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In France, a national emergency organization has been set up to deal with 
accidents in nuclear installations. It involves close collaboration between 
the safety authorities and the operating utility. 

In the event of an accident in a civil nuclear plant, the Institute for 
Nuclear Safety and Protection (IPSN), which is a department of the French 
Atomic Energy Commission (CEA), provides technical assistance to the Central 
Service for the Safety of Nuclear Installations (SCSIN) at the Ministry of 
Industry. 

IPSN is entrusted with the task of providing the basic data for assessment of 
tne accident situation and forecasting developments so that measures which 
could be necessary for the protection of the surrounding population may be 
taken in time. 

In order to carry out this assignment, IPSN makes use of a structure known as 
an emergency technical center (CTC), which is audio-linked to equivalent 
structures set up by the operating utility both at the place of the accident 
and nation-wide. The IPSN CTC is also kept informed of developments by means 
of computer system terminals transmitting data from the safety parameter 
display system (SPDS) and computer of the plant unit where the accident has 
occurred, via the TRANSPAC network. 

The IPSN CTC is organized round a management unit receiving analysis data from 
two working parties, one studying the situation within the damaged plant 
(plant assessment unit) and the other concerned with assessing the 
radiological consequences of the accident (radiological consequence unit). 

Within the former group, analysis is formulated by means of a physical state 
matrix characterizing the condition of the plant (Figure 1). 

One side of the matrix represents the containment performance (with various 
configurations from "leaktight" to "loss of integrity", including the "slight 
leak" cases) and the other the core and primary system condition (varying from 
"no clad failure" to "complete core melt-through"). Each box on the matrix 
corresponds to a radioactive state in the plant. The matrix can be used for 
two purposes: to situate the representative status of the plant (diagnosis) 
and to anticipate how things are going to develop (prognosis). 

For fast, efficient use of the matrix, the plant assessment unit specialists 
must be equipped with tools designed to express the data transmitted by the 
damaged plant in terms of location on the matrix and radioactive discharge 
values. To this end, IPSN implemented the SESAME program (1) in which three 
main topics are identified: the condition of the core and primary system, the 
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condition of the containment (these two subjects have already been mentioned 
above) and safety system availability. It is obvious that the latter parameter 
is an essential element, which determines the path taken from box to box on 
the matrix and hence the prognosis. For instance, developments in the core and 
primary system condition will depend on safety injection system availability. 
Similarly, in the event of a primary break, the availability o f '.he 
containment spray system will condition the future condition o .he 
containment (airborne activity, pressure etc.). 
In order to reach its prognosis, the CTC therefore requires rapid, composite 
and reliable data on the availability condition of safety systems and on the 
possibility of failure of these systems over a more or less short term period. 
The response to this requirement which is proposed in the context of the 
SESAME program, is the subject of this paper: the methodology is first 
explained in a general manner and is then illustrated by means of two simple 
examples. 

1. Choice of the main systems concerned by the availability assessments 
The options as to the systems the availability of which is to be 
investigated within the frame of the SESAME program are based on two 
contradictory requirements: 
- on the one hand, the need to be thorough, which implies including 

systems which are not safety-classified but which have a safety 
function in certain circumstances, 

- on the other hand, the necessity to limit the quantity of data (and 
thereby machine time requirements). 

Compliance with these two criteria leads to a compromise, involving a 
certain number of systems classified in four categories: 

1.1. - "main" systems are those directly involved in the implementation 
of one of the main safety functions: maintaining the water 
inventory, ensuring residual heat removal, maintaining the reactor 
in a sub-critical state and ensuring the containment of 
radioactive products. 
These systems are as follows: 
. secondary system: Steam generator emergency feedwater system and 
blowdown system (the steam generator blowdown system has a safety 
role in the event of SG tube rupture), 

. containment: containment spray system, hydrogen recombination 
system, all valves concerned by containment penetration 
leaktightness, 

. primary system and more or less directly connected systems: 
chemical and volume control system, used notably in the event of 
a very minor pipe break to convey the required boron makeup to 
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the primary system; safety injection system; residual heat removal 
system. As regards the primary system itself, attention 
is focussed on pump availability, required, for instance, in 
emergency procedure Ul, 

. spent fuel pit cooling system, 

. the ventilation systems for peripheral rooms, the fuel building, 
the nuclear auxiliary building. These systems have a containment 
and filtration function. 

1.2. - supporting systems: they are essential for the satisfactory 
operation of the main systems. Those selected are as follows: 

. component cooling system (responsible for cooling many main 
systems), 

. compressed air production system for pneumatic valves, 

. electric power distribution systems supplying main system 
components, 

. ventilation systems for main system pumps and component cooling 
system. 

1.3. - source systems: they supply the supporting systems and are as 
follows: 

. heat sink (which cools the component cooling system), 

. compressed air source, 

. main and auxiliary power supply system transformers; standby 
diesel generator sets; gas turbine, 

1.4. - other systems: this category includes the plant radioactivity 
measurement system, the core nuclear measurement system and the 
system used to recirculate liquid waste into the reactor building 
in the event of severe contamination in the auxiliary buildings. 

In all, the SESAME program is designed to study the availability of 
37 systems. 

2. Decision to use an expert system - Presentation of SPIRAL 

3. Choice of an expert system 

To analyze the status of these 37 systems and their forseeable 
development, it is necessary to perform line processing of data 
transmitted from them in the light of knowledge concerning their 
general operation. 

The data used may be analog (pressure, temperature, flowrate 
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measurements) or logic (alarms, valve position switches, continuous 
setpoint checking). The data base includes a description of the 
plant, flow charts of component operating modes and interactions, but 
also morj je^ral knowhow derived from expert experience. 

Only by pooling all these different data and adopting an expedient 
operating mode keyed to situation developments can the required 
conditions be reliably fulfilled. The difficulties involved are 
substantially increased by the necessity to adapt to a deteriorated 
situation, where certain data may be missing or erroneous. 

These considerations tend to indicate the suitability of an expert 
system for our purposes, where its flexibility would enable us to 
envisage computerized implementation of sophisticated logic chains, 
using, in particular, cross-analysis of data transmitted by the 
plant. 

A further argument in favour of expert systems is the large number of 
plants involved, which, although very similar, differ on many 
details, liable to rapid modification. Expert system technology, 
which provides for excellent knowledge base modularity is the only 
valid basis for efficient system maintenance and development. 

Following the decision to use an expert system, SPIRAL, an expert 
system generator developed by the CEA (2) was selected to elaborate 
an appropriate solution. 

Presentation of SPIRAL 

Since its design in 1984, SPIRAL has been more particularly dedicated 
to applications based on computer assisted control of complex 
continuous industrial processes, with the result that, despite its 
general purpose capacity, it was required to conform to extremely 
stringent specifications which, even if they exist, are frequently 
not complied with in commercially available equipment. 

The first specifications naturally derive from the complexity of the 
processes involved. The required system must provide for formulation 
of rules characteristic of a whole group of components and 
accommodate rigorously structured knowledge modules designed for 
thorough validity checking. On this basis, it was decided to opt for 
a combination of two conventional knowledge representation mod£s. The 
first is a highly specific "object oriented representation" mode, 
integrating powerful knowledge validation mechanisms (ranges of 

Knowledge description model enabling regrouping of all data 
relevant to an item in the described physical world, within a 
structure referred to as an "object". 
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validity, checking "demons", ie. automatic checking sequence 
introduced by the user, etc.). This representation is, in addition, 
remarkably effective with modular systems. 

The second mode used relies on rules with variables (first order 
logic) providing for a description of the expertise and of the logic 
mechanisms which act on it. These rules, which extensively evaluate 
the knowledge stored in the "objects", are described in syntax 
largely based on PROLOG and implemented by a "backward chaining" 
inference method (this method operates by breaking up the desired 
goal into sub-goals in order to return to facts known to the expert 
system). 

Another original aspect of SPIRAL is its capacity to use numerical 
data. A large portion of the data available on certain processes is 
contained in numerical simulation models. These models vary in 
complexity but almost all exist in computer program form (written in 
FORTRAN, C, PASCAL, etc.). SPIRAL provides for inclusion of these 
models by means of an interface. 

Finally, SPIRAL is equipped to deal with time-related logic problems. 
Such problems arise at different levels. The simplest mechanisms are 
related to real time aspects. A computer-assisted control system 
should be compatible with clock-slaved sequencing and with 
asynchronous response to external events (alarms, inadvertent 
parameter changes, etc.). To achieve this, SPIRAL integrates a clock 
and a task mechanism which can be actuated by events. At a higher 
level, we find mechanisms designed for the management of an 
environment following specific stages of development, where knowledge 
may frequently be called into question or develop in a relatively 
unpredictable manner. Such mechanisms are so far rarely encountered 
outside the research sector and are to be integrated in a future 
version of SPIRAL. 

All these characteristics, together with a carefully devised degree 
of computer compatibility, make of SPIRAL a tool well adapted to 
attain its goal. It is presently extensively used at the CEA for 
numerous projects. 

Investigation of safety system availability in a nuclear power plant 
is a particularly challenging application, commensurate with the wide 
range of possibilities offered by the system and is illustrated below 
by specifying the logic sequence followed by the expert system and by 
giving concrete operating examples. 
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3. Logic Process 

The logic followed by the expert system to test availability of a 
main system is shown in table 1. 

The first step for interrogation of a main system is for the expert 
system to ask itself whether or not operation of this system must be 
tested. The reply to this question depends on the physical state of 
the installation and the utilization conditions for this main system. 

If the system is not operating, the expert system questions itself as 
to the necessity of testing the system startup possibilities. These 
possibilities must be examined, particularly if the utilization 
conditions are being approached. 

If, on the other hand, the system is assumed to be operating, 
availability of the system must be examined in detail. 

Initially, the expert system interprets the measurements transmitted 
by the unit computer to determine the required main system 
configuration (for those systems which can operate in several 
configurations, eg. the Safety Injection System which can operate 
either by direct injection or injection with recirculation). 

Next, transmitted measurements are used to check correct operation of 
the system for the various functions it is required to perform (at 
this level, the program loops through the various functions). 

There are three possible answers: 

- The system is not operating with an adequate performance level. In 
this case, the reasons for this malfunction are sought. There are 
two causal categories: "definite causes of unavailability" (which 
cause direct and necessary system malfunction) and "possible causes 
of unavailability" (which are a possible but not necessary cause of 
system malfunction). 

- The system is operating with adequate performance level. In this 
case, tests are still performed to check the presence of "definite 
causes of unavailability" in order to assess data coherence and, if 
a cause of this type manifests itself, the system is declared 
unavailable in the interest of wide safety margins. If, on the 
other hand, no cause of this type manifests itself, the possibility 
of future cause of unavailability is investigated. 

- Indeterminate answer. This reply is given whenever the sensor(s) 
enabling assessment of correct system operation are not themselves 
operating (electrical power loss or mechanical unavailability). 

The main "definite causes of unavailability" are as follows: 

- failure of system components (mechanical faults in pumps, valves, 
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fans, etc.). As this type of failure is not generally accounted 
for, it must be reported by the operator and the data is iranually 
entered into the expert system, 

- system configuration fault (incorrect valve positioning whicn 
can be identified by the position switches), 

- failure of a support function or source function. 

Among the "possible causes of unavailability" are: 

- low tank or sump level (eg. low sump level in the recirculation 
phase could destroy the LPIS pumps), 

- fouled exchanger, 

- ambient conditions ( rad ioac t i v i t y , temperature) incompatible with 
correct operation of equipment. 

Once the expert system has reviewed the main causes of 
unava i l ab i l i t y , i t can formulate i t s conclusion concerning 
a v a i l a b i l i t y of the main system. In the event of the system being 
ava i lab le , addi t ional tests enable the state of the systeir to be 
determined: i f e i ther the A or B channel is unavai lable, the loss of 
redundance is indicated: i f a component i s not operating (without any 
reason being i den t i f i ed beforehand), the system is declared to be in 
a staie of pa r t i a l operation. The fol lowing section provides an 
i l l u s t r a t i o n of the logic followed by the expert system in two simple 
cases. 

F i r s t example: The Safety Inject ion and Containment Spray Pump Motor 
Room Vent i lat ion System (DVS). 

Description of DVS System. 

This system has two functions: 

- maintain an ambient temperature compatible with the correct 
operation of equipment, 

- maintain the relevant rooms in overpressure wi th respsct to the 
adjoining rooms to inh ib i t contamination in the event of le.kage 
from the Containment Spray System (EAS) or the Low Pressure Safety 
In ject ion (LPIS) systems. 

The system comprises four identical lines (Figure 2) each cf which is 
associated with a pump motor room. 

As th is system is net a "main safety system", only three types of 
data are to be recorded: temperature (setpoint comparison), the 
presence of e lec t r i ca l power supplies ( a l l th is data is 
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transmitted to the unit computer) and pressure {which is read off 
locally). 

DVS availability study 

This system was chosen by virtue of its simplicity which enables the 
general process outlined in table 1 to be illustrated in a brief and 
clear manner. 

The first question of the expert system concerns the necessity of 
testing the operation of t*e system. This requirement does not exist 
if neither the LPIS nor the EAS are operating. In this case, DVS 
availability is simply tested at startup with particular attention to 
availability of electrical power supplies for fans. If, however, at 
least one of the two systems (LPIS and EAS) is operating, DVS system 
operation must be checked. As the EAS system can operate 
independently of the LPIS (and vice-versa) it is assumed for the 
purposes of the expert system that there are two operating 
configurations: one is entitled DVS-EAS and the other DVS-LPÎS. 

Correct operation of the DVS can only De tested directly on the basis 
of measurements available to the unit computer. It can, therefore, 
only be assessed with regard to its room cooling function, unless the 
operators transmit local pressure readings. 

Pursuing its logic chain, the expert system now moves on to 
investigation of the causes of unavailability. 

The "definite causes of unavailability" are, essentially, fan 
failures (either loss of electrical supply or mechanical breakdown). 
Two situations can occur: 

- failure of an air-supply fan is recorded. In this case, the 
associated extraction fan shuts down automatically to minimize any 
possible radioactive release. This situation is characterized by 
unavailability of the system for both its cooling and overpressure 
maintenance functions. However, beyond a certain temperature 
threshold in the rooms, re-startup of the extraction fan can be 
authorized in order to maintain the relevant punp in working order. 
In this case, only the overpressure function is unavailable, 

- failure of an extractor fan is recorded leading to unavailability 
of the cooling function of the relevant pump alone. 

Another category of "definite causes of unavailability" is that 
consisting of system configuration faults (incorrect positioning of 
isolation valves). This data is not transmitted by the unit computer 
and can only be taken into account if the data has been conveyed by 
the operators (provision has, therefore, been made for marual entry 
into the expert system). 

There is no "possible cause of unavailability" for the DVS. However, 
it is clear that unavailability of the DVS creates a "possible cause 
of unavailability" for the EAS and LPIS systems and that this must be 
taken into account in their programming. 
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If the DVS System is operating correctly and if no unavailability has 
been detected, the expert system questions itself concerning ultimate 
availability of the system. The same questions are raised at this 
level as for those relative to immediate availability. In particular, 
the cooling function will be ultimately unavailable if the extraction 
fans are unavailable in the future (eg. loss of electrical power or a 
mechanical fault). Similarly, ultimate unavailability of air supply 
fans involves ultimate unavailability of the overpressure maintenance 
function (ultimate cooling unavailability due to automatic shutdown 
of the extraction fans is not indicated as it occurs during 
air-supply fan shutdown and can be corrected as explained above). 

Second example: Residual Heat Removal System (RHR) 

Description of RHR System 

The RHR System is not a safeguard system, but it can be used in an 
emergency to remove residual power from the reactor core in certain 
physical primary coolant conditions. It is located within the 
containment and comprises (Figure 3) two suction lines connected \.o 
the primary circuit, two pumps installed in parallel, two heat 
exchangers in parallel and two discharge lines injecting into the 
primary circuit. 

The data transmitted to the unit computer by this system concerns, 
essentially, pressure, temperature, flowrate, configuration (valve 
position switches) and presence of electrical power supplies. 

RHR availability study 

Here again, the expert system follows the procedure shown in Table 1. 

Operation of this system must be tested if the operator has opted to 
connect it to the primary cooling system. If not, the system is, a 
priori, considered as ultimately necessary and its startup capacity 
is tested by assessing availability of electrical power supplies for 
pumps and valves which place it in communication with the primary 
cooling circuit. 

If RHR operation has been required by the operator, the expert system 
uses the physical measurements available at the unit computer 
(temperature upstream and downstream of the heat exchangers and 
flowrate) to check that the criteria for good performance have been 
respected. 

The system then checks whether any "definite causes of 
unavailability" have appeared. These causes correspond to 
unavailability of certain components such as pumps (which could be 
unavailable due to loss of electrical power supply) or heat 
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exchangers (which could malfunction due to faults on the Component 
Cooling System: unavailability or incorrect configuration of this 
System) or incorrect configuration of the RHR (suction or discharge 
valves closed, safety valves open). 
The "possible causes of unavailability" correspond to overstepping of 
the range of physical parameters required for utilization of the RHR 
System (pressure, temperature or subcooling outside the prescribed 
range, vessel level lower than the inlet and outlet nozzle level). 
These conditions can lead to pump cavitation or opening of the RHR 
valves or even mechanical rupture of the RHR System. 
The causes of long term unavailability, group together, firstly, the 
"definite causes of unavailability", if they ultimately appear and, 
secondly, the "possible causes of unavailability". 
Finally, if the RHR System operates with an adequate efficiency level 
while remaining available in the long term, the expert system checks 
for any possible performance deterioration (if a pump or heat 
exchanger are unavailable) and if this is not the case, it checks 
whether or not the System is in partial operation mode {if a pump or 
heat exchanger have been deliberately shutdown by the operator). 

6. Conclusion 

A computer program of the expert system type would appear to be an 
elegant and effective tool for rapid diagnosis of safety system 
availability in accident situations. 
The expert system developed for this purpose by the Institut de 
Protection et de SOreté Nucléaire (Institute for Nuclear Safety and 
Protection) has been described in this paper; its logic process has 
been examined in detail and illustrated by means of two examples. 
In its present form, this expert system monitors the availability of 
21 main systems. In its final form (1989), 37 main systems will be 
tested. It will then include descriptions of between 1500 and 2000 
objects and will utilize about 1000 rules. It will be run (as is 
presently the case) in a workstation with windowing facilities and 
graphic result displays which provide the highest degree of 
user-friendliness. 
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