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1 INTRODUCTION 

The need for an effective system for monitoring the state of core 
cooling in fast reactor is regarded in the UK as being essential 
part of the safety system as well as providing important 
information to station operators. The UK has consequently spent 
considerable effort in developing temperature monitoring systems 
and incorporating them into highly reliable fail safe trip 
systems for reactor protection. One of the approaches that has 
been adopted is to make a direct measurement of the subassembly 
outlet temperature using specially designed coaxial thermocouples. 
The measured temperatures are then processed by a computer based 
trip system whose output goes to the guardlines for the primary 
shutdown system. The need for both the computer based trip system 
and the guardline to be fail safe, for safety, and highly 
reliable, for economics, has led to the use of dynamic logic to 
generate fail safety and redundancy to produce the required level 
of reliability. The resulting systems are both highly effective 
and have been proven in prototype form where they have 
successfully achieved the high data throughput and rapid response 
times which is particularly important for fast reactors where the 
time scales for many postulated accidented sequences can be very 
short, seconds rather than the tens of seconds of other reactor 
systems. 

2 THE PULSE CODED LOGIC GUARDLINE 

The traditional form of guardline structure used in the UK for 
reactor protection has been either relay based or used laddie. 
An alternative system that has been developed at Winfrith uses 
hardwired dynamic logic. The use of dynamic logic provides a 
continuous form of testing which is able to enhance availability 
as well as produce fail safety. The system can be configured many 
ways it has a set of M parallel guardlines, where M < 4 usually, 
and any number of parameters can be present on the guardlines. An 
oscillator at the start of each guard line generates SET and RESET 
signals which are propagated down the guard line via the guard 
line logic for each parameter. Oscillators are also used to 
generate a coded signal, a different one from each oscillator, 
these signals are passed to the instrument voters via the 
instrument trip contacts marked A, B and C in Figure 1. If all 
the instrument inputs are healthy, or satisfy the voting, then the 
signal from the voter to the guard line logic lets the SET RESET 
signals pass down the guard to the guard line logic of the next 
parameter and eventually to a pulse to dc converter which powers 
the shutdown actuators via the guard line voting and if required a 
power amplifier. The pattern of the coded signals passed to the 
instrument voter via the instrument trip contacts are arranged 
such that the voter outputs a pulse signal provided the system is 
in a safe state. The mode of operation is best illustrated by 
considering an actual system, for example a two out of three 
system that could be employed on the system illustrated in 
Figure l. The dynamic signals shown in Figure 2 are input to the 
parameter voting logic via the instrument trip contacts when all 
instruments are healthy this results in the uniform pulse pattern 
at the voter. Provided the pulse pattern is present the SET RESET 
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signals are propagated down the guard line. Should one instrument 
fail due to a fault on the trip state input it becomes stuck at o. 
The pattern at the voter for line A stuck at 0 is shown in 
Figure 2a, it retains its pulse like shape so the SET RESET 
signals still propagate and no trip is initiated but it has extra 
detail which uniquely defines the fault. It is usually arranged 
to indicate this failure at the parameter voter. Should a second 
instrument go to 0 then the patterns of Figure 2b result, the 
voter outputs a static state and the SET RESET signals are no 
longer propagated down the guardline, a trip is initiated 
depending on the state of the other guard lines and guard line 
voting in use. If the instrument becomes faulty such it becomes 
stuck at 1 then then situation of Figure lc results, the voter 
output is dynamic so no trip is initiated but the fault will be 
indicated and the pattern allows the fault to be identified. 

consideration of all other cases has been made this includes 
the case of the failure of the pulse and coded signal generators. 
This situation immediately sets a guardline to the trip state and 
results in a stuck at 0 state on the instruments connected to that 
pulse generator, the system will trip on any further failure. The 
exhaustive investigations have shown that the system is fully fail 
safe and also allows faults to be quickly identified for repair or 
in exceptional circumstances vetoed the latter does however 
degrade the ability of the system to tolerate faults. 

3 THE SELF TESTING TRIP SYSTEM 

The trip lines that provide the input to the guardlines can also 
be arranged to operate in a similar manner, ie using dynamic logic 
to provide fail safety. However the systems incorporate computers 
to perform trip function analysis rather than the simple hardwired 
logic of the guardline. The simplest form of the system will be 
described as an illustration. 

The plant signals are input to the multiplexer but interleaved 
among them in a carefully defined pattern are test signals 
Figure 3. These test signals are such the trip algorithm should 
output a fail, or trip, state if the trip computer is operating 
correctly. The multiplexer output passes through a polarity 
reverser, which switches the signal polarity on alternate sweeps 
of the multiplexer, through the analogue to digital converter to 
the trip algorithm computer where the trip calculations are 
performed. For example a system with four parallel trip lines 
might use 3 out of 4 voting. The resulting voter signals are 
input to a pattern recognition unit, which knows the pattern of 
trip and healthy states it should receive. If the pattern matches 
correctly the unit produces a pulse output which goes through a 
pulse to direct current converter and onto the guardline. If the 
patterns do not match, this could arise because of the plant 
moving to an unsafe or trip state or by failure (multiple) of the 
hardware then the pattern recognition unit outputs a static signal 
and power to the guardline contacts is lost. 

The following points are noted, polarity reversal following the 
multiplexer can be included to check that the multiplexer is being 
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continually refreshed. The pattern of plant and test signals is 
carefully arranged to be unique for each set of eight inputs to 
the multiplexer so the multiplexer has to be fully refreshed, see 
Figure 4. The figure eight here arises from the use of an 8 bit 
pattern recognition sequence. The use of the computer to perform 
the trip calculation allows any plant signal and very complex trip 
algorithms to be employed. The vote algorithm computer is used 
rather than a hardwired voter such the signals from the parallel 
trip channels do not have to be synchronised. This marks a 
significant difference from the guardline structure where the 
codes are synchronised so hardwired voters can be used. 

4 TESTING AND APPLICATION OF THE SYSTEMS 

Both the pulse coded logic guardline and the self testing trip 
system have been tested and proved in operation under plant 
conditions. The pulse coded logic guardline was first tested in 
the laboratory then as a two parameter two out of three passive 
system on Bradwell (1976-1982) and a fourteen parameter two out of 
three passive system on Oldbury (1978-1982). The Oldbury system 
was then transferred to the DIDO reactor and following a three 
year trial operation was reworked and adopted for active service 
on the reactor. The system was found in both active and passive 
service to be extremely reliable fulfilling the reliability 
criteria set by the reactor operators. The systems have responded 
to all demand for trip action that have been made upon it and no 
fail danger states have been identified by analysis or have arisen 
in operation. 

The computer based trip system has not received such extensive 
testing. The approach was first demonstrated in the laboratory 
and then a quasi commercial system was constructed and installed 
for testing in sodium loop at the Berkeley Nuclear Laboratories. 
This system contained four simple trip functions acting on 
subassembly outlet temperature, these were: 

- absolute temperature too high; 

absolute temperature too low; 

- rata of change of temperature too high; 

temperature difference from median of temperatures of 
six adjacent sub-assemblies too great. 

The successful integration of the co-axial thermocouples, 
developed especially for fast reactor outlet temperature 
monitoring, and the trip system enabled it to be transferred to 
Dounreay and operated in passive mode on the prototype fast 
reactor. In operation only a small number of thermocouples have 
been used, dummy signals being supplied to the bulk of the inputs 
for convenience. The initial period of operation proved to be 
very disappointing as there were a large number of failures due to 
the very hostile environment, temperature and vibration, in which 
the system was placed. Following repair and relocation the system 
in an environment more appropriate for safety electronics has 
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achieved the prescribed reliability. Further during operation the 
system has functioned correctly on demand on every occasion and no 
fail danger statfis have arisen. Analysis of the system has 
similarly failed to identify any fail to danger states. 

5 SYSTEM DEVELOPMENT 

The major thrust of development of the pulse coded logic guardline 
system is to meet demands of flexibility and cost that will enable 
the system to be made available for use on existing and/or new 
plants in a cost effective manner. To this end design work is 
underway to produce a standard set of modules that can be put 
together to produce a three or four guardline structure operating 
on two out of three, two out of four or three out of four voting 
and containing any number of parameters on the guardlines. The 
modules are to be made up of commercially available components 
that can be pre-qualified and which can be assembled quickly and 
economically to produce any desired guardline configuration. 

The more general nature of the trip system which is based upon the 
use of programmable computers gives rise to a much greater 
potential for development but does give rise to some additional 
work associated with the software executing the trip function. 
The extension of the architecture of the trip system to replace 
the interleaving of the test and the plant signals by introducing 
the test signal onto the plant input lines by using summation 
amplifiers as shown schematically in Figure 5. This system 
requires the addition of a further computer to calculate the 
perturbation to the plant state, this additional computer must in 
effect invert the forward trip calculation. This inversion 
procedure has been achieved for simple trip algorithms but those 
algorithms that contain strong temporal aspects for example the 
effect of damping and time delays are much more difficult to 
invert. Care must also be taken, especially with the trip 
algorithms that contain temporal features, to ensure the 
disturbance of the system introduced by the test signal does not 
produce a state that effects subsequent cycles of the trip 
calculation. 

The extension of the trip function beyond that provided by the 
simple temperature functionality used on the PFR has also been 
investigated through the vehicle of producing channel power and 
linear rating trips for a PWR system. This exercise continues and 
work on inverting the temporal part of the algorithm is 
progressing quite well. 

Extensive research is being undertaken into the means of producing 
the software for the trip computers for both simple and complex 
trip algorithms. The correctness or at least fail safety of this 
software is crucial to the successful production and licensing of 
the systems for use. One of the major areas of research is into 
the use of formal methods for the specification stage following 
requirements capture, the development or reification of the 
specification to the coding level. Formal tools are also being 
investigated for code production. One of the main exercises that 
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should yield information about all aspects of this process is the 
CEC ESPRIT II DARTS project. 

6 TEMPERATURE MONITORING 
t 

The temperature monitoring function of the self testing 
'temperature trip system using thermocouples as the instrument has 
been described above. The UK have, however been investigating 
other means of sensing the temperature in the core. The first 
system makes use of acoustic boiling noise to monitor temperature 
remotely within the core. The system as such can only indicate 
that the temperature is above or below the saturation temperature, 
however this is sufficient for reactor monitoring and protection 
purposes. The second system, which has been developed more 
recently, is an ultrasonic temperature measuring system that can 
be used to make a line of sight temperature measurement across the 
subassewbly outlets at the top of the core. While both systems 
are not mature the results of experimentation, that has been 
undertaken in test loops and under test conditions in core, give a 
reasonable certainty that the approaches will function to detect 
anomalous signals. Aside from the problem of signal transmission, 
which also gives concern in the thermocouple based systems, there 
is some concern about the extensive nature of the signal 
processing electronics that are used in these systems. This 
concern takes two forms first is'how to identify any degradation 
or failure of the signal processing electronics, second and 
particularly for the acoustic boiling noise system there is some 
concern as to whether the signal processing system will 
recognise/detect boiling. The latter point is not addressed here 
but the concern over system availability, particularly with the 
extensive use of signal processing, can be resolved for both 
acoustic and ultrasonics by incorporating them into a self testing 
system. Thus rather than the instrument feeding the signal 
processing electronics and then the trip electronics the 
instrument and test signals are multiplexed before signal 
processing and evaluation by the trip system, see Figure 6. This 
architecture thus provides continuous testing of the signal 
processing electronics b«t the system does not test the instrument 
and a fail to danger of the instrument is possible. This is also 
true for the thermocouple based system but thermocouple failure is 
more likely to lead -co a fail safe rather than a fail danger 
state. 

Test signal generation for both the acoustic and ultrasonic 
systems must either rely upon: use of pre-recorded signals that 
indicate boiling or a temperature above the trip temperature, or 
upon there being a test chamber in which sensors of the type used-
on the plant can be subject to conditions that result in a trip 
state. For example an acoustic microphone could be mounted on a 
boiling chamber. Such an approach has the grave disadvantage 
compared with the use of recorded signals that the acoustic, or 
equivalent ultrasonic, signal may not have the same characteristic 
as signals from the plant. 

The ultrasonic system does, however, present other possibilities 
as the system works by making a sound speed measurement to obtain 
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the temperature by measuring the time of an acoustic pulse over a 
known distance. The trip signal for testing purposes could be 
produced by changing the effective distance in the sound speed 
calculation. This approach has the great advantage over using a 
pre-recorded signal in that the plant signal must be present thus 
this approach also provides a test of the ultrasonic transmission 
and reception equipment. 

Work is continuing to investigate the use of self testing for 
these alternative systems and to produce a practical system for 
operation on the fast reactor. The system may well employ both 
forms of self testing indicated in the discussion above to produce 
a satisfactory system. 

7 CONCLUSIONS 

Self testing fail safe trip systems and guardlines have been 
developed using dynamic logic as a basis for temperature 
monitoring and temperature protection in the UK. The guardline 
and trip system have been tested in passive operation on a number 
of reactors and a pulse coded logic guardline is currently in use 
on the DIDO test reactor. 

Acoustic boiling noise and ultrasonic systems have been developed 
in the UK as diverse alternatives to using thermocouples for 
temperature monitoring and measurement. These systems have the 
advantage that they make remote monitoring possible but they rely 
on complex signal processing to achieve their output. The means 
of incorporating such systems within the self testing trip system 
architecture are explored and it is apparent that such systems, 
particularly that based on ultrasonics has great potential for 
development. There remain a number of problems requiring detailed 
investigation in particular the verification of the signal 
processing electronics and trip software. It considered that these 
problems while difficult are far fron. insurmountable and this work 
should result in the production of protection and monitoring 
systems suitable for deployment on the fast reactor. 
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