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1. INTRODUCTION 

In a nuclear power station, as in other industrial Installations, fire can be the cause of 
considerable damage involving loss of capital for the operator along with loss of availability 
for electrical energy production which must be made up for at a later date. But to make 
matters worse, fire could also compromise safety of the installation, in other words it could 
be the cause of an accident involving discharge of radioactivity into the environment, if 
special precautions were not taken. Clearly then, in view of installation availability and of 
the very high level of safety which must be guaranteed, fire protection becomes an issue of 
the utmost importance. Although, practically speaking, fire protection is a composite issue 
affecting availability as much as installation safe:y, it is the latter subject which we intend to 
discuss in our paper. 

2. AIMS OF FIRE PROTECTION SAFETY ANALYSIS 

Before proceeding with a more precise description of the scope of our paper, it should be 
pointed out that when reference is made to a nuclear power plant, we are referring only to 
pressurized light water realtors which, as everybody knows, comprise the major part of 
OIT national nuclear power network. 

Firstly, the process by which fire can compromise nuclear safety shall be examined. It 
should be borne in mind that a nuciear installation is considered to be in a safe state when 
the three following basic functions are ensured: 

- control of reactivity in the core, 

- removal of residual power given off by the fuel, 

- radioactivity containment 

These various functions are, themselves ensured by systems generally comprising 
redundant trains, which guarantee a high level of reliability. The result of this is that, if one 
of the trains is destroyed by fire, reliability of the overall system is impaired but the general 
situation is not dangerous in the short term as the endangered safety function is ensured by 
the redundant train. 

On the other hand, if the same fire spreads and attacks either successively or 
simultaneously both redundant trains of the same system, thus creating a common mode 
failure, the system is no longer capable of fulfilling its assigned safety function and the 
situation becomes more critical. 

This is the heart of the fire risk problem. It is for this reason that the main aim of the fire 
protection safety analysis is to ensure that all provisions are taken to prevent one single fire 
from simultaneously attacking both redundant trains of the same safety-related system. 
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3. ANALYSIS OF PROTECTION METHODS 

Fire protection for nuclear reactors uses the following methodology in standard fashion: 

- prevention, 

- detection, 

- fire-fighting. 

In the nuclear field, however, protection is particularly significant. Fire detection and îre-
fighting means, if they are reliable and effective, enable fire damage to be limited. But they 
cannot guarantee that the installations they are designed to protect remain completely 
unaffected in the event of an outbreak of fire, as fire-fighting procedures generally involve 
the shutdown, and sometimes the destruction, of these installations. 

The overriding concern of the French safety organizations is, as indicated above, to ensure 
that for all redundant safety-related systems, the same fire cannot simultaneously attack 
both trains of this system. In other words, each train must be protected from a fire which is 
threatening the redundant train. The fire detection and extinguishing equipment are.on their 
own, not sufficient to provide this guarantee and they must be backed-up by prevention 
measures, i.e. obstacles, fire walls and fire stops which provide a passive obstacle to fire 
spread. 

The ideal rule would be for redundant equipment to be installed in different fire zones. In 
this way a room or a set of rooms can be delimited by fire walls with a fire resistance 
capacity which will guarantee that a fire breaking out within this area cannot spread outside 
or, conversely, that a fire outside this area cannot spread to the inside. 

It is immediately apparent that such a rule is bound to have repercussions on the civil 
engineering aspects of the plant and on the equipment installation drawings. In other 
words, fire considerations must be taken into account very early in the design studies for a 
new project. In short, for a nuclear power plant, fire protection considerations are not 
simply an additional aspect, but must be a fully integrated part of the project design. 

In this respect, the French 1300 MWe power plants contain a significant design difference 
in comparison with the 900 MWe plants: the electrical building, where the main unit 
instrumentation and control equipment is installed along with the main auxiliary engineered 
safeguard systems, is divided into two large zones which partially comprise fire sectors and 
are respectively designated to train A and train B equipment. An arrangement of this kind 
constitutes, from the safety point of view, a significant improvement regarding the 
prevention of common mode failure in the event of fire. 

It should, however, be noted that the installation of redundant equipment in various fire 
sectors cannot be considered as an absolute rule. On occasion, this rule clashes with other 
safety requirements: inside the reactor building, for example, ccnpartmentalizarion into 
fire sectors would run contrary to the necessity of providing a maximum volume for 
expansion of released fluids in the event of a rupture of primary or secondary fluid piping. 
Also, strict application of this rule might also lead to an awkwardness of civil engineering 
structure design and system installation which would be out of proportion to the expected 
benefit. It is for this reason that in the practical domain whenever this rule is not respected, 
safety analysis must investigate the risk by taking into account the position, distance and 
environment of redundant equipment 
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When these considerations are not sufficient, and notably when dealing with redundant 
electrical links, it is mandatory to ensure physical separation between the two trains by 
means of fire-retarding devices such as installation of fire stops, encapsulation of one of the 
trains in fire-resistant cladding etc. In view of their safety role, these various protection 
devices must be qualified i.e.. their ability to perform the role assigned to them must be 
proven. The comparison between heat conditions imposed by the fire and the fire resistance 
of structures is expressed in time units of either hours or minutes. Without going into too 
many details, it can be specified that the scale of a fire liable to break out in a particular 
room is estimated on the basis of the quantity of combustible material in that room; a 
standardized curve enables the surface calorific potential of the room to be converted, in 
conventional manner, into fire duration time. Also, the fire resistance of a structure is 
estimated by means of a test sequence where one of the sides of the structure is submitted 
to a standardized program of incremental temperature increase. The degree of fire resistance 
is measured by the time period during which the behaviour of this structure remains 
satisfactory. 

It goes without saying that the degree of fire resistance of a protection material must be 
greater than the fire duration period in the room where it is located (greater than the highest 
fire duration period in adjoining rooms, if it is a fire stop) while remaining greater than or 
equal to 1 h 30 at dl times. 

4. SAFETY REQUIREMENTS FOR EXTINGUTSHTNG SYSTEMS 

Several special points should be made regarding extinguishing equipment. 

Firstly, it is a recognized fact that, in certain facilities containing large quantities of electrical 
cables, the layout of the facilities and the smoke given off by the fire, makes any human 
intervention very difficult. It was therefore decided to install automatic sprinkling systems 
with fused head sprinklers. This improvement, first implemented on the 1300 MWe 
reactors, is currently being extended to all French nuclear installations. 

Another safety improvement should be pointed out:: on the N4 series the first unit of 
which is currently under construction at Chooz, all fire protection systems must be resistant 
to stress induced by design-basis earthquake, while on previous standardized plant series 
they were only resistant to half of this level of stress. It is considered, indeed, to be entirely 
plausible that a fire should break out following an earthquake. Consequently, the fire-
fighting systems must remain available. 

Finally, a further point connected with fire-fighting should be highlighted: as residual fire-
fighting water can also be the cause of a common mode failure for safety-related systems, 
care must be taken to ensure that the design of water retention and disposal systems, enable 
this risk to be ruled out 

5. RE-CHECK STUDIES 

In order to check the results of safety analysis regarding special or critical points, re-check 
studies are carried out in certain cases, utilizing, notably, digital fire development 
simulations. 

In this context, the IPSN (Institute for Nuclear Safety and Protection) has developed design 
codes for simulation of fire development (FLAMME) or disturbance in a ventilation system 
(SIMEVENT). The IPSN has also engaged the services of the company Berlin et Cie to 
study various fire spread scenarios in particularly sensitive 900 MWe and 1300 MWe 
facilities. 
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5.1. Fire development within a room 

The basic FLAMME code, developed by ISPN/DERS, comprises a thermo-dynamic and 
chemical analysis of various system components making up a non-deformable room in 
which a pool fire <r urs. 

The result of this analysis is the calculation of mass and energy exchanges between the 
various components which can be assessed at any given moment by determining: 

- the pressure, temperature and concentrations of 02, CO2, aerosols, and gas in the room, 

- the temperature (and possibly internal pressure) of each component. 

The development of these parameters gives, notably, the fire duration and the data required 
for an assessment of the mechanical and radiological consequences of each component. 

Version 1 of the FLAMME software package covers a single combustion site; modelling of 
the internal room structures was developed in order to furnish the data required for an 
estimation of contingent fire propagation (fig. 1). At present, only two possibilities are 
envisaged: 

- solid structure: this applies to a single-material, solid, homogenous and non-deformable 
structure for which the temperature is calculated, 

- hollow structure: this generally concerns a metal structure like a tank with a capacity to 
contain a liquid. When the structure is a closed container and is heated by the main fire, the 
gas pressure is calculated, and when it is an open container the gas communicates directly 
with an external atmosphere which is independent of the room. 

fOPim* 
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Fig. i - Computtr cede Fljmnu 
Exjmplt of room 

Th« data base and options in version 1 of the FLAMME 1 software package, have cenain 
limits due to the necessity of simplification and modelling capabilities enabling 
representation of a range of accident scenario conditions. Each zone is modelled and each 
item within that zone is represented by a point: pool (fuel), flame, room atmosphere, 
structures, ventilation. 
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The internal room atmosphere is divided into two zones. The first referred to as the cold 
zone is located at the base of the room and supplies the oxygen required for combustion,. 
The second zone is the hot zone which is located in the upper part of the room and is where 
all the combustion products accumulate. The volume of these zones alters during 
combustion. 

The model applies to any number of local ventilation devices the circuits of which mig't 
include an overpressure or negative pressure relief valve. Gas venting can be by means of a 
stack in which temperature is calculated on a one-dimensional model and wall thicknesses 
are calculated on a two-dimensional model. Gas venting can also be coupled to a ventilation 
balance design code (SIMEVENT software package). 

Validation of FLAMME 1.1. is based on experience with pool combustion of a mixture of 
kerosene and TBP (Tributyl Phosphate) used in nuclear fuel reprocessing plants. This 
experience was gained in a room with an area of 400 m^ with an outlet in the upper part 
which is connected to the ventilation system of the main building. The mixture is poured 
into a tank, brought to flash point and ignited by means of an electric arc. 

Investigations are currently underway with other fuels of various kinds: 
polymethylmethacrylate, bitumen etc. 

It has not been possible to validate several options due to lack of reference experience; 
however, the calculation has been made with no special difficulty for several different 
representative cases: escape of hot gas through a stack, fuel addition during combustion, 
closed tank containing water. As the linking of FLAMME and SIMEVENT had not yet 
been performed, several data processing problems were encountered during linking of 
FLAMME with a code describing the transients in a piping network (LIQUINET) after 
verification that this code gave the same results as SIMEVENT. 

Version 2.1. of the FLAMME software package which is currently being developed, 
functions with the same thermodynamic and chemical analysis as FLAMME 1 and achieves 
the same kind of results. However, several fires can be taken into account either 
simultaneously or in a staggered sequence (initiating fire, potential targets) within a single 
room in order to simulate, if required, a generalized conflagration (fig. 2). The surface of a 
fuel source can be either horizontal or vertical. The type of fuel is to be chosen from a 
library of combustible materials (currently, bitumen, PVC and hydrocarbons). Hence the 
FLAMME 2.1. code, enables, specifically, simulation of the propagation and development 
of a single or multiple fuel fire. The particular difficulty with this simulation resides in the 
modelling of heat exchanges by radiation which are currently being more fully investigated 
through further studies. When these studies have been completed, the code will run into 
difficulties due to the lack of adequate automatic control experience with multiple-fuel fires. 
In this connection, an experimental program will be conducted at IPSN/DERS in the 
coming years. This program will be conducted using the competence and methods 
developed by the team who have been working on sodium fires for the last few years. 
Tests of this kind have already been carried out and will become a major preoccupation as 
and from the beginning of 1988. 
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Fig. 2 - Flam»* I - Diagram of fht considered event 

5.2. Disturbance effects on the ventilation network due to fire within a room 
SIMEVENTCodeT 

In order to analyze the consequences of a fire on all ventilation network components, we 
require, as well as a fire simulation code, a second code enabling us to model the operation 
of the network itself, however complex, and to simulate incidents liable to affect the 
network. 

The design code called SIMEVENT (previously PIAF) was developed in this connection 
by the Groupe de Calculs Appliqués à la Ventilation GCAV (Ventilation Applied Design 
Code Division) comprising specialized teams from the CEA (Atomic Energy Commission) 
and COGEMA, along with the teams referred to below in (1), (2) and (3). 

SIMEVENT provides the new balance condition towards which the ventilation network 
tends to move following a given disturbance of mechanical origin ( fan shutdown, filter 
clogging, inadvertent damper closing etc.) and/or thermal origin (fire). The image of the 
network thus obtained (pressure, temperature, flow at any given point) enables the 
consequences of the resulting incident to be estimated. 

This code, which is intended for use by plant designers as much as operators and safety 
analysts, has applications for each stage in the life of a the installation: 

- at the design stage, for dimension checking, 

- during startup and system balance tests (damper adjustment), 

- during the operational phase to help with running procedures and to check that 
modifications do not give rise to any operating conditions unacceptable from the point of 
view of operational safety, 

at the dismantling stage. 
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Since its creation, SIMEVENT has been applied to several installations in various nuclear 
research centers. All the design studies performed up to now enabled the code to be 
qualified and it is currently in the process of being certified by the CETREVE (Centre of 
Technical Standards for off-gas purification and ventilation) (IPSN/DPT). 

A linking of SIMEVENT with a fire description code (FLAMME) is currently being 
investigated with a view to taking account of fire (see 4.4.4.). This consists in insertir.e 
models in the SIMEVENT code for estimating gas temperature rise in a mechanically 
ventilated room in the event of a fire. This model, developed by the Lawrence Livermore 
National Laboratory (3), has been successfully used in several fire situations (methane 
fire, waste fire, glove box fire). The linking of SIMEVENT with a code of this kind 
enables rapid identification of the sensitive points in a ventilation system in the event of a 
fire and the analysis can be still further deepened by the SIMEVENT/FLAMME linking. 

5.3. Fire development study on 900 and 1300 MWe reactors 

Implementation of digital fire simulation models is the result of a deterministic approach to 
relevant physical phenomena. It enables a description to be obtained of the development of 
the fire over a period of time, and to deduce the consequences, in cases corresponding to a 
selection of fire scenarios. 

This approach was applied during fire development studies for the 900 and 1300 MWe 
power plants. In this context, the participation of the company BERTIN et Cie was sought 
in the selection of possible scenarios and in order to perform the simulation calculations 
with the help of data processing equipment which this company have been developing over 
a number of years. 

Fire scenario definitions were drawn up on the basis of an event-centered approach which 
consists in selecting potentially credible scenarios regarding physical fire spread parameters 
for which the incidence of fire on equipment and safety-related systems is estimated. In the 
particular case of 1300 MWe power plants, the architectural layout of rooms (systematic 
separation of the two electrical trains) imposes the possible scenario of extension of the fire 
from a room containing one of the two trains to a contiguous room housing the other 
redundant train. 

Selection of scenarios for the 900 and 1300 MWe power plants relied on the contents of 
data bases which were compiled on the basis of data collected and logged during on-site 
inspections. The data thus collected for each room (quantity and location of combustible 
material, communication with contiguous rooms, marking of sensitive equipment, fire 
detection and fire-fighting methods) were the subject of a qualitative analysis which enabled 
classification of scenarios with regard to the foreseeable fire intensity in the relevant room 
along with possible consequences for safety-related equipment 

Digital simulation of selected scenarios was performed by means of calculation models 
providing a deterministic fire description. These models were developed by BERTIN et 
Cie: the simplified VESTA model which was implemented during the first studies, along 
with the improved VESTA-PLUS model which is based on an analog description of 
physical events but providing a more detailed analysis, authorize adaptation of calculations 
to particular situations. 

The method adopted for modelling procedures depends on measurement of the atmospheric 
pressure and temperature in the room containing the fire. This approach is based on 
observations taking account of, in general, a fairly marked stratification between hot gas 
with a high smoke content and cold gas. Calculation of mass and energy variations for the 
various zones (hot gas, cold gas, walls, combustible objects) enabling monitoring of the 
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development of physical variables such as the temperature and altitude of the he; layer 
affecting evolution of the fire over a period of time (see fig. 3). 

Each foreseeable scenario is modelled on the corresponding calculation data: opening 
dimensions, ventilation flow etc. This method thus allows simple exploration of the various 
fire scenarios, by straightforward modification of the calculation data. 

The results obtained through these digital simulations provide, for each scenario processed, 
details concerning characteristic values such as: 

- fire duration (with, possibly, extinction by lack of oxygen or complete fuel consumption), 

- temperature levels reached (hot gas, walls, sensitive equipment), 

- time lag before consequences of fire outbreak become apparent (ignition of secondary 
fires, shutdown of sensitive equipment, extension of the fire to a contiguous room). 

Data of this kind thus enables the incidence of fire to be estimated for each of the simulated 
cases. Consideration of a particular scenario results in an analysis of the hypotheses taken 
into account (initial fire, failed barriers), and a comparison between the characteristic 
calculated time periods (fire duration, time lag before equipment becomes damaged) and the 
estimated variables for detection and intervention time periods. 

^̂  

MODELING OF COMPARTMENT 

FIRE GROWTH 

C = " 0 Ileal transfer 

flfuri •• > 
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6. CONCLUSION 

As has been demonstrated in this paper, fire protection analysis for a nuclear reactor is an 
integral part of safety analysis. For this reason, exceptional stringency is required. Also, 
this process has significant ramifications in both time and space simultaneously. In time, 
because it covers a period of many years from the design stage up to commercial operation 
of the unit and even beyond as significant modifications were carried out subsequendy. In 
space, because these developments concern the plot plan of the power plant, the fittings in 
the various facilities, access and the communication axes along with the detailed 
arrangements such as electrical links, restoration of fire stop characteristics at wall 
penetrations for piping, ventilation ducts or electrical cables etc. It should be noted that in 
this context, every 'detail' is important and must, consequently, be designed and 
implemented with great care. 

It must be stressed that fire protection requires a constant dialogue between those whose 
particular concern this is, and specialists in other areas such as civil, mechanical and 
electrical engineering, instrumentation and control and, it almost goes without saying, 
nuclear safety. 

Thanks to this constant dialogue and the considerable efforts which have been exerted since 
the beginning of the nuclear power program, it can be stated with some confidence that, in 
our country, protection against reactor fire, to which the safety authorities attach particular 
importance, has made, and is continuing to make, significant progress. 
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