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Abstract

An important goal of nuclear reactor instrumentation is the continuous monitoring of the
state of the reactor and the detection of deviations from the normal behaviour at an early
stage. Early detection of anomalies enables one to make the necessary steps in order to
prevent further damage of nuclear fuel. In the present paper, an on-line core monitoring
system is described by means of which boiling anomaly in nuclear reactor fuel assemblies
can be detected.

1. INTRODUCTION

Onset of boiling is allowed at regions with the highest heat fluxes in the cores of modern
pressurized water reactors (PWRs). A reliable method of subcooled boiling detection is
welcomed here. Development of unexpected coolant boiling at certain positions can be
the indication of fuel abnormalities, like the appearance of local hot spots caused by the
deformation of fuel pins or the degradation of local fuel-to-coolant heat transfer due to
corrosion product deposits at the cladding surface, etc. Due to the localised character of
boiling anomaly in PWRs, the boiling monitoring system must include in-core neutron
detectors. In-core detectors have limited sensitivity towards anomalies, i.e. they have
a certain field of view. Results of investigations concerning the field of view of in-core
self-powered neutron detectors (SPNDs) are given in the paper.



The presence of coolant boiling in research reactors is undesirable and it is considered
to be an accidental situation, for it can easily lead to the damage of the fuel. Boiling
in research, reactors is usually detectable by normal reactor instrumentation, i.e. by ion-
isation chambers around the core. Earlier studies performed at the High Flux Reactor
(HFR) in Petten aiming at real-time monitoring of the state of the reactor and in-core
experimental facilities have indicated that on-line methods are applicable to in-situ tests
of the measuring channels and to determine the dynamic response of the system [1, 2].
The main task of boiling monitoring is to infer proper criteria for reliable detection of the
developing boiling.

This function is fulfilled by the on-line boiling monitoring system described in the present
paper. The system has been capable to detect boiling introduced during the boiling ex-
periments at the research reactor HOR (2 MWth) of the Interfaculty Reactor Institute,
Delft University of Technology, The Netherlands. The experiments have been performed
by the NIOBE boiling setup located in the HOR. The boiling monitoring system is based
on the simultanenous analysis of ex-core and in-core neutron detector signals. A detailed
description of the measurement system is given in [3]. The present paper focuses on the
question how early can the proposed system detect boiling. It will be shown that the an-
swer depends on the actual type of the boiling. Certain types of boiling can be detected
almost instantaneous ly (within 30 ms), while others need a few seconds or even a longer
time for a reliable detection.

The experiments have been carried out on-line by means of remote control from distance
using conventional telephone lines for set-up and measured data transmission. Analysis
of the data have been performed on-line at the ECN site. Boiling is detected by on-line
evaluation of various spectral patterns, as well as the interrelation between the channels
through coherence analysis. A method based on neural network applications has been
successfully tested as well. The results are to be extrapolated to boiling detection appli-
cations at the High Flux Reactor, Petten.

2. BOILING DETECTION METHODOLOGY

In this paper, the following boiling effects will be considered which can serve as a ba-
sis for a boiling detection method:

• reactivity changes caused by the presence of (large) void fractions in the coolant
channels,

• boning induced vibrations of components of the reactor core, and

• local boiling within a limited region of the core.

A reliable boiling detection system cannot be based on monitoring the changes of the DC
level of the signals of ionisation detectors/safety channels only. Experimental evidence
indicates that developed coolant boiling may exist at certain unfavourable positions in the
reactor core without causing reactivity changes which would generate trip conditions [3, 4].

Boiling induced mechanical oscillations appear in the form of strong vibration peaks
at well-defined frequencies. They cause sudden changes in the neutron noise signatures,



what is an advantage from the point of view of anomaly detection. In the next chapter,
this conclusion will be illustrated by using practical examples.

Under certain circumstances, coolant boiling causes increasing neutron noise magnitude
in a wide range of frequencies, instead of the previously mentioned, narrow-band boiling
peaks. In the absence of boiling peaks we must use different boiling detection meth-
ods, because the noise magnitude varies less intensively in this case and the changes are
'smeared-out' over a wide frequency band. This wide-frequency phenomenon is related to
the spectral distribution of the bubbling noise source [5].

Our boiling monitoring system is based on the on-line data acquisition system of ECN
which has been used for monitoring the operational parameters of the Borssele PWR and
HFR for many years [6]. The HFR system can handle up to 16 data channels in DC and
AC modes. The measured data enter a transportable signal conditioning unit (SCU). The
signals are transmitted from the SCU to the PDP/VAX system of the Dynamic Signal
Analysis Group of ECN through modems and telephone lines. According to the actual
needs of a reactor operating unit, it is possible to realize the boiling monitoring system
on PC-basis.

Various algorithms can be applied to extract information from the measured data on
the boiling state of the coolant in the reactor; e.g. neural networks, noise intensity eval-
uation, pattern recognition, etc.

Based on our knowledge about the boiling process in the actual reactor configuration,
we can define a relationship between the band-passed neutron noise densities (NRMS)
and the boiling states for the various in-core and ex-core neutron detectors. For the on-
line evaluation of the NRMS, we apply the program RTANOM, which is a real-time code
that calculates the NRMS for a specified frequency range. RTANOM learns a reference
spectrum first (without boiling), then it calculates the actual spectrum by exponential
averaging with a given time constant. Both the actual and the reference spectra are
shown on the screen periodically. RTANOM decides on the basis of the NRMS, whether
the actual measurement represent a state with or without anomaly. As a result, an
ALARM/NO-ALARM indicator appears on the screen together with some background
information.

Neural network (NN) systems can be applied in various areas [7, 8]. Normalized auto
power spectral densities (NAPSDs) of the measured in-core neutron detector signals will
be modelled by NNs in the framework of the present study. The relationship between the
variation of the characteristics of the NAPSDs and the physical quantities which generate

-these changes may have a non-linear character. In this case, NNs provide a very useful
and effective tool for monitoring changes in the state of the system. In the present appli-
cation, the NN will decide, which boiling state the actual measurement belongs to. In the
next chapter, the performance of the boiling monitoring system will be demonstrated.



3. DEMONSTRATION OF THE BOILING DETECTION

The boiling signals which are used in the present analysis have been produced at the
boiling setup NIOBE located in the research reactor HOR. An overview of the properties
of NIOBE and its instrumentation can be found e.g. in [9]. In the present paper, two
experiments performed at NIOBE will be analysed by the boiling detection methods out-
lined previously.

In the first experiment (IRI10A), actual coolant boiling has been produced in the coolant
channels of the simulated fuel assembly of NIOBE. Starting with a coolant state without
boiling, we have introduced some transients first, followed by a stationary thermohydraulic
state with intensive coolant boiling, with a maximum void fraction of 50 %. In the second
experiment (IRI12A), nitrogen bubbles have been injected into one of the coolant channels
of NIOBE in order to simulate boning. Following some transients during the first half of
this experiment, a nitrogen flow rate of 20 % has been reached. Then, the nitrogen flow
has been reduced continuously to zero during the second half of IRI12A. In the coming
discussions, results of on-line analysis of these experiments will be introduced based on
the following methods:

• pattern recognition of changes in the spectra and coherences between neutron detec-
tor signals,

• on-line monitoring of the NRMS for given band-widths,

• identification of boiling and non-boiling spectral patterns by neural networks.

The analysis of the AC signals of in-core and ex-core neutron detectors has been carried
out by the code FAST, which is real-time, multichannel, time- and frequency-domain code
[7]. The real-time power spectra are evaluated by using exponential averaging, while the
dynamic behaviour of the signal is identified continuously. Figs, la and lb (from Ref. 3)
show the changes in the APSD of SPND 1/L during experiment IRI10A.

The coherence between two neutron detector signals is a sensitive indicator of the changes
in the spatial correlation of the neutron noise caused by boiling in the channels. The co-
herence is, in fact, a normalized cross-power spectral density function with values between
zero and unity. Zero means the absence of correlation, while 1 stands for 100 % interde-
pendence of the two signals. In Fig. 2a, the coherence between SPND 1/L and SPND
4/H is shown in experiment IRI10A. The total duration of the experiment is 8776 s (2194
blocks of length 4 s each). The description of the analysis method is given in [3j.

At the beginning of the experiment, the coherence is high at low frequencies (below
about 1 Hz) and decreases with increasing frequencies7~However, at a later stage of the
experiment, peaks appear at around 3 Hz and the coherence increases at higher frequen-
cies as well. In Fig. 2b, the same coherence is shown as in Fig. 2a, but now from an
upper view-point. The darker is the plot, the larger is the coherence. Fig. 2b clearly
shows that there is a strong peak between 2.5 Hz and 4 Hz in time steps no. 16 to about
50. This range shows good correspondence with the transient conditions from the state
without boiling (up to time steps no. 15) to full-scale boiling (starting from time step
no. 45). In the case of full-scale boiling, the peak between 2.5 Hz and 4 Hz diminishes
and a much broader increase is found at higher frequencies. Note: one time step lasts 100 s.



Generally, the same conclusion can be drawn from Fig. 3, where the coherence between
SPND 1 and an ionisation chamber (EXCORE A) is given, although the changes are much
less pronounced. Finally, it is hard to detect any change during the whole experiment
in Fig. 4, in which the coherence between two ionisation chambers (EXCORE A and
EXCORE B) is depicted.

The above results are obtained by analysing the measured data off-line, and they in-
dicate clearly the different boiling effects which occur in NIOBE. In the following section
the results of on-line analyses are introduced. In the evaluations, the code RTANOM has
been used. The value of the time constant of the exponential averaging of the spectra
was 150 block-length, i.e. 600 s. In Fig. 5, the results given by RTANOM are shown
for an ex-core and an incore neutron detector, respectively. Also the control signal (plate
temperature TC 3.3) is given in the same figure. The NRMS of the in-core SPND follows
the shape of the control signal, but the NRMS of the ex-core neutron detector does not
indicate any significant change. The applied frequency band has been 1 Hz to 6 Hz.

In the application of neural network, the discrete frequency points (max. 128 for the 0 Hz
to 16 Hz full range) have been used as inputs to the NN architecture having 8 hidden
nodes and two outputs. The outputs are zero and one, which correspond to non-boiling
and boiling states, respectively. Spectral patterns corresponding to these two states have
been learned by the network. The first 12 spectra have been used to teach non-boiling
state, the last 12 spectra have represented the boiling state during the learning.

In Fig. 6, the results obtained by the NN are given. It is conspicuous, that the NN
gave a good discrimination not only for the in-core signals, but for the ex-core detector as
well. Note: the NRMS method gives no unambiguous classification in the case of ex-core
neutron detectors.

Consider now the response time of the NRMS method. The NRMS-increase follows quickly
the sudden increase of the control signal (temperature). Direct observations during the
on-line monitoring show that the NRMS exceeds the alarm level already in the first anal-
ysis following the onset of boiling: the NRMS has jumped by 16 % in the first 4 s after
the boiling had appeared.

A similar conclusion can be drawn from Fig. 7 where the on-line NRMS analysis is
illustrated in experiment IRI12A. No neural network model has been established for this
experiment. The sudden increase of the nitrogen flow caused a step-wise increase of the
NRMS of the in-core detector signal.

In the demonstration experiments,-the boiling has a very small effect on the reactor
behaviour in terms of reactivity changes. Namely, the reactivity change was 0.13 pan
and 1.12 pern in the local heating experiment (IRI10A) and in the nitrogen injection ex-
periment (IRI12A), respectively. It is hard to detect these changes by the conventional
core monitoring systems based on DC monitoring. On the other hand, statistical analysis
of the noise components of the neutron detector signals indicates clear changes in these
cases as well. The fluctuation components of the process signals are much smaller than
their DC values (0.06 % for in-core and 0.03 % for ex-core neutron detector signals), but
they contain much information concerning process dynamic characteristics. It is a dis-
advantage of the statistical methods that they need a certain time for the determination



of spectral changes with the proper accuracy, but efficient use of detection methods may
reduce this time considerably. Diagnosis based on noise analysis makes use of spectral
characteristics, and continuous checking of noise spectral patterns by comparing with cer-
tain known spectra will indicate dynamic changes of the reactor in operation.

Response time of the boiling monitoring system can be in the order of 30 ms in case
of full channel blockage with about 50 pcm reactivity change. Detection of void-induced
vibrations with reactivity change of about 0.1 pcm can be accomplished within 4 s. In
the case of partial blockage or surface boiling (the corresponding reactivity change is less
than 1 pcm), the detection time can be in the order of 200-300 s. On-line inverse kinetic
solution of the neutron flux to reactivity (250 ms) can also be a fast detection method
above 10 pcm perturbations.

4. CONCLUDING REMARKS

The capabilities of an on-line boiling monitoring system have been analysed in the paper.
The performance of the boiling detection system has been tested on boiling signals coming
from the research reactor HOR during experiments with the NIOBE boiling setup. Sev-
eral detection methods utilizing frequency domain analysis have been tested both on- and
off-line. Results of these methods indicate that boiling detection is possible in real-time
even in the incipient stage of the boiling.

Both DC and AC components of the in-core and ex-core neutron detector signals can
be used for boiling detection; these two components provide complementary information.
Advanced signal analysis application to the DC signals may give information about the
dynamic changes of the reactor, provided that the changes of the signal exceed the inher-
ent noise of the measured channel. At the same time, AC signal analysis will characterize
the changes even in the inherent signal fluctuation level.

Boiling experiments of HOR and the methods implemented for signal analysis validates
the techniques used for these experiments. In the case of High Flux Reactor (HFR) at
Petten one needs faster and more sensitive methods because of the larger heating power
densities in this latter core. The on-line reactor noise analysis of HFR with application of
the new techniques may result in fast and sensitive detection of dynamic changes in the
reactor.
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