalpy, partial pressure of 
hydrogen, and gas velocity. 
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The RCS is discretised in volumes (one mesh), either homogeneous or with a swollen level, 
in axial meshed volumes (pipes) and in junctions. Special components represent pumps and 
breaks. 
Thermal non-equilibrium is simulated by separated mass and energy balance equations 
supported by interfacial mass and heat transfer models. The wall heat transfer models close 
the energy balance equations.  
Mechanical non-equilibrium is simulated by a set of algebraic drift correlations for vertical and 
horizontal flow paths. The wall shear model closes the momentum balance equation.   
 
2.2. DIVA module 
 
This module that describes in-vessel core degradation is derived from the IRSN mechanistic 
code ICARE2 for core degradation: same general structure and same modelling approach. 
The modelling approach is a 2D core axial/radial meshing, and the dynamic management of 
appearance and disappearance of components in each control volume (melting, failure, 
relocation, chemical reactions, etc…). Most DIVA models are the fastest and simplest ones 
of ICARE2. They simulate the early-phase degradation with fuel rod ballooning and failure, 
clad oxidation, fuel rod heat-up, molten mixture candling, etc… and then the late-phase 
degradation with corium accumulation within the core channels and formation of blockages, 
corium slump into the lower head and corium behaviour in the lower head until vessel failure.  
Specific models were developed to avoid too high computation times:  

• For core thermalhydraulics: multi-1D flows in the channels filled with water; 2D gas 
flows in the dewatered part of the core, 

• For corium behaviour in lower plenum: 2D meshing of vessel lower head, three 0-D 
corium layers (oxide pool, metallic layer, debris). 

The main models are: 
• Heat transfers: conduction between two walls, gap exchanges between rod and clad, 

convection between fluid and wall, radiation in a reactor core or in a bundle, 
reflooding of quasi-intact or slightly degraded cores (i.e. still in rod-like geometry). 

• Power: either nuclear power generated by fission products (FP) or generated in a 
given material, or electric power generated in some out-of-pile experiments, 

• Chemistry: oxidation of Zr by steam, oxidation of stainless steel by steam, dissolution 
of UO2 by solid and liquid Zr, dissolution of Zr by liquid steel, oxidation and 
degradation of B4C control rods,  

• Rod mechanics: creep of zircaloy cladding, loss of integrity of fuel rods (using user-
criteria), 

• Material relocation: in early-phase of core degradation, 1D candling flow of molten 
materials along the rods within the core, and then slump into the lower plenum, 

• Vessel lower head mechanical failure: melt-through, or mechanical failure (either 
instantaneous plastic rupture or creep rupture) or user-criteria (such as temperature, 
degradation rate, stress). The flexible description of geometry of vessel lower head 
allows simulating any type of shape such as ellipsoidal one for VVER-440. 
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2.3. ELSA module  
 
This module simulates release of FP and structure materials from the core. It is strongly 
coupled with the DIVA module. 
For intact fuel rods, the semi-empirical approach deals with 3 FP classes: volatile, semi-
volatile and non-volatile (see the Table below). For each class, only the dominant 
phenomena are modelled: 

• For volatiles: species intra-granular diffusion through UO2 fuel grains, taking account 
of fuel oxidation (UO2+x) and of a grain-size distribution. 

• For semi-volatiles: evaporation into porosities and mass transfer. 
• For non-volatiles: fuel volatilisation (UO3). 

 
c la s s  d e s c r ip t io n  e le m e n ts  m o d e l 

Ia  v o la tile  F P s  X e , K r ,  I , B r ,  C s ,  R b ,  C u , A g  a to m ic  d iffu s io n , 
in c lu d in g  U O 2 + x 

Ib  v o la tile  F P s  T e ,  S e ,  S b  a s  a b o v e  +  
tra p p in g  b y  Z r ly  

I I s e m i-v o la tile  
F P s  

S r , B a ,  R u ,  M o ,  L a , C e , Y , E u  s im p lif ie d  c h e m is try  
+  e v a p o ra tio n  

II I n o n -
v o la tile s  

R h , P d , T c ,N b ,Z r,N p  P u  N d , P m , G d , 
T b , D y , H o , E r, T m , Y b , P r, A m , C m , 
S m , U , Z n , A s , C d , S n , G a , G e , In  

m a s s -tra n s fe r  
lim ite d  U O 2 
v o la tiliz a tio n  

 

For a degraded geometry, the approach is as below: 
• Release from solid debris beds: the same approach is used than for intact fuel rods 

but modifying the geometrical ratio surface/volume for steam access to fuel. 
• Release during corium candling: all the remaining volatile FP that are located in the 

liquid part of the fuel are supposed to be released. 
• Release from a corium molten pool, using a non-ideal approach: given the high-

temperature conditions, the chemical equilibrium can be assumed in the magma so 
that release is governed by mass-transfer limited evaporation from the free surface of 
the liquid phase. Central to the modelling is the calculation of the vapour pressures of 
the elements in the molten pool.  

For structure materials, only release of tin (Sn) from fuel rod cladding is simulated: a 
correlation relates its release to the consumption of Zirconium during oxidation (issued from 
Phebus.FP observations).  
For materials of control rods, a model of SIC (alloy of Silver-Indium-Cadmium) release is 
available (the degradation of B4C control rods is modelled in DIVA: see §2.2). A fraction of 
Cadmium is immediately released at rod rupture. Correlations give Cd, Ag, In release from 
molten alloys either staying within the rod or candling along the external surface of rods. 
 
2.4. SOPHAEROS module   
 
This module simulates transport of FP vapours and aerosols in the RCS. Using families of 
species (elements, compounds, gas, volatile, non-volatile…) and five states (suspended 
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vapours, suspended aerosols, vapour condensed on walls, deposited aerosols, sorbed 
vapours), the vapour-phase and aerosol following phenomena are modelled: 

• Vapour-phase phenomena:  
o Gas equilibrium chemistry. Two databanks are available: a reduced one, 

recommended for plant applications, containing the main species (64 
elements and 131 species); an exhaustive databank containing about 1000 
species, recommended for detailed analysis of experiments (such as 
Phébus.FP IRSN experiments),   

o Chemisorption of vapours on walls, 
o Homogeneous and heterogeneous nucleation,  
o Condensation/revaporisation on/from aerosols and walls.  

• Aerosol phenomena:  
o Agglomeration: gravitational, Brownian diffusion, turbulent diffusion,  
o Deposition mechanisms: Brownian diffusion, turbulent diffusion, eddy 

impaction, sedimentation, thermophoresis, diffusiorophesis, and impaction in 
bends. Deposits of aerosols in a flow contraction (either abrupt one with a 90° 
angle or conical) can be simulated. 

o Remobilisation of deposits: revaporisation and mechanical resuspension. The 
latter is based on the JRC/Ispra “rock and roll” approach. 

 
2.5. RUPUICUV module 
 
This module simulates the DCH (Direct Containment Heating), i.e. ex-vessel corium 
discharge into the cavity (vessel blow-down, cavity pressurisation) and potential corium 
oxidation and entrainment from the cavity to the containment.   
Two kinds of cavity geometry are considered: 

• “Closed” cavities such as in USA-type PWR, i.e. without direct connexion with 
containment, but through a series of intermediate compartments, 

• “Open” cavities such as in Western European PWR, i.e. with an annular space 
increasing the connexion with the containment zones.  

A simplified model describes the entrainment kinetics, with the assumption of instantaneous 
suspension of corium in cavity. Droplet entrainment by the gas flow is the predominant 
mechanism for corium entrainment from cavity into the containment. The entrainment 
efficiency is evaluated from the ratio of the relative velocities particle/gas in the annular 
space (based on gas/particle friction depending on particle size). A simplified particle flow 
path in the cavity is assumed. 
The particle size is either given by the user or calculated with the Weber number. Particle 
trapping in compartments between cavity and containment is directly taken into account 
through the global correlation of entrained corium. In the case of "open" geometry, this global 
correlation was fitted on analytical Surtsey (USA) and KAERI (Korea) experiments that were 
performed in this geometry. 
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Heat transfer debris/gas is assumed instantaneous in cavity (complete gas/debris thermal 
equilibrium). Oxidation of the entrained corium (zirconium and steel) is modelled without any 
reaction kinetics. 
The CORIUM module completes RUPUICUV models. This simple parametric module 
simulates the behaviour of corium droplets transported by HPME (High Pressure Melt 
Ejection) into the containment atmosphere and sump. Hot gases entrain these droplets. Heat 
transfer between corium and gas is modelled in each containment zone. Main uncertainties 
concern the particle path and flight time. 
 
2.6.  MEDICIS module 
 
This module simulates Molten-Corium-Concrete Interaction (MCCI) in the cavity, using the 
lumped-parameter 0D approach with averaged melt/crust layers. It assumes either fully 
mixed or stratified (oxide, metal) corium, and calculates concrete ablation and corium 
oxidation. Its structure is flexible enough to allow an easy implementation of new models 
generated by R&D results. A robust algorithm for cavity erosion was developed, including the 
possibility to represent a multi-layered concrete basemat.  
The module is interfaced with the general physico-chemistry package MDB (see § 2.11) for 
element speciation in a mixture, thermodynamic data (liquidus temperatures, enthalpies…), 
and thermo-physical properties (density, viscosity…).  
The main MEDICIS models are: 

• A simplified chemistry (very similar to the one in the former codes WECHSL at FZK 
and later on WEX at GRS), 

• Models of corium coolability in case of water injection upon the corium pool surface, 
derived from the US/NRC CORQUENCH code. They include water ingression 
through the upper crust and corium eruption through the upper crust towards the 
overlying water pool, 

• Heat transfer models derived from WEX and CORCON (US/NRC) ones ("slag layer" 
heat transfer model, etc….) with a user choice of the solid/liquid interface temperature 
(Figure 2), 

• Models of evolution of corium pool configurations, depending on criteria (bubble gas 
velocity, difference between layer densities, etc…): homogeneous pool, stratified 
layers (metals, light oxides, heavy oxides), flip-flop of layers. 

A tight coupling between MEDICIS and CPA modules through a prediction-correction method 
is possible (see the §2.12). 
There is not yet any model for release of concrete aerosol and of fission product during MCCI 
from the ex-vessel corium pool. 
 
2.7. CPA module   
 
This module simulates thermalhydraulics and aerosol behaviour in containment. It consists of 
two main sub-modules THY and AFP. The containment discretisation through a “lumped-
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parameter” approach (volumes represented by nodes connected by junctions) simulates 
simple or multi-compartment containments (tunnels, pit, dome…) with possible leakages to 
the environment or to normal buildings, with more or less large openings to the environment.  
 
Thermalhydraulics in containment 
CPA-THY models are based mainly on the models of the former German containment codes:  
RALOC Mod4 and the thermalhydraulic part of FIPLOC. They describe phenomena such as 
pressure and temperature build-up and history, local temperature and pressure distributions, 
local gas distributions (steam and different non-condensable gases), local heat transfer to 
walls (free and forced convection, radiation, condensation), 1D heat conduction in structures 
(plate or cylinders, consisting of several material layers), and hydrogen combustion.  
The thermalhydraulic state of a node can be described: 

• Either by the equilibrium model assuming water and atmosphere homogeneously 
mixed for saturated and superheated (no water) conditions, that is water and gases at 
the same temperature, 

• Or by the non-equilibrium model where deposited and airborne water are separately 
balanced, i.e. with their own energy (two temperatures for atmosphere and water 
sump) and mass balances. 

Mass transfer between nodes is described separately for gas and liquid flows by momentum 
equations (unsteady, incompressible) accounting for the height differences between node 
centres. 
Besides the detailed recombiner models, fast running correlations were added, faster and 
simpler to use. Correlations are available for the simulation of different kinds of Passive 
Autocatalytic Recombiners (PARS): Siemens type FR90/1series and AECL. But they do not 
give any information on PAR temperature or outlet concentration, on velocity, on mass flow 
rate. 
For a realistic description of the accident, models represent the main phenomena involved in 
engineered safety systems such as spray systems, recombiners, and pressure suppression 
systems as in VVER-440 bubble condenser towers (through the DRASYS model).  
 
Aerosol and FP behaviour in containment  
CPA-AFP models for aerosol transport and depletion are based on the FIPLOC code. They 
describe phenomena such as volume condensation and growth of insoluble and soluble 
aerosol particles, behaviour of chemically different aerosol components, and agglomeration 
and deposition processes. The FIPHOST transport model is included to calculate the decay 
heat of gaseous and particulate FP and their transport/depletion by the different hosts like 
water or walls in atmosphere or in sump (Figure 3).  
The aerosol calculation is based on the MAEROS poly-disperse model. The aerosol retention 
through water pools is simulated with the pool-scrubbing model SPARC-B. 
The behaviour and effect of spray systems on thermalhydraulics and on aerosols is 
thoroughly modelled. These models are validated on CARAIDAS (IRSN) and CSE (USA) 
experiments, and include wash-out of FP and aerosol deposits on the containment walls. 
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Hydrogen combustion in containment  
Three different models simulate hydrogen and carbon monoxide combustion: a detailed one, 
DECOR, and two simplified ones, COMB and COVI. 
The DECOR model was validated on RUT (Russia), Battelle (Germany) and NUPEC (Japan) 
experiments. 
This simplified COMB model, using a parametric approach and fully coupled with CPA, 
models situations where flame propagation is not an important issue. Combustion occurs 
according to different criteria: user-input or crossover of flammability limits in the Shapiro 
diagram.  
The COVI module computes a maximal value of built-up pressure in adiabatic conditions of 
hydrogen combustion (AICC: Adiabatic Isochoric Complete Combustion) without any 
feedback on CPA calculations. It yields the situation of the compartment in the Shapiro 
diagram, and the temperature and pressure peaks at current time as if H2 and/or CO were 
instantaneously burnt.  
 
2.8. IODE module   
 
This module simulates iodine behaviour in the containment, i.e. the main chemical reactions 
in sump and gas phase (about 20 reactions are represented as the predominant ones) 
(Figure 4). Transport of iodine species through compartments of the containment is 
computed by CPA module. 
 
Reactions in sump  
The main modelled phenomena are:  

• Hydrolysis of molecular iodine,  
• Iodine radiolytic oxidation in liquid phase, accounting for interpretation of analytical 

experiments (Burns, Gorbovitskaya),  
• HOI dissociation/disproportionation,  
• Iodide oxidation by the oxygen dissolved in the sump water,  
• Formation of methyl iodide by homogeneous reaction: Taylor’s homogeneous model 

where solvents are released from paint in liquid phase, then oxidized under radiation 
to form organic acids, and finally RI are formed by interaction between I2 and solvents 
or sub-products,  

• Methyl iodide radiolytic decomposition,  
• Silver iodide formation by heterogeneous reactions (Agox/I- and Ag/I2), 
• Adsorption/desorption of molecular iodine.  

 
Reactions in gas phase  
The main modelled phenomena are:  

• Kinetics of O3 formation, 
• Oxidation of molecular iodine in iodate by O3 air radiolysis products, 
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• Organic iodide formation either by an homogeneous model or by the Funke 
heterogeneous model,  

• Gas phase radiolytic destruction of organic iodine, based on work performed in the 
ICHEMM 5th FwP project, especially on AEA-T experiments, 

• Mass transfers (adsorption/desorption) of iodine from gas or liquid to walls, 
• Mass transfer between sump and gas phase, which can now be computed instead of 

being defined by user parameters, and deduced from the interpretation of SISYPHE 
experiments (IRSN). This model is also available in evaporating conditions, 

• Release of R from paintings in gas phase, and diffusion to the liquid phase to form RI 
in the sump, 

• Effect of spray on molecular iodine: mass transfer between gas phase and droplet, 
interfacial equilibrium at the droplet surface, liquid mass transfers inside the droplet, 
chemical reactions in the bulk liquid. The module computes kinetics of the overall 
process during the droplet fall down and the output information is the rate of capture 
of I2 for each compartment. 

 
2.9. ISODOP module   
 
This module simulates decay of FP and actinide isotopes in different zones of the reactor. 
It starts the calculation using an initial isotope inventory generated by the CEA code PEPIN 
and allows decay heat and activity in the core, in the RCS, in the containment and in the 
environment to be estimated. It is based on the DOP database from CEA containing a 
description of all isotopes. 
 
2.10. SYSINT module 
 
This module simulates the management of engineered safety features, for instance spray, 
safety injection system, management of steam generators…. The user may activate easily 
these systems through events depending on any criteria (time, value of a given variable...). 
 
2.11. MDB library 
 
This library Material Data Bank (MDB) groups together all material properties under a unique 
simple readable format. A graphic interface is provided allowing users for plotting properties, 
updating them if necessary, checking the modifications. This includes: 

• All simple materials of a light water reactor (solid, liquid and gas) and associated 
usual properties (enthalpy, conductivity, density…) 

• Ideal chemistry (equilibrium), 
• Iodine chemistry in containment (kinetics), 
• FP isotopes (decay heat, transmutation rates…) 
• Complex materials such as molten corium. 
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In the ASTEC V1.2 version, MDB is only used in the following modules: ELSA and 
SOPHAEROS for FP gas equilibrium databanks, ISODOP for isotopes evolution, IODE for 
iodine chemical reactions, and MEDICIS for corium properties. The extension of its use is 
planned in the next family V2 of ASTEC versions. 
The main future improvements concern the treatment of complex materials. Two directions 
for getting data are studied: building tables using existing codes like GEMINI (developed by 
THERMODATA company: see Cheynet et al., 2000), or using an efficient Gibbs minimization 
solver directly implemented in MDB.  A first version of tabulated properties is now available, 
with applications to the U-O-Zr and U-O-Zr-Fe diagrams. Studies are also under way to 
develop better chemical equilibrium solvers. 
 
2.12. Specific coupling modes between modules   
 
CESAR-DIVA coupling 
During the front-end phase, CESAR alone calculates the thermalhydraulics in the whole 
RCS, using a simplified core modelling of one radial mesh. Around time of start of core 
uncovery (any user-criterion can be used for the switch: any event, simple criteria such as 
core temperatures, etc…), there is an automatic switch to DIVA for simulation of in-vessel 
core degradation phenomena. The recommendation for selection of the switch time is just 
before the effective start of rod Zry oxidation by steam.  After the switch, CESAR calculates 
only the loops and the vessel upper plenum, and DIVA calculates the remaining part of the 
vessel (core, lower plenum, and downcomer). 
A specific prediction-correction coupling approach was developed between CESAR and 
DIVA. A prediction technique is adopted in DIVA to evaluate the RCS thermalhydraulics by 
using the CESAR circuit nodalisation. DIVA is using as inputs the CESAR outputs from the 
previous macro time step. The two numerical schemes are disconnected and each module 
runs at its own time-step. Meeting points occur at the end of an intermediate macro time-step 
(this macro time-step management has recently been differentiated from the other modules 
in order to gain computing time). 
 
MEDICIS-CPA coupling 
A specific prediction-correction coupling approach was developed between MEDICIS and 
CPA when representing the cavity as a CPA volume. 
First, in the prediction step, MEDICIS calculates the whole behaviour of the cavity with some 
simplifications. The cavity being considered as a CPA volume, heat exchanges between the 
upper layer and the gas atmosphere (radiation) or the water sump (convective heat transfer 
computed by the water ingression model) as well as gas flows are then transferred to CPA. 
Then, in the correction step, CPA calculates again the cavity thermalhydraulics in the same 
time as the other containment zones.  
A user’s input fraction of the upward radiation from the corium can contribute to the ablation 
of upper cavity walls and the remaining fraction is absorbed by the gases in the cavity. 
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Next improvements will concern the modelling of cavity walls ablation and of radiative 
transfers through a semi-absorbent medium in the cavity. 
 
3. ASTEC validation 
 
3.1. Validation approach 
 
The ASTEC validation strategy consists in comparison with results of experimental 
programmes performed in in-pile or out-of-pile facilities, at various scales, and by comparison 
on reactor calculations with reference international codes (so-called “benchmarks”). The 
basic validation matrix aims at covering dominant phenomena occurring in severe accidents 
and to estimate the model uncertainties. About 30 experiments are calculated at each 
important code release (Table 1): it allows the applications to reactor-cases to be tackled with 
an acceptable degree of confidence. Beyond this basic work, validation is supported by a 
large set of international experiments (more than 120 experiments have been analysed in the 
past with ASTEC successive versions): 

• On one hand, analytical experiments that address a single phenomenon (separate-
effect test) or few phenomena (coupled-effect test); 

• On the other hand, integral experiments (for instance Phebus.FP at IRSN, QUENCH 
and CORA at FZK); these applications allow checking of the correct reproduction of 
coupling between phenomena and the completeness of the modelling with respect to 
significant phenomena. Moreover, this kind of experiment has often been performed 
at large scale allowing better extrapolation to reactor scale. In a similar way, the 
application to the TMI-2 severe accident is an essential exercise. 

Several VVER-specific experiments are used for validation: PACTEL, PSAERO, HORIZON 
The code validation benefits greatly from the very intensive work performed over more than 
fifteen years with the previous codes (ESCADRE, RALOC and FIPLOC). Besides, the DIVA 
module also benefits from the very intensive validation of ICARE2 code by IRSN in the past 
years on more than 50 experiments.  
As far as possible, selected experiments are “reference experiments” that mostly belong to 
the list of code benchmark exercises selected by OECD expert groups (i.e., ISP or 
International Standard Problem): for instance PACTEL (Finland), CORA-13, VANAM M3 
(Battelle, Germany). The ISP 46 (Phébus FPT1) is one example of integral calculations 
coupling all modules. Continuous efforts are done on the detailed interpretation of all the 
integral Phébus.FP experiments with modules focusing on some subset of phenomena, e.g. 
SOPHAEROS for FP behaviour in the circuit. 
Validation of spray and recombiners CPA modelling in containment is detailed in (Plumecocq 
et al., 2005). 
 
 
3.2. Examples of validation  
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3.2.1.  CESAR-DIVA application to TMI2 
 
The accident was initiated by a sudden pressure increase in the secondary system followed 
by turbine and main feedwater pump trip. Pressure increase in the primary system caused 
the reactor scram. The opened Pressuriser pilot Operated Relief Valve (PORV) failed to 
close and a small break loss of coolant accident started. The TMI-2 accident scenario 
involved four phases: phase 1 of loss of coolant through the PORV up to 100 min (≈ 6000s); 
phase 2 of core heat-up and melting up to 174 min (≈ 10400s); phase 3 of core reflooding by 
primary pump restart and high pressure injection up to 224 min; phase 4 of core relocation 
into the lower head and cooling up to 300 min. The two modules CESAR and DIVA were 
applied in a coupled mode to the phases 1 and 2 of the accident. 
Start of core heat-up after core uncovery is evidenced around 7000 s. The first clad burst due 
to ballooning is predicted at 7985 s: this is in agreement with TMI2 evidence of an activity 
measurement increase in the containment at 8064 s. The maximum core temperature at this 
time is about 1200 K. After cladding failure, double-sided oxidation of the Zr cladding was 
calculated to occur in the vicinity of the clad failure. After start of core heat-up, the natural 
circulation of gases in the core is enhanced. In the central part of the core an upward flow of 
hot gas is predicted. Downward gas flow of coldest gas is predicted near the core periphery.  
After ~ 8500 s, massive Zr oxidation takes place and the heat produced by oxidation 
becomes significant. Core heat-up accelerates and shortly later the melting point of zircaloy 
is reached. As soon as the stainless steel cladding of absorber rods is melted, control rod 
material relocates downwards into lower core region just above the water level. Around 
8800s the fuel rod temperature in central core channel reaches 2300 K and clad failure 
occurs with subsequent molten U-Zr-O mixture relocation. After this time the fuel rod 
temperature escalation front moves downwards and from the core centerline towards core 
periphery, resulting in extended cladding failure and material relocation above the water 
level, where a core blockage develops. An accumulation of molten mixtures occurs in the 
lower part of the core and can be considered as the beginning of formation of a molten pool. 
The core state at the end of phase 2  (Figure 5) shows a significant core degradation and 
material relocation: about 60 tons of materials have relocated within the core, including 30 
tons of UO2. These two values are higher than inferred from TMI2 estimations but rough 
estimations suppose that 20t of fuel could have been in the molten pool at this time. Core 
water level at this time drops below 0.2 m above the core bottom, which is lower than the 
level in TMI2 near 0.5 m. Cumulative hydrogen production at the end of the calculation 
reaches about 420 kg (Figure 5), which is higher than inferred from TMI-2 accident, 300 kg at 
the end of phase 2. In general, the measured and calculated courses of the primary pressure 
coincide well (Figure 5): the sharp increase of calculated primary pressure between times 
9000 s and 10000 s coincides with highly increased oxidation of Zr structures.  
The above results show that ASTEC as integral code is applicable to the first part of TMI2 
kind of accident: the overall agreement is correct on thermalhydraulic behaviour of the 
primary and secondary circuits during phase 1 and on core degradation during phase 2. 
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Such calculations will be extended in the near future to the reflooding phases and to FP 
behaviour. 
 
3.2.2. DIVA application on Phébus FPT4 
 
This DIVA application was performed by University of Stuttgart (IKE) in SARNET frame. The 
Phébus FPT4 experiment (performed at IRSN) concerns the in-vessel late-phase 
phenomena. Specifically, heat transfer and melt relocation in a debris bed (irradiated UO2 
and ZrO2) and finally molten pool formation and behaviour are addressed. Advanced models 
of corium 2D relocation (magma and debris models) have been used here. DIVA results for 
bed and shroud temperatures are in good agreement with the experiment (Figure 6) except 
for the last phase of the experiment (due to a possible gas flow deviation beside the bundle 
in the experiment). Formation of a molten pool with a relatively large molten mass, 
comparable to the experiment, is obtained with DIVA (Figure 6). In general, these results 
applying the specific late phase models are promising, but efforts must continue to assess 
the debris and pool models. Firstly, the very small size of the test section has to be kept in 
mind. Further, the cooling configuration (passive bed, shroud) helps very much to find the 
“correct“ shape of the final molten pool in the calculation. 
 
3.2.3. CPA validation on ISP44 and ISP47 
 
ISP44 
 
The study of aerosol depletion under severe accident conditions in a LWR containment was 
the main objective of the ISP N°44 dealing with experiments in the KAEVER test facility of 
Battelle (Germany). Five tests were selected from the KAEVER test matrix: K123, K148, 
K186 and K188 as open standard problems and the three-component test K187 as blind 
standard problem.  All these tests were performed in supersaturated conditions and with 
slight fog formation, which are the most ambitious conditions for the coupled problem of 
thermal hydraulics and aerosol processes.  The comparison between CPA calculations and 
tests showed a good agreement for all the tests with respect to the thermal-hydraulic 
conditions in the vessel, i.e. total pressure, atmosphere temperature, sump water and 
nitrogen mass, etc.... As for aerosol depletion, the ASTEC results were in a good overall 
agreement with the measured data (Figure 7). The code in particular predicted well the fast 
depletion of the hygroscopic and mixed aerosols and the slow depletion of insoluble silver 
aerosol. The important effects of bulk condensation, solubility and the Kelvin effect on the 
aerosol depletion were well predicted. However the code overestimation of steam 
condensation on hygroscopic aerosols in supersaturated conditions indicated that some 
slight improvements of the appropriate ASTEC models could be envisaged. In the final ISP44 
workshop, the deviations of the ASTEC results with respect to the experiments were 
considered to be small compared to those of most other codes (9 organisations and 5 
different codes) (Spitz et al., 2001). 
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ISP47 
IRSN and GRS applied CPA to the 3 experiments that were part of the ISP47: TOSQAN 
(IRSN) in a small-scale (7 m3) single-compartment vessel; MISTRA in a higher scale (100 
m3) single-compartment vessel (CEA) and ThaI in a multi-compartment vessel (Becker 
Technology, Germany). Injection of flows of steam/air/helium mixtures is done at different 
periods and in different vessel locations. This work contributed to validation of modelling of 
atmosphere stratification, wall condensation and aerosols phenomena. The agreement on 
CPA thermalhydraulics results with the experiments was considered as good (see on Figure 
8 the comparison of total pressure in TOSQAN experiment). 
 
3.2.4. MEDICIS application on OECD-CCI2 
 
This experiment has been performed at ANL (USA) in the frame of an international OECD 
program in order to determine the behaviour of a homogeneous corium melt during a 2D 
ablation process. In these tests an oxide corium melt is generated by a thermite reaction and 
the ablation takes place at two opposing side walls and at the basemant. About 400 Kg of 
melt are used here (UO2, ZrO2, CaO, SiO2, Cr2O3, MgO, Al2O3). 
For MEDICIS correct application, it was necessary to account for: 

• Precise thermo-chemistry data for melt composition, in particular the impact of MgO 
and Cr2O3 (obtained after Cr fast oxidation) on liquidus temperature. 

• Splashing phenomena causing an ejection of a mass of 88 kg. 
• Refractory material segregating in crusts. 

The selected convective heat transfer coefficient from bulk pool towards pool interfaces was 
the BALI correlation (issued from a CEA experiment); it is not depending on the interface 
orientation, giving a heat flux uniform distribution as long a crust is present at the pool 
interfaces, which is the case because of the high freezing temperature. The heat transfer 
coefficient at corium/concrete interface (slag layer) was taken as 1000W/m2K  (usual value 
taken in CORCON code). 
The temperature of upper walls receiving the power radiated from the corium pool was 
assumed to be equal to the concrete ablation temperature. The influence of a contribution of 
power radiated upwards to the ablation of the upper cavity vault was taken into account.  
In MEDICIS, the user may select the freezing temperature at the boundary between 
convective corium zone and crust, between the solidus and liquidus temperatures, through 
the γ parameter: Tsolidif = γ Tsolidus + (1 - γ) Tliquidus The choice of γ  between 0.2 and 0.3 gave 
the better agreement with the experimental temperatures (Figure 9) (Spengler et al., 2005). 
The calculated lateral and axial eroded depths were in reasonable agreement with the 
experiment.  
The comparison of calculated and measured erosion kinetics showed that the ablation depth 
is rather homogeneous along the cavity boundary and, thus, that the assumption of a 
homogeneous heat flux distribution is at least approximately verified in this experiment. The 
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erosion kinetics is not very sensitive on the γ parameter value, but depends more strongly on 
the fraction FRAD of power radiated upwards devoted to the ablation of upper concrete walls.  
The shape of the final cavity boundaries is better reproduced assuming a contribution of half 
of radiated power to the ablation of the upper concrete vault (see on Figure 9 case with 
FRAD = 0.5). 
The conclusion on the best choice of freezing temperature derived from CCI 2 (0.2< γ < 0.3) 
is consistent with the previous validation work on ACE tests (Cranga et al., 2005). The best 
agreement between calculation and experiment for both types of experiments is obtained for 
a value of freezing temperature near Tliquidus but slightly below, while keeping the same 
assumptions for the convective heat transfer and slag layer heat transfer model. 
 
3.2.5. ASTEC integral application on Phébus FPT1 
 
The ASTEC V1 application on the Phebus.FP FPT1 integral test allows checking the 
couplings between most modules. The nodalisation is shown in Figure 10. Globally, 
experimental results have been satisfactorily reproduced: 

• Fuel degradation and FP release: on fuel temperature evolution, hydrogen 
production, final state of degradation (Figure 11) but only with a lowered fuel 
relocation temperature of 2450 K following COLOSS recommendations (Adroguer et 
al., 2003) , 

• Release of volatile FPs and of Mo (total and kinetics) (Figure 11); on SIC release, 
correct results on Cd (Figure 11). 

• Transport in RCS: on global retention in RCS, but too low deposition at the bundle 
exit and too high deposition at SG entrance. 

• Thermal-hydraulics and aerosol in the containment: on steam condensation, pressure 
and relative humidity evolution, on overall decrease of aerosol airborne concentration. 

The Figure 11 shows the good reproduction of different modes of aerosol deposition in 
containment (settling on floor, diffusiophoresis on condensers). 

• Iodine chemistry in the containment: the calculations are self-consistent, e.g. trapping 
of iodine by silver is well reproduced and the concentrations in the gas phase are low. 

But some limitations already observed in ISP 46 with ASTEC V1.0 remain: 
• Absence of gaseous iodine at RCS exit like in the experiment (but no model is today 

available in the scientific community). 
• The coupling interface on source term between primary circuit and containment. 

Fission products under gaseous form and especially iodine, calculated at the primary 
circuit outlet, are ”seen” by the containment module in aerosol form. Homogeneous 
nucleation will have to be modelled. 

• Release of structural materials, except for SIC and Sn, is not modelled, which partly 
explains the source underestimation. Add to this, the modelling of the release of Ba 
and of Ag, In has to be reviewed.  
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• The dose rate. Although the dose rate in the gas phase is involved in some reactions 
of the IODE module, this dose rate is not calculated in the present version of the code 
(user input). 

• The final RI concentration in gas phase is still under-estimated despite some model 
progress. 

These limitations should be removed in the next version ASTEC V1.3 (ASTEC V1.2 already 
better reproduces kinetics of RI formation and its final concentration in containment gas 
phase). 
 
3.3. Global status of validation and perspectives 
 
The results of the actual ASTEC validation campaign are globally satisfactory: the 
discrepancies obtained with the experimental measurements remain acceptable in most 
cases. Nevertheless, some phenomena that can significantly influence reactor safety are not 
yet reproduced with enough precision or fully understood. These phenomena correspond to 
the scientific challenges that were identified in the EURSAFE project (Magallon et al, 2003) 
and will be studied in SARNET frame, i.e. mainly: 

• Late-phase core degradation and in-vessel corium coolability, 
• Very high burn-up fuel and MOX fuel behaviour, 
• Retention of FP in complex structures such as steam generators, 
• Iodine behaviour in RCS, 
• Iodine behaviour in containment, 
• MCCI, in particular for the long-term corium coolability. 

The next work on ASTEC validation will concern experiments that are performed in the frame 
of the International Source Term programme: EPICUR (IRSN) on iodine behaviour in 
containment, CHIP (IRSN) on iodine behaviour in RCS, VERCORS (CEA) and in near future 
VERDON (CEA-IRSN) on high burn-up fuel and MOX fuel behaviour. MEDICIS will account 
for the feedback of interpretation of ARTEMIS MCCI experiments (CEA) with simulant 
materials. The DIVA models of reflooding of degraded cores will be validated with the help of 
CORA-13, LOFT-LP-FP2 (INEL, USA) and TMI2 applications, focusing on subsequent 
hydrogen and FP release. ASTEC will also be applied to the interpretation of international 
experiments such as OECD-MCCI (ANL, USA) and ARTIST (PSI, Swiss) on aerosol 
retention. 
 
4. Status of ASTEC plant applications 
 
ASTEC is currently being intensively used at IRSN for PSA2 of 900 MWe French PWRs and 
for safety studies. A significant number of scenarios that differ in the initiating event and in 
the actuation of safety systems are being analysed. The next version ASTEC V1.3 is the 
reference tool for the new PSA2 on PWR 1300 MWe. 
In SARNET frame, several benchmarks on plant applications are currently performed with 
other integral codes (such as MELCOR and MAAP4) and with mechanistic codes (such as 
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ICARE/CATHARE, ATHLET-CD…) on several reactor types: French PWR 900, German 
Konvoi 1300, Westinghouse 1000, VVER-440/V-213 and VVER-1000. Partners apply 
ASTEC to diverse SA scenarios: SBLOCA, MBLOCA, SBO, LFW-SG… The main efforts up 
to now are focused on the in-vessel part of the accident simulations. The focus has shifted to 
FP behaviour and to ex-vessel corium behaviour. In parallel, IRSN is extending ASTEC 
applicability to SGTR and LBLOCA scenarios. 
First applications are also under way at IRSN on the EPR reactor, focusing on the 
containment behaviour (CPA module) and on MCCI (MEDICIS module). 
Some exploratory calculations are also performed by BARC (India) and AECL (Canada) on 
CANDU reactors, focusing on FP behaviour in RCS and in containment (Van Dorsselaere, 
Giordano et al., 2004) (Dickson et al, 2004). LEI (Lithuania) performed a first application to 
the confinement behaviour of a RBMK reactor in 2005 in SARNET frame. 
Figure 12 presents a standard ASTEC circuit topology used for simulating an accident 
sequence on a French PWR 900 MWe: 7 control volumes for reactor-vessel description and 
7 volumes for each of the three reactor loops (one of them being an axially meshed pipe with 
four meshes for the steam generator tube). Volumes under main consideration for this type of 
sequence are the upper plenum, the hot leg, the pressuriser line and the pressuriser itself as 
these represent the escape pathway for the fission products from the core to the containment 
when the accident progresses to a severe one. The core part is represented in DIVA by 5 
circular rings and 16 axial meshes.  For FP transport in RCS, the user usually selects 20 to 
50 classes of aerosol size. 
Figure 13 presents a standard containment topology used here by GRS for calculations of 
SA sequences in a Konvoi 1300 MWe.  Usually from 10 to 20 volumes are used for 
representing the containment.  
 
5. Perspectives on further code development 
 
Main efforts will focus on the multiplication of calculations of different reactor sequences, 
especially on PWR 1300 MWe. In parallel, the models of reflooding of intact and degraded 
cores will be thoroughly tested on plant applications and on experiments such as CORA-13, 
LOFT-LP-FP2 or on TMI2 accident.. A new PROCO model of hydrogen combustion will be 
implemented by GRS: it is more adapted to high by turbulent deflagration with strongly 
accelerated flames. 
Then, modelling work will follow the evolution of knowledge through the interpretation of 
experimental programs, mainly on fission product behaviour and molten corium concrete 
interactions (CHIP, EPICUR, VERCORS-VERDON, ARTIST, ARTEMIS, OECD-MCCI…). 
Investigations on modelling of external core-catcher such as EPR one will go on. 
An important task that already started in early 2005 is the merging by IRSN of core 
degradation models between DIVA module and ICARE2 code. That will allow future ASTEC 
users to take benefit from two different levels of modelling details, either simplified and fast-
running models for an integral code application or mechanistic models for a detailed 
interpretation of in-vessel phenomena. The main advanced models will be: 
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2D relocation models for corium, based on the generalized Darcy equation, 
Detailed behaviour of core plates (corium retention on plates, freezing of corium through 
holes, hole ablation…), 
Detailed corium behaviour in the lower plenum (melt stratification, focusing effect of metallic 
layers…), 
Oxidation of Zr claddings by air. 
The ASTEC V2 versions should also have the capability to simulate severe accidents in other 
reactors than PWR and VVER, in first priority BWR but also (at least partially) CANDU and 
RBMK, due to work performed in SARNET frame.   
 
6. Conclusions 
 
Considerable efforts are being continuously made by IRSN and GRS on the development of 
the ASTEC code, ranging from the front-end events up to the final situation of long-term 
corium stabilization, long-term containment integrity, and FP retention or release to 
environment. Today the code already integrates most results of past experimental programs, 
especially the whole knowledge acquired on FP behaviour from Phébus.FP integral 
experiments. In the frame of the SARNET European Network, a substantial effort is also 
being made to disseminate ASTEC and to perform jointly executed research activities with 
the ultimate objective of providing physical models for integration into ASTEC and making the 
code a European reference tool for all safety studies.  
Key areas for model improvement issues have already been identified for the next versions: 
degraded core reflooding and in-vessel corium coolability; molten-corium-concrete 
interaction, particularly regarding long-term corium coolability; and the effect of high burn-up 
and MOX fuel on core degradation and FP release. Ongoing validation is also planned on 
future IRSN (frame of the International Source Term program) and international experiments 
(OECD-MCCI, ARTIST…). Furthermore, one of the objectives of the SARNET efforts is 
extension of the scope of application of the ASTEC code to reactor types other than PWR 
(including VVER) such as BWR and CANDU.  
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14 Glossary 
AICC  Adiabatic Isochoric Complete Combustion  
BWR  Boiling Water reactors 
DCH  Direct Containment Heating 
FP  Fission products 
FwP  Framework Programme of the European Commission 
HPME   High Pressure Melt Ejection 
ISP  International Standard Problem  
LBLOCA Large Break Loss of Coolant Accident  
LFW-SG Loss of Feedwater of Steam Generator sequence  
LWR  Light Water reactors 
MBLOCA Medium Break Loss of Coolant Accident  
MCCI  Molten Corium Concrete Interaction 
MOX  Mixed oxide fuel 
PAR  Passive Autocatalytic Recombiner   
PORV  Pressuriser Operated Relief Valve   
PSA2  Probabilistic Safety Assessment level 2 
PWR  Pressurized Water reactors 
RCS  Reactor Cooling System  
SA  Severe Accidents   
SBLOCA Small Break Loss of Coolant Accident  
SBO  Station Black-Out sequence  
SG  Steam Generator  
SGTR  Steam Generator Tube Rupture sequence  
VVER  Vodo-Vodjannyj Energetitcheskij Reaktor: Russian acronym for Water 
   cooled water moderated power reactor  
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Module Experiment 
Operated by 

(Country) 
Phenomena 

CESAR-DIVA TMI2 (USA) 
RCS (Reactor Cooling System) 

thermalhydraulics and core degradation 

DIVA CORA-13 FZK (Germany) Bundle degradation 

VERCORS-1, 2-4 CEA (France) 

FP release of volatile and semi-volatile FP 

from an irradiated fuel with cladding, in 

various atmospheres (oxidizing or 

reducing) 

ORNL VI-4 ORNL (USA) 
FP release of non re-irradiated fuel with 

cladding in pure H2 

Cox-1650 (USA) Release of low-volatile FP 

ELSA 

LPP WP2/2 
AREVA-NP  

GmbH(Germany) 
FP release from a corium pool 

TUBA-D07 IRSN (France) Aerosol diffusiophoresis deposition 

TRANSAT-TR2 IRSN (France) 
Aerosol turbulent deposition in straight 

pipes and bends 

FALCON-18 
AEA-T (Great-

Britain) 

Vapour nucleation and interaction vapours-

aerosols (semi-analytical) 

SOPHAEROS 

AERODEVAP-02 IRSN-CEA (France)
Vapour nucleation and interaction vapours-

aerosols (integral) 

VANAM M3 
Becker Technology 

(Germany) 

Stratification of the atmosphere, wall 

condensation, aerosol phenomena  

NUPEC M7.1 NUPEC (Japan) 
Influence of spray on thermalhydraulics 

and hydrogen distribution  

CPA 

HDR E12.3.2 FZK (Germany) Hydrogen combustion 

Phébus RTF1, 3, 6 IRSN (France) 

Volatile iodine formation under irradiation in 

presence of paints in sump and gas; sump 

high temperatures; influence of silver 

ACE/RTF 3B AECL (Canada) 

Volatile iodine formation under irradiation in 

presence of paints in sump and gas; 

influence of pH. 

CAIMAN 97/02 CEA (France) 

Volatile iodine formation for an evaporating 

sump at pH=9.0, presence of silver, cable 

insulation material 

SREAS 01 IRSN (France) 
Radiolytic oxidation of I- and presence of 

paint in the gas phase 

IODE 

Phébus FPT1 IRSN (France) 
Global test with silver and painted surfaces 

in acid conditions 

ANL-IET 1RR ANL (USA) DCH with simulant corium 

   

ANL U1B ANL (USA) DCH with prototypical corium 

RUPUICUV 

Rattttttttt 

T 

 SNL SUP CES2 SNL (USA) 
DCH with prototypical corium in a cavity with 

an annular space 

BETA 3.3, 5.2 FZK (Germany) MCCI with stratified corium layers 

MEDICIS 

 

OECD-CCI2 SNL (USA) MCCI with real corium and water injection 

 

Table 1:  ASTEC V1 basic validation matrix 
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Figure 1: ASTEC V1.2 modules and structure. 
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Figure 2: MEDICIS main models on heat transfers between corium and concrete 
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1- Gas 
2- Aerosol 
3- Gas phase surfaces 
4- Water 
5- Water phase surfaces 
6- Safety systems (filter, etc.) 

 
Figure 3: Main components used by CPA for aerosol behaviour modelling 
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Figure 4: Main chemical iodine reactions in containment in IODE module 
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Figure 5: CESAR-DIVA application to the TMI2 accident (ENEA work in SARNET) 
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Figure 6: DIVA application to the Phebus FPT4 experiment (IKE work in SARNET frame)
 
 
 

Figure 7: CPA results on KAEVER experiment K187 (ISP44): aerosol depletion in 
containment vessel 
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Figure 8: CPA results on TOSQAN experiment (ISP47) : total pressure in containment 
vessel 

 
 
 

Figure 9: MEDICIS application on OECD-CCI2: temperature evolutions (left); eroded 
cavity profile (right) 
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Figure 10: ASTEC V1.1 nodalisation for ISP46 on the FPT1 integral test 
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Figure 11: ASTEC V1.1 ISP46 results: release of volatile FP (upper left) and 
structure materials (upper right), final state of bundle (lower left), aerosol deposits in 

containment 
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Figure 12: Standard PWR900 primary circuit topology for ASTEC (CESAR) calculations 

Figure 13: Usual CPA containment nodalisation for a Konvoi 1300 MWe plant 
application 
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