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Abstract: In general, any assessment concerning the safety of nuclear facilities is based
on acquired scientific knowledge. Nevertheless, some areas related to safety remain still
inadequately explored, knowledge in these areas needs to be further developed either
through the results obtained from studies or from experimental research. With the aim of
achieving an optimal safety level, one of IPSN's main tasks is to highlight these gaps in
current knowledge and point out to nuclear facility operators the need to fill them. These
general considerations are pertinent to the particular field of fire. At IPSN, safety assessment
activities and research are carried out side-by-side, thus facilitating the implementation of
corresponding research programs. This ability to orient research with respect to safety
assessment requirements, the contribution of research scientists to safety assessment or the
formulation of safety problems, are today counted among the strong points of IPSN
operation. This paper presents also the present main fire risk safety concerns for Nuclear
Power Plants and the associated research carried out by IPSN (past, underway and future)
to improve the scientific knowledge in the related areas.

1. INTRODUCTION

Fire is a complex phenomenon, entailing temperature rises, pressure variations as well as
the production of smoke and combustion aerosols in the room where it started which may
cause secondary damage to equipment in the room. Smoke and fire damage may, in
addition, be extended to neighbouring rooms if fire sectorisation has been significantly
compromised.
Experience has shown that, on average, a fire starts every two years in French nuclear
facilities, irrespective of the type of facility. Because the fire is quickly detected and
controlled, the vast majority of fires started do not entail significant consequences. An
uncontrolled fire could lead to deterioration in safety level and threaten the containment of
nuclear material. Therefore this constitutes a possible means of environmental
contamination. The potential damage illustrates that a very precise assessment of fire
prevention at nuclear facilities needs to be carried out and that, in parallel to this, research
should be done to enhance current understanding of the risks involved.
One of IPSN's missions, carried out on behalf of the state authorities, is to assess the
technical provisions made by operators to ensure the safety of their facilities with respect to



fire risks. This safety assessment mission involves giving an opinion based on current
knowledge. However, the examination of the domains where there is still a notable lack of
certainty (for example, fire phenomenology and the effects it gives rise to) allows current
knowledge to evolve. Due to this fact, the corresponding studies, aimed at exploring the
degradation mechanisms that could lead to a possible emission of radioactive products into
the atmosphere as a result of a fire, are explored in as much detail as possible. A
probabilistic safety analysis carried out by IPSN on a 900MWe reactor that was based on a
systematic, functional analysis of the consequences of a fire provides a recent example.
Notably, this analysis
highlighted a significant risk of a core meltdown caused by a fire in an electrical cabinet
notably in the control room of a nuclear plant. Data available for this scenario is inadequate
and given the complexity of the phenomenon, it was necessary to enhance current
knowledge by means of an experimental program in order to prove the problem's relevance
to the operators. Research conducted on fire aims to improve the understanding of the
physical/chemical phenomena involved during a fire and to evaluate the impact of a fire on
the equipment and facilities through an experimental approach accompanied by the
development of modelling (computer codes). This enhancement of current knowledge should
allow safety requirements to be altered to take this knowledge into consideration, if the need
arises.
This paper illustrates the connection between the assessment of the safety of pressurised
water reactors with respect to fire risks and research. For each of the main concerns of
safety assessment, it provides the experimental program that has already provided or that
will provide the elements of scientific answers.

2. THE CONNECTION BETWEEN SAFETY ASSESSMENTS AND RESEARCH
AND OPERATION MODALITIES

2.1. The safety assessment and research connection

At IPSN, the knowledge required to evaluate the risks of fire in nuclear facilities is acquired
and used as a result of the close co-ordination between the safety assessment activities and
the research activities.
In the specific field of fire, that calls a vast number of liquid and solid fuels into play (electrical
cables, electrical cabinets, etc.), studies conducted to support this safety assessment focus
on all the degradation mechanisms that could lead to the emission of radioactive products
into the atmosphere during a fire. These studies demonstrate that many subjects (or themes)
remain that have been inadequately explored. This applies notably to the Probabilistic Safety
Analysis (PSA) conducted by IPSN on 900 MWe nuclear reactors. This PSA study plays a
part in the safety assessment designed to evaluate the adequacy of safety measures
proposed by facility operators. It includes an in depth functional analysis that gives rise to
new concerns for which reactor improvements should be implemented. The sound basis for
these concerns must therefore be demonstrated and supported by scientific knowledge and
specifically supported by the results of research programs. For this purpose, research teams
propose experimental programs with associated model development programs.
Other than research into basic phenomenology which is extremely complex (fire heat release
rate evolution, flame behaviour), experimentation under real conditions is very difficult to
conduct and, in any case, is not capable of covering all the situations. Therefore, this
complexity justifies a modelling and experimentation approach on two levels; on the one
hand, a semi-empirical approach aimed at acquiring the average values of the main physical
parameters and that is supported by global tests and the use of simplified computer codes,
and on the other hand, a much more physical approach, but more difficult to implement,



based on a detailed multi-dimensional model of which some physical models have been
established and qualified based on analytical tests.



2.1.1. Safety assessment requirements

With respect to pressurised water reactors, IPSN is working mainly of the following themes
considered as major safety concerns:

Fire in a closed ventilated room and the propagation of fire into neighbouring
rooms through the ventilation system or openings.

Safety studies must consider the possibility of propagation of a fire into rooms located close
to the room where the fire started. In fact, there are many communications between the
rooms in a nuclear plant. These include fire doors, ordinary doors, openings not closed by
doors, wall openings that have been plugged or remain open and ventilation ducts equipped
with fire dampers to guarantee sectorisation.
The PSA study confirmed the need for further work on this subject.
In fact, the failure modes of equipment located in rooms beside that where the fire started
needs to be understood, bearing in mind that communication may be direct (open door),
indirect (ventilation ducts), or accidental (failure of sectorisation elements). The propagation
of hot gas and smoke from the room inwhich the fire started to neighbouring rooms
(multiroom propagation) can lead to temperature rises in the neighbouring rooms and cause
safety equipment installed there to malfunction. As for the smoke, this could propagate
throughout the facility, rendering the atmosphere opaque, making it difficult to locate the
source of the fire and therefore rendering fire fighting activities difficult. Furthermore, smoke
can cause the malfunction of electrical equipment.
Related to the "pressure stress loading" during a fire, it should be noted that this loading is
not taken into consideration in the design requirements of equipment serving a sectorisation
function (doors, fire clack valves). Tests performed by IPSN in closed enclosures subject to
mechanical ventilation as well as simulations carried out using its fire calculation code
FLAMME_S, illustrate that pressure peaks (an overpressure when the fire starts and under-
pressure when the fire is extinguished, ref. appendix 2) do occur during a fire. These peaks
may result in the sectorisation elements being subject to various types of stress that are
difficult to assess based on current understanding. It was therefore decided to establish
precisely the types of stress brought into being by a fire and experienced by sectorisation
components in a configuration that is representative of several ventilated rooms. The aim
was to verify that, according to the type of fire, the overpressure reached would not be
sufficient to cause sectorisation to fail and result in significant propagation of the fire.
Lastly, in this study, it is necessary to assess the interaction between the fire consequences
and the operation of the ventilation systems in terms of propagation. The procedure that is
currently recommended in the case of a fire in a room involves sustaining the exhaust
ventilation for as long as possible, in order firstly to extract and channel the hot gases, and
secondly to limit the overpressure caused by the fire. This ventilation procedure raises
several questions which remain mostly unanswered at this time or which have been only
partially answered.
As a result of this, and in order to respond to the set of concerns mentioned above, the DIVA
program (§ 3.2) was undertaken.

Behaviour of sectorisation and containment equipment (doors, fire dampers,
filters, etc.) subject to stress generated by a fire.

Room sectorisation is considered to be an essential component of the fire prevention system
because it represents protection against fire propagation. Up until this time, assessment has
mainly concentrated on the singular points of this sectorisation that is the items sealing the
existing openings in civil engineering (doors, fire dampers, wall openings for cables) which
are considered to be the weakest links. These items were qualified in terms of fire resistance.
However, pressure resistance of these items was only considered superficially. Given the



presence of concentrated fuel loads in some rooms, an overpressure experienced during a
fire must be taken into consideration as highlighted in the previous safety concern.
As a complement to the DIVA program, STARMANIA program (§ 3.3) was undertaken. The
aim of this program was to characterise the behaviour of sectorisation and containment
equipment subject to pressure stress.

Operational behaviour of electrical cables subject to a fire.

There are a large number of electrical cables in a nuclear plant (§ 3.4). The program involved
demonstrating the failure modes of cables subject to stress during a fire and that are
characteristic of cables used to equip pressurised water reactors and determining the exact
moment when the failure commenced. The precise delay when cable malfunction starts
determines either equipment unavailability, or a potential intervention reaction delay that
could have an impact on the potential foreseen fire consequences.
In order to obtain representative data for all the cables being studied, given their
miscellaneous configurations in a room, it was decided that analytical type tests
(characterisation in a furnace) and a global type test named PEPSI (§ 3.4) should be carried
out.
These tests demonstrated that cable malfunction was caused by contact between the cables'
internal conductors. They demonstrated that malfunction occurred when the cable's internal
temperature reached 210 to 220°C, this temperature corresponds to the softening of the
isolating material that causes short circuits to occur between the conductors. They confirmed
that the cables' thermal inertia significantly delayed the failure time, notably when the room
temperature is close to the failure temperature.

Electrical cabinet combustion mode.

There are a large number of electrical cabinets in a nuclear plant:

• relay (or frame) cabinets,

• control cabinets,

• electrical panels,

• control panels.

Now, operation experience has illustrated that electrical cabinets represent a significant
source of ignition. Furthermore, preliminary studies conducted in the framework of a PSA
study associated with fire, and notably fires starting in a control room, have demonstrated
that damage to the cables caused by fire leads to relatively significant contribution to the
probability of core damage.

The information required to analyse the induced fire scenarios includes:

• the cabinet fire heat release rate versus time,

• the behaviour of an electrical cabinet in response to a fire in the room (failure flux and
temperature, possible risk of malfunction caused by the combustion products),

• the damage modes of cabinets located beside the cabinet that is on fire,

• changes in temperature inside the cabinet with respect to the external temperature,

• the identification of the types of incorrect commands that could be generated by an
electrical cabinet or control frame when subject to thermal damage as a result of a fire.

Actions were therefore undertaken in order to respond to these concerns.



Firstly, combustion models were created based on tests performed in Finland and on the
electrical cabinets' characteristics installed on French units. The first models led to failure
times associated with equipment located in the cabinets that were very low and that had very
significant impacts on neighbouring cabinets (heating that could lead to risks that the
equipments they contain malfunction). These simplified models, however, do not take all the
physical phenomena playing a part into consideration (the effect of ventilation within the
cabinet, the cabinet deformations leading to an increased contribution of oxygen to the
combustion, the effect of pressure losses within the cabinet).
Secondly, the C ARM EL A program (§ 3.5) was undertaken in order to analyse and model
electrical cabinet combustion [Erreur! Argument de commutateur inconnu.].

Characterisation of flammable materials.

The physical/chemical characterisation of the materials and products that are likely to
represent a source of inflammation or a fire propagation vector was necessary to assess the
fire risk. The computer codes, notably FLAMME_S, make use of the various material
characteristics (rate of heat release, burning rate, particle size analysis and aerosol
production). Some of these characteristics are determined through tests usually carried out
on a small scale with standardised devices (cone calorimeter and Tewarson apparatus)
On this subject, IPSN is engaged in a continuous action with the aim of improving this
database. Around thirty materials will be characterised over the next three years including,
notably, electrical cables, solvents and oil.

2.1.2. Research products

Research allows the following to be obtained:

• results from tests carried out in conditions that are more or less representative, that is to
say approaching a real configuration and scenario in a facility;

• qualified computer codes based on test results. Basic research focusing on the
fundamental characteristics of fire and its interaction with ventilation is required to
develop and qualify physical and chemical models;

• a synthesis of knowledge, that is to say, the gathering of knowledge and teaching on a
given subject;

• scientific skills concerning subjects relative to safety.

The calculation tools developed may be used to:

• understand the margins available, with respect to a given scenario, before the equipment
fails or malfunctions;

• establish the best way to conduct ventilation during a fire, taking into consideration the
compromise between sustaining the dynamic containment (allowing the control of the
release of radioactive material), controlling the fire and the risk of overpressure (or even
an explosion) in the facility.

One crucial objective of the research conducted on fire is to develop and qualify simulation
tools corresponding to configurations found in nuclear facilities [Erreur! Argument de
commutateur inconnu.].
Given the complexity of the phenomena associated with a fire in a closed and ventilated
room, the computer codes that are currently in use are mainly so-called zone codes, based



on simplified and empirical modelling. In this domain, IPSN has developed a calculation tool
called FLAMME_S/SIMEVENT.

The FLAMME-S [Erreur! Argument de commutateur inconnu.] "fire" module calculates fire
development in one or more rooms; it is coupled to the ventilation module SIMEVENT that
calculates the behaviour of the ventilation network. This simplified tool allows a large number
of simulations to be performed and is currently used to carry out safety assessments.

IPSN is also involved in work to produce a finer modelling of the fire by solving the entire set
of physical equations in a three-dimensional space mesh. ISIS (Incendie Slmule pour la
Surete : simulated fire for safety) computer code is currently being developed; upon
completion it will remedy the numerous limitations of empirical and simplified computer
codes, like the FLAMME_S type, notably allowing the detailed calculation of the progression
of a fire in a room of any geometry.

2.1.3. Basic research

Basic research topics, relevant to all nuclear plants, have been clearly identified by IPSN in
order to improve the knowledge and modelling of the complex phenomena involved in a
nuclear plant fire.
For the purposes of the fire study, the topics include:

• Combustion parameters like burning rate and flame spread,

• Soot production and flame radiation properties,

• Improvement of the plume model in a confined and ventilated configuration,

• Fire propagation towards other fire sources,

• Criteria for the failure of equipments and of electric cables.
A complementary research program is being conducted for the transfer of radioactive
aerosols inside a plant (including the ventilation network) and for the behaviour of the
ventilation and confinement devices subjected to the thermal/mechanical stresses induced
by a fire. The topics selected include, for example:

• Plugging of the high efficiency filters by the aerosols of combustion,

• Setting up the suspension of radio-elements in the event of a fire,

• Mechanical resistance of the filters,

• Evolution of the aerosols of combustion outside the flame.

The basic research on these items will be shared, in the framework of collaborations,
between IPSN and other scientific organisations (mainly universities) involved in fire
research.

2.2. Operation modalities

At IPSN, the existence of safety assessment activities and research activities encourages
close collaboration when programs (experimentation, development and validation of
software) are being designed and carried out.
Co-ordination and collaboration structures were created in order to continuously check that
the research programs responded to the short, medium and long term requirements of safety



assessment and to redirect the research, if necessary, in order to respect safety analysis
milestones.
More specifically, a group (FIRE Work group) involving safety experts and research scientists
assess research proposals (among these proposals those mentioned in the previous
paragraph are included) along with the difficulties encountered implementing the programs
and their consequences. This group examines research strategy in the light of program
progression (results obtained), suggests redirection, if required, of actions underway and the
implementation of new actions based on concerns raised by the safety assessment. The
group's proposals and work are reported to the IPSN Direction who arbitrates with respect to
the performance of programs underway and the launch of new research programs.
This group is supported by technical structures involving engineers responsible for
assessment and research work (experimentation and modelling). This wide and frequent
collaboration between experts and research scientists guarantees the rapid transfer of
results from research to safety assessment and enables the continuous suitability of finalised
research programs to the requirements of this assessment to be ensured.

3. EXAMPLES OF EXPERIMENTAL RESEARCH

3.1. Research on fire and on its consequences

IPSN has been carrying out research into conventional1 fires and their consequences since
1980 in its own experimental facilities, presented in appendix 1 [Erreur! Argument de
commutateur inconnu.][Erreur! Argument de commutateur inconnu.]. Approximately
150 tests have been carried on fire out up to this day, notably differentiated by the type of the
fuel (liquid [Erreur! Argument de commutateur inconnu.], solid [Erreur! Argument de
commutateur inconnu.]), the fire source geometry and the ventilation conditions in the
containment where the fire is located [Erreur! Argument de commutateur inconnu.]. This
experimental research notably resulted in an understanding of fire phenomenology in a
confined and ventilated environment, the quantification of the associated physical values and
the acquisition of data required for the qualification of computer codes developed in parallel.
The main phenomena characteristic of fire in a confined and ventilated environment are
presented in appendix 2.
Some tests were conducted in partnership with universities as well as with Cogema [Erreur!
Argument de commutateur inconnu.][Erreur! Argument de commutateur
inconnu.][Erreur! Argument de commutateur inconnu.]. Notably, European projects
[Erreur! Argument de commutateur inconnu.] were conducted in partnership with English
(Imperial College), German (Braunschweig), Portuguese (Aveiro) and French (Poitiers,
Rouen...) universities, research bodies (CNRS at Orleans, INERIS) and industrial bodies
(Rhone-Poulenc, EDF).
The research programs presented here are examples of finalised research programs
designed to provide answers for safety assessments with respect to subjects featuring
significant gaps in knowledge.

3.2. The DIVA project

This new program requires the creation of a specific facility, named DIVA (Dispositif d'etudes
de I'jncendie, la Ventilation et I'Aerocontamination (facility for fire, ventilation and air

1 In 1980, the IPSN experimental research related to sodium fires was still underway in the Cadarache
facilities.



contamination studies)), which will allow, on the one hand, to assess the consequences of a
fire on a room and on neighbouring rooms and on ventilation, on the other hand, to study the
coupling of fire to ventilation: thermal propagation, pressure effects, propagation of fire and
smoke, the consequences on ventilation components and on equipment installed in the
premises, ventilation network driving. This enhancement
of current knowledge and the experimental data base resulting from this research program
will notably allow the IPSN computer codes to be developed (FLAMME_S - SIMEVENT).

4 m

Figure 14: Overview of the DIVA experimental facility

The DIVA experimental facility (Figure 14) includes three identically sized rooms opening into
a common corridor. A fourth room is available to deal with the propagation of fire to upper
floors. The rooms shall be interconnected by doors and a ventilation network. The device is
sized such that each room can withstand a pressure range of -100 hPa to +520 hPa, with a
maximum leak rate of 0.1 h"1. This pressure range incorporates the overpressure of 220 hPa
caused by the explosion of gases not burned or produced by the evaporation of the pool after
the fire source extinguishing. The various rooms and the ventilation network will be equipped
with significant instrumentation.
This device will allow various scenarios to be studied as of the beginning of the year 2002,
such as those presented in Figure 15.



Figure 15: Examples of scenarios in the DIVA facility



3.3. The starmania project

Up till now, the behaviour of sectorisation and containment equipment subject to rapid kinetic
pressure stress, characteristic of the progression of a fire in a confined environment, has
been subject to very little or no analysis due to the lack of experimental means. The
STARMANIA test station, which IPSN has just acquired, will fill the gap. It will allow the
mechanical resistance of equipment (doors, clack valves, filters, etc.) subject to pressure
stress to be determined as well as the aeraulic behaviour of this equipment (gas and particle
leak rates in order to assess the possible transfer of contamination in the ventilation
networks).
Three parameters were selected in order to characterise stress associated with the
development of abnormal operation conditions; these are: pressure, temperature and relative
humidity. The maximum amplitudes of these parameters are based on the results of fire tests
carried out at IPSN and on code simulations. Thus, the STARMANIA station should be
capable of withstanding :

• an upstream relative pressure for the equipment to be tested between -200 and
800 mbar;

• an air temperature between 20 and 400 °C,

• relative humidity that could reach values close to saturation for a maximum air flow rate
of 3 400 m3.h"1 and an air temperature of 50 °C.

The operation principle implemented to cover the entire domain of the study is based on the
use of two types of fans assembled in parallel on an aeraulic loop that is capable of operating
with a fraction of the flow re-circulated (Figure 16). A high pressure fan, coupled to a neater
and an air humidifier, is used to study deteriorated conditions (atmospheric conditions,
maximum temperature of 50°C, relative humidity up to saturation), while a two storey aeraulic
fan is required to achieve the stress levels representative of accident conditions (pressure
range - 200 to 800 mbar, maximum temperature of 400 C). Performance of the first tests on
fire doors is scheduled for before the end of the year 2001.
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Figure 16: STARMANIA test station layout diagram



3.4. The "PEPS11" test concerning the failure of electrical cables

In the framework of its research concerning the failure of electrical cables, IPSN performed a
real scale test in the PLUTON vessel (400 m3), in order to study the behaviour of cables
subject to thermal stresses caused by a fire. This experiment, named PEPSI 1 (Figure 17),
involved 4 cables trays, located horizontally just above the flame zone (cables tray n° 1), in
the plume 0.35 m from the ceiling (n° 2), outside the plume and also at a distance of 0.35 m
from the ceiling (n° 3), opposite the flame at a distance of 1 m from the edge of the pool
(n° 4), and one vertical cable tray located at a distance of 1 m from the edge of the pool
(n° 5). Each cable tray comprised 5 types of C1 cable usually used in NPP (PVC cable
compliant with the NFC 32 070 standard): 3 x 1 6 mm2, 3 x 6 mm2, 2 x 35 mm2, 7x1.5 mm2,
2 x 0.5 mm2. These cables were connected to an electrical power supply, with the exception
of the cables in tray n° 5. The fire, a 1 m2 oil pool, was set in a 400 m3 volume vessel (the
PLUTON vessel previously described), where the ventilation flow rate was approximately
2000 m3.rr1.

Figure 17: PEPS11 experiment, general overview

An overview of the experimental rig is presented in Erreur! Argument de commutateur inconnu..
The photograph, taken from the south-east corner, allows a view of the burning pan, the cable trays
n° 1 and n° 4, and on the right, the electrical cabinet.



Figure 18: Photograph of the PEPS11 experimental rig

With respect to cable tray behaviour, whatever the cable type, the origin of the failure is
always caused by a short-circuit between two or more wires. It is only during a second phase
that a short circuit between two or more wires and the sheathing can occur. During this test,
only the cables on tray n° 4 did not fail.
Furthermore, during this experiment, the flame remained vertical for about 3 minutes after
ignition, and then slanted until the fire was burnt out. Therefore, because of this flame slant
occurring a few minutes after ignition, the cable tray n° 3, that was located outside the plume
at the beginning, was damaged before the cable tray n° 2.
For each type of cable, Figure 19 illustrates the experimental curve of the failure temperature
versus failure time. As a rule, the order of failure of the cable trays was not 1, 2, 3 as
foreseen, but 1, 3, 2 as a consequence of the slant of the flame and the deviation of the
plume.

• 3x16mm2(3B0V)
• 3 x 6 mm2 (380 V)
A2x35mm2(125V)
P7x1.5mm2(48V)
» 2 x 0.5 mm2 (4 - 20 mA)

0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00

Failure time, after the beginning of the fire (minutes)

Figure 19: PEPS11 experiment,
Failure temperature versus failure time, for each type of cable

3.5. The electrical cabinet fire research program

3.5.1. Development of the program

Research work concerning electrical cabinet fires was begun by IPSN in 1998 in order to
increase understanding of this type of fire source, to develop and to qualify an empirical
model in the FLAMME_S code. This work began with a literature survey; tests performed by
VTT (Finland) were subject to particular attention during this survey.
The complexity of the phenomena that are associated with an electrical cabinet fire (extreme
confinement of the flame, rarefaction of oxygen that is required to sustain combustion,
pyrolysis of components subject to intense heat inside the cabinet, flows entering through the
cabinet ventilation openings and flows within the cabinet itself, etc.) in conjunction with the
diversity of electrical cabinets found in a real facility has led to a research approach that
includes a significant preliminary analytical section.



Thus, the implemented program includes firstly analytical tests (CARMELA tests for
"Combustion d'une ARMoire ELectrique Analytique" (the combustion of an analytical
electrical cabinet), [Erreur! Argument de commutateur inconnu.]) the aim of which is to
quantify the impact of parameters that were considered to be most important upon the
conclusion of the literature survey:

• the size of cabinet ventilation openings, both for inlet located in the lower section and for
outlet located in the upper section,

• the location of the ignition point; in the tests this location was at the bottom or half way up
of the sheet simulating the internal cabinet fuel,

• the quantity of flammable material involved,

• cabinet filling; in the tests inert steel volumes were placed inside the cabinet,

• the pressure loss inside the cabinet; in the tests metallic plates were added at various
heights in order to increase the pressure loss.

More global tests (CARMELO) performed in real electrical cabinets constituting the
secondary phase will be carried out after completion of the primary program (the year 2003).
The characterisation of the materials used to construct a real electrical cabinet (electrical
components, electronic boards, chutes, cables, etc.) is scheduled on a small scale in parallel,
based on standardised tests (cone calorimeter, TEWARSON apparatus).
Particular attention is devoted to determining the heat release rate of the fire in this research
program. This physical value is fundamental to the characterisation of fires and the
evaluation of their impact on their environment in a real facility (other electrical cabinets,
cables trays, neighbouring rooms, associated ventilation network, etc.)
The plume of hot gases released from the cabinet is also a significant point in the study
because this flow may cause equipment (for example, cable trays) to be subjected to severe
thermal stress that could cause them to be damaged, or even malfunction.



3.5.2. CARMELA tests

In the CARMELA analytical approach, a steel box of similar size to a real cabinet is used to
"simulate" the electrical cabinet; the fuel is placed within this box. The latter, a sheet of
Plexiglas, represents the electrical and electronic components in a real cabinet in a simplified
way. The cabinet ventilation openings are located in the upper and lower sections of the box.
The rig is placed under a large extraction hood to capture combustion products that are
analysed on line before being filtered in order to determine the fire heat release rate.
The CARMELA program included 15 tests carried out between 2000 and 2001. A view of the
rig undergoing testing is shown in Figure 20. The flame is visible escaping from the opening
above the ventilation located on the upper section of the cabinet as is the plume of smoke
flowing upwards into the hood.

Figure 20: View of CARMELA rig during a test



The results are currently being interpreted. For the purposes of illustration, the typical
evolution of fire heat release rate versus time is shown in Figure 21, expressed in
dimensionless values: the rate of heat release increases while the flame is propagating on
the fuel plate, then reaches a maximum and falls suddenly when the plate gives way and
falls into the bottom of the cabinet due to increased softening caused by the high
temperature.
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Figure 21: Typical evolution of fire heat release rate versus time

The evolutions of the fire maximum heat release rate with respect to the size of the cabinet's
openings are given in Figure 22.
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Figure 22: Effect of cabinet ventilation opening cross sections on the maximum heat release rate
(expressed in dimensionless values)

A second campaign of CARMELA analytical tests will be performed in 2002. Its content shall
be defined based on the interpretation of the first test series and simulations with the
FLAMME_S code in which an empirical model of electrical cabinet combustion, qualified by
the first CARMELA test campaign, will be incorporated.



4. CONCLUSION

This paper presents firm evidence of the relationship created between safety assessments
and research into the risks associated with fire in pressurised water reactors. Safety
assessments, based on a systematic, functional analysis of the associated consequences,
the severity of which may be estimated using a probability approach, highlight subjects
where it would be desirable to increase current knowledge. Research programs underway
and scheduled at IPSN have been defined following collaboration between research
scientists and safety experts concerning subjects that have not yet been sufficiently explored
(electrical cabinet combustion, fire in a configuration involving several rooms, the resistance
of sectorisation and containment components, the failure of electrical cables, characterisation
of solid and liquid flammable materials). The development and qualification of simplified and
mechanistic computer codes is on-going and is supported by the results of global tests and
also by basic research into the physical/chemical characteristics that have a significant
influence on fire development and its impact on equipment installed in the rooms. In the
future, this basic research will be boosted through partnerships with other research bodies
investigating the domain of fire, notably universities. More generally, the existence of safety
assessment activities and research activities side by side at IPSN promotes the conduct of
corresponding research programs. The ability of the research activity to respond to safety
assessment needs, the continuous collaboration that exists between experts and research
scientists leading to a common culture, the contribution of research scientists to the
performance of safety analyses and the formulation of safety problems, at this time,
constitute strong points of IPSN operation.

5. APPENDICES

5.1. Appendix 1 : IPSN experimental facilities

The IPSN has two set of facilities, one at Cadarache (Bouches-du-Rhone) and the other at
Saclay (Hauts-de-Seine), dedicated to the analysis of fires in a closed and ventilated room
and their consequences.

5.1.2. The facilities used to study fire at Cadarache

Originally created to study Sodium fires, the Cadarache test facilities, collectively referred to
as "GALAXIE", comprise enclosures (four steel tanks and three concrete vessels), the
volume range of which covers 0.3 to 3600 m3 (Ref. the table hereunder). The DIVA facility,
designed to conduct experiments on fires in several rooms configuration was built in the
JUPITER vessel. A large extraction hood 3m in diameter was installed in the SATURNE
tower (2,000 m3) dedicated to the study of specific fire sources as for example, an electrical
cabinet fire.
Most of these enclosures are equipped with a dedicated ventilation network that can
withstand overpressures generated by fires. Through their various sizes and shapes, they
allow fires of various types and sizes to be studied in many configurations.
The instrumentation is significant; it includes up to 800 measurement channels for one
experiment (in the case of DIVA). The data recorded concerns the evolution of the fuel (mass
loss, combustion products, soot, etc.), room characteristics (temperature, pressure,
concentration of gaseous chemical species, etc.) and ventilation (flow rates in ducts,
temperatures, etc.) over time. It is possible to acquire video recordings of the flame.



NAME

VEGA

CASTOR

POLLUX (1)

MERCURE

PLUTON

SATURNE

JUPITER (2)

DIVA, installed
in the

JUPITER
compartment

VOLUME

316 liters

4.4 m3

4.5 m3

22 m3

400 m3

2,000 m3

3,600 m3

3 x 120 m3

1 x 160 m3

1 x 170 m3

GEOMETRY AND
TYPE

steel tank

steel tank

steel tank
(very tall)

steel tank

concrete vessel

concrete vessel,
fitted with a hood

concrete vessel

4 rooms and a
corridor

CONFINEMENT AND
RESISTANCE TO
OVERPRESSURE

confined or ventilated

confined (3 bar) or ventilated

confined (7 bar) or ventilated

confined (3 bar) or ventilated

confined (0.25 bar) or ventilated

natural ventilation

confined (1 bar) or ventilated

confined (0.30 bar) or ventilated

NUMBER OF
MEASUREMENT

CHANNELS

= 30

= 70

= 70

= 100

= 450 used
(520 possible)

= 200

= 800

720 foreseen
(800 possible)

(1) The POLLUX tank in not currently operational.
(2) The JUPITER vessel is occupied by the DIVA facility

Throughout the world, very few experimental facilities possess rooms larger than 100 m3

were large-scale fires can be studied. The most well known are found in the United States
(National Institute of Standards and Technology, Factory Mutual Research Corporation,
Lawrence Livermore National Laboratory).
In Europe large scale tests are also carried out at the VTT Building Technology (Finland)
research centre; at Verneuil-en-Halatte (Oise), INERIS has a ventilated tunnel and 80 m3

vessel.



5.1.2. The ventilation study facilities at Saclay

A first type of test facilities allowed the suspension of radioactive material to be studied via
analytical tests conducted on various scales (fire surfaces varying from 100 to 6000 cm2).
These tests made use of calorimetric cones and thermal flux and controlled ventilation test
loops.
A second type of test facilities allowed the behaviour of filtration that is subject to mechanical
and thermal stress representative of a fire to be determined.

INSTALLATION TYPE

Calorimetric cone

Ventilated enclosure
model

Clogging facility

SIMOUN facility

Ventilation network
model

MAIN CHARACTERISTICS

thermal flux (90 kW/m2 maximum) and
controlled ventilation (200 m3/h
maximum) for a small scale fire

model (lm3) representing a ventilated
room that respects the rules concerning

aeraulic and thermal similarities

real small scale fire in a ventilated
enclosure (200 m3/h)

from 0.5 m3

Maximum performance:
4000 m3/h air at 400 °C

reduced scale ventilation network (7 box
1 m3 volume each) subject to thermal

stress

AIMS

suspension of contaminants

mass transfer inside a ventilated
enclosure subject to thermal effects

plugging of filters

equipment behaviour (purification
devices, fire clack valves, etc.)

development and qualification of
ventilation models



5.2. APPENDIX 2 : Fire phenomenology in a confined ventilated environment

Test programs conducted at IPSN have provided elements that allowed the main
phenomena characterising a fire in a confined and ventilated room to be quantified:

• The soot particles and gas produced by the fire formed a rising plume, which after it
came into contact with the ceiling, gradually filled the room [0], reducing visibility; this
effect was even more marked because the ventilation network is not capable of extracting
this smoke production.

• The heating of gases in the room on fire induced a rapid increase in pressure (Figure 23).
The extinguishing of the fire source, either as a result of the fuel being consumed or a
lack of oxygen, led to a sudden depressurisation due to the cooling of gases in the room.
These sudden pressure variations could damage the ventilation filters and fire doors
separating the rooms.

FLIP2test

Pressure (hPa)

2 T

-500

Time (s)

500 1000 1500 2000 2500
Overpressure when the fire source ignites

. Damping of the overpressure

3000

Damping of the underpressure

" Pressure

-10

Ventilation starts

Under-pressure when the fire is extinguished

Figure 23: Pressure changes associated with a fire in a room

• The heat release rate of the fire, which is proportional to the surface area of the fuel on
fire, has a very strong influence on the progress and consequences of a fire. The more
powerful the fire, the more significant the thermal and mechanical effects that it generates
but the shorter the duration of the fire because it rapidly consumes the available oxygen.

• The fire is extinguished when the oxygen concentration in the room falls to a limit to the
order of 12%. If fresh air is introduced in the room after the fire is extinguished while the
fuel is still hot and evaporating, the fire could suddenly restart. Fresh air could enter the
premises via the ventilation network or by means of an opened door.
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