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Introduction 

Safety is essential for nuclear installations: it is necessary to avoid the release of radioactive 

materials outside them. So, they are designed, built and operated in a way which allows to 

prevent accidents, to keep the system in a safe situation even if the largest accident taken for 

the design happens, and to protect the population from harm in case of a Beyond Design Basis 

Accident . 

 

In relation with this conference, it is worthwhile to ask the question: what is the role of 

supercomputing in nuclear safety? 

 

The aim of this paper is to consider that question, to appreciate the actual level of use of 

supercomputing in nuclear safety, and to try to foresee its future evolution. 

 

Doing that, it is necessary to be conscious of the necessity for industrial safety applications of 

well validated methods, agreed by the safety expert organizations. So, there is normally a 

large time delay before the advanced methods studied by researchers, and especially those 

relevant of supercomputing, can be effectively used in real safety cases. 

 

Without being exhaustive, we will limit the review to some of the important safety topics of 

the light water reactors: 

1. Primary circuit loss of coolant accident 

2. Severe accidents 

3. Use of CFD codes in other accidents 

4. Treatment of uncertainties 

 

LOCA calculations:  present status and future needs 

A key safety problem for the PWR or BWR is the necessity to cool continuously the nuclear 

fuel when there is a problem in the circuit, including in the worst case a pipe rupture. The 

power is automatically shut down, but the radioactivity of the fission products is able to raise 



 

 

the core temperature up to fusion, if there is no sufficient cooling of the core. Various systems 

and devices are incorporated in the design for that purpose. 

 

The verification of the sufficient cooling of the core in various accidental situations is one of  

the most important tasks of the safety analysis. 

 

The development of codes able to treat the problem with some realism began in the years  70. 

Typically, the challenge is to calculate the behavior of a steam-water flow in a hot pressurized 

circuit, with a breach to the containment atmosphere. 

 

Today, various system codes are internationally used. The physical models are based on 

reasonable assumptions concerning the steam and water flows and their interactions. The 

circuits are treated as an assembly of 1D pipe elements, 0D volumes, and eventually 3D 

components. Intensive experimental programs of validation on system loops or local 

components mock-ups were carried in the past years. So there is some confidence in their 

results, when they are used in their domain of validation by quali fied users. 

 

Those codes are used by specialists for large sets of calculations about the behavior of the 

reactor in various accidental conditions. Their results are essential in improving safety 

analysis and probabil istic risk analysis. They can take some benefit in time of answer with the 

use of parallel processing, especially when real time (at least) is required as it is the case for 

simulators used for training of operators and studies of Accident Management procedures. 

They don’t really need super computing and a large part of the calculations is made on 

workstations In the actual situation of nuclear energy, the existing codes can be considered as 

offering a satisfactory answer for the existing reactors and even for the next generation of 

evolutionary water reactors. The requirements for improvement concern mainly the 

robustness, the ease and reliability of use and the connection to tools for a systematic 

evaluation of uncertainties (see paragraph 4) 

 

However, the confidence in the code results is largely connected to the experimental 

validation. Extrapolation to situations out of the validation domain may give doubtful results. 

 

So, for design and safety reasons, it will be interesting to improve the existing modeling 

methods, and there is an international agreement to continue to make work in that direction. 



 

 

What is not so clear is the level of financial effort the industrial, national research and 

governmental safety organizations are willing to support, especially in a nuclear stagnation 

phase. The considerations which follow suppose that the financial effort will be at a sufficient 

level, at least on the line of the recent years. 

 

At middle term, 5 to 10 years, it is foreseen to improve the two-fluids models with extension 

to other fields like droplets, and incorporation of transport equations for the interfacial area, 

and to extend 3D modeling as necessary. 

 

During the same period, the increasing computer efficiency will allow the use of refined 

meshing and the capture of smaller scale phenomena, provided more sophisticated models are 

available. However this will not permit, in the foreseeable future, the simulation by CFD 

codes of the whole primary or secondary loop of a nuclear plant or even of a single nuclear 

component. System and component codes will still remain the main tools, while benefiting 

from the development of the more refined approaches: CFD code and DNS . The CFD codes 

will allow the zooming in on specific zones of a circuit or may be used as a tool to derive new 

closure relations for more macroscopic approaches, reducing the necessity of expensive 

experimental programs. Coupling between CFD and global codes may also be an efficient 

way to improve the description of small-scale phenomena while maintaining computer costs 

at reasonable levels. As soon as in progress developments are available, Direct Numerical 

Simulation codes will be used for a better understanding of small scale physical processes and 

for the derivation of new models for averaged approaches. 

 

The strategy for preparing the next generation of thermal hydraulic tools consists in 

improving the capabilities of system and component codes by developing new models while 

extending CFD codes capabilities to all flow regimes and improving DNS techniques.  

 

In all this story, the development of codes is much slower than the development of the 

computers, and supercomputing is no more a question for the actual codes, which are largely 

used on workstations. The situations will probably be similar for the codes foreseen at middle 

term: in five or ten years from now, the power of workstations will be sufficient for their use. 

The situation is clearly different for the use of advanced methods. They need supercomputing 

to treat non-academic cases with sufficient accuracy. 

 



 

 

 

Severe Accidents 

At the origin of nuclear reactor design, it was considered that the loss of coolant accident was 

the maximum credible accident, and the main design features, from a safety point of view, are 

made in order to prevent it or to limit its consequences by keeping the core geometry intact  as 

long as needed, then limiting strictly the fission products emission in the environment. 

 

However, since the years 70, and especially after the TMI accident, it appears necessary to 

take care of what may append if the core cooling cannot be kept. That situation is the 

beginning of a severe accident. 

 

Typically, when the core is no more cooled by water, the following events happen: 

- The cladding is oxidized by the steam, which generates hydrogen in the containment. 

- The cladding loose its integrity, and a large part of the fission products are released in the 

vessel, and, through the circuit and the breach, arrive in the containment. 

-The cladding and the fuel itself loose their geometry and fall i n a colder part of the core, 

giving a melted “corium” inside a solidified crucible. 

- The crucible breaks and the corium fall in the bottom of the vessel. 

- After some time, if no extra cooling is available, the vessel bottom breaks and the corium 

falls on the basemat of the containment. 

- Depending of the chemical, geometrical and thermal conditions, the corium can be kept and 

cooled in the containment, or goes through the containment to the ground. 

- The hydrogen in the containment could damage the containment if the conditions of 

concentration allow its detonation or fast deflagration. Some devices may be installed to 

prevent such a situation, by burning it as soon as it expands. 

 

All the phenomena involved in a severe accident are very complex, and one could expect that 

they should be good targets for supercomputing. In practice, a great difficulty comes from the 

lack of precise knowledge of the laws governing most of the phenomena involved, and in 

particular the dynamics of the great number of physico-chemical reactions involved. 

 

At present, the ways to treat the problem are: 

 

- For general studies about the accident process, including probabil istic studies, “ integral” 



 

 

codes were developed in the recent years. They are integral in the sense that they treat the 

accident in all its aspects and all the reactor parts, from the core melting at the beginning up to 

the possible release to the environment. Each phenomena is represented with simplified 

models, often empirically adjusted on experiments. Such codes are mainly used on 

workstations. The main computing problem is the great number of calculations needed for a 

complete study of the accident possible sequences. 

 

- Some detailed studies of parts of the accident are treated by so-called “mechanistic ” codes, 

which model more precisely the basic local equations, with a much better geometrical 

representation. Such codes calculate the behavior of the core during the degradation process, 

of the melted pool in the bottom of the vessel and in the containment, the steam and hydrogen 

distribution in the reactor containment. The majority of those codes is still making 

approximations in the geometry and its evolution due to degradation process, and is largely 

dependant of physico-chemical uncertainties, due to the large number of components in 

interaction associated to the unusual level of temperature. Such poor knowledge of basic 

models and properties does not encourage the development of very detailed calculations.  

 

 - However, the situation is not the same for all the parts of the accident. In some cases, the 

physical uncertainties are low enough and the geometrical effects are important. In such 

situations, CFD codes can give interesting results, and in fact they begin to be more and more 

used in problems like the hydrogen repartition and combustion in the containment, the corium 

pool behavior in the vessel bottom, or the corium spreading and solidification process out of 

the vessel. 

 

To give an idea of this type of calculation, one can consider the typical case of hydrogen 

burning in the containment. The interest is to verify the dispersion of hydrogen as soon as it is 

produced, to calculate the overpressure in case of deflagration and to optimize the position of 

special devices to initiate the early burning or recombination of hydrogen before high 

concentration rates are obtained. CFD codes with approximate combustion models already 

exist, with some validation on experiments. A typical calculation of a reactor case may need 

more than 1000000 nodes and require more than 1015  floating operations. 

 

An other situation of complex analysis where CFD code are used combined with severe 

accident codes and mechanical codes is the study of the natural gas circulation and mixing in 



 

 

the primary circuit of a pressurized water reactor during a high pressure severe accident 

scenario (station black out with total loss of feed water for example). The aim is to determine 

the temperature and pressure on each point of the primary circuit in order to foresee the 

location and time of rupture of components. If the first break occurs in a steam generator, it 

can lead to containment bypass and thus fission products release outside the containment. If 

this rupture occurs in the hot leg or on the surge line, the depressurization can avoid a steam 

generator tube rupture, corium ejection at high pressure and risks linked to direct containment 

heating.  This kind of complex situation is challenging concerning the coupling between the 

severe accident code and the CFD calculations and in terms of computational resources  

 

The treatment of the collapse or melting of a large amount of the core materials in the lower 

plenum of the vessel can also be improved by CFD techniques. The accumulation of materials 

(often called « debris ») is characterized by regions where solid particles form a porous debris 

bed and regions where molten materials accumulate, forming a molten pool. The progression 

and growth of the molten pool is a threat for the vessel wall and, therefore, an important 

subject of studies among safety experts.  One of the most efficient ways to stop the growth of 

the molten pool is to reflood the bottom of the vessel with water. It involves complex flows of 

steam and water through the porous debris bed. It also forms a solidification front at the 

boundaries of the molten pool where coupled heat and species transport make the analysis 

difficult with simple models. However, both processes (steam and water flow in porous debris 

and solidification of molten mixtures) may be studied numerically with appropriate modeling 

approaches. 

 

 Dedicated tools are developed to study the details of the phenomena described above. Models 

are obtained by a volume averaging method, which is a classical approach for porous media 

where a large range a characteristic scales exists. Average conservations equations can be 

obtained, at the reactor scale, and are suitable for implementation in industrial codes. One of 

the advantages of the volume averaging method is that it is possible to calculate, at the local 

scale,  the effective transport properties that appear in the average equations, allowing to close 

the problem. An example of such a modeling approach  is the calculation by direct numerical 

simulation of effective heat transfer properties for the calculation of steam-water flows in a 

porous debris bed, properties which are used in an average model to simulate the progression 

of a molten pool in a small scale experimental vessel. 

 



 

 

 
For the calculation of effective heat transfer properties, the flow of a steam bubble in water is 

calculated by direct numerical simulation, using a second gradient model. The dimension of 

the calculated domain is 2cm2. A meshing of the order of 5000 to 10 000 elements is 

necessary (finite element resolution). The characteristic time-step is of the order of 0.001s. To 

get the complete sequence of the flow, the total computation time is 3 to 5 days on a processor 

UltraSparc 3 (750 MHz). Such a calculation must be done for several values of bubble 

diameter, size of the obstacle, respective velocities of the liquid and gas, etc … Therefore, 

there is a strong interest in reducing the computation time to be able to perform a large 

number of calculations, covering the whole relevant range of values of physical parameters. 

 
 

Effective properties as described above may be expressed as correlations depending on the 

average flow parameters and introduced in the system of average equations in mechanistic 

type codes. The numerical resolution of  the average equations may still be very diff icult and 

complex, especially in the case of a strong coupling between energy and momentum transfers 

for example, or in the case of non linear behavior of the closure laws (correlations for 

effective properties). It is the case of steam water flows models (in porous medium or not). It 

is also the case of models describing the processes of melting and solidification of a multi-

component mixture such as the corium in a molten pool. For this last case, models allow to 

calculate the thermal evolution of a heated particle bed, the fusion of particles, the migration 

of molten materials through porosities, the formation of a molten pool and the natural 

circulation in the molten pool. For non eutectic mixtures, phase change is associated with a 

species transfer between solid and liquid phases. This coupling makes the numerical 

resolution diff icult and requires the use of CPU-consuming iterative methods 

.  

As an example, let us consider the calculation of a small-scale experiment: RASPLAV-

AW200-4, made in Russia. It consists in a half-cylinder of 80cm diameter, initially fil led with 

a representative corium mixture (UO2, ZrO2, Zr ). Debris are inductively heated. It shows the 

final state of debris particles and corium pool after heating and melting of a debris bed in a 

steel vessel. For the calculation, the numerical resolution is done on a 400 meshes domain 

(finite volumes). The resolution with the complete average model, taking into account phase 

segregation, requires 2 to 4 days of computation on a processor UltraSparc 3 (750 MHz), with 

time-steps ranging between 0.001s and 0.1s,  depending on the intensity of the flow. 



 

 

 

Again, in the severe accident field, the use of high computing power is introduced by CFD or 

DNS computation in realistic geometries, for calculation of basic averaged values or limited 

parts of the accident, in support to “integral” codes. Depending of the case treated, added 

features to the basic CFD codes are necessary: multi-components, multiphase, combustion, 

etc. For cost reasons, it is more and more difficult to make large experiments, and a possible 

way to take care of that is to increase the efforts in the direction of the detailed resolution of 

basic equations in complex geometries, associated to analytical experiments aimed to 

characterize the physico-chemical behavior and quantify the corresponding data. 

 

 

Use of CFD codes in other accidents 

Some accidents not considered in the scope of severe accidents as defined before may have 

important consequences and need to be studied very carefully. It is the case for example  of 

the reactivity accident due to a lack of boron poisoning of the water cooling the core. A 

significant part of the core reactivity is compensated by adding boron, a strong neutron 

absorbent, in the cooling water. Past system studies showed that in some situations, 

operational mistakes may send to the core water with insufficient boron concentration, 

creating a risk of power excursion. Operating procedures were modified to reduce the 

probability of such an event, and studies done to calculate the consequences.  

 

A typical problem of this kind is as follows: one of the loops of the reactor sends pure water 

and the other loops send water with normal boron level. The problem is to calculate the map 

of boron concentration at the core entry, knowing that the flow entering into the vessel is 

highly turbulent, and there are many obstacles like tubes and plates in the vessel bottom, 

before entering into the core. A neutron dynamics code can then calculate the core power 

distribution and evolution with time. Calculations of that kind are already done with CFD 

computer codes. To gain full confidence and access to fully realistic results , they need 

improvements in turbulence models and geometrical modeling, which implies the use of high 

computing power. 

 

Other studies of accidents or operational transients use also CFD based codes to complement 

the usual tools and gain a more precise view of local and complex phenomena: flow 

stratification in pipes and tees, cold plumes touching hot walls, impinging jets with 



 

 

temperature differences and pressurized thermal shocks.  

 

Uncertainty analysis 

During the recent years an increasing interest in computational reactor safety analysis is to 

replace the conservative evaluation model calculations by best estimate calculations 

supplemented by uncertainty analysis of the code results. The evaluation of the margin to 

acceptance criteria should be based on the upper limit of the calculated uncertainty range. 

Uncertainty analysis is needed if safety conclusions are to be obtained from " best estimate "  

code calculations, otherwise single values of unknown accuracy would be presented for 

comparison with acceptance limits.  

 

So, the aim of the uncertainty analysis is to provide reasonable (i.e. not too conservative) 

uncertainty ranges for the results. In the case of computer code calculations, the uncertainty 

attached to results comes from uncertainties ' sources' : input data uncertainties , uncertainties 

on models parameters and models themselves. Consequently, uncertainty analysis for 

computer code results is made up of two main steps 

1) Modeling of uncertainties ' sources' , 

2) Propagation of uncertainties ' sources' through the computer to results. 

Both steps may require important computing resources.  

 

The quantification of uncertainties ' sources' (step 1) is regarded either as an estimation (less 

precisely, identification) problem, or as an inverse problem. The solving of this kind of 

problems is based on iterative algorithms. For computer codes (such CATHARE, ICARE... ), 

the computing cost of such algorithms is quite high. 

 

If enough knowledge is available on model uncertainties ' sources' and their dependencies by a 

joint probability distribution, then an usual and convenient way to propagate the uncertainties 

sources' (step 2) is Monte-Carlo simulation. Thanks to order statistic theorems, the computing 

cost required to evaluate reasonable uncertainty ranges is moderate. For example, with 93 

computer runs, the span of obtained results contains at least 95% of possible results with a 

confidence level greater than 95%, whatever the number of uncertainties ' sources' considered 

in the uncertainty study  

 

Unfortunately, such a case is rare, and generally available data or knowledge do not allow the 



 

 

identification of a precise joint probability distribution. For example, in some cases, the lower 

and upper limits of the distribution values are known, but not the shape between them ; in 

other cases the distribution shape is known (e.g. a normal distribution) but the parameters 

(e.g. average and standard deviation) are not precisely known. To overcome this lack of 

knowledge, several methodologies as interval analysis and probability bounds were developed 

and successfully applied in relative simple cases.  

 

An uncertainty analysis increases drastically the computer effort, essentially by multiplying 

the number of calculations for a given case, but it is not evident that the best solution is to use 

larger computers than those adapted to the single calculation: it is a case by case problem of 

economy, of adequate use of existing machines and eventually of time delay. 

 

Conclusion 

With the increase of computers power, almost all the codes developed in the last twenty years 

for the analysis of the safety problems of the nuclear reactors are essentially used on 

workstations, including those considered some time ago as high computer power consumers, 

like the LOCA codes. That will not change in the next future for that kind of system codes, 

which use simplified treatments of geometry and physics and have gained validation on a 

large set of experimental results. 

 

So, in the safety domain, the use of large power computing will depend of the increase of the 

use of CFD (including DNS) codes, which is a reasonable expectation for the following 

reasons: 

 

CFD codes are capable of calculating local parameters, and due to this capability they provide 

insights to many problems, contribute to a deeper understanding of the flow physics, and thus 

lead to better designs at reduced cost and/or more precisely quantified safety margins. For 

system analysis, CFD codes have thus a complementary role to play in nuclear safety 

applications in combination with system (lumped parameter) computer codes, particularly in 

those areas where multi-dimensional aspects play a significant role. Combined applications, 

supported by proper experiments may guarantee a more precise evaluation of safety margins. 

 

CFD applications have gained significantly from increased computer power, but very long 

computation times are for some applications still limiting the use of the technology for some 



 

 

nuclear applications. With further increasing computer power and improved numerical 

methods, the usage and application of CFD in nuclear safety will likely increase. 

 

Single-phase CFD applications are already reasonably mature. Nevertheless, there is a need to 

improve some models (e.g. turbulence and combustion). Two-phase and multi-phase CFD 

modelling still requires considerable research effort even though some aspects may be already 

reasonably well predicted by advanced models. Nevertheless, it is clear that in this field a lot 

of work in terms of experimentation, model development and assessment have to be 

completed before practical applications in nuclear safety studies can be attempted. 
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