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ABSTRACT 
The objective of the ASTRID project (“Assessment of Source Term for emergency Response 
based on Installation Data”) was to develop a methodology and a computer tool that could be 
used by European countries to reliably predict or evaluate the source term in case of accident 
in a light water reactor in order to protect the environment and the population potentially 
exposed to radiation effects.  

THE METHODOLOGY 

The methodology is based on the barriers concept and consists in diagnosing the accident 
and predicts its possible evolution. Strict application of the methodology and a good 
knowledge on accident sequences development and systems operation ensures a reliable 
assessment of the situation. The methodology helps to structure emergency teams work 
process. It would contribute to harmonize the way accidents are assessed in Europe and 
facilitate the communications between emergency players inside and outside a country. 

THE COMPUTER TOOL 

The ASTRID computer tool has been developed with a view to assist expert appraisal and 
support the methodology. It helps quantifying key parameters regarding emergency 
management. More precisely, the aim of the ASTRID system is to monitor the progression of 
an accident, to forecast the future behaviour of the reactor and to estimate the ongoing and 
the potential releases, e.g. the source term, on the basis of the data regularly transmitted by 
the nuclear power plant operator concerning the state of the installation. The output from such 
an assessment is intended to, firstly give bases for decisions on necessary urgent protective 
actions pre-release, and, secondly an input for the sophisticated dispersion calculation codes. 
It consists of basically two different products: 

• a source term description (amount, composition, release height, heat content, time 
scale), 

• reports of different kinds (non-technical action orientated reports and technical expert 
reports). 

By evaluating the time development of the accident, it provides as well some crucial 
information to the operator to define its strategy of plant restoration. Nevertheless, an essential 
point should be underlined: the tool is not intended to replace the expert, who remains fully 
responsible for the assessment.  

The ASTRID tool has four main functionalities: 

helping the user in diagnosing the plant status, 

proposing pre-calculated source terms for deciding urgent protective measures, 

simulating accident development as a function of time and hypotheses made by the user on 
future availability of safety systems, 

reporting. 

ASTRID results have been validated against accidental transients calculated using codes such 
as CATHARE, MAAP, MELCOR or ASTEC. Objective of the validation was to check the 
domain of validity of the code in terms of sequences of accident and reactor types. Several 
types of pressurized and boiling water reactors were considered for the validation.  
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1. EXECUTIVE SUMMARY 

In the event of an accident occurring in a nuclear power plant, the potential amount of 
radioactive materials, which may be released, is important. Depending on the severity of the 
accident, it could be necessary to quickly and efficiently protect the surrounding environment 
and the population from the associated consequences. However, these measures may be 
somewhat unwieldy, and require several hours to be implemented. Therefore, the accident 
should be monitored from the moment it is detected and its future development should be 
assessed. If a release occurs, it is then necessary to confirm the predictions made beforehand 
and to assess more precisely the source term1 and the associated consequences.  

The objective of the ASTRID project (“Assessment of Source Term for emergency Response 
based on Installation Data”) was to develop a methodology and a computer tool that could be 
used by European countries to reliably predict or evaluate the source term in case of accident 
in a light water reactor in order to protect the environment and the population potentially 
exposed to radiation effects. The source term evaluated in this manner will be used to predict 
and/or assess the potential and/or real consequences in the environment in terms of doses 
and deposition that could be compared with intervention levels defined in emergency planning. 

This project lasted from November 2001 to October 2004 and gathered technical 
organisations and safety authorities: 

• Institute for Radiation Protection and Nuclear Safety (IRSN) as coordinator, 

• Swedish Nuclear Power Inspectorate (SKI), 

• Radiation and Nuclear Safety Authority of Finland (STUK), 

• Hungarian Atomic Energy Authority (HAEA), 

• Gesellschaft für Anlagen und Reaktorsicherheit (GRS), 

• Forschungszentrum KARLSRUHE - Institute for Nuclear and Energy Technology 
(FzK), 

• Nuclear Power Plants Research Institute Trnava Inc. (VUJE), 

• SwedPower AB, 

• PCI Teknik & Information AB. 

Domain of application of the ASTRID system 

The methodology and the computer tool have been developed considering mainly 5 reference 
plants: 

- Westinghouse PWR, 

- VVER-440/213, 

- VVER-1000, 

- BWR with internal recirculation pumps, 
                                                      

1 The source term corresponds to the releases outside the installation. It is defined by the nature of the release (products, 
isotopes), the activities (Bq) or the activity flows (Bq/s) and the duration of the release for each isotope, the origin of the releases 
into the environment (stack, buildings) and the height of the release. 
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- BWR with external recirculation loops. 

It covers main accident sequences as total black-out, breaks in the reactor coolant system of 
different sizes and different locations (including steam generator tubes ruptures for 
pressurized water reactors), main steam line breaks. The reactor could be initially at full power 
or in shutdown states. The code calculates from normal to severe accident conditions, up to 
containment venting and melt-core concrete interaction. 

The methodology 

The ASTRID methodology aims at identifying and as far as possible, anticipating the likelihood 
of the occurrence of potential releases into the environment so as to undertake necessary 
actions on the plant to limit releases outside the plant and/or protect the surrounding 
populations as effectively as possible. It is an exhaustive way to assess plant status and help 
to structure the work process.  

The methodology is based on the barriers concept. 

Three barriers are considered in the ASTRID methodology: 

• The first barrier, which prevents fission products releases to the environment, is the 

fuel matrix and the cladding, 

• The second barrier consists of the reactor pressure vessel and all operational and 

safety systems that are connected to and pressurized from the reactor, 

• The third one is constituted by the reactor containment, the reactor building and its 

extension and containment filtered venting system. 

To assess the state of the barriers with ASTRID approach during an on-going emergency 
there is a need of structure and organization. A special nomenclature is defined for barriers 
(intact, degraded, failed, threatened or not known) and functions status. 

Looking at the different modes of failure of each barrier, one could define associated critical 
safety functions, which assure the integrity of the barrier. For instance, modes of failure of the 
first barrier are an excessive production of energy or a loss of cooling. Thus, in the 
methodology, two critical safety functions are associated to the first barrier: sub-criticality and 
core cooling. Critical safety functions need to be described as functional or operational modes 
for practical reasons. Looking at safety systems used to fulfil the functions then completes 
assessment. It is through the systems availability and operation that experts are taking into 
account accident management procedures. 

On starting the ASTRID work process it is essential to establish what state the plant has 
degraded to. Then, in order to anticipate possible releases, prediction of possible evolutions of 
the situation should be assessed.  

Recommended work process is as follows: 

• Diagnosis, which is being defined as “what is momentarily the case”; parameters 
transmitted by the plant are used to evaluate barriers integrity as well as critical safety 
functions status; 

• Prognosis, which corresponds to “what will happen with time”: it is based upon the 
installation condition at a given moment and supposes that no new event will occur 
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except if this condition inexorably leads to the loss of some equipment. Thus, this 
assessment does not take into account the possible failure of new equipment and/or 
the recovery of equipment not available at the time of the assessment; 

• Further failure prognosis, which corresponds to “what will happen with time if an 
additional failure occurs”. 

The work process should be followed along to the accident development. It is recommended to 
up-date periodically the assessment. Strict application of the methodology and a good 
knowledge on accident sequences development and systems operation ensures a reliable 
assessment of the situation.  

The computer tool 

The ASTRID computer tool has been developed with a view to assist expert appraisal and 
support the methodology. It helps quantifying key parameters regarding emergency 
management. More precisely, the aim of the ASTRID system is to monitor the progression of 
an accident, to forecast the future behaviour of the reactor and to estimate the ongoing and 
the potential releases, e.g. the source term, on the basis of the data regularly transmitted by 
the nuclear power plant operator concerning the state of the installation. The output from such 
an assessment is intended to, firstly give bases for decisions on necessary urgent protective 
actions pre-release, and, secondly an input for the sophisticated dispersion calculation codes. 
It consists of basically two different products: 

• a source term description (amount, composition, release height, heat content, time 
scale), 

• reports of different kinds (non-technical action orientated reports and technical expert 
reports). 

By evaluating the time development of the accident, it provides as well some crucial 
information to the operator to define its strategy of plant restoration. Nevertheless, an essential 
point should be underlined: the tool is not intended to replace the expert, who remains fully 
responsible for the assessment. It helps the expert in providing some estimation to be 
confirmed or not by the expert according to its own knowledge or other evaluation means 
(accident studies for instance, PSA sequences, …). 

The ASTRID tool has four main functionalities: 

• helping the user in diagnosing the plant status, 

• proposing pre-calculated source terms for deciding urgent protective measures, 

• simulating accident development as a function of time and hypotheses made by the 

user on future availability of safety systems, 

• reporting. 

Help for diagnosing plant conditions 

Indicators and locators to characterize plant status are identified from the methodology, for 
each reactor type considered. The system helps the user identifying the state of barriers and 
critical safety functions. The objective is to display important parameters in such a way that the 
user has all necessary elements to apply the methodology. For instance, to diagnose the state 
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of the first barrier, he needs to look at the core exit temperature, containment dose rate, 
hydrogen concentration and activity in the stack.  

When implementing the ASTRID system in an emergency centre, there is a possibility to install 
an automatic on-line data connection with an existing plant computer or a computer collecting 
plant data through an interface database; then, the user could display the evolution as a 
function of time of relevant parameters with a high frequency update and perform a more 
detailed assessment of the current situation. Moreover, the user has the possibility to 
implement an automatic survey of some important parameters by determining some alarms to 
be actuated on pre-defined criteria (drop to zero, threshold overpass, …). 

Use of pre-calculated source terms 

With the use of a set of “base cases”, that is, a set of pre-calculations of e.g. 12 orders of 
magnitude of source terms for dominant fission products, the question of very early pre-
release actions in an urgent protective action zone could be addressed. Such a set of base 
cases could be addressed from all kinds of calculations, probabilistic or deterministic. In 
ASTRID, the choice of pre-calculated source term is done according to a procedure of tests 
based on physical parameters.   

Simulation of the transient 

To assess more realistically the probable development of an emergency, the ASTRID tool is 
able to simulate the accident transient on the basis of plant status diagnosis and hypotheses 
made by the user on the availability and future operability of safety systems. To protect 
efficiently the population, decision-makers need to have an idea about the risk of release or of 
a further release and about the time left before the occurrence of potential releases. On-site 
such an estimation in order to determine a strategy to avoid core degradation, protecting 
personnel or limiting the releases is likewise needed. To assess the time before core melt in 
the case of a LOss of Coolant Accident (LOCA), the user should locate the break and evaluate 
its size to calculate the course of leak flow of the reactor pressure vessel and reactor coolant 
system as a function of time. This could be done for instance for PWR by making some mass 
balance in the reactor coolant system between two pressurizer level measuring points at the 
beginning of the accident and taking into account incoming and outgoing flows to get an 
estimation of the flow at the break; break size could be evaluated using critical flow 
correlations. Other methods based for instance on the pressure drop in the reactor coolant 
system at the very beginning of the accident are proposed. Then, the possible developments 
of the accident and the reactor and containment behaviours could be calculated, by inputting 
the events which have occurred (for instance a break on the reactor coolant system, size and 
location is specified) and describing the future operation of the different systems of the 
installation depending on their availability, operation limits and accident management 
procedures (number of safety injection system pumps in operation as a function of time, the 
operation of core and containment sprays, cooling rate, feed and bleed actuation,…). In 
parallel, a calculation of fission products behaviour and corresponding releases into the 
environment is done. 

The ASTRID code is composed of two main parts, the first one based on the drift-flux 
approach representing the reactor pressure vessel, reactor coolant system and secondary 
side (for pressurized water reactor), the second one representing the reactor building, reactor 
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containment and reactor filtered venting system. The main equations are solved for the 
lumped volumes for the primary and secondary systems and for a fine nodalization in the core. 
The radioactivity release from the fuel and transport in the primary system is based on these 
results. Then, thermalhydraulic conditions in the reactor building and the containment and the 
behaviour of fission products in the installation are estimated by a code based on mechanistic 
models simulating relevant processes and plant states during severe accident in the 
containment of light water reactors.  

The ASTRID code is a short-running code in opposition to fast-running codes. Results should 
be obtained in few minutes. Then the user could modify or test numerous hypothesis and 
update regularly the calculation.  

The output file from the ASTRID tool consists of fixed data on NPP site, location and time of 
the accident (scram) and variable data on predicted source term (organized in fission products 
groups and specified on nuclide) along with release height, heat content, local weather and 
time scale and projection. The automatic transmission of the source term to radiological 
consequences codes is proposed. 

Of course, the results delivered by the ASTRID calculation code are validated with codes such 
as CATHARE, MAAP, MELCOR or ASTEC. Objective of the validation was to check the 
domain of validity of the code in terms of sequences of accident and reactor types. Several 
types of pressurized and boiling water reactors were considered for the validation.  

Reporting 

The methodology points out not only the assessed source term as the necessary output of a 
code but also the need for reports directly usable to others, what ever their field of 
competence. The ASTRID code offers reports in suitable communication formats to other 
specialists, own organization, authorities and, for all, dedicated decision-making reports that 
maps out the predicted consequences and urgent actions needed already in the pre-release 
phase.  

Conclusion 

A complete system aiming to assess real or potential source term in case of an emergency in 
a light water reactor has been developed. The methodology is fully applicable and could 
contribute to harmonize the way of assessing an accident in Europe and facilitate the 
communications between emergency players inside and outside a country. The support tool is 
not yet fully operational, due to its computer time, which is not compatible with an utilisation in 
an emergency. Efforts will be pursued to solve this difficulty in the next future. 

2. INTRODUCTION 

This report constitutes the final report of the FIKR-CT2001-00171 contract. It describes the 
objectives of the project and its main achievements. Then outlooks are discussed. 

List of publications is presented in another report [1]. An executive summary is as well 
available, independently from the current report [2]. 
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The project having been named ASTRID, abbreviation of Assessment of Source Term for 
emergency Response based on Installation Data, this acronym is used in this report to 
designate equally the project (ASTRID project), the system itself (ASTRID system) or part of 
the system (ASTRID computer tool). 

3. BACKGROUND 

Following the reactor accident in Three Mile Island most western European countries with 
nuclear power reactors started a huge safety upgrade work to improve not only reactor safety 
but also the introduction of mitigating systems that would minimize consequences of a severe 
reactor accident. Further to this also emergency preparedness arrangements were made; 
alarm criteria, on-site and off-site emergency structures and plans to protect population and 
environment. Following also the Chernobyl accident in 1986, many countries started the 
development of dispersion codes to calculate and better predict the consequences of a 
radioactive release.  

However, follow-ups of the Chernobyl accident in the mid 90ties revealed the need for an 
earlier start of assessing the actual severity of an accident to efficiently succeed in emergency 
response actions. By looking into the NPP, at the state of fission product barriers and critical 
safety systems, the magnitude of a potential radioactive release could be predicted in a timely 
manner to allow emergency response to be executed even before the occurrence of a release. 
This is the perspective in which the development of the ASTRID system should be regarded.  

4. OBJECTIVES 

In the event of an accident occurring in a nuclear power plant, the potential amount of 
radioactive materials, which may be released, is important. Depending on the severity of the 
accident, it could be necessary to quickly and efficiently protect the population and 
surrounding environment from the associated consequences. However, these measures may 
be somewhat unwieldy, and require several hours to be implemented. On the other hand, the 
kinetics of such accidents in light water reactors would be relatively slow and would not result 
in very significant releases until several hours after the initiating event of the accident. It is 
proposed to take advantage, as far as possible, of the time available before any release 
occurs to provide to the decision makers the technical elements necessary to define the 
appropriate countermeasures. 

Therefore, the accident should be monitored from the moment it is detected and its future 
development should be assessed. If a release occurs, it is then necessary to confirm the 
predictions made beforehand and to assess more precisely the source term2 and the 
associated consequences. It will be used to check that the proper protective actions have 
been implemented on a sufficiently large area.  

The objective of the ASTRID project was to develop a methodology and a computer tool that 
could be used by European countries to reliably predict or evaluate the source term in case of 

                                                      
2 The source term corresponds to the releases outside the installation. It is defined by the nature of the release (products, 
isotopes), activities (Bq) or activity flows (Bq/s) and the duration of the release for each isotope, the origin of the releases into the 
environment (stack, buildings) and the height of the release. 
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accident in a light water reactor in order to protect the environment and the population 
potentially exposed to radiation effects. The source term evaluated in this manner will be used 
to predict and/or assess the potential and/or real consequences in the environment in terms of 
doses and deposition that could be compared with intervention levels defined in emergency 
planning. 

Meanwhile, the ASTRID system could be used as well to fulfil operator purposes regarding 
plant operation. With rough estimations for instance of the time of main events occurrence, the 
operator could evaluate if the strategy followed to bring the plant in a safe state is adapted to 
the situation or not and test several possible strategies. 

5. ORGANIZATION OF THE PROJECT 

The project gathered safety authorities and technical organizations : 

• Institute for Radiation Protection and Nuclear Safety (IRSN) as coordinator, 

• Swedish Nuclear Power Inspectorate (SKI), 

• Radiation and Nuclear Safety Authority of Finland (STUK), 

• Hungarian Atomic Energy Authority (HAEA), 

• Gesellschaft für Anlagen und Reaktorsicherheit (GRS), 

• Forschungszentrum KARLSRUHE - Institute for Nuclear and Energy Technology 
(FzK), 

• Nuclear Power Plants Research Institute Trnava Inc. (VUJE), 

• SwedPower AB, 

• PCI Teknik & Information AB. 

The names of the scientists having participated in the project are provided in appendix 1. 
Participation of safety authorities potentially interested in implementing the ASTRID tool in 
their emergency centre was essential to keep in mind end-users needs permanently during the 
project. Moreover, technical competence skills were available on the different light water 
reactor types implemented in Europe. 

A Quality Assurance Program [3] was elaborated at the beginning of the project. It describes 
the organisation of the project, defines the work steps and quality assurance documentation to 
be established; it defined as well the different technical reports to be written in the frame of the 
project and their contents. 

 

The project was organized in three main work-packages: 

• Definition of a methodology of assessment of an accident in light water reactors 
implemented in Europe, 

• Development of a computer tool supporting the methodology, 

• Preparation for the implementation of the methodology and the tool in emergency 
centres. 
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Main work-packages were divided in several tasks. A leader organization was identified for 
each task. Then, for main tasks, specifications were drawn up and discussed between all 
ASTRID partners. When the specifications were accepted, the development was performed. 
Last step was the validation of the work performed. 

A Software Development Procedure [4] complying with the international standards 
organisation standards ISO 9000 and ISO 9001 has been also established for the 
computerization of the tool. 

Ten progress meetings and six technical meetings were organized during the project. Minutes 
were drawn up for each meeting and validated by all participants. Tasks to be performed and 
deadlines were clearly identified. 

To facilitate the dialogue between partners, a web site has been created for ASTRID 
development. All reports (draft or definitive versions) and calculation codes versions 
developed in the frame of the project were available on the site.  

6. THE ASTRID SYSTEM 

6.1 Domain of application 

The ASTRID system takes advantage of plant parameters as soon as the accident has been 
detected to cope with the likelihood of releases into the environment. Before releases, plant 
data is of course the sole information available for assessing possible releases. But even 
when the release occurs, it should be noticed that it could take a long time, sometimes few 
hours, according to the radiation monitoring network density around NPPs and time needed to 
make some manual measurements, to get first activity measurements results. It could take 
several hours to get an approximate estimation of the contamination of the environment from 
the measurements. During this time, it is necessary to still rely on plant parameters evolution 
to assess the source term and consequences. 

Three possible phases could be distinguished during an accident: 

• A threat phase, i.e. before release, 

• A release phase, 

• A post-release phase (or a phase where the releases are still on-going but less 
important). 

The ASTRID system is usable from the moment an accident is detected until sufficient 
measurements become available in the environment to deduce radiological consequences 
and necessary counter-measures from activity measurements. It means it covers the two first 
phases of the accident and the beginning of the third part (see figure 1), when major releases 
have occurred.  

First objective of a system like ASTRID is to support decision making on emergency counter-
measures (sheltering, evacuation or iodine tablets ingestion), which should have been decided 
and set in place as far as possible before releases. Nevertheless, as soon as releases start, it 
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is important to have the capacity to evaluate as realistically as possible current or past 
releases from installation behaviour: 

- to confirm the estimations made before releases (and adjust, if necessary, counter-
measures),  

- to check the consistency with the first dose rate or activity measurements made in the 
environment after or during releases.  

Moreover, for a fast kinetic accident, the time needed for emergency organisation to set in 
place does not enable to protect populations before releases (except when particular 
arrangements are included in emergency plans). But in that case also, source term and 
possible consequences should be assessed by calculation means to decide as soon as 
possible on necessary actions to be implemented, if no reflexive actions were undertaken.  

Figure 1: Emergency phases and domain of application of the ASTRID system 

6.2 Methodology for plant status assessment  

6.2.1 Objective 

The ASTRID methodology aims at identifying and as far as possible, anticipating the likelihood 
of the occurrence of potential releases into the environment so as to undertake necessary 
actions on the plant to limit releases outside the plant and/or protect the surrounding 
populations as effectively as possible. It is a way to structure the work of emergency technical 
teams and could be used as a support for communication between technical experts in the 
affected country or with foreign countries. 

On the basis of answers received from European countries to a questionnaire on the methods 
and tools implemented for accident technical expertise, a methodology that could be 
commonly applied for all light water reactors has been defined.  
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6.2.2 Basic concepts 

In order to detect a possible release from a NPP, it is proposed to examine fission products 
barriers existing between the fuel and the environment. 

Three fission products barriers are considered in the ASTRID methodology, whatever the plant 
type considered: 

• The first barrier, which prevents fission products releases to the environment, is the 

fuel matrix and the cladding,  

• The second barrier consists of the reactor pressure vessel and all operational and 

safety systems that are connected to and pressurized from the reactor, 

• The third one is constituted by the reactor containment, the reactor building and 

containment filtered venting system.  

There are considerable differences between NPPs in Europe concerning reactor 
containments. This goes for not only the reactor types, but also for generations, or stages of 
technical development, within one reactor type category. It has been chosen to consider only 
one barrier whatever the NPP design, from a single volume type (i.e. French PWR) to a three 
volume type containment (i.e. GE Mark III BWR) or even more (i.e. Konvoi reactor). 

To assess the state of the barriers with ASTRID approach during an on-going emergency 
there is a need of structure and organization. A special nomenclature is defined for barriers 
(intact, degraded, failed, threatened or not known) and functions status. 

Looking at the different modes of failure of each barrier, one could define associated critical 
safety functions, which assure the integrity of the barrier. For instance, modes of failure of the 
first barrier are an excessive production of energy or a loss of cooling. Thus, in the 
methodology, two critical safety functions are associated to the first barrier: sub-criticality and 
core cooling. Critical safety functions need to be described as functional or operational modes 
for practical reasons. Looking at safety systems used to fulfil the functions then completes 
assessment. It is through systems availability and operation that experts are taking into 
account accident management procedures. 

6.2.3 Work process 

On starting the ASTRID work process it is essential to establish what state the plant has 
degraded to. To an extent this could be made automatically or with manual checks of barriers 
and barrier protecting functions. Then, in order to anticipate possible releases, prediction of 
possible evolutions of the situation should be assessed.  

Recommended work process is as follows: 

• Diagnosis, which is being defined as “what is momentarily the case”; parameters 
transmitted by the plant are used to evaluate barriers integrity as well as critical safety 
functions status; 

• Prognosis, which corresponds to “what will happen with time”: it is based upon the 
installation condition at a given moment and supposes that no new event will occur 
except if this condition inexorably leads to the loss of some equipment. Thus, this 
assessment does not take into account the possible failure of new equipment and/or 
the recovery of equipment not available at the time of the assessment; 
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• Further failure prognosis, which corresponds to “what will happen with time if an 
additional failure occurs”. 

The work process should be followed along to the accident development. It is highly 
recommended to up-date periodically the assessment. Strict application of the methodology 
ensures a reliable assessment of the situation.  

The methodology maps out relevant process parameters and indicators, what and how to 
calculate and a structured way to summarize and conclude on potential source term and likely 
time projections. In a way this is components in a source term assessment toolbox where 
single tools could be substituted over time. To suit different user situations, both on-site and 
off-site as well as size of staff, priority and work order is likewise addressed.  

To support the application of the methodology, some grids have been elaborated. The generic 
grid is provided in figure 2. 

 

Figure 2: Generic grid supporting the application of the methodology 

6.2.4 Test of application 

In January 2004, a test of application of the methodology was organized by the IRSN and 
HAEA during a French national exercise. The IRSN applied the methodology for assessing 
plant status and its possible further developments; the supporting grid was used as a support 
for communicating technical information to HAEA. Resulting from the methodology 
supplemented with the available plant specific information, the state of the nuclear installation 
was clearly understood by HAEA ; the risk of releases could be estimated. The possible future 
evolution of the nuclear conditions was assessed and the HAEA was able to independently 
analyze the developed circumstances, and to formulate the appropriate questions for the 
IRSN. Based on the thus obtained information the gained conversance in the evolution of 
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sequence of events, and the assessment of the possible future and occurred releases and the 
concomitant environmental consequences could be actualized and specified. The results of 
the performed independent HAEA analysis and the comparison of the HAEA results with the 
local responsible IRSN analysis shows that the usage of the same method can outstandingly 
support the correct conclusions drawn on the off-site consequences, even if the independent 
analysis was performed by a distant, and regarding the specific technology and local 
conditions of a foreign plant unqualified analyzer. This significant outcome also contributes to 
the clear recognition of the applicability of the methodology [5]. 

6.2.5 Conclusion 

The methodology developed in the frame of the ASTRID project aims to identify and as far as 
possible, to anticipate the likelihood of the occurrence of potential releases into the 
environment so as to protect the NPP staff and surrounding populations as effectively as 
possible. It aims also to define top priorities in the efforts to be made by the operator in 
restoring the situation. In certain situations, this early warning is not enough to take protective 
measures for the population prior to the beginning of significant releases. This is why 
considering a risk of further failure is completing the method.  

By focussing more on similarities than differences the ASTRID methodology aims at a solution 
that could be acceptable for several reactor types as well as reactor containments, different 
stages of technical designs, but also for use at on-site as well as off-site emergency centres. 
So, the scope of the ASTRID methodology outlines the common fission products barriers and 
interrelated critical safety functions, that is, plant process parameters of importance to 
address, for such an assessment of the likely future state of the failed nuclear power plant and 
the resulting source term. 

The document describing the general methodology [6] has been completed by two documents 
on the application of the methodology to the case of PWR and VVER-440/213 reactors [7, 8]. 
This documentation is available on request. 

6.3 The ASTRID computer tool 

6.3.1 Objective 

To support the pre-defined methodology, a computer tool has been developed in the frame of 
the ASTRID project. It helps the user in diagnosing plant status and provides quantification 
means to give a prognosis of evolution of the situation in a timely manner. 

Depending on the organisation considered, its missions, its technical background, the number 
of experts involved and the information available on the installation, the needs in terms of 
calculation means may be different. Therefore, two modules are available for quantifying the 
releases, the first one delivering pre-calculated source term estimations, the second 
calculating more precisely installation behaviour and source terms. 

The output from such an assessment is intended to, firstly give bases for decisions on 
necessary urgent protective actions pre-release, and, secondly an input for the sophisticated 
dispersion calculation codes. By evaluating the time development of the accident, it provides 
as well some crucial information to the operator to define its strategy of plant restoration. 
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It consists of basically two different products: 

- a source term description (amount, composition, release height, heat content, time 

scale), 

- reports of different kinds (non-technical action orientated reports and technical expert 

reports). 

6.3.2 General information on the computer tool  

The ASTRID computer tool consists in a software system developed in a compatible PC 
Windows NT, Windows 2000 and XP software environment. It needs only standard tools for 
operating and is based on a free database (Interbase 6.5). The ASTRID computer tool has 
been developed in DELPHI 7.0. Calculation codes implemented in ASTRID are in Fortran. 

Minimum computer configuration for a correct operation of the tool is: 

- Pentium IV à 3 GHz 

- 512 Mo RAM. 

The user interface is in English language.  

A set of documents necessary for the implementation and the use of the system as installation 
and operation documents, user manuals, description of physical models and validation results 
complete the tool. 

Modes of utilization 

One of the main disadvantage of a generic tool as the ASTRID computer tool is that generic 
data sets are generally implemented. It is an essential point for many organizations to have 
the possibility to adapt generic data sets to their own reactors. In ASTRID, a so-called 
administrator mode usable for defining a new reactor has been developed. Using a password, 
the “administrator” will introduce or complete a new reactor data set. He will enter plant 
characteristics, information on systems operations, … When the administrator has defined a 
reactor, the reactor data set is available in the user mode for emergency situation.  

Functionalities of the ASTRID tool in the user mode are described in the following. To be 
available, some of them need a preliminary work to be performed by the administrator.  

Two user manuals are available, one for the administrator mode [9], the other for the user 
mode [10]. 

6.3.3 Description of ASTRID functionalities 

As previously mentioned, the ASTRID tool has three main functionalities: 

• helping the user in diagnosing plant status, 

• proposing pre-calculated source terms for deciding urgent protective actions 

regarding the population, 

• simulating accident development as a function of time and hypotheses made by the 

user on future availability of safety systems. 

The figure 3 presents the general window of the ASTRID computer tool. The user will select the 

reactor concerned by the accident and the data acquisition mode on this window. 
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Figure 3: General window of the ASTRID computer tool 

6.3.3.1 Diagnosis of plant status 

Reactor accidents and also emergency situations are characterized by safety system failure(s) 
that could break or provoke a threat to fission products barriers. The idea of the diagnosis 
functionality is to display for all users in an experts group the state of the barriers and critical 
safety functions in an emergency overview. Information about critical safety functions is 
normally available and used in accident management.  

Based on the methodology, a list of the most significant indicators and parameters available 
for each reactor type has been elaborated to characterize barriers and critical safety functions 
status on one hand, main systems operation on the other hand. To structure experts’ analysis 
and facilitate the diagnosis of plant status, the number of parameters proposed to the user is 
voluntarily limited.  

Getting the information on plant parameters with a high frequency is essential to perform a 
detailed diagnosis of plant status. The possibility to have an on-line data connection with the 
plant affected by the accident has been therefore implemented in ASTRID in parallel to a 
manual data acquisition mode that could be used as a back up when there is no possibility to 
connect with the plant.  

Data acquisition 

As previously mentioned, the ASTRID tool offers the possibility to connect the ASTRID tool to 
plant computer to get an on-line data acquisition.  
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It is proposed to create an interface database between the plant computer and the ASTRID 
database.  

The figure 4 presents the general architecture developed for data acquisition in ASTRID. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: General structure for on-line data acquisition in ASTRID 

The creation of the interface database and the link with ASTRID database is automatically 
done when installing ASTRID. The person installing ASTRID should develop the link between 
the plant computer and the interface database. 

A script of creation of this interface database with a clear description on how to fill it is 
available [11]. Moreover, a specific tool has been elaborated to simulate a nuclear power plant 
on-line data connection for checking the correct installation of the ASTRID on-line data 
acquisition function.  

From the list of sensors available in ASTRID, the person installing the system should select 
corresponding parameters available on the plant and develop a tool able to fill in real time the 
ASTRID interface database. In some cases, several measurements will be available in a plant 
for one parameter in ASTRID. It is the choice of the person installing the on-line data 
acquisition to decide to consider the mean value or to give greater importance to one 
measurement (the most representative for instance or the severe accident qualified one). 

To develop the automatic data acquisition mode and make the data usable by the tool, several 
configurations have been considered for getting measured data from plant computer: 
incomplete data set at each time point, problems of variable frequency of transmission, … It 
may be necessary to slightly correct data set when storing them into the ASTRID database in 
order to propose to the user a consistent set of data, usable for calculation purpose. Thus, the 
interface database contains original data sent by the plant and the ASTRID database contains 
corrected data. As an example of the possible measured data treatment, the following figure 
shows how a measured data is selected to be stored into the ASTRID database when the time 
period chosen by the user differs from data automatic transmission frequency and when there 
is no data corresponding to time points. 
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The closer data to the time point is chosen in a range of a half-period before and after the time 
point. 

 

 

 

 

 

Figure 5: Selection of measured data to be stored in the ASTRID database 

It is advised to establish such an on-line data link with plants of course but also with full-scope 
simulators as far as possible. This will enable to test the tool and train users with accidental 
sequences during exercices. 

When using the tool during an emergency, the connection could be activated through the 
ASTRID user interface (see figure 6): 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: ASTRID screen used for on-line data connection 

When the on-line data connection is established, a button appears on the screen as 
permanent information to indicate if the link is operating or not. If data transmission is 
interrupted on more than four acquisition period, an alarm appears on the user interface to 
alert the user on a possible problem in the acquisition. 

If no on-line data acquisition is possible, the user could fill a pre-formatted message at 
different time points (see figure 7). In that case, one person should be dedicated to this task 
and the ASTRID tool installed in a client-server configuration. 
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Figure 7: Manual acquisition data mode 

In a more degraded mode, i.e. without any data, the ASTRID tool could be used to evaluate 
source term, starting from a database corresponding to a nominal state. Of course in that 
case, the diagnosis function is not usable. 

Diagnosis of plant status 

Within the Diagnosis menu, the user has the possibility to display data sent by the plant in pre-
formatted format available for entering data or in a structured way related to each barrier, each 
critical safety function and associated systems (see figure n°8).  
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Figure 8: Display of plant data evolution for determining barriers and critical safety functions 
status 

Given a situation where the experts group has gathered and is about to start work, the 
accident has been on-going for a while, critical safety functions indicators should help users to 
assess their starting point of work. The status of critical safety functions versus time is also 
important. Critical safety function indicators could signal to the user state of barriers thereby 
indicating the meaning of clusters of parameters. 

The user can then formalized the state of the three barriers between the fuel and the 
environment, state of critical safety functions and state of systems, using the proposed 
vocabulary consistent with the methodology, at a fixed diagnosis time, as shown in the figure 
9. 

For instance, to assess the state of the first barrier, i.e. fuel matrix and cladding, on a PWR or 
a VVER, the evolution as a function of time of the core exit temperature, containment or 
hermetic zone dose rate and activity at the stack is displayed. The user could very rapidly 
identify if the core has degraded or not. Looking at the RCS water inventory function, 
pressurizer water level, vessel water level, saturation margin evolutions are examined. By 
comparing the evolution of the different parameters as a function of time, the user could define 
the state of the critical safety functions. 
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Figure 9: Definition of the 2nd barrier status on a BWR reactor 

When he has made plant diagnosis, the user has the possibility to introduce some information 
on weather conditions on-site and indicate the level of emergency. By default, IAEA levels are 
proposed. To complete the diagnosis, the user could indicate main events, which have 
occurred, as a function of time.  

The user could also look at measured data and display freely parameters curves as a function 
of time. He may draw on a same graph several plant parameters evolution in order to make 
some comparison and identify deviations. 

When he has finished the diagnosis, the user could proceed to source term estimation. 
Nevertheless, a continuous survey of plant parameters could be done by the system through 
an early warning function. The main purposes of such a warning function are to notify users on 
changes crucial to further evolution of the accident and state of barriers. Also the use of 
indicators pointing out vital changes need a kind of flash-note to call user’s attention although 
they might not be of direct use in calculations. Early warning functions are based on selected 
plant parameters of importance for the status of the plant. These functions are needed to notify 
on and identify trends, where the critical safety functions may be violated. A first step in the 
development of early warning functions is to identify relevant parameters to be used. Then a 
system for interpretation of the rate of change of the signals or exceeding a predefined limit 
should be prepared. This is the task of the administrator.  

Relevant parameters chosen for early warning are generally related to critical safety functions. 
In some cases also other parameters of safety importance may be included. For BWR the 
following critical safety functions are used: reactivity, core cooling, radioactivity barriers and 
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heat sink. The following quantities can be combined with the critical safety functions for early 
warning: 

Reactivity: reactor thermal power, control rod positions, 

Core cooling: water level in the reactor vessel, activity concentration in primary coolant, 

Radioactivity barriers: pressure, temperature and activity concentration in the containment, 

Heat sink: temperature in the condensation pool, pressure and temperature in the 
containment. 

In principal, the following quantities can be combined with the critical safety functions for early 
warning: 

- measurements of the indicator type not used in calculations, such as activity 
measurements, collected leaks, exceeding a certain value, 

- measurements, such as temperatures, pressures, levels and flows, rapidly increasing or 
falling. 

Functions of this kind depend of course to an extent on input data frequency. With a high 
update frequency early warnings could be displayed earlier, which is an added value. 

From a user point of view, it is proposed to divide those parameters into the following groups: 

- parameters indicating state of barrier – for example, core exit temperature > X, primary 
water activity concentration > X, considerable drop in primary system pressure > X, 
containment radioactivity monitoring showing increased concentration > X, 

- parameters indicating mode of critical safety functions – for example control rod position 
related to reactivity, 

- parameters indicating critical object’s change of state – start/stop of pumps, valves 
opening/closing, 

- parameters indicating reached critical thresholds – for example, reactor water level < X, 
steam generator < X, pressurizer level < X, condensation pool or sump water 
temperature > X, 

- parameters corresponding to emergency preparedness alarm levels – for example, 
containment dose rate and main stack activity monitoring but also condensation pool 
temperature, water temperature reaching point where pumps are likely to fail, 

- parameters pre-announcing important changes to follow – for example, RWST level near 
empty, hydrogen concentration near burnable, pressure near containment pressure relief.  

When the automatic link for data acquisition is available and rules for a continuous plant 
measurements survey implemented, the user has all the necessary to perform correctly the 
diagnosis in case of an accident and to be alerted when making a prognosis of the situation 
when there is a noticeable evolution of measured parameters. 

6.3.3.2 Pre-calculated source term 

During the first minutes of an accident, there is no time and little information or resources 
available to perform lengthy or complex transport calculations. Nevertheless, response 
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personnel should be able to provide an initial rapid assessment of barrier status (fuel 
claddings, primary circuit and containment integrity) and source term. 

The proposed method for a rapid source term assessment under severe accident conditions is 
based on pre-calculated sequences, which connect known dominant conditions of accident 
progression (plant status) with potential leakage of fission products to the environment. This 
method is based on the assumptions that sequences which do not differ from the point of view 
of dominant conditions of accident progression lead to similar radioactivity release to the 
environment. 

The ASTRID computer tool proposes a set of emergency procedures that can be used to 
reliably predict the source term in case of accident on three main types of light water reactors, 
i.e. PWR, VVER and BWR.  

In order to cover the spectrum of the accidental field of each reactor type the list of accidental 
sequences for which the source term estimation and barriers integrity assessment is 
necessary has been established. For each sequence, the parameters that have a strong 
influence on source term were determined (for instance, in case of LOCA, the core status and 
containment spray systems operation). 

The dominant conditions, which have a strong influence on source term, are as follows: 

• Extent of core damage (i.e. 2 or 3 levels, beginning from the gap release up to large 
– 100 % of fuel melting including reactor vessel bottom head failure and phase of 
molten corium – concrete interaction in the cavity), 

• Fission products leakage pathway (leakage from reactor coolant system (RCS) to 
confinement through a break or pressurizer relief valve, confinement by-pass 
through steam generator tube rupture (SGTR), interfacing LOCA, steam line break, 
etc.), 

• Confinement integrity (intact, early or late failure), 

• Confinement spray system (SS) and emergency core cooling system (ECCS) 
availability (operable or not), 

• Severe Accident Mitigative Procedures applied or not. 

Then, some procedures based on main plant parameters and systems operation have been 
established to help the user in determining the envelope source term adapted to the situation. 

The last step consists in calculating source terms to be proposed to the user as “pre-
calculated source terms”. In order to guarantee the consistency between a first estimation of 
source term based on pre-calculated scenario and further estimations that could be performed 
with the accident simulation function of ASTRID, it has been decided that pre-calculated 
source terms should be calculated using ASTRID. Therefore, a document [12] on how to 
perform the calculation (hypotheses to be inputted in particular for each accidental sequence) 
is supplied with the tool to calculate source terms in that purpose. The administrator will 
calculate these source terms and corresponding files will be stored in the ASTRID database 
as “pre-calculated source terms”. 
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Moreover, this solution has the advantage that pre-calculated source terms are calculated with 
a data set corresponding to the NPP introduced in ASTRID and not to a “generic” reactor type 
dataset. Specificities of NPP could be taken into account in the calculation. 

The figure 10 presents the screen with a part of the procedure of choice of pre-calculated 
source term for a PWR: Procedures for the choice of the source term are provided in 
appendix 2 for VVER-440/213 and BWR with external recirculation loops. 

 

 

 

 

Figure 10: part of the procedure for source determination on PWR reactors 

When detailed information is available, it is advised to adjust the source term to the 
development of the accident by using the accident simulation function. It will enable to have 
elements on possible time development. 

6.3.3.3 Accident simulation 

The accident simulation functionality could be used to refine source term evaluation made 
initially using pre-calculated sequences. It enables to take into account accident time 
development and actions envisaged. As a result, the ASTRID calculation part provides to 
decision-makers a source term prediction as a function of time. An estimation of the time 
available before the beginning of releases into the environment may be essential for decision-
making; it could strongly influence protective actions to be implemented. In some cases, even 
if the quantity released is not so important, justifying sheltering, it could be decided to 
evacuate the population if sufficient time is available.  

For an operator, the accident simulation functionality could be used in a different way, to test 
several operating strategies and define the most efficient regarding core dewatering for 



REFERENCE: ASTRID / 04.39 – v1.1 REV: 0 PAGE: 25 

  
 

instance. It could be used as well to assess the necessary water flow to be injected into the 
reactor coolant system to avoid core dewatering or if heat removal is sufficient to avoid core 
heat up. Of course, results should be used carefully as they are obtained with simplified 
models.  

The calculation code of ASTRID is organized in three parts: 

- the PROCESS module calculates the thermalhydraulic behaviour of the reactor and fission 
products emission from the core, 

- the RELOMEL module models in-vessel core degradation, 

- the COCOSYS code, developed by GRS, deals with the thermalhydraulic behavior of the 
containment and transport of fission products to the environment. 

A short description of these modules is given below.  

The concept of the PROCESS model 

The radioactivity release from the nuclear reactor to the environment depends on the process 
behaviour in different phases of the severe accident. The cooling mismatch in the core is the 
main cause for the cladding failure and thus the release of gaseous fission products species in 
the fuel. If the core heat-up cannot be prevented, the fuel rods are damaged and relocate. 
Finally the UO2 and other core materials form a molten pool. The two-phase coolant is the 
carrier of the radioactivity following liquid and gas flow in the first phases of the accident. After 
the reactor vessel is ruptured, the molten corium slumps directly into the containment cavity. In 
most of the scenarios the containment leakage provides the environmental release paths, but 
in some scenarios (e.g. interfacing systems LOCA or steam generator tube rupture) even 
containment bypass is possible. 

In severe accidents, the two-phase coolant is flowing to the containment and finally to the 
environment. There are associated energy and radioactivity (dissolved in liquid or following 
gas) flows mixed with hydrogen created in the cladding oxidation.  

The process approach selected for ASTRID is using physical simulation models with a coarse 
nodalization to predict the process status. The calculation is much faster than real time. The 
prediction is a combination of the information from the real process and the parameters 
introduced by the system user. The future events can be estimated on the basis of the 
component operability. 

The PROCESS module is a combination of FUEL, ACTIVITY and THERMOHYDRAULIC 
modules (see figure 11). The FUEL module is coupled into the THERMOHYDRAULIC module 
for the primary and secondary side. The radioactivity source terms are calculated in the 
ACTIVITY model.  
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Figure 11: Parameter exchange between ASTRID modules 

 

The fuel module 

The fuel module developed for the STEPS3 software tool (Source Term Estimation based on 
Plant Status) has been used for ASTRID.  

The fuel module addresses the following physical phenomena and plant characteristics: 

• core activity inventory; 

• coolant activity inventory; 

• gap inventory; 

• decay heat production; 

• water level variations in the core region; 

• fuel overheating and melting; 

• fission product releases from the core; 

• cladding rupture; 

• control rod degradation. 

Nuclides groups are used to limit the number of needed parameters, a common behaviour of 
nuclides of a specific group being expected (for example the efficiency of a filter).  

But, as the measurements of coolant activity may be expressed in elementary nuclides activity 
and the expression of fission products emission from the core is given in terms of chemical 
elements, it was necessary to consider both individual nuclides and nuclides groups, the 
chemical elements being easily deduced as the sum of nuclides of the same chemical species.   

The list of nuclides and corresponding groups considered in STEPS are depicted in the table 
1. 

For ASTRID, the silver element has been added to the eighth family of fission products, due to 
the main influence on the behaviour of aerosols inside containment or reactor builiding.  

                                                      
3 Developed within the 4th Framework program 
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Definition 
of fission 
groups 

FG1 FG2 FG3 FG4 FG5 FG6 FG7 FG8 

Nuclides 
included in 
the group 

I-129 
I 131 
I-132 
I-133 
I134 
I135 

(Aerosol 
form) 

Cs-134 
Cs-136 
Cs-137 
Cs-138 
Rb-86 
Rb-88 

Te-127m
Te-127 

Te-129m
Te-129 
Te131 

Te-131m
Te-132 

Te-133m
Te-133 
Te-134 

Sr-89 
Sr-90 
Sr-91 
Sr-92 
Y-90 
Y-91 
Zr-95 
Zr-97 
Nb-95 
Mo-99 
Tc-99m 
Ru-103 
Ru-105 
Ru-106 
Rh-105 
Sb-127 
Sb-129 
Ba-140 
La-140 
Ce-141 
Ce-143 
Ce-144 
Pr-143 
Nd-147 

Kr-85m 
Kr-85 
Kr-87 
Kr-88 

Xe-133 
Xe-135 
Xe-138 

I-129 
I 131 
I-132 
I-133 
I134 
I135 

(Molecular 
form) 

I-129 
I 131 
I-132 
I-133 
I134 
I135 

(Organic 
form) 

Np-239 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Am-241 
Cm-242 
Cm-244 

Table 1: list of nuclides and nuclides groups considered in ASTRID 

The thermal hydraulic module 

Break prediction  

For an accident prediction tool like ASTRID, the break size would be an important boundary 
condition mainly for PWR and VVER reactors. In existing reactors plant data is collected 
typically in the intervals of 10 seconds to 60 seconds. This offers the possibility for the break 
prediction. 

In the simplest mode the prediction may be based on the pressurizer or the vessel level, if 
such a measurement exists. Or if the ECCS systems can feed enough water to compensate 
the leakage, the break flow is equal to the compensation flow. Usually the situation is not as 
simple. A new method was developed and introduced in the ASTRID code, which using 

1.  pressurizer level, 

2.  primary pressure, 

3.  secondary pressure, 
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4.  reactor power generation, and 

5.  primary coolant pump status, pump stopping time 

could predict the break size, even with the coarse interval of the plant data points. Difficulties 
are related to the discontinuity points in the plant operation: the reactor trip, turbine trip, and 
the main coolant pump trip. Also it was recognised that the hot leg and cold leg temperatures 
have to be considered separately for the coolant volume. The initial purpose of the 
development was to be able to localize the break, for PWR and VVER reactors, as it is an 
influent element on the time before core dewatering. Several attempts have been made but 
unfortunately, it was not completely successful: it is not possible to distinguish a break on the 
cold leg and on the hot leg. 

Concept of plant nodalization  
The thermohydraulic modelling for the primary and secondary systems is realized by a fixed 
nodalization description for the PWR as illustrated in figure 12. Two loops, the intact and the 
broken loops are defined. The cold leg, hot leg, ascending SG tubes and descending SG 
tubes are defined for each loop. Both the intact and broken loops have their own secondary 
side volumes. For the vessel the downcomer, lower plenum, core and upper plenum are 
defined.  
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Figure 12: ASTRID schematics for the PWR thermal hydraulics 

 
The lumped volumes in the nodalization, describing the smaller or bigger sections in the real 
plant, include two types of definitions, the homogeneous node with equal temperature and void 
fraction overall and the tank type with a horizontal water level separating the gas and liquid 
space. In the last case the void fraction caused by bubbles is modelled as well. The steam 
generator heat transfer depends on the conditions in the primary tube volumes. In the core a 
special module is used for calculating the detailed distributions. The break flow rate depends 
on the local conditions in the leaking node. 

The PWR LOCA is considered in the primary circuit (LBLOCA, MBLOCA, SBLOCA) for the 
broken cold leg or broken hot leg in the PWR and in the steam generator (SGTR). A PWR 
steam line break is possible for a broken steam generator on secondary side. 

The fixed nodalization for the BWR plant with internal recirculation is illustrated in figure 13. 
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The coolant injections include the emergency core cooling by HPCIS and LPCIS, the charging 
injection and accumulator injection. The main and auxiliary feedwater systems are considered 
for the PWR steam generators and for the BWR vessel. For the steam removal the turbine 
governor valve, the turbine bypass valve, the steam line safety valves and the relief valves are 
included. The safety and relief valves are considered for the pressurizer.  

ASTRID CONCEPT  FOR  BWR PLANTS
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Figure 13: ASTRID schematics for the BWR thermal hydraulics (internal circulation) 

 
The BWR LOCA is considered for the different real elevations in the vessel (LBLOCA, 
MBLOCA, SBLOCA), connected out, the feedwater connection and the steam line. In the BWR 
with internal circulation pumps no significant LOCA can occur below the feedwater sparger. 

The plant components described are the circulation pumps, the flow conduits into the external 
systems, typically controlled by valves (e.g. the relief and safety valves), the active coolant 
injections (in the form of the charging flow, emergency coolant injections and feedwater) or the 
injections from passive systems like the hydroaccumulators. 

Main equations used in the code are presented in appendix 3. 

The ASTRID system covers the cases where the reactor operates at intermediate powers or 
when it is stopped, the reactor coolant system being closed. Plant conditions during the 
reactor shutdown and at shutdown conditions differ from conditions during reactor operation at 
full power (equipment status in protection systems, set points for actuation of safety and 
protection systems, etc.). Modelling was completed accordingly. In particular, the Reactor Heat 
Removal System is modelled.  

Moreover, it has been checked that, in the time window of the ASTRID system (i.e. 
approximately between the first minutes to several days after the scram): 

• decay heat does not differ significantly between VVER, PWR and BWR, 

• for given burn up the decay heat is independent on different fractions of power from 
fissioning of 235U, 238U and 239Pu, 

• except for the burn up smaller than 5000 MWd/tU the decay heat is independent 
practically on the fuel burn up, 



REFERENCE: ASTRID / 04.39 – v1.1 REV: 0 PAGE: 30 

  
 

MAAP

PROCESS

• for a given burn up, the decay heat (as fraction of nominal thermal reactor power) is 
independent on thermal reactor power. 

Then a law developed for PWR, depending on the burn up, was chosen. Validation against 
VVER and BWR has been performed. The comparison is illustrated on the figure 14. 

 

Figure 14: Comparison of residual power curves calculated by MAAP and ASTRID 
for BWR reactors at full power 

The severe accident – in-vessel model (RELOMEL) 

In the simulation of core meltdown four materials with different melting temperatures are 
considered: uranium oxide (2850°C), zirconium (1760°C), zirconium oxide (2690°C) and 
stainless steel (1450°C). The basic core model calculates the fuel heat-up, and oxidation until 
the relocation begins. After that the RELOMEL module begins to calculate the fuel melting and 
its relocation. The model simulates the physical and mechanistic behaviour related to the fuel 
rods before the molten pool formation. The heat flux and cladding oxidation is calculated in the 
PROCESS model. The relocation is simulated in a mechanistic way as a candling process. 
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When the cladding or fuel pellet is partially melted, the melt fraction is given to flow into the 
node below. The zirconium oxide follows the relocating zirconium. 

After the temperature of the relocated fuel is high enough for the molten pool formation, 
another module continues the calculation for the molten pool. The pool is a lumped node, with 
3 boundaries for the barrel pool (bottom wall, side wall, top layer) and 4 boundaries (bottom 
wall, inclined wall, vertical wall, top layer) for the lower head pool. The criterion for the molten 
pool assumes the formation at the 75 % melted state of UO2 (user defined). The concept for 
the severe accident scenarios is depicted in simplified form in figure 15.  

Second pool 

Heat radiation

Melt relocation

Molten UO2 
oxide  pool

Molten UO2 oxide

UO2 crust

UO2 crust

Molten metal layer

External cooling ?

Metallic structures 
absorb radiated heat 

Lower support plate

Heat radiation

Molten metal layer

 
 

Figure 15: The severe accident phases in ASTRID 

After the reactor barrel wall is punctured  (or optionally the core support plate), the molten 
oxide material (UO2, ZrO2) and metals (Zr, steel) are relocated into the lower plenum forming 
the second oxide pool directly or through the debris bed formation. The debris bed is formed, if 
sufficient water exists in the lower head.  

MOLCOR solves the molten reactor pool in the reactor barrel and the so-called MOLVES 
module for the lower plenum. The molten corium pool is typically composed of an oxide part, in 
which most of the decay power is generated, and a metallic layer on top. The oxide part of the 
pool is surrounded by the solid crust, which is formed due to the big difference in melting 
points of oxide and metallic materials. Oxide and metallic materials are assumed to stratify, 
and the metals are located on the top. The most of the oxide material is uranium oxide with a 
high density compared to the metals. A part of the metallic layer might stay molten and a part 
solid due to the heating from the oxide part and cooling heat flux upwards.  

The containment part (COCOSYS) 

To be able to evaluate correctly the source term in the post-core degradation phases, it is 
necessary to evaluate thermalhydraulic conditions in the containment or reactor building. 
Moreover to simulate chemical behavior of some elements as iodine, pressure and 
temperature conditions inside the reactor building or the reactor containment are fundamental. 
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Then, taking into account severe accident phenomena as the necessity to depressurize the 
reactor building could be done properly only by introducing a calculation of atmosphere 
composition and pressure and temperature evolution. 

The objective of the containment module was to cover accident phenomena during in-vessel 
and ex-vessel phases, which are relevant regarding: 

• integrity check of the barriers as the barrier integrity influences significantly the source 
term, 

• source term determination (kinetic of releases and amount of fission products 
released). 

Phenomena covered by ASTRID are the following: 

• core meltdown, 

• relocation of melt and formation of molten pools, 

• simulation of gap formation between molten core and pressure vessel wall, 

• vessel melt-trough process, 

• release of fission products from the melting core and depletion in piping system 
(through retention factors), 

• simulation of containment atmosphere for various types of containment, 

• molten core concrete interaction, 

• fission products and aerosols depletion in containment, surrounding buildings and 
filters, 

• iodine behavior in the containment, 

• simulation of accident management measures for in-vessel and ex-vessel behavior. 

Taking into account technical specifications drawn up at the beginning of the project and 
considering human means allocated for this task, it was decided to introduce some parts the 
COCOSYS scientific code developed by GRS in ASTRID. 

The choice of COCOSYS has induced some specific difficulties for the computerization of the 
ASTRID system. At the end of the project, some difficulties are still pending due to: 

• the size of input and output files (27 Mo of files for 24h of simulation),  

• the complex files architecture (lots of working repertories, important number of output 
files),  

• the size of executable files,  

• the problem to integrate PVM4 implemented in COCOSYS (low stability, difficulties to 
run),  

• the necessity to run many processes in a limited time (PVM, COCOSYS, output files).  

This induces a too high computer time and efforts should be pursued to solve these problems 
before implementing the tool for emergency use. 

                                                      
4 Parallel Virtual Machine 
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Three main phenomena have not be modeled or have been modeled partially: 

• iodine behavior, 

• hydrogen combustion loads and estimation of Deflagration Detonation 
Transition/detonation loads, 

• molten core–concrete interaction. 

Concerning iodine behavior, R&D projects are still needed to understand what’s happen (rate 
of emission at the break, conversion rates to be considered for chemical reactions, …). Some 
information on iodine behavior is still unknown. A study performed by a Swedish expert on this 
item shows that chemical reactions to be considered in PWR and BWR are not the same. 
According to R&D progress, it will be necessary to update the ASTRID code. A particular 
attention will be drawn up to the SARNET European project concerning this subject. 

The second difficulty concerns the modeling of core-concrete interaction. It was not possible to 
develop, at present time and taking into account R&D results, a simplified model for the MCCI. 
The only possibility is to calculate, for each reactor, some correlations giving the time of 
concrete erosion and corresponding releases. A correlation, established for Konvoï reactors is 
implemented in the code. A document describes how to determine such correlation for other 
reactor type [13]. 

Concerning hydrogen combustion, the modeling was not developed for a lack of time. These 
three items will be treated in a future version of ASTRID. 

Performing an accident simulation with ASTRID 

To perform a calculation, the user should enter hypotheses on the accident.  
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Figure 16: window for entering safety injection systems operation as a function of time on PWR 

First of all, he will evaluate the break size using plant parameters. Having the break size, he 
will define the status of the different systems and how they are supposed to operate in the 
future. The figure n°16 shows the general window used for describing systems operation 
related to primary and secondary circuits in a PWR. 

When hypotheses are entered, the user could perform the calculation. Evolution of some 
calculated plant parameters are displayed during the calculation and some comments on the 
main events (opening of pressurizer relief lines, safety injection start up…) are given (see 
figure n°17). 

 

Figure n°17: calculation window 

6.3.3.4 Reporting 

As part of the work on the definition of a methodology for plant status assessment, it was 
found that communicating the source term assessment results is crucial to emergency 
performance generally. Thereby the need of different kinds of reports was identified to suite 
different purposes, different duties and obligations and also different fields of competence. For 
all, suitable reports for cross competence communication are the ways to adapt to effective 
organizational interaction. Necessary reports identified were the following: 

• Source term report file 

This is the description of the source term – as to size, composition, time, release rate, height 
of release point, thermal content, as well as on-site weather observations of wind direction and 
speed, weather class, precipitation – that constitutes the input file for dispersion codes that are 
used to calculate the effects in the environment.  
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• Technical report 

This report reflects in-house needs with the priority on means that support change of shifts and 
expert communication. The need for an emergency assessment overview for those working 
with the analyses merely consists of the actual state of the three barriers and their respective 
critical safety functions consisting of numbers of technical systems. To an extent working 
group needs are covered by the critical safety indicator. However, the ambition should be to 
clearly document not only the sequence of events and actual operational state. What is 
momentarily the case is also actual condition on fission products, in each compartment, in 
what form, etcetera. Together the above covers the diagnosis part. 

To make an assessment report for working groups complete this should cover also future 
technical and radiological state along with the time projections. This constitutes the prognosis 
part and means result of previous and ongoing calculations in those three compartments 
together with fission products conditions. As well assumptions made by the analysts to 
perform calculations are needed in such a report. This constitutes an administrative part. 

Together the working group report covers the D/P grid of which a computerized example is 
shown below. 

 

Figure 18: D/P grid adapted to PWR reactors 

6.3.3.5 Source term transmission 
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Evaluated source terms could be transferred automatically to different codes for calculating 
dispersion and radiological consequences. The format for transmitting source term is defined 
to suit to the MODEM exchange platform, guaranteeing a possible transmission at least to 
RODOS, ARGOS and RECASS systems. Source term formats needed for other codes, as at 
least the ones used by the different partners of the ASTRID project have been considered as 
well. 

On the basis of the report provided by FzK on source term elements needed for RODOS 
calculation [14] and elements needed for radiological consequences codes used by the 
different project partners, the specification of the transfer of source term for radiological 
consequences calculation has been established, using an ASCII or xml file.  

Source term is calculated by fission group’s families in ASTRID (see table 1). Source term to 
be transmitted to radiological consequences is splitted into isotopes in order to suit to several 
consequences calculation codes.  

Elements transmitted to radiological consequences codes are: 

• Begin of the release after the end of the chain reaction, 

• Definition of the time intervals for which ASTRID delivers source term data (number of 
intervals, lower and upper time boundaries of each interval), 

• Release height above ground in each time interval, 

• Released thermal power in each time interval, 

• Fractions of elementary iodine, organically bound iodine and iodine aerosols of the total 
amount of iodine released ("iodine fractions") in each time interval, 

• Activity released in each time interval for individual radionuclides. 

Release height, released thermal power, iodine fractions and released activity are given for 
time intervals with variable duration. The ASTRID tool supplies the possibility to define time 
intervals on which the source term would be considered as approximately constant.  

6.3.3.6 Physical validation of the ASTRID system calculation part 

Validation of physical models implemented in ASTRID has mainly concerned the PROCESS 
and RELOMEL codes. For some transient, a comparison between ASTRID and COCOSYS or 
other reference codes was done to quantify the influence of simplifications and check the 
validity of the fuel module. 

First task was to define data set for each reactor considered for the validation. Data sets were 
defined for the following reactors: 

• Konvoï, 

• French 900 MWe PWR, 

• VVER-440/213, 

• VVER-1000, 

• Loviisa and Olkiluoto power plant, 

• Ringhals 1. 
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Primary 
pressure 

(bar)

water level 
in the 

pressurizer 
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Validation has been performed on the basis of some validation grids defined for each reactor 
type. Conclusions of validation are presented below for some of the reactor types considered 
in ASTRID. 

French PWR 

Validation results on French PWR show that the break size prediction based on the water level 
in the pressurizer, results are conservative and overestimated with a maximum of 67% for the 
case of one-inch break on the cold leg. Results are better with some charging and letdown 
flow and when the break is located on the hot leg. IRSN considers that the results are 
acceptable for an emergency tool. Using the methodology based on the primary pressure, 
results are of course less correct. Nevertheless, this method could be used to have an order of 
magnitude of the break size when the information on pressurizer level is not available. The 
table 2 shows the summary of the validation of break size estimation made for French PWR on 
the basis of pressurizer level evolution.  

 

Table 2: Comparison of break sizes calculated with ASTRID on the basis of pressurizer level 
evolution for French 900 MWe PWR with real break size 

Concerning the calculation of reactor behaviour, it was firstly checked that the nominal steady 
state was correctly simulated with ASTRID. The table 3 compares some real plant parameters 
with ASTRID calculation. 

 

Table 3: Comparison of thermalhydraulic parameters between ASTRID and a real plant for 
nominal steady state 

Validation of accidental transients was then performed. Evolution of main parameters 
calculated with ASTRID was compared with the one calculated by the CATHARE code. A 
particular attention was paid on the evaluation of time before core dewatering.  

In case of LOCA (validation was made for 1, 2, 3, 4.5, 6 and 12 inches cold leg LOCA), it was 
concluded that tendencies of primary pressure curves and of primary liquid water mass curves 
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Primary and secondary pressure : 3" break with unavailable Safety Injection, without operator 
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are correct (see figures 19 and 20). They fit the curves calculated by the reference code 
CATHARE quite well.  

Figure 19: Evolution of liquid water mass on a 3 inches break transient without safety injection 
and no application of EOPs 

Figure 20: Evolution of primary and secondary pressures on a 3 inches break transient without 
safety injection and no application of EOPs 

This leads to an estimation of the time before core dewatering based on the water mass in the 
primary system more reliable than the same estimation based on the vapour superheating. A 
modification will be made in the code to consider water mass. Another conclusion of the 
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validation is also that the 2 inches break can be considered as the lower limit of the scope of 
application of the code for break transient. For the transients with a break size inferior to 2 
inches, the difference on the predicted time before core dewatering is too large. This 
difference is mainly due to the slow kinetics of the accident. Moreover break sizes bigger than 
12 inches have not been tested during this validation work so there is no determination of the 
higher limit for the moment. 

VVER/440-213 

Concerning the VVER-440-/V213, two types of transient calculated with ASTRID were 
compared to MAAP4, ASTEC V1.02 and RELAP5-3D: 

 Blackout transient, 

 Cold leg LOCA (equivalent diameter=100mm). 

On black-out transient, the agreement in prediction of start of core dewatering, fuel 
temperature increasing followed by start of fission products release from fuel is on acceptable 
level. 

Concerning the fission products released from the fuel, the agreement between ASTRID, 
ASTEC V1.02 and MAAP4 is very good for volatile species. Good agreement is also reached 
between ASTEC and MAAP for U, Np and Pu species. 

Concerning the comparison of the calculated source terms - cumulative leakage of fission 
products into the environment, the agreement among ASTRID, ASTEC V1.02 and MAAP4 
cumulative fractional leakages to the environment during in-vessel phase is good for noble 
gases. 

Leakages of volatile species are predicted by MAAP 6-7 times higher in comparison with 
ASTEC and more than one order higher in comparison with ASTRID.  

Leakages of all semi and non-volatiles species are predicted lesser by ASTEC – from ≈20 
times (La, Y, Nd...) to ≈135 times (Sr) in comparison with ASTRID and MAAP. The highest 
differences between ASTRID and MAAP are for Ru, Mo and Tc. Leakages estimated by 
MAAP are 54 times higher. Looking at these results and taking into account important 
discrepancies existing between so-called reference codes, it is difficult to statue on the validity 
of the results obtained with ASTRID. Nevertheless, the quite good agreement obtained for 
volatile species confirm that ASTRID could be used to support decision-making during the 
emergency phase of an accident. R&D needs to be pursued on emission of semi and non-
volatile species to conclude on the validity of ASTRID. 

The second transient selected by VUJE for the validation was the cold leg LOCA (equivalent 
diameter 100 mm) with and without spray system availability. In case when the spray system 
is not available, the main differences are in timing of main events predicted by ASTRID in 
comparison with ASTEC and MAAP predictions up to time of core support plate failure. The 
difference in timing of reactor vessel lower head failure by all three codes is on acceptable 
level. 

The cumulative leakages of noble gases estimated by MAAP4 and ASTEC V1.02 codes are 
practically identical. ASTRID results are “overestimated” (1.6 times) in comparison with 
ASTEC and MAAP but stay in the same order of magnitude. For all volatile species, no 
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meaningful differences are between ASTRID and ASTEC (MAAP) results. ASTRID predictions 
are from 10 (in comparison with ASTEC) to 26 (in comparison with MAAP) times lesser. 

In case when spray system is in operation, the cumulative leakages of noble gases estimated 
by ASTRID (ASTEC) are 5.8 (2.8) times lesser in comparison with MAAP results. The 
cumulative leakages of aerosols are significantly lesser in ASTRID and ASTEC predictions in 
comparison with MAAP4 (2 – 6 orders). According to ASTRID calculations the operation of 
spray system decreases the source term by factor of 20 (≈ 3 orders of magnitude). On the 
other side, in case of MAAP4 model the operation of spray system decreases the source term 
by factor of ≈ 1 order of magnitude. 

VVER 1000/320 

Concerning the VVER 1000/V230 a hot leg LOCA (equivalent diameter: 200 mm) with and 
without spray system in operation calculated with ASTRID was compared to ASTEC V1.02 
and MELCOR1.8.3 calculation results. 

The cumulative leakages of noble gases estimated by all three codes with and without spray 
system in operation are on an acceptable level. 

In case when spray system is not available the cumulative leakages of all volatile fission 
products are the highest according to ASTEC V1.02 code. In comparison with ASTRID 
calculations the main difference is for Cs and Rb (about two orders). In comparison with 
MELCOR the differences are in the range from 3.5 (I, Cs) to 6 (Sb) times. 

The cumulative leakages of semi-volatile and non volatile fission products calculated by 
ASTRID are at least 34 times lesser in comparison with ASTEC code. In comparison with 
MELCOR, ASTRID results are from 1.6 to 10 times higher for La, Ce, Y and Zr and smaller for 
the others aerosols.  

In ASTRID calculations, the operation of the spray system decreases the source term ≈ 7 
times for noble gases and ≈ 135 times for actinides. 

The table 4 shows the comparison between ASTRID and ASTEC V1.02 results on RSC 
response.  

Without spray system With spray system (1 train) EVENTS 

ASTRID ASTEC V1.02 ASTRID ASTEC V1.02 
Reactor  scram 0.0 s 0.0 s 0.0 s 0.0 s 

Signal CSS start (Pcontainment> 1.3 bar) - - 10.0 s 14.1 s 

CSS in operation  - -  35.1 s 

Hydroaccumulators discharge 100.1 s 234.3 s 100.1 s 235.1 s 

Start of core dewatering 1338.66 s 1100.0 - 1150 s 1330.65 s 1100 -1150.0 s

Start of fuel temperature increase 1350.0 s 1900.0 s 1350.0 s 1900.0 s 
Start of fission products release 
from fuel (clad failure Tclad ≥ 900 °C)

 
1876.5 s 

 
2770.6 s 

 
1851.5 s 

 
2785.0 s 

End of hydroaccumulators discharge 400.3 s 2936.1 s 400.3 s 2934.1 s 
1st corium slump to RV LH (core 
support plate failure) 

 
5612.0 s 

 
3140.1 s 

 
5427.72 s 

 
3132.6 s 
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Without spray system With spray system (1 train) EVENTS 

ASTRID ASTEC V1.02 ASTRID ASTEC V1.02 
Start of U-O-Zr melting  
Tfuel,max ≥ 2227 °C (2500 K) 

 
3077.5 s 

 

3300.0 s 

 
3052.0 s 

 

3330.0 s 

Total core dewatering  3380.0 s  3360.0 s 
RV Lower Head dry-out 
(water mass in LH < 150.0 kg) 

  
≈9500.0 s 

  
≈9200.0 s 

RV Lower Head failure 7974.0 s 9801.7 s 8286.3 s 10208.1 s 

Total in-vessel H2 production  247.3 kg  201.1 kg 

End of sequence calculation 18 000 s 15 000.0 s 18 000 s 15 000.0 s 
Table 4: Comparison of ASTRID and ASTEC V1.02 results for a 200mm hot leg LOCA on 

VVER 1000/320 reactors 

Same conclusion as for the VVER-440/213 black-out transient could be drawn up. 

BWR with internal circulation pump / OLKILUOTO 

The first modelled scenario is a guillotine break in a feed water line in combination with a total 
loss of AC-power (break size is 0.14 m2 - 200% of pipe flow area). The second modelled 
scenario is a station blackout. ASTRID results are compared to MELCOR. 

Feed water line break scenario comparison graphs show time instances of major events as 
follows: fuel uncovery: 44 seconds (ASTRID), 180 seconds (MELCOR); vessel failure: 3 hours 
57 minutes (ASTRID), 1 hour 21 minutes (MELCOR). 

Station blackout scenario comparison graphs show time instances of major events as follows: 
fuel uncovery: 39 minutes (ASTRID), 25 minutes (MELCOR); Vessel failure: 7 hours 21 
minutes (ASTRID), 1 hour 21 minutes (MELCOR). 

Several noticeable differences exist between the ASTRID results and the results obtained with 
the reference code on severe accident part. 

Pressure and temperature in containment calculated with ASTRID are too low throughout the 
calculated time range for both scenarios. In the feed water line break scenario the flow through 
the break may be too small for which reason the temperature and pressure in the containment 
do not rise as in reference results. Furthermore, the pressure of the primary circuit quickly 
drops below the pressure in the containment so that vessel rupture causes the pressure in 
containment to drop instead of rise.  

Time scale of vessel rupture is much longer in ASTRID results than in the reference results 
whereas fuel uncovery takes place earlier than in the results obtained with MELCOR.  

Several checking and certainly some modifications in the modelling are needed before having 
a version of ASTRID suitable for modelling severe accident scenarios in BWR plants such as 
the Olkiluoto NPP. 

Validation results are used to define the scope of validity of the code. Results will be used as 
well to determine priorities in future developments on ASTRID calculation part. A list of points 
to be checked and/or improved has been established. As a first step, the data set used for 
validation needs to be checked. 



REFERENCE: ASTRID / 04.39 – v1.1 REV: 0 PAGE: 42 

  
 

BWR with external circulation loops / RINGHALS 1 

The validation work on BWRs with recirculation loops focused on two types of transients: 

 Boil-off sequences (like station blackout), 

 Recirculation loop break (bottom break), 

calculated with ASTRID and MAAP. 

Results obtained were in some respects quite correct. Definition of water level in MAAP and 
ASTRID should be checked to conclude more precisely on the validation. Pressure evolution 
in ASTRID does not follow MAAP pressure evolution. Nevertheless, pressure curves obtained 
with MAAP may be questionable.  

The main conclusions concerning the validation on BWRs with recirculation loops are as 
follows: 

 Station black-out sequence characterized by residual power boiling off and loss of 
water through the pressure relief valves 

Residual power curves showed very small deviations directly after reactor scram but aligned 
after a short period of time. On comparing the development of reactor water level in the core 
and in the downcomer a reasonably good agreement were found. This shows the ASTRID 
features to simulate the steam cooling of the core in a two-phase zone is adequate for the 
purpose. However, considering also different reactor pressure evolution and ADS performance 
in the two codes there should be a difference. How much this should influence results must be 
clarified with additional calculations.  

Reactor pressure was expected to shortly peak at 72-74 Bar an then regulate at approx. 70 
Bar until reactor water level in the downcomer reach low-low level when forced blow down 
starts. However, ASTRID calculated pressure drop instantly on reactor scram. Also MAAP 
gave somewhat curious results in this respect. ADS function and valve setup need to be 
reviewed for improvement. Hydrogen production was studied and showed reasonable 
agreement with the respect to the time period it occurred. Matching this result parameter was 
done with accumulated values on the one hand and production rate on the other. This 
corresponded also to fuel temperatures and the time steam production was expected to stop. 
Melt and relocation process node by node was not possible to compare as ASTRID result files 
were not prepared for this kind of report data. This kind of outputs needs to be prepared. Also 
MAAP results with both axial and radial nodes were unclear.  

The figure n°21 shows the reactor water level evolution calculated with MAAP and ASTRID. It 
could be notices that the time to reach the level bottom of the core differs from 6 to 7 minutes. 
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MAAP

TOP OF CORE

BOTTOM OF CORE

BOTTOM OF CORE

TOP OF CORE

Figure 21: Reactor level evolutions calculates with MAAP and ASTRID fir a station black-out 
on a BWR with recirculation loops  

 Recirculation loop break (12 inches) 

Reactor water level decreases in approx. the same period of time for both calculations 
performed with MAAP and ASTRID. In MAAP the resulting level from course of outflow were at 
the upper nozzle level instead of the lower. Instant reactor pressure decreases in both codes. 
Most interesting to study was core dewatering, heat-up, degradation and relocation. The 
outcome was as in previous sequence. 
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6.3.4 Conclusion 

The ASTRID computer tool developed to support the methodology has been fully 
computerized. Unfortunately, the accident simulation function could not be considered as fully 
operational in the context of an emergency due to computer time needed to perform a 
complete calculation. Several ideas to cope with this problem have been proposed and should 
be tested. It is also recommended to complete the physical validation of the tool before using 
the system. 

More generally, a list of open points, which were still pending at the end of the project has 
been established to support further possible developments. They are: 

- PROCESS stability; 

- The computer time (for example the simulation of 24 hours on a French PWR requires 
more than half an hour of CPU); 

- The suppression of PVM (parallel virtual machine) that is normally used to distribute 
several processes on different machines. That is not the case in ASTRID, PVM is 
used for the communication and for the synchronisation of processes. In the case of 
ASTRID PVM cost a lot of CPU time to the process; 

- A new fuel module should be implemented. The fuel module has been taken from the 
STEPS initial project and completed with structure material and aerosol material but 
the module is not completely satisfactory at present. Improvements on the module 
should be performed; 

- Iodine behaviour for the BWR (some experiments are programmed in the case of the 
SARNET project) is not treated; 

- The pH calculation in the sump or specific compartment for the BWR should be 
introduced; 

- The atmospheric dose rate inside containment or reactor building should be evaluated 
(the dose rate in the sump is assess with a simple approach for the moment); 

- The fission products and the concrete aerosol released during the MCCI phase should 
be calculated; 

- BWR valves modeling should be improved; 

- A new approach concerning the list of measurements (generic list provided by the 
administrator using the user interface) should be computerized; 

- Cooler for recirculation mode is missing; 

- Specific coupled cooling systems (TH, TZ, TX) for German BWR is not completed; 

- The hydrogen deflagration is not considered. 

Open points are mainly on the code but complementary functions should be also improved 
(early warning function, …).  

When the computer time will be on an acceptable level for emergency purpose, the system 
could be implemented in emergency centers and used. Then possibilities for improving the 
calculation code and complementary functionalities will be studied. 
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The ASTRID computer tool is completed by a set of documents necessary for the 
implementation and the use of the system: 

• Installation and operation documents; 

• User manuals for the administrator mode and user mode; 

• Description of the physical models implemented in the code; 

• Validation documents on different reactor types. 

6.4. Preparation to the implementation of the system in an emergency centre 

The last part of the ASTRID project dealt with the preparation for implementing the system in 
an emergency centre. Objective was to elaborate supporting pedagogic means for facilitating 
the implementation of ASTRID in existing emergency centers on one hand, and explain how 
the system could be used depending on experts number, competence skills available, 
emergency centre already existing arrangements on the other hand.  

Two documents are available: 

- A general document explaining the general philosophy of the system and how it could 
be used in different configurations [15], 

- A set of pedagogic slides [16] to support training sessions on the ASTRID system. 
Slides are provided as well on a CD when the code is delivered. 

7. CONCLUSION AND OUTLOOKS 

Within the ASTRID project held from November 2001 to October 2004, a methodology of 
expertise of plant status aiming to identify a possible risk of radioactive release outside the 
installation and to give an estimation of the release as a function of time has been proposed. 
By focussing more on similarities than differences the ASTRID methodology aims at a solution 
that could be acceptable for several reactor types as well as reactor containments, different 
stages of technical designs, but also for use at on-site as well as off-site emergency centres. 
Associated documentation will be largely distributed over Europe. It should help harmonizing 
practices in terms of technical emergency management and also contribute to a better 
understanding between countries possibly involved in case of major release. By predicting the 
possible evolutions of an accident, it helps the authorities to define the proper emergency 
level. 

The ASTRID computer tool has been developed with a view to assist expert appraisal and 
support the methodology. It helps quantifying key parameters regarding emergency 
management. More precisely, the aim of the ASTRID system is to monitor the progression of 
an accident, to forecast the future behaviour of the reactor and to estimate ongoing and 
potential releases, e.g. the source term, on the basis of data regularly transmitted by the 
nuclear power plant operator concerning the state of the installation. The output from such an 
assessment is intended to, firstly give bases for decisions on necessary urgent protective 
actions pre-release, and, secondly an input for the sophisticated dispersion calculation codes. 
It consists of basically two different products: a source term description and reports. 



REFERENCE: ASTRID / 04.39 – v1.1 REV: 0 PAGE: 46 

  
 

By evaluating the time development of the accident, it provides as well some crucial 
information to the operator to define its strategy of plant restoration. Nevertheless, an essential 
point should be underlined: the tool is not intended to replace the expert, who remains fully 
responsible for the assessment. It helps the expert in providing some estimation to be 
confirmed or not by him according to its own knowledge or other evaluation means (accident 
studies for instance, PSA sequences, …). 

If the methodology has been defined and is at present applicable in emergency situation, the 
supporting computer tool is not yet fully operational, on the calculation part. The choice to 
introduce a scientific code like COCOSYS has induced many difficulties for the 
computerization of the emergency tool. Main problems to be solved concern the computer time 
needed to calculate source term in case of accident. IRSN and GRS will cooperate in 2005 to 
solve these difficulties. Some problems of stability should be treated as well. Then, the 
dissemination of the ASTRID computer tool could be envisaged. 

A property agreement will be established in the beginning of 2005 between the partners of the 
ASTRID project to fix the rules for further evolutions and dissemination of the ASTRID system. 

It is to be noticed that the partners intend to distribute for free the ASTRID system to each 
institute asking for it, with two main objectives: 

 Have a same system used by several emergency centres for harmonisation of 
responses in the different countries and facilitate the dialogue between them in the 
event of a severe accident; 

 Get some feedback on the use of the system for the definition of further improvements 
taking into account user needs. 

The IRSN will take in charge the promotion of the system. Distribution of the ASTRID system 
will be submitted to the signature of a licensing agreement defining in particular some 
limitations on further distribution and describing how new versions will be issued and 
delivered.  

Source codes will be made available for the part modelling thermal hydraulic in the reactor and 
post-core degradation phase until vessel rupture. To get sources from the scientific code 
implemented in ASTRID to model the containment part (COCOSYS), a licensing agreement 
should be signed with GRS in parallel. 

An ASTRID user’s club will be created, as soon as the system is getting operational. The 
user’s club will gather system developers and users with the objective to maintain and improve 
the system. 

The need of further developments has been already identified at the end of the project. 
Possibilities to improve the system will be studied in the frame of an ASTRID users’club. 
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APPENDIX 1 
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APPENDIX 2 

 

Procedures for the choice of a pre-calculated source term for VVER-440/213 and BWR 
with external recirculation loop reactor types 
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Emergency Procedure for Source Term estimation on VVER-440/213 NPP 
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Emergency Procedure for Source Term estimation on BWR NPP with external loops 
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APPENDIX 3 

Main equations used in the PROCESS module 

 
1. Conservation equations for thermalhydraulics 
The solution of the thermalhydraulic equations in ASTRID is based on discretized solutions of 
the partial differential equations for mass, momentum and energy conservation. The phase 
separation is calculated with the drift flux correlation. The gas enthalpy is calculated only in the 
case of superheating.  

The mixture mass conservation equation is defined through 
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The partial differential equation is first integrated for each node giving the discretized equation. 
This discretized equation is used for two purposes: 1. the system pressure in the primary and 
secondary system is calculated based on the mass changes and compressibility of the 
mixture, and 2. after solving the circulation momentum equation it is used for deriving the 
volumetric flow distribution around the primary side. The momentum equation is solved only 
for the PWR primary loop and BWR main circuits in the integral form. The solution is based on 
the momentum conservation equation integrated over the flow path. By assuming the 
reversible pressure losses negligible and including the irreversible pressure losses into friction 
terms, the momentum equation may be simplified giving 
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Equation (2) is applied only for calculating the circulation rate in the independent circuits. For 
the PWR geometry the number of independent circuits means the number of primary loops. 
The first approach is that the energy conservation equations are solved for both phases. The 
basic differential equation for the gas enthalpy is derived as 
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and for the liquid enthalpy as  
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and they are solved in a discretized form for the lumped volumes using a similar integration 
procedure in space as explained earlier. During the severe accident a significant amount of 
non-condensable gases is released in the form of hydrogen from the oxidation process. The 
conservation equation is written for describing the non-condensable concentration in the gas 
phase as well.  

For the differential velocity three alternatives exists:  

1 equal velocities for gas (vapour) and liquid phases,  

2. the velocity drift between phases and   
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3. the “tank” approach, swell level in the tank defines the quality in the exit branch.  

In  the cases 2 and 3 the swell level is calculated with the phase separation model.  The basic 
formula of the phase separation model is known as a Zuber-Findlay drift-flux model and it is 
defined through 

gjmog VjCu +=     (5) 

From this expression the void fraction in the tank below the swell level can be derived giving 

gjmo

g

AVJC
J

+
=α       (6) 

The drift flux parameters are given by the as user. 

The thermalhydraulic solution is fast and the reasons may be summarized as: 1. a long time 
step (0.5 to 1.0 s), 2. the compressibility waves are neglected by calculating the steam density 
and saturation temperature at the system pressure (three pressures, primary, intact secondary 
and broken secondary), and 3. the momentum solution from the integral momentum equation 
with simplified terms.  

2. Heat and mass transfer description 
The wall-to-coolant heat transfer is solved in the core and in the steam generators. No heat 
transfer is calculated between the coolant and other structures for the thermal hydraulics parts. 
Parallel to the lumped core node model, a fine mesh module simulates the swell level in the 
core and the heat profile in the fuel. The detailed model takes into consideration the effect of 
the core power profile and level swell due to steam generation.  

In steam generators the heat transfer is a three-step process. It includes the primary heat 
transfer, heat conduction through the tube and the secondary heat transfer.  

The interphasial heat transfer is solved for the flashing of the superheated liquid, condensation 
of the vapour due to the sub-cooled liquid and heating of the liquid due to the superheated 
vapour. 

3. Mass flow boundary conditions 
For liquid break the subcooled liquid break flow model is used for the primary leak   

5e0.1)p9.0p(0.2AW satllsub,brk −= ρ  (7)  

and for vapour break the saturated vapour leak flow model is used as a general model for 
break and valve flow  

5e0.1p2.0A456.0W gg,brk ρ=   (8) 

The adiabatic expansion of accumulator nitrogen is used for solving the hydroaccumulator 
discharge rate 

=γpv constant    (9) 
where v means the specific volume (inverse of density) of the nitrogen gas and γ is the 
isentropic expansion (γ = 1.4). 

The HPCIS and LPCIS pump injections are described as a function of pressure. The flow 
characteristic is based on the assumption on the quadratic polynomial between the flow rate 
and pressure through  
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2
22110HPI WFWFFp ++=    (10) 

The relief and safety valves are described for pressurizer and steam generator secondary 
sides. For the turbine both the governor valve and bypass valves are considered.  

 
4. Radioactivity in the core and its release out 
The radioactivity consists of the radiation from individual isotopes. Before the core 
disintegration the radioactivity release from the fuel is a two-stage process. Immediately after 
the rod rupture the radioactivity located in the gas gap is released into the coolant. At higher 
temperatures  the release of the radioactivity takes place directly from the fuel pellet through 
the activation energy law. The rod failure is based on the threshold temperature 

if failcl TT >
, local rod cladding is failed. 

The continuous release of fission products may be formulated based on the activation energy 
law by 

m
RT
Q

0m
m MekC

dt
dM ⎟

⎠
⎞

⎜
⎝
⎛−

−=     (11) 

where Cm is the release rate multiplier (0 … 1),  k0 is the basic release rate coefficient (200 
1/s), Q is the activation energy (2.3·105 kJ/kmol) and R the universal gas constant (8.315 
kJ/kmol). The release constant is a function of the fuel temperature, and the differences in the 
release sensitivity between nuclides are included into the Cm coefficients. 

For higher temperatures up to the fuel melting the release model may be used by applying 
appropriate coefficients. 

The fission products are handled in eight groups: 

1 Cesiumiodine (follows gas as aerosols), 

2 Cesiumhydroxide (liquid) 

3 Tellurium (liquid) 

4 Oxides (liquid) 

5 Noble gases (gas) 

6 Molecular iodine (liquid) 

7 Organic iodine (liquid) 

8 Actinides (liquid). 

In a typical radioactivity input 26 elements and 73 isotopes are considered. The transportation 
is determined by using the coolant flow rates as calculated by the thermohydraulic model.  

Discussions are engaged on the necessity to re-consider these groups and to extend the code 
to other groups as non-radioactive aerosols (it has an impact on the deposition of fission 
products inside the containment). 

The model based on the equation (11) is valid only for the leakage from the intact fuel rods /7/. 
The development is under progress for defining the radioactivity releases from the 
disintegrated and molten core- The more detailed transportation characteristics (e.g. natural 
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deposition) is needed for the nuclides as well. The radioactivity model is even more 
complicated in the containment. 

5. Cladding oxidation model 
Diffusion of oxygen atoms through the metal-oxide phase is the rate limiting process for 
metals. The zirconium oxidation results from the chemical reaction: 

2H2O + Zr → 2H2 + ZrO2 +∆Hzr  
The reaction rate at isothermal conditions is described by a parabolic expression: 

[ ] t)TR/(QexpD2 ⋅⋅−⋅=ω ,   (12) 
where D is the reaction rate multiplier (=29 for T<1853 K K, and 88 for T>1853 K in the 
Urbanic/Heidrick model), Q is the activation energy (1.4·105 kJ/kmol) and R the universal gas 
constant. The Urbanic / Heidrick model was found having a best-estimate characteristics. 

The present model is satisfactory only for the non-degraded core geometry. The degraded 
core needs additional considerations. 

 

 




