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IAEA-SM-305/22 
APPLICATION OF FIRE MODELS 

FOR RISK ANALYSIS 
IN FRENCH NUCLEAR POWER PLANTS 

Numerical simulations of compartment fires have been carried out in 
the French 900 MW and 1300MW nuclear power plants, to obtair 
quantitative data about this particular kind of risk : characteristic 
spreading times from one redundant electrical train to the other one, 
behaviour of important electrical components... The main stages of both 
studies were the following : selection of rooms, the location or function of 
which are essential for the plant safety in case of fire, on-site inspections to 
collect information about these rooms (amount of fuel, openings...), 
definition of fire scenarios, improvement of the fire model VESTA-PLUS, 
and, finally, calculations using this computer code. The simulations have 
shown two major trends: i)the spreading times, without taking into 
account any external intervention, are always greater than half an hour, 
and ii) the specific design of the 1300 MW power plants generally 
prevents one of the redundant train from being damaged due to a fire 
occuring in a room containing the other one. Examples of typical results 
obtained are given, showing the capability of application of the improved 
fire model to complex problems. 

1. INTRODUCTION 

The safety analysis in a nuclear power plant must include a lot of 
hazards and, among them, the threat induced by a fire spreading in one or 
several rooms. The set of data related to this type of accident is commonly 
obtained from results provided by numerical simulations (1,2]. 

The application of such a method is now considered in French 
900 MW and 1300 MW nuclear power piants. The information, which is 
needed to estimate the risk, is mainly the characteristic fire spreading 
times from a redundant electrical train to the other one and the behaviour 
of components of importance for the safety of the plant in case of fire. i.e. 
the maximum level of temperature they reach and the damages they may 
undergo must be evaluated (eventually ignition, which implies that they 
are definitely lost). So, numerical deterministic simulations of scenarios, 
which suppose the fire to occur in selected rooms, have been performed 
using the computer fire code VESTA-PLUS, developed at Société 
BERTIN. 

In 900 MW plants, a simplified fire-code - called VESTA- had 
already been applied to evaluate the danger arising from fires starting in 
some particular rooms. To take into account more physical phenomena 
and therefore to get more precise results, it was decided to carry out a new 
study, using an improved version of VESTA-PLUS. In 1 300 MW plants, 
such a work was the first of this kind ; calculations appeared to be very 
helpful to examine the efficiency of fire protections, which are included in 
the design of buildings (fire proof doors, repartition of compartments in 
fire zone*...). 

The method followed to select the rooms involved in the simulations, 
to collect the data on the site and to carry out the calculations is described 
here. Some examples of results are then given to illustrate the capability of 
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application of fire models to practical cases and to indicate how important 
information can be deduced. 

2. SELECTION OF ROOMS AND ON-SITE INSPECTIONS 

It is obvious that numerical simulations cannot be performed in each 
compartment of both 900 and 1300 MW plants. So. only a representative 
sample of rooms, which were thought to be of highest importance for the 
safety, was defined. As 900 MW plants had been the object of a 
preliminary work, whereas 1300 MW ones were studied for the first time, 
the methods applied to select the rooms of interest were of course 
different in each case. 

In 900 MW plants, a first set of compartments was already identified 
and five rooms were chosen among them. Two adjacent rooms, containing 
materials for electrical regulation, were selected ; important auxiliary 
pumps, involving a great amount of oil, were present in the three other 
selected rooms. 

In 1300 MW plants, attention was especially devoted to the 
extension of fire from one redundant train to the other one in 
compartments containing a great amount of cables. Some of them were 
retained for detailed numerical simulation. The used criteria were the 
total mass of fuel per unit volume and the distance from the other electric 
train, assuming that a fire-proof door may remain open. 

No external intervention (stopping of forced ventilation, automatic 
sprinkling ...) was taken into account for calculations. So, input data, which 
were needed, concerned only : 

- the amount and repartition of fuels 
- the position and the nature of openings that allow natural ventilation 

and forced ventilation of the room 
- the location of "sensitive" materials (to predict their behaviour). 

This information was collected on the sites. Some schemes and 
tables, describing the implantation and the nature of fuels, openings, 
electrical cabinets ... were established, thus summing up the essential data 
in each room. An example of these surveys in 1 300 MW plants is given in 
figure 1. 

3. NUMERICAL SIMULATIONS 

From the input data collected on the sites, fire scenarios were 
imagined in the selected compartments. Then, the computer code 
VESTA-PLUS was improved to take into account the extension of the fire 
from the room where it stans to adjacent rooms. A typical scenario, the 
method we used to compute the fire spread and the computer code 
VESTA-PLUS itself are briefly described hereafter. 

3.1. Typical scenarios (see figure 2) 

The fire is supposed to start from a source which may be made of 
electric cables, oil spilt on the ground or other flammable items. Events 
that cause the fire to start are not considered. 

Then, the fire spreads on the source more or less rapidly, and a hot 
layer develops under the ceiling. Flammable "targets", that are located in 
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the room, are heated up due to radiation and convection exchanges with 
hot gases ; these targets are likely to ignite, when their surface 
temperature reaches the ignition limit. Simultaneously, as the volume of 
the hot layer grows, some gases may flow towards adjacent compartments 
through openings. 

32. Fire propagation 

Materials and walls in the adjacent rooms of the "source 
compartment" are aiso heated mainly due to the thermal energy radiated 
and convected by smoke flowing into these rooms (see previous 
paragraph) and also due to the thermal energy radiated by flames through 
the openings. 

In the same way as in the source compartment, combustible targets 
may ignite or, on the contrary, remain undamaged. The total duration 
between the start of fire and the ignition in an adjacent room represents 
the characteristic spreading time of fire. Propagation may be indirect, i.e. a 
first room reached by the fire may itself send hot gases to a second room 
and so on. In such a case, the overall spreading time is deduced by adding 
all the individual spreading times. 

3.3. Brief description of the computer code VESTA-PLUS 

The aim of the code VESTA-PLUS is to simulate the evolution of fire in a 
room, starting from global input data. The compartment of interest is thus 
split into a limited number of large homogeneous zones (see figure 3) : 

- two layers of gases, resulting from the accumulation of combustion 
products in the upper part of the room 

- fire plumes arising over flaming objects 
- combustible objects (either flaming or likely to ignite) 
- walls, floor and ceiling of the compartment (made of non-flammable 

materials) 
- openings between the compartment and adjacent rooms or the outside 
- adjacent rooms (or outside), which define the boundary conditions. 

Balance equations of mass and energy are written for each zone in 
order to deduce the evolution versus time of characteristic parameters 
such as the temperature and depth of smoke layer, the mass fractions of 
the various combustion products, the surface temperatures of walls and 
combustible objects... 

Contrary to "field models" (where each zone should be discretized in 
a large number of calculation nodes), the balance equation of momentum 
of gases is not explicitly considered ; it is implicitly used through integral 
formulas which express entrainment in fire plumes and flows through 
openings. 

To numerically solve the set of equations obtained, it is necessary to 
distinguish the main variables, which are computed directly by integrating 
differential equations, from the secondary variables, which can be deduced 
from the main ones. 

We choose as main variables : 

i) for the gases : 
- densities of hot and cold layers 
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- volume of the hot layer 
- static pressure at the floor of the compartment 
- mass fractions of combustion products 

ii) for the objects and walls 
- surface temperature (before ignition for combustible objects) 
- remaining mass of fuel for flaming objects. 

Temperature profiles in walls or combustible objects are considered 
as secondary variables, the evolution of which is computed separately, 
according to boundary conditions imposed by main variables (heat 
exchanges by radiation and convection). The number of differential 
equations which are solved is therefore greatly reduced ; it would be of 
approximately hundred without this simplification. 

3.4 Improvements of VESTA-PLUS required by the present study 

VESTA-PLUS was initially worked out to simulate fire in one 
inhabited room. Now, compartments of a ndear power plant do not 
belong to this kind of rooms and some features of the study such as the fire 
spread from a compartment to another one were very specific. So, the 
following points had to be adapted to improve the first version of the 
code : 

- evaluation of pyrolysis rates for fuels such as oil or PVC 
- calculation 01 mass flow rates of smoke and air exchanged in forced 

ventilation pipes 
- heating up of cables on metallic trays 
- evaluation of heat transfer in electrical cabinets 
- heating up of targets in adjacent rooms. 

All these particular points were taken into account by using literature 
results, dealing with materials arranged on nuclear sites [3,4]. 

4. EXAMPLES OF RESULTS 

Typical results of numerical simulations performed with the computer 
code VESTA-PLUS are illustrated in figure 4 and table I. 

Figure 4 concerns a room in a 900 MW plant. The evolutions of the 
temperature and the height of the hot layer, and also of the temperature 
reached by targets are shown. 

The important features of several cases treated during the study of 
1 300 MW plants are reported in table I. The "source compartments" 
numbered from 1 to 6, and the associated electrical 'rains are mentionned 
at the top of the table. Remember that the studied rooms contain 
essentially electrical cables. 

4.1. 900 MW plants : simulation of a fire scenario in a room 

The fire is supposed to start on electrical cables (PVC fire). The targets 
are other cables present in the room of interest. The evolution of internal 
temperature of some electrical cabinets is also calculated. 

Hot gases produced by the fire source accumulate in the upper part of 
the room, creating a hot' layer, the volume of which rapidly grows during 
the early stages of the fire. 
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The temperature of this hot layer rises as the fire spreads on the source 
and then becomes almost steady at about 360°C After a little bit more 
than 40 mn, the target cables reach their ignition temperature (which is 
assumed to be 2209C [5] in a conservative way). Consequently, the totil 
mass flow rate of combustion products suddenly increases, which implies a 
decrease of the hot layer height and an increase of the hot gases 
temperature. Moreover, the internal temperature of electrical cabinets 
reaches 240°C after 50 mn. 

This particular scenario therefore corresponds to a huge fire, reaching 
several megawatts after only about ten minutes. 

Although forced ventilation maintains the hot layer at a height of 2.4 m 
above the floor, all the cables present in the room are likely to ignite after 
approximately 40 mn. The hot layer temperature increases up to 440°C, 
which is not so far from the typical flashover limit (~ 500°C). This remark 
is important because electrical cables located in the hot iayer are 
pyrolysing with a poor combustion efficiency and may produce an 
accumulation of unburnt gases. 

So, we can consider that the value cf the characteristic fire spreading 
time is, approximately, 40 mn. 

4.2. 1300 MW plants : main results (see table I) 

Numerical simulations of the defined scenarios have been each 
performed over a duration of 90 mn, starring from available input data. 
The examination of calculation results has permitted to determine values 
of parameters, which will be taken into account to evaluate fire risk. 

As in the case of 900 MW plants, the growth of fire can be well 
illustrated by the evolutions of variables such as : 

- height above the floor of the interface between hot and cold layers 
• temperature of gases 
- temperature of selected targets. 

Main characteristic values of these variables are reponed on table I. All 
the scenarios assume that the fire originally spreads over electrical cables 
(PVC fires again). 

Refering to table I, it is noticeable that the delays of propagation from 
a room to an adjacent one are greater that 90 mn, even when hot gases 
effectively flow into "target rooms". 

Moreover, even if the height of the hot layer is generally close to the 
height of the openings (~ 2.2 m), which does not allow to conclude about 
a possible fire propagation, the temperature of hot gases is not large 
enough to cause damages on the other electrical train in delays smaller 
than one hour. 

The general trend shown by these results is that characteristic fire 
spreading times from an electrical train to the other one, under the 
assumption that a fire-proof door remains open, are greater than one 
hour. In most cases, this will allow an external intervention to prevent the 
fire propagation. 
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5. CONCLUSION 

Two deterministic studies of risks have been carried out in selected 
rooms of French 900 MW and 1300 MW power plants. The aim of these 
studies was to examine the possibilities of propagation of a fire starting 
from a single source, and to provide useful quantitative information about 
this hazard. 

Critical fire spreading times are generally greater than one hour but, in 
some cases, may decrease down to half an hour. 

This work also proves that the use of zone fire models, such as VESTA-
PLUS, is a powerful tool to evaluate the growth of fire inside buildings of 
nuclear power plants. The method presented in this paper has been 
applied to 900 MW and 1300 MW plants, but may easily be applied or 
generalized to other situations or wherever quantitative data would be 
needed about fire risk and damage. 
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TABLE I - MAIN RESULTS OF NUMERICAL SIMULATIONS (DURATION : 1.5 hr) 
1 300 MW NUCLEAR POWER PLANTS 

Source compartment 

Target room 

Maximum temperature of 
hot layer 

Minimum height of 
hot layer 

Ignition delay of target 
cables (source room) 

Propagation of smoke to 
adjacent room 

Maximum temperature of 
hot layer (target room) 

Minimum ignition delay 
of target cables 
(target room) 

1 
(train B) 

2 

270°C 

1,9 m 

Hot layer : 
55 mn 

Cold layer : 
> > 90 mn 

2 : Yes 

2:270°C 

2 : > 90 mn 

2 
(train A) 

1 

280°C 

1,95 m 

Hot layer : 
45 mn 

Cold layer : 
> > 90 mn 

I : Yes 

1: 270°C 

1 :80 mn 

3 
(train B) 

4 

230°C 

2,05 m 

> > 90 mn 

4 : No 

4 : / 

4 : / 

4 
(train A) 

3 

180°C 

2,15 m 

> > 90 mn 

3 : No 

3 : / 

3 : / 

5 
(train B) 

4 through 3 

310°C 

2 m 

> > 90 mn 

3 : Yes 
4 : No 

3:290°C 
4-7 

3 : > > 90 mn 
4 : / 

6 
(train B) 

4 through 3 

440°C 

1,85 m 

50 mn 

3 : Yes 
4 : No 

3:420°C 
4 : / 

3 : < 

" 



Figure captions 

Figure 1 : Example of survey - Location of electrical cables and 
cabinets 

Figure 2 : Sketch of a fire scenario and description of zones defined 
in VESTA-PLUS 

Figure 3 : Calculation of compartment fire 

Figure 4 : Typical results obtained in a compartment of 900 MW 
plants 
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