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The CORTEX project: Improving
nuclear fleet operational availability

CORTEX aims to enable the early detection, localization, and

characterization of anomalies in nuclear reactors while they are operating.

By Christophe Demaziére

e often define noise as an
unwanted disturbance, es-
pecially acoustic in nature.

Neutron noise, by contrast, is a direct
measure of the dynamics of a nuclear core.
It can be used for core monitoring without
disturbing plant operation and by using
the existing core instrumentation. The Eu-
ropean CORTEX project aims to develop
an innovative core monitoring technique
using neutron noise, while capitalizing
on the latest developments in neutronic
modeling, signal processing, and artificial
intelligence.

Maintaining a high availability of nu-
clear reactors has always been a top pri-
ority for the power utilities. Although the
main incentive has been economic, reduc-
ing the carbon dioxide footprint related to
electricity production by maximizing the
throughput of low-carbon units—such as
with nuclear power—is becoming an in-
creasingly importantaspect from a climate
mitigation perspective. With the aging of
the nuclear fleet worldwide—the mean age
of operating reactors being 31 years [1]—
operational problems are becoming more
frequent and hampering plant availability.
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Nuclear reactors are operating more effi-
ciently because advances in modeling pre-
dictive tools have allowed for scaling back
plant safety parameter overconservatism.
However, operational problems may be
accentuated by factors such as the use of
advanced, high-burnup fuel designs and
more heterogeneous core loadings.

Being able to detect anomalies early,
before they have any inadvertent effect
on plant availability—and possibly safe-
ty—is of paramount importance. Nu-
clear power plants are large, complex
systems, which makes the detection of
anomalies particularly challenging, de-
spite the multitude of sensors monitoring
the health of the system as well as recent
progress in surveillance, diagnostic, and
prognostic techniques [2]. The challenge
is especially acute for the nuclear reac-
tor core—that is, the part of the system
containing the nuclear fuel assemblies.
Typically, in Western light-water reactor
designs, the core outlet is equipped with
a few thermocouples, and a limited num-
ber of ex-core neutron detectors are lo-
cated on the radial periphery of the core.
In addition, in-core neutron detectors
can be installed permanently or inserted
inside the core for “fingerprinting” the
core. Nevertheless, the in-core and out-
of-core instrumentation is very scarce in
comparison with the size of the core and
the number of fuel assemblies loaded in a
commercial reactor.

The existence of neutrons in the core
offers a unique opportunity for monitor-
ing, however. Due to the fission and scat-
tering reactions occurring in the core and
the corresponding transport of particles
through the core, a neutron detector is

able to “sense” any perturbation, even if
this perturbation is far away from the de-
tector. In terms of core monitoring, using
neutrons to detect anomalies is clearly ad-
vantageous compared to using tempera-
ture, pressure, or flow rate information,
which can provide only local information.
In the case of a temperature sensor, for
instance, a perturbation in temperature
can be measured only at the actual loca-
tion of the perturbation and downstream
from that location. However, because a
temperature perturbation will modify
the transport of particles, it will result in
a perturbation in the signals recorded by
all neutron detectors, even if such detec-
tors are distant from the location of the
perturbation.

Neutron noise as a “stethoscope”

Core monitoring techniques constitute,
in general, methods for detecting anoma-
lies in nuclear reactor cores, subsequently
characterizing those anomalies, localizing
them (if relevant), and classifying them
according to their impact on plant safety
and availability. Beyond the detection of
the occurrence of a reactor transient, the
early identification of the conditions pos-
sibly leading to a reactor transient is just
as important. In this respect, the neutron
noise technique is one of the most prom-
ising core monitoring techniques. It relies
on the measurement of the inherent fluc-
tuations in the neutron flux (called neu-
tron noise) and of its spatial dependence
throughout the core [3]. Neutron noise
is formally defined as the instantaneous
neutron flux at a given spatial point, from
which its mean value in time has been
subtracted.
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Example of an in-core neutron detector signal. On the left: the signal’s normalized time series after detrending. On the right: the
corresponding frequency spectrum. Whereas no special feature is visible in the time domain, the frequency domain reveals the presence
of several peaks (for example, at about 2 Hz and 8 Hz).

Neutron noise is always present in a
power reactor, as the result of, for exam-
ple, turbulence in pressurized water re-
actors, boiling in boiling water reactors,
vibrations of reactor internals, or other
things. The frequency spectrum of the
neutron noise will exhibit peaks at given
frequencies that are typical of known phe-
nomena, such as in the frequency range 7
to 13 Hz, where resonant frequencies asso-
ciated with the pendular mode of the core
barrel vibrations in PWRs are present. An
analysis of the known peaks correspond-
ing to a component might reveal a deterio-
ration of the mechanical properties of the
component over time. But the frequency
spectrum may also include unexpected
peaks, which are a clear demonstration of
an existing anomaly.

Essentially, the analysis of the frequen-
cy spectrum of the neutron noise gives a
first glimpse of ongoing phenomena with-
in the core. Moreover, the analysis of the
spatial pattern of the neutron noise might
give some additional information about
the type of anomaly in the system. In the
case of a localized anomaly, the recon-
struction of the spatial pattern of the cor-
responding induced neutron noise can, as
will be explained later, even be used to find
the location of this anomaly.

The possible applications of neutron
noise-based diagnostics were successfully
demonstrated in the past for power reac-
tors, as summarized in J. A. Thie’s book
Power Reactor Noise [4]. Interestingly
enough, neutron noise-based core mon-
itoring dates back to the very early days
of nuclear power development, with the
principles established in the late 1940s by
oscillator experiments carried out in the
Clinton Pile at Oak Ridge National Lab-
oratory, for measuring nuclear cross sec-
tions [5]. The first diagnostic task based
on neutron noise was also performed at
ORNL, with the detections of excessive vi-
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brations of control rods in the Oak Ridge
Research Reactor and the High Flux Iso-
tope Reactor [6]. The first applications in
commercial reactors included the detec-
tion of core barrel vibrations at the Pali-
sades plant [7] and the estimation of in-
core coolant velocity in German BWRs [8].

The challenge

In essence, most neutron noise-based
diagnostic tasks correspond to an in-
verse problem: from the neutron noise
measured at typically very few locations
throughout the core, one should recov-
er the anomaly responsible for the mea-
sured induced neutron noise. If one had
as many measurement locations as there
are possible locations of anomalies, this
inversion would be trivial. On the other
hand, with scarce core instrumentation,
this inversion becomes difficult—retriev-
ing an anomaly at the fuel assembly level
is a challenge. This can be understood by
drawing an analogy with inverting a ma-
trix in mathematics, where the inversion
can be made only for square matrices—
that is, matrices having the same number
of rows and columns. In our case, each
row would correspond to one possible lo-
cation of an anomaly, while the elements
on each row would represent the spatial
distribution of the neutron noise induced
by this anomaly. If the number of detec-
tors is smaller than the number of possible
locations of anomalies, the unfolding is
theoretically not possible.

Despite this apparent limitation, use of
the detector readings to recover anomalies
responsible for the observed neutron flux
fluctuations has been successfully demon-
strated in the past on a research scale, on
both simulated data and measured sig-
nals, building upon the prior estimation
of the relationship existing between an
anomaly and its corresponding response
at the location of the detectors. The fact

that a strong correlation exists between
those two quantities throughout the core,
thanks to the fission and scattering reac-
tions, compensates for the fact that the in-
duced neutron noise is measured only at a
few discrete locations throughout the core.

Two types of techniques were used:
parametric and non-parametric inversion
methods. In the case of parametric meth-
ods, a simple enough model of the per-
turbation is formulated, and the resulting
induced neutron noise is then expressed
as a function of the parameters appear-
ing in this model. A minimization of the
deviation of the calculated induced neu-
tron noise from the measured value allows
finding the actual values of the model pa-
rameters (see, e.g., [9]). In the case of non-
parametric methods, the induced neutron
noise is first estimated for various postu-
lated noise sources. Thereafter, a pattern
recognition algorithm (typically, some
kind of neural network—see, e.g., [10]) is
used to identify the actual noise source
from the measured induced neutron noise.

In all such cases, however, the inversion
algorithms have relied on a simple homo-
geneous reactor model for estimating the
induced neutron noise, which has limited
the applicability of the unfolding proce-
dure. Being able to determine the induced
neutron noise for non-homogeneous reac-
tor cores with a high level of fidelity would
make neutron noise-based core diagnos-
tics methods more viable for power reac-
tor applications.

The CORTEX project

Based on the earlier work mentioned
above, a large project was launched for
the development of a noise-based core
monitoring technique applicable to pow-
er reactors. The project, called CORTEX
(short for CORe monitoring Techniques
and EXperimental validation and demon-
stration), is a Research and Innovation
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Action funded by the Directorate-General
for Research and Innovation of the Euro-
pean Commission in the Euratom 2016-
2017 work program, under the Horizon
2020 framework [11]. The project formally
started on September 1, 2017, and has a du-
ration of four years. The overall objective
of CORTEX is to enable the early detec-
tion, localization, and characterization of
anomalies in nuclear reactors while they
are operating. Two main areas of research
are being pursued: the development of
state-of-the-art modeling techniques for
modeling the effect of postulated noise
sources onto the neutron noise, and the
combination of those techniques with the
latest developments in signal processing
and artificial intelligence for performing
the unfolding described above.

To achieve the overall objectives above,
the project gathers a cross-disciplinary
team of experts in reactor modeling,
neutron transport, thermal hydrau-
lics, structural mechanics, experimental
techniques, signal analysis and process-
ing, artificial intelligence, measurement
techniques, and analysis of plant data.
The consortium is made of experts from
academia, research institutes, technical
safety/support organizations, regulators,
private companies, and utilities, thus
guaranteeing a high scientific added val-
ue while remaining in line with a direct
applicability to commercial reactors. Par-
ticular attention is given to the end users,
who are either directly contributing to the
project by providing data and expertise
or are participating in the consortium’s
consultative body. The project consortium
consists in total of 20 partners represent-
ing 11 countries:

M Sweden: Chalmers University of Tech-
nology (coordinator of the project).

B Germany: Gesellschaft fiir Anlagen-
und Reaktorsicherheit (GRS) gGmbH;
TUV Rheinland 1STec GmbH—Institut
fir Sicherheitstechnologie; TUV Rhein-
land Industrie Service GmbH; Technische
Universitdt Dresden; Technische Universi-
tat Miinchen; and PreussenElektra GmbH.
B Switzerland:  Ecole  Polytechnique

Fédérale de Lausanne; Paul Scherrer
Institut; and Kernkraftwerk Gosgen-
Diniken AG.

M Spain: Universidad Politécnica de Ma-
drid; Universitat Politécnica de Valéncia.
B France: Commissariat a I’Energie
Atomique et aux énergies alternatives; LGI
Consulting.

M United Kingdom: University of Lincoln.
M Greece: Institute of Communication
and Computer Systems—National Tech-
nical University of Athens.

B Hungary: Hungarian Academy of Sci-
ences, Centre for Energy Research.

B Czech Republic: UJV Rez.

M Japan: National University Corpora-
tion, Kyoto University.
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M United States: Analysis and Measure-
ment Services Corporation.

Developing and validating tools

One of the primary targets in CORTEX
is to develop tools specifically targeted at
modeling the effect of noise sources onto
the neutron noise. Although the industry
has an extensive track record in develop-
ing modeling tools and verifying and val-
idating them, those tools typically focus
on steady-state conditions, slowly varying
conditions (e.g., the effect of burnup and
poisons), or transient conditions. Devel-
oping new tools or extending the capabili-
ties of the existing ones to the modeling of
small, stationary fluctuations constitutes a
challenge in itself.

At the frequencies of interest for noise
analysis, thermal-hydraulic feedback can
be neglected. The modeling efforts thus
mostly concentrate on open-loop sys-
tems—that is, on neutronic simulations
only. In all those approaches, the pertur-
bations are directly defined as fluctuations
of the macroscopic cross sections used as
input to such tools, with the macroscopic
cross section representing the probability
of occurrence of a given nuclear reaction
per unit path length. Since the modeling
of the response of the system to a pertur-
bation expressed in terms of macroscopic
cross sections is equally important as the
modeling of the actual perturbation, great
effort is spent on converting actual noise
sources into perturbations of cross sec-
tions. In this respect, fluid-structure in-
teraction models are developed in order to
reproduce the vibrations of reactor vessel
internals. Special emphasis is put on cov-

ering all possible sources of neutron noise
corresponding to vibrating structures
and on describing, in a phenomenologi-
cal manner and when appropriate, each
scenario.

Plant measurements are also extensively
used to understand the noise patterns. Dif-
ferent models of noise sources are consid-
ered and models are built accordingly: ax-
ially traveling perturbations of the velocity
of the coolant flow (due to, for example,
fluctuations of the coolant temperature at
the inlet of the core), inlet mass flow rate
perturbation, fuel assembly vibrations
(different modes of vibrations), control
rod vibrations, and core barrel vibrations
(pendular mode only). Moreover, localized
noise sources are also modeled. In all these
scenarios, realistic frequencies of the per-
turbation are considered, based on exist-
ing and extensive operational experience.

The effect of the various noise sourc-
es on the neutron flux is then estimated
using several complementary approach-
es that are being developed. These ap-
proaches rely on existing codes or codes
specifically developed for noise analysis.
Moreover, these codes work either in the
time domain or in the frequency domain.
These tools use either a coarse-mesh ap-
proach (possibly with a moving mesh) or
a fine-mesh approach regarding the spa-
tial discretization. Both low-order meth-
ods (diffusion) and high-order methods
(transport) are utilized. Finally, both de-
terministic and probabilistic (i.e., Monte
Carlo) methods are considered. Most of
these tools have been developed since the
start of the CORTEX project and now con-
stitute a major asset for the remaining part

Example of a simulation in the frequency domain giving the radial distribution of the
amplitude of the neutron noise induced by a local perturbation in a commercial reactor.
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of the project. Intercomparisons of the
various modeling tools are ongoing. Fi-
nally, the estimation of the neutron noise
is also complemented by an evaluation of
the associated uncertainties, together with
the sensitivity of the simulations to input
parameters and models.

Although the modeling tools being
developed are verified against analyti-
cal or semianalytical solutions for simple
systems and configurations, validation
using reactor experiments specifically
designed for noise analysis applications
is essential. In the CORTEX project, two
zero-power research reactors are used for
that purpose: the AKR-2 facility at Tech-
nische Universitdt Dresden in Germany
and the CROCUS facility at the Ecole
Polytechnique Fédérale de Lausanne in
Switzerland.

The first campaigns at both the AKR-2
facility and the CROCUS facility were
successfully carried out in 2018. The sig-
nals of 7 and 11 neutron detectors located
throughout the respective cores and core
surroundings were recorded simultane-
ously with the actual perturbation [12].
The data acquisition systems were success-
fully benchmarked against an industry-
grade data acquisition system.

In terms of perturbations, AKR-2
has the ability to perturb the system in
two ways: either by rotating a neutron-
absorbing foil along a horizontal axis or
by moving a neutron-absorbing disk along
a horizontal axis. In the former case, the
foil rotates at a distance of 2.98 cm from
its axis at a frequency of up to 2.0 Hz; in
the latter case, the disk moves horizontally
with a maximum displacement amplitude
of 20 cm at a frequency up to 2.0 Hz. These
frequency limitations will be expanded
for upcoming measurement campaigns.
In CROCUS, up to 18 fuel rods located at
the periphery of the core can be displaced
laterally with a maximum displacement
up to +2.5 mm around their nominal po-
sition at a frequency up to 2 Hz.

Since both the perturbations and the
corresponding induced neutron noise are
recorded in the experiments described

Ecole Polytechnique Fédérale de Lausanne

above, such experiments are currently
being used to validate the neutronic tools AK R"'2
aimed at calculating neutron noise. The TU DRESDEN

exact control and knowledge of the noise
source are essential for the validation
tasks and represent a unique feature of the
experiments that were undertaken. The
design, planning, and execution of those
measurements for validating the neutron-
ic tools for noise calculations itself consti-
tutes a world premiere.

Advanced simulations and Al
Another novelty with CORTEX lies
in the way the unfolding of the possible
anomalies from the measured neutron
noise is carried out. Non-parametric in- The AKR-2 facility.

Technische Universitit Dresden
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The overall CORTEX methodology.

version methods relying on the latest de-
velopments in machine learning are being
used. In those methods, the algorithms
first need to be fed with data representing,
for specified anomalies, the correspond-
ing induced neutron noise. Since possible
anomalies in commercial nuclear reac-
tors, when they exist, are seldom known
or measurable, simulated data based on
the neutronic modeling tools mentioned
above are used instead and represent the
solution strategy adopted in CORTEX.
With those tools, the induced neutron
noise for many possible scenarios of con-
sidered perturbations can be estimated.
The results of such simulations are then
provided as training and validation da-
ta sets to machine learning techniques.
Based on such sets, the primary objective
for the machine learning algorithms is to
retrieve the actual perturbation (and its
location, if relevant) existing in a nuclear
core from the neutron noise recorded by
the in-core and ex-core neutron detectors.
Preliminary tests were performed us-
ing simulated signals, either in the time
domain or in the frequency domain. Sev-
eral scenarios corresponding to different
types of noise sources were considered:
localized perturbations in the frequency
domain, traveling perturbations along
fuel channels in the frequency domain,
different modes of fuel assembly vibra-
tions in the frequency and time domains,
core barrel vibrations in the frequency do-
main, and inlet coolant perturbations in
the time domain. In all those simulations,
the different noise sources were modeled
based on the best existing knowledge re-
lated to each postulated perturbation,
both in terms of frequency content and
possible spatial distribution. Several ma-

32 - Nuclear News ° June 2020

chine learning architectures were tested
and developed. The latest developments
include the use of three-dimensional deep
convolutional neural networks for the
frequency domain simulations, and long
short-term memory networks for the time
domain simulations. In both cases, the
type of perturbation is first identified, and
its location, if relevant, is subsequently de-
termined. Additional efforts are also being
pursued in the frequency domain to ex-
tract additional features of the identified
noise source, such as some information
about the relative displacement of vibrat-
ing structures along each of the possible
directions of movement.

Anomalies and root causes

Although the ultimate goal of CORTEX
is to test and apply the proposed noise-
based core monitoring techniques on ac-
tual plant data, the method first needs to
be tested on simulated data. This is because
there is no noise measurement in com-
mercial reactors where the noise source
is known and measurable, as was the case
in the dedicated noise experiments per-
formed as part of CORTEX at the AKR-2
and CROCUS research reactors.

The simulation data sets are thus divided
into training/validation data sets and test-
ing data sets. The former aims at develop-
ing an adequate architecture, whereas the
latter allows testing of the performance of
that architecture. In all cases, the number
of assumed locations where the neutron
noise is measured was kept very low, to be
representative of the typically very limited
core instrumentation existing in a nuclear
reactor. Moreover, additional uncorrelat-
ed noise was added to the calculated cor-
related noise, to mimic the possible exis-

) SIGNAL PROCESSING - — - o

MACHINE LEARNING USING /
SIMULATIONS ASTRAINING & 7
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tence of background noise superimposed
on the induced neutron noise. Under the
most severe conditions, the classification
accuracy was still equal to 88.9 percent
for the time domain architecture (where
noise was added with a signal-to-noise
ratio of 5) and 99.8 percent for the fre-
quency domain architecture (where noise
was added with a signal-to-noise ratio of
3) [13]. Moreover, the mean absolute error
in localizing a perturbation was below 4
cm for the frequency domain simulations
and below 12 cm for the time domain sim-
ulations. Considering the complexity of a
nuclear reactor core, its large size (about 4
m in height and in radial diameter), and
the limited core instrumentation, those
results are truly remarkable.

The future

Based upon the successful development
of modeling capabilities for neutron noise
and of machine learning-based unfolding
techniques using those modeling tools,
CORTEX has moved to the next and final
phase: applying the developed techniques
to actual plant data. Four reactors are be-
ing used for those demonstration exercis-
es: a German four-loop pre-Konvoi PWR,
a Swiss three-loop pre-Konvoi PWR, a
Czech VVER-1000 reactor, and a Hungar-
ian VVER-440 reactor. For each reactor,
several measurement sets corresponding
to different cycle burnup conditions are
being considered. State-of-the-art signal
analysis techniques are being tested in or-
der to deal with possible intermittencies
in the signals, corrupted signals, trends,
or detector malfunctions. The aim is to
thereafter feed the machine learning al-
gorithms with processed signals direct-
ly compatible with the assumptions and
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conditions used in the simulations for cre-
ating the training/validation data sets. A
particular challenge of the work lies with
the amount of simulation data fed to the
machine learning algorithms. To illus-
trate, one complete simulation set in the
frequency domain corresponding to just
one reactor at just one given cycle burn-
up represents about 4 terabytes of datal
The generation and processing of such
data have to be repeated for each reactor
and each considered cycle burnup. In the
case of, for example, the Swiss reactor,
five measurements sets are considered.
For this reactor alone, the simulation data
thus represents 20 terabytes of data.

Although possible anomalies existing
in the above reactors are not known, early
analysis of the available data has revealed
some increased neutron noise levels in
some of these units. The application of
the neutron noise-based methodology
developed in the CORTEX project will
help identify the possible root cause of
such increased neutron noise levels, thus
demonstrating the direct applicability and
usefulness of the technique.
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