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Abstract

Reactor core surveillance is most often performed using analog processing approaches and
signals from neutronic sensors (fission chambers, ionization chambers, SPND, etc.) or thermal sensors
(thermocouples). The processing used is often extremely simplified. A significant improvement in the
performance levels of these systems can be obtained by applying digital processing to these same
signals. This paper presents the TRTC Core Temperature Processing System ("TRaitement des
Temperatures Coeur or TRTC") that ensures the thermal surveillance of a fast breeder reactor core, the
Superphenix unit; we also present the ALPES system that is a development of this system and which
significantly improves the performance of the surveillance and protection functions. We will show
that these systems can be used in all types of reactors where surveillance systems use temperature
measurements that are representative of core output temperatures.
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1 - Introduction

The core output temperature, when it is representative of the heat build-up in an assembly
or in a core zone, can be used to monitor reactor operation and also to protect against various
incidents or even potential accidents.

This is the case in various reactor types, BWR, RBMK, WER and typically in FBRs.

In particular, in the latter, the presence of an hexagonal tube confines the flow of cooling
fluid to each assembly. In this way, each individual one can be considered as a unique object,
independent of its neighbours and whose reaction to a given neutronic state only depends on
the flow of fluid through it. This hexagonal tube (HEX) contributes to ensuring that the
output temperature is perfectly representative of the events that may occur in the assembly,
i.e.:

- An unexpected variation in the flow of heat carrying fluid,
- Fast or slow occurrence of a blocking phenomena.

Therefore precise and continuous monitoring may be envisaged.
This was the case for the RAPSODIE experimental reactor (1967-1983) and is still the

case for the PHENIX (250 MWe, since 1974) and SUPERPHENIX (1200 MWe, since 1985)
reactors.

This paper presents the TRTC system for SPX and the performance it achieves as well as
the improvements that can be made by digital signal processing systems as shown by the
ALPES demonstrator.

2 - The core temperature processing system (TRTC) in Superphenix
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Fig.2: Core temperature control system for SPX
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Each of the 376 fuel assemblies (Figure 1), the 21 control rods and the 72 fertile
assemblies in the first radial crown are monitored by two Chromel-Alumel thermocouples
(Tc) located 10 cm over the assembly heads, in normal operation at rated power (14 cm when
stopped at 180°C).

These thermocouples have a time constant of 1.1 second and over 90% of the temperature
data is acquired and available after a second.

The multiplexers used scan all of the thermocouples in approx. 600 msec, effectively
allowing an acquisition period of 1 second.

Given the thermal inertia of the assemblies and the dynamic progression of the incidents to
detect as well as the improvements in processing that can be envisaged (refer to paragraph 5),
it will no longer be necessary in future to reduce the thermocouple time constant or the
acquisition period used.

The measured temperatures are processed by two fail-safe classified, redundant computers
with an installation that is fully independent from the thermocouples to the computers (except
for the tube that carries the two TCs).

These two computers are connected by a data link that allows them to communicate and
generate protection zone results in 2 out of 2 mode. In this way, each second each of the two
computers receives all of the core temperature readings as well as the output temperatures
from the primary pumps (4).

When this system was designed and installed on SPX, only one type of computer was
qualified by EDF, this explains why the two computers used are identical one, which can be
criticized from an independence point of view; the same approach is also applies to the
processing software which is not diversified.

The data link between the two systems is provided by fiber optics to ensure electrical
uncoupling between the two systems. This avoids introducing any dependency between the
two systems; if one of the two computers received during the preceding second, data from its
opposite number, it takes it into account and uses 2 out of 2 logic, otherwise it operates in 1
out of 1 logic mode.

The two computers are also connected to the facility computer (CORA-refer to Figure 2)
that mainly performs the surveillance and results presentation function (diagrams) as well as
storing the measurements.

3 - The functions performed by the TRTC in Superphenix 71-2/ and their performance

3.1 - The blocking gap
This is the most important parameter:

AT|= heating of assembly i,
8ATj = ATj - 3;. ATmg ATmg= average heating of assemblies in group g

ai= standardization factor.

that characterizes the heating state of an assembly i, taken individually, in relation to the
heating of all of the assemblies of the same type, combined in the same group.
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It allows continuous precise monitoring and protection of the assemblies against the risks
of blockage and in all cases against abnormal heat build up in an individual assembly.

An emergency state is triggered when the blockage variation reaches or exceeds +15°C

3.2 - Average Heating

ATm = ( Zj ATj )/n n is the number of assemblies

This is used to monitor and protect the core against abnormal thermal situations.

The emergency stop is initiated when ATm reaches or exceeds +16°C

3.3 - The Maximum Clad Temperature
TE = Core input temperature,

TN1G = T E + A.ATm + B A and B are adjusted factors,
ATm = average heating

The emergency stop procedure is initiated when ATm reaches or exceeds +20°C above a
set temperature level of 700°C.

3.4 - Maximum inlet Temperature

T E = ( S k TEk) / 4 where TEk is the output temperature from each of the 4
primary pumps.

The emergency stop procedure is initiated when TE reaches or exceeds +470°C

3.5 - Other Monitored Parameters

These are not calculated directly by the TRTC but by the CORA computer (refer to Figure
2).

Lineic power: P//«j = k ( . Q p . ATj
where Qp represents the flow in the core and k| a factor calculated by the project code.
The Plin for all of the monitored assemblies are calculated every two minutes and compared

to reference values; if the values are exceeded an alarm is sent.

Power per assembly: Ps = Q ( . Q p . ATj
where Qi is the flow in the assembly.

Gauge temperature record.
From the heating levels per assembly (ATj), and a reference temperature chart calculated

periodically using project codes, the CORA computer calculates the percentage of gauges that
show a maximum clad temperature that reaches or exceeds certain values.
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3.6 - Performance Levels Reached
The goal, i.e. a precise monitoring of the thermal conditions in the SPX reactor core as

well as protection against incidents can be considered reached.

The TRTC systems allows the detection (and localization) of the presence of partial
blockages in a fuel assembly (ass. 3200), at an early stage as soon as 10% of the rated power
level is reached.

In the same way, thermal monitoring has been ensured.
In addition, the operational availability of the system has been excellent and the failure

rate low.

To this must be added that the reconstruction of the radial distribution of the power layer
from the AT; values measured can be obtained with a high degree of accuracy; the variations
between experience and calculation as shown in /I/ and due to insufficient representativity
when taking temperature readings 111 were considerably reduced by an improvement in the
precision of neutronic calculations.

Today, we can be sure of the representativity of the measurements made and their analysis.
However, temperature fluctuations, especially around the edge of the core have been found

to be relatively important and certainly significant enough to reduce the performance level of
the surveillance system.

4 - Technical improvements that can be envisaged for future reactors

In the context of the EFR project, a new generation 1500 MWe fast reactor, a number of
improvements have been proposed compared with the system used for SPX:

- Using 3 thermocouples per assembly instead of 2,
- Moving into the dome or onto the core cover plug (BCC), functions currently
performed in the electronics rooms in order to reduce the data transport distances
especially along the long distance runs (300 meters),
- Using 2 out of 3 logic,
- Diversifying the thermometric probes,
- Diversifying the computers and software used.

However, significant improvements will come more from the use of new signal processing
techniques rather than from technical improvements, even if some of them must be planned.

5 - Digital processing of core temperatures /3-4/

5.1 - The ALPES Demonstrator
The performance limitations of the TRTC system reside in the temperature fluctuations

that increase when moving away from the center of the core towards the outer edge.
Performance improvements of course require improvements in the Signal to Noise ratio,

and therefore the ability to obtain as quickly as possible the useful part of the signal relating
to the observed phenomena.
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To do this, digital filtering techniques have been implemented in the ALPES
demonstrator.
This uses an HP9000 workstation that every second receives all of the core temperature
readings (and those of the primary pump outlets) from one of the two TRTC systems, via a
(PC) server that is tasked with ensuring the compatibility between the computer coding used
in the TRTC and those of the workstation. All of the digital processing is performed in the
same second, making security actions possible, where necessary.

This demonstrator is designed to show the performance of these systems in the EFR
context, both from an accident protection point of view, than from that of on-line
surveillance.

Organisation of the ALPES demonstrator processes
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Figure 3: ALPES block diagram

This system has worked on-line in SPX since July 1995 and has since shown both its
reliability in service and its capacity.

5.2 - Improving the Signal to Noise Ratio

Subassembly type
Breeder

Fuel peripherals

Fuel in central zone

Number
72
170
194

Max. std. deviation
3.96°C
2.4°C
0.66°C

This record of temperature fluctuations was
made using an operating threshold of
95% Pn. The increase in the fluctuation of
the distance in the center of the core.

The digital filters used are Butterworth type filters with a low-pass cut-offset at 0.005 Hz.
Under these conditions, the improvement in the detection of events that lead to slow

output temperature drifts is significant.

As shown in the table opposite, the reduction
is more significant, the higher the initial
amount of fluctuation.

Sub-assembly type
Breeder

Fuel peripherals

Fuel in central zone

Improvement
27%
31%
0%
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5.5 - Fast Detection of Control Rod Movement

Obviously this is a fast event that must be detected all the more rapidly when control rod
removal occurs as this inserts re-activity.

Two types of detection algorithms have been implemented in the ALPES system:
a/ Control rod signal:

The method requires taking advantage of the deformation in the power layer induced
by the Unexpected Control Rod Withdrawal (UCRW).

SSCP = heating around the moving rod, and

SUCRW ~ ($SCP " SREF ) I SREF with S^p = heating around the rod located
diametrically opposite it.

Only a fast variation of this signal is useful for detection; the continuous component is
eliminated by digital filtering so that it can be compared to an absolute threshold determined
so that all alarms that do not correspond to real motion can be eliminated.

b/ Global signal:
The purpose is to detect control rod movement by integrating the deformation effect of the

power distribution as shown by the blockage variations, regardless of its effect (large or
small) and its sign (negative or positive).

The calculation algorithm is as follows:

G(t) = V Z i n b §ATj(t)2 / nb with 5AT,(t) as defined in 3.1 and

nb = number of assemblies

The balance value of this signal is not zero. On URCR, we will consider the fast change
that is the only significant one; the usable signal or global URCR is therefore the raw signal
cleared of its continuous component by digital filtering (ALPES uses a second order
Butterworth filter).

6 - ALPES Performance Levels: Reactor Tests

The tests performed on SPX from September 1995 to December 1996 at power levels
from 0 to 90% of rated power were satisfactory:

- Correct demonstrator performance, compatible with the industrial operation of a
reactor, including during fast power level transitions,

- Few failures,
- No unjustified alarms when rod movements corresponding to normal reactor operation
occurred.

These tests also allowed validating all of the calculations performed by ALPES in relation
to the identical calculations performed by TRTC or by CORA (figure 2).
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Control rod voluntary insertion tests intended to test the capacity of the demonstrator in
detecting such movements have been performed on SPX in December 1996, at power levels
of 50 and 80% of rated power.

It should be noted that these tests serve to qualify the detection algorithms, whether for
inserting or removing a control rod, as the phenomenology is symmetrical from one case to
another.

These tests comprised successively and continuously inserting 4 control rods leading to a
known anti- reactivity insertion; 1 internal curtain rod and 3 external curtain rods where
therefore inserted into the core.
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Figure 4: ALPES detection
Rod Signal

Figure 5: ALPES detection
Global signal

For the tests performed on a low reaction level core, therefore in conditions that are less
favorable for detection, ALPES ensures this detection from 11 to 15 seconds before the first
TRTC detection position.



- 63 -

7 - Propects

Currently an ALPES type system may be considered qualified; additional tests are
desirable to complete the performance level evaluation, especially on a higher reactivity level
core.

However, fail-safe qualification of the software used in ALPES is required before it can be
installed on a reactor.

If this program was initiated and undertaken on a fast breeder reactor, this is mainly due to
the opportunity presented by the FBR program that existed in France. However the principle
of surveillance and protection using digital temperature signal processing can be applied to
any type of reactor where a significant operating temperature signal level is available.

This is the case for RBMK and VVER reactors and probably for BWR (or ABWR)
reactors too.

8 - Conclusions

The improvement in the performance of reactor core surveillance and protection systems is
linked more to the improvement in signal processing than to the availability of new sensors,
although improvements may also occur in this zone.

The appearance of computer systems dedicated to surveillance and/or protection is a virtual
certitude, when it has not already been implemented (refer to CANDU type reactors).

This approach was undertaken in France from the start of design work on fast breeder
reactors and especially for Superphenix. The development and the tests performed, especially
those described above, show the validity of this concept as well as the potential that can be
expected.
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