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Preface

Diagnostics of nuclear power reactors with noise analysis of process signals, primar-
ily that of the neutron noise, have been developed over many decades. The research
started as early as the 1960s, and the first pilot applications were made in the early
1970s. The main reactor types considered were the dominating light water reac-
tors, pressurised water reactors (PWRs) and boiling water reactors (BWRs). Since
its development in the 1970s, this technology has been crucial for light and heavy
water reactors, aiding in early detection and identification of failures and operational
parameter monitoring.

It was seen already at the appearance of accelerator-driven subcritical systems
(ADSs), which a couple of decades ago held the promise to become the next genera-
tion of nuclear power reactors, that the existing diagnostic methods for source-driven
subcritical systems had to be revised and suited to the new systems. This concerned
primarily the zero-power noise methods, such as the Feynman-alpha and Rossi-alpha
methods for the measuring and online monitoring of the subcritical reactivity of the
ADS during operation. The need for updating the traditional methods arose because
of the differences between the traditional systems (stationary source with simple Pois-
son statistics) and the ADS (pulsed source with compound Poisson statistics). Apart
from a few singular papers, power reactor diagnostic methods specifically for ADS
were not investigated during that period.

In the meantime, Generation-IV (Gen-IV) systems and small modular reactors
(SMRs) took over the status of next generation systems. In many aspects, these
systems also have differing characteristics from the traditional Gen-II or Gen-III reac-
tors: fast energy spectrum, higher count rates, different range of the local component,
different noise sources, different domains of the validity of the reactor kinetic approx-
imations, etc. These differences concern in the first place the field of power reactor
diagnostics. Yet, no similar studies were made regarding the tailoring or extending
the diagnostic methods developed for the current fleet of Gen-II systems for the spe-
cific characteristics of Gen-IV reactors and SMRs, as was done for the development
of zero-power noise methods for ADS. A major part of his book is devoted to an
attempt to fill this gap. Naturally, the extension of zero-power noise methods for the
future systems is also discussed from this perspective.

One possible reason for the lack of such studies is the large variety of the planned
designs and the fact that a majority of the designs are not yet fixed in sufficient detail.
Further, since there is no operational experience with such reactors, not all the possi-
ble scenarios for faults to be detected or parameters to monitor are known. The types
of designs are also evolving dynamically, which represents a further problem.
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To handle the situation, a few generic types of next generation reactors were
selected, and the possible anomalies (noise sources) were extrapolated from the
existing reactors. The corresponding diagnostic methods were developed and dis-
cussed from this perspective, and the properties of the various systems were analysed
for power reactor noise diagnostics. No doubt, some of the problems discussed in
this book might become obsolete already by the publication of this book. Never-
theless, efforts were made to capture the main characteristics of next generation
reactors, which will persist despite the continuously changing landscape of new
reactor designs.

A final goal of this book is to increase the awareness of designers about the need
of considering the application of monitoring and surveillance systems at a very early
stage. As the designs of Gen-IV reactors, as well as small and medium modular reac-
tors, evolve, integrating diagnostics from the design phase is vital to avoid retrofitting
issues. By analysing the possibilities and effectiveness of noise diagnostics for the
main types of new designs, the material in this book might contribute to earlier and
more effective integration of noise diagnostic methods into the new designs.
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Chapter 1
Introduction

Imre Pdzsit! and Hoai-Nam Tran?

Reactor diagnostics, in particular diagnostics based on neutron noise analysis, has
been developed in the early 1960s and 1970s, and its application has become increas-
ingly widespread to traditional light water and heavy water reactors [1-8]. These are
the most commonly used commercial plants, belonging to Generation II (Gen-II).
Experience shows the significant benefits of reactor diagnostics in terms of deter-
mining operational parameters in the normal and abnormal state, and in the detection,
identification and quantification of incipient failures at an early stage.

There are two relatively different areas of neutron noise diagnostics. At low
power, such as in an educational or a research reactor, or in a power reactor dur-
ing startup, the sources of neutron fluctuations of technological origin (vibration of
core internals, boiling of the coolant, etc.) are absent, and the cause of the neutron
fluctuations is solely the branching process, i.e. the neutron multiplication process in
a constant medium. These types of neutron fluctuations are called zero-power reactor
noise, and they are used mostly to determine the subcritical reactivity of the system
while it is still driven by an external neutron source.

The other area, called power reactor noise diagnostics, utilises the neutron fluctu-
ations caused by processes of technological origin, for example, movement of control
rods, fuel assemblies, two-phase flow, etc., called perturbations or noise sources.
These processes are inherently random, and their effect will be to induce spatial and
temporal fluctuations of the neutron flux, which is called power reactor noise. If the
neutronic transfer between the cross-section fluctuations, represented by the pertur-
bation at a certain point of the core and the induced neutron noise at some distance
(at the detector position), is understood and can be quantified, then there is a chance
that by analysing the detector response and in possession of the transfer function, one
can detect, identify and quantify the noise source. The noise source/perturbation can
either be present already in normal operation (such as two-phase flow in a boiling
water reactor (BWR)) or may be due to an incipient failure, such as vibrations due to
a mechanical failure. Power reactor diagnostics can be used to determine parameters

!Division of Subatomic, High Energy and Plasma Physics, Department of Physics, Chalmers University
of Technology, Sweden
2Phenikaa Institute for Advanced Study, Phenikaa University, Hanoi, Vietnam



2 Surveillance and diagnostics of next generation nuclear reactors

of the processes already present (such as two-phase flow parameters), determine reac-
tivity coefficients, detect changes in the value of these parameters and detect noise
sources due to incipient failures at an early stage.

Both the zero-power and power reactor diagnostic methods were developed
specifically for Gen-II reactors, mostly pressurised water reactors (PWRs) and
BWRs, and to some extent Canadian deuterium uranium (CANDU) reactors as well.
These reactors have a thermal spectrum with a relatively long prompt neutron gener-
ation time. For the theory of zero-power methods, a one-speed (energy-independent)
neutronic framework was fully satisfactory. For the power reactor noise methods,
several applications were based on simple one-group theory. Two-group theory was
also used for a better description of real inhomogeneous cores, accounting for reflec-
tors, and determining two-phase flow parameters, but the diagnostics were still based
on using the thermal neutron detector signals.

A substantial part of the next generation of power plants, notably most of the
Gen-IV reactors, will deviate significantly from the light and heavy water-moderated
thermal reactors by having a fast spectrum and other type of coolant, in particular liq-
uid metal, fluoride salts containing the fuel, or gas. The concept of small and medium
large modular reactors is also emerging, some of which will be Gen-II/III and some
of them Gen-IV type. The substantial difference in the reactor physics of the present
and next generation nuclear systems raises the question as to what extent the methods
used so far will be applicable in the new systems.

The different types of fuel and coolant will definitely affect the character of the
neutronic transfer of the core, which is the prime tool to perform diagnostics. Char-
acteristic scales, such as the range of the local component of the noise, the validity
of point kinetics, etc., may be rather different from what we have experienced so far.
Another significant difference is the fast spectrum of many of the new designs. Meth-
ods based on one-group theory and basing the diagnostics on measuring the noise in
the thermal group will not be sufficient, or even applicable in those reactors. Regard-
ing zero-power noise methods, partly the traditional methods based on one-group
theory need to be modified, and partly in fast cores, one can count on much shorter
prompt neutron generation times and higher count rates. And last, but not least, in
some designs it may not be possible to use in-core detectors, which may raise the
question of using gamma detectors instead, which can be used at larger distances
from the core than neutron detectors.

These questions have not been addressed so far, or only to a very limited extent.
One reason for this may be that the new systems are still essentially in the design
phase. Although it might appear that it is only practical to focus attention on diag-
nostics and monitoring once the design is fixed, this approach has large potential
drawbacks. Namely, as experience with the recent fleet of reactors showed, inclusion
of new sensors into a design beyond those planned originally is practically impos-
sible. Hence, questions of diagnostics and monitoring should be included already in
the design phase.

It appears therefore useful to take a thorough inventory of the applicability of the
presently used methods in the next generation systems, and explore possible ways
for developing these further to take into account the different conditions. Concerning
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Zero-power noise, the existing methods, such as the Feynman- and Rossi-alpha meth-
ods, are be extended to the use of two-group theory, to use gamma counts instead
of neutron counts, and to use continuous (time-resolved) detector signals instead
of pulse counting for extracting the prompt neutron decay constant. For the power
reactor noise diagnostics, the space- and frequency-dependent transfer functions of
several Gen-IV reactors and small modular reactors (SMRs) are quantitatively inves-
tigated using a simple one-dimensional (1D) two-group model. For the application
of the two-group methods for fast reactors, the theory had to be developed to be suit-
able for practical applications. Such transfer properties can be modelled and studied
qualitatively and quantitatively for the various construction types, even without an
exact knowledge of the construction details. The rationale behind using such simple
models is explained in the next chapter.

One might argue that to expedite the planning of effective diagnostics, one should
have a good knowledge of what type of problems might occur and also what methods
are suitable for detecting and quantifying them and with what efficiency. Regarding
the type of problems, these are mostly revealed only during operation. However, as
a first step, one could extrapolate the experience from the current fleet of Gen-II
reactors, as well as make qualified guesses of the new type of problems that a specific
new design might incur, or parameters of interest that should be monitored.

One of the main purposes of this book is to report on a thorough study of the
dynamic transfer properties of the main Gen-IV and SMR types, and also to inves-
tigate the possibilities of the diagnostics of the main types of perturbations that are
known to have occurred in the current systems. This should expedite the design of
efficient diagnostic systems for the various Gen-IV and SMR types, and give some
guidelines regarding the types of diagnostic methods that are usable, or not usable,
in the various types.

The content of the book is organised as follows. In Chapter 2, the theory and
formalism of both zero-power noise and power reactor noise, used in the book, are
described with illustrations. The 1D two-group framework, in which either the devel-
opment of the methods is performed, or in which the qualitative and quantitative
investigations of the core transfer properties are made, is described in detail. Molten
salt reactors (MSR) get their own section, due to their very different reactor physics
properties, because of the movement of the delayed neutron precursors. For MSRs,
in two-group theory, analytical solutions exist only for thermal systems in the infinite
fuel recirculation velocity (prompt recirculation) approximation and only for thermal
MSR. With analytical and quantitative analysis, it is demonstrated that the dynamic
behaviour and spatial response of an MSR can be, to a very good approximation,
simulated with the assumption of zero fuel velocity (as with traditional reactors),
but reducing the effective delayed neutron fraction. This opens up the possibility to
investigate even MSRs with a fast spectrum, since the traditional two-group theory
was already extended to fast systems in the book. The analysis leading to the conclu-
sion of how to simulate an MSR by a modified traditional core with reduced effective
delayed neutron fraction is new and is hence included in detail.

Chapters 3—5 concern power reactor diagnostics. In Chapter 3, the simple ana-
lytical methods described in Chapter 2 are used to qualitatively and quantitatively
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analyse the neutronic transfer properties of several Gen-1V reactors (sodium-cooled,
gas-cooled and MSR) as well as to investigate the possibilities of diagnosing three
basic perturbation types known from the current reactors: oscillations of the strength
of an absorber, a vibrating fuel rod or absorber rod, and propagating perturbations.

Chapter 4 presents a similar survey for a number of known SMR designs. These
comprise both water-moderated and Gen-IV-type systems, including the lead-cooled
fast reactor (LFR). The methods and tools used, as well as the scenarios studied, are
the same as in the preceding chapter.

One significant recent development in power reactor diagnostics is the use of
numerical methods for the calculation of the space- and frequency-dependent com-
plex transfer function for real inhomogeneous cores, with the same spatial and energy
resolution as the in-core fuel management codes. These codes are often called “noise
simulators”. The use of such tools can significantly improve the accuracy of diag-
nostic methods in concrete applications. So far these codes have also been developed
mostly for thermal reactors, using two energy groups. However, work is going on to
develop noise simulators for Gen-IV reactors, using a larger number of energy groups.
Chapter 5 describes the principles of such noise simulators and gives a survey of the
international status of development of such codes by several research groups, as well
as the specific characteristics and potentials of the various approaches.

It will not go unnoticed that such tools were not used in the investigations in
Chapters 3 and 4. This was deliberate, for simple reasons. One has to keep in mind
that noise simulators are useful in giving accurate quantitative results for concrete
inhomogeneous cores, but they are not optimal for investigating tendencies and qual-
itative behaviour. The accurate results come at the price of longer running times, and
the advantage of being able to model inhomogeneous cores is largely lost by the fact
that the concrete designs of the next generation systems are not yet available. Another
point is that with the detailed spatial dependence of the noise when heterogeneities
are taken into account, i.e. showing spatial variations at the assembly or even pin
level, it is impossible to make a qualitative assessment on the level of deviation from
point kinetics, or the relative contribution of the local component of the noise, which
are important parts of judging the efficiency of the diagnostic step. And last, but not
least, the existing noise simulators are not suited yet to handle MSRs, i.e. reactors
with moving fuel, which are one of the important types of Gen-IV reactors, whereas
the simple analytical models can be used to analyse them, with the added advantages
listed earlier in this section. In order to have a fair comparison between the different
systems, they need to be analysed by similar looks, which gives yet another argument
of using the analytical tools mentioned.

One can also put the validity and applicability of the simple analytical methods
in the power reactor field into another perspective. Because of the simplifications
inherent in the simple models, the quantitative results do not supply accurate guid-
ance on the efficiency of the various noise techniques in terms of absolute statements.
However, in relative terms, the conclusions drawn hold with large likelihood even in
practice. The analysis shows the differences between various designs, and since the
same simplifications were applied to each system, the relative differences predicted
are applicable in practice. When the new generation reactors start to deliver power,
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operational experience will be gained on the applicability of the noise methods.
Then, when experience is gained about a certain core, the studies presented in this
book give reliable guidance on what one can expect on the other designs, still under
construction, by extrapolating the comparative results presented in these conceptual
studies.

A side benefit of the extensive use of analytical solutions in 1D two-group theory
is that all the exact formulae used for both the traditional thermal reactors, as well as
their extension to fast systems (this latter not having been published elsewhere yet),
are described in detail. Although the traditional theory has been used for decades,
it was mostly used for calculating the thermal noise in thermal systems. Even there,
most often by using approximations. The formalism for the noise in the fast group
was developed much later, but no complete list of the full formulae was given. Several
of the earlier publications also contain typos. This book contains a complete list of the
full analytical formulae for the fast and thermal noise in both thermal and fast systems,
including those for MSRs in the infinite fuel velocity approximation (renamed as the
prompt recirculation approximation in this book). Therefore, this book contains the
most complete collection of these formulae that are found scattered in the literature,
contain approximations and are incomplete. This way, it also serves as a handbook
of two-group power reactor noise theory, both for traditional and fast systems.

The formulae referred to here are used in Chapters 3 and 4 for the analysis of the
dynamical response of Gen-IV systems and MSRs. The calculations, including the
plotting, were made by the numerical option of the symbolic manipulation language
Wolfram Mathematica [9] and are collected in a Wolfram Mathematica notebook. To
amplify the usefulness of the collection of the formulae, as well as their potential use,
the Mathematica notebook, as well as the database on which the calculation were
made (the group constants and kinetic parameters of the various cores), are being
made available to the readers via open sources. The notebook [10] is uploaded to the
Wolfram Notebook Archive [11]. The nuclear and geometrical data of the individual
reactors are uploaded to the public domain repository Mendeley Data [12]. More
details and instructions to use the notebook are found in Appendix A of this book.

With the information provided in Appendix A and within the Notebook itself, it
is fully possible for the readers to reconstruct all results and plots in the book, and
also to use the notebook with new data, and it is even possible to modify the code for
new functionality. One interesting and easily implemented possibility is to change
the size of the default systems available in the notebook by default, since the size
of the system is an input data. When changing the size, the notebook automatically
recalculates the cross sections to keep the system critical. One could then investigate
how the dynamic properties of a given system change if, for instance, a certain full-
size Gen-IV system is downsized to smaller dimensions or when the dimensions of a
certain small-size SMR are increased.

Data sets for new cores in the data read format of the notebook (described in
Appendix A) can directly be run. It would be appreciated if readers testing to run the
notebook with some new systems uploaded their .json files to the public GitHub site
given in the notebook. After checking them for their format, they will be authorised
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and shared publicly. Alternatively, such files could be sent to the Editors to upload
them to the public repository.

It also has to be noted that up to this point, the term reactor diagnostics was
synonymous with neutron or gamma noise diagnostics, i.e. fluctuations in nuclear
quantities. This is obvious for zero-power noise, which is solely based on the fluctu-
ation analysis of neutron or gamma detector signals. However, in the case of power
reactors, the diagnostics can be based also on other process signals, including those
whose fluctuation leads to neutron noise. Such signals include temperature, pressure
and possibly displacement sensors, the latter at least during pre-operational tests. As
an example, with the correlation of in-core thermocouples, the flow velocity of the
coolant can be determined from the cross-correlation of the thermocouple signals.

These methods are not the main focus of the present book, for two reasons. One
is that unlike neutrons, which, during the fission chains, carry information about dis-
turbances at some distance from the detection of the neutron noise, those signals
have only local information and are characteristic only to the measurement point.
Therefore, no transfer functions need to be calculated, and the signals can be directly
processed to extract their information content. The second reason is that those signals,
and the corresponding sensors, are most likely very similar to the ones used in the
current systems, at least for their functioning. Probably they need to be developed for
enduring higher temperatures and more aggressive chemical environments, but this
requires technological development, which lies outside the scope of this book.

On the other hand, analysis of such signals is also actual for next generation sys-
tems, although the principles are largely the same as in the present systems. Therefore,
to complement the mainly theoretical and conceptual character of the chapters so far,
two more chapters were added. Chapter 7 reports on the status of online monitor-
ing systems, mostly used for non-nuclear signals (temperature, flow and pressure).
These are highly effective and are deployed at a large number of reactors in the US
and worldwide. The company of the author of that chapter leads the development
of current online monitoring methods, and is involved also in the preparations for
instrumentation of SMRs. This work is supported by the US DoE.

Finally, Chapter 8 reports on the development of SMRs, with a focus on instru-
mentation and monitoring approaches being developed for efficient operation. It
gives a survey of various SMR systems, design options and vendors. It also gives
an account of the challenges in SMR instrumentation and the general approaches for
SMR monitoring.

As is clear from this description, the character of Chapters 2—6, which are rather
theoretical and method development oriented, deviates substantially from that of the
last two, whose approach is rather pragmatic and application oriented. Because of
this, the style of the book may feel somewhat uneven. Yet, it was felt that the two
parts complement each other, and presenting both will give a more complete outlook
on the way ahead for surveillance and diagnostics of next generation nuclear systems.



Chapter 2

Principles of traditional reactor
diagnostics and noise analysis

Imre Pdzsit!

2.1 Introduction

The principles of reactor diagnostics for the current generation of reactors are avail-
able in a few monographs and review articles [1-8]. For a wider perspective on the
subject, the reader is recommended to explore these sources. However, with regards
the methods used in this book, we tried to make the text self-contained, such that all
the basics are explained that are needed to follow the derivations and the extensions
introduced to make the methods suitable for applications to next generation reactors.
This is the subject of this chapter.

As it was already mentioned in the Introduction to the book and is reflected in
the aforementioned references, neutron noise diagnostics has two different branches,
which differ in many aspects, such as the origin of the neutron fluctuations, the oper-
ational domain in which the two types dominate, the mathematical methods used
for their description and the application area. For this reason, the applications in the
future systems will also be treated in separate chapters. In this overview chapter for
the methods used so far in traditional systems, they will both be included.

2.2 Zero-power reactor noise diagnostics

2.2.1 General principles

Zero-power noise is a terminology used for the fluctuations of the detector counts in
a stationary system whose properties are constant in time. Actually, in the theoretical
derivations, it is assumed that the properties of the system are constant also in space,
which is not true in reality; it is only used to simplify the mathematical treatment.
The important thing is that the reason for the temporal fluctuations of the number
of neutrons in the system, or the number of detector counts during a time interval,
is due solely to branching, i.e. the generation of two or more neutrons simultane-
ously in fission. Due to the simultaneous birth of several neutrons, the evolution of
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the individual chains started by these neutrons will be time-correlated. Because of
these correlations, the statistics of the number of neutrons or the detector counts will
deviate from the Poisson statistics, this latter depending only on one single parame-
ter, and hence the expectation (first moment) carries all information on the process.
The higher moments of a Poisson process, such as the variance, do not contain any
information that could not be obtained already from the first moment.

This is different for branching processes. Due to the aforementioned temporal
correlations, the statistics of the number of the neutrons in the system will deviate
from that of a Poisson process, and each individual moment carries information which
is different from that of the other moments. For example, the variance will not be
equal to the mean as it would be for a Poisson process; it will be larger than the
mean, and the deviation from the mean carries new (excess) information. Likewise,
the temporal autocovariance function,” which would be zero for independent detector
counts, will be larger than zero for a branching process. To put it in a simplified way,
using higher moments besides the expectation makes it possible to determine more
unknown parameters of the process.

In zero-power reactor diagnostics, the main task is to determine the subcritical
reactivity of the system from the measurement of individual detector counts. Since
the system is in a subcritical state, a constant expectation is maintained by driving the
system with an extraneous neutron source. Then either the dependence of the variance
to mean of the detector counts on the detection gate length is used (Feynman-alpha
method) or the normalised (with the mean) dependence of the autocovariance of two
counts on the time leg 7 between the two counts (Rossi-alpha method) is used to
determine the subcritical reactivity p, which is contained in the prompt neutron decay
constant « in the form

wo PP
A

where /3 is the delayed neutron fraction and A is the prompt neutron generation time.
These are usually assumed to be known; therefore, determining « is sufficient to
determine the reactivity.

However, in practice neither the source intensity nor the detector efficiency is
known; hence, only measuring the expectations would not make it possible to deter-
mine the reactivity.! This problem can be solved by using higher-order moments
of the detector counts. In principle, three different moments would be necessary. In
practice, it is sufficient to use, in addition to the expectation, one higher moment (the
variance or the autocovariance), but adding time as an extra parameter will make

2.1)

*In agreement with Reference [6], the word “autocovariance” is used here to indicate that it is based on
the joint expectation of two values of the same process at two different time instants, to distinguish it from
the cross-covariance, which is based on the joint expectation of two random variables belonging to two
different processes. Often the word “covariance” is used for either of these two, which might lead to some
confusion; hence, it is important to define in what context the term covariance is used. The word covariance
will occasionally also be used in this book, for instance in general statements that are valid both for the
auto- and the cross-covariance.

TIn pulsed neutron experiments, such as the area ratio or Sjéstrand method [13], it is sufficient to measure
expectations. However, the pulsed neutron measurement is not a stationary noise method. Moreover, it is
not applicable at power reactors during startup since it requires a neutron generator.
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it possible to extract the reactivity. Namely, since both the variance and the auto-
covariance, as well as the expectation, depend linearly on the noise strength, it is
cancelled in ratios such as the variance to mean (Feynman-alpha) or the autocovari-
ance to mean (Rossi-alpha method). In these “normalised” expressions, the detector
efficiency appears as a multiplying factor, whereas their time-dependence will be a
non-linear function, depending on the prompt neutron decay constant «, which thus
can be determined by simple curve fitting.

The aforementioned will be illustrated by quoting the corresponding formulae of
the Feynman- and Rossi-alpha methods. In the Feynman-alpha experiment, the rela-
tive variance 0(T)/{(Z(T)) of the number Z of the counts is determined as a function
of the measurement time 7. In a simplified notation, when using one averaged delayed
neutron group with a decay constant ), it has the analytical form

2 —aT
oz(T) B _l-—e
76) =14+ Y(T) =1+¢€A (1 T >

1 —e T

Here, « is the prompt neutron decay constant of (2.1), whereas «y is the delayed
neutron decay constant, related to the reactivity p, and the delayed neutron fraction
[ and decay constant A in the form (valid for p<<f) [6]

Ap

B—rp
The coefficients A; and A, contain the delayed neutron fraction (3, the subcritical
reactivity, and the first and second factorial moments of the number of neutrons gen-
erated in induced fission. Explicit expressions for these coefficients are found in the
literature, see e.g. [4,6,7]. As is seen in (2.2), the source intensity S does not appear
in the expression. The sought parameter o can be obtained by a curve fitting of the
experimental results to the analytical formulae, which does not require the knowledge
of the detector efficiency .

An illustration of Feynman-alpha curves corresponding to different levels of
subcritical reactivity is shown in Figure 2.1.

An alternative method to determine the prompt neutron decay constant from the
statistics of neutron counts is the so-called Rossi-alpha method. In contrast to the
variance to mean method, the Rossi-alpha method is based on the dependence of the
relative temporal autocovariance of detections in two infinitesimal time intervals dt
as a function of the time separation 7 between the two detections. Based on the fact
that for infinitesimal time intervals the expectation

og = (2.3)

(Z(t, dr)y = Zdt 2.4

depends linearly on df, with the proportionality parameter Z being the stationary
detection intensity, one defines the Rossi-alpha function R(7) as follows. Define the
autocovariance of the detections Cz(7) as

Cz(r)dtdr = (Z(t,dt) Z(t + 7,d7)) — (Z(t, dt))(Z(t + T, dT)) (2.5)



10 Surveillance and diagnostics of next generation nuclear reactors

1,000
- —4
100 —
2 20
s 10
B~

— 1 00

|

10 1,000
Time length [s]

Figure 2.1 Typical Feynman-alpha Y(t) values for a light water core as functions
of the measurement time length for different negative reactivities,
indicated in 10~ units on the right of the curves

Then, the normalised autocovariance (autocovariance to mean or Rossi-alpha) func-
tion R(7) is given as
C ded Z(t,dt) Z(t dr)) — (Z(t, dt))(Z(t d
Rir)dr - CoD)dbdr _ (2(0.d) 214 7, dr) — (20 dO) 2ot 7 dT) o o
(Z(1, dn)) (Z(t, dr))
In the same model and with the same notations as for the Feynman-alpha expression
(2.2), the Rossi-alpha expression R(7) is given as

1
R(T) = 3 e(aAre T +aghAre ) .7

Similarly to the Feynman-alpha method, the source intensity does not appear in
the expression, and the prompt neutron decay constant « can be extracted from a
measurement by fitting the measured data to the theoretical formula, without need of
the knowledge of the detector efficiency.

There is a considerable conceptual resemblance between (2.2) and (2.7), since
they contain the same parameters multiplying the time-dependent functions, i.e. that
on the measurement time and the time lag in the autocovariance, respectively. The
same exponential decays appear also in both formulae, although in different com-
binations. This similarity is not a coincidence; rather, it is due to the fact that there
exist simple relationships between the two formulae, such that they can be mutually
derived from one another. Thus, it can be shown [4,14] that the autocovariance func-
tion Cz(7) can be obtained from the variance of the counts collected during a period
T as

1 & (T
Cz(1) = 5 ;7272() (2.8)

T=1
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Accounting for the fact that in (2.2) the expectation of the number of counts during
the measurement time 7 is given as

(Zmn)=z-1 (2.9)

with, as told earlier, Z being the mean detection intensity, taking a%(T) from (2.2)
and performing the operation indicated in (2.8), using the Cz(7) so obtained in (2.6),
with making use of (2.4) indeed yields the Rossi-alpha expression (2.7).

Conversely, from the general expression for the variance in terms of the auto-
covariance function of a continuous parametric discrete process (here the number of
counts as a function of the measurement time), one can reconstruct the Feynman-
alpha formula from the Rossi-alpha. One has (see [15,16])

o(T) = (Z(T)) +/O dtl/o dt; Cz(|t) — 1)

T t
= (Z(T)) +2/ dt/ d7 Cz(7) (2.10)

0 0

Then, noting from (2.6) and (2.4) that
Cz(t)=Z-R(T) (2.1

making use of (2.7), performing the operations in (2.10) and dividing the variance
obtained with the mean Z - T indeed leads to the Feynman-alpha formula (2.2).

The relationships between the Feynman- and Rossi-alpha formulae will be
utilised later in Chapter 6.

2.2.2  Methodology: master equations

Derivation of the statistical properties, such as the variance and the autocovariance of
the neutron counts, is made by use of the master equations (also called Kolmogorov—
Chapman, or simply Kolmogorov equations). The master equation is a probability
balance equation, which describes the evolution of the probability distribution of the
process. It is used for the family of processes that are called Markovian processes.
The Markovian property states that if the state of the system is known at a certain
moment in time, then its subsequent evolution is fully determined by this state, and
the previous history of the process does not have any influence on it. In a simplified
way, this can be formulated that as the past of the process does not have any influence
on the future evolution of the process, it does not possess a memory.

Because this tool is used in Chapter 6, we illustrate the principles of writing
down the equations whose solution leads to the Feynman-alpha formula. Here, we
only show how to write down the master equation and how the equations for the var-
ious moments are derived from it. The solution process will not be displayed here,
since it is straightforward, and the interested reader will find it in the references.
In the example shown here, we treat the probably most classical case: a homoge-
neous infinite material in one-speed (one energy group) theory, with accounting for
one (averaged) group of delayed neutrons. The detector is thought to be homoge-
neously dispersed into the medium. The medium is described with its macroscopic
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cross sections X;, with i standing either for f (fission), ¢ (capture in the medium) or d
(capture in the detector), respectively.

The parameters needed for setting up a probability balance equation are the reac-
tion intensities Ay of fission, A. of capture in the medium and A\, of capture in the
detector. These are given, respectively, as

)\f =V Zf, )\C =v EC and )\d =v Ed (212)

Here, v is the neutron velocity of thermal neutrons. These reaction intensities refer
to a single neutron.

In addition, we need the decay constant A of the delayed neutron precursors,
and the number distribution p(n, m) of generating n prompt neutrons and m delayed
neutron precursors in a fission event. Finally, in the subcritical system, a stationary
neutron distribution is maintained with an extraneous source with a simple Poisson
statistics of constant intensity S; that is, in first order of dt, the probability of emitting
one neutron during the infinitesimal time dt is equal to S dr.

To arrive at the Feynman-alpha formula, we need to set up an equation for the
probability P(N, C, Z, T) that at time T, there are N neutrons and C delayed neutron
precursors in the system, and that a total of Z counts were detected between time ¢ = 0
and ¢t = T. It is assumed that the source was switched on at t = —oo, at which time
there were no neutrons and delayed neutron precursors in the system. This means that
at time ¢ = 0, when the measurement starts, the transient following the switching on
of the source has already died out and the system is in a stationary state.

With these preliminaries, the procedure of deriving a forward-type master equa-
tion goes as follows. We set up a balance equation for predicting the distribution at
T + dT, starting from its state at time 7, based on its Markovian property that its
history for # < T does not influence its evolution for ¢ > T. We sum up the probabil-
ities of all transitions which during d7 bring the system to the desired state. Due to
dT being an infinitesimal quantity, in first order of dT only any one of the mutually
exclusive events can take place: either any of the reaction types for one neutron, or
a decay of only one of the delayed neutron precursors, or a source emission of one
single neutron, or neither of these. For the reactions, the probability of any of the
N neutrons undergoing a reaction, or the C precursors to decay, the corresponding
intensity has to be multiplied with the number of the corresponding entity. This leads
us to the following balance equation: we add up for the probabilities of the mutually
exclusive possible events for the system between T and T + d7, which will lead to

P(N,C,Z,T+dT) = A\P(N+ 1,C,Z, T)(N + 1) dT+
MP(IN+1,C,Z—1,0)(N+1)dT+ XY, >, PN+1—n,C—m,Z,T)x
(N+1—n)pfn,m)dT + SP(N—1,C,Z,T)dT +
AP(N—1,C+1,Z,T)(C+1)dT+
P(N,C,Z,T)|[1 = {(\r+ Ae + M) N+ AC + S} dT]

The first four lines represent the cases when the system was in a different state at time
t = T but through one of the possible transitions arrived to the proper state, and the

(2.13)
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last line corresponds to the case when the system was already in the desired state, and
none of the transition events took place.
After rearranging, dividing by dT and letting dT — 0, one arrives at the differ-
ential equation
dP(N,C,Z,T)
dar
MPIN+1,C,Z—1,0)(N+ 1) +

=AP(N+1,C,Z,T)(N+1) +

MY, S, PIN+1—n,C—m,Z,T)(N+1—n)pin,m)+ (2.14)
SP(N—1,C,Z,T)+ A\P(N—1,C+1,Z,T)(C+ 1)+

P(N,C,Z,T) [N+ Ae + Xg) + AC+ S]

Equation (2.13) was included in this derivation only to give insight into the logics
of the derivation. Later, in Chapter 6, when we make derivations for new cases, we
will sometimes immediately start with the differential equations of the type (2.14).

In general, master equations of the above type, referring to the complete proba-
bility distribution, cannot be solved analytically. This is not necessary either, because
we only need the first two moments (mean/expectation and variance) of this distri-
bution. For these, equations can be derived from (2.14), which are much simpler to
solve. To expedite obtaining these equations, it is practical (and is common practice)
to switch to the generating functions of the appearing probability distributions. Thus,
we introduce the generating functions

G(x,y,2,T) =Y > Y P(N,C.ZT) (2.15)
N C Z
and
g(x,y) =D xXY'pn,m) (2.16)

With the help of these definitions, the following equation is obtained from (2.14):

0G(x,y,z,T) 0G(x,y,7,1)
—or {)‘f[gf(xv y) = x] = Ac(x = 1) = Aa(x — 2)}  ox
aG ) at
+A(x—y)(xa;” +(x— D)SG(x,y,2,1) 2.17)
with the initial condition
G(x,y,z,T = 0) = x0 y< (2.18)

Equation (2.17) is a single equation, from which equations for all sought quanti-
ties, suchas (N), (C) ... (Z(1)), (Z*(t)), etc., can be derived by taking derivatives with
respect to the parameters x, y and z. From the definition of the generating function
(2.15), it follows that

9G(x,y,z,T) G(x,y,z,T)
= — ; N(N — = s 2.19
W) = = F N1 = S 2.19)

x=y=z=1 x=y=z=1
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and so on. The goal is to obtain equations for (Z(T)) and o2(¢) which appear in
(2.2). This is achieved by taking the corresponding derivatives of (2.17). Due to the
already existing derivatives in the equation, there will be cross-derivatives, which
will lead to a coupled system of differential equations which need to be solved
simultaneously.

We show here only the equations for the first moments, which are obtained from
(2.17) by taking the derivatives of both sides w.r.t. to x, y and z, respectively, and
substitute x = y = z = 1. In this process, the derivatives of the fission neutron number
generating function g,(x, y) will also appear, which are identified with the expectation
of the number of prompt neutrons and delayed neutron precursors as

W ——t Z ;” pr(n,m) = (vp) = (v) (1 = B) (2.20)
agfg;’y) . = ; ;mpf(n,m) = (vy) = (v) B (2.21)

where (v) is the average total number of neutrons per fission and /3 is the effective
delayed-neutron fraction. We also introduce the standard notations
A=A+ A+ A
b= WA=+ A+ \) (2.22)
) Ar

1 A
A= and e=2¢
() Ar A
where p, A and ¢ stand for reactivity, prompt neutron generation time and detec-
tor efficiency, respectively. By introducing simplified notations for the expectations
such as

(2.23)

(N()) = N(1), (C(n)) =C(r) and (Z(1)) = Z(¢) (2.24)
the equations for the first moments will read as

dN() _p—p

o = A N(t) + AC(r) + S (2.25)

dc(y) _

e XN(t) —A\C(1) (2.26)

and

d%(:) = AaN(1) = e\ N(2), t>0 (2.27)

Derivation of the higher moments goes in a completely analogous manner. This
is a standard procedure, which will not be pursued further here. The derivation of the
traditional Feynman-alpha has a vast literature; for the new cases needed for the next
generation of reactors, the derivations are given in Chapter 6.

As is also known from the literature, an alternative way of deriving the Feynman-
alpha is through the backward-type master equations. These are derived by setting
up a probability balance equation for considering the possible events that can happen
with a starting neutron between ¢t = 0 and 7 = dt. Then another equation is needed,



Principles of traditional reactor diagnostics and noise analysis 15

connecting this probability to the case when neutrons are emitted into the system
continuously by an extraneous source with exponential distribution between ¢ = 0
and t = T. This procedure will lead to equations which are very different in character
from the forward-type equations shown in the foregoing. Instead of getting coupled
differential equations for the auto- and cross-moments of the various variables, any
moment can be obtained separately from all the others from a generic quantity, the
expectation of the number of neutrons in a system due to one single starting neu-
tron, by multiple nested integrals. The backward equation has definite advantages in
a number of situations, such as when treating space- and energy-dependent cases.
However, for the simple one-speed point models used in this book, the use of the
forward method is more straightforward, and this method will be used in Chapter 6.
Hence, we shall not describe this method or use it for the derivation of the Feynman-
alpha formula. The derivation can be found in e.g. [6], and a detailed discussion of
the differences between the two methods, together with a discussion of the reasons
of these differences is found in [8].

2.2.3  Overview and outlook

Reactivity measurements with the Feynman- and Rossi-alpha methods are a very
well-established standard methodology. There exist even other, neutron noise-based
methods, such as the Cf-232 method and the Bennett method, which will not be
touched upon here. In Chapter 6, we primarily deal with the generalisation of the
Feynman- and Rossi-alpha methods for next generation systems. The following
aspects will be investigated or elaborated:

* the applicability and feasibility of the traditional Feynman- and Rossi-alpha
methods with the material parameters of the next generation reactors;

* extending the traditional methods to accounting for two energy groups, since
most next generation systems will have a fast spectrum;

e extending the neutron counting-based traditional methods to include, or use
only, gamma photons. This may be necessary due to decreased access to in-core
detectors or detectors immediately adjacent to the core;

* use of non-Poissonian neutron sources, such as Cf-232 and pulsed neutron
sources, used in ADS (accelerator driven systems);

* toextend the traditional, pulse counting-based method to consider the continuous
signal of fission chambers or scintillation detectors, in order to overcome the
difficulties caused by the dead time at high count rates.

2.3 Power reactor noise diagnostics

2.3.1 General principles

Power reactor noise concerns the temporal and spatial fluctuations of the neutron flux,
which are induced by some technological processes in the core that lead to temporal
and spatial fluctuations of the reactor material. Examples of such processes are the
vibrations of fuel assemblies, control rods, or the core barrel, density fluctuations of



16 Surveillance and diagnostics of next generation nuclear reactors

the coolant due to boiling in a boiling water reactor (BWR), and inlet temperature
fluctuations in a pressurised water reactor (PWR). Some of these stochastic pro-
cesses are part of normal operation, such as the presence of turbulent two-phase flow;
some of them only appear during abnormal situations, such as excessive stochastic
flow-induced vibrations of the core components that are amplified due to material
degradation. Because these random material changes are the reason for the fluctua-
tions of the neutron flux, they are commonly called perturbations, or noise sources,
whereas the temporal fluctuations of the neutron flux around its stationary value,
induced by the perturbations, are called the neutron noise.

Power reactor noise analysis based on neutron fluctuations has been used for sev-
eral decades, and a large experience has been built up. A collection of PWR and BWR
developments and applications in Swedish power plants is described in [17] and the
references therein (see also [18,19]). The properties of the neutron noise induced by
various perturbations in the different systems were studied in a large number of cases.
For a long time, these calculations were made by simple models, allowing analytical
solutions, and relatively simple unfolding procedures for extracting the parameters
of the noise source. Simplified models may not always supply quantitative results of
sufficient accuracy, although in some cases they were surprisingly efficient for prac-
tical applications (see [20,21]). However, they were instrumental in understanding
the factors influencing the character of the induced noise, as well as investigating
the possibilities of unfolding the parameters of the noise source. This is what will be
described in the following.

Relatively recently, numerical methods were developed for the calculation of the
space- and frequency-dependent complex transfer function of real inhomogeneous
cores, as well as the induced noise for various perturbations. An overview of these
methods developed worldwide by various groups is given in Chapter 5. These codes
supply high-accuracy results, but lend less insight, not the least since the unfolding
is often mad by “black box” methods, such as artificial neural networks (ANNS).
The experience and understanding gained from the simple models is essential for the
correct and efficient use of the numerical codes and ANN-based inversion methods.

As it was seen in the previous section, the variance of the zero-power neutron
fluctuations (due to the branching process) is in the same order of magnitude as the
mean. On the other hand, as it will be seen soon, the variance of the power reactor
noise, due to cross-section fluctuations, is proportional to the square of the mean.
Hence, at high power, power reactor noise will dominate, and the presence of the
branching noise can be ignored. Thereby we say that in a power reactor, in the absence
of perturbations, the system is in a steady state, and the neutron noise vanishes.

Since the neutron noise induced by a certain perturbation is characteristic to the
given perturbation, power reactor noise can be used to detect and quantify the per-
turbation. Quantification may mean that one locates the position of a given (local)
perturbation, such as the position of a vibrating fuel assembly, or determines some
other parameter either in the normal or abnormal state, such as the void fraction of
the two-phase flow in BWRs, or the value of some safety parameter, such as the
moderator temperature coefficient (MTC) of PWRs. Although the information on
the perturbation is rather implicit in the induced neutron noise, on the other hand
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neutron detectors collect information about perturbations within a certain, relatively
wide field of view, due to the fact that the fission chains propagate the information.
That is, unlike that of a temperature or displacement sensor, the information content
of the neutron noise is not local. Besides, neutron detectors are one of the very few,
and often the only in-core sensors which endure the high pressure, temperature and
radiation environment, and which are therefore often the only in-core sensors.

The methodology of power reactor noise diagnostics is as follows. The starting
point is the “direct task”, to be able to predict (calculate) the neutron noise induced
by the perturbation. Any possible perturbation needs therefore to be represented in
terms of the corresponding fluctuations of the macroscopic cross sections, because
it is these latter which appear in the diffusion of transport equation. The final goal
is naturally the opposite: given the induced (measured) neutron noise, find out the
perturbation which induced it. This is referred to as the inverse task, or the unfolding
procedure.

Formally, one can put this as follows. Since the perturbations (i.e. the fluctuations
of the macroscopic cross sections) are much smaller than their mean values (they
are first-order small quantities), linear theory is applicable: the products of any two
first-order quantities can be neglected. This means, that the induced response of the
neutron flux, more exactly the neutron noise d¢(r, w), can be expressed (for simplicity
described here in a one energy group setting) as a spatial convolution of the noise
source S(r,w) with the space- and frequency-dependent complex transfer function
G(r, r',w) as

dp(r,w) = / G(r,r',w)S(r',w)dr (2.28)
Vr

Concrete representations and derivations of these quantities, even in two-group the-
ory, will be given in the later subsections. Here, we only use these for illustration
of some principles. In (2.28), the transfer function G(r, ', w) belongs to the unper-
turbed core, hence it can be calculated irrespective of the perturbation, for all r, #/
and w values.

The task is now that in possession of such an expression and a concrete reali-
sation of its components, and measuring the neutron noise d¢(r,w) induced by the
perturbation represented in (2.28), to determine the noise source S(r,w), which con-
tains the information on the perturbation. One might be tempted to think that this can
be achieved with some kind of fitting the measured data to the theoretical expression,
similarly to the case of the Feynman- and Rossi-alpha methods. Here, however, we
note a fundamental difference between the two methods. The ease of the application
of the unfolding of the sought parameter in the zero-power case depends partly on the
availability of a simple analytical expression for the Feynman- and Rossi-alpha for-
mulae. And partly and more important, there is no space-dependence involved, and in
the measurement one can determine the corresponding quantities (mean and variance)
as continuous functions of time (or, in practice, with a high temporal resolution).

For the case of power reactor noise, even if a simple analytical expression existed
for the noise d¢(r, w), such a fitting would be possible only if the same quantity could
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be measured as a continuous function of space (or at least with a high spatial reso-
lution). This is obviously not possible; one has access to the measured neutron noise
only at a few, sparsely spaced detector positions. The number of available detector
positions differs quite markedly between the different reactor types: a BWR usually
contains a relatively large number of neutron detectors in fixed positions, whereas
many PWRs contain only movable detectors, out of which a limited number (typi-
cally 5) can be inserted into the core at a time, and even that only during a limited
time period. But even those cores that contain several neutron detectors, such as the
Swedish BWRs and the water-cooled water-moderated (pressurised water) power
reactor (VVER)-type reactors, do not have detectors dense enough such that inverting
(2.28) would be possible for a general noise source. Not the least because the effect
of a local perturbation is not felt everywhere in the core, only in the vicinity of the
perturbation, where it is larger than the background noise and noise from other noise
sources.

In view of the limited number of neutron detectors available, the only viable
approach is to abandon the idea of unfolding for an arbitrary noise source. Rather,
for each known perturbation, one constructs a simple analytical model, which only
contains a few parameters, such as modelling the two-dimensional (2D) vibrations of
a control rod by the random movement of a point absorber on the horizontal plane. In
that case there is a chance to unfold those few parameters from the signals of a few
neutron detectors.

With regard to the availability of simple analytical formulae for the expression
of the type of (2.28), such can only be obtained in utterly simple models, such as a
homogeneous bare core in one- or two-group theory. Such solutions have been used in
the past, and they still play a role in investigating the possibility of solving the inverse
task of unfolding the parameters of the perturbation from the measured noise. They
give an overall estimate of the spatial relaxation of the space-dependent component
of the noise, or on the dominance (or not) of its point kinetic component.i These
aspects are decisive what regards the possibilities of unfolding and are not strongly
influenced by the spatial fine structure and inhomogeneities of the unperturbed core.
Therefore, such basic studies will be presented for some of the planned Generation
IV (Gen-1V) and small modular reactor (SMR) systems in Chapters 3 and 4.

On the other hand, an accurate quantitative unfolding of the parameters of the
perturbation from the neutron noise requires an accurate calculation of the transfer
function of the core, and a faithful representation of the perturbation in terms of the
cross-section fluctuations. In this respect there has been a very spectacular develop-
ment in the past decade or so. Both deterministic (diffusion or transport theory) and
stochastic (Monte Carlo) methods were developed which are capable to calculate the
space- and frequency-dependent complex transfer functions of real, inhomogeneous
cores in two energy groups with the same spatial resolution as that of the static in-
core fuel management codes [22,23]. These tools were primarily developed for the
present light water reactors (LWRs), but can be adjusted to be able to calculate also
Gen-IV and SMR cores, and the work is already going on in this direction. A survey

TThese concepts are explained in the next subsection.
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of the methods and codes developed by various groups internationally will be given
in Chapter 5.

In the realistic cases, as no analytical or semi-analytical solution is possible, only
the numerical solution by the aforementioned noise simulators exists. However, this
is not an obstacle any longer for performing the unfolding, i.e. extracting parameters
of the noise source from the measured noise, in possession of the numerical values
of the transfer function. With the emergence of machine learning, inverse tasks can
be solved easily by training an ANN to identify input parameters that led to a cer-
tain solution. Their training requires only simulated measurement data, which can be
produced by solving only the direct task (i.e. calculating the noise induced by a given
perturbation for a wide range of parameters of the perturbation), see, e.g., [24].

The mathematical treatment of power reactor noise, which will be given shortly,
is very different from the master equation method of zero-power noise. There are sev-
eral independent reasons for this. One is that it would be rather difficult to extend the
master equation approach to space-dependent cases. The methodology would become
rather complicated, with no chance for simple solutions. The space-dependent treat-
ment of stochastic transport in a static medium with backward equations in itself
is not an insurmountable problem, as it is demonstrated in some recent publica-
tions [25,26]. The real stumbling block is the treatment of the perturbations, i.e.
handling the stochastic nature of the fluctuations of the macroscopic cross sections. In
the master equation approach, they appear as transition probabilities (reaction inten-
sities). To assume that they themselves are random processes would mean that one
has to deal with a so-called doubly stochastic process. This is doable, but the for-
malism would become hopelessly complicated. This is illustrated in [6], where an
infinite homogeneous medium is treated as a binary random process (in time, with-
out space dependence). To extend this formalism to describe a continuous random
variation of the medium runs into fundamental mathematical difficulties, which will
not be described here, let alone trying to make it space-dependent.

But there is no need for such a complicated formalism either. One can instead
choose the much simpler path to start with the traditional deterministic diffusion or
transport equations, which are written down for the expectation of the neutron flux. In
these equations, the macroscopic cross sections appear as mere coefficients, which
may depend on space. Then, a perturbation is represented by the random variation
of the cross sections, which are affected by the perturbation. Hence, the original
deterministic differential or integro-differential equation is turned to a stochastic dif-
ferential or integro-differential equation, whose coefficients are random processes.
The fluctuations of the cross sections are usually specified through spectral methods
(auto- and cross-correlations, or auto-and cross-power spectra), and from these the
auto- and cross-spectra of the neutron detector signals can be calculated by solving
the corresponding equations. This strategy will now be described in the continuation.

Similarly to the static calculations for in-core fuel management (ICFM), for the
present commercial reactors the use of two-group diffusion theory is sufficient. Trans-
port theory treatment, or the use of Monte Carlo methods for power reactor noise
problems, also occurs in the literature, but the majority of the work is performed
in one- or two-group diffusion theory. In the beginning, analytical methods were
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applied to simple systems, starting with one-dimensional (1D) or 2D bare homoge-
neous systems in one-group theory. Such methods, while generally not applicable
quantitatively to real problems, have the advantage that they lend a very good insight
into the problem, the character of the dynamic response of the core, and for devis-
ing inverse methods for unfolding the parameters of the noise source. In fact, such
methods were successfully applied to localise excessively vibrating control rods in
a PWR [20,27], and to estimate the location of an unseated fuel element in a BWR,
which led to a local channel instability [21].

Later, the interpretation of the in-core noise measurements in BWRs prompted
the need to account for the local component, which could be made by turning to two-
group theory. By the use of two-group theory, also reflected systems could be treated.
The two-group theory used was suited to thermal systems, in which the slow group
is the thermal group. Such an approach is fully suitable for noise problems in LWRs.
In that approach both prompt fission neutrons and delayed neutrons appear in the fast
group.

For reactors with a fast spectrum, such a description is not satisfactory. In most
fast reactors the thermal flux is negligible, and a two-group representation with group
2 being the thermal neutrons is completely unsatisfactory. In order that a two-group
approach be meaningful, the energy separating Groups 1 and 2 has to be put much
higher. One recommendation in the literature [28] is to have the energy separation at
the fission threshold for fast fission in the fertile component. In this case both prompt
and delayed fission neutrons will appear in both groups, with different weights. This
approach has not been used in the literature before. The formalism will be developed
in this chapter and applied in the analysis made in Chapters 3 and 4.

The description so far concerns only reactors with solid fuel. One of the planned
Gen-IV-type reactors is the molten salt reactor (MSR). The reactor physics and noise
diagnostics of MSR differ from those with a solid fuel due to the movement of the
delayed neutron precursors. It has already been seen that the movement of the pre-
cursors changes the neutronic coupling, leading to changed properties of the transfer
function. One consequence is that the weight of the point kinetic or reactivity term
is amplified. Therefore, to study the dynamic properties of such systems, the corre-
sponding two-group theory needs to be used, either for thermal or for fast-spectrum
MSRs. The way now the MSRs will be treated in Chapters 3 and 4 is described in
Section 2.3.6.2 in this chapter.

The organisation of the rest of this chapter is as follows. First, the basic power
reactor noise diagnostic concepts and methods will be explained in one-group dif-
fusion theory. Then the traditional two-group theory for thermal systems will be
described, and its use demonstrated on some classical examples. After that the two-
group theory of neutron noise in fast reactors will be derived and illustrated. Finally,
the theory of neutron fluctuations in an MSR will be derived. The tools developed in
this section will then be used for the analysis of the Gen-VI and SMR systems in the
subsequent two chapters.

2.3.2 Noise equations in one-group theory

For transparency, the basic principles will be illustrated in a one-group model,
assuming one group of delayed neutrons.
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We assume that the unperturbed reactor is in a critical state. With obvious
notations, the static equation, which only contains the neutron flux, reads as

VD(r)Voo(r) + [v3s(r) — Xa(r)]¢o(r) =0 (2.29)
with the boundary conditions of vanishing flux at the extrapolated boundaries, i.e.
Go(r) =0 (2.30)

where rp is an arbitrary point on the extrapolated boundary. To simplify the descrip-
tion, we assume a homogeneous, or piecewise homogeneous system, in which case
(2.29) is simplified to

DV2¢y(r) + [V — Zuo(r) = 0 (2.31)

The perturbations will manifest themselves by the fact that the cross sections will
become time-dependent, and in most cases the time-dependence will also have a
spatial dependence. As a consequence, the neutron flux will also be space- and
time-dependent. For this case then, one needs to use the space- and time-dependent
diffusion equations, in which now the delayed neutron precursors will also appear,
together with the corresponding equation for the delayed neutron precursors. One
will hence have the two coupled equations, which read as

%% = DV2o(r, 1) + [X(r,0)(1 — B) = Tu(r, ]p(r,1) + AC(r,1)  (232)
and
% = BUXi(r, t)¢(r, 1) — AC(r, 1) (2:33)

Here, for simplicity and according to general praxis, the time-dependence of the dif-
fusion coefficient was disregarded. It can be shown that for small perturbations this
is a good approximation, although there are cases when the time dependence of the
diffusion coefficient needs to be taken into account [29].

In power reactor noise problems, it is assumed that the cross sections fluctu-
ate around their stationary value in a way that the time-integrated reactivity effect
of the perturbations is zero, so the reactor remains critical.® As a consequence, the
neutron flux will also fluctuate around the critical flux, in a space-dependent man-
ner, where the space-dependence will be determined by both the properties of the
static (unperturbed) system as well as the space dependence (and frequency) of the
perturbation. The transfer properties and the neutronic response to current reactors
have been investigated in much detail. It is the same aspects that are explored in the
subsequent chapters of this book.

Assuming that both the perturbations and the induced neutron noise are first-
order small quantities whose product can be neglected, it is worth switching to the
fluctuations and deriving an equation directly for the neutron noise driven by the

8 A possible non-zero but small reactivity effect of the perturbation will be handled by the control system
to keep the reactor critical.
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perturbation. To this end, we split up the equations into static and time-dependent
parts with zero expectation as follows:

¢(r,1) = go(r) + 6¢(r,1);  (36(r,1)) =0 (2.34)
C(r,1) = Co(r) 4+ 0C(r,1); (6C(r,1)) =0 (2.35)
Yp(r, 1) = Xp(r) + 034(r,1);  (654(r,1)) =0 (2.36)
Sa(r 1) =3,(r) + 65,(r,1);  (63,(r,1)) =0 (2.37)

Substituting (2.34)—(2.37) into (2.32) and (2.33), subtracting the static equations,
neglecting the second-order terms such as d¢(r, t) 0%, (r, t), the remaining equations
are amenable for a temporal Fourier transform. This makes it possible to eliminate
dC(r,w) by expressing it in terms of d¢(r,w), which will lead to an equation for
d¢(r,w) in the form

iwpB
w4+ A

DV25¢(r,w) + { [1 - ] vEAr) — Ba(r) — l:j} dp(r,w) =

(2.38)

{5Ea(r, w) — [1 — i:;wa] 5y2f(r,w)} do(r) = S(r,w)
Formally, the left-hand side (L.h.s.) of (2.38) is rather similar to that of the static
equation (2.31), but it is an inhomogeneous equation. The inhomogeneous part, the
right-hand side (r.h.s.), represents the perturbation, or the noise source S(r,w), com-
posed of the fluctuations of the macroscopic cross section, some frequency-dependent
factors, and the static flux. Another difference is that, due to the Fourier transform,
the equation contains complex terms, both in the noise and the noise source.

With some rearrangement, assuming now the space-independence of the static
cross sections, and introducing notations that are standard in power reactor noise,
(2.38) can be written in a simpler form as

S(ryw)

V256(r,w) + B*(w) - 6p(r,w) = 5 (2.39)

with
1
B*(w) = B} (1 - ) (2.40)
( ) 0 Poo * GO(W)
where B(Z) is the static buckling, from (2.31) obtained as
v¥— X%

B = fD a (2.41)

Go(w) is the so-called zero-power reactor transfer function, defined as
1
Go(w) = (2.42)
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and further,

1 P
Poo =1 P 1 R (2.43)
The noise source S(r,w) was already defined in (2.38).

Although the frequency dependence of the amplitude and the phase of Gy(w)
is well known, for later reference we show here a plot of these quantities in Fig-
ure 2.2. The figures show the well-known property that in the so-called plateau region
A < w < B/A, the amplitude is constant, having the approximate value

|Go(w)| ~ (2.44)

==

whereas the phase is close to zero, i.e. Go(w) can be approximated as having only
real values. Such a frequency dependence will actually be seen even in the space-
dependent noise.

Equation (2.39) shows a resemblance to the Langevin equation, widely used in
physics for the description of the motion of a particle influenced by deterministic and
random forces, although (2.39) is formulated in the frequency domain. However, the
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Figure 2.2 Frequency dependence of the amplitude and the phase of the
zero-power transfer function Go(w)
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formal equivalence is obvious, since the noise source S(r,w) on the r.h.s. is com-
posed of the random functions 6vX(r, r) and §3,(r, t). In a concrete case, they will
not be given by deterministic functions, rather as random processes, characterised
by their auto- and cross-correlation functions. This means that the solution of the
equation, 0¢)(r, w), will also be only determined up to its auto- and cross-power spec-
tra. The power spectral densities can be formally obtained directly from the Fourier
transforms of the functions involved by the Wiener—Khinchin theorem, so the main
emphasis is on obtaining the solutions in the frequency domain. In many cases, only
the time-dependence of the perturbation will be stochastic, and its space-dependence
deterministic. At any rate, (2.39) is referred to as the Langevin equation, and treating
power reactor noise problems through the equation the Langevin technique.

Equation (2.39) can be conveniently solved by the Green’s function technique.
One defines the Green’s function through the equation

o(r—r')

V2G(r, ¥, w) + B*(w) - G(r, ¥ ,w) = 5 (2.45)
With this, the solution of (2.39) is given as
S(rw) = / G(r, v, w) St w) dr’ (2.46)
4

which is identical with (2.28).

Thus, we see that the neutron physics transfer function of the core is the Green’s
function of the corresponding noise equation. The properties of the induced neutron
noise will therefore depend on both the reactor physical behaviour of the transfer
function of the unperturbed core, as well as on the characteristics of the perturbation.

Because it leads to some confusion in the literature, it is worth mentioning here
that, for simplicity, often the equation for the Green’s function of one-group theory
is defined as

V2G(r, r,w) + B*(w) - G(r, ¥ ,w) = 6(r —r) (2.47)
This means that either the convolutional integral (2.46) has to be modified to

1

or,w) = /V Glr, 1) SO, w) dF (2.48)

or the noise source has to be redefined as

S(r,w)
D

S(r,w) — (2.49)

in which case the convolutional integral (2.46) can be used unchanged. Sometimes
these various definitions are mixed in one and the same paper, so it always has to be
made clear which definition is used.
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In a 1D system the solution of the equation for the Green’s function defined by
(2.45), and replacing x’ with xo, is given as

G(x,xp,w) =

1 sin B(w)(a + x) sin B(w)(a — xo) x < xo (2.50)
" DB(w) sin2B(w)a {

sin B(w)(a — x) sin B(w)(a + x9) x > xo

In the early days of reactor kinetics and dynamics, when the computational power
was much more limited than today, space—time-dependent problems were often
solved with the help of the so-called reactor kinetic approximations. These approx-
imations have their corresponding versions in the linearised, frequency-dependent
noise equations. Although the kinetic approximations have played out their role from
the computational point of view, they are still important in the understanding and
interpretation of the structure of the induced noise and in the designing of the unfold-
ing methods to recover the parameters of the noise source. Therefore, a very brief
description will be given of the two simplest ones, which play a role in power reactor
diagnostics, because they will also be needed for the terminology used later on in the
methodology.

The basis of the reactor kinetic methods, here described in one-group theory for
simplicity, is the factorisation of the space—time-dependent flux into an amplitude
factor P(f) which depends only on time, and a normalised shape function v (r, ) as
[30,31]

o(r,t) = P(t)y(r,1) (2.51)
To make the factorisation unambiguous, the normalisation condition

0

= [ do(r)Y(r,t)dr=0 (2.52)

ot Jy,

is used with the initial condition

o(r,t=0) = ¢o(r) = Potho(r) (2.53)

assuming that the perturbation started at time 7 = 0. Choosing o (r) = ¢o(r) will
yield Py = 1, although other normalisations are also possible.

In power reactor noise theory, similarly to (2.34), both the amplitude factor and
the shape function are split up to static values and fluctuations with zero expectation:

P(t) = Py + 0P(2) (2.54)

Y(r, 1) =Y, t=0) + 0¢(r,1) (2.55)
For the space—time-dependent neutron noise, this will lead to

6¢p(r 1) = 0P(t) - tho(r) + Po - 04(r, 1) = 6P(1) - go(r) + d1p(r,1) (2.56)

where in the last equality we used the normalisation Py = 1. With a temporal Fourier
transform, one has in the frequency domain

dp(r,w) = dP(w) - po(r) + 0¢p(r,w) = 0p(r,w)px. + 06(r,w)s.a. (2.57)
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As the notation here indicates, the first term of the sum on the r.h.s. is called the point
kinetic, or reactivity-driven term of the noise, whereas the second is called the space-
dependent component. In linear theory, the point kinetic term is easily obtained as

So(r,w)px. = pw) Go(w) ¢o(r) (2.58)

where p(w) is the reactivity effect of the perturbation,

/V [0 v3(r,w) — 0 Xa(r,w)] P (r,w)dr

plw) = (2.59)

vy ¢()2 (r)dr
Jvg

and the zero-power transfer function Go(w) was defined in (2.42).

Note that the point kinetic term, in which the space and frequency (time) depen-
dence is factorised, is also space-dependent, but its space dependence is that of the
static flux; hence, if one normalises the noise with the static flux, this term becomes
constant in space. In this terminology, the term “space-dependent” refers to devia-
tions from the point kinetic behaviour, i.e. from the space-dependence of the static
flux. It is also easy to see that, as a result of the normalisation condition (2.52), one

has
/ Go(r)0y(r,)dr =0 (2.60)

i.e. the space-dependent component of the noise and the static flux are orthogonal.

This terminology will also be kept when using two-group theory, where the
spatial structure of the noise will be more detailed. As it will be seen in the next
subsection, in two-group theory, two different spatial components of the noise will
appear. One of them is the equivalent of the one-group solution, changing smoothly
in space, and another with a short spatial relaxation length. These will be called the
global and the local components of two-group neutron noise. Alternative definitions
are also in use in the literature, in which the point kinetic term is called the global
one and the rest the local, but we do not adopt these. In the description that we use
throughout, the global component consists of a point kinetic and a space-dependent
term. In this respect, “space-dependent” refers to the deviation from point kinetics of
the global component.

These three different components have different roles and significance in power
reactor noise diagnostics. If the only goal is to detect the appearance of a perturbation
(which may be the result of incipient failure), and only the frequency dependence of
the perturbation is of interest, then the point kinetic component is usually the most
helpful, because for perturbations with a non-negligible reactivity effect, this com-
ponent is the strongest and has the longest spatial range. However, the point kinetic
component does not carry any information on the position of the disturbance.

If the goal is to locate the position of a localised perturbation, then the most
suitable for this purpose is the space-dependent part of the global component. It is
sensitive to the position of the perturbation, and still it has a relatively long spatial
relaxation. The local component has a much more pronounced space dependence and
hence a sensitive dependence on the position of the perturbation. However, due to its
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short spatial relaxation length, it is only useful if the detector is in the vicinity of the
perturbation, which is very seldom the case.

The main use of the local component is in the diagnostics of perturbations
propagating with the coolant, such as vapour in a two-phase flow or bubbles in a
two-component flow. To determine the transit time of the flow between two axially
displaced detectors, it is necessary to use a noise component whose spatial relaxation
is shorter than the distance between the detectors. The proximity to the perturbation is
usually granted, since the detectors are immersed into the flow, and the perturbation,
propagating with the coolant, will pass both detectors.

From the aforementioned facts, it follows that the efficiency or applicability of
the various diagnostic methods depends largely on the relative weights of the point
kinetic, space-dependent and local components. These, in turn, depend on the proper-
ties of both the perturbation and the properties of the core, so a general classification
cannot be given. With regard to the perturbation, if the reactivity effect of the pertur-
bation is zero, then obviously, the system will respond in a space-dependent manner,
and no point kinetic contributions will exist. Such is the case of absorbers or fuel
elements laterally vibrating in a flux with zero spatial derivative, or the propagating
perturbations at certain frequencies. If the perturbation is homogeneous in space, then
the global component of the noise will only contain the point kinetic component.

From the point of view of the system, the ratio between the point kinetic and
space-dependent components of the transfer function depends primarily on the fre-
quency of the perturbation and on the system size. For low frequencies and/or small
system sizes, the point kinetic component of the Green’s function dominates. This
means that if the reactivity effect of the perturbation is not zero, then the point
kinetic (reactivity) component of the noise will dominate. This can be seen from the
expression of (2.50) for the 1D Green’s function in the following way. With a simple
analysis, it can be shown that when w — 0, since

B(w) = By (1 —e(w)/2) (2.61)

where
B 1
Poo Go (w)

the leading term of G(x, x,w) in £(w) is proportional to

Go(w) ¢o(x) do(xo)
Z/Zf

e(w) (2.62)

G(x,xp,w) ~ — (2.63)
where now the flux function ¢ (x) is square-normalised. Convolving this expression
with the noise source S(x,w) (taken also in the limit of w — 0, and utilising (2.59)
leads to the point kinetic term of the noise, (2.58), proving the point kinetic behaviour
at low frequencies.

For higher frequencies, or larger core dimensions, the behaviour becomes
increasingly space-dependent. The range of the frequencies and/or system sizes
where one or the other component dominates depends on the material and geometri-
cal properties of the core. The local component is largely insensitive to frequencies
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and system sizes within the practically interesting frequencies and core sizes. Its rel-
ative weight in the system transfer depends on the material properties of the core but
also on the frequency, due to the frequency dependence of the amplitude of the point
kinetic term.

In the analysis of the various systems, the size of the cores and the material prop-
erties are given. Most quantitative work will be made at the characteristic frequency
of 10 rad/s. This frequency lies in the plateau region of most systems, which is also
the characteristic range of the perturbations. Hence, the results will mostly differ due
to the different sizes and different material properties of the various systems.

The point kinetic term requires only the calculation of the fluctuation of the
amplitude factor, which is given by the point kinetic equation. Due to its linearised
character, it is decoupled from the equation for the fluctuation of the shape func-
tion. The equation for the shape function §1(r, ¢) is not simpler than the equation for
the full noise; hence, it is simpler to obtain it by subtracting the point kinetic term
from the full solution. It is in the calculation of the shape function that the kinetic
approximations play a role. The point kinetic approximation means that this term
is neglected, and the noise is represented only with its point kinetic term. A better
approximation, which is valid for higher frequencies and/or system sizes, is the adia-
batic approximation, which states that the shape function in each time instant is equal
to the normalised static eigenfunction of the reactor, belonging to the instantaneous
value of the perturbation at that time instant. The fluctuation of the shape function
is then obtained by subtracting the static flux from it. This approximation is easy to
calculate, and it is very useful in understanding the structure of the induced noise.

So far, (2.39), (2.45) and (2.46) are written as deterministic equations, and indeed
they are valid also for deterministic perturbations, such as monochromatic vibrations
of a component. Often it gives insight to obtain solutions for deterministic perturba-
tions. This is because the transfer function of the core, G(r, r’,w), is independent of
whether the noise source is stochastic or deterministic; since it only depends on the
parameters of the undisturbed system, it is always deterministic.

It is, however, at this point that the random character of the noise source can be
taken into account. Assuming that the cross sections fluctuate in a stochastic man-
ner, then the noise source S(r,w) will also be a random function, whereby (2.39)
is indeed formally a Langevin-type equation, written in the frequency domain. Ran-
dom processes cannot be characterised by individual realisations, only with statistical
descriptors. To characterise a time-dependent random process, one should specify
the one-point (at an arbitrary time), two-point (the joint distribution at two arbitrary
times), etc., joint distributions of a process, which is impossible in a general case.
However, in practice it is sufficient to treat some low-order statistical moments, simi-
larly to the zero-power noise, where only the mean and the variance of the underlying
discrete process were used.

For continuous functions, the auto- and cross-correlation and covariance are
used. Since we are dealing with processes with zero mean, the correlations are equal
to the covariance, which simplifies the situation. It is assumed (which is nearly exclu-
sively always valid, or is a very good approximation) that the processes are stationary
and ergodic. Stationarity means that the correlation functions, which are dependent
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on two time instances, depend only on the time difference. For instance, for the cross-
correlation (between two spatial points) of the absorption cross-section fluctuations,
one has

CCFss, (rit,r' ;1 +7) = (05,(r,1)02,(r',t + 7)) = CCFsx, (r,r',7) (2.64)

whereas the ergodicity means that ensemble averages can be replaced by time
averages:

T
1
CCFss,(r,r',7) = lim — / 08a(r, )03, (r  t + 7)dt (2.65)
“ T—oo 2T
T
The auto- and cross-power spectra of stationary processes are defined as the temporal
Fourier transforms of the auto- and cross-correlations. For instance, the cross-

correlation of the neutron noise in two detector positions r; and r, is given as

o0
CPSDsy(r1,r,w) = /CCFM(r],rZ,T)e*de (2.66)

Making use of the ergodic property, expressed with the time average in (2.65), that
is representing CCFs4(ry,r2, 7) in (2.66) with a time integral, leads to the Wiener—
Khinchin theorem, which states that the auto- and cross-power spectral densities of
stationary random ergodic processes can be represented as products of the Fourier
transforms of the processes involved, such as

APSDs4(r,w) o< [0p(r,w)0¢™ (r, w)| (2.67)
and likewise
CPSD§¢(I'1,I‘2,LU) X 6¢(r1,w)6¢*(r2,w) (268)

The proportionality factor diverges when T — oo in (2.65), but it allows one to use
it in relationships when the same operation is performed on both sides of the equa-
tion. In practical work, one only deals with time series of finite lengths, when the
proportionality factor remains finite.

With the help of the Wiener—Khinchin theorem, one can derive an expression for
the auto- and cross-spectra of the neutron noise in terms of the cross-spectrum of the
driving force (perturbation) S(r,w) as

CPSD5¢(F1 , I, OJ) =

2.69
/ / G(ry,r,w) G*(ry,r",w) CPSDs(r', ¥ ,w) dr' dr” (269)
Vg J Vg

Note that even for the calculation of the auto-spectrum of the neutron noise, i.e. when
r; = r,, the cross-spectrum of the noise source is needed.

Often the space- and time-dependence of the perturbation can be separated, and
at the same time the sought parameter is the position of the localised perturbation.
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Such is the case with vibrations of control rods or fuel assemblies, or with channel-
type thermal hydraulic instabilities. In that case the important information is in the
space-dependence of the noise, which can be obtained from the equation for the
space- and frequency-dependent neutron noise, without the need for turning to power
spectra.

2.3.3 Two-group theory

Even in the case of simple models with homogeneous thermal cores, in certain cases
the use of two-group theory is needed. One is the case of heavily reflected reactors,
when the perturbation takes place close to the core boundary, or in the reflector, due to
the presence of the reflector peak and the strongly deviating space dependence of the
fast and thermal fluxes. From the practical point of view, this is not an important case,
because most likely the few in-core detectors would be unlikely in the neighbourhood
of the perturbations. Hence, this in itself would not necessitate the use of two-group
theory.

A more important fact is when the local component of the noise plays a role. So
far only the point kinetic and the so-called space-dependent components of the noise
were mentioned, which both have relatively slow spatial relaxation. It has been known
from the early days of reactor oscillator experiments that there is also a local com-
ponent of the noise, which exists in the neighbourhood of the perturbation [32]. This
component plays a significant role whenever propagating perturbations occur in the
core, such as the two-phase flow in BWRs. It is the existence of the local component
that makes it possible to determine flow velocity and other thermal hydraulic param-
eters of the coolant. However, only an energy-dependent theory, in which slowing
down and thermal diffusion can be separated, is capable of reconstructing the local
component. Two-group theory is the simplest energy-dependent theory, which can
be used to quantify the local component of the noise.

As mentioned earlier, the need of using two-group theory comes to a different
light when it comes to fast systems. Treating fast systems with one-group theory
would give poor results even for the static calculations. A better representation is to
define two groups, which are separated in energy at the threshold energy of fast fission
in the fertile component of the fuel [28]. This is valid even in non-reflected homoge-
neous systems. Those two groups could be characterised as the fast and epithermal
groups. On the other hand, they would still lead to two different roots of the charac-
teristic equation, and hence they are still capable to treat the reflector effect and the
local component of the noise.

The widespread use of two-group theory in analytical noise calculations was
introduced in connection with the interpretation of in-core neutron noise in BWRs.
In this process the two-group equations for thermal reactors were used. The corre-
sponding analytical formulae will be first shown in the forthcoming for completeness.
Namely, in the literature the full formulae are not available; usually they use approx-
imations that are valid only in LWRs. The full formalism, without approximations,
was used in [33], but no explicit forms of the formulae used were given. This gap will
be filled up here, not the least because they are suitable for the analysis of LWRs of
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the Gen-III type. After that, the modifications needed for the use of two-group theory
for fast systems will be given.

2.3.3.1 Two-group noise theory for thermal systems
The static equations for the direct flux read as

D\V? — %, vn ¢1(x)
=0 (2.70)
YR DV =% | | ¢a(x)
where
21 = Eal + ER — I/Zﬂ (271)

and the rest of the notations is standard. In the aforementioned, it is assumed that
the system is critical, i.e. k.5 = 1. The 1D bare core has extrapolated boundaries at
x = *£a, and zero flux conditions will be used at the extrapolated boundaries, i.e.
pi(—a) = ¢i(a) =0,i=1,2.

The static fluxes are given as

¢1(x) = cos(Byx) (2.72)
_ YR _
da(x) = m cos(Boyx) = ¢, cos(Box) (2.73)

with By = 7/(2 a). Here the normalisation was used that the maximum amplitude
value of the fast flux is unity. The critical buckling B(% can be obtained from the
material properties via (2.70) as

1/(S S\ 1 [(S o) SkvSp—3Ta
B (% 1/ 4 (2.74)
0 2<D1+D2>+2\/(D1+D2) + DD,

The equations for the fast and thermal noises d¢; (x,w) and d¢,(x, w), respec-
tively, are derived by the usual way of splitting the cross sections and the space—
time-dependent flux to stationary and fluctuating parts, linearising the equations by
neglecting the products of fluctuating quantities and eliminating the time derivatives
and the delayed neutron precursors by temporal Fourier transform. One arrives at

D\V? -3 (w) vEp(w) 001 (x,w) S1(x,w)
= (2.75)
Yr DyV? = 5 (w) | | 6¢ha(x,w) Sa(x, w)
In the aforementioned, the following notations and definitions are used:
iw .
Epi(w) = Xy, <1 Y Jf.w) 3 i=12 (2.76)
iw
Yi(w) =X +Xr + P v (w) (2.77)
1
and
$2(w) = Saa + — (2.78)

U2
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The noise sources S;(x,w) and S>(x,w) are defined in terms of the cross-section
fluctuations and the static fluxes as follows:

Si(x,w) = {52R(x,w)+52al(x,w)—(5V§]fl(x,w) (1— i) )]¢1(x)

iw+ A
—0vSy, (x,w) (1 - l.(jwf A) $2(x) (2.79)
and
Sa(x,w) = =X (x,w)d1(x) + 63, (x, w) P2 () (2.80)

For reasons of simplicity, in the present study the fluctuations of the diffusion coeffi-
cients were neglected. This is in accordance with standard practice, and is justified by
the fact that the effect of the fluctuations of the diffusion coefficients is much smaller
than that of the other cross sections [29]).

The equation for the Green’s matrix that connects the noise in the fast and thermal
groups with the fast and thermal noise sources can then be written as

D\V? -3 (w) vEp(w) Gu(x,x,w)  Gp(x,x,w)
R D,V? — 55 (w) Gy (x, ¥, w) Gy (x, X', w)
(2.81)
dx—x) 0
0 5(x—x")
Equation (2.81) can be written in a symbolic notation as
L(x,w)G(x, x',w) = 16(x — x') (2.82)
where I is the 2 x 2 unit matrix. From (2.81) the noise can be obtained as
8oy (x, w) H [ Gy(x,x,w) Gplx,x,w)] [S1(¥,w)
= / dx (2.83)
0 (x,w) 0 [ Ga(x,x,w) Gau(x,x',w) So(x,w)
or, again in symbolic form, as
5D (x,w) = /G(x, X, w)g(x’w) dx’ (2.84)

The elements of the aforementioned Green’s matrix express the transfer between the
noise source and the induced noise in the various groups. Thus, G, connects the
effect of a noise source in the thermal group at space point x’ to the noise induced
at point x in the fast group.! From here, it is seen that for the determination of the
thermal noise only, one needs the second row of the Green’s matrix. However, this
quantity alone cannot be determined from a simple vector equation, having only two
components, rather all four components of the Green’s matrix need to be determined

ll The matrix elements G;j were denoted as Gj_,; in [7], which is an alternative notation one often encounters
in the literature for the indexing.



Principles of traditional reactor diagnostics and noise analysis 33

simultaneously. As it will be seen soon, these two components constitute a column
in the adjoint Green’s matrix, thus they can be obtained from one single solution of a
vector equation. Due to this circumstance, using the adjoint Green’s matrix, and some
of its components called as “dynamic adjoints”, were preferred in most literature so
far. In our case, we are interested in the noise in both the fast and the thermal group,
so we need the full Green’s matrix anyway, and present a full solution for the Green’s
matrix.

The solution of (2.81) depends on the two roots¥ p?(w) and v*(w) of the
characteristic equation of (2.81), which are obtained as

W)=~ (ZI(W) + &(@) +

2 D, D,
g (2.85)
1\/(2,(@ zz(w)> SrvEp(w) — (W) Sh(w)
- + +4
2 D1 D2 DIDZ
and
s (B B0
. (2.86)
1\/(21(w) Zz(w)> SrvEp(w) — (W) Sh(w)
- + +4
2 D1 D2 D1D2
Defining
» Dy 112
cp(w) = l(wl)/;ﬂ(:);l ) (2.87)
and
B 2
e (w) = 2@ = D1V (@) (2.88)

vEp(w)

the solutions for the elements of the Green’s matrix can be given as follows. Define
the basic solutions g, (x,x’,w) and g, (x,x’,w), respectively, belonging to the two
roots as

sinfpu(w) (a + )] sinfu(@) (@ - ) x<x
gu(x X, w) = (2.89)
sinfpi(w) (a — V)] sinfu(@) (@ + ) x>
and
sinh[v(w) (a + x)] sinh[v(w) (@ — x')]; x<x
g (X, w) = (2.90)
sinh[v(w) (a — x)] sinh[v(w) (@ + x')]; x>x

9The notation v or v(w) should not be mixed up with the symbol used for the average number of neutrons
in a fission event. Hopefully it is always clear from the context which one is meant. To avoid this ambiguity,
in some publications the Greek symbol A was used for the root corresponding to the local component, but
this can also be mistaken for the delayed neutron decay constant.
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the solutions for the four elements of the Green’s matrix can be given, column-wise,
as follows:

G (x,x',w) 1
[ ] = [ ]Am(w)gu(xvx/’w)

G2 (x,x', w)

2.91)
1
+ [ ] Ayl(w)gu(xvxlvw)
cv(w)
with
B cu(w) vEp(w)

() = D) s ) @ (2(@) + 72(@) -
and

At cu(w) vEp(w) (2.93)

)7 Div(w) sinh2v(w) o] (12(w) + 7))

In a similar manner, for the second column of the Green’s function matrix in (2.81)
we obtain

GZI(xaxlvw) 1
) o

Gzz(x,x'7w) CI—L(“))
(2.94)
1
+ [ ] Auz(w) gu()ﬁx'vw)
cu(w)
with
B vip(w)
Aﬂz(w) = D Dzﬂ(w) sin[Zu(w) Cl] (MZ(w) + yz(w)) (295)
and
Auz(w) I/Zﬂ(w) (2.96)

" DD, v(w) sin2v(w) a] (p?(w) + *(w))

The above constitute the full solution of the two-group theory of noise in BWRs,
i.e. in LWRs. Group 1 refers to the fast group and Group 2 to the thermal group. These
formulae were used in many works in the past for the illustration of the existence
of the local component, although with some simplifications which are allowable for
LWRs, such as neglecting 2 in the sum (p?(w) + v*(w)) in (2.92)~(2.96).

At this point, it is worth mentioning that an alternative way of calculating the
induced neutron noise is to use the adjoint Green’s function, often called the “dynamic
adjoint”. This is in order to distinguish it from the static adjoints (bf,z(x), which
are simply obtained from the static adjoint equations, obtained by transposing the
matrix on the Lh.s. of (2.70). The use of the dynamic adjoint in noise calculations
was introduced by van Dam [34,35], and it has certain practical advantages in noise
calculations in thermal systems. These advantages have been discussed widely in the
literature [36,37], out of which one will be mentioned next.
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The equations for the adjoint Green’s function are given by the adjoint two-group
frequency-dependent diffusion operator. In two-group diffusion theory, the adjoint
Green’s function G' (x, X', w) is also a 2 x 2 matrix, whose elements are determined
by the equation:

Lf(x,w)G (x, 0/, w) =1-6(x — ) (2.97)
where I is the 2 x 2 unit matrix and G1(x, ¥, w) is given as
o [dhdh
Gi(x,x,w) = . (2.98)
G;l Gy,
and further
Lt=07 (2.99)

where the superscript 7' denotes the transpose of the matrix operator. It is easy to show
from the properties of the adjoint that with the help of the adjoint Green’s matrix, the
noise can be expressed as

60 (x,w) = | ST, w)GH(x¥, x,w)dy (2.100)
Vr
where §®7(x,w) and ST(x',w) denote row vectors.

Equation (2.100) shows that in order to determine the fast and the thermal noise,
one needs to know the first and the second column of the adjoint Green’s matrix,
respectively. These can be calculated from a single vector equation each, and this
constitutes a certain advantage when only the noise in one of the two groups is to be
determined. In the classic noise studies, only the thermal noise was of interest, which
can be calculated by the second column of the adjoint Green’s matrix [7]. This vector
is called, somewhat misleadingly, the “adjoint function” in the literature, with its two
components being called the “fast adjoint”, \IIJ{ and the “thermal adjoint”, \I!;:

G;rz(x,x’,w) \I!J{(x,x',w)

2.101)
G;Z(x,x’,w) \Ili(x,x’,w)

In this terminology the fast adjoint means the transfer between the noise source in
the fast group and the thermal noise, and the thermal adjoint the transfer between the
thermal noise source and the thermal noise. In our general notations here, G;fj stands
for the transfer from the noise source in group i to the neutron noise in group j.
Since we calculate both the fast and the thermal noise, neither the direct nor the
adjoint Green’s function technique has any advantages over the other. Actually, as it
is also easy to show, the direct and adjoint Green’s functions obey the relationship

Gl(x,x,w) = Gi(x', x,w) (2.102)

Further, as it was pointed out in [38], since the dependence of the Green’s function
elements is identical on x and x’ in a bare core, we have

G}Lj(x,x’, w) = Gji(x,x', w) (2.103)
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And since in the simple model considered here (a homogeneous bare core), a solution
can be obtained which is analytical in both arguments x and x’, the two functions are
equivalent in all respects. For this reason, there is no need to show both the direct and
the adjoint Green matrix elements, and in the continuation we restrict ourselves to
the direct Green’s functions.

It is worth to spend a few clarifying words in order to connect the terminology
which will be used in the continuation, with the one dominating in the literature. This
is because the latter is largely focused on the study of the noise in the thermal group
only. In our case, because of including also fast systems, we have to extend the treat-
ment also to the noise in the fast group, and this requires to widen and partly redefine
the terminology. Moreover, the existing literature of two-group reactor noise is dom-
inated by the use of the adjoint technique, which we do not implement here, rather
use the direct (forward) Green’s function, and to point out the existing equivalences
is also important.

The first comment in this respect is that in view of (2.101) and (2.103), the com-
ponent Gy, of the direct (forward) Green’s matrix is equal to the fast adjoint \IIT,
and G, is equal to the thermal adjoint, \IlJlr Now in the literature, the difference

\IIJ{ - \Ilg of the fast and thermal adjoints is called the “removal adjoint” [38]. This
term arises from the study of neutron noise in BWRs, related to the propagating per-
turbations due to the two-phase flow, because the noise in the thermal group induced
by the fluctuations of the removal cross section are transferred by \IIT - \IIZ This will

be shown concretely in Section 2.3.4.4. Actually, since \IIJIr - \IJ; yields the induced
noise in the thermal group, it should be called the thermal removal adjoint. As men-
tioned before here, it is clear that in terms of the direct Green’s function, the thermal
removal is equal to G»; — G»;. Because of its practical use, it is interesting to inves-
tigate the properties of this difference. Since in our calculations we use the direct
Green’s matrix elements, the difference G, — Gy, is called the “thermal removal
adjoint”, denoted by ¥,. Likewise, for obvious reasons, the difference G| — Gy; is
called the “fast removal adjoint”, denoted by ¥, since it yields the noise in the fast
group, induced by the fluctuations of the removal cross section.

On the first sight, it might appear somewhat contradictory or illogical to call a
quantity “adjoint”, while it is based on quantities calculated by forward methods.
However, there is a very clear purpose with introducing this terminology. This is
because the word “adjoint”, inspired by the phrase “removal adjoint”, indicates in the
continuation that it is composed by a linear combination of two of the four elements
of the 2 x 2 Green’s matrix (or the adjoint Green’s matrix, for that matter). On the
other hand, when the term “Green’s function” is used, it always and exclusively refers
to single elements of the Green’s matrix. Besides, it is also a more compact term than
other alternatives, such as “removal Green’s function” or “removal transfer function”.

The transfer between a propagating perturbation of the coolant density and the
neutron noise is determined by the aforementioned defined fast and thermal removal
adjoints only in water-moderated reactors. In liquid metal-cooled fast reactors, or
fluoride salt-cooled thermal cores, as well as both fast and thermal MSRs, neutron
moderation in the coolant plays a negligible role. Density fluctuations of the coolant
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will mostly affect other cross sections, primarily absorption, and in MSRs also the
fission cross sections.

From the structure of the noise sources, (2.79) and (2.80), one can deduce that
for such cores, the transfer between a propagating perturbation of the coolant density
and the neutron noise will be determined by the transfer functions

Uy (x,x',w) = ay Gy (x, X, w) + az Gia(x, ¥, w) (2.104)
for the noise in the fast group, and
Uy (x,x',w) = ay Gy (x, %, w) + az Ga(x, ¥, w) (2.105)

in Group 2 (the thermal or epithermal group). The coefficients o and a, will depend
on the type of the fuel and the coolant of the core. Their calculation will be discussed
in Chapters 3 and 4 in connection with the concrete reactor types. ForaBWR, a;; =1
and ap = —1.

Because of their role in the properties of the neutron noise induced by propa-
gating perturbations, the quantities ¥ and ¥, defined in (2.104) and (2.105) will be
calculated and plotted for the liquid metal-cooled and molten salt reactors treated in
Chapters 3 and 4. Since apart from LWRs, a; # —ap, for all those cores they will
not be called removal adjoints, rather fast and thermal “propagation adjoints”. For
LWRs, the term removal adjoints will be retained.

For the sake of illustration, as well as for later comparison with the findings for
the next generation reactors in the following two chapters, we show here two exam-
ples of the Green’s matrix elements for a Gen-II BWR, which were used in an early
publication for the study of the properties of the local component of BWR in-core
noise [38]. In that study, data of a commercial BWR were used, and the group con-
stants corresponding to the three-dimensional (3D) model were corrected to include
radial leakage, such that the 1D model corresponded to the axial coordinate of the
core with the same height. In addition to the power reactor, also a small system was
studied, which was obtained by increasing the fission cross sections by 11%. The data
corresponding to the power reactor are shown in Table 2.1.

With the data mentioned here, the width of the slab, representing the height of the
core, is obtained as H = 368 cm. In the original paper, the height was given as 372 cm.

Table 2.1 Data of a commercial BWR for a 1D model

(from Reference [38])
Parameter Fast Thermal
D [cm] 1.709 0.5290
vy [em™] 0.004653 0.07254
¥, [em™] 0.00733 0.05940
Yk [em™!] 0.05940
v [em/s] 1.7549 107 3.9040 10°
8 0.007

A[s™H 0.1
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Figure 2.3 The static fluxes in a commercial BWR

The slight difference is due to the aforementioned simplifications in the derivations,
which were applied in [38], but not used in our calculations.

The static fluxes in Groups 1 and 2 are shown in Figure 2.3. As usual, in com-
mercial PWRs and BWRs the fast flux is a couple of times larger than the thermal
one.

Below we show quantitative values of the space- and frequency-dependence of
the amplitude and the phase of the components of the Green’s function matrix, as well
as those of the fast and the thermal removal adjoint, as described in the foregoing. The
space dependence of the amplitude and the phase of the components of the Green’s
matrix for two different positions x( of the perturbation is shown in Figure 2.4 for
a frequency of w = 10 rad/s, which is well within the plateau region. The blue and
green lines stand for G;; and G, which represent the transfer of the perturbations
in the fast and the thermal groups, respectively, into the fast component of the noise.
The orange and red lines stand for G,; and Gy,, representing the transfer or the same
perturbations to the thermal noise.

It is seen in Figure 2.4 that the global response is rather space-dependent, as
expected, which is manifested by the nearly linear space dependence, which deviates
from the cosine shape of the static flux significantly. The local component is visible
only in Gy, which connects the perturbation in the thermal group to the induced
noise in the thermal group. The phase is monotonically decreasing away from the
perturbation, with a small local peak at the position of the perturbation,

The spatial dependence of the amplitude and the phase of the fast and the thermal
removal adjoints is shown in Figure 2.5. These stand for the transfer of the fluctuations
of the removal cross section (which represents a perturbation, i.e. a noise source, in
both the fast and the thermal groups but with different sign), to the induced fast and
thermal neutron noise, respectively. As is known from the literature, the local peak is
much more pronounced in the thermal removal adjoint than in the pure component
Gy,, which is also seen from Figures 2.4 and 2.5.

The fast removal adjoint, which describes the space dependence of the noise in
the fast group, was not calculated in previous works. One reason is that in Gen-II
reactors, only thermal detectors are used, and hence the noise in the fast group was
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not investigated. The situation will be different in the fast systems of Gen-IV, and
for comparison it is interesting to show it here, even if for a thermal system. As the
upper left plot shows, the amplitude of the fast removal adjoint shows a small local
component (which is not visible in G and Gy,). It is interesting that unlike for the
thermal removal adjoint, it is “out-of-phase” with the global component, in that it
appears as a small dip, in contrast to the peak present in the thermal removal adjoint.
It is seen from the space dependence of the amplitude of the removal adjoints in
Figure 2.5, that the possibilities of measuring propagating perturbations, such as two-
phase flow, the thermal noise is much more suitable in thermal reactors than the noise
in the fast group, where the local component is vanishingly small even in the removal
adjoint. The spatial behaviour of the phases, although changing in space much slower,
shows a similar behaviour.

The results are in agreement with those in [38] for the space dependence of the
thermal adjoint. The small quantitative differences are due to the simplifications made
in [38]. The fast adjoint, or all individual elements of either the direct or the adjoint
Green’s matrix, were not calculated there. In that publication only the components
G, and Gy, were calculated, and were called the fast and thermal adjoint, respec-
tively. The four elements of the direct and/or adjoint Green’s function were calculated
for a few water-moderated systems in [33], but the phases were not shown there either.

The frequency dependence of the amplitude and the phase of the four com-
ponents of the Green’s function are shown in Figure 2.6 for two different detector
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Figure 2.6  Frequency dependence of the amplitude and the phase of the
components of the Green’s function for xo = 0, with x = 0 (left column)
and x = 75 cm (right column), respectively, in a commercial BWR
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positions: one at the position of the perturbation (left column), and one at 75 cm,
which is outside the range of the local component (right column). For a better com-
parison with the one-group results and with the behaviour of the zero reactor transfer
function Gy (w), the phase is shifted by 180°. This is because the zero reactor transfer
function connects the reactivity to the flux fluctuations, whereas the elements of the
Green’s matrix transfer the negative reactivity to neutron noise (cf. (2.83) and (2.79)—
(2.80), which show that the G;; are integrated with the fluctuations of the absorption
cross sections with a positive sign, whereas for the fluctuations of the fission cross
sections with a negative sign).

With this convention, the frequency dependence of both the amplitude and the
phase resembles to that of the zero-power transfer function Gy(w). There are though
some deviations, which are due to the fact that the zero-power transfer function is
related to the global component of the neutron noise, which does not contain the
local component. The effect of the local component, whose upper break frequency
is much higher than that of the global component (3/A) is felt only in the spatial
neighbourhood of the perturbation, and beyond 3/A. This is best seen in the phase
behaviour at the location of the perturbation (lower left plot of Figure 2.6), and to a
much smaller extent in the amplitude of Gy, at high frequencies. At the observation
point xp, 75 cm away from the perturbation, no effect is visible (right column of
Figure 2.6).

It has to be added that the effect of the local component, even in the vicinity of
the perturbation, is only seen in an LWR at unrealistically high frequencies, which
are not encountered in practice. The only experimental observation of the effect of the
upswing of the phase at high frequencies close to the perturbation was registered in
a reactor oscillator experiment in the heavy water reactor (HWR) NORA in Kjeller,
Norway ([40]; see also [41], Figure 9.4). This is because the break frequency of
Go(w) in an HWR is an order of magnitude lower than in an LWR, which made
it possible to notice the effect immediately above 10 rad/s. It is also seen that in the
observation point 60 cm away from the perturbation, no effect of the local component
is seen.

For later comparison with SMR results in Chapter 4, we also show results for the
small system, analysed in [38]. This system was generated from the large commercial
system by increasing the fission cross sections by 11%. The core height then became
88 cm. The same plots will be displayed as for the large commercial BWR.

The results for the space dependence of the amplitude and the phase of the com-
ponents of the Green’s matrix are shown in Figure 2.7. It is seen that this system
behaves in a much more point kinetic way than the large commercial core. The space
dependence of the components of the Green’s function matrix follows very closely
that of the static flux. The local peak in G, is barely visible.

The spatial dependence of the amplitude and the phase of the fast and the thermal
removal adjoints for the small system is shown in Figure 2.8. Interestingly, in the
thermal removal adjoint, the peak is still well discernible, indicating that two phase
flow diagnostics in small BWRs is still possible.

The frequency dependence of the amplitude and the phase of the four compo-
nents of the Green’s function for the small system are shown in Figure 2.9 for two
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Figure 2.9 Frequency dependence of the amplitude and the phase of the
components of the Green’s function for xo = 0, with x = 0 (left column)
and x = 15 cm (right column), respectively, in a small BWR

different detector positions: one at the position of the perturbation (left column), and
one at x = 20 cm. In relative terms, i.e. in units of x/a, this is approximately to the
same position inside the core as in the large system, but in absolute terms it is much
closer to the perturbation. Therefore, although the local component appears with a
smaller weight in the Green functions’ components as in the large system, its effect
still can be seen in the behaviour of the phase at high frequencies.

2.3.3.2 Two-group noise theory for fast systems
For fast reactors, which have a negligible thermal flux (see Figure 2.10), the tradi-
tional approach is not applicable. In order to use a two-group method, the model to
be used has to be modified in several respects. To account for the dominantly fast
neutrons in the system, the threshold energy between the slow and the fast group
should be chosen much higher than in a thermal reactor. A practical suggestion is to
use the threshold energy of the fissionable material, such as 1.35 MeV for *8U [28].
With this choice of the energy separating Groups 1 and 2, the latter is definitely not
thermal, not even “slow”, but for reasons of convenience, we still often refer to Group
2 as “slow” or “epithermal”.

Obviously, for this case the group constants need to be calculated in a different
way when collapsing from a continuous energy or many-group transport code, and
the structure of the data will be rather different from that of an LWR. The difference
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Figure 2.10 The energy spectrum of neutrons in a sodium-cooled fast reactor
(SFR)

in the numerical values of the input data itself does not require the change of the for-
mulae given in the previous subsection. There is, however, another difference, which
will lead to a modification of the formulae. Namely, with such a choice of threshold
energy, the fission source will appear in both groups, according to the corresponding
fractions of the fission energy spectrum. This is actually valid for both the prompt and
the delayed neutrons. In fact, with a high threshold, all delayed neutrons will appear
in Group 2.

In order to maintain generality when allowing for the use of an arbitrary
separation energy between the two groups, we assume the following input data:

Xp1 — fraction of the prompt neutrons that appear in Group 1;
Xp2 — fraction of the prompt neutrons that appear in Group 2;
a1 — fraction of the delayed neutrons that appear in Group 1;
Xa2 — fraction of the delayed neutrons that appear in Group 2.

In the static equations, the total spectral indices x; and x; will appear, which are
given as

Xi==B)xpi+Bxais i=12 (2.106)
With these preliminaries, the static equations will read as
D|V? — X4 — S + x1 v2n X1vYp ¢1(x)
=0 (2.107)
Xr+ Xx2v¥n DV =S+ x2v5n] | ha(x)
Introducing the notations
X1 =%a +Xr—x1v¥xa (2.108)
o =Yn—Xx2vip (2.109)

Yro =Yg+ X2V, (2.110)
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Equation (2.107) can be written in a form similar to (2.70), i.e.
DV -3 xivEp ] [¢1(x)1
YR D2 =35, | [ ¢a(x)

From here, one obtains for the critical buckling and the spectral index the expressions

2
o (Z' . 22) L 1\/<Z' L 22) LXiVEp R T 2% o))

—0 (2.111)

2 D1 D2 2 D1 D2 DIDZ

P xivip
$(x) X+ DB}

The equations for the noise and the noise source, obtained from the time-dependent
equations after linearisation, Fourier transform and eliminating the delayed neutron
precursors, can be written in a condensed form as

DIV =% (w) vEp(w) 591 (x, w) Si(x,w)
- (2.114)
Yra(w) DyV? = 5o (w) | | 8¢ (x,w) Sy (x,w)

(2.113)

Equation (2.114) looks formally similar to (2.75), except that now also the removal
cross section became dependent on the frequency. However, the definition of the
variables appearing in the two equations is rather different. In (2.114), the following
notations are used:

A
X12(w) = xp2(1 —6)+x(n,ziwa (2.115)
i) = Zar + == + Tk = x1 () vZn (2.116)
1
iw
Yo(w) =%+ P x2(w) vEp (2.117)
2
Tro(w) = Zg + x2(w) vEp (2.118)
and
Yp(w) = x1(w) Xp (2.119)
The components of the noise source are given as
S (xv w) = (62!11 (X, w) + 521{()(, w) - Xl(w) 5V2ﬂ ()C, W)) (1)1()6)
(2.120)
—X1(w) 0%y, (x, w) 62 (%)
and
Sa(x,w) = = (68 (x, w) + X2(w) 6v3n (x,w)) d1(x)
(2.121)

+ (0%, (%, w) = x2(w) 6vEp(x,w)) Pa(x)
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With these definitions, the roots of the characteristic equation of (2.114) read as

W2(w) = -2 (EM . Ez(w))

2\ D, D,
- (2.122)
. ¢ <21D<1w> ., z;(;»)) + 4Zr) uzfz%]);zzl(w) ()
and
L 1(5w) | Saw)
=5 (50 5
- (2.123)
i \/ (z})@ . z;)(:u)) L S uzﬂgl);f](w) ()

The coupling constants ¢, (w) and ¢, (w) are formally the same as in the LWR case,

ie.

Si(w) + Dy p (w)
v¥in(w)

(2.124)

cu(w) =

and
¥ (w) — Dy v (w)
vEp(w)

cy(w) = (2.125)
but the frequency-dependent cross sections are now being defined differently from
those for the case of the thermal reactors. With the aforementioned notations and
definitions, the formulae for the components of the Green’s function matrix will be
formally identical with those of the case for LWRs, i.e. (2.89)—(2.96).

It can also be mentioned that certain differences in the notations notwithstanding,
the aforementioned formulae for fast reactors are consistent with those of the thermal
system. Substituting x,1 = Xa1 = 1 and X2 = X4 = 0, they become identical with
those for the thermal system. This is valid for both the Green’s function, as well as for
the noise source. This also means that one can use the same code for the calculation
of the noise for both thermal and fast systems. The difference will be present only
in the input data, and naturally the results need to be interpreted on the basis of the
difference between the two types of systems.

One might ask how the §¢; and d¢,, calculated by such a model of two-group
neutron noise in fast systems, correspond to measured signals in fast reactors with fast
and thermal detectors, or what detector responses correspond to the noise in Group 2.
For the fast noise, the results of the model should be reasonably well correspond to the
noise measured with e.g. a fission chamber, with the same energy threshold for fast
fission of the core, which is also used in the generation of the group constants. For the
epithermal noise in Group 2, the answer is not so straightforward. However, using a
thermal detector with a 1 /v cross section, it should be able to measure the epithermal
noise, only with a much reduced efficiency than for thermal neutrons. This means
that the ratio between the fast and epithermal noises, supplied by the model, will not
be characteristic to the ratio of the amplitude of the measured signals. On the other
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hand, this is the case even in the traditional two-group theory of thermal systems,
where the efficiency of fast and thermal neutron detectors is even more different.
Correct amplitude ratios can only be calculated with the help of noise simulators in
either case (thermal and fast cores, respectively), and using a large number of energy
groups for fast cores.

However, the ratio of the amplitudes between the two groups is not a crucial,
or even important question. Our goal here is not the exact quantitative reconstruc-
tion of the detector response, rather to characterise of the dynamic response of the
various systems for the different perturbations. This latter is revealed by the spatial
behaviour of the Green’s functions, and that of the generated neutron noise. The char-
acter of the spatial response, on the other hand, is determined by the relative weights
of the different components of the noise, primarily by the relative weight of the point
kinetic (reactivity) component as compared to the space-dependent and local com-
ponents. A prerequisite of getting this relative ratio correct is that the critical state of
the core is correctly estimated by the two-group theory used. In this respect taking
the energy separation between the groups to be equal to the threshold for fast fission
in the core is the optimum choice [28]. This is the basis of the expectation that the
dynamic behaviour of fast cores with the two-group model of the noise, suggested in
this chapter, will be captured correctly.

As an illustration of the Green’s function for a fast system, we show here results
for a medium-size fast reactor. This is just a demonstration example, in order to bring
out the main differences between a fast system and the thermal ones. The data were
taken from a fluoride MSR model with zero fuel velocity, with a relatively soft spec-
trum. The separation energy between the groups was taken to be 0.5 MeV. The data
used are shown in Table 2.2. In addition to the same data as for the thermal system,
the prompt and delayed fission neutron spectral indices are also given.

With the aforementioned data, the critical thickness of a 1D slab would be 748
cm. To have a smaller core size, the absorption cross sections were readjusted to result
in a critical slab width equal to 440 cm, and all the dynamic calculations were made
with these modified group constants.

One immediate difference to the thermal systems that one can see in the data is in
the kinetic parameters 3 and A. The delayed neutron fraction is appreciably smaller
than in the thermal reactor, whereas its decay constant is much larger. This means that
the system response is faster, and its amplitude is larger, than in a thermal system.

The static fluxes in Groups 1 and 2 are shown in Figure 2.11. An immediate
difference compared with the thermal systems shown before is that the flux in Group
2 is higher than in Group 1, which is opposite in thermal systems. This may appear
counterintuitive; however, one has to take into account that Group 2 has a different
definition and energy range than in thermal systems. The main difference is that with
the energy threshold at 1.35 MeV, the group velocity v, in a fast system is one or
two orders of magnitude higher than in a thermal system. Another, equally important
difference is that, unlike in the thermal systems, a non-negligible part of the prompt,
and a substantial part of the delayed fission neutrons appear directly in Group 2.
These two facts together explain the reversed relationship between the amplitudes of
the fluxes in the two groups.
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Table 2.2 Data of a 1D model of a medium-sized
fluoride salt fast core

Parameter Fast Thermal

D [cm] 1.75736 1.04221

vy fem™!] 0.00405111 0.00724195
Y, [em™] 0.00253184 0.00748216
Yk [em™!] 0.0303787

v [em/s] 1.460223 -10° 1.04137 - 108
Xp 0.879597 0.120403

Xd 0.371764 0.628236

8 0.00308517

A[s™H 0.325805
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Figure 2.11 The static fluxes in a fluoride molten salt fast core

Quantitative results for the space and frequency dependence of the Green’s func-
tion and the fast and thermal removal adjoints are shown in Figures (2.12)—(2.14), in
the same order as for the thermal system. Despite the previous discussion on the dif-
ference between the removal adjoint of LWRs and the propagation adjoint of liquid
metal and molten salt cores, here we still calculate the removal adjoint, i.e. using
a; = 1 and oy = —1. Even this choice will bring out interesting differences. The
proper choice of the coefficients «;, i = 1,2, corresponding to the concrete reactor
types will be made in Chapters 3 and 4 when discussing the various cores.

The space dependence of the amplitude and the phase of the components of
the Green’s matrix for two different positions xo of the perturbation is shown in
Figure 2.12. One can immediately see some basic differences as compared to a large
thermal system. Despite the larger size of the fast core, the space dependence is
less pronounced than for the commercial BWR, and more similar to a point kinetic
behaviour. Accordingly, the amplitude of the local component is much smaller.
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Figure 2.12  Space dependence of the amplitude and the phase of the components
of the Green’s function for xy = 0 (left column) and xy 100 cm (right
column), respectively, for a medium-sized fluoride salt fast core

A more substantial difference is that the role of the groups, Groups 1 and 2, is
swapped. In the thermal system, the amplitude of the fast Green’s function compo-
nents G; and G, was significantly larger than that of the thermal components G|
and Gy,. Here it is the other way round, although with the remark that for the fast sys-
tem, Groups 1 and 2 are not equivalent with the fast and thermal groups of a thermal
system. The swapping concerns also the local component; whereas for the thermal
system it appears in Gy, in the present fast system it appears in G;;. The reasons for
this are closely related to those for the static flux, described before.

The faster dynamics of the system is also reflected in the fact that the phase
is everywhere closer to zero than in the corresponding spatial points of the thermal
system. From the practical point of view this is not significant; the space dependence
of the phase of the Green’s function is too weak in either case that it should be useful
for diagnostical purposes. The information in the phase will be more pronounced for
the noise induced by vibrating components (fuel or control rods), as it will be seen
soon.

Further new characteristics are revealed in the removal adjoints. This is a con-
ceptual case because, as mentioned earlier, in a metal cooled core or in an MSR,
the transfer of the propagating density fluctuations is transferred by the propagation
adjoints, and not by the removal adjoints. Those will be calculated for the concrete
cases treated in Chapters 2 and 3. Here, the removal adjoints for a fast system are
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Figure 2.13 Space dependence of the amplitude and the phase of the fast and
thermal removal adjoints for xg = 0 for a medium-sized fluoride salt
fast core

shown only to bring out certain further differences between the thermal and fast
systems, which give some insight.

The amplitude and phase of the fast and thermal adjoints are shown in
Figure 2.13. The swapping of the characteristics is obvious also here, namely that
it is the fast removal adjoint that has the local peak, and the thermal removal has the
local dip. The phase behaviour shows a similar difference between the two systems.

There is one additional difference, which arises from the changed characteristics
of the amplitudes. Namely, it is not only that the amplitude relationships between the
fast and the thermal components of the Green’s matrix are reversed, but also the inter-
nal amplitude relationships between G1; and G, on the one side, and those between
G, and Gy, are also reversed. As a consequence, while in Figure 2.5 the phase of
G11 — Gy aswell as G — Gy were shown, respectively, in Figure 2.13 the phases of
Gy — Gy as well as Gy — Gy are shown. A peculiar characteristic is that although
the local component appears with a very small weight in Gy, it has a quite large
relative weight in the fast removal adjoint, due to the fact that the amplitudes of the
global part of G; and G, are much closer to each other than that of G, and Gy, in
a thermal system. However, it is good to keep in mind that for fast systems, it is not
the removal adjoint which is relevant, rather the propagation adjoint, which will not
have the same amplifying effect on the local component as the removal adjoint.

The frequency dependence of the amplitude and the phase are shown in
Figure 2.14. Whereas the form of the curves resembles qualitatively to those of
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Figure 2.14 Frequency dependence of the amplitude and the phase of the
components of the Green’s function for xg = 0, with x = 0 (left
column) and x = 60 cm (right column), respectively, in a conceptual
fluoride salt fast core

the thermal system, a significant shift of the lower and upper break frequencies to
higher frequencies can be observed. The shift of the lower break frequency is a con-
sequence of the larger delayed neutron decay constant A, whereas the higher upper
break frequency is due to the much larger neutron velocities in both groups. The
final consequence is that the plateau region, where the amplitude is constant and the
phase is close to zero, is much wider than the plateau in light water systems (not to
mention heavy water systems, where the upper break frequency is even much lower
than in light water systems). This means that the simplification of the noise equations
by neglecting the imaginary part of the noise and its frequency dependence, which
makes it possible to Fourier-invert the arising results in the frequency domain to time
domain, will have a wider applicability in conceptual studies.

One final, more subtle difference is that the absolute value of the Green’s func-
tions in this conceptual fluoride salt fast core is about a factor 4 larger than in the large
BWR, despite the larger size of the fast core. This is essentially due to the smaller
value of the delayed neutron fraction 3. As was seen in the simple one-group treat-
ment, the point kinetic response of the core is proportional to the zero reactor transfer
function Gy(w), whose approximate value at plateau frequencies is equal to 1/5. A
smaller delayed neutron fraction hence leads to the increase of the amplitude of the
noise, which is beneficial from the point of view of noise diagnostics. This aspect is
encountered also when we discuss MSRs with moving fuel, since in those reactors a
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fraction of the delayed neutrons is lost because they decay in the outer loop, outside
the core.

2.3.4 Diagnostics of perturbations

There is a significant expertise what regards the various types of noise sources in
Gen-II reactors, namely what type of anomalies can arise and what are the
possibilities for their detection and quantification. Gen-IV reactors and SMRs might
have new types of anomalies and corresponding diagnostic needs, but since there is
no operational experience with those reactors yet, we need to restrict ourselves to
the type of perturbations we are aware of in the present fleet of reactors. These type
of noise sources, with corresponding anomalies, may occur in the majority of the
next generation systems too. Even for the possible new, hitherto not known type of
anomalies, the response of the core to the known types of perturbations may give
some guidance how to detect and quantify those new types, and what the chances of
successful diagnostics are.

Some of the known types of noise sources do not require knowledge the neutronic
transfer function of the system, and hence neither solving of corresponding diffusion
or transport equations. Such perturbations are

» vibrations of the core barrel in PWRs; on a more general note, deformations of
the core, such as the “flowering effect” in SFRs;

* Dbaffle jetting in PWRs;

¢ thimble tube vibrations in PWRs;

* vibrations and impacting of detector tubes in BWRs;

* monitoring BWR instability;

¢ determination of the MTC.

The last two out of this list are not directly anomalies, rather examples of the use
of neutron noise analysis for determining operational parameters with non-intrusive
methods, and the emphasis is on monitoring so that the corresponding parameters
(the decay ratio and the MTC) do not shift into undesired values. Although none of
the aforementioned problems are directly based on knowledge of the reactor transfer
function, its knowledge still helps when elaborating the signal analysis methods for
evaluating noise measurements for the problems.

In this book, we concentrate on three major types of perturbations, which are
generic to the existing LWRs. We then in Chapters 3 and 4 examine the response
of the core of several of the next generation systems to these perturbations, and even
give an assessment of the possibility of their diagnosis, i.e. quantification. These three
perturbation types are as follows:

e an absorber of variable strength
e avibrating fuel pin or an absorber rod
* propagating perturbations of the density of the coolant.

The treatment of these perturbations and the possibility of their diagnostics will
be given in the continuation, and illustrated on the BWR system presented in the fore-
going. The modelling of these perturbation is based on constructing a simple model
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of the spatial and frequency dependence of the cross-section fluctuations that repre-
sent the perturbation, which can be used in the analytical model. Simple models of
all three of the aforementioned types have long been used in the literature, but mostly
in a one-group treatment. The actual magnitude of the cross-section fluctuations is
uninteresting, the diagnostics is always based on the relationships between two or
more detectors, which are invariant to a scaling of the strength of the cross-section
fluctuations. This procedure is quite straightforward in a one-group model, in partic-
ular when only the fluctuation of only one cross section is taken into account. In a
two-group treatment, and in particular when the fluctuations of several cross sections
need to be taken into account, then the relative strength of the cross-section perturba-
tions between the different cross sections, and even for any single cross section, the
relative strengths between the fast and the slow group need also to be fixed.

In general, the calculation of the relative magnitude of the response of the cross
sections to a certain perturbation, such as change of temperature or density of the
coolant, would require involved assembly-level transport or Monte Carlo calcula-
tions. To simplify the task, we assume that the relative amplitudes or the cross-section
fluctuations are proportional to the stationary values of the cross sections involved.
The absolute amplitude is left as a free parameter, and hence the calculated noise is
presented in arbitrary units. This, however, does not affect the spatial or frequency
dependence of the noise, on which the diagnostics is based.

2.3.4.1 Variable strength absorber

For localised perturbations, such as the variable strength absorber, it is customary to
use the so-called Feinberg—Galanin model, which assumes that the absorber can be
represented by a spatial Dirac-delta function [4]. In one-group theory, one assumes
that there is a thin absorber rod in the homogeneous system at position x,,, which can
be described as

Za(x) =700(x —xp) (2.126)

Here 7 is the so-called Galanin constant. The perturbation then consists of the fact
that the Galanin factor becomes time-dependent, and performs small fluctuations
around the equilibrium value with a time-dependent amplitude (%), i.e.

Ea(x, 1) = (yo + (1)) 0(x — xp) (2.127)
from which it follows that in the frequency domain one has
0%, (x,w) = v(w) 6(x — x,) (2.128)

For simplicity, it is usually assumed that the effect of the static rod on the criticality
equations can be neglected, because they give only a second-order contribution to the
noise, hence for both the critical flux and the calculation of the elements of the Green’s
matrix, the expressions derived for the homogeneous system without the static rod
can be used.

At a given frequency, the spatial dependence of the neutron noise by a vari-
able strength absorber, which is represented by infinitely thin absorber, is directly
related to the elements of the Green’s function, i.e. the neutronic transfer function of
the system. Therefore, physical realisations of such an absorber, called “the reactor
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oscillator”, were used in the past for experimentally determining the space- and fre-
quency dependence of the transfer function [41]. A reactor oscillator is a well-known
object, which does not require any diagnostics. Perturbations of the type that can be
modelled by an absorber of variable strength are local flow channel instabilities, as
the one that occurred in the Swedish BWR Forsmark-1 in 1996-97 [21]. Such an
instability appears in BWRs due to unseated fuel elements. The oscillation of the
flow usually occurs at a given frequency, and the diagnostic task is to determine the
position of the instability, i.e. to identify the unseated fuel element.

For this reason, the frequency dependence of the fluctuating factor y(w) can be
neglected, because it will be taken at a given single frequency. However, in two-group
theory, we need to specify two different factors, which will be denoted as v,; and ~,».
As mentioned before here, a suitable choice of these factors is

Zal E412

L g 2.129
Eal + EaZ a2 2al + EaZ ( )

It is reasonable to assume that neither the fission nor the removal cross sections are
affected. Although this is straightforward for the traditional reactor oscillator, it is not
obvious for the flow channel instabilities in BWRs, where the removal cross section
is also perturbed. Accounting for also the fluctuations of the removal cross section
would be completely straightforward, but it only would change the ratio between
the noise in the fast and the slow group. It will have larger effect when it comes to
propagating perturbations, as it will be seen later.
With (2.129), one has

Yal =

5i@0:{”ﬁ5@—%) (2.130)
Ya2
and thus the noise sources in Groups 1 and 2 have the form

S1(x,w) = Ya1 8(x — xp,) ¢1(x) (2.131)

S2(x,w) = Va2 8(x — xp,) P2(x) (2.132)
Finally, the induced neutron noise in Groups 1 and 2 is given as

d1(x,w) = Va1 G1(x, %, W) P1(xp) + Va2 Gr2(x, Xp, w) P2(xp) (2.133)
and

02 (x,w) = Va1 Ga1 (¥, Xp, W) D1 (%) + Va2 G22(xX, Xp, W) P2 (%) (2.134)

It is seen in the formulae here, that there is no visible difference whether the noise
source components belong to a thermal or a fast system. The difference for these two
systems is embedded solely in the elements Gj; of the Green’s matrix. The difference
between the expression of the perturbation whether it concerns a thermal or a fast
system will be seen in the case of a vibrating fuel pin.

An illustration of the neutron noise induced by a variable strength absorber is
shown in Figure 2.15 for the large BWR for two different absorber positions x,,. Simi-
larly to the individual components of the Green’s matrix, the amplitude and the phases
are shown separately.

Not surprisingly, the space dependence of the noise is very similar to that of
the Green’s functions themselves, as seen in Figure 2.4, since they were also very
similar to each other, and the noise is a linear combination of these components in
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Figure 2.15 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, = 0 (left column) and x, = 75 cm (right column), respectively, in a
commercial BWR

both groups. The small local component is present only in the noise in the thermal
group. Since the induced noise is out of phase with the oscillation of the absorber
strength, plus the physical phase delay of the transfer, the phase is below — (180°).

The phase changes very moderately throughout the core, when plotted with a
scale between —200 and —150 degrees, and obviously it is not useful for the local-
isation of the noise source. The amplitude, on the other hand, shows a significant
deviation from the point kinetic behaviour, which makes it a promising tool for the
localisation of the position of the absorber. In the present 1D model, one way of inves-
tigating the sensitivity of the localisation procedure is to check the sensitivity of the
relationships between the amplitude and phase of the signals of two detectors at fixed
positions. Naturally, in a real case this is a 2D problem, where at least three detector
signals are needed, and the procedure of the localisation is performed based on 2D
neutronic calculations and with machine learning methods. Our goal here is not to
suggest a concrete procedure for the localisation in a real case, rather to compare the
possibilities of localisation between the different reactor systems.

In a practical case, it is not the Fourier transforms of the time signals that are
used, rather the auto power spectral density (APSD) and the cross power spectral
density (CPSD) of the two detectors. These spectral quantities can be obtained from
the frequency-dependent signals according to the Wiener—Khinchin theorem as

APSDs4(x, w) = |66(x,w)|* (2.135)
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and
CPSDsg, 56, (X1, X2,w) = dp(x1,w) dp(x2,w)* (2.136)

The aforementioned general definitions here apply to the noise in both energy groups
separately.

The localisation is then performed from the signals of two detectors, one close to
the left boundary (x; = —0.9a) and the other close to the right boundary (x, = 0.9a).
Since the neutron noise in any given point x will also be a function of the position x,
of the absorber, we can indicate it explicitly. Denoting

0i g (%p) = 061 (x), X, w) (2.137)

where i = 1,2 stands for the energy group and j = 1,2 for the detector position, we
define the amplitude localisation function A;(x,) in group i as

Adsy) = APSD; ., (x,)
) = APSD, (x,)

From this ratio the scaling factor, which represents the global amplitude of the pertur-
bation, disappears, only the relative contributions from the two groups remain, which
are reasonably well approximated with the ratio of the static values.

In a similar manner, the localisation based on the phase differences between the
two detectors in energy group i will be based on the phase localisation function ¢;(x,,).
This is defined as

Gi(x,,) = Al‘g {CPSD,‘J]V\Q(XP)} = Al'g {6(25,‘7)51 ()Cp) 6¢i,x2 (Xp)*} (2139)

It is obvious that also this quantity is insensitive to the unknown scaling factor which
is present in the amplitude of the cross-section perturbations.

The dependence of the amplitude and phase localisation functions A;(x,) and
8;(x,), respectively, on the position of the absorber of variable strength, is shown in
Figure 2.16. For better visibility, the ratio of the APSDs is shown with a logarithmic
scale.

The figure shows that the ratio of the APSDs of two peripherally placed neutron
detectors depends relatively strongly on the position of absorber, which means that the
chances of locating it are good. This is mostly due to the fact that a large commercial
reactor is considered here, in which the space-dependent effects are more pronounced
than in a small system, which behaves much more point kinetically. The localisation
curves show no difference between the fast and the thermal detectors, except when
the perturbation is close enough to one of the detectors, that the effect of the local
component can be felt. This is again the consequence of the fact that both the static
fluxes and the components of the Green’s function have similar spatial dependence
for the two groups. Hence both fast and thermal detectors are equally suitable for the
task, although in thermal reactors the larger efficiency of thermal detectors makes
them much better suited for the task.

The lower figure also shows that although the phase of the CPSD displays a slight
linear dependence on the position of the absorber, the overall change in the phase is
too small to be useful. This will be even more so in small systems, which behave in
a more point kinetic way.

(2.138)
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Figure 2.16 Dependence of the amplitude and phase localisation functions on the
position of the variable strength absorber in a commercial BWR

The situation in a realistic case, which requires a 2D treatment, is less favourable
than shown here. In 2D, the Green functions decay faster as a function of the dis-
tance from the perturbation than in an equivalent 1D model. In principle this should
be favourable, because it means stronger space dependence, and thus larger deviation
from point kinetics. The problem is rather that only detectors relatively close to the
perturbation can extract the noise due to this particular perturbation from the general
background noise. This was seen in the case of the localisation of the channel instabil-
ity in Forsmark-1 [21]. Hence for a successful localisation it is not sufficient to have
detectors placed peripherally. This again underlines the need of good instrumentation
in next generation systems.

2.3.4.2 Vibrating fuel pin

Vibrations of core internals, notably control rods and fuel assemblies or fuel pins are
one of the basic noise sources and related diagnostic concerns in PWRs. It is also
one of the prominent examples where the applicability of the neutron noise-based
localisation procedure was proved at a power plant during operation [20,27].

Flow induced vibrations of fuel pins or subassemblies can be expected to occur
also in liquid metal cooled Gen-1IV reactors, both in lead cooled fast reactors [42] as
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well as in sodium cooled ones [43]. Some LFR designs will contain wire-wrapped
fuel elements, to maintain the radial gap in the rod bundle. Such fuel rods will be
prone to turbulent flow induced vibrations. Although the study in [42] found that
under normal conditions the amplitude of these vibrations will be stable and would
not lead to impacting of the fuel pins, the task of diagnostics will be to moni-
tor whether anomalous strong vibrations occur which might lead to impacting and
pin-to-pin contact. In sodium cooled fast reactors it is the slender structure of the
subassembly which is prone to flow induced vibrations through the sodium flow, as
well as the possibility of so-called leakage flow [43].

In this section, we discuss the neutron noise caused by the vibrations of a thin
fuel rod and the possibilities of its localisation. Treating a vibrating absorber, such
as a control rod or control pin, goes in a completely analogous manner as that of the
variable strength absorber, using the Feinberg—Galanin model. The difference is in
the spatial form of the perturbation and of course in the cross sections affected.

We assume that the static fuel pin is described by a spatial Dirac-delta function
at position x,, which is the equilibrium (static) position, around which the vibrations
take place. The perturbation is represented by the movement of the fuel pin around
its equilibrium position with a random amplitude £(7). Following the same strategy
as with the absorber of variable strength, one can write [4]

35(x, 1) = Hﬂ [6(x — x, — (1)) — 6(x — x,)] (2.140)

Here, similarly to the case of the absorber of variable strength, the relative amplitudes
v and 7yp are defined as

VEﬂ VZﬂ

_ : Ve 2.141
VZﬂ + V2ﬂ7 n yEﬂ + Z/Eﬂ ( )

I
Actually, the vibration of a fuel pin also incurs the vibration of the absorption cross
sections, but we only consider the fluctuation of the fission cross sections. Accounting
for absorption would possibly change the ratio between the magnitudes of the noise
in the two groups, but not their spatial dependence.

Assuming that the vibration amplitude |(#)| is very small compared to the size
of the system, one can perform a one-term Taylor expansion in (2.140), after which a
temporal Fourier transform yields the perturbation in the fission cross sections in the
form

5—E]>c(x,w) = —¢(w) {’yﬂ} 8 (x — xp) (2.142)
R
With this, the noise sources take the form
Si(x,w) = e(w) x1(w)d' (x = x,) [y &1(x) + 2 P2(%)] (2.143)
Sa(x,w) = e(w) x2(w)d" (x — x,) [y ¢1(x) + 2 B2(x)] (2.144)

Introducing the notation

Q(x) = v ¢1(x) +yp H2(x) (2.145)
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using (2.143) and (2.144) in (2.83) leads to
o1 (x,w) = —&(w) [XI(W) {G11 (x5, %5, )2 (%) + G (3, 3, w) D' () }
+x2(w) {Gho(x, %, w) P (x,) + Glz(x,x,,,w)@’(xp)}} (2.146)
and
0o (x,w) = —&(w) [Xl(W) { G (x, x5, )2 (%) + Gt (3, 3, w) D' () }
X2(@) {Gia (3, 0)B(x,) + G, 3, )@ ()} | (22147)

As mentioned here, the spatial derivatives of the Green’s functions have to be taken
with respect to the second argument at the equilibrium fuel rod position x,,.

The amplitude and the phase of the neutron noise in a large commercial BWR
(divided by the vibration amplitude &(w)), induced by the vibrations of a fuel rod at
two different equilibrium rod positions are shown in Figure 2.17.

The spatial structure of the amplitude and the phase of the neutron noise induced
by vibrating absorbers and fuel rods has been extensively discussed in the literature
[32,44-46], hence only some general points will be taken up here. The main point
is that the structure of the noise is a result of the interplay between the point kinetic
(reactivity driven), the (global) space-dependent and the local terms. While the point
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Figure 2.17 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating fuel rod, for x, = 0 (left
column) and x, = —60 cm (right column), respectively, in a
commercial BWR
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kinetic response is in-phase everywhere in the core, the space-dependent and local
components are roughly out of phase at the two sides of the vibrating component.
For a fuel pin left from the centre of the core, which is vibrating in a positive flux
gradient, the reactivity noise is in-phase with the vibrations, whereas the other two
components are in-phase to the right of the vibrating fuel and out-of-phase on the
left to the fuel pin. This positive and negative interference, respectively, explains the
difference (discontinuity) of the amplitude of the noise at the two sides of the vibrating
rod.

For the central absorber, the reactivity component in first order of the vibration
amplitude is zero; hence, the phase is opposite at the two sides — 0 on the right half
and —180° on the left side of the core. In the amplitude, a small local peak is seen
in the noise in the fast group, whereas the presence of the local component leads to
a peculiar behaviour in the noise in the thermal group. The reasons are explained
in [46], the essence is the fact that the thermal noise is zero at the position of the
fuel pin because in a thermal reactor all fission neutrons are born in the fast group,
i.e. x2(w) is zero. The absence of the local peak in the thermal noise is due to the
fact that the local peak is present only in Go,, but as is seen from (2.147), this does
not enter the expressions, since x»(w) = 0. This will be certainly different for fast
systems, where y,(w) is not zero, due to the different choice of the energy threshold
between the groups. This will be seen clearly in the forthcoming.

From the aforementioned, it is also seen that the spatial dependence of the vibra-
tion induced noise is a much more sensitive function of the position of the absorber
than for the variable strength absorber, at least within a certain region. This is not due
to the transfer properties of the system, which are the same for both perturbations,
rather to the way the perturbation induces the noise. The noise in a given point is
a result of the interference between the point kinetic component on one hand, and
the global and the local components on the other. Out of the latter two, the local
component can be decoupled from the discussion since the localisation in a practical
cases will be made by detectors further away from the vibrating fuel element, except
in a few exceptional cases. The interference between the point kinetic and space-
dependent components, regarding both the amplitude and the phase, is controlled by
the relative amplitude of the reactivity component. This latter, due to the strong space
dependence of the gradient of the static flux, is a sensitive function of the equilibrium
position of the fuel rod. This gives a much better possibility for the localisation of a
vibrating fuel or absorber pin than that of a perturbation whose strength fluctuates but
not its position, such as an absorber of variable strength, or a local thermohydraulic
channel instability. Localisation of a vibrating component is therefore more likely to
be possible even in small systems.

The feasibility of localisation can be investigated with the same amplitude and
phase localisation functions A;(x,) and §;(x,), i = 1, 2 functions, (2.138) and (2.139),
respectively, as in case of the absorber of variable strength. The localisation curves
for the large commercial BWR are shown in Figure 2.18.

The dependence of the amplitude localisation function on the position of the fuel
pin is still quite strong, but more complicated than for the variable strength absorber.
Similarly to the latter, in a logarithmic scale it is an odd function, due to the symmetry



Principles of traditional reactor diagnostics and noise analysis 61

Ratio of APSDs as functions of x,, @ = 10 rad/s

U i
10} P
<T0.10-

0.01} \

-150 -100 -50 0 50 100 150
Xp [em]
Phase of the CPSDs as a function of x,,, @ = 10 rad/s

150
100 = 010%)

O2(xp)
50

=50
-100
—-150

0 i(xp), i=12

-150 -100 -50 0 50 100 150
Xp [cm]

Figure 2.18 Dependence of the amplitude and phase localisation functions on the
position of the vibrating fuel rod in a commercial BWR

of the system. However, in contrast, it is not a monotonic function of the position of
the fuel pin. The minima and maxima corresponds to the positions of the fuel pin
where the negative interference between the reactivity term and the space-dependent
term is maximal, such that the APSD of one of the detector signals is close to zero.
The position of the minimum at —60 cm and the maximum at 60 cm confirms well
with the upper right plot of Figure 2.17, which shows that at x = —60 cm, the noise
is close to zero everywhere left to the fuel pin, and hence also at the detector at xy,
which is close to the left boundary of the core.

The non-monotonic behaviour also means that the localisation from the ampli-
tude localisation curve alone is not unambiguous, for certain values of A(x,) there
are three possible positions x,, which yield the same value. To some extent this ambi-
guity can be resolved with the help of the phase, which is much more sensitive to
the position of the fuel pin, than it was in the case of the variable strength absorber.
Based on the figures, the ambiguity cannot be fully eliminated. However, the conse-
quence is only that the procedure can point out possibly two probable positions, out
or which the relevant one can be selected by other methods. Also, in a 2D setting,
which is the relevant case in practice, three or more detectors will be used, which may
reduce the ambiguity; further, due to the faster spatial relaxation of the noise in a real
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2D problem, detectors only will convey information about the closest to them. Such
questions can be investigated in a realistic case with numerical noise simulators.

It is remarkable that the localisation curves shown in Figure 2.18 show consid-
erable resemblance to the one-group results to those in Figures 7(a)—(c) of [44]. The
reason why this is interesting is that the calculations in [44] concern the noise induced
by a vibrating absorber, whereas the ones shown in this Section concern a vibrat-
ing fuel pin. Both the reactivity term and the space-dependent term of the noise are
in opposite phase between these two type of perturbations. However, interestingly,
the fact that for a given position of the vibrating component, on which side of the
vibrating perturbation the reactivity and space-dependent terms have constructive or
destructive interference, does not depend on the type of the vibrating component. And
since the structure of the localisation curves is determined largely by the dependence
of the magnitude of the interference, the localisation curves are the same whether
one considers a vibrating absorber or a fuel pin. The difference in the vibration noise
manifests itself in the very minor contribution of the local component, seen here, and
its much larger magnitude for the vibrating absorber, which was shown in [46]. The
local component, in its turn, does not affect the form of the localisation curves except
in the neighbourhood of the detectors.

2.3.4.3 Vibrating absorber

Since, as it is obvious, in the MSRs the case of a vibrating fuel rod is not rele-
vant, in those we investigate the noise induced by a vibrating absorber. Although
the formulae, shown next shortly, are quite similar, the situation is still somewhat
different. Especially in thermal reactors, vibrations of a thermal absorber lead to a
large peak in the noise in the thermal group. This was demonstrated in [46], and it
was noticed already in the pioneering experiments with the historic Clinton Pile**
oscillator experiments, and treated first theoretically in [32].

The calculation of the neutron noise by a vibrating absorber goes on the same
lines as for the vibrating fuel pin. Assuming that only the absorption cross section is
perturbed, the perturbation can be described, analogously to (2.140) as

—

084 (x, 1) = {1“1 } [6(x —x, — (1)) — 6(x — x,)] (2.148)
a2

The relative amplitudes 7, and 75, were defined in (2.129). Then, assuming again

the smallness of the vibration amplitude |(7)|, one performs again a one-term Taylor

expansion in (2.148), after which a temporal Fourier transform yields the perturbation

in the vibrating absorption cross sections in the form

5 (x,w) = —e(w) Dj & (x — x,) (2.149)
The noise sources will read as

Si(x,w) = —e(W) Ya1,0" (x — %) ¢1(x) (2.150)

Sa(x,w) = —e(w) va2 ' (x — %) 2(x) (2.151)

**The Graphite Reactor, also called the X-10 reactor, in Oak Ridge National Laboratory (ORNL). It was
shut down permanently in 1963 and was designated as a National Historic Landmark in 1965.
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and the noise in the two groups is obtained as

561(x.6) = (@) [ {Gh1 (5,5 )61(5) + o1 (5,3, )6 ()}

+ a2 {G12(x, %y, W) P2 () + Gra(x, X, w)qb’z(xp)}} (2.152)
and

62(x,10) = £(e) |1 {Gh (5,355,061 (5,) + Gt (3,3 ) (1))

+ a2 {Gha (%, x5, w) P2 () + Gzz(x,x,,,w)dz(xp)}] (2.153)

As before, the spatial derivatives of the Green’s functions have to be taken with
respect to the second argument at the equilibrium fuel rod position x,,.

2.3.4.4 Propagating perturbations

Neutron noise due to propagating perturbations occurs in all liquid cooled reactors,
but the main interest in it has been primarily due to the use of in-core neutron noise
in BWRs. In the early stages of power reactor noise diagnostics it was noted that one
can extract information about some properties of the two-phase flow, primarily the
transit time of the flow between axially placed in-core neutron detectors in the same
detector tube [47]. The phase of the CPSD between two detectors showed a linear
dependence on the frequency, the slope being equal to the transit time of the flow
between the two detectors. It was recognised that the reason why determination of
the transit time is possible was the existence of the local component of the noise.

Although the existence of such a local component was shown already in the pio-
neering work of Weinberg and Schweinler [32] with one-group theory with a slowing
down kernel, the formalism was involved and not optimal for diagnostic purposes. It
was shown by Kosdly [48] that a simple two-group theory is sufficient for a trans-
parent and practical reconstruction of the local component, which is suitable for
diagnostic purposes. This is also one incentive for using two-group theory extensively
in this monograph.

Propagating perturbations occur also in PWRs. These are due to density fluctua-
tions of the coolant due to inlet temperature fluctuations, and represent a significantly
smaller magnitude of the perturbation. As a rule, these are concealed by the back-
ground noise or noise from other perturbations. Nevertheless, these relatively small
fluctuations of the neutron flux still play a role. Partly, with advanced signal process-
ing techniques, which can suppress the relative weight of the local component, it was
possible to determine the velocity of the coolant in a PWR by in-core neutron detec-
tors [49,50]. And partly, the neutron noise induced by the temperature fluctuations in
the coolant can be used for the determination of the MTC with noise methods [7].

Propagating perturbations will with all likelihood also play a role in the noise
diagnostics of next generation nuclear systems. Some of the planned SMRs will be
of the BWR type, such as the BWRX-300, developed by GE Hitachi Nuclear Energy.
In these reactors application of in-core neutron noise for monitoring two-phase flow
parameters will be equally relevant than in the existing BWRs. In the fast reactors of
the Gen-IV type, the molten lead and sodium cooled reactors will have a high heat
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capacity, in which temperature and density fluctuations will play a similar role than in
PWRs. The effect of those temperature fluctuations in a hard spectrum will of course
have a smaller effect on the neutron noise.

More importantly, it is anticipated that two phase, or at least two-component
flow may also occur in the metal coolant of fast reactors. This is for technological
reasons, such as homogenisation, or removal of noble gases (He, Xe, etc.), primarily
from MSRs. There is a large body of investigations of appearing a vapour phase in
metal cooled reactors, summarised in [51], which also lists several methods of diag-
nosing and quantifying bubbles in liquid metal. However, there is no mentioning of
the possibility of using neutron noise at all for this purpose. Therefore, we investi-
gate also the possibilities of detecting the presence of two-phase flow in liquid metal
cooled reactors and MSRs.

In the classic problem of BWR in-core noise diagnostics, it is customary to
assume that the presence of bubbles in the water coolant primarily affects the removal
cross section. With only the removal cross section perturbed, this leads to the concept
of the fast and thermal “removal adjoint”. Here, we keep a broader scope, and allow
for the perturbation of both the absorption and the removal cross section, again with
the relative weight of the individual perturbations being equal to the relative magni-
tude of the individual static cross sections. This approach is reasonable for water or
liquid metal cooled reactors with solid fuel.

MSRs are a class for themselves from the point of view of propagating per-
turbations. Apart from the possibility of the appearance of bubbles, propagating
perturbations with a detectable effect on the neutron noise can be expected in MSRs
with both a thermal and a fast spectrum. Inlet temperature fluctuations in the fluoride
salt of the MSR affect the fuel directly, unlike in a PWR were a good part of the
temperature fluctuations of the coolant is transferred to the fuel by heat conduction.
Changes in the fission cross sections will represent a more significant perturbation
than density fluctuations in molten lead or sodium. In addition, any non-homogeneity
in the distribution of the fuel in the molten salt constitutes a direct perturbation which
will propagate through the core.

On the other hand, a moving fuel means that, unlike in reactors with a solid fuel
the delayed neutron precursors will also move, and will decay at a point different
from where they were born, even outside the core. This fact changes the physics and
the dynamics of MSR which calls for a modification of the underlying description.
A full analytical description in the same framework with the same transparency as
the one used so far is not possible for the MSR, and hence some simplifications and
approximations are necessary. The diagnostics of MSRs will be treated separately at
a later section of this chapter.

As is customary for treating propagating perturbations, in the 1D model one
treats the axial dependence of the reactor along the z-coordinate, where the core
boundaries are at z = 0 and z = H. The propagating character of the perturbation
is described such that the fluctuations entering the reactor at z = 0 will propagate
unchanged along the axial height of the core. This is expressed by the relationship
that for any affected cross section one has

05(z,t) =02 (z=0, t —z/v), (2.154)



Principles of traditional reactor diagnostics and noise analysis 65

where v is the velocity of propagation’®. After a temporal Fourier transform this has
the form
0X(z,w) =0X(0,w)e v (2.155)

It is usually assumed that the inlet temperature fluctuations are white noise, i.e.
d%(0,w) = const. With the assumption that absorption cross sections in both groups
plus the removal cross sections are perturbed, the noise sources in the two groups will
be given as follows:

iwz
Si(z,w) = [65a 4 0k p1(z) e v (2.156)
and
S)(z,w) = —6X e UV +0%, e v
2(z,w) R 1(2) 2522(2) (2.157)

= [—(52R + dezuz] ¢l (Z) e_ v

Assuming that the amplitude of the cross-section fluctuations are proportional
to their static values, and introducing a normalisation w.r.t. to the sum of the cross
sections, noise sources can be written as

iwz
[Sl(z’w)l - [m] é1()e v (2.158)

S2 (Z, w) (6%)

If only the absorption and the removal cross sections are affected by the density
fluctuations of the coolant, the coefficients «r; and o, are defined as
Zal + ER . a — CuEaZ - ER

Yar + X2 + g’ HERD S SR S
Actually, as it will be seen later, parameters «;, i = 1,2 depend on the type of the
reactor considered. In graphite moderated systems the slowing down happens in the
graphite, hence the removal cross section is not affected by the density fluctuations
of the coolant. For the eight different reactor types considered, there will be five
different definitions of these parameters. In the gas cooled fast reactor the effect of
the density fluctuations of the coolant are negligible, hence the effect of propagating
perturbations will not be considered.

By using (2.158) in (2.83) leads to the expressions for the noise in the two
groups as

o = (2.159)

5¢1(z,w):/ Wi (z, 20, w) ¢1(z) e v dz (2.160)
0
and
5¢z(z,w)=/ U (z, 20, w) 1(z) e v dzo (2.161)
0

T Not to be mixed up with the one-speed neutron velocity.
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Here, using the terminology defined previously, the propagation adjoints ¥ and ¥,
are given as

V,(z, 20, w) = a1 G11(z,20,w) + 2 G12(2, 20, w) (2.162)
and
U5(z, 20, w) = a1 Ga1(z,20,w) + @2 Gi2(z, 20, W) (2.163)

Thus it is seen that in the case of the fluctuations of more cross sections than only the
removal one, ¥; and W, take over the role of the fast and the removal adjoints, defined
for thermal LWRs. Indeed, if only the fluctuations of the removal cross section are
accounted for, then from (2.159) one has

ap =1; ap = —1 (2.164)

and hence U, is exactly identical with the thermal adjoint of [38], even though it is
composed from the elements of the direct Green’s matrix. The approximation (2.164)
is a rather good one for LWRs, but definitely does not hold for liquid metal cooled
fast reactors. The structure of the propagation adjoints of (2.162) and (2.163) might
therefore be significantly different from that of the fast and thermal adjoint of LWRs.
When investigating the dynamic transfer properties of all non-LWR-type cores, the
removal adjoints (2.162) and (2.163) will be plotted, since it is their structure, in
particular the magnitude of the local components, that will decide the possibilities of
diagnosing propagating perturbations.

A way of quantifying this possibility is to investigate the phase of the CPSD
between two axially placed detectors as a function of the frequency. Assuming two
axially displaced detectors at positions z; and z,, this is given as

o(w) = Arg[CPSDy,, ., (w)] = Arg[0¢(z1,w) 61 (22, w)*] (2.165)

If the contribution from the local component is sufficiently high, then the phase is a
linear, or quasi-linear function of the frequency, and its slope is proportional to the
transit time of the propagation between the two detectors. If the global or point kinetic
term dominates, the phase is close to zero, and no linear behaviour can be seen. The
practicality of diagnosing the propagating perturbations will be determined by the
linearity of the phase.

An illustration is shown in Figure 2.19. The figure shows the dependence of
the phase as a function of frequency for the large commercial BWR and the small
system, both with the fast and the thermal neutron noise. The data for the calculations
were taken from [38], and the results for the phase obtained from the thermal neutron
noise show a good agreement with those in Figures 4 and 6 in [38], respectively. It
is interesting that the phase of the cross spectrum between two fast neutron detectors
follows that of the thermal detectors quite well up to about 10 Hz, despite that the
local component is much less noticeable in the fast propagation adjoint than in the
thermal one, and it is not a peak, rather a dip. For the small system, in which the local
component is smaller for both the fast and the thermal adjoint, above 1 Hz the phase
from the thermal neutron noise shows still a good agreement with the theoretical
phase ¢ = =27 f7, where T = (2o — z1) /v is the transit time. The phase from the fast
neutron noise, although globally showing a linearly decreasing behaviour, behaves
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Figure 2.19 Dependence of the phase of the cross-correlation on frequency
between two axially displaced detectors for propagating
perturbations in a large (top) and a small (bottom) BWR

rather irregularly, and is not suitable for the determination of the transit time. One
has to add that the plots shown here are idealised theoretical ones, exempt from all
extra noise contained in the signals from other sources.

The aforementioned plots are based on calculations for light water BWRs, where
the perturbation was only attributed to the fluctuations of the removal cross sections,
which yield oy = 1 and a; = —1. If the fluctuations of other cross sections need also
be taken into account, that will influence the amplitude and phase of the propagation
adjoints ¥ and ¥,, and hence in the end also the possibility of using the in-core
neutron noise to characterise the propagating perturbations. Such effects will be dis-
cussed in connection with the concrete treatment of the various Gen-1V reactors and
SMRs in the next two chapters, using the tools developed in the foregoing.

Some of the planned Gen-IV reactors and SMRs will be MSRs. As it was already
mentioned, propagating perturbations are expected to play a major role in the noise
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diagnostics of those cores. However, MSRs have a significantly different physics and
dynamics, due to the movement of the fuel and the delayed neutron precursors. The
underlying equations describing the static and dynamic behaviour of MSRs are dif-
ferent from those used so far. In order to study the dynamics of MSRs, the theory
needs to be modified. Because of these differences, in the next section, we develop
a simplified theoretical framework to analyse the dynamic properties of MSRs. The
model and the method elaborated in the next section are used for the analysis of the
MSRs in the next two chapters.

2.3.5 Noise source unfolding

In the foregoing, the emphasis was on the calculation of the neutron noise by the three
main perturbation types that have been the most commonly occurring in LWRs, and
to some extent also in HWRs. The objective was to investigate the possibilities of
diagnosing these types of perturbations in the planned Gen-IV and SMR systems,
with their neutronic transport properties being different from those of recent reac-
tors. As it was already illustrated in the previous sections, and will be further pursued
in the next two chapters, general conclusions can be drawn on the chances, i.e. the
efficiency and accuracy of the diagnostics, i.e. unfolding the relevant information,
such as the position of a perturbation, form these investigations. However, it has not
been discussed so far how such a quantitative diagnostics can be performed, there
were no algorithms suggested for them. In other words, unfolding of source param-
eters from the induced noise, in knowledge of the transfer properties of the system,
is an inverse task, whereas so far we have only dealt with the direct task, i.e. how
to calculate the noise induced by a given perturbation. There are no standard meth-
ods of how to solve an inverse task, and the solution method is different from case
to case. Therefore, in this section, we give a brief overview of how the unfolding of
the parameters of the mentioned perturbations can be made, with some outlook of
possible special circumstances for Gen-VI systems.

With regard to the solution methods of the inverse task, there is in principle
no difference between the present Gen-II and Gen-III reactors and the next gener-
ation nuclear systems. On the other hand, significant developments took place in this
respect with the entering of machine learning methods into the solution of inverse
tasks. These developments will directly be made use of in the next generation sys-
tems. Since these methods are not yet widely used in current systems either, it is
worth giving a summary of the status of these here.

Unfolding of the different perturbations requires different methods, as they also
have different level of sophistications. We start with the simplest, the diagnostics of
the propagating perturbations, where no sophisticated unfolding methods are needed,
at least as long as only measurement of the transit time of the perturbation between
two detectors is concerned. This is because no spatial aspects and corresponding
treatment of spatial transfer properties need to be considered. The effect of the pertur-
bation is measured in the radial core position where it occurs, and axially it propagates
between the two detectors with known positions. The transit time of the propaga-
tion between the two detectors is determined from the slope of the phase of the
CPSD as a function of the frequency (or, alternatively, from the peak of the temporal
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cross-correlation function, CCF(7), see later), and this only requires signal pro-
cessing methods, but no complicated algorithm. The success of the unfolding, i.e.
determination of the transit time, depends on the goodness of the linearity of the
phase, which at most requires some curve fitting procedure.

The goodness of the slope, i.e. its linearity, depends on the relative contribution
of the local component (and its sufficiently fast spatial decay). This, in turn, depends
partly on the transfer properties of the system, and partly on the nature of the pertur-
bation, i.e. which cross section is affected the most by the perturbation. It is the first
of these two questions which will be investigated in the next two chapters for a num-
ber of selected Gen-IV and SMR types. The second question, i.e. the variety of the
possible propagating perturbations, and their quantitative effect on the cross sections,
is much more difficult to quantify and investigate at the present state or matters, and
its investigation is outside the scope of this book.

In short of knowledge on the possible character of perturbations in the next gen-
eration systems, one is left to guesses. One can though anticipate with some certainty,
that the effect of propagating perturbations will not be as strong in the Gen-IV sys-
tems as in the classical case of two-phase flow in BWRs. Two-phase flow in LWRs
represents primarily a strong perturbation of the removal cross section, and as it was
seen, fluctuations of the removal cross section amplifies the relative weight of the
local peak of the neutronic transfer.

Neither of these advantageous circumstances can be expected in metal cooled
fast reactors or MSRs. Even the possible presence of voids, which is anticipated [51],
will only affect the absorption cross section that will constitute a significantly smaller
perturbation. In MSRs, void will affect also the fission cross sections, which is a
stronger perturbation, but still without the same amplifying effect as the perturbation
of the removal cross section that, by being transferred through the difference between
two elements of the Green’s matrix, will experience a stronger local component. In
addition, as we will see, in certain thermal MSRs the same fortuitous combination
of the Green’s function components takes place as the one that amplifies the local
component in a BWR.

A crude attempt was made in the next two chapters to account for the effect of
possible perturbations on the cross sections involved in Gen-IV systems. The relative
weight of the perturbation of the various cross sections, representative of the various
reactors, was though rather ad-hoc, and not made with advanced assembly homogeni-
sation codes. This work will have to be done when design details of the new systems
becomes more concrete and public.

If the perturbation is not represented by voids, its effect will be even weaker.
Temperature fluctuations of the liquid metal coolant will affect the reaction rates due
to spectral effects, but his will be rather subtle, and are expected to be much smaller
in fast reactors than in LWRs. But even in the latter, inlet temperature fluctuations in
a PWR have a too small induced neutron noise to be useful for determination of the
transit time.

For the determination of the transit time from neutron noise induced by tempera-
ture fluctuations of the coolant, one might take resource to advanced signal processing
methods to improve the situation. Such a method was elaborated originally by Nishi-
hara [52]. Nishihara’s method was inspired by the so-called “cepstrum” technique,
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developed for seismic analysis, although his method is free from the approximations
involved in the cepstrum method. The method is based on the peak of the cross-
correlation between the two detector signals, but instead of calculating it as an inverse
Fourier transform of the cross spectrum CPSD, (w), it calculates a function 7y, (7) as
the inverse Fourier transform of the CPSD divided by the square root of the APSDs
of the two signals:

. CPSDj;(w)
B 2.166
Yi2(T) = FFT { \/APSD (w) APSD;(w) } ( )

This method was simplified and used for PWRs in [49,50]. Instead of using the
peak of the aforementioned defined 7, (7) function, they used the so-called impulse
response function (IRF). The IRF is defined as the inverse Fourier transform of the
CPSD between the two detectors, divided by the APSD of one of the detectors:

CPSD(w)
APSD(w) }

Dividing the CPSD with the autospectrum of one of the detectors, or with the square
root of the product of the APSDs of the two detectors largely reduces the weight of
the global component, primarily that of the reactivity or point kinetic component,
and sharpens the otherwise wide peak of the CCF, making it suitable for the accurate
determination of the transit time even for small perturbations with a large global com-
ponent. An illustration is shown in Figure 2.20, showing the original cross-correlation
function, as well as the IRF [50].

For completeness it is worth mentioning that coolant flow velocity measure-
ments are possible also with other methods than neutron noise. Some of these are
mentioned in Chapter 8, such as with ultrasonic flowmeters or with correlating sig-
nals of thermocouples. A particular possibility for liquid metal cooled reactors is to

IRF(7) = FFT™" { (2.167)
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Figure 2.20 Measured cross-correlation (top) and impulse response (bottom)
functions between detectors with a transport time of approximately
0.4 s. From Reference [50].
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use electromagnetic measurement methods, such as the direct current or the eddy
current flowmeters. However, the use of these methods for in-core measurements is
problematic, they can best be used on ex-core flow loops.

In the cases mentioned so far, no algorithmic unfolding was necessary other than
advanced signal processing. Estimating the transit time assumes only the existence
and sufficient weight of the local component, but no knowledge of its functional form
or spatial range (“field of view”) is necessary to know. This is the case also if the
objective is not a transit time, just the detection of incipient boiling or unexpected
occurrence of voids for any reason. The situation becomes different if more involved
type of diagnostics is needed, such as determining the void fraction from in-core neu-
tron noise measurements. This is a relevant, and to this date not fully solved question
even in BWRs, which has been discussed in the literature [53,54]. Recent work shows
that by knowing the range (field of view) of the local component, and the void veloc-
ity at the detector position, then the void fraction, in particular in the case of low void
content with sparse bubbles, can be determined [55]. This is now a substantially more
involved unfolding question. Apart from the need of knowing the spatial structure of
the local component, the determination of the void velocity at the detector position
is not trivial either, at least if the void fraction has an axial profile, due to which the
velocity is also axially dependent. The transit time is an integral of the reciprocal of
the axially dependent void velocity. To extract the velocity profile, access to several
transit time is necessary, usually four independent transit times [56]. Work is going
on regarding this method for BWRs, and it can also be relevant for metal cooled and
MSR-type Gen-1V reactors.

More involved unfolding procedures are also necessary for the diagnostics of
localised noise sources inside the core, such as localisation of a variable strength
absorber (such as the case of a channel-type instability), or a vibrating fuel
pin/assembly or a control rod. In such cases an algorithm is necessary to unfold the
position and possible other attributes of the perturbation, which is based on the mea-
sured signal and the theoretical relationship between the perturbation and the induced
noise, which in turn also requires the knowledge of the neutronic transfer function.

The localisation curves shown in the previous section, which were meant to indi-
cate the sensitivity of the amplitude ratios and phases of the CPSD between two
detectors, could give an impression that measured values of these could be used to
find the location of the perturbation from the position of the value of the localisation
curves which agrees with the measured values. In reality the situation is much more
complicated. Both of these inverse problems are 2D, i.e. the location of the suspected
channel instability or vibrating rod needs to be searched on the whole horizontal cross
section of the core. This means not only that at least three detectors are needed, but
also that both that the calculation of the transfer function, as well as the expression for
the induced noise, becomes more complicated. This latter is particularly valid for the
vibration problem, where the perturbation itself becomes 2D, having a larger degree
of freedom than in the simple 1D case [57]. Under such circumstances, construction
of an unfolding algorithm becomes much more difficult.

Until relative recently, unfolding methods were based on simple analytical mod-
els. This is partly because an analytical solution of the direct task, which is only
possible in simple models, expedites the elaboration of an inversion algorithm. And
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partly, because calculation of the noise in other than simple analytical models was
not possible. No numerical codes were developed which could calculate the space—
frequency-dependent neutron noise with the same spatial resolution in two-group
diffusion theory in real inhomogeneous cores as the ICFM codes do for the static
flux. In addition, a numerical modelling of the various perturbations, which in an
analytical model can be represented by a Dirac-delta function that cannot directly
be applied in numerical methods, was also needed. These circumstances restricted
the unfolding of the noise source to the use of simple models of bare homogeneous
cores. This fact notwithstanding, even such simple models were used with success
for locating both a channel-type instability in a BWR [21], and an excessively vibrat-
ing control rod in a PWR [20]. This is because, in contrast to the ICFM codes, the
demands on the accuracy of the calculations, as well as the dependence on the micro-
structure of the flux and the boundary conditions, are much milder for noise problems
than in a criticality calculation.

The last two decades or so have seen a major breakthrough in this area, from
which the diagnostics of Gen-IV reactors and SMRs will highly benefit. Namely,
diagnostics and noise source unfolding became possible in real inhomogeneous sys-
tems. This is the result of two circumstances. One is that machine learning methods,
primarily the use of ANNS, relieved, and in fact eliminated completely the need for
analytical solutions of the direct task in order that the inverse task should be possible
to perform. ANN s only need training patterns in pure numerical form, which can be
generated by numerical solution of the direct task for a large number of cases. The sec-
ond is that in the meantime, [CFM-quality codes, called “noise simulators”, have been
developed for the calculation of the noise in real inhomogeneous systems, together
with methods of numerical simulations of the perturbations with high fidelity. Chap-
ter 5 gives a description of how these codes are work, and also gives a survey about
the international state of the art in this field.

The use of ANNS in reactor diagnostics and monitoring was pioneered largely by
Bob Uhrig in the early 1990s [58] (for an overview, see also [24]). In the first period,
mostly conceptual studies were made on simulated signals. One of the very early
practical applications is from 1996, performed on previously measured data related to
an anomaly in a reactor during operation, an excessively vibrating control rod [27]. In
this application the data on which the ANN was trained were still generated by a very
simple homogeneous 2D one-group diffusion model in the so-called power reactor
approximation, in which the frequency-dependent buckling B?(w) is neglected in the
noise equation. The success of this procedure was expedited by the fact that the ANN
had only to find one out of the possible locations of 7 control rods in a control rod
bank.

Although ANNS got started to be increasingly used in various “direct diagnostic”
tasks, in which no neutronic transfer properties were needed (such as determining
the decay ratio in BWR instability [59], determining the axial position of partially
inserted control rods [60], identifying two-phase flow regimes from neutron radio-
graphy images [61], etc.), the integration of ANNs and advanced noise simulators
took place only recently in the frame of the Euratom-supported coordinated research
project CORTEX (see [23] and the references therein). The CORTEX project clearly
showcased the power of combining advanced noise simulators with machine learning
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methods. Apart from the capability of treating real inhomogeneous cores with high
fidelity, there is also an added advantage. In the algorithm-based parametric unfold-
ing methods, the type of algorithm to be used depends on the type of the perturbation.
A different algorithm has to be used for the localisation of a channel-type instabil-
ity [21] and vibrating absorber rod [27]. Hence, after discovering an anomaly from
the peaks in the power spectra, first an expert judgement is needed about the kind
of the anomaly, and accordingly a decision as to which algorithm has to be used for
the unfolding. With machine learning methods, one can develop deep learning meth-
ods, including convolutional or recurrent networks, which can to both jobs: both to
determine the type of perturbation, as well as to select the appropriate network for
the unfolding. It can even give warning in case of anomalous signals where the type
of perturbation cannot be identified in terms of the known anomalies.

This extended functionality of the machine learning methods will prove partic-
ularly useful for the diagnostics of next generation of nuclear systems, because there
is still a huge lack of experience on the possible type of perturbations or anomalies
that can occur. The use of advanced noise simulators, combined with deep learn-
ing methods will therefore receive and increased significance in the surveillance and
diagnostics of next generation nuclear systems.

2.3.6 Molten salt reactors

For the investigation of MSRs, one has to develop a simple analytical model of
MSR in one dimension and in one- and two-group theories, similarly to the one
used for traditional reactor in the previous sections. Such models were elaborated
by several authors [62—71], not to mention the numerous publications using various
kinetic approximations, such as the adiabatic and quasistatic approximations, as well
as reduced order models. However, none of these was used for the type of analysis
of the MSRs for general type of perturbations, i.e. not only for propagating perturba-
tions, rather for all the others which together are the main focus of this book. Hence
here, similarly to the analytical noise theory for traditional systems, elaborated in the
previous part of this chapter, we describe both the one-group and two-group theories
of neutron noise in MSR. This two-step approach justified by the fact that, similarly
to the traditional case, the one-group description gives physical insight that is used
to interpret the two-group results. This insight is even more significant here than for
traditional cores because no closed analytical solution of the noise equations is pos-
sible to obtain for finite fuel velocities in two-group theory. Hence a simplification,
based on the prompt recirculation approximation and related reasoning will be used,
whose validity can be investigated in a one-group model, in which the case of finite
fuel velocities is tractable. This way the analysis in one-group theory is used to justify
the use of the same approximation in two-group theory.

The significance of this approximation arises also from another circumstance
when using a simple 1D model for MSR. Namely as it was seen in the previous
sections in this chapter, to handle some of the perturbations, such as the method of
locating vibrating fuel elements or absorbers, the only modelled dimension of the
system must be the horizontal one, with a slab with thickness of the diameter of the
core. However, in reactors with a moving fuel, the effects of the movement of the
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precursors is only possible if the selected coordinate in the 1D model is the axial
one. This means that for the MSR, in principle only the propagating perturbations
can be handled, since they also take place in the axial direction. For the handling of
the other perturbations, a 2D model would be necessary. Fortunately, as we shall see
it soon, with the aforementioned approximation, it is possible to resolve this problem
by still using a 1D model. Since this approximation, and its proof is not available in
the literature, it will be derived here through a concise, but complete description of
both the one-group and two-group cases.

2.3.6.1 One-group theory of thermal MSRs

We assume a homogeneous unreflected slab reactor with the axial dimension along
the z axis. The flow of the fuel is also assumed to take place along this direction.
The extrapolated system boundaries will lie at z = 0 and z = H, where the flux is
supposed to vanish. This is the usual choice of the coordinate system when the prop-
agation of the coolant (in BWRs) or the fuel (in MSRs) is described. However, for
practical reasons, occasionally we also will switch to the x-coordinate system, when
the extrapolated boundaries of the system will lie between x = —a and x = a. The
fuel, flowing axially with a constant velocity u, will be lead back from the core out-
let at z = H to the core inlet at z = O through loop of length L. The total length T
of the recirculation will be thus T = H + L. The corresponding transit times will be
denoted as 7. = H/u for the passage through the core, 7, = L/u in the external loop,
and 7 = 7. + 7, for the total recirculation time.

Assuming a uniform fuel velocity which is the same in the core and in the outer
loop is only used for convenience, in reality this will not be the case. But this sim-
plification will not lead to any discrepancy of the model. The different velocity in
the outer loop can be simply compensated by redefining a fictitious length of the
outer loop, which gives the same recirculation time as the real loop with the real fuel
velocity.

The equations of the space and time dependence of the neutron flux and the
precursors are read as

%% = DV?¢(z,1) + [VEH(z,))(1 — B) — Zu(z,0)] ¢(z, 1) + AC(z,1)
(2.168)
ac;, )4 uac(;z, D _ Busy(z, 06z 1) — AC(z, 1) (2.169)
The flux is assumed to disappear at the extrapolated boundaries:
¢(0,1) = ¢(H,1) =0 (2.170)

For the MSR, it is necessary to specify boundary conditions for the delayed neutron
precursors, whose density will not vanish either at the outlet or at the inlet, due to their
streaming. The condition one can set is that the number density of delayed neutron
precursors at the inlet is the same as that at the outlet with a time 7, = L/u earlier,
but decreased by the decay during this time:

C(0,1) = C(H,t —7)e ™ (2.171)



Principles of traditional reactor diagnostics and noise analysis 75

The assumption of zero flux at the extrapolated boundary and a non-zero density
of delayed neutron precursors is somewhat non-physical. However, it was shown by
considering logarithmic boundary conditions for the flux at the physical boundary,
that this approximation gives physically meaningful results [65].

The static equations read as

DV?¢0(z) + (vS/(1 — B) — Zu(2)) ¢o(z) + ACo(z) = 0 (2.172)
and
udcsz(z) = BuSo(z) — ACo(2) (2.173)

with the stationary boundary conditions
Co(0) = Co(H)e ™ (2.174)

Equations (2.172) and (2.173) show that for the MSR, the delayed neutron precur-
sors do not disappear from the static equations. This is an indication that the MSR
equations have a higher dimensionality than for the traditional reactors.

Similarly to the traditional systems, the equation for the precursor density can be
solved to express Cy(z) with ¢(z), and one can derive an integro-differential equation
for solely the flux. By integrating (2.173) one obtains

H DN < P
C()(Z) = e_% LI/Ef < ! / eZT(ﬁo(Z/)dZ/ —+ / e ¢0(Z/)dzl) (2175)
0 0

u e — 1

where it is seen that only the full recirculation time 7 appears, which is somewhat
counter-intuitive. As it was discussed in the literature [63], the first term on the r.h.s.
of (2.175) corresponds to the contribution from the precursors of all previous recircu-
lations when the precursors passed through the core completely, whereas the second
term is from the most current passage of precursors from the inlet to the point z.

Inserting (2.175) into (2.172) leads to a single integro-differential equation for
the static flux in the form

DV260(z) + (v (1 — B) — 5,) dol2) + e~ % 202

1 ", SOV
<e/\T — / e%¢o(zl)dz’ +/ eA'«(;So(z')dz’) =0
0 0

As it is seen, due to the indefinite integral in the last term, the characteristic
equation is of third order, as opposed to the case of the traditional systems with the
corresponding equation being a pure second-order differential equation, with a char-
acteristic equation of second order. However, with a third-order equation, a fully
analytical solution is still possible [65,72], and it is obtained as follows. By differen-
tiating once with respect to z and rearranging, one obtains a simple linear differential
equation with constant coefficients in the form

o (2) + %%/ (2) + B3y (2) + (233 + C) $o(z) =0 (2.177)

(2.176)
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or, equivalently,

122 )\ 12 7
b0 (2) + 260 (2) + Byo(2) + Bseo(2) = 0 (2.178)
with
S(1—B8)—%
g = B A — (2.179)
D
ABYE
c = My (2.180)
uD
and
AW — %)
= AW =) 2.181
s uD (2.181)

Here, B} is equal to \/u times the static buckling of an equivalent traditional reactor
with static fuel. The characteristic equation is a third-order polynomial in the variable
k (inverse length) obtained as

A
K4+ 2k + Bk +B:=0 (2.182)
u

Hence the characteristic equation has three roots. One can show that one root is real,
and the other two are complex conjugates. In view of this, the solution can be written
in the form

¢o(z) = A1e*sin(fz) + Are*“ cos(5z) + Aze™ (2.183)

where «, 5 and +y are related to the real and imaginary parts of the three roots. Of the
three unknown coefficients, two can be eliminated by using the boundary conditions
of vanishing flux at z = 0 and z = H, whereas substituting the resulting form, con-
taining only one undetermined coefficient, will supply the criticality condition. Once
the flux is found in an analytical form, the precursor density can easily be derived
through (2.175).

By this way, analytical solutions can be obtained for both the static flux, and
for the neutron noise, or for the Green’s function of the system. For the sake of
later reasoning, we show here some quantitative results. These conceptual calcu-
lations were made with data taken from [62]. These correspond to a traditional
U-fuelled thermal power reactor (Table 2.3). This is only for purposes of demon-
stration; later on calculations will be made by data corresponding to real MSRs.

Calculations were made for several different fuel velocities, by accounting for an
extrapolation distance of 10 cm. Results for the static flux regarding the dependence
of its shape on the fuel velocity are shown in Figure 2.21. The variation of the spatial

Table 2.3  Parameters of the one-group MSR model used in the calculations

Hlem] L[em] D[em] X,[em™'] v¥/[em™!] 2 Als™'1 v [cmis]

300 400 0.33 0.01 0.0100362 0.0065 0.1 1.532 -10°
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Figure 2.21 The static neutron flux for several fuel velocities

distribution of the precursors is more significant, but it is not interesting for our rea-
soning, and hence will not be shown here. The figure shows that the initally symmetric
cosine-shaped static flux at u = 0 starts to get distorted with increasing fuel velocities,
the maximum being shifted towards the core exit. However, this dependence is not
monotonic; at higher velocities, the maximum starts shifting back towards the centre.
At high velocities, for which 7 - A << 1, the flux shape becomes symmetric again
around half height of the core. It is seen that this happens already at the relatively
moderate fuel velocity of u = 50 cm/s.

Physically, this is due to the fact that the contribution from the multiply recircu-
lated precursors starts to dominate over the ones which are generated in the current
cycle. This corresponds to the dominance of the third term of (2.176) over the last one
on the Lh.s. This lends the possibility to introduce an approximation by neglecting the
last term, which leads to significant simplifications. Namely, the characteristic equa-
tion becomes of second order, which simplifies the formalism substantially. Since
this approximation can be formally derived from (2.176) by letting u — oo, in the
previous publications this approximation was called the case of “infinite fuel veloc-
ity” [63,64,70]. Although this terminology will also be kept to some extent here,
especially when it makes notations simpler, but in general here we prefer to call it the
“prompt recirculation approximation”. This is to emphasise that the approximation
is sufficiently good even at finite fuel velocities, and to avoid conceptual difficulties
such as the fuel velocity being larger than the neutron velocity, etc.

In the continuation, we therefore use the approximation of prompt recirculation,
both in the static and the dynamic case, both in one-group and two-group theories.
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In two-group theory, this is the only way of getting simple analytical solutions. The
suitability of the approximation can be investigated in the one-group case, where
analytical solutions can be obtained also with finite fuel velocities.

The static equation in the prompt recirculation approximation has the form

ﬂVZf

DV (z) + (W51 = B) — %) do(2) /céo )7 =0 (2.184)

which can be rewritten as

V2¢0(z) + Bj ¢o(2) 7’0/ ¢o(Z)dz =0 (2.185)
with
BZ _ sz(l - B) - Za
0 D
)
no = % (2.186)

Since the last term of (2.185) does not depend on z and hence can be treated as a con-
stant, the solution can be searched in the form of the full solution of the homogeneous
solution and a particular solution of the inhomogeneous equation. From the bound-
ary conditions and from the condition that the full solution needs to fulfil (2.185), one
obtains the static flux as

¢o(x) = Afcos(Byx) — cos(Bya)] (2.187)
where A is an arbitrary constant, and the criticality equation in the form
210
B3 cos(Bya) i/l cos(Bpa) — ill} sin(Bpa) =0 (2.188)

TB,

A quantitative comparison between the cases of a traditional reactor (u = 0)
and the prompt recirculation approximation (u = oco) is shown in Figure 2.22 in the
x-coordinate system, with x = 0 being at the centre of the core, i.e. at half height. The
data in Table 2.3 correspond to a critical system with # = 0. The core with the prompt
recirculation (# = oo) has the same size and was made critical by adjusting the cross
sections through the criticality equation (2.188). One can see that, as expected, the
two fluxes are both symmetric, and quite similar to each other, although the delayed
neutron precursor distributions (not shown here) are quite different for the two cases.

We will now calculate the Green’s function of the dynamic problem both for
finite fuel velocities, as well as in the prompt recirculation approximation. First, from
(2.168) and (2.169), assuming for simplicity the fluctuations of the absorbing cross
sections only, the linearised equations for the fluctuations of the flux and the precursor
density are obtained as

1 0dp(z,1)

S = DV?5¢(z,1) + (vEA1 — B) — £,) 8¢(z, 1)

+AC(z,1) — 624(z, 1) Po(2) (2.189)

05C(.1) | DC(z,1)

o u—p = BUSE(e,1) — MC( 1) (2.190)
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Figure 2.22  Comparison of the static fluxes between a traditional core (u = 0 with
the data of Table 2.3) with an equivalent MSR with u = oo

with the boundary condition of vanishing flux fluctuations at the extrapolated bound-
aries and the condition for §C in the form

5C(0,1) = 6C(H,t — 11)e ™ (2.191)
After a temporal Fourier transform, integrating (2.190) to express dC(z,w) with
d¢(z,w), one arrives at the noise equation for §¢(z,w) as

iw)z A
V266(z,w) + B2 (w) 0¢(z,w) + e~ a2

u

1 H iw)Z < iw)?
X ((A—Hw)/ e 5¢(z',w)dz’+/ e 5¢(Z’,w)dz') (2.192)
e T—1 0 0

620(Z7 w)¢0(z)
D

where
iw
B A B 2.193
(w) = D =B="5 (2.193)
is the dynamic buckling, and 7y was defined in (2.186). The Green’s function of

(2.192) obeys the equation

(Atiw)z A
V2 G(z,20, w) + B*(w) G(z, 20, W) + o %
1 " Oiw) 2 tiw)d
N T T " G /7 ) d ' / " G /7 ) d !
(e(,\+w)rl/0 ¢ (20, w)dZ' + A e (7, 20,w)dz
= 0(z—20) (2.194)

This equation was solved with the methods described in [63] for various fuel veloci-
ties with the data of Table 2.3. The results for zo = H/2 are shown in Figure 2.23 for
several different fuel velocities.
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Figure 2.23 The space dependence of the Green’s function in a large system for
several different velocities from u = 0 to u = oo with zop = H/2 and
w = 10 rad/s

The figure shows that for increasing fuel velocities, the character of the Green’s
function changes monotonically. For u = 0 (the lowermost curve), i.e. for the case as
atraditional system, corresponding to the fact that it is a large power reactor, the shape
of the Green’s function shows a considerable space dependence, i.e. deviation from
the point kinetic behaviour, which has the shape of the static flux. With increasing
fuel velocities, the originally concave shape first turns to linear space dependence,
after which the shape becomes convex. This means that with the moving fuel, the
behaviour changes towards a more point kinetic response.

As discussed in the literature, this is for two reasons. One is that with increasing
fuel velocity, an increasingly larger fraction of delayed neutron precursors decays
outside the core, hence the effective delayed neutron fraction decreases. As it is seen
from (2.44), at the plateau frequency of 10 rad/s, a decrease of 3 leads to the increase
of the magnitude, and hence the contribution from, the point kinetic component. The
other effect leading to a more point kinetic-type behaviour is the strengthening of the
spatial coupling of the fission chains by the movement of the precursors, by the fact
that precursors generated at one point will decay at another spatial point. As we see it
soon, out of these two effects, the decrease of the effective delayed neutron fraction
is the one that is dominating.

Figure 2.23 also shows that the convergence to the results of the prompt recir-
culation case, i.e. u = o0, takes place at higher fuel velocities than for the static flux.
Although the results are not universal, since the ratio of the length of the external
loop and the core axial dimension also play a role, still from this figure with the data
of LWRs, it seems that the case closest to the practical applications, with u = 10 m/s,
is in between the case of static fuel and the MSR with prompt recirculation. Actually,
the results obtained by the assumption of prompt recirculation can also be considered
as a measure of the largest effect the movement of the fuel can have on the dynamic
response of the system, and is therefore still a useful tool.
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The equation for the Green’s function with the prompt recirculation approxima-
tion can be derived from the noise equation (2.192), by performing the limit u — oo
and 7 — 0 leading to

DV%5¢(z,w) + <uzf(1 —B) =%, — > 5¢(z,w)

)\ﬁl/Zf

(A +iw)T / 06(2,w) dz’ = 0%a(z,w)0(2) (2.195)

From this, the equation for the Green’s function of (2.195) corresponding to the
definition (2.47), with the shift of the spatial variable from z to x reads as

V2G(x,x0,w) + B*(w)G(x, xo,w) + L;J) /a G(x,xp,w)dx' = §(x —xp) (2.196)

—a

where

@) = 1
A+ iw
the latter already having been defined in (2.186).

The last term on the Lh.s. of (2.196) is still independent of x and hence can be
considered as constant, hence the solution can still be sought as a sum of the solution
of the homogeneous and the inhomogeneous equations. This is though not identical
with the solution of the static equation, rather it is a modification of the method of
solving for the collided and uncollided flux in transport or diffusion theory. The inho-
mogeneous equation consists of (2.196) without the integral term, i.e. without the last
term on the L.h.s., whereas the homogeneous equation consists of (2.196) without the
Dirac delta on the r.h.s. but with the integral term included on the Lh.s., where the
integral term is over the full solution. Both the inhomogeneous and the homogeneous
solutions have to fulfil the boundary conditions separately.

As is described in [63], the solution of the inhomogeneous equation is formally
identical with that of the traditional reactors, but with different parameters, whereas
the space-dependence of the homogeneous solution is the same as what was called
the inhomogeneous solution for the static flux. Since in this case the inhomogeneous
equation contains a term which is not proportional with the sought solution, there is
no undetermined factor left, and the result is given as

(2.197)

_ n(w)e(x)e(xo)
G(x,x0,w) = TK(w)B" cos Ba 108
1 sin B(a — x) sin B(a + x) x < xo )
Bsin2Ba | sinB(a + xo) sinB(a — x) x > xo
where B = B(w),
o(x) = cos(Bx) — cos(Ba) (2.199)

and the factor K(w) is defined as

K(w) = B*cos(Ba) + 2a77T(w) cos(Ba) — 27;(;) sin(Ba) (2.200)
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Note that K(0) = 0 because the r.h.s. of (2.200) reduces to the criticality equation
One notes the symmetry in x and x: the fact that (2.195) is self-adjoint is reflected
in the Green’s function.

The second term in the Green’s function is formally identical with the Green’s
function of the traditional systems, where the first term is not present. For traditional
reactors, the point kinetic behaviour can be derived from the properties of this second
term (which is the only one appearing in the solution) as w tends to zero, because the
term sin(2 B @) tends to zero. In the present case, sin(2 B a) does not tend to zero when
w tends to zero, and correspondingly, the point kinetic behaviour will not be related
to the second term, rather it will arise from the first one. Namely, taking the limit
w — 0, the second term of (2.198) will remain finite, whereas the first will diverge
since K(w) — 0, as mentioned here before. Hence one has

_ o ()p(xo) (2.201)

G(x,xp,w) ~
(v, %0, ) TK(w)B3 cos Boa

when w — 0. Since the Green’s function is now factorised in frequency and space
dependence, and the space dependence is further factorised into a product of the
static flux at x and xy, respectively, it is shown that an MSR with the prompt recir-
culation approximation also shows point kinetic behaviour at low frequencies. The
analysis can be made similarly with considering systems of decreasing size instead
of frequency, with a similar conclusion.

At this point it is interesting to make a comparison between the Green’s function
of a traditional system, (2.50), with that of an equivalent MSR in the prompt recir-
culation approximation, (2.198) for various frequencies, with the same system size.
Here again the data from Table 2.3 were used, which describe a critical system with
static fuel. The MSR in the prompt recirculation approximation with the same system
size had the buckling adjusted with the criticality equation (2.188).

The space-dependence of the amplitude of the Green’s functions of an MSR and
a traditional system of power reactor size, for xo = 0 and for various frequencies, can
be seen in Figure 2.24. At very low frequencies (Figure 2.24(a)), the spatial form of
the two Green’s functions is the same, being equal to that of the static flux. This is
a consequence of the fact that both systems behave in a point kinetic manner. At the
same time, the amplitude of the Green’s function of the MSR is much larger than that
of the traditional system. The reason for this is that, as discussed earlier (see (2.44)
and the discussion around it), the amplitude of the point kinetic component, which is
dominating at these frequencies, is proportional to 1/3. Although both systems have
the same [ value, the effective delayed neutron fraction is much smaller in the MSR
than in a corresponding traditional reactor, due to the fact that a large portion of pre-
cursors decays outside the core in the MSR. For the MSR in the prompt recirculation
approximation, a rough estimate is that the effective delayed neutron fraction 3.y can
be estimated as

(2.202)
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Figure 2.24 Comparison between Green’s functions for a traditional reactor with
zero fuel velocity and an MSR with the prompt recirculation
approximation, for various frequencies in a large system
(H = 300 cm). (a) w = 0.01 rad/s, (b) w = 1 rad/s; (c) w = 100 rad/s;
(d) w = 1000 rad/s

For the case here, H = 300 cm and L = 400 cm, one obtains that the amplitude of
the Green’s function of an MSR is over 2 times larger than that of the corresponding
traditional system, which is confirmed by Figure 2.24(a) (and even by Figure 2.24(b)).

From a practical point of view, the significance of this fact is that at low fre-
quencies, and even at plateau frequencies for smaller systems, the amplitude of the
noise, induced by perturbations in the core, will be larger for systems with a smaller
effective delayed neutron fraction. Apart from MSRs which have a smaller effective
delayed neutron fraction due to decay outside the core, Gen-IV reactors fuelled with
thorium or plutonium will have a smaller fraction of delayed neutrons per fission
than the traditional LWRs. This might be helpful from the practical point of view of
diagnosing various perturbations.

Figure 2.24 also shows how the point kinetic behaviour gradually disappears and
the system response to localised perturbations becomes localised for increasing fre-
quencies. It is also seen that the MSR retains a point-kinetic behaviour for larger
frequencies than a traditional reactor. At very high frequencies (Figure 2.24(d)),
where only the prompt neutron behaviour determines the transfer properties, the
response of the two systems becomes identical.

These results are consistent with the ones shown in Figure 2.23, for a given fre-
quency but varying fuel flow velocity, and hence decreasing the effective delayed
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neutron fraction. These results all point to the fact that the main reason for the differ-
ence in the dynamic system response, expressed by the transfer function, are due to
the difference in the effective delayed neutron fraction, and to a much less degree to
the movement of the precursors inside the core. As it was mentioned earlier already in
the literature, the fact that delayed neutron precursors decay at a point different from
the position where they were born, enhances the spatial neutronic coupling, enhanc-
ing point kinetic behaviour, and also has an effect of the effective delayed neutron
fraction by the fact that the importance of the position of decay may be different from
that of the birth of the precursor. According to the aforementioned results, the domi-
nating fact is the decrease of the effective delayed neutron fraction, and that it can be
estimated from the geometry of the core and the external loop by (2.202).

This suggests the idea that a qualitative assessment of the dynamic behaviour
of a molten salt system can be effectively estimated by the transfer function of a
traditional system, but using a reduced delayed neutron fraction. This assumption
can actually be investigated by making the same calculation as in Figure 2.24, but
using the effective delayed neutron fraction by the geometrical data of the system.
The results are shown in Figure 2.25.

These results show that the shape of the transfer functions for a traditional
core with an effective delayed neutron fraction and that of an MSR in the prompt
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Figure 2.25 Comparison between Green’s functions for a traditional reactor with
zero fuel velocity but reduced effective delayed neutron fraction, and
an MSR with the prompt recirculation approximation, for various
frequencies in a large system (H = 300 cm). (a) w = 0.01 rad/s;

(b) w =1 rad/s; (c) w = 100 rad/s; (d) w = 1000 rad/s
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recirculation approximation are very similar. The amplitudes of the traditional system
are somewhat lower, but this actually even enhances the usefulness of the approxima-
tion of using the traditional transfer function with reduced effective delayed neutron
fraction. Namely, as Figure 2.23 shows, the amplitude of the Green’s function with a
finite velocity are also lower than that of the prompt recirculation approximation.

This shows that the dynamical response of an MSR can be estimated to a very
good approximation by using zero fuel velocity, i.e. the traditional Green’s function,
but with the reduced effective delayed neutron fraction. This approach has several
advantages. For one thing, it solves the dilemma that in a 1D model, the selected
dimension has to be the direction of the fuel flow, to describe properly the MSR
characteristics. This would have excluded the possibility of selecting the dimension
transversal to the flow, to describe certain perturbations. By using the traditional
Green’s function, the direction of the flow of the fuel does not have any significance,
one can select also a direction perpendicular to the flow to calculate the noise of
vibrations in an MSR. Another advantage is that when calculating the effect of prop-
agating perturbations, as is shown in (2.160) and (2.161), calculation of the noise
requires an integral of the noise source describing a propagating perturbation with the
Green’s function. Whereas the analytical form of the Green’s function of the MSR
in the prompt recirculation approximation is not much more complicated than that
of a traditional system, still it is simpler to use the formula already calculated for
traditional reactors.

As it will be seen in the next subsection, the conclusions drawn in the present
one-group treatment will also be applicable in two-group theory, which is the one
used in the evaluation of the Gen-IV reactors of the MSR type in Chapters 3 and 4.

2.3.6.2 Two-group theory of MSR

As mentioned earlier, no analytical solution of the MSR equations exists in two-group
theory for finite velocities. Analytical formulae can be derived in the prompt recircu-
lation approximation. This approach will be pursued in this section, and a comparison
with traditional solid fuel reactors will be performed, similarly as in the previous sec-
tion in one-group theory. The purpose is to show that the grounds for the conclusion
that the neutronic transfer properties of the MSRs can be approximated by the equa-
tions of tradition systems with a reduced effective delayed neutron fraction hold also
in two-group theory.

Although for the traditional systems, a two-group theory of the noise in systems
with a fast spectrum was elaborated, here we keep to thermal MSRs only. A two-
group theory of fast MSRs in the prompt recirculation approximation is doable, but
it is beyond the scope of this book. We assume that the conclusions drawn from the
analysis of thermal MSRs are also applicable to fast MSRs. Since the conclusion is
that the formalism of traditional reactors can be used with some modifications, the
modified traditional two-group theory for fast reactors is used in the analysis of fast
MSRs.

The two-group theory of MSRs in the prompt recirculation approximation was
elaborated in [64]. Nevertheless, the derivation (even if not in all details), and in par-
ticular the final formulae, will be reproduced here. This is because the final formulae
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are not given in [64], and in addition, the published formulae contain several typos
(sign errors). Our purpose, like in the preceding sections, is to supply both the for-
mulae, as well as the input data, for the readers, so that they can also repeat the
calculations (or do calculations for other systems), if they wish.

The condensed form of the static equations for the thermal MSR in the prompt
recirculation approximations reads as

DIV =% vEp(1-8)] [ éix) _BV% ’ $r(x') dx’
oh DV~ S0 ] 6] Lo -
(2.203)
where now Y| is defined as
X=X + 2R (2.204)
whereas Y, is defined as
So=%n (2.205)

The solution is obtained with the same methodology as in the one-group case: the
r.h.s. of the equation can be considered as constant, hence the solution can be sought
in the form of the sum of solution of the homogeneous equation (with a zero r.h.s.)
and a particular solution of the inhomogeneous equation. The solution which fulfils
the boundary conditions at x = +a is given as

%(x) =A LIJ (cos(pux) — cos(pa)) + B LIJ (cosh(vx) — cosh(va))
(2.206)
where
_ 2R _ X1+ D1,u2
TS D2 v (1- ) (2.207)
and
o D (2.208)

22 — Dzl/2 Z/Efz (1 — ﬂ)

Both forms of the coupling factors ¢, and ¢, were written out explicitly, because both
are used in manipulating and compacting the various formulae, such as the criticality
equation.

Here, 11 and v are the positive roots of the characteristic equation which are
given as

1 /% pM 1 PN ¥\ 2 313, — Sl — B)
2 1 2 1 2 1222 RV 24f
1 +22) —a 2.20
2 (Dl D2> 2\/<D| D2> DD, ( i
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and

1 /X Y 1 DX )\ 313, — SrvEd(1 — B)
2 1 2 1 2 1222 RV 241!
=) —4 2.210
Y 2 (Dl D2> 2\/(D1 D2> D, D, ( )

Putting (2.206) into the second equation of (2.203) yields the relationship between
the coefficients A and B as

11 ¢ cos(pa)

P, com(va) 2211
12 ¢, cosh(va) ( )
whereas using the first equation of (2.203) gives the criticality condition
2p8vY i
cos(pa) Dy i (CJ _ 1) + BrEpcy {sm(ua)
cv T s
(2.212)

+ cos(pa) [:i tanh(v a) — a <1 + 52)} } =0

This expression is both more compact (by utilising (2.207) and (2.208)) than the
criticality equation (19) in [64], as well as it is free from the sign errors present in the
latter.

For a quantitative illustration, similarly to the one-group case, the data of a light
water-moderated core are used. For the two-group case, we use the data of the BWR
core of Section 2.3.3, Table 2.1. The critical size of the core is H = 2 a = 368 cm with
static fuel. The corresponding MSR in the prompt recirculation approximation was
made critical with the same size by using the criticality equation (2.212) to adjust the
fission cross sections to make the system critical. The static fluxes for the two systems
are shown in Figure 2.26. Unlike in the one-group case, no difference between the
static fluxes is visible. The figure also shows that the contribution of the v-terms, the
second term on the r.h.s. of (2.206), is negligible.

Static fluxes
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Figure 2.26  Comparison of the static fluxes between a traditional core (u = 0 with
the data of Table 2.1) and an equivalent MSR with u = oo
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The equation for the space- and frequency-dependent Green’s function matrix is
given as

D\V? — % (w) vEp(l —8) + frip A /" dx

T Atiw /J_, X
ER D2V2 — Zz(w)
(2.213)
G (x,x0,w) Gra(x,x9,w) d(x — xo) 0
G21 (x,)C(), UJ) Gzz(x, X0, w) 0 5()6 — X())
with
w
Si(w) =20+ X —vEp(l—-5)+ . (2.214)
1
and
S (w) = Sap + — (2.215)
(%

and the integral has to be taken with respect to the first argument of the Green’s
function.

The solution goes along the same lines as for the one-group case, namely that the
full Green’s function matrix is given as the sum of the solution of the homogeneous
equation, Gi”h, where the integral in the first row of (2.213) is omitted, and that of
the solution of the homogeneous equation, Gh, where the identity Dirac-delta matrix
on the r.h.s. is replaced by zero, but the integral term in (2.213) is accounted for.
Again, the solution of the inhomogeneous equation is formally identical with that of
the traditional systems, the only difference is that it is used with different values of the
parameters. The solution of the columns for the homogeneous solution are formally
the same as that of the static equation. The details of the calculations can be found
in [64], here we only quote the full solution.

The roots of the characteristic equation are given as

W) = -2 <E‘(w) + w) n

2 D, D,
. (2.216)
1 21(0.)) i Eg(w) _ 421(&)) Ez(w) - ER szz(l - B)
2 Dl D2 Dl D2
and
=335 5)-
(2.217)
by
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D, D,
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The coupling constants ¢, (w) and ¢, (w) are given by

Yk _ Si(w) + Dy (w)

Cu = W)+ Da2(w)  vESR(1-4) (2.218)
and
_ YR By (w) — Dy (w)
cy = Y(w) — Da2(w)  vEp(1—p) (2.219)

With these, the two columns (j = 1, 2) of the inhomogeneous Green’s matrix are
given as

G[lrjl'h(xy X0, w)

ngl-h (x, X0, w)

] Ayj(w) gu(x,x0,w) (2.220)
Cy (W)

where the basic solutions g, (x,xo,w) and g, (x,xo,w) were defined in (2.89) and
(2.90). The coefficients A,j(w) and A,;(w), j = 1,2 are given by
cul

w) VZQ(] — B)

An) = G ) G T ) @221
o () vSp(1 — B)
An(©) = B2y sinh(2 () al (2(w) T 2(@)) (2222
o Z/Eﬂ(l—ﬂ)
A2 = B i) s u(w) @] (2 @) + 2 @)) (2.223)
and
A(w) = vip(l = f) (2.224)

D Dy v(w) sin[2v(w) a] (p?(w) + v%(w))

For the formulae of the homogeneous component of the Green’s matrix, we
define the functions

o (x,w) = cos[p(w) x] — cos[p(w) a] (2.225)
and
0y (x,w) = cosh[v(w) x] — cosh[v(w) a] (2.226)

as well as the integrals g, (xo,w) and g, (xo,w) of g,(x,xp,w) and g, (x,x0,w),
respectively, w.r.t. their first arguments:

a 2 .
2 (x0,w) = /_ gulxxo,w)d = sinfu (le (ﬂ)‘p (0, w) (2.227)
and
& (x0,w) = / " g (x,x0, ) dx = — 2SI dl 90 (0, ) (2.228)
—a v(w)
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With these notations, the two columns (j = 1,2) of the homogeneous Green’s function
matrix are obtained as

[ Gﬁ’j(x,xmw)

I Gé'j(x,xo,w)

(2.229)
M1 1
] Aj()C(),UJ) Qoﬂ(wi) + ‘| Bj()C(),w) QOV()C,UJ)
L eu(w) N®)
where
(x0, w Byzﬁ A c,(w (w) g, (xp,w
A, ) = T o A @) A Bl )+ -
€0 (@) Auy () 8 (0, ) + }
B;(xo,w) = uz = )>CV“((L:J))CZ°S; ( (( ))‘2> A0, w) (2.231)

cp(w) 28vEpcu(w) A
—h T Atiw

x {SH‘ZL((:’))“]+ cos|p(w) d] [’Zjﬁii tanh[v(w) d] — a (1 + 528)]}
(2.232)

The full Green’s function matrix consists of the sum of the inhomogeneous and
the homogeneous Green’s matrices. Similarly to the one-group case, (2.198), the
asymptotic behaviour of the Green’s function matrix for w — 0 is determined by
the homogeneous solution, through the fact that the K(w) of (2.232) reverts to the
criticality equation, leading to point kinetic behaviour.

Here, everything is specified for the calculation of the elements of the Green’s
function matrix for an MSR in the prompt recirculation approximation. For a quan-
titative illustration, the aforementioned BWR data which were used in the static
calculations will be utilised. The Green’s functions were calculated both with static
fuel (u = 0), further as an MSR in the prompt recirculation approximation, and finally
with static fuel, but reduced delayed neutron fraction. The main purpose is to confirm
that the hypothesis that an MSR with finite fuel velocities in the practical range can be
reliably modelled with a core with static fuel, but reduced delayed neutron fraction,
similarly to the same analysis that was made in the one-group case, Figures 2.24 and
2.25, also holds in two-group theory.

Due to the fact that the Green’s matrices have four elements, it is not practical to
show the Green’s functions for the traditional and the MSR case in one plot. Instead,
the space-dependence of three versions of the Green’s functions are shown separately,
for three different frequencies, namely for w = 0.01, 10 and 1000 rad/s, respectively.
The three variants are the traditional core with solid fuel, the MSR version in the
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prompt recirculation approximation, and finally the traditional Green’s functions, but
calculated with a reduced effective delayed neutron fraction.

The results are shown in Figures 2.27-2.29. In the calculations with the prompt
recirculation approximation, and also in the traditional core with a reduced delayed
neutron fraction, the results depend on the ratio of the length of the full recirculation
loop and the core height. This incurs a certain arbitrariness in the results, since these
data had to be chosen without having access to such design data of the planned MSRs.
In the present calculations, the core height H was 368 cm, and the total length of the
recirculation loop was chosen as 7'= 900 cm.

The results for w = 0.01 rad/s and 1000 rad/s are of less practical interest, they
are displayed here primarily to show that the tendencies and relationships between the
traditional cores with solid fuel, the MSR in the prompt recirculation approximation
and the modified traditional system with a reduced delayed neutron fraction all show
the same tendencies with frequency as in the one-group case. At very low frequen-
cies (Figure 2.27), much below the lower break frequency of the zero-power reactor
transfer function Go(w) at A = 0.1 rad/s, all Green’s functions show a point kinetic
behaviour, with the amplitude of the Green’s functions being higher with moving
fuel, the highest being in the prompt recirculation approximation. This ratio is more
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Figure 2.27 Comparison between Green’s functions for (a) a traditional reactor
with zero fuel velocity, (b) an MSR with the prompt recirculation
approximation, and (c) a traditional core with reduced effective
delayed neutron fraction with data of a commercial BWR at w =
0.01 rad/s
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Figure 2.28 Comparison between Green’s functions for (a) a traditional reactor
with zero fuel velocity, (b) an MSR with the prompt recirculation
approximation, and (c) a traditional core with reduced effective
delayed neutron fraction with data of a commercial BWR at w =
10 rad/s

than 3, larger than in the one-group case, which is partly due to the fact that a larger
T/H ratio is used here.

At the other extreme, at a frequency much larger than the upper break frequency
of Go(w) (Figure 2.29), all three cases show very similar results, in complete agree-
ment with the findings of the one-group calculations. The practically interesting
case is when w lies at the plateau, which is shown in Figure 2.28 (w = 10 rad/s).
Whereas the ratio of the amplitudes between the MSR with prompt recirculation
(Figure 2.28(b)) and the traditional core (Figure 2.28(a)) is approximately the same
as with the very low frequency, the spatial dependencies are rather different. The
MSR with the prompt recirculation approximation shows a relatively small deviation
from the point kinetic behaviour, whereas the traditional system exhibits the quite
marked spade dependence and large deviation from point kinetics, which is charac-
teristic to power reactors at the plateau frequencies. The traditional system, with an
effective delayed neutron fraction scaled down with the factor H/T ((Figure 2.28(c)),
still shows much milder space dependence and more point kinetic-like behaviour, at
the same time exhibiting a smaller amplitude.
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Figure 2.29 Comparison between Green’s functions for (a) a traditional reactor
with zero fuel velocity, (b) an MSR with the prompt recirculation
approximation, and (c) a traditional core with reduced effective
delayed neutron fraction with data of a commercial BWR at w =
1000 rad/s

A similar analysis for the same three types of assumptions, i.e. a traditional reac-
tor with original and reduced effective delayed neutron fraction and for an MSR
operating in the prompt recirculation approximation was made for the MSDR, a large
thermal MSR, with the nuclear data corresponding to a real MSR. This reactor will be
analysed in detail in the next chapter, here it is only used to further confirm the hypoth-
esis about the suitability of modelling an MSR as a conventional reactor with reduced
delayed neutron fraction. Although the spatial response of the MSDR is different
from that of the BWR, the tendencies with varying frequencies, and the relationship
between the three different conceptual modes of operation were the same. These facts
are in good agreement with the conclusion which was drawn in the one-group case.
Namely, that since the amplitude and the spatial character of an MSR with finite
velocity in the practical velocity range is “in between” a traditional reactor (u = 0)
and an MSR in the prompt recirculation case (1 = oo) (see Figure 2.23), the transfer
properties (Green’s functions) of the traditional system with reduced delayed neutron
fraction capture these characteristics very well.

Therefore, instead of using the much more involved MSR equations, in the
assessment of the dynamic response of MSR cores, the transfer functions (Green’s
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functions) of a traditional reactor with stationary fuel can be used, with the delayed
neutron fraction downscaled in proportion of the core to the total loop length. In the
evaluation of the MSR-type Gen-IV reactors and SMRs, this strategy will be used.
Although the aforementioned analysis was made for a thermal MSR, by extrapolation
we assume that the validity of the approximations also holds for the cores with a fast
spectrum. This is important, since the two-group theory of fast MSRs has not been
elaborated even in the prompt recirculation approximation.

2.3.7 The use of gamma detector signals

One particular aspect of the diagnostics of next generation systems is the type of
instrumentation that will be available. Reactor diagnostics has been so far relied on
the analysis of neutron detector signals, either in the pulse counting mode for reac-
tivity measurements in low power systems, or in the current mode for power reactor
diagnostics. This is also the main emphasis of this book.

However, it might be interesting to consider alternative possibilities, notably to
use signals of gamma ray detectors. Gamma photons accompany all nuclear processes
in the core, and in particular they are also produced in fission, moreover with a much
larger multiplicity (average number of photons per fission is more than 7) than neu-
trons. Although gamma photons do not undergo multiplication by themselves, yet
due to the fact that new gamma photons are generated at each fission event, gamma
photons actually carry the same information about the statistics of the development
of fission chains as the neutrons. This fact has been recognised and utilised already
in nuclear safeguards measurements, where the multiplication and the measurement
circumstances are simpler than in reactor measurements.

There has been an interest in using gamma counts instead of neutron pulse counts
for reactivity measurements in low power systems already in 1966 [73]. The renewed
interest and recent developments in zero-power noise will be described, with some
development of the underlying theory, in Chapter 6, Section 6.4.

With regard to power reactor noise diagnostics, the advantages of gamma-
sensitive detectors is not obvious in in-core measurements. The higher multiplicity
of gamma photons per fission is counteracted by the large uncorrelated background
of delayed gammas from fission products. Some attempts were made with in-core
gamma detectors which will be described in this section, but as a rule the use of
gamma detectors for power reactor noise analysis has not yet been developed.

One aspect of Gen-1V reactors and SMRs that may revive interest in gamma
measurements is that in-core nuclear instrumentation may not be available in several
of the new designs. The tight design of the fuel pitch in sodium and lead cooled cores,
as well as the compact design of SMRs may exclude the possibility of using in-core
detectors. Then, gamma detectors have the advantage that they may be more effective
than neutron detectors, due to the smaller attenuation and longer spatial correlation
range of gamma detectors. Therefore, in the rest of this section, we summarise the
available experience with regard to gamma measurements for power reactor noise
diagnostics.

One of the first attempts on gamma measurements for power reactor noise
was reported by Kenney [74,75] in the early noise meetings, such as the Florida
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conference in 1967 [3] and at the Japan-US Seminar in 1968 [76]. At the lat-
ter conference, Osborn discussed the feasibility and possible advantages of gamma
measurements for noise analysis [77]. At that time, one main incentive for gamma
measurements was the difficulty of neutron measurements in a high gamma back-
ground, such as shut-down reactivity measurements. Although Gen-IV reactors may
also have a higher gamma background than LWRs, this aspect is not crucial any
longer, with the development of high temperature fission chambers and Campbelling
techniques [78].

The high gamma background is actually disadvantageous for gamma measure-
ments as well, because most of it is not due to fission gammas, rather to the delayed
gammas from fission products. However, most of the latter can be eliminated by
energy discrimination, because the energy of fission gammas is higher. A thresh-
old of 4 MeV was suggested in the aforementioned publications. Another possibility
is to use two-detector correlations instead of one detector, because the uncorrelated
background is largely eliminated in a two-detector measurement.

Osborn’s main point for the advantages of using gamma detectors is their
efficiency in ex-core measurements, in that they are effective for correlation mea-
surements at distances larger from the core than neutron detectors, and their field of
view into the core is larger than that of neutron detectors. Osborn attempts to support
this statement with a simple transport model of neutrons and gammas, where both
species obey a transport equation, in which the neutron reactions serve as the source
term for the gammas. The treatment is rather cursory and the conclusions are rather
qualitative than quantitative.

The question of the use of gamma detection for power reactor noise diagnostics
was taken up by Kostic and Seifritz in 1971 [79]. This was still more of a conceptual
study than aiming for practical applications, and the main goal was to substantiate
Osborn’s conclusions. They considered an infinite homogeneous system, and intro-
duced the space- and time-dependent gamma Green’s function. It is defined as the
gamma response at point R at time ¢, due on one fast neutron introduced into the
system at point 7 at an earlier time 7. Only prompt gammas are considered, and
they are produced by thermal neutrons through fission and (n, ) capture processes.
The generated gammas propagate from their source with an attenuation kernel. The
gamma source S, (r,,E) of gamma photons with energy E at point r, and time ¢,
due to an injected neutron as point ¥’ is given through the neutronic transfer function
G,([r="|,t—1)as

S, (r, 1, E) = Q(E) Gu(|r — ¥, 1 = 1) (2.233)

with Q(E) being the intensity of gamma photons generated with energy E by the
neutron reactions. The gamma Green’s function is then given as

G,(|R—7V|,t—1,E)= / d*rK(uR —r|)Sy(|r— 7|, t —{,E)  (2.234)
v,
where K(u|R — r|) is the attenuation kernel with attenuation coefficient . In a 3D
infinite homogeneous system it is given as

efﬂ‘Rir‘

K(plR —r|) = drR—1P

(2.235)
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It is to be noted that, unlike in [73,77], the gamma propagation is assumed to be
instantaneous, in view of the high speed of the gamma photons. This simplifies the
treatment significantly. A similar concept will be used in Chapter 6, Section 6.4 for
the derivation of the gamma-counting-based Feynman-alpha formula. In the present
case, it has the further advantage that it makes the conversion of the formulae to
the frequency domain simpler, and it is sufficient to specify the neutronic transfer
function only in the frequency domain.

For this latter, in [79] a similar analytical form was assumed as for the gamma
attenuation, although with a complex frequency-dependent exponent (w). Both one-
and two-group representations of the neutronic Green’s function were considered. In
the two-group case, out of the four components of the Green’s matrix, only the trans-
fer between a fast source and a thermal generated neutron had to be considered, since
the gamma photons were assumed to be generated by thermal neutrons only. Hav-
ing both the gamma attenuation kernel and the neutronic transfer function specified,
quantitative studies were made with the data of LWRs. In particular, the spatial cross-
correlation function (CCF) was calculated between two points, to compare the spatial
relaxation of the correlations for neutrons and gammas.

According to the expectations, it was found that if the gamma attenuation is
strong, then the spatial range of the correlations is very close between neutrons and
photons. On the other hand, with a weak gamma attenuation, the correlation range
of photons was found larger than for neutrons, basically because the photons carried
further the existing correlations until they got scattered or absorbed. By this way Kos-
tic and Seifritz confirmed Osborn’s claim that “gamma detectors see a larger volume
of the reactor, and are hence less sensitive to spatial effects.” The latter statement
though does not follow from the former, and it has to be proven separately.

It is interesting that when using the two-group neutronic transfer function, the
authors arrive to the same two terms and roots of the characteristic equation as the
local and global terms discussed in the foregoing. Based on the quantitative values
of the roots, which determine the spatial relaxation, the authors use the terminology
“macro-scale” and “micro-scale”. They are nevertheless not interested in the “micro-
scale” component, because their goal is to analyse the long range spatial correlations.
The work was performed a couple of years before the interest in the local component
of the neutron noise became interesting, due to its role in BWRs.

Although Kostic and Seifritz used an infinite medium model in order to be able
to handle a 3D model analytically, their work laid the foundations of the principles
of power reactor diagnostics with gamma noise, which can easily be generalised for
practical applications. Finite reactors could be easily handled in a 1D model. On the
other hand, instead of the Green’s function connecting one fast source neutron to
the thermal neutrons at another position, one should use the neutronic transfer func-
tion between the cross-section fluctuations as the noise source when calculating the
source of gamma photon fluctuations. In two-group theory, accounting for fast fis-
sion, gamma generation by fast neutrons should also be included, so all components
of the neutronic Green’s matrix should be included. This could be particularly neces-
sary in fast reactors. The algorithm can also be incorporated into the numerical codes
being currently developed for the two- or many-group noise simulators.
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The extension of the method towards these directions was made by van Dam
and Kleiss in 1985 [80]. They applied the same concept that prompt gamma pho-
tons are being generated in fission and neutron capture, but attributed the fluctuations
of these to the noise sources of the neutron fluctuations, i.e. cross-section fluctua-
tions, which makes the model more realistic. Two-group diffusion theory was used for
the neutrons, and the first flight approximation for the (instantaneous) gamma trans-
port. This latter because gamma scattering is substantially anisotropic, and would
lead to significant complications to handle, therefore scattered gamma photons were
neglected. With this, their treatment of gamma transport is equivalent with the atten-
uation kernel approach of [79]. They restricted the model to the plateau region
(A € w < /M), where the delayed gammas can be neglected. Nevertheless, the
formalism still assumes an energy threshold for the gamma detection, not because of
discriminating the delayed gammas, but rather because the first flight approximation
would be justified.

In their approach, in contrast to that of Kostic and Seifritz, the noise source in the
fast group also contributes to the fluctuations of the gamma field, which indeed has
to be considered if propagating perturbations are to be treated. A coupled system of
equations was set up for the neutrons and gamma photons where the angular depen-
dence of the gamma field was retained, since the scattering of gammas was neglected.
Since the gamma generation is only by thermal neutrons, introduction of the adjoint
functions was again advantageous, with ¢; and v, standing for the (scalar) fast and
thermal adjoint for neutrons, and ¥, for the (angular) gamma adjoint. The equation
for the adjoints, with the source being the cross section ¥4, of the gamma detector,
reads (with some slight simplifications and renotations) as

D]VZ - E] ZR O wl O
V(1 — B) DyV? =3, / dQZJEaZ vy | =] 0 (2.236)
' T
0 0 N-V-3, v, —Zuy

where v, is the average number of gamma photons per thermal neutron absorption
(both fission and capture), while 3, is the total cross section of +y reactions.

As van Dam and Kleiss emphasise, the neutron adjoints ; and v, here are not
the same as the ones calculated in the previous sections for the neutrons, because they
are the solution of a different equation, with a different source term. Unfortunately,
they do not calculate these, only estimate W, in a simplified scenario.

Using the direct equation for the neutron and gamma noise, and utilising the
properties of the adjoint, the reaction rate R, in the y-detector is obtained as

R, = /dQ AV, 68,
=/dV{azR¢1(w2—wl>—6%%—621@ o)
+ dVdQ{’iaz 202U, — 65 D, } (2.237)
a7 07 ¥ v Py ¥y .

where @, is the angular gamma-flux.
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Equation (2.237) shows that in the calculation of the response of the gamma
detector, all three adjoints, i.e. 1, 1), and ¥., play a role. This is similar to the case
when in a BWR, the response of a thermal neutron detector for the perturbation of
the removal cross section, both v; and 1/, need to be accounted for. However, in [80]
the authors concentrate only on the behaviour of the angular gamma adjoint ¥, or
rather the scalar gamma adjoint 1), i.e. the angular integral of ¥, . Itis calculated in a
simple analytical model, assuming the detector as a line “source” in a 3D system with
cylindrical symmetry. From the dependence of radial dependence of 1., the authors
draw two conclusions, namely that

e ar~y-detector horizontally “sees” deeper into the fuel assembly than a correspond-
ing neutron detector, and

» vertically, a vy-detector of a certain axial length is equivalent with an (axially)
elongated neutron detector.

Both of these observations point to the direction that an in-core gamma detector is
less suitable for the measurement of the transit time between two axially displaced
detectors in the same instrument tube. However, this statement is solely based on the
properties of the gamma adjoint, and its single spatial relaxation length. When using a
gamma detector in a BWR, even the y-noise will still largely be due to the fluctuations
of the removal cross section, which are transferred by the neutron adjoints. These
have not been calculated in [80], but one can expect that they still contain a local
component, which counteracts the disadvantages deduced from the properties of the
gamma-adjoint. Calculating the neutronic adjoints from (2.236), or the corresponding
elements of the 3 x 3 Green’s matrix, is yet to be done, but such work is outside of
the scope of this book.

The questions raised in [80] were discussed further by Behringer and Nishi-
hara [81]. The authors note that transit time measurements were made with both
neutron detectors and gamma-sensitive TIP detectors, placed in the same instrument
tube, in the Swiss BWR Miihleberg and the Dutch BWR Dodewaard, from which the
axial void velocity profile could be determined. In the case of Miihleberg the neutron
and gamma measurements gave the same velocity profile, whereas in Dodewaard the
gamma-detectors yielded higher velocities in the upper part of the core than the neu-
tron detectors. From this the authors conclude that there should be a local component
also in the field of view of the gamma-detectors, but its range must be larger, such
that higher void velocities, further away from the detector, are also sensed by the
gamma-detectors, leading to a higher estimated velocity.

To give a qualitative explanation of the larger field of view of the gamma detec-
tors, the authors elaborate a formal energy-dependent transport theory extension of
the previous models, but without concrete calculations. Nevertheless, they identify
empirically the same three components of the detector field of view as in [80], that
is the two neutronic components and the single gamma component. They note that if
there exists a local component, it must be in the neutronic part of the response. They
argue that this component must have a wider space relaxation than in the neutron
detector signals, because in the latter case the adjoint is equation has a Dirac-delta
as the inhomogeneous term, whereas in the gamma case, the same function has the
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gamma importance as the inhomogeneous term, which itself is a solution of an equa-
tion with a Dirac-delta as the source term, hence it must be spatially more extended
than a Dirac-delta. This would explain why the local component of the gamma-
detector field of view is wider than for a neutron detector, which also agrees with
the experimental observations.

To summarise, there is some experimental evidence and theoretical support for
the fact that gamma-detectors can be used for noise measurements as a complement
to, or a replacement, of neutron noise methods. Very similar information about the
frequency content of the signals can be extracted from both systems. Regarding the
spatial character of the transfer properties, much less is known. There are indications
that local and global components may exist in the gamma signals, but their spatial
properties are much less known. The space dependence of the relevant adjoints, or
the components of the direct Green’s matrix, have never been calculated, not even in
simple models like the two-group neutronic model used in this book.

Moreover, all experimental and theoretical efforts so far have been focused on
the possibilities of two-phase flow diagnostics by in-core detectors. The question
of using gamma-detectors for localising perturbations other than propagating ones,
has not been investigated yet, except for one early attempt [216]. Theoretically,
gamma-detectors outside but close to the core, may be useful for monitoring in-core
processes, at least peripheral ones. Since in some Gen-IV and SMR designs the use
of in-core instrumentation may not be available, there is an interest to explore these
questions. The framework is already laid out, and tackling the relevant questions
appears to be straightforward, both by simple analytical models and noise simula-
tors, if they are appended with the gamma noise option. It is anticipated that these
questions will be explored in the near future.

2.3.8 Miscellaneous other applications

Our main emphasis so far has been, and will be also in the continuation, to discuss
neutron noise diagnostic problems, in which the transfer properties of the core play
an important role. The goal has been to study how the different material and geomet-
rical properties, and how the ensuing different neutron physics properties of next
generation systems will alter the dynamic transfer properties of the new systems
as compared to the currently used reactor types, and by this also the possibilities,
efficiency and accuracy, of performing noise diagnostic tasks. However, in addition,
there are several diagnostic problems in which such a noise unfolding process, based
on the transfer properties of the system, is not necessary, due to the nature of the dis-
turbance/noise source and the signal processing method. Several such instances are
known in the current reactors, and it is worth to have an overview whether such, or
similar problems can be expected in next generation systems. Such an overview is
given in the following.

2.3.8.1 Core-barrel vibrations

Flow induced vibrations of the core barrel are present in PWRs even during nor-
mal operation. This is not an operational concern, but many power utilities prefer
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to monitor these vibrations, in order to see whether the amplitude of the vibra-
tions increases over a period of time, because it could be an indication of material
degradation.

Core-barrel vibrations can be detected by ex-core (ex-vessel) ionisation cham-
bers, which are usually included into the standard safety instrumentation. Several
PWRs, including the Westinghouse type such as those at the Swedish power plant
Ringhals, have 8 ex-core detectors at two axial level, at each level 4 detectors with
90° spacing. Some other reactors, such as the older VVER ones, have only three
detector an axial level, with 120° spacing.

These detectors are installed to check that the static power distribution is not
“tilted” beyond an allowed level either axially or radially. Their response is never-
theless sufficiently fast for a spectral analysis up to 50 Hz. From the point of view of
core-barrel vibrations, these detectors act as displacement sensors, namely the fluc-
tuating part of the signal at the resonant frequency of the vibrations is a mapping of
the displacement of the core boundary along a radius connecting the core centre with
the detector.

There are several types of vibration modes of the core barrel, the two most com-
monly encountered being the beam mode or pendular vibrations, and the shell mode
vibrations. The beam mode is a 2D random movement of the core on a horizontal
plane, whereas the shell mode which consist of periodic shape changes of the core
shape from circular to elliptic, i.e. contraction along one diameter and expansion
along a perpendicular diameter. The two vibrations coexist, but they can be easily
separated. On the one hand, by phase relationships; for the beam mode, diagonally
opposite detectors are out-of-phase, whereas for the shell mode they are in-phase, but
two adjacent detectors are out of phase. On the other hand, they also occur at different
frequencies, and can easily be separated in the power spectra. Typical values are 8
Hz for the beam mode, and 20 Hz for the shell mode. For more information about
core motion analysis, the separation of the modes, as well as the application of the
method for long-term trend analysis, we refer to the literature [17,82].

Core barrel vibrations may appear also in liquid metal cooled and gas cooled
reactors, but there is no operational experience yet on these. The prerequisite of their
detection is the same as with PWRs, namely a sufficient number of ex-core detec-
tors, a minimum of three, or rather four ionisation chambers at the same axial level.
Alternatively, gamma-sensitive detectors could also be used, especially if it is difficult
to place ex-core detectors sufficiently close to the reactor vessel.

It would be particularly interesting to monitor core-barrel motion with ex-core
detectors in sodium cooled fast reactors. During operation of the PHENIX SFR, in
1989 and 1990, one experienced four cases of sudden power drops, followed by fast
oscillating transients. These were named negative reactivity transients (NRTs). A
recording from a power range monitor is shown in Figure 2.30 from [83]. There is no
direct evidence for the reason of these negative reactivity drops, but the most likely
and generally accepted view is that they are caused by “core flowering”, i.e. a sudden
expansion of the core radius in all directions isotropically (see further information on
this in Chapter 5). In this case the oscillations following the power drop are due to a
periodic contraction and expansion of the core, the first contraction causing an over-
shoot, which triggered an automatic reactor trip. Obviously, core contraction, which
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Figure 2.30  Power signal recorded during an NRT event. From Reference [83],
with permission from Elsevier

induced a positive reactivity change, is a safety concern, hence the possibilities and
consequences of core flowering need to be understood.

From the PHENIX end-of-life tests, performed by CEA, AREVA and EDF, it was
possible to verify experimentally that core flowering indeed leads to the reactivity
effects which were observed during the NRT events. This is, however, not a direct
proof that the observed events were caused by core flowering. Direct proof could
be obtained by a similar ex-core detector setup as the one used in PWRs for core
barrel motion monitoring. The event could be identified and distinguished from beam
mode and shell mode vibrations from the detector phase relationships. Signals from
all four detectors in an NRT event would be in-phase, which is different from those
of the beam mode and shell mode vibrations. The sensitivity of both in-core and
ex-core detectors for core flowering-type periodic oscillations in an SFR has already
been performed [84], showing the feasibility of detecting core barrel motion and core
flowering.

By extrapolation, core flowering, leading to NRT events can be expected to occur
in all Gen-IV reactors, in particular in molten metal cooled reactors, such as lead
cooled reactors. There is therefore an extra incentive for monitoring liquid metal
cooled reactors, but in the first place SFRs, with ex-core neutron of gamma detectors.

2.3.8.2 Reactor stability

The most common type of instability in Gen-II reactors is the coupled neutronic-
thermal hydraulic oscillations occurring in BWRs. The possibility of BWR instability
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was predicted by Thie as early as in the late 1950s [85,86]. There are several types of
BWR instabilities, such as global or core-wide, regional or out-of-phase, and local- or
channel-type instabilities. BWR instability is a rather complex phenomenon, a result
of an intricate interplay between core physics and thermal hydraulics. Although it
is not fully understood in all details, a vast experience has been collected during
the years on how to detect, quantify, as well as to predict and suppress instabilities
[17,87,88].

The physical reason of the instability is the negative feedback between void frac-
tion and core poser. A temporary increase of reactor power leads to an increase of the
void fraction which, through the negative void coefficient, leads to a decrease of core
power and subsequently and hence the void, fraction, until this leads to a new rise
in the power. This process can lead to periodic self-sustained oscillations. However,
flow oscillations in heated channels can occur even in single phase flow, without void
generation, and hence without a feedback from the flow to the power generation, on
a purely thermal hydraulic basis, under natural circulation. The mechanism leading
to oscillations consists of that a disturbance of the flow, i.e. a temporal increase of
the speed, will result in a temperature decrease, increase of density/specific weight,
and slowing down the flow, which will be heated up again. Actually, this effect is
encountered also in BWR stability; experience shows that BWRs are much more
prone to develop instability with natural circulation or nearly natural circulation than
with forced circulation.

Some of the planned Gen-IV systems, both liquid metal-cooled SMRs, as well
as some MSRs, are designed to operate with natural circulation. Examples of SFRs
are the GE Hitachi PRISM and the Russian BN-800 reactor design, which incor-
porate features that allow for natural circulation under certain operating conditions.
Some designs incorporate natural circulation features to improve passive safety. The
lead-cooled BREST-OD-300 in Russia is a another example, designed to utilise nat-
ural circulation for cooling. Terrestrial Energy’s integral molten salt reactor (IMSR)
is also designed to operate with natural circulation. Therefore, there is reason to
assume that thermal hydraulic instabilities may occur even in these types of Gen-IV
reactors. This possibility has already been noticed in the literature [§9]. In that ref-
erence, the lead-cooled natural circulation SUPERSTAR reactor was analysed, and
the conclusion was that during normal operation, there are sufficient safety margins
against instability. However, unexpected changes in the operational conditions might
lead to decreasing of the stability margins. For this reason, it might be advisable to
monitor the stability of the core. For instance, the authors note that the core becomes
less stable if the transit time between core exit and core inlet is increased, which could
happen in the case of a partial blockage.

Even if the reason of the instability in natural circulation cores is of purely ther-
mal hydraulic character, i.e. the flow instability does not affect the stability of the
neutronics, the flow oscillations, through the density variations of the coolant still
might lead to local flux fluctuations. This could give an opportunity to monitor the
onset and evolution of a flow instability.

In an MSR, the coupling between thermal hydraulics and neutronics is two-way,
hence stronger than in liquid metal-cooled reactors. An increase of the temperature
in the core will lead to dilution of the salt, hence to a decrease of the amount of
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fissile material and delayed neutron precursors in the core, whose negative reactivity
effect is amplified by a higher velocity of the circulation as well. This will lead to
a decrease of the power generation, and hence to the possible oscillation of both
neutronic and thermal hydraulic nature. Especially in natural circulation MSRs, both
the likelihood of an instability, as well as the possibility to detect and quantify it
through neutron noise measurements, is higher than in metal-cooled reactors. Here
again, early warning systems with neutron noise analysis might prove useful.

2.3.8.3 Utilising spectral properties of the noise

The word “spectral” here and in this subsection refers to the energy spectrum, i.e.
the division of the noise between Groups 1 and 2, in contrast to the frequency spec-
tra, which is the main usage in the rest of the book. In most cases investigated so
far, it was found that the information content in the fast and the thermal/epithermal
groups was completely equivalent, except for the frequency dependence of the phase
for propagating perturbations. This is largely due to the fact that in the simple bare
homogeneous system used, asymptotic reactor theory holds, that is the energy spec-
trum is constant in space. But in addition, also because we were only investigating
the space or frequency dependence of the noise for a given perturbation with constant
parameters. Hence, spectral effects (with respect to energy), such as the change of the
ratio of the amplitudes of the noise in Groups 1 and 2, did not occur.

The situation changes if there is a change in the perturbations, such as its ampli-
tude. This can be best seen in the equations for the noise, expressed as a function of
the noise source. These were written previously in a matrix form, but for the sake of
the argument we write them out explicitly here as

51 (x,w) = /Gn(x,x', w)S1 (x,w)dx' + /Glz(x7 X w)SH (X w)dx  (2.238)
and
dhr(x,w) = /Gzl(x,x’,w)Sl (x',w)dx' + /Gzz(x,x’,w)Sz(x’,w)dx' (2.239)
where the noise sources are given as
Si(x,w) = (0%, (x,w) + 0Xg(x,w) — x1(w) dvEn (x,w)) ¢1(x)
= X1(w) 63y, (x,w) ¢2(x) (2.240)
and
Sa(x,w) = — (0% (x, w) + x2(w) 0wEp (x,w)) ¢1(x)
+ (0%, (x,w) — x2(w) SvEp(x,w)) ¢2(x) (2.241)

It is seen that if the change of the amplitude of the perturbation affects S; and S,
in a different way, this will have the effect that the ratio of the amplitudes of the noise
in the two groups also change, i.e. the spectral characteristics of the noise will respond
to the change of strength the perturbation. It is also seen that if the perturbation affects
only one type of the cross sections, e.g. 3,; and X, proportionally, it will not affect
the noise spectral ratio. Therefore, out of the perturbations considered so far, one can
state that an increase of amplitude variations of an absorber of variable strength, and
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increase of the amplitude of the displacements of a fuel or an absorber pin, or the
increase of the void fluctuations in a BWR will not change the spectral ratio of the
noise.

On the other hand, if the perturbation affects several cross sections simultane-
ously, then, even if the change of the perturbation affects the fluctuations of the
corresponding cross sections proportionally, this will still lead to a change in the
spectral ratio of the noise, because the different cross sections appear with different
weights in S; and S,. This is the case of the density fluctuations of the coolant of a
liquid metal-cooled reactor or that of the molten salt in an MSR (see e.g. (2.156) and
(2.157)). This fact could be utilised for the detection and quantification for void in
these systems.

Since the void fluctuations constitute a white band noise without resonances, the
spectral ratio can be best quantified with the normalised root mean square (NRMS),
NRMS of the detector signal, which is the root mean square of the normalised (with
the static flux) flux fluctuations:

NRMS = \// APSD;4 /¢ (w) dw (2.242)

With the help of the NRMS, the spectral ratio 7;, of the noise can be quantified as

_ NRMS;
" NRMS,

The spectral ratio 77, may be used to quantify the intensity of the void fluc-
tuations in liquid metal-cooled and molten salt reactors. For a sparse bubbly flow,
there should exist a linear relationship between the average void fraction and the
spectral ratio. To prove whether this is the case, it is necessary to calculate quantita-
tively the cross-section fluctuations that are caused by the void or the density of the
coolant. This can be achieved by static ICFM codes or by the noise simulators. Such
a study is beyond the scope of this book, but will have to be performed to quantify
the applicability of the method.

The procedure suggested here shows similarity to, or overlapping with some
methods suggested for void fraction measurements in BWRs. The use of band-limited
NRMS, that is

M2 (2.243)

f2
NRMS = \/ / APSDs,/4(f) df (2.244)
jil

of thermal neutron detectors was suggested by Thie for determining the local void
fraction in BWRs [5]. The suggested values for the bandwidth are 1 to 10 Hz. This
is not a spectral method, since only the thermal noise is measured, but it demon-
strates that due to the wide-band character of the boiling induced noise, or in general
neuron noise induced by void fluctuations, the information content of the NRMS is
intrinsically related to the average void fraction.

Spectral methods were suggested for BWRs by Loberg et al. [54], although
not for neutron noise measurements, rather to the dependence of the spectral ratio
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of the static flux. They showed that an increasing global (core-wide) void frac-
tion lead to a monotonically hardening neutron spectrum, and they found a linear
relationship between the void fraction and the spectral ratio between the fast and
thermal flux.

The physical mechanisms behind the method suggested in [54] are though dif-
ferent from what we suggest here and, correspondingly, the areas of applicability are
also different. The method behind the static spectral ratio is that the presence of the
void changes the properties of the system (the core) itself on a global scale. For the
noise-based method, this would be equivalent with the change of the transfer proper-
ties of the system, i.e. a change of the elements of the Green’s matrix (or actually to
the breakdown of linear system theory where the effect of the perturbation is transmit-
ted by the properties of the unperturbed system). This would happen only at relatively
high void fractions existing everywhere in the core, above 20-30%.

From physical intuition it can expected that the static spectral method is not
suitable for detecting incipient boiling, or the occurrence of a low void fraction.
The noise-based method, geared for treating small perturbations, is expected to be
much more sensitive to detect and quantify low void fraction, such as sparse bubbles,
which is the realistic scenario for Gen-IV systems. On the other hand, the noise-based
method is not suitable to handle large void fractions. Not only because of the non-
linear character of the system such that the transfer functions themselves would be
affected, but also with a void fraction above 50%, the identification of the void frac-
tion fluctuations with the perturbation is not straightforward. It has to be added that
noise methods for measuring void fractions above 50% also suggested [56], but those
are not based on spectral methods.

2.3.8.4 Determination of reactivity coefficients with noise methods

A hitherto unexplored possible area of noise applications in Gen-IV systems and
SMRs is the determination of reactivity coefficients. Reactivity coefficients are
properties of the neutronic transfer characteristics of the system, therefore their deter-
mination follows a different strategy than the determination of the parameters of
a perturbation. To determine the parameters of the transfer function, one needs to
measure both the input and the output.

The main application of noise methods in current reactors is the online mon-
itoring of the MTC in PWRs from the correlation between in-core neutron and
temperature noise [90,91]. In this case the temperature fluctuations are the input, and
the neutron noise is the system response. In fast reactors, the MTC will not play a
role. In SMRs of the PWR type, if they will use boron, monitoring the MTC during
the cycle could be interesting. However, most designs, such as the Rolls-Royce SMR,
are planned to be boron-free.

In addition, previous work shows that due to the very weak radial correlation of
the inlet temperature fluctuations in PWRs (which are the driving force of the neutron
noise), the temperature fluctuations should be measured at a relatively large number
of radial positions in the core (= 10). This is unlikely to be included into the design
of future SMRs.
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The important reactivity coefficient in sodium fast reactors is the void reactivity
coefficient. However, for this one should measure both the void fraction fluctuations,
and the induced neutron noise. There are no methods available to measure directly
the void fraction, or its local fluctuations. Hence it appears that with the assessment
of reactivity coefficients, one has to resort to numerical estimates.



Chapter 3

A basic study of the structure of the core response
in the basic planned Gen-IV types (metal-cooled,
gas-cooled and molten salt reactors)

Imre Pdzsit!, Zsolt Elter? and Hoai-Nam Tran®

3.1 Introduction

In this and the next chapter, analysis of various Generation-IV (Gen-IV) and small
modular reactor (SMR) systems is performed for power reactor diagnostics, where-
after in Chapter 6, the extensions judged to be necessary for applications of zero-
power noise analysis in next generation systems will be described. Power reactor
applications will take a larger extent; zero-power noise applications will be described
in a smaller scale. In addition, we treat first the power reactor applications in three
chapters, and the zero-power applications follow thereafter in only one chapter. This
is in reverse order as compared to the chronology of how these two methods were
developed.

This is for two reasons. The first is that the large variety of next generation reac-
tors has a much smaller effect on the extension of the existing methods for zero-power
noise than for power reactor noise. The second is that unlike for power reactor noise,
the algorithms of zero power noise are generic in character, they do not require the
development of system-specific system codes, they can be implemented directly from
the formalism presented in this book. This is largely the consequence of the fact that
the origin of zero-power noise itself is generic: it is the branching process, which
is universal, and in the space-independent model used for its description, the reac-
tor properties (small vs large system, frequency of the perturbation, etc.) do not play
a role. This is not the case for power reactor noise, where there exist a multitude
of different types of perturbations as the reason of the neutron noise, and the mate-
rial and geometrical properties of the system play a significant role in how the noise
propagates from the source to the neutron detectors.

The purpose of the present chapter is thus to explore how the neutronic transfer
properties of the next generation reactors, Gen-IV systems will be different from
the current light water ones due to the different type of fuel, coolant, enrichment,
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delayed neutron fraction and neutron spectrum. By properties we mean the space and
frequency dependence of the transfer function (or the propagation adjoint) between
the perturbation and the induced noise in the various groups when using a two-group
description. This is because these properties determine the possibility or efficiency
of performing the diagnostic tasks, such as locating vibrating components or local
channel instabilities, local boiling, or determining flow velocity or void fraction in
the coolant, to name a few. A strong point-kinetic behaviour (response) makes it hard
to locate localised perturbations; a space-dependent component with a fast spatial
relaxation/attenuation means that only detectors close to the noise source will detect
the effect of the noise source (and hence detect and locate it); and a local component
with a low amplitude means that thermal hydraulic parameters of the propagating
coolant will be difficult to measure.

For the quantitative investigations with the two-group one-dimensional (1D)
models developed in the previous chapters, in the first-step two-group cross sec-
tions, group velocities, and 5 and A values need to be generated from the original full
3D geometry and continuous energy model of these systems. Homogenised and col-
lapsed two-group cross sections were generated with the Serpent2 continuous energy
Monte Carlo code [92]. The simulations model the active core and reflector regions
of the reactors both radially and axially, and in some cases even the surroundings of
the reactors, such as the shielding and the pressure vessel, are included. The reactor
cores were always considered to be in fresh, hot conditions. The region of interest
for the group constant homogenisation was set to the active core. The definition of
the active core can be ambiguous in cases where the periphery of the core is filled
with a blanket for breeding or in hexagonal lattices where Serpent2 does not allow for
simple definition of the outer surface. Nevertheless, for our demonstration purposes,
the inconsistency due to these small ambiguities is considered here insignificant.

In the simulations, the JEFF 3.1 cross-section library was used, whereas the
thermal scattering data were adopted from JEFF 3.3. The intermediate multi-group
structure was set to the Scale-252 structure, and the final two-group constants were
collapsed without critical spectrum correction. The leakage spectrum correction was
performed outside of the Serpent calculation. The energy boundary between Groups 2
and 1, i.e. the thermal/epithermal and fast energy groups, was set to 0.625 eV for
thermal systems and to 1.35 MeV for fast systems.

In the second step, these data, which still belong to a 3D system, had to be mod-
ified for radial and/or axial leakage, in order to emulate the behaviour of the system
in the relevant selected dimension. This latter depends on the type of perturbation
that is to be diagnosed. The space dependence of the noise induced by a variable
strength absorber and a vibrating fuel or absorber rod, as well as the localisation of
these perturbations, is relevant in the horizontal direction. For these perturbations,
in the simulations the width of the 1D system (slab) was chosen to be equal to the
diameter of the original 3D system. In order to compensate for the leakage in the
axial direction and for the difference between the leakage of a cylinder and a slab,
respectively, the absorption cross sections had to be adjusted such that the 1D system
remained critical.
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With regard to the propagating perturbations, these take place in the axial direc-
tion, so in the 1D model, the width of the slab was chosen to be equal to the height
of the core, and a similar compensation for the radial leakage had to be performed.
Since in general the height of the core is different from its diameter, this leads to
slightly different cross sections than in the previous case. The different radial and
axial dimensions also incur different dynamic behaviour in the two directions, which
was this way captured by the 1D model.

In line with the conclusions drawn in Chapter 2, Section 2.3.6.2, molten salt
reactors (MSRs) were modelled with static fuel, but with the parameter J rescaled by
H/T, H being the height of the core and T the total length of the recirculation loop.
This approximation makes it possible to model also fast spectrum MSRs, since for
these the two-group theory is not elaborated yet, not even in the prompt recirculations
approximation.

In this chapter, three Gen-IV cores are analysed: a sodium-cooled fast reactor
(SFR), a gas-cooled high-temperature reactor (Allegro), and a thermal MSR. Several
SMR types will be discussed in Chapter 4.

As was mentioned in the Introduction, all numerical work in Chapters 24,
what regards the quantitative evaluation of the analytical formulae developed in the
previous chapter, was performed in the symbolic manipulation language Wolfram
Mathematica [9]. The Wolfram Mathematica notebook [10] is made public by hav-
ing uploaded it to the Wolfram Notebook Archive [11]. The link to the notebook is
in [10]. By downloading the notebook or running it on the Wolfram cloud, the reader
can retrieve all results/figures in Chapters 3 and 4 of this book, or make new runs
with new input data. Instructions of accessing and using the Notebook, with a user
manual, are found in Appendix A.

3.2 Sodium-cooled fast reactor

SFR were built and used already in the past, in particular in France (Masurca, Phenix,
Super-Phenix). These reactors are now all shut down. There were also plans on a new
demonstration reactor with the name ASTRID, but it was also abandoned.

Currently the OECD Nuclear Energy Agency (NEA) has conducted benchmarks
to analyse the performance and safety of these reactors. The analysis next is per-
formed on an SFR core based on the 3600 MWth oxide core description of the OECD
NEA benchmark [93]. The reactor consists of an inner core, an outer core and a reflec-
tor region surrounding it. The fuel assemblies are axially heterogeneous: the active
part of the core consists of five 20 cm height zones and is surrounded axially by steel
reflectors. The active core has a radius of 256 cm and a height of 100 cm. The con-
trol assemblies are omitted from the model. i.e. it is a rather flat design, which is
customary with SFRs. The layout of the core is shown in Figure 3.1.

The two-group nuclear and kinetic parameters of the core are shown in Table 3.1.
Since the SFR is a fast spectrum core, the separation energy between the groups was
taken to be 1.35 MeV when generating these data from the Serpent input file. Hence
instead of fast and thermal groups, we refer to these as Groups 1 and 2, or the fast
and the epithermal groups, respectively.



110 Surveillance and diagnostics of next generation nuclear reactors

Figure 3.1 The geometry of the SFR core with reflectors

Table 3.1 Group constants and kinetic parameters of the SFR core

Group D vy 3 3 X Xa

1 2.66184  0.021753 0.008093 0.040346  0.5978 0.04177
2 1.24986  0.005828 0.005853 0 0.40218  0.9582
B A v1 [em/s] v [em/s] R [cm] H [cm]

0.00448  0.60072  2.1071 -10° 2.3861 -10° 256 100

In the 1D simulations of the horizontal direction, the core radius was used as the
half-width of the equivalent slab. The absorption cross sections were modified from
their value in the Table, to account for leakage, due to the difference between the
material buckling and the geometrical buckling of the slab arrangement.

The static fluxes in Groups 1 and 2 are shown in Figure 3.2. Like with other fast
systems (seen in the previous chapter and further confirmed in subsequent cores),
with the threshold energy of 1.35 MeV, the flux in Group 2 becomes much higher
than in Group 1. This is in sharp contrast to the thermal LWR systems, seen in the
previous chapter, where the fast flux is higher than the thermal one. This is due to
the different definition of the groups which, among others, is reflected in the group
neutron velocities. The difference in the neutron velocities between Groups 1 and 2
is much smaller than in the thermal LWR cores.
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Figure 3.3 Space dependence of the amplitude and the phase of the components of
the Green’s function for w =10 rad/s (left figures), and frequency
dependence of the same for x = xg =0 (right figures) in the SFR core

3.2.1 The Green’s functions

The space and frequency dependence of the amplitude and the phase of the Green’s

functions of the SFR core along a horizontal cross section are shown in Figure 3.3.
Due the specific flat geometry of the core, i.e. very large difference between the

radial and axial positions, it is expected that the dynamic characteristics of the core
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will be rather different into the radial and the axial directions, respectively. Due to
the large diameter of the system, the core is expected to behave in a relatively strong
space-dependent manner. Figure 3.3 indeed confirms this expectation, although the
space dependence is not as strong as in the case of the commercial boiling water
reactor (BWR) treated in the previous chapter. This is despite that the diameter of the
SFR is considerably larger than the height of the BWR. The main reasons for this are
the stronger neutronic coupling in fast spectrum cores, as well as the smaller 5. As
was discussed previously, at the plateau frequency, a smaller delayed neutron fraction
[ increases the relative weight of the point kinetic component.

Similarly to the static flux, the amplitudes of the components of the Green’s
matrix in Group 2 (i.e. Gy;, i = 1,2) are larger than in Group 1 (Gy;). At the same
time, the local component appears in Group 1, i.e. the fast group. As it will be seen,
these are also generic properties of the two-group description of cores with a fast
spectrum.

The frequency dependence of the amplitude and the phase shows that, due to
the high neutron velocities (see Table 3.1), the plateau region is exceptionally wide,
stretching from about 0.5 rad/s to about 5 - 10* rad/s. This means that perturbations
up to quite high frequencies will be possible to monitor in the SFR. It is also seen that
over a large part of the wide plateau region, the phase is very close to zero. This means
that for perturbations within the plateau region, the frequency and temporal behaviour
can be treated interchangeably. To put is in a different way, the temporal behaviour
of the perturbation will be reflected in the temporal behaviour of the neutron flux
fluctuations, without time delay effects.

A clarification has to be added at this point. When plotting the space and fre-
quency dependence of the phase, it is the phase of —Gj; which is plotted. This means
that 180° was added to the (negative) phase of G;;. This is simply for reasons of con-
venience. Namely, from the formalism used in both one-group and two-group theory,
it is seen that the elements of the Greens’ function transfer the changes of the absorp-
tion cross section with a positive sign, whereas the response needs to be negative
(increase of the absorption leads to the decrease of the flux). Hence such an “out-of-
phase” property is built in to the Green’s function. To avoid showing phase values
which are permanently below 180°, we introduced this phase shift into the plots of
the Green’s functions.

This convention also has the advantage that the results, in particular the frequency
dependence of the phase, will be easier to compare with the phase of the zero-power
transfer function Go(w). This latter does not have the built-in phase shift property,
since it gives the response of the system to the change of the reactivity. Hopefully this
plotting convention will not lead to any confusion. It is only applied to the Green’s
functions, but not to the phase of the noise, shown in the subsections which will
follow.

3.2.2 Absorber of variable strength

The noise induced by a variable strength absorber in both groups is a linear com-
bination of two Green’s matrix elements, weighted with the relative weights of the
absorber cross sections in the two energy groups. Hence the space dependence of the
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noise in the two groups looks rather similar to that of the individual components of the
Green’s matrix. In the present case this means that the noise induced by an absorber
of variable strength shows a not too strong, but definitely not negligible spatial depen-
dence, i.e. a deviation from the point kinetic behaviour. This is confirmed by the left
side of Figure 3.4. The phase and the amplitude are shown only for a central absorber,
since there is no new information in the noise with a different position of the absorber.
Here, when plotting the phase, the convention regarding adding an extra phase shift
was not used, to show the real phase delay of the noise.

The amplitude and phase localisation curves A(x,) and 6(x,), defined in (2.138)
and (2.139), respectively, are shown in the right column of Figure 3.4. Correspond-
ing to the appreciable space dependence of the induced noise, the ratio of the APSDs
of the two peripherally placed detectors shows a strong space dependence. Interest-
ingly, the phase is rather insensitive to the position of the perturbation, but this is a
consequence that the space dependence of the phase is rather weak in the Green’s
functions as well, as it is seen in Figure 3.3. The conclusion is that the chances are
good that the radial position of a local perturbation of the variable strength absorber
type can be extracted from the amplitude of the APSDs of suitably placed detectors.

3.2.3 Vibrating fuel rod

Figure 3.5 shows the amplitude and phase of the neutron noise at two different equi-
librium fuel pin positions: a central one and one 45 centimetres off the core centre. In
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Figure 3.4 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, =0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength for the SFR core (right column)
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Figure 3.5 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating fuel rod, for x,, =0 (left
column) and x, = —45 cm (right column), respectively, in the SFR core

general, due to the fact that the relative weight of the reactivity- and space-dependent
components is also dependent on the position of a vibrating fuel pin, the dependence
of the induced noise in detectors at different positions shows a stronger dependence
on the position of the perturbation for a vibrating fuel pin than for an absorber of
variable strength, which is confirmed by the figure.

The space dependence of the amplitude of the noise due to a central vibrating
fuel pin (left side of 3.5) shows a relatively large local peak in the noise in Group 1.
Its relaxation length is between 10 to 20 cm, larger than that in LWRs. This is also a
generic feature of fast reactors. The phase is zero on the r.h.s. and —180° on the Lh.s.,
which is expected, since the reactivity effect is zero for a central vibrating component,
and the space-dependent and local components are out of phase on the two sides.

When the equilibrium position of the vibrating fuel pin is moved out from the
central position, the reactivity component appears, and its relative weight increases
with increasing distance from the centre. This is simply due to the increase of the
magnitude of the spatial derivative of the static flux. There is a point when the absolute
values of the point kinetic and space-dependent parts are roughly equal in amplitude,
and on the L.h.s. of the vibrating pin, where the two components are out of phase, the
amplitude of the noise left to the pin is minimum. For this core this happens at around
X, = 40-50 cm. The right column of Figure 3.5 shows that with x, = —45 cm, apart
from the local component, the amplitude of the noise nearly vanishes on the left side
of the pin, and the phase takes the intermediate value of about —70°. Moving even
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farther from the core centre, the point kinetic part of the noise gradually takes over.
The gap in the amplitude at the two sides of the pin disappears, and the phase is close
to zero in the whole core.

Based on these observations, it is easy to interpret the behaviour of the localisa-
tion curves for the ratio of the APSDs and the phase of the CPSD, which is shown
in Figure 3.6. These localisation curves are typical to medium-to-large size reactors.
There is a considerable dependence of the ratios of the APSDs on the position of
the vibrating pin, but the inverse of the curve is many-valued, so the position of the
pin cannot be determined uniquely from the APSD ratios. Some help can be obtained
from the phase, which also shows large variations, with a single-valued inverse. How-
ever, this only concerns pin positions between about —80 to 80 cm. On the other hand,
the ambiguity and possible multiple guessed pin positions can be helped in practice
by using multiple detectors, which will be necessary anyway in the real case where
the problem is to find the location of the vibrating component on the two-dimensional
(2D) horizontal plane. The strong dependence of the APSD ratios on the position of
the pin is a more important indicator of the possibility of the localisation than the
possible ambiguity of the predicted location.

Ratio of APSDs as functions of x, @ = 10 rad/s
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Figure 3.6 Dependence of the amplitude and phase localisation functions on the
position of the vibrating fuel rod in the SFR core
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3.2.4 Propagating perturbations

For the investigation of the neutron noise induced by propagating perturbations, the
core will be modelled in its axial direction. Here we encounter a very special circum-
stance, which is typical for sodium fast reactors, namely that the height of the core is
substantially smaller than its diameter. The SFR is a very flat “pancake core”, with a
diameter more than 5 times larger than the height of the core.

Since the propagation of the coolant is along the axial direction, in the 1D model
the thickness of the slab has to be chosen equal to the height of the core. To have the
1D model critical, the cross sections need to be readjusted for axial leakage, which
will, among others, lead to a substantially larger static buckling than in the case when
the radial dimensions were modelled. Whereas in the radial direction the behaviour
deviated appreciably from the point kinetic, showing a relatively emphasised space-
dependence (see Figure 3.3), in the axial direction the behaviour is expected to be
strongly point kinetic.

We do not show the recalculated values of the components of the Green’s func-
tion matrix with the updated cross sections and static buckling, the behaviour will
be seen on the shape of the propagation adjoints. As described in the previous chap-
ter, these consist of combinations of the corresponding individual components of
the Green’s matrix, with weighting factors o1 and «;, determined by the type of the
perturbation.

As is known [80], and was mentioned before, in BWRs the removal
adjoints/Green’s functions are the difference of a peaked and a non-peaked func-
tion, which enhances the weight of the local component, and which is beneficial
for the diagnostics of propagating perturbations. For the sodium-cooled fast core,
it is reasonable to assume that the density fluctuations of the coolant affect only
the absorption and removal cross sections, with the same relative weight as the
corresponding static cross sections (see (2.159). With this assumption one obtains

ap = 0.894534
and
ar = 0.394153

Since in calculating these coefficients, the absorption cross sections dominate over
the removal cross section, the two coefficients have the same sign. Hence no dif-
ference between the individual Green’s function components appears, which means
that, unlike in the removal adjoints of the BWRs, the local component will not be
amplified in the propagation adjoints (transfer functions) of the SFR.

In addition, as surmised, the axial behaviour of the core is dominated by the
point kinetic component, and these two facts together result in a complete suppression
of the local component. This is confirmed by Figure 3.7, which shows the spatial
dependence of the amplitude and the phase of the propagation adjoints.

Unlike the radial Green’s function components, these show no visible space
dependence, and no presence of the local component either. Still an attempt was made
to see if any linear dependence of the phase could be seen. For the calculations, the
velocity of the flow was chosen to be 150 cm/s. No data on the velocity (or transit
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Figure 3.7 Space dependence of the amplitude and the phase of the fast and
thermal propagation adjoints for zo = H/2 in the SFR

time) of the sodium in the core is given in [93], but according to [94], the flow speed
in SFRs is between 1 to 2 m/s.

The results are shown in Figure 3.8. Not surprisingly, the phase of the cross-
spectrum shows no linear dependence on the frequency, rather it shows large periodic
oscillations. Somewhat surprisingly, these oscillations still take place around the the-
oretical linear slope of the phase, which one would get with a large local component
with a very short spatial relaxation. As discussed in [47], the large oscillations are
due to the interference between the point kinetic and the local components. Although
globally, the oscillations follow the proper slope of the straight line, it is questionable
whether the proper transit time could be obtained from a measurement. There is also
an added complication, noted already in [52], that the phase angle is computed in the
principal value of (- /s, 7 /s), which would make the plot of the phase discontinuous,
and turning it into a continuous function by eliminating the jumps from -7 /s to 7/s
is somewhat ad-hoc and involves a guess work. One has to add that still the phase
shown in Figure 3.8 is made on “clean” data, i.e. computed signals without any extra
noise in the process and the data collection.

In summary, in an SFR core with these characteristics, measurements of transit
time of the flow with in-core neutron noise measurements is hardly possible. This
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Figure 3.8 Dependence of the phase of the cross-correlations on the frequency
between two axially displaced detectors for propagating perturbations
in the SFR

was expected to be the case in a tightly coupled core with an extremely small height.
However, flow velocity measurements in SFRs are possible with other means, such
as with an eddy current flow meter (ECFM), electromagnetic (EM) flow meters and
ultrasound Doppler velocimetry (UDV). These will be treated in Chapter 8. On the
other hand, the appearance of void and a possible quantification of the local void
fraction might be still possible with in-core neutron detectors. As discussed in Section
2.3.8.3, this does not require the existence of a strong local component.

3.2.5 Detection of core-barrel vibrations and core flowering

To monitor core-barrel vibrations, and in particular the so-called core-flowering
event, ex-core detectors could be used the same way as with the pressurised water
reactors (PWRs) presently in operation. This possibility was discussed in the previ-
ous chapter, Section 2.3.8.1. The sensitivity of ex-core detectors for detecting these
phenomena has not yet been performed. Previous studies aimed at either confirming
that core flowering does lead to reactivity changes [83], or calculating the in-core
neutron noise with a realistic model of the core deformation and using the noise sim-
ulator CORE SIM [84]. Studies of ex-core neutron noise due to core deformation
should be performed along the lines of this latter publication.

3.3 Gas-cooled fast reactor

The gas-cooled fast reactor (GFR) is represented here by the Allegro 75 MWth
demonstrator reactor concept developed in Europe to prove the feasibility of gas
cooled reactor technology [95]. The Serpent2 input files were developed within the
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SafeG/TREASURE European project. The core studied contains ceramic, carbide
fuel cooled with Helium at 70 bar pressure. The active core is relatively small with
its height of 87 cm and radius of 61 cm. The layout of the core is seen in Figure 3.9.

Despite the small size and low power of the currently studied design, it is not
classified as an SMR, rather as a Gen-IV demonstrator, this is why it is included in
this chapter on Gen-IV reactors. On the other hand, the conclusions drawn from the
study of the current design state may be changed when the reactor gets scaled up to
the range of power reactors.

The hexagonal core was approximated by a cylinder with radius R = 61 cm,
and in the 1D simulation this was used as the half-width of the equivalent slab. The
material data of the core are shown in Table 3.2. These were calculated with E = 1.35
MeV as the separation energy between the two groups.

For the modelling of the core in the horizontal cross section with an 1D model
with a slab thickness equal to the diameter, the absorption cross sections were mod-
ified to account for axial leakage. The static fluxes in Groups 1 and 2 are shown in
Figure 3.10. Like with other fast systems, the flux in Group 1 is lower than in Group 2.

Figure 3.9 The geometry of the ALLEGRO core with reflectors

Table 3.2 Group constants and kinetic parameters for the Allegro core

Group D vy 3 3k Xp Xa

1 3.81018 0.020742 0.007183 0.03359  0.5989  0.0412
2 1.92671 0.009046 0.006529 0 0.4011  0.9588
B A v [em/s] v, [em/s] R [cm] H [cm]

0.003903 0565632  2.1166-10°  2.1713-10° 61 87
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Figure 3.10 The static fluxes in the ALLEGRO core
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Figure 3.11 Space dependence of the amplitude and the phase of the components
of the Green’s function for w =10 rad/s (left figures), and frequency
dependence of the same for x = x9 =0 (right figures) in the Allegro
core

3.3.1 The Green’s functions

The space and frequency dependences of the amplitude and the phase of the Green’s
function of the Allegro core along a horizontal cross section are shown in Figure 3.11.

As it was already seen with the SFR, the amplitude of the components in Group 2
are larger than in Group 1. The figure shows that, as it could be expected, the core
behaves in a rather point kinetic way. This is not surprising in view of the small
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size and the generally stronger neutronic coupling in fast systems. In agreement
with this, the local component is nearly invisible. This has though not much prac-
tical importance, since in a gas-cooled reactor one cannot expect strong propagating
perturbations that would induce measurable neutron noise, whose diagnostics would
be the main use of the local component. Due to the high neutron velocities (see
Table 3.2), the plateau region is exceptionally wide, stretching from about 0.5 rad/s
to about 5 - 10* rad/s. This means that perturbations up to quite high frequencies will
be possible to monitor, similarly as in the SFR.

Due to the smallness and limited value of the local component, what regards
the possibilities for diagnostics, only the localisation of a reactor oscillator and a
vibrating component will be investigated. The effect of propagating perturbations
will not be considered for this core.

3.3.2 Absorber of variable strength

Based on the small, tightly coupled core, which is also seen on the space dependence
of the Green’s functions, the space dependence of the noise by a variable strength
absorber is expected to follow that of the static flux, with an essentially constant phase
delay. This is confirmed by the left side of Figure 3.12. The phase and the amplitude
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Figure 3.12  Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
xp, =0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength (right column) for the Allegro

core
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are shown only for a central absorber, since there is no new information in the noise
with a different position of the absorber.

The amplitude and phase localisation curves are shown in the right column of
Figure 3.12. They simply confirm that in such a small, tightly coupled system finding
the position of a localised perturbation of variable strength is not possible. It is inter-
esting to notice that compared to the PWR SMR (see Chapter 4), in the vicinity of
the detectors, the amplitude localisation curves differ over a larger distance. In other
words, the field of view of the local component is larger than that of a PWR of the
same size. This is also confirmed by the fact that the root v of the characteristic equa-
tion* is about 0.1 cm™!, a factor 4-5 times smaller than the corresponding value of
of the PWR SMR, or any other LWR. The 4-5 times larger relaxation length may be
an additional reason, besides of its small numerical weight, why the local component
is not visible in the Green’s functions.

3.3.3 Vibrating fuel rod

Theoretically, there is a somewhat better chance to observe some space dependence
(dependence on the position of the perturbation) for a vibrating fuel pin. Figure 3.13
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Figure 3.13 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating fuel rod, for x, =0 (left
column) and x, = —1 cm (right column), respectively, in the Allegro
core

*The parameter v here stands for the local root of the characteristic equation of (2.111), and should not
be mixed up with the mean number v of neutrons per fission.
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shows the amplitude and phase of the neutron noise by two fuel pin positions: a central
one and one a few centimetres off the core centre.

The space dependence of the amplitude of the noise due to a central vibrating
fuel pin (left side of Figure 3.13) shows a relatively large local peak in the noise
in Group 1. It is also seen that its relaxation length is about 10 cm, larger than that
in LWRs. The large amplitude of the local component might be somewhat surpris-
ing, in view of the fact that the local component is not seen either in the Green’s
functions, or in the noise of an absorber of variable strength. Moreover, in the case
of the PWR SMR, although the local peak is clearly visible in the thermal Green’s
function Gy, the local peak in the noise in Group 1 is much smaller than for the
present case.

The solution of this apparent contradiction lies in the fact that we are considering
a vibrating fuel pin. In a thermal reactor, the local peak is in the Green’s function
component G,,, which connects the perturbation in Group 2 with the induced noise
in Group 2. However, in a thermal system, a perturbation of the fission cross sections
generates noise in the thermal group only via G;;, since x, = 0. This explains the
relatively small peak in an LWR in the noise in the fast group, since there is no local
peak in G;;. Hence, only a large sink is seen in the noise in Group 2.

In a fast system, where y, > 0, the vibrations of the fission cross section will
generate a noise directly in Group 2 via the derivative of G,,, which will amplify the
relative weight in the induced noise much more than Gy, or G, does. This explains
the huge difference in the spatial structure of the fast noise for fuel pin vibrations
between a fast and a thermal system. One can also add that if one considered the
vibrations of a thermal absorber instead of a fuel pin, then one would have a large
local peak in the thermal noise instead of the small sink that the vibrating fuel rod
causes.

It is also seen in the right column of Figure 3.13, that moving the fuel pin only
1 cm off the centre, the reactivity term gets already significant enough such that the
phase gets close to zero at both sides of the fuel pin, except at positions close to
the fuel pin on the Lh.s. This shows that the reactivity component starts to dominate
already for slightly of-centre fuel pins.

These characteristics are also reflected in the localisation curves, shown in Fig-
ure 3.14. Apart from a fuel pin position slightly off the centre, the values of the
amplitude and phase localisation functions are nearly constant. The slight dependence
on the position of the fuel pin will be completely hidden behind the background noise
in a realistic case.

3.3.4 Propagating perturbations

In view of the extremely small magnitude of the local component, its relatively
large spatial relaxation, and the presumably very small perturbations in the gas
coolant, there is no possibility to use neutron noise signals for gas flow velocity
measurement in Allegro. In general, in-core neutron noise measurements cannot be
used for anything else than reactivity measurements, or to detect the appearance of
local perturbations, but it will not be possible to locate them from neutron noise
measurements.
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Figure 3.14 Dependence of the amplitude and phase localisation functions on the
position of the vibrating fuel rod in the Allegro core

3.4 Molten salt demonstration reactor (MSDR)

The MSDR is a 750 MWth design, with graphite moderation and LiF-BeF2-ThF4-
UF4 fuel salt. The active core radius is 304 cm and the core height is 640 cm. The
MSDR input files were modified based on open source information. The layout of
the system is shown in Figure 3.15.

The group constants and the kinetic parameters used in the calculation are shown
in Table 3.3. Given that the MSDR is a thermal system, Groups 1 and 2 are the conven-
tional fast and thermal groups, respectively. As with all systems treated in this book,
these are the original group constants derived from the Serpent input file, which then
will be modified for leakage when the core is modelled in the horizontal or vertical
dimensions.

The static fluxes in Groups 1 and 2 in the horizontal cross section of the core,
along a diameter, are shown in Figure 3.16. Interestingly, the thermal flux is larger in

the system than the fast one, which is different from that of the thermal light water
systems.



Table 3.3

Figure 3.15 The geometry of the MSDR core

Group constants and kinetic parameters for the MSDR core

Group D vy 3 g Xp Xa
1 1.061 0.000104 0.000453 0.0071 1 1
2 0.841634 0.001505 0.001045 0 0 0
Jé] A v1 [em/s] v [em/s] R [cm] H [cm]
0.005476 0.40735 7.666 -10° 461070 304 640

Static fluxes in the MSDR reactor
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Figure 3.16 The static fluxes in the MSDR core
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3.4.1 The Green’s functions

According to the conclusions of Chapter 2, Sections 2.3.6.1 and 2.3.6.2, the dynamic
properties of the MSRs will be calculated as they were a traditional core, i.e. with fuel
velocity u = 0, but with a reduced effective delayed neutron fraction 3, (2.202). The
reduction is by the factor H/T, that is the ratio of the core height to the total length
of the recirculation loop, or rather the time spent in the core vs the total recirculation
time. There are no concrete data available on this factor, hence we take an estimate
that the external loop is 1.5 times longer than the core height (the transit time outside
the core is 1.5 times of the transit time), which yields a factor 1/2.5 = 0.4 for the
reduction of the delayed neutron fraction. All dynamic calculations were made with
this reduction factor.

The interpretation of the dynamic properties of the MSDR is somewhat com-
plex. Although the investigated MSDR design is relatively large by geometrical size
(6 x 6 m), the thermal diffusion length is also large in a graphite moderated system,
so in terms of the mean free path, although the core is still large, it is not exces-
sively large. Besides, the reduction of the delayed neutron fraction, which emulates
the dynamic properties of MSRs as compared to traditional reactors, increases the
weight of the point kinetic component further.

On the other hand, both the low neutron velocities in both groups, as well as the
low value of 3,4 act into the direction that the upper break frequency of the neutronic
transfer functions (shown soon) is considerably lower than in both LWRs and fast
reactors. This means that at the plateau frequency of the LWRs, which coincides with
the frequency of the band-limited perturbations, such as vibrations, the amplifying
effect of the low (3, on the point kinetic component is already counteracted.

This is illustrated in Figure 3.17, which shows the space dependence of the
amplitude and the phase of the Green’s functions for the MSDR core along a hor-
izontal cross section of the reactor. Unlike in most of the similar figures for the other
designs, these functions are shown here not only for two different positions xy, but
also for two different frequencies. In all other figures, a frequency of 10 rad/s was
used, corresponding to about 1.6 Hz, which is well within the plateau region for all
other reactor designs, and also corresponding to a characteristic eigenfrequency of
mechanical vibrations of control and fuel assemblies. However, as Figure 3.18 will
show, in this particular core 10 Hz is already beyond the upper break frequency.
Hence the space dependence of the Green’s functions is shown here for both 1 and
10 rad/s.

The Greens functions show a noticeable departure from point kinetic behaviour
at 10 rad/s but this deviation is relatively moderate, smaller than with the commercial
BWR shown in Chapter 2. The large size of the core affects much more the space
dependence of the phase which, at 10 rad/s, varies about 30° from the centre of the
core to the core boundary. This is the largest variation of the phase among all the
designs considered, which indicates that in this reactor, also the phase can be helpful
for locating localised perturbations.

The right column of the figure shows that at w =1 rad/s, the neutronic response
is significantly more point kinetic, which is due to the amplified weight of the point
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Figure 3.17 Space dependence of the amplitude and the phase of the components
of the Green’s function for xg =0 and w =10 rad/s (left figures), and
xo =50 cm and w =1 rad/s (right figures) in the MSDR core

kinetic component in an MSR. The variation of the phase across the core is also much
more moderate than at 10 rad/s.

One peculiar characteristic of the Green’s functions, which is in line with the
behaviour of the static flux, is that in this nearly perfectly thermalised core, the
amplitudes of the fast components G; and Gy, are smaller than that of the thermal
ones Gy; and Gy;. Also, the small local peak is only visible in the fast component
G11. Such amplitude relationships between Groups 1 and 2 are seen in cores with a
fast spectrum, but not in the thermal spectrum LWRs. It is therefore somewhat of a
contradiction that in an even better moderated core than the light water cores, one
observes characteristics of fast systems. On the other hand, we need to keep in mind
that Groups 1 and 2 have a different meaning in the fast cores and in the thermal
cores, which might be part of the explanation of this apparent contradiction.

Because of the very low upper break frequency of the MSDR core, all further
figures with a fixed frequency will be shown for both 1 and 10 rad/s. This is because,
although in a general case the plateau frequency behaviour is the most interesting,
on the other hand the majority of the interesting perturbations related to mechanical
vibrations are in the range of 1 Hz or above, therefore the response of the MSDR at
those frequencies is also interesting.

The frequency dependence of the amplitude and phase of the Green’s functions
is shown in Figure 3.18. It is seen that the plateau region is so narrow, that there is
no frequency region where the amplitude is even approximately constant. The upper
break frequency is around 2 rad/s, which is extremely low. Also, the phase behaviour
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Figure 3.18 Frequency dependence of the amplitude and the phase of the
components of the Green’s function for xo =0 and x =0 (left figures),
and x =50 cm (right figures) in the MSDR core

is markedly different from the other reactor types in that the minimum phase delay,
i.e. the top of the phase curve at the plateau region, is around 40°, which is much
larger than with the other reactor types.

There is not much visible difference in the frequency dependence of the ampli-
tudes for x = 0 (i.e. at the point of the perturbation) and x = 50 cm. However,
the behaviour of the phase above 2 rad/s, i.e. above the upper break frequency, is
markedly different. At the point of the perturbation (bottom left figure), the effect of
the local component leads to the decrease of the phase delay (the upward trend in
the phases) in all components, but primarily in the fast component G;;. At a point
50 cm away from the perturbation (bottom right plot), the effect of the local compo-
nent diminishes. At points even further away from the perturbation (not shown here),
the phase delay increases monotonically (the phase decreases monotonically) as a
function of the frequency.

The behaviour of the amplitude and the phase as functions of the frequency shows
a very distinct difference from both the thermal spectrum PWRs and BWRs, as well
as from the fast reactors. In general, in the noise diagnostics literature, there have
been no cases of graphite moderated reactors investigated for their dynamic transfer
properties, so the study presented here will therefore be useful not only for the MSDR.

3.4.2 Absorber of variable strength

Because of the low value of the upper break frequency of the neutronic transfer of
the MSDR, we investigate the noise of the absorber of variable strength both at 1 and
10 rad/s. The first case is shown in Figure 3.19.
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Figure 3.19 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, =0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength (right column) for the MSDR
core at the frequency of 1 rad/s

The space dependence of the amplitude and the phase at this frequency (plots on
the Lh.s. of the figure), which is within the plateau region, shows a relatively moderate
deviation from point kinetics. The deviation from point kinetics is more visible on the
space dependence of the phase. The space dependence manifests itself much stronger
on the localisation curves (r.h.s. plots). Both the ratio of the APSDs, as well as the
phase of the CPSDs of the two detectors vary moderately, but sufficiently much that
both can be used to find the location of a source of the type of a variable strength
absorber, even at this low frequency.

The induced neutron noise and the localisation curves at 10 rad/s are shown in
Figure 3.20. The situation is markedly different from that of 1 rad/s. Interestingly,
the space dependence of the amplitude of the noise itself is still less pronounced than
for the commercial BWR or for the PWR-type SMRs (see the next chapter), but the
space dependence of the phase shows a large deviation from point kinetics. This is
mirrored in the dependence of the localisation curves (right column). The phase of
the CPSD of the two peripheral detectors show a much larger variation than in any
of the other reactor types considered.

From what has been seen so far, one can draw the conclusion that in the MSDR
with a large geometrical size, the deviation from point kinetics can be noticed primar-
ily on the space dependence of the phase. Compared with the PWR SMRs, the space
dependence of the amplitude of the noise in the MSDR is more point kinetic, whereas
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Figure 3.20 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, =0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength (right column) for the MSDR
core at the frequency of 10 rad/s

that of the phase is less point kinetic in the MSDR. This is a new observation in the
sense that in the traditional systems the shift from point kinetic to space-dependent,
as a function of the frequency or the system size, takes place simultaneously for the
amplitude and the phase, or even faster for the amplitude than for the phase. Now
it is seen that for an MSDR, the transition from point kinetic to space-dependent
behaviour goes in a different way for the amplitude and the phase, the latter changing
faster than the amplitude.

3.4.3 Vibrating absorber rod

Although for the solid fuel reactors we considered the neutron noise induced by the
vibrations of a fuel rod, this is not practical for the MSRs, since there are no solid fuel
elements which could vibrate laterally. On the other hand, in thermal MSRs with a
solid moderator such as a graphite block of the MSDR, control rods may be used and
those might be exposed to mechanical perturbations which can make them to vibrate.

The spatial structure of the neutron noise and the localisation possibilities will be
shown for both w =1 and w =10 rad/s. The space dependence of the amplitude and
the phase of the induced noise for w = 1 rad/s is shown in Figure 3.21. Corresponding
to the fact that both the thermal absorption cross section, as well as the thermal flux
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Figure 3.21 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating absorber, for x, =0 (left
column) and x,, =50 cm (right column), respectively, at w = I rad/s in
the MSDR core

are larger than their fast counterparts, the thermal noise is larger, and the local peak
is in the thermal noise. For the central absorber, the phase is opposite at the two
sides of the absorber, similarly to the noise induced by a vibrating fuel pin, but with
the trivial difference that the noise is in-phase on the L.h.s. and out-of-phase on the
r.h.s. of the absorber, which is opposite to the noise by the vibrating fuel rod. At the
equilibrium absorber position at x,, =50 cm, which is only moderately off the centre,
the contribution from the reactivity term is already large enough such that the values
of the phase at the two sides of the absorber are already quite close to each other.

A similar plot with a central and off-central vibrating absorber rod, but at the
frequency of w = 10 rad/s is shown in Figure 3.22. Regarding the space dependence,
the same differences can be seen as compared to the w = 1 rad/s case as with the
absorber of variable strength, namely there is very little change in the amplitude, but
a more significant change in the phase, which is now decaying must faster as the
distance to the perturbation increases. Another difference is the dependence of the
noise on the equilibrium position of the absorber. At this frequency the contribution
of the reactivity term is noticeably smaller. This is seen on the fact that at a distance
from the centre twice as large as for w = 1 rad/s, the gap in the phase at the two sides
of the absorber is still larger than in the previous case.

The localisation curves for w = 1 and 10 rad/s, respectively, are shown in Fig-
ure 3.23. These once again show a structure which is different from all the other
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Figure 3.22 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating absorber, for x, =0 (left
column) and x, =100 cm (right column), respectively, at w =10 rad/s
in the MSDR core

reactor types, but conform with the tendencies which were observed before on the
different behaviour of the amplitude and the phase. At both frequencies, the inverse
of all curves is two- or many-valued, hence the localisation is not unambiguous. Inter-
estingly, at w = 1 rad/s, the space dependence of the amplitude localisation is more
marked than at w = 10 rad/s. The phase localisation curves, even if their inverse is
also two-valued, change monotonically in both halves of the core. The ambiguity of
identifying the location of the vibrating absorber is larger at 1 rad/s; in the case of
10 rad/s, the amplitude and phase localisation curves together are suitable to locate
the position of the vibrating absorber unambiguously. The ambiguity at w = 1 rad/s
means that for a given value of the amplitude and phase localisation curves can be
attributed to two distinct positions; on the other hand these positions can be estimated
with good accuracy. In a real practical case the problem is 2D and at least three detec-
tors need be used, which will eliminate the ambiguity which is seen in the present 1D
calculations.

3.4.4 Propagating perturbations

As usual, for the calculations of the propagating properties, the height of the core
was selected as the width of the 1D model, and the absorption cross sections were
readjusted for the changed leakage.
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Figure 3.23 Space dependence of the amplitude and the phase of the localisation
curves for a vibrating absorber for the MSDR core at the frequency
w =1 rad/s (left column) and for w =10 rad/s (right column)

Similarly to other non-light water systems, one needs to specify the effect of the
density perturbations of the coolant/fuel on the various cross sections. In an MSR,
the fuel is dissolved homogeneously in the coolant, and a density fluctuation will
perturb both the absorption and the fission cross sections. Because the thermalisation
takes place in the graphite moderator, it is reasonable to assume that the removal
cross section is not perturbed by the density fluctuations of the fluoride salt. With
regard to the internal magnitude relationships in the fluctuations of the absorption and
fission cross sections, we use the same assumption as with the SFR, namely that the
magnitudes of these cross-section fluctuations are proportional to their static values.
Hence we define the (arbitrarily normalised) coefficients «; and «; as follows:

Yot = Xat +Ea2+7/2ﬂ +Vzﬂ 3.1

Then, accounting for the fact that in (2.120) and (2.121) one can use the relationship
$2(2) = ¢, $2(z), we define
Eal - Vzﬂ —Cp I/Eﬂ

— 3.2
o S (5-2)

and

) = ——— (3.3)
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In (3.2) the factor

iwpf
(-

which should multiply the fission cross sections v¥y and v¥p (see (2.79)) was
neglected. This is because the very week frequency dependence of (3.4), which is
corroborated by the very small value of 3.y, is completely negligible besides the
fast oscillating frequency dependence of the exponential factor in (2.155), which
expresses the propagating character of the perturbation.

With the definitions (3.2) and (3.3), for the MSDR core one has

o) = —1.88868 (3.5)
op = +1.85388 (3.6)

These coefficients need to be used in the calculation of the fast and thermal propaga-
tion adjoints ¥ and ¥, in (2.162) and (2.163).

Equations (3.5) and (3.6) show a remarkably interesting result. Despite the fact
that the fluctuations of the removal cross sections do not enter the formula, one still
has a; = —ap, similarly to the BWR case when only the removal cross section is
perturbed. The reason for this is that the absorption cross sections appear in the noise
source with an opposite sign as the fission cross sections. Since the MSDR is thermal
system, these latter appear only in «; and are the dominating part, hence « is nega-
tive. In a; only the absorption cross section appears, therefore it is positive. The fact
that they are quantitatively close to each other is due to the specific nuclear param-
eters of the core, and cannot be regarded as universal, but in thermal MSRs at least
a1 and «; will have opposite sign. As long as their magnitude is close to each other,
the propagating adjoints will amplify the presence of the local component, similarly
to the removal adjoint of BWRs.

This is illustrated in Figure 3.24, which shows the spatial dependence of the
amplitude and the phase of the propagation adjoints for w = 1 and 10 rad/s,
respectively.

The local component is much more visible than in the pure Green’s functions,
even at w = 1 rad/s, although it appears in the fast propagation adjoints as a dip. At
w = 10 rad/s, a large and quite sharp local component is visible in both the fast and
the thermal propagation adjoints. These figures also demonstrate that with increasing
frequency, the deviation of the shape from the point kinetic one, i.e. assuming a more
“peaked” form, becomes more obvious.

The frequency dependence of the phase is shown in Figure 3.25 for a propagation
velocity v = 400 cm/s. As could be expected from the peaked character of the prop-
agation adjoints, the phase curves show a smooth linear dependence on frequency.
After the initial fluctuations, they both decay with the same slope. The phase of the
fast CPSD has a somewhat peculiar behaviour, namely it has a 180° jump around
3 Hz, although even in the continuation it keeps the same slope as the theoretical
one. This is consistent with the fact that the local component of the fast propagation
Green’s function also has a similar shift between w = 1 and 10 rad/s, as is seen from
Figure 3.24, namely that the sink at 1 rad/s turns to a peak at 10 rad/s.
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Figure 3.24 Spatial dependence of the amplitude and the phase of the propagation
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The conclusion is that despite the weak space dependence of the transfer prop-
erties of the MSDR core, what regards the transfer functions of the propagating
perturbation, the same advantageous situation prevails as with BWRs, namely that
due to the characteristics of the noise source, the local component is amplified in the
propagation adjoints. This expedites the determination of the transit time between
axially displaced detectors, and consequently the surveillance and diagnostic of void
generation and transport in the core as well. The fortuitous quantitative values of
the weight parameters «; and «; depend though on partly the core parameters, and
partly on the assumptions made on the relative weight of the absorption and fission
cross-section fluctuations due to density fluctuations of the molten salt.

A more reliable estimate of the relative weights of the cross-section fluctua-
tions for a change in the temperature or density of the fluoride salt can be calculated
by using in-core fuel management neutronic system codes, such as CASMO and
SIMULATE-3 [96]. Such an approach was used in [33], where such calculations were
made for the determination of the variation of the group constants in light water and
HWRs. Similar calculations should be also made for the MSDR, but these are outside
the scope of this book.



Chapter 4

A basic study of the structure of the core
response in the basic planned SMRs

Imre Pdzsit', Zsolt Elter? and Hoai-Nam Tran®

4.1 Introduction

In this chapter, the dynamic properties of some planned small modular reactor (SMR)
types are investigated with the analytical model, in a similar way as in the previous
chapter. This is made in the same format: first the space and frequency dependence
of the amplitude and the phase of the components of the Green’s function matrix are
calculated. Then the system response, i.e. the neutron noise induced by three different
perturbations, is investigated, namely the noise induced by an absorber of variable
strength, by a vibrating absorber, and by propagating perturbations. The possibilities
of diagnostics, i.e. locating the position of the first two perturbations, and determining
the transit time of the latter, are assessed.
The following SMR types are considered:

1. A small 200 MWth core, which is constructed from shortened fuel elements of
a typical pressurised water reactor (PWR) (AP1000);

An advanced LWR SMR

A fast spectrum molten salt reactor (MSFR)

A lead-cooled fast SMR (LFRSMR)

A fluoride salt-cooled high-temperature reactor (FHR)

A

4.2 A small 200 MWth AP-1000 core (PWR SMR)

The first SMR to be investigated is a small 200 MWth PWR core with a thermal
spectrum, which is constructed from fuel elements of a typical PWR (AP1000), but
with a shortened core height of 220 cm. The core radius is 73.5 cm. The layout of the
system is shown in Figure 4.1. The data used in the calculations are listed in Table 4.1.

The static fluxes in Groups 1 and 2 are shown in Figure 4.2. These show the usual
characteristics of light water-moderated thermal systems, with a fast flux higher than
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Sweden
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F235

F340
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Figure 4.1 The geometry of the PWR SMR core

Table 4.1 Group constants and kinetic parameters for the PWR SMR core

Group D vy hI 3k Xp

Xa
1 1.43756 0.00566 0.00733 0.015144 1 1
2 0.37226 0.14249 0.10167 0 0 0
Jé] A v1 [em/s] v [em/s] R [em] H [cm]
0.00580 0.0848 1.82020 -10’ 41285 -10° 73.5 220

Static fluxes in the PWR SMR core
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Figure 4.2 The static fluxes in the PWR SMR core
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Figure 4.3 Space dependence of the components of the Green’s function (left
column) and the thermal and fast removal adjoints (right column) in a
PWR SMR core

the thermal one. The spectrum is somewhat harder than the average, with a factor
approximately 5 between the flux amplitudes in the two groups.

4.2.1 The Green’s functions

The space dependence of the amplitude and the phase of the components of the
Green’s matrix is shown in Figure 4.3. Here the x-axis corresponds to the radial
dimension of the core, with R = 73.5 cm. Not surprisingly, they are similar to that of
the small boiling water reactor (BWR) core, discussed in Chapter 2, due to the small
size, but show somewhat more pronounced space dependence of the global compo-
nent. Likewise, the local component is somewhat more visible in both the amplitude
and in the phase.

The frequency dependence of the amplitude and the phase of the four compo-
nents of the Green’s function for the PWR SMR are shown in Figure 4.4 for two
different detector positions: one at the position of the perturbation (left column), and
one at 30 cm. A behaviour very typical for a small LWR is seen, with a relatively
wide plateau stretching from 0.1 to over 100 rad/s.

The dependence of the phase on frequency shows that in the plateau region, the
maximum of the phase is about —5°. The value of the phase in the plateau region is
an interesting parameter, which can be used to classify the different systems. In fast
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Figure 4.4 Frequency dependence of the amplitude and the phase of components
of the Green’s function for xp = 0, with x = 0 (left column) and
x =15 cm (right column), respectively, in a PWR SMR

reactors, the phase is very close to zero, as one could see it in the previous chapter in
connection to the SFR and Allegro systems, which are both fast spectrum reactors.
For extremely well-thermalised systems, such as the graphite moderated MSDR (and,
as will be seen later, in the fluoride salt high temperature pebble bed reactor, where
the moderation takes place in the graphite of the pebbles), the phase delay is between
20° and 40°.

4.2.2  Absorber of variable strength

The amplitude and the phase of the neutron noise induced by a variable strength
absorber in the PWR SMR are shown in Figure 4.5 for two different absorber posi-
tions x,. As in the previous cases, the space dependence of both the amplitude and
the phase are similar to those of the components of the Green’s function. With regard
to the phase, it lies moderately below 180°, because the induced fluctuations are out
of phase for variations of the absorbing cross sections.

As in the previous chapter, the possibilities of localising the absorber are
explored by placing two detectors, one at x = —0.9a, and one at x = 0.9a, and tak-
ing the ratio of their APDSs, and the phase of the CPSDs. This is performed by the
amplitude and phase localisation functions A;(x,) and 6;(x,), 1 = 1.2. The results are
shown in Figure 4.6.
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Figure 4.5 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
X, = 0 (left column) and x,, = 30 cm (right column), respectively, in a
PWR SMR core

Like in the case of the small BWR discussed in Chapter 2, both the fast and the
thermal noise are suitable for the localisation of the absorber through the ratio of the
detector APSDs. The variations of the phase are very minor and are of no help in this
task.

4.2.3 Vibrating fuel pin

The amplitude and the phase of the neutron noise (divided by the vibration amplitude
£(w)), induced by the vibrations of a fuel rod at two different equilibrium rod position
are shown in Figure 4.7.

The amplitude and phase for a central vibrating fuel rod always show similar-
ities between any reactor; the phase is zero on the r.h.s. and is —180° left from the
absorber. The amplitude is continuous, but its derivative is discontinuous. Since this
is a small reactor, when the equilibrium position of the fuel rod is moved off the cen-
tre to —10 cm, the reactivity component already starts dominating. The amplitude
has a discontinuity in the fast flux, and the amplitude of the global component of the
thermal flux has a discontinuity, but together with the local component, the thermal
noise is continuous at the fuel pin position x,,.

Because of the rapidly increasing dominance of the point kinetic component for
fuel pin positions at increasing distances from the centre of the core, locating the
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Figure 4.8 Dependence of the amplitude and phase localisation functions on the
position of the vibrating fuel rod in a PWR SMR

vibrating fuel pin is significantly more complicated in this small system than in the
large commercial cores. This is seen on the localisation curves, Figure 4.8.

A vibrating rod close to the core centre can be easily localised. Even if the ampli-
tude localisation function is not monotonic, i.e. the result of the localisation is not
single-valued, they give two possible positions; these are close to each other. Further
away from the centre of the core than 10 cm in either direction, the rate of change of
the amplitude localisation function is comparable with that of the absorber of variable
strength. This also means that unlike in large systems, the spatial dependence of the
measure of the interference between the reactivity and the space-dependent terms is
only helpful for central vibrating fuel pins.

4.2.4 Propagating perturbations

The coordinate system is changed from the x to the z scale, and also the system size
is changed to match the height of the core. The thickness of the one-dimensional
(1D) slab modelling the core in the z-direction is changed from 2r = 147 cm to
H = 220 cm. This requires to change also the absorption cross sections, because the
compensation for leakage is different from that used previously.
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The change of the absorption cross sections will also change the spatial and fre-
quency response of the system, but we do not show the full space- and frequency
dependence of the modified Green’s functions. Instead, we only show here the so-
called fast and thermal removal adjoints. Since this SMR is a thermal system, the
propagation adjoints are equal to the removal adjoints. The relative amplitude of the
local component in these functions is what determines the possibilities of diagnosing
propagating perturbations.

The spatial dependence of the amplitude and the phase of the removal adjoints
are shown in Figure 4.9.

Again, the same similarities and differences can be seen as with the space depen-
dence of the amplitude and phase of the Green’s function components. In the thermal
removal adjoint the peak is somewhat more pronounced than for the small BWR of
Chapter 2. Since this SMR is a PWR, propagating perturbations are not a concern, so
the local component plays a smaller role.

Removal adjoints, z, = H/2, @ = 10 rad/s

0 50 100 150 200
z (cm)

Phase of y;, zy = H/2, w = 10 rad/s

— o(y))
-170 o(y2)

Phase (degrees)

0 50 100 150 200
z (cm)

Figure 4.9 Space dependence of the amplitude and the phase of the fast and
thermal removal adjoints for x9 = 0 in a PWR SMR
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Figure 4.10 Dependence of the phase of the cross-correlation on frequency
between two axially displaced detectors for propagating
perturbations in a PWR SMR

However, subcooled boiling in the upper part of a PWR is an operational con-
cern, whose detection is sought after by PWR utilities. One possibility to discover
subcooled boiling is noise analysis, developed in connection with the interpretation of
BWR in-core noise [47]. As it is known, the streaming of the two-phase flow, through
the presence of the local component, has the effect on correlations and cross-spectra
between axially displaced detectors that the propagating noise leads to a linearly, or
quasi-linearly decreasing phase as a function of the frequency. Pure water does not
exert sufficient perturbation that it can be detected, but in the presence of subcooled
boiling, the appearance of linear or quasi-linear phase could indicate the onset of sub-
cooled boiling. This, on the other hand, assumes the existence of a local component
with a sufficiently high amplitude.

The dependence of the phase of the CPSD between two axially placed detectors,
both in the fast and the thermal groups, is shown in Figure 4.10.

As can be expected from a relatively small reactor, for small frequencies, the
phase deviates noticeably from linear, and stays close to zero, because the point
kinetic term dominates. With the increase of the frequency, the phase of the ther-
mal noise soon relaxes to the theoretical linear phase. The phase of the CPSD of the
fast detectors shows a more irregular behaviour, but basically it also follows the linear
dependence on frequency.

4.3 Advanced light water SMR

The advanced light water technology SMR (ALWR SMR) is represented here with
a small modular pressurised reactor concept. The reactor core resembles a typical
western PWR with UO, fuel, but the size is somewhat reduced with a height of 280.0
cm and radius of 140 cm. This model was inspired by the Rolls-Royce SMR, based
on information available in the open literature.
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Figure 4.11 The geometry of the LWR SMR core

Table 4.2 Group constants and kinetic parameters for the LWR SMR core

Group D vy 3 3k X Xa
1 1.52824 0.009093 0.010674 0.016067 1 1
2 0.38562 0.193929 0.107096 0 0 0.
B A v1 [em/s] v [em/s] R [cm] H [cm]
0.0051757 0.454141 1.79667 10 43316 -10° 140 280

The layout of the core is shown in Figure 4.11. Since the core diameter is equal
with the height of the core, this means that both in the horizontal cross section of
the core for the treatment of the variable strength absorber and vibrating fuel pin, as
well as in the axial direction for the propagating perturbations, a slab with thickness
2 a = H = 280 cm will be used.

The group constants and the kinetic parameters used in the calculation are shown
in Table 4.2.

The static fluxes in Groups 1 and 2 are shown in Figure 4.12. Like with other
thermal systems, the flux in Group 1 is higher than in Group 2.

4.3.1 The Green’s functions

The space and frequency dependence of the amplitude and the phase of the LWR
SMR core along a horizontal cross section of the reactor are shown in Figure 4.13.
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core

Due to the relatively large size of the core, the Green’s functions show a significant
space-dependence, with a visible peak corresponding to the local component in G»;.
The character of the space dependence of the amplitude shows a substantial resem-
blance to that of the large commercial BWR, discussed in Chapter 2, in that the space
dependence is nearly linear. This represents a significant deviations from the point
kinetic behaviour, which is promising from the point of view of localisation and
diagnosing various perturbations.
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Figure 4.14 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, = 0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength (right column) for the LWR SMR
core

4.3.2  Absorber of variable strength

As usual, the space dependence of the amplitude and the phase is very similar to
those of the Green’s function components, the thermal noise showing the local peak.
As expected, the ratio of the peripherally placed two neutron detectors varies very
significantly, making the localisation of the absorber of variable strength possible.
The variations of the phase are not helpful even in this case.

4.3.3 Vibrating fuel pin

Based on the good localisation possibilities of the absorber of variable strength, it
is expected that these will be just as good for the localisation of the vibrating fuel
pin. Figure 4.15 shows the amplitude and phase of the neutron noise by two fuel pin
positions: a central one and one 40 centimetres off the core centre. It demonstrates
that the onset of the contribution of the point kinetic term starts at a much larger
distance from the origin than e.g. for the Allegro core.

The localisation curves shown in Figure 4.16 confirm that the position of the
vibrating fuel element can be achieved from the ratio of the APSDs of two peripher-
ally placed detectors, and from the phase of their CPSD. Although the inverse of the
amplitude localisation function is many-valued, together with the information in the
phase, a unique position can be found from the information in the amplitude and in
the phase.
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4.3.4 Propagating perturbations

Since the diameter of the LWR SMR is the same as its height, no recalculation of the
leakage compensation is necessary. The neutronic transfer properties of the core will
be the same in the z direction as they were in the x direction, and the properties of
the removal adjoints can be expected to be similar to that of the Green’s matrix com-
ponents, but with an amplified relative weight of the local component in the thermal
noise.

The spatial dependence of the amplitude and the phase of the removal adjoints
are shown in Figure 4.17. Again, these look similar to the removal adjoints of the
large commercial BWR, discussed in Chapter 2, although the magnitude of the peak
of the local component is somewhat smaller here.

The investigations of the possibilities of two-phase flow diagnostics are moti-
vated by the same arguments as in the small PWR SMR treated earlier in the previous
Section. Namely, in-core neutron noise measurements may be useful for the detection
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perturbations in the LWR SMR

of subcooled boiling in the upper part of the core. For this reason it is worth check-
ing the suitability of the in-core detector signals to reproduce a linear phase for
perturbations of the removal cross section.

The dependence of the phase between two axially placed detectors, both in the
fast and the thermal group, is shown in Figure 4.18.

The figure shows that the phase has a clear linear dependence on the frequency
with the proper slope, for the correlations between both the fast and the thermal neu-
tron detector signals. The initial oscillations around the linear phase last longer than
for the large BWR, up to approximately 5 Hz. Hence the determination of the transit
time has to be based on the values of the phase above 5 Hz. On the other hand, in a
real measurement, the signals become more “noisy” above 5 Hz, hence the determi-
nation of the transit time in practice will be less straightforward than in the case of
the large BWR.

In summary, among the planned SMR types, the LWR SMR, despite its lower
power and more compact size, in-core neuron noise analysis appears to be applicable
essentially the same way as in large BWRs or PWRs.

4.4 Molten salt fast reactor

The molten salt fast reactor (MSFR) is a homogeneous molten salt reactor (MSR)
concept. In terms of neutronics, it represents perhaps the most conceptually
straightforward design imaginable. The core is a single compact cylinder, where the
fluoride salt (LiF-ThF4-UF,) acts both as coolant and fuel. The core is surrounded
by a breeding blanket containing thorium. The MSFR concept was originally devel-
oped by the SAMOFAR project [97]. However, here we used an implementation of
the model made openly available by the Advanced Reactors and Fuel Cycles group
of the University of Illinois at Urbana-Champaign. The active core has a height of
188 cm and a radius of 112.75 cm. The layout of the system is shown in Figure 4.19.
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Figure 4.19 The geometry of the MSFR core

Table 4.3  Group constants and kinetic parameters for the MSFR core

Group D vy 3 3k X, Xa

1 2.167 0.005352 0.003248 0.05226 0.59606 0.03133
2 1.18506 0.007447 0.006924 0 0.40394  0.96866
B A v1 [em/s] v [em/s] R [cm] H [cm]

0.003093  0.322958  2.09586 -10° 1.3511 -10° 112.75 188

The group constants and the kinetic parameters used in the calculation are shown in
Table 4.3.

The static fluxes in Groups 1 and 2 are shown in Figure 4.20. Similarly to other
fast systems, the flux in Group 2 is higher than in Group 1.

4.4.1 The Green’s functions

Because the MSFR is a molten salt system, in the dynamic calculations, as discussed
in the foregoing, the calculations will be made by replacing 8 with the reduced effec-
tive delayed neutron fraction 3.4 = 0.4 3. The space and frequency dependence of
the amplitude and the phase of the Green’s functions for the MSFR core, calculated
with this value of 3.4, along a horizontal cross section of the reactor are shown in
Figure 4.21. Since this is a small, strongly coupled core, the Green’s functions show
a strong point reactor behaviour, with a practically invisible local component, which
should be seen in G;. As it is the case with the static flux, the Group 1 components
G11 and Gy, are much larger than the Group 2 ones, G,; and G»;. The plateau region



A basic study of the core response in the basic planned SMRs 153

Static fluxes in the MSFR

12
10 — ¢ ()
:1 3 $o(x)
Il
~ 6
S
< 4
2
0 e T\
-100 =50 0 50 100

X (cm)

Figure 4.20 The static fluxes in the MSFR core

1,000 Green’s matrix components, x, = 0, @ = 10 rad/s Frequency dependence of the amplitude, x, = 0, x = 0

G (x, %, )|

—-100 =50 0 50 100 0.1 1 10 100 1,000 10*
X (cm) w (rad/s)
0 Phase of G(x, x;, ), x, = 0, » = 10 rad/s Frequency dependence of the phase, x,= 0, x =0
- 0
=) —20
| —@(G,) T 40
?:')n —4 —¢@G)) gn
§ — 9(Gy) '5 —60
2 -6 — 9(Gy) 2
= £ 80
-8 ~100
“10 120 L " " " " -
—-100 =50 0 50 100 0.1 1 10 100 1,000 10
x (cm)  (rad/s)

Figure 4.21 Space dependence of the amplitude and the phase of the components
of the Green’s function for w = 10 rad/s (left figures), and frequency
dependence of the same for x = xyp = 0 (right figures) in the MSFR
core

is rather wide, lies between about 0.5 to 2000 rad/s. In all aspects the behaviour is
very similar to that of the Allegro core. More similarities will also be seen in the
continuation.

4.4.2 Absorber of variable strength

As usual, the space dependence of the amplitude and the phase is very similar to
those of the Green’s function components, the noise not showing the peak of the local
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Figure 4.22  Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, = 0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength (right column) for the MSFR
core

component. They show a strong point kinetic character, indicating the difficulties with
locating the position of the absorber rod.

This expectation is confirmed on the r.h.s. plots of Figure 4.22. As expected, the
ratio of the APSDs and the phase of the CPSDs of two peripherally placed neutron
detectors varies very little, making the localisation of the absorber of variable strength
in principle not possible. One can though note that the variations in the ratios of the
APSDs are somewhat larger than in the case of Allegro.

4.4.3 Vibrating absorber rod

Similarly to the case of the MSDR, in an MSR, considering the noise induced by
a vibrating fuel pin is not actual. The possible effects of any perturbations related
to fuel fluctuations are addressed while considering the propagating perturbations.
Hence, again in similarity with the case of the MSDR, we consider instead the noise
induced by a vibrating absorber.

The amplitude and the phase of the noise in the two energy groups for a vibrating
absorber rod are shown in Figure 4.23 for a central (left figures) and a slightly off-
central fuel rod (right figures). In contrast to the case of the absorber of variable
strength, for the central absorber, the effect of the local component is now visible.
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Figure 4.23 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating absorber rod, for x, = 0
(left column) and x, = —10 cm (right column), respectively, in the
MSFR SMR core

The spatial dependence is quite similar to that of the MSDR case, despite the spectral
differences between the two cores.

For the off-central case, at the moderate distance of 10 cm from the core centre,
the point kinetic component is already totally dominating, which is seen on both the
small gap in the amplitude at the equilibrium rod positions, and even more on the
phase, which is very close to zero at both sides. This is due to both the relatively small
size of the system, the strong neutronic coupling in fast systems, and the reduced
effective delayed neutron fraction of the MSR.

The localisation curves, shown in Figure 4.24 confirm that the position of the
vibrating absorber rod cannot be determined from the ratio of the APSDs of two
peripherally placed detectors, and from the phase of their CPSD, except for the spe-
cial case of a central rod. The conclusion is that a vibrating component cannot be
localised with neutron noise measurement in the MSFR SMR.

4.4.4 Propagating perturbations

For the study of the effect of propagating perturbations, the group constants were
modified such that the size of the 1D model matches the core height, 188 cm.

For the calculation of the propagation Green’s functions and the phase of the
CPSD between two axially placed detectors, we need to again choose how to model
density fluctuations of the fluoride salt. This will be similar to the case of the MSDR,
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Figure 4.24 Dependence of the amplitude and phase localisation functions on the
position of the vibrating absorber rod in the MSFR core

in that the density fluctuations will affect the fission cross sections. However, there
will also be two differences. One is that, in contrast to the MSDR, the MSFR is a fast
spectrum core, hence the perturbation of the fuel will appear in both groups (because
x2 7# 0). As it will be seen soon, this will have significant consequences. The other
difference is that although there is no thermalisation in this core, the scattering from
Group 1 to Group 2 takes place in the fluoride salt, which means that the density
fluctuations will affect also the removal cross section.

Assuming again that the effect of the perturbation will induce cross-section fluc-
tuations proportional to their static values, one can define the (arbitrarily normalised)
coefficients vy and o, as follows:

Yot = Yal + Xa2 + 13 +vEp + Xp 4.1
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and we define
Zal + ZR — X1 (Z/Zﬂ + CM Z/Zﬂ)

= 4.2
! S @2
and
—ZR — X2 (Vzﬂ +CIJ« VZ}Q) +CI‘« Za2
= 4.3
“ T @9

In the aforementioned formulae, the very weak frequency dependence of the spectral
parameters x(w) and y,(w) was neglected, based on the same arguments as in the
case of the MSDR. The numerical values are

x1=(1—=8)xp1 + B xa1 = 0.595 4.4)
x2=(1—75)xp2+ B xa2 = 0.405 (4.5)

With these definitions, and with the numerical values of the cross sections and
the spectral parameters, one obtains

oy = —0.00796 (4.6)
ap = —0.05247 4.7)

These values show that a similar fortuitous combination of the quantitative values of
the cross section as in the case of the MSDR, which led to the situation of having
o) = —ap, seen in (3.5) and (3.6), is not valid here, since o and «; have very dif-
ferent absolute values, and also have the same sign. The explanation can be seen in a
comparison between (4.6) and (4.7) with (3.2) and (3.3). Since the MSDR is a ther-
mal system, x, = 0, and o, is positive, whereas x; = 1, which leads to a negative o
with approximately the same absolute value. Since the MSFR is a fast system, both
x1 and x; are about 0.5, which decreases the absolute value of o, and turns «; into
a negative value as well.

The result of this fact, combined with the already very minor relative weight of
the local component, is seen in the propagation adjoints, shown in Figure 4.25. No
trace of the local component is seen in these plots, and the phase is almost perfectly
constant over the whole cross section of the core. This amounts to say that what
regards the propagation adjoints, the MSFR resembles much more to the SFR than
to the MSDR.

The dependence of the phase of the CPSD between two axially placed detec-
tors, shown in Figure 4.26, only amplifies this statement. Like it was the case with
the SFR, it is actually surprising that although the phase curve shows large oscilla-
tions, globally it still follows the straight line of the theoretical phase curve which
would be seen with a large and sharp local component. Actually, the character of the
curve also resembles to that of the SFR. Nevertheless, the same statement is valid
also here, namely that although the phase globally follows the correct linear depen-
dence of the theoretical value, it is doubtful whether in a real measurement with such
oscillations could be used to determine the transit time of the flow from curve fitting,
when the effects of other noise sources, background noise, etc., are also included in
the measured signal.
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4.5 Lead-cooled fast reactor SMR (LFR SMR)

A small, 200 MWth lead-cooled thorium-fuelled fast reactor (LFR SMR) was mod-
elled based on [98]. The 33 fuel assembly and 4 control assembly positions are
surrounded by an MgO reflector. The fuel consists of 15 w% enriched UN. The active
core height of the reactor is 120 cm and the radius is 73.74 cm. The layout of the core
is shown in Figure 4.27.

The group constants and the kinetic parameters used in the calculation are shown
in Table 4.4.

The static fluxes in Groups 1 and 2 are shown in Figure 4.28. Similarly to the
other fast spectrum cores, the flux in Group 2 is higher than in Group 1.

Figure 4.27 The geometry of the LFR SMR core

Table 4.4  Group constants and kinetic parameters for the LFR SMR core

Group D vy 3 3R Xp X4

1 2.08596  0.024141 0.009643 0.051161  0.58901 0.03953
2 1.19035  0.008247 0.060805 0 0.41099  0.96047
Jé] A v1 [em/s] v [em/s] R [cm] H [cm]

0.008748  0.53006  2.07941-10°  4.05158 -10°  73.74 120
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Figure 4.28 The static fluxes in the LFR SMR core

4.5.1 The Green’s functions

The space and frequency dependence of the amplitude and the phase of the LFR SMR
core along a horizontal cross section of the reactor are shown in Figure 4.29.

Due to the small size and tight neutronic coupling in the fast core, the Green’s
functions show a strong point kinetic character, with the amplitudes following the
shape of the static flux, and having a nearly constant phase. The local component
is not visible in the plots. Corresponding to the short prompt neutron lifetime, the
frequency dependence of both the amplitude and the phase shows a wide plateau,
the phase being close to zero over most of the plateau. The upper break frequency is
particularly high, the highest among all the cores considered.

4.5.2 Absorber of variable strength

As usual, the space dependence of the amplitude and the phase is very similar to those
of the Green’s function components, and there is no local peak in the noise. As could
be expected, the ratio of the APSDs of the peripherally placed two neutron detectors
varies very mildly as a function of the position of the absorber, and the phase of the
CPSDs is nearly constant. This confirms that localisation of this type of noise source
is not practical in the LFR SMR.

4.5.3 Vibrating fuel pin

The chances of localisation may be better for the vibrating components. Figure 4.31
shows the amplitude and phase of the neutron noise by two fuel pin positions: a central
one and one at 10 centimetres off the core centre. Corresponding to the situation in
similar small cores, a small distance away from the centre the reactivity term already
dominates in the induced noise. The gap in the amplitude at the position of the fuel
rod is quite small, and the phase is very close to zero at both sides of the fuel pin, and
does not change much in the entire core, except very close to the fuel pin.
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Figure 4.29 Space dependence of the amplitude and the phase of the components
of the Green’s function for w = 10 rad/s (left figures), and frequency
dependence of the same for x = xy = 0 (right figures) in the LFR SMR
core

On the other hand, as the top left in Figure 4.31 shows, for the central absorber,
i.e. when the reactivity term is missing, the effect of the local component becomes
visible. This is because the absence of the point kinetic component increases the rel-
ative weight of the local component in the total noise (which in this case consists of
only the space-dependent and the local components), and the type of the perturba-
tion amplifies this relative weight further, since the spatial derivative of the Green’s
function appears in the formulae.

Because of this, the noise induced by a vibrating absorber or fuel rod is suitable to
show the characteristics of the local component. From the top left plot of Figure 4.31,
it is seen that the local component in an LFR has a relatively large range or “field
of view”, about 20 cm. However, the weight of this component in the total noise is
rather small; it is only visible when the reactivity term of the noise is missing, and this
happens only in the special locations where the derivative of the static flux is zero. As
the top right plot of Figure 4.31 shows, in practically all other cases the contribution
from the local component is negligible even for the vibrating fuel rod.

From the strongly point kinetic behaviour of the induced noise, which is valid for
all fuel pin positions except the central one, it is not surprising that the localisation of a
vibrating fuel pin (or vibrating absorber) is not feasible with neutron noise methods in
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Figure 4.32 Dependence of the amplitude and phase localisation functions on the
position of the vibrating fuel rod in the LFR SMR core

the LFR SMR. This is seen on the localisation curves, shown in Figure 4.32. It is only
in the neighbourhood of the core centre, at small distances, where the interference of
the space-dependent and point kinetic component leads to a huge discontinuity in the
amplitude such that the noise becomes very small on one side, that the location of
the vibrating component can be guessed. Outside this small area, the amplitude and
phase localisation curves are practically insensitive to the position of the vibrating
component.

4.5.4 Propagating perturbations

As it was mentioned earlier, neutron noise induced by propagating perturbations
is interesting in liquid metal-cooled reactors, both for the noise induced by small
temperature/density variations, and also to detect and quantify the occurrence and
propagation of bubbles.

For the investigation of the neutron noise induced by propagating perturbation,
the core will be modelled in its axial direction. Since the height of the LFR SMR is
somewhat smaller than its diameter, a slightly less space-dependent behaviour can be
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expected. As usual, the absorption cross sections were adjusted to the core height of
120 cm.

With the data of the core, and assuming that only the absorption and removal
cross sections are perturbed, with the same relative weight as the static cross sections
(see (2.159)), one obtains

a; = 0.876449
and
ap = 0.520515

As with the SFR, the removal cross section does not dominate, thus the two coeffi-
cients have the same sign, and will not amplify the local component in the propagation
adjoints. This is confirmed by Figure 4.33, which shows the spatial dependence of the
amplitude and the phase of the propagation adjoints. They look similar to the indi-
vidual components of the Green’s function, and no local component is visible in any
of the two adjoints. Although the space dependence of the propagation adjoints is not
very pronounced, there is a chance that they show sufficient “peaking” such that they
can be used for determining the transit time between axially displaced detectors.

Propagation adjoints, zo= H/2, ® = 10 rad/s

; SLE
250 ] :

300
200

100
50

0 20 40 60 80 100 120

z (cm)

Phase of ¥, zo= H/2, ® = 10 rad/s

~160 —o(¥))
()

—-180

—200

Phase (degrees)

—220

~240

0 20 40 60 80 100 120

z (cm)

Figure 4.33 Space dependence of the amplitude and the phase of the fast and
thermal propagation adjoints for xop = 0 in the LFR SMR
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Frequency dependence of the phase
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Figure 4.34 Dependence of the phase of the cross-correlation on frequency
between two axially displaced detectors for propagating
perturbations in the LFR SMR

The dependence of the phase between two axially placed detectors is shown in
Figure 4.34. The figure shows that the phase oscillates strongly around the theoretical
linear dependence. Actually, it shows considerable resemblance to the phase oscilla-
tions seen with the SFR and the MSFR cores. The judgment is also the same, namely
that although in this theoretical study it seems as if globally, the phase follows the
slope of the linear dependence of the theoretical value, in a real measurement it will
not be possible to extract the transit time of the coolant between two in-core neutron
detectors. On the other hand, in-core neutron detectors may be useful in detecting and
quantifying voids. As mentioned in Chapter 2, Section 2.3.8, the spectral properties
of the NRMS of the fast and epithermal detectors might be used to quantify the void
content.

It is thus seen that in the LFR SMR, most of the diagnostic tasks performed in
current reactors, localising a perturbation or measuring transit time of the flow, cannot
be performed with in-core neutron noise measurements. On the other hand, there are
several methods suitable for measuring flow rate of liquid metal coolant, which will
be mentioned in Chapters 7 and 8.

As it was also mentioned in Chapter 2, Section 2.3.8, stability of lead-cooled
reactors may be a concern with reduced flow rate in natural circulation. This in itself
is a strong argument that despite the difficulties of diagnosing perturbations, there is
an incentive to implement in-core neutron detectors for surveillance of the stability
properties of the core.

4.6 Generic fluoride salt-cooled high-temperature reactor

The generic fluoride-salt-cooled high-temperature reactor core (gFHR) model func-
tions as a benchmark for core designers, methods developers, safety analysts, and
researchers to better understand the physics behaviour of Kairos Power’s FHR core.
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Figure 4.35 The geometry of the FHR core

The gFHR (in the continuation referred to as FHR) represents a full-scale FHR,
inspired by Kairos Power’s global design but incorporates several simplifications
and is made in Serpent 2. The model is made with the intention that the method-
ology is easily adaptable to other, more specific FHR designs (i.e. Hermes low power
demonstration reactor, KP-FHR) [99-101].

The concept consists of a pebble bed core with TRISO particles embedded into
the pebbles, cooled with molten FLiBe salt. The use of pebbles allows for continuous
refuelling of the core. Furthermore, the continuous cycling of the pebbles results in a
steady-state isotopic distribution, i.e. an equilibrium core condition. The active core
height of the reactor is 310 cm and the radius is 120 cm. A layout of the core is shown
in Figure 4.35.

Such a reactor is designed currently by Kairos Power [102], and a prototype is
planned to be built at Oak Ridge National Laboratory (ORNL). Despite of its thermal
spectrum and that it is not designed or suitable for breeding or transmutation of waste,
it counts as a Generation-IV (Gen-IV)-type SMR.

The group constants and the kinetic parameters used in the calculation are shown
in Table 4.5.

The static fluxes in Groups 1 and 2 are shown in Figure 4.36. Like with other
thermal systems, the flux in Group 1 is higher than in Group 2.

4.6.1 The Green’s functions

The space and frequency dependence of the amplitude and the phase of the FHR core
along a horizontal cross section of the reactor are shown in Figure 4.37. Although
the diameter of the core is medium large, the Green’s function components exhibit
a distinctly point kinetic behaviour. A very small amplitude local component can be
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Table 4.5 Group constants and kinetic parameters for the FHR core

Group D vy > 3k Xp Xa
1 1.15102 0.000671 0.001625 0.002805 1 1
2 0.97649 0.013140 0.008269 0 0 0.
B A v1 [em/s] v [em/s] R [cm] H [cm]
0.005438 0.412054 1.02468 10’ 4.98095 -10° 120 310

Static fluxes in the FHR core
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Figure 4.36  The static fluxes in the FHR core

observed in Gy, which is best visible in the phase. Apart from the moderate size of
the core, a contributing factor to this behaviour is the relative smallness of the delayed
neutron fraction 5 = 0.00544, which is smaller than that of LWRs.

The phase change of the Green’s functions across the core is also very small, in
agreement with the point kinetic behaviour of the amplitude. An interesting feature of
the phase is that at the plateau frequency of 10 rad/s, it lies significantly more below
zero, over —20°, which is much more than most of the other cores, especially the
fast spectrum cores. It is only the MSDR, which is also graphite moderated, but with
a much more massive amount of graphite, in which the phase delay is even larger,
and in which the phase is also noticeably space-dependent. Like in the MSDR, the
large negative phase is due to the sluggishness of the graphite moderated system.
It also means that at plateau frequencies the Green’s function have a non-negligible
imaginary part.

The frequency dependence of the amplitudes shows that due to the thermal
spectrum and low neutron velocities, the upper break frequency of the amplitude is
relatively low, around 20-30 rad/s, and the amplitude is not constant in the plateau
region. The FHR resembles to the MSDR even in this respect.
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Figure 4.37 Space dependence of the amplitude and the phase of the components
of the Green’s function for w = 10 rad/s (left figures), and frequency
dependence of the same for x = xyp = 0 (right figures) in the FHR core

4.6.2 Absorber of variable strength

As usual, the space dependence of the amplitude and the phase is very similar to those
of the Green’s function components, which in this case means point kinetic response,
as seen in Figure 4.38. Accordingly, the variation of the localisation curves is rather
small, which indicates that only detectors in the vicinity of such a perturbation can
be used to locate it. On the other hand it is interesting that the dependence of the
phase of the CPSD of two peripherally positioned neutron detectors shows a stronger
dependence on the position of the absorber than in most of the other cores. This
indicates that the information in the phase in the thermal FHR is more helpful than
in the other cores, again except in the MSDR.

4.6.3 Vibrating fuel pin

Based on the poor localisation possibilities of the absorber of variable strength and
the strong point kinetic character of the Green’s function, the prospects of localising a
vibrating fuel rod are not promising. This is also a somewhat conceptual type of prob-
lem, since the FHR does not have fuel pins, and not even control rods in the present
design. However, for the study of the properties of the system, it is still interesting to
investigate this problem.
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Figure 4.38 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by an absorber of variable strength for
x, = 0 (left column) and the amplitude and phase localisation curves
for the absorber of variable strength (right column) for the FHR core

Figure 4.39 shows the amplitude and phase of the neutron noise by two fuel pin
position: a central one and one 10 centimetres off the core centre. The amplitude of
the noise shows the characteristic features of thermal systems with a strong local peak
in the fast noise, and a large dip in the thermal noise. As usual, the phase is opposite
at the opposite sides of the vibrating element.

Because of the large contribution of the reactivity component in the Green’s func-
tions, as soon as the equilibrium position of the vibrating pin is moved off the core
centre where it does not have a reactivity effect, the point kinetic component appears
with a relatively large weight. Moving the equilibrium position off with 10 cm from
the centre, the point kinetic component already dominates over the space-dependent
one, which is seen on the phase which is nearly the same at the two sides of the
vibrating component.

In agreement with these characteristics, the localisation curves, shown in
Figure 4.40 confirm that it is difficult, if not impossible, to recover the position of the
vibrating fuel element from the ratio of the APSDs of two peripherally placed detec-
tors, and from the phase of their CPSD. Apart from the central equilibrium position
of the vibrating fuel pin, the dependence of the ratio of the APSDs and the phase of
the CPSD on the position of the vibrating pin is weak. In practice, this is probably not
a huge disadvantage, since there are no axially extended fuel pins of absorber rods in
the core that could vibrate.
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Figure 4.39 Space dependence of the amplitude and the phase of the noise in the
two energy groups, induced by a vibrating fuel rod, for x, = 0 (left
column) and x, = —40 cm (right column), respectively, in the FHR
core

4.6.4 Propagating perturbations

For the propagating perturbations, the cross sections were readjusted to yield the crit-
ical width of the 1D model to be equal to the height of the core, 310 cm. A somewhat
more pronounced space dependence can be expected in the axial direction.

As with the other reactor types, one question is the representation of the transfer
function combination for the given the noise source, i.e. the weight factors a;; and ay,
which compose the so-called fast and thermal propagation adjoints, see (2.162) and
(2.163). For the FHR, it appears reasonable that only the fluctuations of the absorp-
tion cross sections are taken into account. This is because both the fission and the
moderation of the neutrons in this reactor takes place in the graphite of the pebbles;
the fluoride salt has a much less moderation capacity, and it does not contain fis-
sile material. A change in the density of the coolant will thus primarily affect the
absorption cross sections in the two groups.

The coefficients a; and o, used for the FHR will therefore be calculated accord-
ing to the formulae next, with the numerical values for this system also shown:

Eall
= —— =0.18846 4.8
o Eal + Ea2 ( )



A basic study of the core response in the basic planned SMRs 171

Ratio of APSDs as functions of xp, @ = 10 rad/s

100
- Al('xp)
10 F A E
o 2(xp)
LISN— ]
2 T—
Ne)
I
0.10 £ 4
0.01
-100 -50 0 50 100
Xp [em]
Phase of the CPSDs as functions of x,, @ = 10 rad/s
150 — O1(xp)
O,(x
100 2L
N
— 50
'H
S 0= —
B
< 50
-100
-150
-100 -50 0 50 100
Xp [cm]

Figure 4.40 Dependence of the amplitude and phase localisation functions on the
position of the vibrating fuel rod in the FHR core

and
Cp Ea2
2al + z:aZ

According to the definition of the coefficients, they need to have the same sign, and
thus in the FHR no amplification of the local component similar to that in the LWRs
or the MSDR can be expected.

The spatial dependence of the amplitude and the phase of the propagation
adjoints, shown in Figure 4.41, reflect this fact. These look similar to the other small
SMRs, whether thermal or fast. A very small local component can be noticed in the
thermal transfer function, both in the amplitude and the phase. However, this local
component appears with a smaller weight than what can be observed in Gy,, due to

the fact that the propagation adjoints are the weighted sum of two Green’s functions
elements.

Qy =

= 0.2622 4.9)
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The dependence of the phase between two axially placed detectors, both in the
fast and the thermal group, is shown in Figure 4.42. The figure shows that, somewhat
surprisingly, the phase has a clear linear dependence on the frequency with the proper
slope, for both the fast and the thermal neutron detector signals. The initial oscilla-
tions around the linear phase last up to approximately 4 Hz. Hence the determination
of the transit time has to be based on the values of the phase above 4 Hz. On the other
hand, in a real measurement, the signals become more “noisy” above 5 Hz, hence
the determination of the transit time in practice will be less straightforward than the
figure would suggest.

In summary, localisation of perturbations in the core from in-core neutron noise
does not seem feasible in the FHR, but one should be able to extract information on
the flow of the coolant with in-core neutron detectors.
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Chapter 5

A survey of the dynamic core transfer
calculational codes by the various groups
worldwide, their principles, potentials for
applications in Gen-1V systems and SMRs

Hoai-Nam Tran’

5.1 Introduction

Neutron noise, i.e. the fluctuation of neutron fluxes, is induced by the local/global
fluctuations of neutronic and/or thermal-hydraulic (TH) characteristics, or by the
mechanical vibrations of reactor components [7]. The neutron noise can be detected
by neutron detectors located at in-core and/or ex-core positions, which could provide
useful information for core monitoring, diagnostics and surveillance. The neutron
noise technique is considerably advantageous and is being applied for online mon-
itoring of the operation of most of the nuclear reactors, since it can be conducted
without the disruption of reactor operation [7].

Numerical methods for neutron noise analysis with respect to the fluctuations of
core properties by solving the noise equations are being continuously developed to
provide the knowledge of neutron noise behaviour. In general, numerical analysis can
provide a reactor transfer function between the noise sources and the induced noise,
where the noise sources are defined via the fluctuations in macroscopic cross sec-
tions. The reactor transfer function is powerful for noise calculations, since it needs
to be solved only once, and the space- and frequency-dependent noise induced by
any source type can be calculated. This technique has been well applied to simplified
reactor core models or in analytical calculations. For a large heterogeneous system
with a multi-energy group model, solving for the reactor transfer function is a chal-
lenge, since it is time consuming and usually requires a large memory. In such a
case, numerical methods tend to solve for the noise equations with a predefined noise
source, i.e. a fixed-source problem. Though many research groups worldwide have
recently devoted themselves to the development of numerical tools for neutron noise
calculations, numerical simulation still remains a challenge for interpreting detector
signals and improving core surveillance.

Phenikaa Institute for Advanced Study, Phenikaa University, Hanoi, Vietnam
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Two approaches are applied to analyse the neutron noise based on the simula-
tions in the time-domain [103-107] and in the frequency-domain [7,46,108-112].
In the case of periodic perturbations, i.e. when the frequency of the perturbations
is known, the space-dependent noise can be solved in the frequency domain using
dedicated tools. The frequency-domain simulations are advantageous by simplifying
the description of noise sources and avoiding the complexity of time discretisation.
Thus, the stability of the solutions can be guaranteed. The noise simulations can be
performed at different frequencies to obtain the space-dependent frequency spec-
trum of the noise. From this, the space and time-dependent noise can be derived via
inverse Fourier transform [108]. However, a limitation of frequency-domain simula-
tions is their inability to define random and/or non-periodic fluctuations. Moreover,
coupling frequency-domain simulators with existing core physics codes in the time-
domain presents challenges, as it requires an interface for transferring data between
the two domains. In the time-domain, simulations can be conducted using existing
neutron kinetic codes, where the static and fluctuating components are not sepa-
rated. However, most of these codes were not originally developed for simulating
neutron noise. Recently, several attempts to address this issue have been reported in
the literature [104,107,113-115].

The noise equations in the frequency domain are derived from the time-
dependent neutron balance equations by assuming small fluctuations around the static
values of all quantities, e.g. the cross sections and the neutron flux, and by taking the
Fourier transform of time-dependent terms. The outcome of the Fourier transform,
after subtracting all static terms and neglecting higher-order terms, is the neutron
noise equations with a fixed-source and complex quantities. Several attempts have
been conducted for the development of numerical tools by simulating the space-
and frequency-dependent noise. The neutron noise equations are solved in the fre-
quency domain with the noise source defined via the fluctuations of macroscopic
cross sections. Through the definition of the noise sources, the neutron noise induced
by various phenomena can be simulated, e.g. perturbations of cross sections, vibra-
tions of control rod or fuel assemblies. The development of a numerical tool was
initiated at Chalmers University of Technology for the noise calculations of light
water reactors (LWRs) based on two-group diffusion theory and a finite difference
method (FDM) [108,110]. Other attempts have been conducted to develop the noise
simulators using an analytical nodal method (ANM) for LWRs [116], and hexago-
nal geometrical systems such as VVERs [109,117], or using finite element method
[117,118].

The diffusion theory was successfully deployed to simulate the neutron noise in a
number of numerical tools. However, in some cases, localised perturbations in hetero-
geneous systems may lead to anisotropic sources in both static and noise equations.
Thus, the accurate simulations of both static flux and noise may need to be done using
the transport approximation. Although the transport approximation requires higher
computational time, it provides a good option to verify the transfer function/neutron
noise calculated based on the diffusion theory. Several developments were conducted
for solving the neutron noise in heterogeneous systems applying advanced approx-
imations, such as P1 approximation [119], SN and SP3 theories [120,121], discrete
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ordinates method [120,122], method of characteristics (MOC) [106] and Monte Carlo
methods [111,112,123,124].

This chapter aims at surveying the worldwide attempts in the development of
computational codes for calculating the dynamic core transfer/neutron noise in var-
ious reactor systems, as well as the potential application in the next generation
reactors, including Gen-IV reactors and small modular reactors (SMRs).

5.2 A survey of the core transfer calculation codes

5.2.1 Time-domain neutron noise simulators

Most of the attempts dedicated to the development of neutron simulations in the
time domain are aimed at extending the ability of existing reactor dynamic codes to
calculate the neutron noise induced by in-core fluctuations [104,107,113-115,125].
For example, SIMULATE-3K (S3K), a commercial reactor dynamic code in the
time domain not originally developed for noise calculations, has been extended to
calculate the neutron noise induced by fuel vibrations and TH fluctuations. The
CMSYS platform, developed at Paul Scherrer Institute, comprises several codes such
as CASMO-5, SIMULATE-3 and SIMULATE-3K [113,115], which can simulate the
neutron noise induced by fuel assembly vibrations based on the delta gap model of
CASMO-5 and the fuel vibration model of SIMULATE-3K [113]. Other commercial
codes in the time domain, such as DYN3D and PARCS, have been modified to simu-
late neutron noise induced by perturbations in absorbers of variable strength and by a
travelling (propagating) perturbation [105,125]. These codes model perturbations as
either the fluctuations of macroscopic cross sections or as time-dependent vibrations
of fuel assemblies.

The time-domain neutron noise equations are obtained from the space-time-
dependent neutron diffusion and time-dependent precursor equations. The time-
dependent diffusion equations in two-energy groups and six-groups of delayed
neutron precursors used in the PARCS code are written as [125]:

vi]a(blT(IrJ) = —VI[-Di(r,)Ve¢; (r,0)] — Za1 (r,t) + X2 (r, 1)@y (r,1)
+(1 — B)I/Zf’] (r, [)¢1 (r, t) + (1 — B)Vzﬁz (r, l‘)(ZSz (r, l)
6
+3> MCi (1) (5.1)
k=1
L9000 G D, 1,V (1) — S (0060 (1)
(%) ot
+X00 (r, 1) ¢ (r,1) (5.2)
and
%kTgnﬂ = BwEngy (r 1) + BwvXpd (r,1) — MCy (1, 1) 5

k=1,...,6 (5.3)
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In the aforementioned equations, all variables have their usual meaning. v, A, 8 and C
are neutron velocity, time constant, effective delayed neutron fraction, and density of
the delayed neutron precursors, respectively. The diffusion coefficients, macroscopic
cross sections, neutron fluxes and the density of the six groups of neutron precur-
sors are space- and time-dependent. The bold letter r refers to as a position vector.
To derive the time-dependent noise equations, a perturbation is assumed as X(¢) =
Xo + 6X(¢) to all time-dependent quantities, and then the equations without the per-
turbations are subtracted. Here X, and §X(¢) are the static part and the time-dependent
part (perturbation) of the variable, respectively. The PARCSv3.2 code was devel-
oped to solve the time-dependent neutron diffusion equations in 3D models. The code
can handle both Cartesian and/or hexagonal geometries of fuel assemblies. Several
methods for spatial discretisation were implemented in PARCSv3.2, such as FDM, a
hybrid method combining ANM and nodal expansion method (NEM). A coarse mesh
finite difference (CMFD) technique was also implemented to accelerate the conver-
gence speed. To simulate the neutron noise corresponding to the fluctuations in time-
domain, several developments were made in the PARCSv3.2 source code: introduc-
tion of perturbations, editing the corresponding cross sections and the induced noise.

The verification of neutron noise calculations using PARCSv3.2 in the time
domain, compared to CORE SIM calculations in the frequency domain, was per-
formed and reported [125]. CORE SIM was specifically developed for neutron noise
simulations in LWRs. The comparison was conducted based on two types of noise
sources: a point-like source corresponding to the fluctuation of absorption cross sec-
tion and a perturbation in the coolant flow travelling along a fuel channel. The results
demonstrated that PARCSv3.2 is able to simulate the neutron noise in some condi-
tions, particularly a point-like source at the frequencies of 0.1-10 Hz. In the case of a
travelling perturbation, the results are reliable at a frequency lower than 1 Hz and with
the perturbation close to the core centre. The results also suggested that the method
used for noise calculations in the PARCSv3.2 code needs further improvement and
verification [125].

A neutron noise simulator in the time-domain was developed using the NEM
method for spatial discretisation and the implicit-difference method for time discreti-
sation [107]. The simulator solves the neutron noise equations in two energy groups
and in 3D rectangular geometries. The static solution was verified based on the KWU
and SMART integrated pressurised water reactor (iPWR) benchmark problems in
comparison to the PARCS code. Then, the noise calculations were performed for the
two cores and compared to the CORE SIM and SD-HACNEM codes in the frequency-
domain. The perturbations were assumed as a random vibration of a control rod and a
vibration with combining frequencies. The approach proved the advantage in simulat-
ing random perturbations. Consequently, the tool is considered suitable for dealing
with random perturbations/vibrations [107]. Several other codes for neutron noise
simulation in the time-domain can be found in [104,114,115].

5.2.2 CORE SIM

The CORE SIM code has been developed continuously at Chalmers University
of Technology for simulating the space- and frequency-dependent neutron noise
induced by spatially distributed or localised sources in the frequency domain. The
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neutron noise equations in the two-group diffusion theory are derived from the time-
dependent diffusion equation. By neglecting the higher order of fluctuations, the
first-order neutron noise equation is written as [108,110]:

(V- D)V + S (r.)] [ i) } - [ g } (5.4)
where
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The r.h.s. vector in (5.4) represents the noise source in the fast and thermal groups,
which can be modelled through the fluctuations of macroscopic cross sections. The
fluctuations can be a result of mechanical or thermal processes, such as absorption
perturbation, core barrel vibrations, fuel assembly vibrations, etc. The source term is
written as

S G (P05 en(r) + 5, 0r) | S0
o lf«ffézézé;:;ﬂ e

where the 0X;, i = {rem, al, a2}, etc., stand for the fluctuations of the macroscopic
cross sections, corresponding to the actual perturbation, and further,

Gren(r) = [ ﬂfg) } (5.11)

Gulr) = { 0 } (5.12)
and

olr) = [ _¢6(r) _d’é(r) } (5.13)

All symbols in the aforementioned equations have their usual meaning.

Continuous development is ongoing, including the CORE SIM+ version, which
has the capability to handle finer meshes [126]. CORE SIM+ features enhancements
to optimise both steps of neutron noise simulation, enabling the modelling of a broad
range of neutron noise sources (Figure 5.1). Key features of CORE SIM+ include
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Figure 5.1 The graphical user interface (GUI) for the visualisation of input and
output data in CORE SIM [110]

a non-uniform spatial mesh, efficient matrix/vector construction, effective numeri-
cal solvers combined with acceleration methods, and automated generation of the
reactor transfer function [110,126]. Three options are available in CORE SIM+ for
solving the static forward and adjoint problems: the standard power method (PM), the
PM accelerated with Chebyshev polynomials, and PM combined with a non-linear
acceleration based on the Jacobian Free Newton Krylov algorithm [126]. Extensive
verification and validation efforts have been undertaken for this tool. The capabil-
ity to estimate the point kinetic component of a perturbed system was verified. The
Green’s function generator and the direct solver were confirmed to produce very
similar results when simulating fuel cell vibration in a simple system. CORE SIM+
was utilised to simulate an experiment involving a vibrating cluster of fuel rods in a
research reactor, and the results showed reasonable agreement with measurements.
Additional verification exercises were successfully conducted and reported in [126].

The CORE SIM versions have proven to be flexible and efficient in generat-
ing neutron noise databases for nuclear power reactors. The core transfer function
of a reactor system can be determined using CORE SIM+. These databases are
valuable for studying the reactor response to various perturbations and for training
machine-learning algorithms aimed at core monitoring and diagnostics. An illustra-
tive example is provided with a representative database generated for a pressurised
water reactor (PWR). This database encompasses scenarios induced by absorbers of
varying strength, perturbations travelling with the coolant flow, and vibrations of the
core barrel and fuel assemblies, across different frequencies and locations.
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5.2.3 DYN3D

DYN3D is a reactor dynamic code, which was continuously developed by the
HZDR (Helmholtz-Zentrum Dresden-Rossendorf), Germany for more than 20 years
[127,128]. The code is considered as a 3D best-estimate tool for static and transient
analysis of LWRs. DYN3D was originally developed to analyse accidents initiated by
reactivity in VVERSs. The improvement of physical models and numerical methods in
the DYN3D code is continued in coupling TH with fuel performance codes. DYN3D
has become an advanced numerical tool for transient analysis of LWRs and innovative
designs. DYN3D solves the static and time-dependent multi-group neutron diffusion
equations or simplified transport equations by deploying the NEM method. Cartesian,
hexagonal or trigonal geometries can be handed by DYN3D. The axial height of the
reactor core is divided into a number of layers, so that a 3D node represents a prism
determined by fuel assembly geometries. In transient calculations, the time derivative
terms are approximated by applying implicit first-order Euler method combined with
the frequency transformation.

A one-dimensional (1D) TH solver and fuel rod behaviour module were also
implemented in the DYN3D code. The TH model solves the balance equations of
mass, momentum and energy of one or two-phase flow, heat transfer regime mapping
and a thermo-mechanical fuel rod model. Recent development of DYN3D extended
its ability to simulate the steady-state and transients of SFRs based on the multi-group
cross-section set generated by using the Monte Carlo code Serpent [127].

DYN3D solves the two-group diffusion equations in the time-domain using the
NEM method with transverse integration for the spatial dependence. Six groups of
delayed neutron precursors were taken into account. DYN3D is compared with dif-
ferent approaches for the treatment of the time and space dependency. The analytical
solutions of the 1D problems are evaluated to compare with DYN3D. Compari-
son of DYN3D and a linearised method is only possible if the magnitudes of the
perturbations are sufficiently small, so that the higher-order terms can be neglected.

Many European institutions have recently attempted to investigate the magni-
tudes and patterns of flux fluctuations primarily observed in the KWU PWRs. Among
the numerical tools used to study neutron flux fluctuations is the time-domain reactor
dynamics code. Since DYN3D and other similar codes were not specifically devel-
oped to simulate low-amplitude neutron flux fluctuations, their applicability in this
area needs verification. To aid in the verification of DYN3D for simulating neutron
flux fluctuations, two cases of perturbations are considered: a localised absorber with
variable/oscillatory strength and a travelling oscillatory perturbation. In this analy-
sis, both DYN3D and CORE SIM, along with analytical approaches in the frequency
domain, are used. The results obtained are compared in terms of the distributions of
amplitude and phase of the induced neutron flux fluctuations. These comparisons are
repeated with varying amplitudes and frequencies of the perturbations. The results
demonstrate a good agreement both qualitatively and quantitatively. The deviations
observed between the DYN3D results and the reference results show a dependency
on the perturbation magnitude, which is attributed to the omission of higher-order
terms in the calculation of the reference solutions.
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5.2.4 SD-HACNEM

Numerous efforts have been devoted to developing computational tools for neutron
noise simulations in both rectangular and hexagonal reactor systems at Sharif Univer-
sity of Technology, initiated by N. Vosoughi. A noise simulator was created for the
VVER with hexagonal-structured geometry, using the FDM for the spatial discretisa-
tion of hexagonal meshes [109]. The Galerkin Finite Element Method (GFEM) was
employed with unstructured triangular elements to solve the two-group neutron noise
equations for both rectangular and hexagonal reactor cores [117,118]. A noise sim-
ulator was developed using the average current nodal expansion method (ACNEM)
in hexagonal geometry [129]. This tool has the potential to diagnose the displace-
ment of two fuel assemblies, where the noise source is scaled according to assembly
sizes. The zeroth-order NEM with a higher-order flux expansion was implemented to
increase the accuracy. This method incorporates average partial currents on surfaces,
providing advantages over the FDM and FEM methods with a higher accuracy and
reduced computational times. Additionally, the NEM method demonstrates superior
convergence.

The SD-HACNEM code was developed for neutron noise simulations in rect-
angular geometries by solving the two-group diffusion noise equations using the
high-order NEM [130]. In particular, the static calculations were developed using
the ACNEM and the high-order ACNEM (HACNEM), utilising a nodal mesh equal
to assembly size. The static results were compared with that from the BIBLIS-2D
benchmark problem. Following this, the neutron noise calculations were developed
in the frequency domain using the HACNEM method. The results were corroborated
through zero-frequency simulations and adjoint calculations. The numerical find-
ings revealed that the HACNEM method exhibited more accuracy in neutron noise
simulation without reducing the mesh size compared to the ACNEM method.

5.2.5 Noise calculations using transport theories

Some extensions were developed for calculating the neutron noise using the transport
theory. The derivation of the neutron noise transport equation in the frequency-
domain can be started from the time-dependent neutron transport equation by
applying a linear approximation and Fourier transformation of all time-dependent
fluctuations. The final form of the neutron noise transport equation with one delayed
neutron precursor is written as follows [131]:

Q-V(S(b(r,Q,E,w) +2105¢(ra97E7w)

= / dQ’/dE’ESO r,Q = QE — E,w)ép(r,Q E,w)
4

X(E) [ iwp / // / / o
+47Tkeﬁc (1 iw-+ A 4TrdQ dEVEﬁ(raE)5¢(r,Q,E,w)
— 256 (r,Q, E,w) + S (r, O, E,w) (5.14)

v(E)
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where
3., is the macroscopic total cross section;
>, is the macroscopic scattering cross section;
Yr is the macroscopic fission cross section;
X(E) the fission neutron spectrum;
v(E) the number of neutrons per fission;
v(E) is the neutron speed,;
B is the fraction of the delayed neutrons;
A is the time decay constant of the delayed neutron precursors;
S (r,Q, E,w) is the neutron noise source.

The noise source S (r, 2, E,w) calculated from the fluctuations of the macro-
scopic cross sections in the transport theory is written as

S(r,QE,w)=—0%5(r,E,w) o (r,QE)

/ / / !
/MdQ /dE5E V= QFE - Ew)d(r,V, E) (5.15)
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The form of the neutron noise transport equation in the frequency-domain is some-
what similar to a conventional fixed source transport equation. The main differences
include the complex-valued variables of the noise d¢ (r, §2, E, w) and fluctuations of
cross sections d% (r, E,w), the complex source term S (r, Q, E,w) with a negative
sign, the production term multiplied by 1 — iwf3/(iw 4+ A), and the additional term
of —iwd¢ (r,Q, E,w) /v. While the conventional Monte Carlo methods handle only
real and positive particle weights.

Neutron noise calculations based on the P1 theory were developed and applied to
a 1D two-region model, comparing the results with diffusion theory [119]. The neu-
tron noise was calculated using the Green’s function technique, and the computed
Green’s functions were successfully benchmarked against semi-analytical calcula-
tions. Due to the limited number of detector positions available for comparing detec-
tor readings to numerical estimates of neutron noise in measurements, the shape of the
numerical solution becomes crucial. The results presented for an LWR and a heavy
water reactor (HWR) indicate that both diffusion and P1 theories produce nearly
identical outcomes, with minor differences mainly observed in the local component
and the reflector region. It is important to note that the static flux used is cosine-
shaped due to the homogeneous core composition; in real heterogeneous commercial
reactors, the static flux is flatter in the middle, resulting in even smaller differences.
Conversely, the static flux displays a sharper gradient near the reflector. Since the
discrepancies between P1 and diffusion theories relate to terms proportional to the
gradient of the static flux, larger differences may be expected close to the reflector.

The study also demonstrated that neglecting the effects of fluctuations in cross
sections on transport cross sections yields results nearly identical to those obtained
by accounting for these effects. This implies that calculations can be performed more
quickly and with lower memory requirements, as calculating the Green’s function

+
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involves less complex solution procedures. For HWRs, the induced neutron noise
significantly differs from that of LWRs, but the same conclusions were applied, indi-
cating no practical advantage in using a higher-order theory. Transitioning from 1D
to 3D calculations, relevant to power reactor problems, leads to a steeper/narrower
local component of neutron noise. This increased steepness could result in a larger
difference between P1 and diffusion theory in the vicinity of the local component.
Nevertheless, the same conclusions remain valid, as the global component of neutron
noise is the most critical for practical applications.

The simplified PN method has garnered significant attention in reactor physics,
as it allows for partial capture of neutron transport effects without greatly increas-
ing computational time and code complexity. Gong et al. developed a neutron noise
simulator based on two-group transport SP3 theory and investigated the differences
between the noise derived from SP3 and diffusion theory [121]. They derived the
theory for first-order neutron noise within the multi-group SP3 approximation. The
analysis considers the symmetric form of the SP3 equation for neutron flux. Neutron
dynamics are examined in a limited 2D or 3D domain with boundary conditions. The
process begins by expressing the time- and space-dependent flux of a critical sys-
tem within the multi-group SP3 equations. By subtracting the static equations from
the time-dependent neutron diffusion equations and eliminating the precursor den-
sity using a temporal Fourier transform, the first-order neutron noise equation in SP3
theory is formulated as [121]:

iw
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where

g is the energy group;
o, 1s the scalar flux;
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¢2, 18 the second moment of angular flux;

2}, 18 the transport cross section;

Y¢ 1s the removal cross section;

Y, —sg0,¢’ 1s the scattering cross section from energy group g’ to group g;
Xp is the prompt neutron spectrum;

X« 1s the delayed neutron spectrum;

vy, is the fission production cross section;

| rp s
Dy, = == 1is the scalar diffusion constant;
’ 33,

3 . e

D, = 75 s the second moment of the diffusion constant;
tr,g

kegr,0 1s the neutron multiplication factor;

w is the frequency of the perturbation.

The perturbation may be the fluctuations of neutronic and TH parameters, and
the mechanical vibrations of structural components of the reactor.

A noise simulation code, CORCA-NOISE, has been developed and integrated
into the SP3 solver CORCA-PIN. Noise calculations using CORCA-NOISE were
performed to demonstrate the validity of CORCA-NOISE, to investigate a shell-
mode core-barrel vibration in comparison with the calculations using the diffusion
theory, and to investigate the transfer function of the 2D mixed oxide (MOX) bench-
mark core. A shell-mode core-barrel vibration benchmark and a 2D two-group MOX
benchmark were applied to demonstrate the validity of the numerical solution code.
The effect of cross sections and frequency on the induced noise were investigated,
the amplitude and phase of the noise were compared between the SP3 and diffu-
sion theories. The results exhibited considerable difference between the two theories
in power reactor noise at plateau frequencies, particularly in heterogeneous cores.
Thus, further investigations are suggested to answer if it is worth to introduce the
SP3 approximation in the noise simulation.

NOISE-SN was developed for noise simulation of LWRs by solving the trans-
port equation in the frequency domain. Spatial discretisation was implemented based
on a finite difference, discrete ordinates, and multi-energy method. In the NOISE-
SN code, the solutions of both the static transport and neutron noise equations were
performed by an inner-outer iterative procedure. In the inner iteration, a transport
sweep with the discrete angular directions was conducted to evaluate the neutron
fluxes in a group and construct the self-scattering term. After the inner iterations are
completed, the down-scattering term is evaluated based on the neutron fluxes. The fis-
sion source is updated in the outer iteration and the inner iteration is repeated again.
In the outer iteration of the static calculation, the effective multiplication factor is
also updated. The iterative procedure is repeated until obtaining the convergence.
The CMFD method was implemented in the NOISE-SN code to accelerate the static
fluxes and noise calculations in the frequency-domain. The criticality calculations in
the static module of NOISE-SN rely on a standard CMFD method. A similar algo-
rithm is followed for the CMFD acceleration of the noise calculations. After one
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inner-outer iteration, the estimated neutron noise is used to construct a low-order
diffusion-like equation.

In order to verify the code, it was used for calculating the neutron noise based on
two 2D benchmark problems: the C4V problem and the C5G7 problem. In the C4V
problem, NOISE-SN was compared against CORE SIM+ to investigate the possible
differences between the two codes [132]. In addition, the effect of the order of discrete
ordinates is analysed and the algorithm based on the fictitious source method is tested.
In the C5G7 problem, the impact of the ray effect on NOISE-SN is shown and the two
mitigation strategies (i.e. increasing the order of discrete ordinates and introducing a
fictitious source in the discrete ordinates equation) are evaluated.

5.2.6 Monte Carlo methods for noise calculations

A Monte Carlo method was developed for solving the transport equation of neu-
tron noise in the frequency-domain [111,123,124]. Yamamoto developed a strategy
for solving the neutron noise transport equation based on the Monte Carlo method
by introducing (1) complex-valued weights to handle the complex quantities, (2)
weight cancellation of positive and negative weights, and (3) an additional term of
iwde(r,Q, E,w)/v(E) during the random walk processes [111]. The method was
applied for the noise calculations in an infinite homogeneous model and compared to
analytical diffusion solutions. A good agreement between the Monte Carlo method
and the analytical solution was reported. However, significant differences were found
near the noise source at a high frequency.

A new Monte Carlo method was proposed for neutron noise calculation without
using a weighting technique [112]. The general neutron noise theory and the new
Monte Carlo method were compared against that proposed by Yamamoto [111] and
to deterministic methods for isotropic and anisotropic noise sources. The comparison
was conducted with the perturbations in a wide range of frequencies [0.01-100 Hz],
where the conventional algorithm for fixed-source problems can be used for both
Monte Carlo methods.

A challenge of the Monte Carlo methods is to control the growing number of
particles generated due to low- or high-frequency noise. The aforementioned Monte
Carlo techniques could potentially address this issue [111,112]. However, the weight
cancellation method is complicated to implement in a production-level Monte Carlo
code. In contrast, the method proposed by Rouchon ef al. [112] is expected to be
viable for production-level codes, although the calculation efficiency deteriorates
outside the plateau frequency range. Yamamoto proposed a method for suppress-
ing the divergence [131]; however, this divergence does not occur within the plateau
frequency range. Implementing an algorithm to address the divergence issue into a
production-level Monte Carlo code may require extensive modifications. A specific
algorithm for solving the neutron noise transport equation for the plateau region has
been successfully integrated into the MCNP4C code.

The modified MCNP code can be utilised across a frequency range from 0.02
Hz to several tens of Hz. It was employed for neutron noise calculations in a 1D
homogeneous fuel solution and the results were compared with those obtained using
a two-energy group in-house research code. The favourable agreement between the
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two codes supports the validity of the modified MCNP code. This code was then
applied to neutron noise calculations for a benchmark boiling water reactor (BWR)
model. Close to the neutron noise source, the frequency dependence of amplitude and
phase shift significantly differs from that predicted by point kinetics. However, as the
detector moves further from the noise source, the frequency dependence begins to
resemble that of point kinetics. This spatial dependence of neutron noise is believed to
arise from higher mode effects. Neutron noise detected near the source is particularly
sensitive to the neutron source itself, which can cause deviations from expected point
kinetics behaviour. Therefore, it is essential to consider higher-order mode effects
and the algorithm for controlling the number of particles in the calculations.

5.2.7 Noise simulator for fast reactors

A previous analytic investigation of neutron noise induced by fuel vibration indicated
that the neutron noise in a fast group could provide useful information for identifying
the vibrations of fuel rods in LWRs. The neutron noise in a fast reactor could be
useful for assessing the core dynamic condition. Measurements of neutron noise in
fast reactors and a test facility were conducted early. Thus, similarly to the analytical
two-group extensions described in Chapter 2, it is highly motivated to extend the
noise methods to fast reactors, one of the Gen-IV systems.

For this purpose, a neutron noise simulator for fast reactor with hexagonal
geometries was developed based on the multi-groups diffusion theory [133]. The tool
solved both the static and noise diffusion equations, where the neutron noise equation
was solved in the frequency-domain with several groups of delayed neutron precur-
sors. Since the multi-group neutron noise equations in diffusion theory have not been
presented else-where in this book, they are summarised here for completeness. To
construct the noise equations, it is necessary to define a noise source via the static
flux and the fluctuations of cross sections. This means that the solution of the k. and
the static fluxes was also required and implemented in this tool.

The multi-group diffusion equation for the static state is written as

1
=V DV (r)] + g0, (r) = EfXg Z Vg G (r) + Z Esg' =Py (r)
“ g g'#e
(5.20)

where
g =1,2,..., G denotes the energy group,
¢, is the neutron flux in group g,
D, is the diffusion coefficient in group g,
vy, is the production cross section in group g,
¥, ¢'—»¢ 1s the scattering cross section from group g’ to group g,
X1, 1s the total cross section, which is defined as

Zl»g = Za-,g + Z Zs,g—>g’7 (5.21)
§'#e

Y4,g 1s the absorption cross section in group g,
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X is the fission energy spectrum, which is expressed via the prompt, x4 and
delayed, XZ,’ j spectra as follows (see (2.106)):

Xe=(1=B) X5+ Bx, (5.22)
J

Further,j = 1,2, ...,J denotes the group of delayed neutron precursors, and 3 is the
total fraction of delayed neutrons

B=> 5 (5.23)
Jj

It is noticed that all cross sections in (5.20) and (5.21) are space-dependent.

The multi-group noise equation are obtained from the space- and time-dependent
diffusion equations by assuming that all time-dependent terms, X (r, t), can be split
into a stationary component, X (r), which corresponds to the value at the steady state,
plus a small fluctuation, 6X (r, t) as

X(r,1) = Xo (r) + 6X (r, 1) (5.24)

By assuming that the fluctuations are small so that only the first-order noise needs to
be taken into account, products of fluctuating terms can be neglected and the result
is a linear equation for the fluctuation of the flux. Subtracting the static equation and
after performing a Fourier transform of all time-dependent terms, 6X (r, f), as

oX (r,w) = / 6X (r,t)e™™"'dt (5.25)

with the assumption that the system was in the unperturbed (critical) state at t = —oo,
the first-order space- and frequency-dependent neutron noise in multi-group diffusion
theory is written as follows:

1
=V [DgVé, (r,w)] + B g (w) 60, (r,w) = an (w) Z Vg 00y (r,w)
g/

) Siggdoy (r,w) + S (r,w) (5.26)
g'#e

where d¢, (r,w) denotes the space- and frequency-dependent noise in group g. The
frequency-dependent total cross section in (5.26) is written as

Srg (@) = Bag (@) + Y Sigong (5.27)

g'#e
with
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Vag (W) =Ta g+ — (5.28)
Vg
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The k. in the noise equation is the eigenvalue obtained from the static calculation.
X¢(w) denotes the frequency-dependent fission energy spectrum, which is obtained
from the equation of delayed neutron as
Xd . iwﬂj

8 )‘j + iw

Xe (W) = Xg — (5.29)

J
which is the generalisation of the two-group version with one average delayed neutron
group, (2.115), to several energy groups and delayed neutron precursor groups. The
last term of (5.26) is the noise source, which is calculated from the fluctuations of

macroscopic cross sections as

Sg (rw) = =084, (w) ¢g (r) — Z 085 g (W r)+ Z 0s.g1—g (W) P (1)
g'#8 g'#g

Zé vy (w)]dy (r) (5.30)

In this equation, the fluctuation of the diffusion coefficient in the source term is
neglected. The static equation (5.20) is an eigenvalue problem, where the k.z and
the static fluxes correspond to the fundamental mode, while the balance equation
for the neutron noise, as given by (5.26), is an inhomogeneous equation with an
external source. Another important difference is that all quantities in (5.26) are
frequency-dependent, i.e. complex quantities.

The numerical tool was developed for fast reactors with hexagonal geometries by
solving both the static and noise equations based on the multi-groups diffusion the-
ory (Figure 5.2). The noise equation was solved in the frequency-domain with several
groups of delayed neutron precursors. Spatial discretisation was implemented based
on the FDM, in which the hexagonal geometry of the fuel assembly was radially
divided into six equilateral triangles, and if needed for more accuracy, each trian-
gle can be further divided into four subtriangles. By this spatial discretisation each
fundamental node in a 3D core model consists of two equilateral triangular bases
and three rectangular sides. The finite difference approximation was then applied to
calculate the leakage term in the static and noise equations for each node. A power
iterative solution process was implemented that consisted of an outer and an inner
iteration loop to solve the static and noise equations. The noise solution module of
this tool only solves for a fix-source problem, since the problem size is too big to
solve for the core transfer function. This means that the noise source is required to
be prior defined for solving the induced noise. To accelerate the convergence of both
the static and noise calculations, a CMFD acceleration technique was implemented
in this tool, where a coarse mesh is defined radially as a hexagonal assembly.

Verification calculations for this tool were conducted based on two benchmark
problems: 1) a 2D thermal reactor core model, and 2) a 3D SFR. In the first prob-
lem, static and noise calculations were performed on the basis of a 2D two-group
homogeneous core model in comparison with analytical solutions. Point-like noise
sources were assumed to appear at the central position or non-central position of
the core. Good agreement was found between the numerical and analytical results in
both forward and adjoint problems. In the second benchmark problem, the tool was



190  Surveillance and diagnostics of next generation nuclear reactors

Figure 5.2 Triangular discretisation in the 1/6th model of a hexagonal system used
in the noise simulator. (i/j) coordinates are used to handle the
triangular meshes, while (u/v) coordinates are used to handle the
hexagonal meshes [133]

used to perform static calculations for a large SFR core and benchmarked against
the ERANOS code [134]. A cross sections in 33 energy groups and eight groups
of delayed neutron precursors for the SFR core were generated using the ERANOS
code and processed for use in this noise simulator. There is no available reference for
benchmarking the frequency-dependent noise in a multi-group model; nevertheless,
the noise calculations could still be considered as reliable if the static calculations
give adequate accuracy. Calculations of the space- and frequency-dependent noise
induced by the perturbation of the absorption cross section near the core centre have
been performed.

5.3 Potentials for applications in Gen-IV systems and SMRs

In 2001, the framework for international collaboration on Gen-IV nuclear technolo-
gies was established, with the aim of achieving sustainability, economic efficiency,
safety and reliability, resistance to proliferation, and physical protection [135,136].
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Six reactor systems have been chosen as the Gen-IV technologies, which include
the gas-cooled fast reactor (GFR), lead-cooled fast reactor (LFR), molten salt reac-
tor (MSR), sodium-cooled fast reactor (SFR), supercritical water-cooled reactor
(SCWR), and very high-temperature reactor (VHTR).

Recently, SMR concepts have gained increasing attention due to their advan-
tages in terms of design, economic viability, construction timelines, and site costs.
According to International Atomic Energy Agency (IAEA), SMRs are defined as
nuclear reactors with a power output ranging from 10 to 300 MWe [137]. These
reactor components can be designed using modular technology, allowing them to
be manufactured in factories and then transported to the installation site. As a result,
SMRs present a more cost-effective alternative to traditional large power reactors.
They are particularly suitable for remote areas where energy demand is lower and
located far from the national electricity grid.

SMRs are being developed for several key reactor types, including advanced
LWRs, HWRs, and Gen-1IV reactors. They are engineered with innovative fuel
concepts, high discharge burnup, and long cycle lifetimes, which help reduce pro-
liferation risks and radiation emissions. SMRs incorporate passive or inherent safety
features; for example, the VHTR employs inherent safety design by utilising a low
power density and high thermal conductivity of its core materials to ensure passive
decay heat removal. This design allows the reactor to remain safe even during a loss
of coolant accident. Another benefit of SMRs is that they do not require many of the
safety provisions and engineered mechanisms that conventional reactors need. Their
low capital costs and short construction timelines make financing less burdensome.
Additionally, many SMRs feature proliferation resistance due to designs that elimi-
nate on-site refuelling and enable long fuel cycles, being capable of using advanced
fuel cycles that incorporate recycled materials.

More than 80 SMR designs are currently being developed or implemented, cater-
ing to various applications such as electricity generation, hybrid energy systems,
heating, water desalination, and steam production. In 2020, the floating nuclear power
plant (FNPP) known as Akademik Lomonosov, which consists of two KLT-40S mod-
ules, began commercial operations in Russia. In December 2021, China’s HTR-PM
reactor (250 MWt) was connected to the grid. An iPWR is one of the SMR designs to
be deployed in the near future. A prototype iPWR design, CAREM-25 (27 MWe), is
under construction in Argentina. Other iPWR designs include SMART (Korea), NuS-
cale (USA), mPower (USA), and Westinghouse SMR (USA). The NuScale reactor
received standard design approval in 2020, and other concepts are either in the design
phase or seeking construction licenses. Consequently, the potential application of
dynamic core transfer and neutron noise calculations in next-generation reactors has
garnered significant interest.

To date, several attempts have been made to apply neutron noise simulators to
analyse noise behaviours in Gen-IV reactors and SMRs. For example, noise analysis
for the SMART iPWR design was conducted using a time-domain noise simulator
[107]. The tool employs the NEM method for spatial discretisation, utilising two
groups and 3D rectangular geometry, along with implicit-difference discretisation
for time evolution. Noise analysis was conducted for the SMART core, which is the
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System-integrated Modular Advanced PWR design with the power output of 107
MW developed by the Korea Atomic Energy Research Institute. The SMART core
consists of 57 fuel assemblies of the 17 x 17 type, with an active fuel height of 2
m. Simulations were performed to analyse the neutron noise induced by control rod
vibrations in various scenarios: single rod vibration, regulating bank vibration, and
random vibration. The results demonstrated the advantages of the tool and confirmed
its ability to simulate vibrating perturbations. Furthermore, the evaluations indicated
the potential application of the tool for both large-scale reactors and SMRs.

A noise simulator for fast reactors was utilised to examine the neutron noise gen-
erated by periodic core deformation, known as core flowering, in a large SFR [84].
The SFR core configuration is illustrated in Figure 5.3 [84]. The analysis was carried
out using a 3D model of the SFR, with a cross-section set created for the model that
included 33 energy groups, generated by the ERANOS code [134]. In the SFR, fuel
assemblies are arranged with spacer pads and secured by a lower grid base, which can
lead to geometric core deformations, such as flowering and compaction, particularly
in the upper section of the reactor. Consequently, core deformation was modelled to
occur from the midplane to the top of the core (see Figure 5.4 [84]). Observations
on vibration-induced neutron noise in SFRs indicated that mechanical vibration fre-
quencies are likely in the range of 1 to 10 Hz. Therefore, the noise simulations were
executed at a frequency of 5 Hz [84].

The results of the modelling of the SFR core deformations revealed that opti-
mal detection positions for the phenomena using noise instruments would be located
in the outer radial reflector, with several detectors positioned along the height [84].
The noise amplitude was found to increase linearly with the deformation amplitude,
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Figure 5.3 Configuration of a large SFR core [84]
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Figure 5.4 Model of core deformation on the upper half of an SFR core [84]

suggesting that detecting effects from small vibration amplitudes could be challeng-
ing. Furthermore, it was observed that in the SFR, a fission chamber containing
fissile materials such as U-235 or Pu-239 coated on its inner wall has potential util-
ity for in-core fast neutron detection. However, the energy-dependent cross section
of the detector is complex, presenting challenges for numerical simulations aimed at
predicting or interpreting the measurement phenomena.

The properties of neutron noise induced by localised perturbations were explored
using a noise simulator based on a simplified 2D model of the SFR [138]. The study
assumed three representations of noise sources related to localised perturbations in
the absorption, fission, and scattering cross sections, each positioned at the core’s
centre. The investigation focused on space- and energy-dependent noise in a broad
frequency range of 0.1 to 100 Hz.

The coordinate transformation method (CTM) was integrated into the DYN3D
code to simulate small structural deformations in SFRs [139]. DYN3D previously
utilised this method to model uniform radial core expansions. The CTM was extended
to accommodate non-uniform radial deformations, such as core flowering. The
method’s viability was assessed through several steps. First, functionality was verified
using the rectangular solver. Second, DYN3D’s capability to model core expan-
sions was tested on an SFR, employing hexagonal geometry for flowering scenarios
with transverse isotropic flowering profiles. Additionally, the continuous bending of
assemblies was effectively represented by vertical segments gradually displaced in
the radial direction, resulting in a stair-stepped geometry. DYN3D was subsequently
tested on the core flowering of the Phénix reactor, demonstrating its feasibility for
simulating scenarios that extend beyond transverse isotropic shapes.

5.4 Concluding remarks

A survey has been conducted on the global development of computational codes
designed to simulate dynamic core transfer function/neutron noise in various reac-
tor systems. Numerous efforts have been dedicated to developing numerical tools for
modelling neutron noise in LWRs. Two distinct approaches are employed in these
tools: time-domain and frequency-domain methods. The most common and effective
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approach uses diffusion theory to solve space-dependent neutron noise in the fre-
quency domain. Various noise sources can be simulated by defining fluctuations in
macroscopic cross sections. Several extensions of these tools have been demonstrated
for next-generation reactors, including Gen-IV reactors and SMRs, indicating strong
interest and potential for diagnosing advanced reactor systems.



Chapter 6

Developments of zero-power noise methods for
fast reactor systems

Imre Pdzsit! and Yasunori Kitamura?

6.1 Introduction

This chapter deals with the extension of the pulse counting-based reactivity measure-
ment methods, such as the Feynman- and Rossi-alpha methods for next generation
systems. As mentioned in the previous chapters, one important feature of the Gen-
IV reactors is that they will have a fast-neutron spectrum. The consequences of this
fact and the need for extending the theoretical basis of the reactivity measurement
methods for two-group theory will be discussed in Sections 6.2 and 6.3. Also, other
aspects, such as availability of detectors and the need of including gamma photon
counting into these methods, will also be discussed (Section 6.4). Section 6.5 sum-
marises the principles of the two-detector Feynman-alpha measurement. Further,
although they are not at the moment the main priority for next generation reac-
tors, accelerator-driven systems (ADS) were a very promising candidate a couple of
decades ago, and they are still potentially interesting. These systems will be driven by
neutron sources whose statistical properties are very different from those of the tradi-
tional simple Poisson sources, hence the Feynman- and Rossi-alpha methods need to
be modified for using them in such systems. This extension has already been made [6],
but it will be briefly summarised in Section 6.6. Finally, one development, recently
initiated for present reactors, as well as for safeguards problems, but of which the
Gen-IV systems and small modular reactors (SMRs) would also largely benefit, is a
new method to extract the same statistical information from the continuous signals
of ionisation and fission chambers than from the pulse counting methods. Due to it
being a new method with a limited number of publications, it will be described in
Section 6.7 with some real examples of its use.

6.2 Traditional Feynman-alpha for fast reactors

Since several of the next generation systems will be fast ones, one challenge is
whether the pulse counting-based reactivity determination methods, which were
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elaborated for thermal systems, remain applicable for such systems. This is not so
much a question of instrumentation, since fast detectors and electronics are easily
available for much shorter prompt neutron decay times (except the problems with
dead time, see also Section 6.7). The more crucial question is whether the traditional
pulse counting methods, elaborated in one-group theory, remain applicable in a fast
spectrum.

This latter question was investigated in recent experimental work, and there
appears to exist evidence that the traditional Feynman- and Rossi-alpha formulae can
be used to extract the prompt neutron decay constant [140—143]. The focus in these
works lie on the Rossi-alpha formula, and the results showed that the prompt neutron
decay constant could be extracted for systems for systems as deeply subcritical as
ke = 0.42 [142]. In order to extract the reactivity, the main challenge is to determine
the neutron generation time A, which was achieved by Monte Carlo calculations.

From the aforementioned works, it appears that the traditional Rossi- and
Feynman-alpha methods are applicable for fast systems with detection of fast neu-
trons with plastic scintillators, but the evaluation of the measurements requires a
detailed numerical simulation of the measurement. This was conceptually simple
for the measurements, which were performed on well-defined homogeneous systems
with simple geometry. It remains to see the applicability of the method in real-life
measurements for next generation systems with a fast spectrum.

6.3 Feynman-alpha for fast reactors: two-group theory

The aforementioned indications of the potential applicability of the traditional
Feynman- and Rossi-alpha techniques in systems with a fast spectrum notwithstand-
ing, it is interesting to investigate the alternative of the extension of these techniques
to two-group theory. Some incentive for going into this direction came from the
differential die-away analysis (DDAA) [144], and the differential die-away self-
interrogation (DDSI) methods [145] of nuclear safeguards. In these measurements
two separate exponential terms appear, which can be explained by the use of two-
group theory. The DDSI method is, in principle, equivalent to a two-group version of
the Rossi-alpha method, and the interest in the DDAA and DDSI methods spawned
work trying to explore the feasibility of a two-group version of the Feynman- and
Rossi-alpha methods for determining the subcritical reactivity in systems where a
two-group methodology is necessary.

There exist several publications on the subject [146—-149], containing a for-
mal derivation of the two-group Feynman-alpha formulae. In [146], the two-
group Feynman-alpha formula was derived by using the backward master equation
approach, with the assumption of only prompt neutrons in the system, and using
the counts of fast neutrons. In [147], the same model was used but solved by the
forward master equation approach, leading to the same result. In [148], the back-
ward approach was used to derive the two-group Feynman-alpha formula for fast
neutrons, including also delayed neutrons. The most general treatment is given in
[149], which uses the forward master equation approach to calculate the two-group
Feynman-alpha formula with the inclusion of delayed neutrons, for both fast, thermal,
and fast-thermal cross-Feynman-alpha formulae.
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However, none of the aforementioned results have been tested on measurements
yet, only were compared with simulations. The simulations merely proved that by
using the proper parameters in the analytical formulae, taken from Monte Carlo sim-
ulations, one can obtain the same curve from the analytical model as from the Monte
Carlo simulations. The problem is that this does not solve the diagnostic task; that
is, it does not give any recipe on how to extract the subcritical reactivity from the
measurement.

The reason is generic to a large class of problems. A simple model, like the tra-
ditional one-group treatment, uses approximations, but contains only a small number
of parameters, and is explicitly dependent on the sought quantity (in our case the
subcritical reactivity). A more advanced approach, such as two-group theory, may
be a more realistic and better model of the process, but has the disadvantage that it
depends on a larger number of parameters, and the quantity of interest, the subcritical
reactivity, is hidden, or does not appear at all in a form which makes it possible to
extract it from the measurements. For instance, in the two-group model with delayed
neutrons, and accounting for detection of both fast and thermal neutrons, the roots
of the characteristic equation, appearing as exponents in the time-dependence of
the Feynman-alpha formula, are given as solutions of a fourth-order algebraic equa-
tion, which cannot even be given in an analytic form. Hence the extraction of the
reactivity from the measurement is not possible by analytical methods, and one has
to resort to non-parametric unfolding methods, such as machine learning (artificial
neural networks).

To fill up the gap between the theory and its application, we thus investigate
the possibility of extracting the reactivity from the simplest two-group model still
with parametric methods. This is the model accounting for prompt neutrons only, and
calculating the Feynman-alpha from the counts of fast neutrons. Following Reference
[147], first we outline the derivation of the Feynman-alpha formula for fast neutrons.
Then the possibility of extracting the subcritical reactivity from a measurement will
be investigated.

6.3.1 Derivation of the two-group Feynman-alpha formula for fast
neutrons

We start with deriving a forward master equation for the probability P(Ny,N», Z;,f)
for having N; fast, N, thermal neutrons at time ¢ in the system and having detected
Z; fast neutrons in the interval (0, r). Fast fission is neglected, and it is assumed that
the extraneous source injects fast neutrons into the system with simple Poisson statis-
tics with intensity S. The reaction intensities and the fission number distribution are
denoted as follows:

Ay intensity of capture of a fast neutron in the system

Ad intensity of capture of a fast neutron in the detector

AR intensity of removal (downscattering) of a fast neutron
A,  intensity of capture of a thermal neutron

Ap  intensity of thermal fission

ps(k) the number distribution of fission neutrons
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The total reaction intensities in the fast and thermal groups, denoted as A; and A,
respectively, are defined as

A=A, + AR+ g 6.1)
and

A=A, +Ap (6.2)

With these preliminaries, the following forward-type master equation can be
written down for P(Ny,N,, Zy,1):
dP(Ny\,N»,Z,,t
% = M (Ny + DP(N, + 1,N5, 2y, 1)
+ Ar(N1 + 1)P(Ny + I,N, — 1,Z;,1)
+)\d(N1 + I)P(Nl +1,Ny,Z) — 1,t)
+ X (N2 + PN, N +1,24,1)
N
A, (N2 + 1) pk)P(Ny — k, Ny + 1,2, 1)
k
+SP(N1 — ],Nz,Zl,t) — (A]N] + )\2N2 +S>P(N17N2,Zl,l)

(6.3)
Defining the generating functions
G,y 50) =Y Y Y Y P(N, Ny, 24,1) (6.4)
NNy Z
and
arx) = > plk) ¥ (6.5)
k
we obtain for the generating function the equation
9G(x,y,z,1) 9G(x,y, 2, 1)
or = (>‘c‘1 + ARy + Az — )\1x) O
IG(x,y,z,t
+ 00+ dsg) 20 LD s (- 16,20

(6.6)

The procedure of taking the various moments, and solving for the expectation and
the variance of the number of fast neutron detections as a function of the detection
time goes along the general routines, and it will not be detailed here. The final result
can be written in a condensed form as

2 —wn T —wpT
o5(T) l—e« l —e2
=1+ (l-—)—- {l— ——— 6.7
(Z1) + 1( or )T w, T ©.7)

Here,

1 1
w1 = =5 (0 d0) + 5/ = X2+ Aoy ©68)
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1 1
—Wwy = _E(/\] + )\2) — 5\/(/\1 — )\2)2 + 4)\]/\2Veﬂ' (6.9)
where the notation
V/\zf)\R
= -1
Veff BN (6.10)

was introduced, with v being the first moment of pf(k), i.e. the mean number of
neutrons per fission. The coefficients Y| are Y, are quite lengthy and complicated
functions of the intensities, the exponents w; and w,, and the second factorial moment
of the number of neutrons per fission, (v (v — 1)). The full expressions for Y; are
Y, are found in [146] and [147], and will not be given here. Like in the tradi-
tional Feynman-alpha methods, the exponents w; and w, can be extracted from a
measurement without the knowledge of the expressions for Y are Y.

Equation (6.7) looks formally similar to the traditional Feynman-alpha expres-
sion. But whereas in the traditional method the first exponent, the prompt neutron
decay constant « is a simple explicit function of the reactivity, expressions (6.8) and
(6.9) for the exponents w; and w, are a much more implicit functions of the reactiv-
ity. The possibility of subtracting the reactivity from the two-group Feynman-alpha
expression will be investigated in the next subsection.

6.3.2 Extracting the reactivity from a two-group Feynman-alpha
measurement

We need to express the reactivity in terms of the parameters of the system, similarly
to the one-group definition (2.22). In an infinite homogeneous system, in the absence
of fast fission, the multiplication constant k = k., is given as

I/)\ﬁ )\R
k= - 6.11
A (6.11)
which is the same as the v, of (6.10).
An inspection of (6.8) and (6.9) shows that
w, >0 and w; <wp (6.12)
It is also seen that for k = 1, one has w; = 0, as expected.
One can rewrite (6.8) for w; as
1 1
—wr ==\ +)\2)+§\/(/\1 + )2+ 4N\ (k—1) (6.13)
and by using (6.11) this can further be rewritten as
1 1
w==(A1+ ) — f\/(/\l + XN)2 +4vAg e p (6.14)
2 2
From (6.14) the reactivity can be expressed as
2w (A + A
p= iz it h) (6.15)

V)\fz)\R
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Equation (6.15) shows that unlike in the one-group case, the reactivity is not
a linear function of the decay constant w;. Extracting the reactivity from the mea-
sured w; is still possible in principle, but one has to know a substantially larger set
of parameters to extract p than the simple parameter prompt neutron generation time
A. In addition, from this form it is not obvious that extrapolating the Feynman- and
Rossi alpha formulae from the form obtained by accounting for prompt neutrons only
to the case when delayed neutrons are also taken into account, can be obtained such
that one simply replaces p with p — (. This latter question can be investigated from
the results of [148]. Hence the feasibility of the two-group Feynman-alpha method
in practical applications is yet to be investigated.

Finally, we note that for systems close to critical, w% can be neglected in (6.15).
This will lead to

I/)\f2 >\R - P )\R

~ - 6.16
LS VNI Vil Vi Wi (0.16)
where
1
Ar=— 6.17
T Y (6.17)

is the prompt neutron reproduction time in a thermal system. It is thus seen that w,
can be written as
P

N ——— 6.18
w1 A (6.18)
if A* is defined as
AL+ A
A = AT% (6.19)
R

That is, for systems close to critical, there will be a linear relationship between the
reactivity and w;. Nevertheless, to extract the reactivity, one still needs to know the
same amount of system parameters (reaction intensities) as in the general case.

6.4 Feynman-alpha with gamma counting

As mentioned earlier, the possibility of using gamma photons, in addition to neutrons,
both in pulse counting for zero-power noise [73] as well as in current mode for power
reactor noise [77], was suggested as early as in the late 1960s. On the power reactor
noise side, as described earlier, some singular pilot experiments were made in the
past, but the technique has not yet been tested at operating power reactors. On the
zero-power diagnostic side, the feasibility and potential advantages of monitoring
subcritical reactivity with gamma pulse counting has been noted relatively recently.

First, partly by inspiration from multiplicity counting in nuclear safeguards
where the use of gamma detection got already started, some extension of the original
works on gamma count statistics were made. The extensions concerned accounting
both for neutron and gamma total detection without discrimination, as well as for
including gamma reactions other than prompt gammas from fission, such as pho-
toneutrons, whose existence establishes a two-way coupling between the evolution
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of the neutron and photon chains [150,151]. Approximately at the same time, the
feasibility of using gamma counting for the Feynman-alpha method was investigated
in several experiments [152—154]. In these experiments it was verified that one can
extract the prompt neutron decay constant « by fitting the measured gamma data to
the time-dependent part of the traditional Feynman-alpha expression for neutrons.

In these measurements also some advantages of the gamma-count-based method
were emphasised; namely, that it can be used in ex-core measurements farther away
from the core than with a neutron detector, and partly that in some cases it gave
more accurate estimation of the prompt neutron « than the one obtained from the
neutron counting. These circumstances make the gamma-count-based reactivity mea-
surements a promising candidate for several of the next generation reactors, due to
the fact that in several designs, there will be no room for in-core detectors, hence one
will be restricted to ex-core measurements, possibly not even close to the core. This
fact motivates an account of the method and the underlying theory.

The number of papers on the theory of gamma-count-based reactivity measure-
ments is very small. The aforementioned experimental works all refer to the original
publication of Gelinas and Osborn [73]. This work, similarly to the later publica-
tions [150,151] is based on a one-neutron energy-group point model for prompt
neutrons only, i.e. delayed neutrons are neglected. Both the calculations, as well as
the results are rather involved, using notations in a very formal style, making it diffi-
cult to relate them to simple physical parameters, such as the reactivity. The reason
for this is that the master equations used are written in a style similar to the case of
the Feynman-alpha expression with delayed neutrons, namely that they follow up the
number of all species (neutrons and delayed neutron precursors for the neutron case,
and neutrons and photons for the gamma-counting case).

The description can be substantially simplified by recognising that due to the
speed of the photons, the intensity of their reaction is so high, that their lifetime can
be neglected. This makes it possible to drop the number of the photons in the system,
and only keep the number of photon detections as a random variable. In this model
it is assumed that each photon born in a fission process will be detected instantly
with a probability (detector efficiency) e, or not detected with a probability (1 —
en). The fate of the non-detected photons is not followed up, since they will not be
detected later. This assumption is similar to the concept of “superfission”, introduced
in nuclear safeguards, which means that the lifetime of a (deeply) subcritical chain in
a fissile item is so short, that the internal multiplication of the neutrons before leaving
the item can be considered as instantaneous. This assumption simplifies the treatment
and improves its transparency substantially, and will lead to the same result as the
more complicated theories while giving more insight. Since this is a new concept, we
describe its main aspects in the following, in the same framework as the description
of the traditional method in Section 2.2.2.

6.4.1 General principles

We will seek the probability distribution P(N, Z, W, t) that at time 7, there are N neu-
trons in the subcritical system driven by a stationary Poisson source of intensity S,
and in the time interval [0, ), Z neutron and W gamma counts were registered. As
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before, neutrons can be captured in the system, captured in the detector, or cause fis-
sion with intensities A., Ay and ), respectively. In a fission event, prompt neutrons
and gammas are generated with number distributions p;(n) and fi, respectively, and in
the moment of the fission, each gamma can be detected with a probability &,,. In gen-
eral, certain quantities, such as expectations and detector efficiency will be denoted
by the letter v for neutrons and 7 for gamma photons (the latter in order to conform
with the notations of [73]).

With these preliminaries, the following master equation can be derived for
P(N,Z, W, 1), considering the possible mutually exclusive events between 7 and 7 + dr:

P(N,Z,W,t+dt) = A\ dtP(N+1,Z,W,1)(N + 1)
+ N dtPIN+1,Z— 1, W, t)(N+ 1)

oS} oo k
Y ) SRS (’;) (1)
k=0 4

n=0
XPIN+1—=nZW—L1)(N+1—n)
+SdtP(N—1,Z,W,1)
+PN,ZW, 1) [1 —{( N+ A + X\g) N+ S} di]  (6.20)
Rearranging yields
dP(N,Z,W,1)

= AP 1,Z 1
= AP(N+1,Z W, (N + 1)

+AP(N+1,Z— 1, W,0)(N+1)

m;) kaz() (1 - e

XPIN+1—n,ZW—L1)(N+1—n)

+P(N,Z,W, 1) [N+ Ae + Xg) + 5] (6.21)
Introducing the generating functions of P(N, Z, W, t), ps(n) and f; the usual way, i.e.
G(x,z,w,1) Z Z ZxszwWP N,Z,W,1) 6.22)
as well as
x)=> pin)x" and h(w Z fiwk (6.23)
=0
we obtain from (6.21) the following master equation for G(x, z, w, t):
0G(x,z,w, 1)
= Wg)hle(w)) = = Aclx = 1) = Aax = 2)}
0G t
K QOB G 2w, 1) (6.24)
Ox
where
clw)y=ew+1—-w (6.25)

is the generating function of the detection process [6].
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Since (6.24) does not contain derivatives w.r.t. to w, with w = 1 it reverts to
the equation for the neutron number and neutron counts only. Hence the moments
of the latter, such as its variance and mean, can be determined independently of the
moments of the gamma counts. The converse is also true, in that since (6.24) does
not contain derivatives w.r.t. to z either, the moments of the gamma counts can also
be derived, basically with the same amount of effort, as those of the neutron counts.
Finally, it is also possible to derive the joint moments of the neutron and gamma
counts, and thereby derive a “two-detector” Feynman-alpha, which can be measured
with the simultaneous use of a neutron and a gamma detector, respectively.

6.4.2 First moments

Since the moments of the neutron counts have been derived a long time ago, it is in
principle redundant to derive them again. However, in order to get better insight into
the fact that the moments of the neutron and photon counts have the same functional
dependence, including the Feynman-alpha formula, the main steps of the derivation
of the prompt neutron Feynman-alpha will be also given here.

The derivation of the moments of the counts cannot be made without the deter-
mination of the expectation of the neutron number and the joint expectation of
the neutron number and neutron counts. The expectation (N) = N is obtained by
differentiating (6.24) w.r.t. x and substituting x = z = w = 1, yielding

dN p

7 AN(t) + S (6.26)

where the reactivity p and the prompt neutron generation time A were already defined
in (2.22) and (2.23). The stationary solution of (6.26) is

AS N
N=—=— (6.27)
P
where the prompt neutron decay constant o without delayed neutrons
p
=—-—=>0 6.28
a A (6.28)

was also introduced.

The expectations (Z) = Z and (W) = W of the neutron and gamma counts,
respectively, can be easily obtained in a similar way, resulting in the well-known
result for the neutron counts as

Z(t) = AaNt =€, \Nt (6.29)
where the neutron detection efficiency €, as introduced in the standard way as
Ad
, == 6.30
€ Y (6.30)
and similarly for the gamma counts as
W(t) = Apep Nt (6.31)

where 7 = (1) is the mean number of gamma photons per fission.
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6.4.3 Variance to mean and covariance to mean

For the second-order moments, which are needed in order to calculate the variance,
it is practical to introduce the modified variances pi,;, [4,6] as

faa = {a(a — 1)) — (a)* = 02 — (a) (6.32)
and
tap = {(ab) — (a) (b) = Cov {ab} (6.33)

From (6.24), the following equation system is obtained for the modified moments:

duziztv(l) = M —1)N—2aun (6.34)
d”#f(’) et — ain (635)
d,u(Z;(t) T v (6.36)
d,uzi‘;v(t) = N\ney [VN+ pny] — o pvw (6.37)
D _ 5t 1) N +2xmeg i (639)
d’uil‘f(t) = Anenpnz + v Arpinw (6.39)

In the stationary case, uyy is constant, hence (6.34) reduces to a simple alge-
braic equation with the known solution. Equations (6.35) and (6.36) can be solved
sequentially independently from (6.37) and (6.38), i.e. independently of the moments
including gammas, and likewise (6.37) and (6.38) can be solved independently from
the neutron counts. The last equation for the covariance 2y of neutron and gamma
counts can be solved in possession of pyz and Liyw.

The solutions are quite straightforward, from which the gamma variance to mean
and the neutron-gamma covariance to mean are of interest. However, for the sake
of comparison, we give here the well-known traditional Feynman-alpha formula for
prompt neutrons, which reads as

2 —at

o5(?) D, l—e
=l+4+e, — 14+ — 6.40
70 +e s +— (6.40)

where D,, is the Diven factor of prompt fission neutrons,
-1
p, = V=1 (6.41)
1%

The gamma variance to mean is obtained as follows:

2 —at
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where similarly to (6.41), D,, is the gamma Diven factor

p, = W -1 . b (6.43)
Ui
The time-dependent part of (6.42) is identical with that of the traditional neutron-
based Feynman-alpha formula, and agrees with that derived by Gelinas and Osborn
(Equation (38a) in [73]) and the corresponding formulae in [150]. The term

ennDy (6.44)

corresponds to the asymptotic (saturation) value of first term on the r.h.s. of Equation
(38a) in [73] for t — oo (see also [152]), which is consistent with the fact that our
assumption of instantaneous detection of the photons at their birth shortcuts the time
evolution between the birth and the detection of gamma photons. This means that the
variance to mean does not start from unity at # = O as it does in the traditional case (or
in other words, the Y;, (¢) function, represented by the last term of (6.42), is not equal
to zero at ¢t = 0, rather it is equal to €, 7 D,)). If one takes into account the non-zero
lifetime of the photons before detection, then Y, (7) still starts from zero, but it jumps
to its asymptotic value €, n D,, during a very short time, which cannot be resolved in
the experiment.

The term D,, / p* in the factor multiplying the time-dependent function is also the
same as that in ([73]), but we also have an additional term 2/|p|. It is not clear whether
the deviation between our formulae and those in [73] are due to the assumption of the
instantaneous detection in our model, or to something else. Close to criticality, this
extra term can be neglected besides the term proportional to p 2. Besides, its presence
or absence does not affect the recovering the parameter o from measurements by the
curve fitting procedure. On the other hand, in deeply subcritical systems, the presence
of this term is advantageous, because it extends the applicability of the method to
deeper subcriticalities.

An alternative method to the gamma variance to mean is the neutron-gamma
covariance to mean method. Since the covariance concerns two different signals, one
has the choice of choosing either the neutron or the gamma counts for the mean. The
difference is only in some multiplication factors, and since using the expectation of
the gamma counts leads to a simpler formula, we will display the neutron-gamma
covariance to the gamma mean. This is obtained from the aforementioned as

pld) (1 D[ e
W) =g, [p + pz} <1+ o ) (6.45)

This expression shows a striking similarity to the variance-to mean of the neutron
counts; not only the time dependence, but all factors except the extra 1/|p| term are
the same. In addition, similarly to the two-detector neutron-neutron covariance to
mean formula (see the next subsection), the factor unity is missing, and the covariance
to mean contains only the part in excess to the Poisson value of unity, which might
be advantageous in measurements. The extra term &, 7 D,, is also missing, hence
the neutron - gamma covariance to mean starts from zero at t = 0. Therefore, when
both neutron and gamma detection is available, the covariance to mean may have
advantages over both the pure neutron or pure gamma variance to mean formula. In
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cases where the measurement cannot be made close to the core, and hence gamma
detection is more effective than neutron detection, which is expected to be the case
in several Gen-IV and SMR systems, the use of the gamma variance to mean method
might prove to be substantially more advantageous.

The simplified model introduced here was able to reconstruct the same results
as the more complicated models in which the number of gamma photons is kept as
a separate random variable. Because of its simplicity and transparency, this model
is suitable to be extended to include also delayed neutrons, or two neutron energy
groups. Due to the promising features of the gamma variance to mean or the neutron-
gamma covariance to mean method, this is definitely worth following up in future
work, as also suggested by Darby et al. [153].

6.5 Two-detector Feynman-alpha method

An interesting variant of the Feynman-alpha method is to use two detectors, and
instead of calculating the variance to mean, using the covariance to mean* for extract-
ing the prompt neutron decay constant c.. That is, instead of the variance of the single
detector counts o(t), to use

(21 Z2) — (Z1) (Za) = piz,,2, (1) (6.46)

Early experience showed that the use of the two-detector method had advantages
over the traditional variance to mean method, in that it gave a better estimate of the
searched parameter, because the estimation was less sensitive to uncorrelated events.
This observation and its experimental verification was reported already at one of the
very first Florida conferences in 1966 [155,156]. Reference [155] states that “Detec-
tor efficiency is mainly responsible for the ratio of correlated to uncorrelated reactor
noise. The advantage of the cross-correlation method is particularly important if only
low detector efficiency is available, as is the case, for instance, in fast reactors.” It
is therefore clear that this method will gain increased interest for next generation
nuclear systems.

The advantages of the two-detector cross-correlation method can be slightly
amplified with the fact that it yields the Feynman Y function directly, instead of using
a small deviation from the unity of the Poisson variance to mean. Another advantage
of the method could be that having two detectors in two suitable chosen different spa-
tial positions could in principle compensate for the deviation of point kinetics (often
expressed as the presence of higher modes).

The theoretical considerations behind the two-detector cross-correlation method
in [155] were based on phenomenological arguments, similarly to the first versions

*The word “covariance” is used in several different meanings in this book, and care needs to be exercised to
use the correct interpretation. The prefix “co-" in the present use of “covariance to mean” refers to using the
joint statistics of the detector counts during the same measurement time, but with two different detectors.
The Rossi-alpha method is also often called “covariance to mean”, but it refers to the joint statistics of
detections with the same detector, but in two different infinitesimal time intervals, for which the correct
terminology is auto-covariance to mean, as it is also called in [6] and in most parts of this book. Hopefully
the terminology will not lead to confusion and it will be clear from the context what the word “covariance”
refers to.
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of the Feynman- and Rossi-alpha methods. It is desirable to provide a derivation
from first principles, based on the master equation method, as it was the case with
the Feynman- and Rossi-alpha methods [157]. Although the two-detector method is
widely used in practice, strangely enough no such derivation of the method was found
in the literature. Therefore, despite its simplicity, we give an account of its derivation
here.

The derivation will follow closely the one given in Section 6.4 for the Feynman-
alpha formula for gamma detections, but only for the neutronic part. The difference
is that instead of one detector, we consider two detectors. For generality, we assume
that the two detectors have different detection intensities A\ and )4, respectively.
This is not so much to account for the difference in the detector properties, rather to
the detection efficiencies which enter the formula, and which in reality also account
for the different detection sensitivities at different core positions, which is the case
even if completely identical detectors are used.

Thus, we will be looking for an equation for the probability

P(N,Zy,Z,,1) (6.47)

that at time ¢, there are N neutrons in the subcritical system driven by a stationary
Poisson source of intensity S, and that there were Z; and Z, counts registered between
[0, ) in detector 1 and 2, respectively. As usual, the master equation for P(N, Z;, Z,, t)
will be converted to an equation for its generation function, defined as

Gz, 20,0) = > > > N B PN, 21,2, 1) (6.48)
N Zy Z»

Using the same notations as in Section 6.4 (except for the detection intensities), one
can immediately write down the master equation for the generating function (6.48) as
0G(x,z1,20,1
OO0 (o fafo) o]~ Alx— 1)~ Aa (e —2)
GG(x, 315,22 t)
Ox

The derivation of ji7, 7 (f) goes along the same lines as with the gamma-based
Feynman-alpha method. We use the same notations as in Section 6.4, except for
defining the reactivity and the detector efficiencies as

_ <V> )‘f_ (>‘f+ Ac + >‘d1 + >‘d2)

(6.49)

— Ao, (x—22)} + (x—1)SG(x,z1,22,1)

(6.50)
(V) A
and
Ad, A,
—; — 6.51
€1 N €2 ¥ (6.51)
With these notations, the equation for N = (N) will be the same as before,
dN
X PNG+s (6.52)

dt A
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whereas the equations for the expectations of the detector counts (Z;) = Z; and
(Z,) = Z, will read, respectively, as

dZz

P N (6.54)

The stationary solutions will also be the same. Regarding the second moments, the
equation for the modified second moment py and its solution will also be the same,
which will be written out here as

M-

2 (6.55)

HUNN

The equations and their solutions for the joint modified moments py 7, i = 1,2 will
also be formally the same as in the case of one detector, except for the indexing:

B 55)\% (v(v—1)N( —e ')

fiy.z, (1) = i=1,2 (6.56)

202 ’ ’
For the determination of the covariance iz, 7zz(t) first we differentiate (6.49) w.r.t.
Z, and Z, to obtain
d{Z, Z,)
dt
The key point here, which will ensure the symmetry of the final result, is that the joint
expectations of the counts and the neutron number are multiplied with the efficiency

of the other detector and vice versa. Making use of (6.53) and (6.54) to express the
time derivative of the product (Z,)(Z,), one arrives at

=& )\f <NZz> + &3 )\f <NZl> (6.57)

dugz 7, (t

W20 _ 3 () i) + 22 1) (6.58)
from where it follows that

1z, 2, () = Ar / (1 (l) +erpnz (1)) dl (6.59)

0
Substituting (6.56) into the aforementioned yields the result
3 1 —e !
Bz,z,(t) =12 Xp (v (v —1))Nt | 1 — TR (6.60)

Since now two different detectors with corresponding mean counts are available, from
(6.60) there are different possibilities to derive a covariance to mean. Namely, the
covariance can be divided with either of the counts, or with the geometrical mean.
All those possibilities affect only the combination of the detector efficiencies multi-
plying the expression. Choosing the geometrical mean in the formula will lead to the
covariance to mean written in standard Feynman notations as

Uz, 7, (l) D, 1 —e !
= = — 1+ — 6.61
7.7 NG 2 +—; (6.61)
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This formula shows the heuristically predictable result that the neutron-neutron
covariance to mean has the same dependence on the measurement time length as the
traditional method, but also that it does not start from unity at time ¢ = 0, rather from
zero, i.e. yielding the Feynman Y(¢) function (cf. (2.2)). This is also a generic property
of the covariance, such as in the neutron-gamma covariance function (6.45).

From the derivation it is also clear by extrapolation, that when including also
delayed neutrons, the two-detector covariance to mean formula can be obtained from
the variance to mean of the traditional formula with the same slight modifications as
without delayed neutrons, namely that the covariance to mean is equal to the Y(t)
function of the traditional formula, but the multiplying factor concerning the detec-
tor efficiency depending on which quantity is used for the mean (either of the two
detectors’ count rate, or their geometrical mean).

6.6 Reactivity measurements in accelerator driven systems

At present, accelerator-driven subcritical systems (ADS) do not constitute a prime
candidate for next generation systems, at least not in the near future. However, the
idea is kept alive, and even if no large-scale experiments or commercial deployment
of ADS is planned, there are on-going research projects which will supply useful
scientific information and technical know-how, should a large-scale deployment of
the concept become actual [158]. Therefore, it is worth reminding that when the ADS
concept was intensively investigated about two decades ago, the extension of the pulse
counting-based reactivity measurement methods was explored at depth. The concepts
and the methods elaborated were summarised in [6], where also the methodology and
the derivations are described in great detail. For the sake of completeness, the main
findings and the formulae applicable for the different type of measurements will be
briefly summarised here.

The difference between the reactivity measurement in traditional systems (either
Gen-II, Gen-III, Gen-IV or SMR) and in an ADS lies primarily in the difference of the
extraneous neutron sources used. In the traditional systems, the extraneous neutron
source has a constant intensity and simple Poisson statistics, such as Am—Be, Sb-Be
or Pu—Be source. For an ADS, which should not operate close to criticality, in order
to have a high enough power, a much stronger extraneous source is needed. Such
a source is an accelerator-based spallation source. Such a source deviates from the
traditional sources in the following ways:

* Irrespective of whether the accelerator is run in the continuous or pulsed mode,
its statistics will deviate from the simple Poisson one. Since a large random
number of neutrons are generated by each proton impinging on the target, if the
accelerator is run in a stationary mode, i.e. with a constant current, the source
statistics will be compound Poisson.

* In most of the current designs, high-yield accelerator-based sources will be run
in pulsed mode. This means that the source is not stationary in time, which is
another deviation from the traditional sources. Further, one has qualitatively
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different behaviour of the variance to mean for wide pulses, or very short ones,
which can be approximated by temporal Dirac delta functions.

e Although the pulsing of the system will be deterministic, one has the possibility
of treating the pulses either as deterministic, starting the measurement always
at a fixed time (such as the beginning of a pulse) or random, by starting the
measurement at a random time.

The theory of all the aforementioned cases has been elaborated by several authors
[159-161], and a list of the methods and the corresponding expressions for the
Feynman- and Rossi-alpha expressions is given, together with the derivations, in [6].
Here we only give a list of the final results for the Feynman-alpha formulae for the
various cases. As it was described in Section 2.2.1, the Rossi-alpha formulae can be
derived from the Feynman-alpha by a twofold differentiation, hence those will not be
displayed.

6.6.1 Variance to mean in a stationary ADS with spallation source

A spallation-based stationary neutron source (similarly to a spontaneous fission
source, such as 232Cf), has a so-called compound Poisson statistics. Similarly to the
simple Poisson process, the source emission time intervals have an exponential dis-
tribution, but at each event a random number of source particles are injected into the
system. The source neutrons have a number distribution p,(n), and the first two fac-
torial moments of the number of emitted particles will be denoted as g = {g) and
(q(q — 1)). For such a source, the variance to mean of the neutron counts has been
calculated with both one and six delayed neutron groups [6]. Hence, for the deriva-
tion and the full formulae, we refer to that publication. The variance to mean for the
steady spallation source then reads as

oz(1) eD,, l—e ! 1 —e !

Here the parameter ¢ is defined as

- qDy .
o= o p () (6.63)

as it was introduced in [162]. The parameter o is the decay constant related to the
delayed neutrons. The values of ¥, and o, are given e.g. in [6].

A comparison with the traditional formula (2.2) shows that the Y, factor of the
prompt term is enhanced by an additional term § of (6.63). This term is negligible
close to critical, because then the prompt chains are long, and the probability of
detecting two neutrons from the same chain, started by a single source neutron, is
high. On the other hand, in deep subcritical systems the chains started by a single
neutron are short, and the probability of detecting two neutrons from the same chain
is low. However, since several source neutrons are born simultaneously, detecting
two neutrons from the same source event remains still reasonably high if the source
multiplicity is high, and this is expressed by (6.62).
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6.6.2 Pulsed sources

As it was mentioned in the introduction to this subsection, the accelerator driven spal-
lation sources will be run in pulsed model. Regarding the pulsing, there are essentially
four subclasses possible, due to the fact that there are two possibilities for the pulse
width, wide and narrow, and the measurement can be evaluated either deterministi-
cally, i.e. starting the measurements always at the same point of the pulse train, such
as its start, or, randomly. Although the pulsing itself is deterministic, it is the way
of evaluation the measurement which differs, for simplicity these cases are called
“deterministic pulsing” and “random pulsing”, respectively.

The significance of the pulse width is that if it is sufficiently wide, the individual
source events (the arrival of the individual protons on the target) can be regarded as
independent.” If the pulse is very short, then all neutrons in the pulse can be regarded
as emitted and injected into the core simultaneously, i.e. they are not independent.
Since both wide and narrow pulses can be both deterministically or randomly pulsed,
there are four main cases which will be very briefly summarised here. For wide pulses,
there is a further freedom of choosing a pulse shape, but the pulse shape can be han-
dled in a simple manner, and we do not consider subclasses for the various pulse
shapes. All formulae refer to the case of prompt neutrons only; there are results avail-
able with the inclusion of delayed neutrons, but they are too involved to be included
in this book.

With the details of the calculations and the resulting formulae, we refer to the
original publications [6,159,160]. To give a flavour of the type of formulae, here we
only quote the results for finite width pulses; the case of narrow pulses (instantaneous
injection) are too lengthy to cite here.

Assuming a pulse repetition time Ty, a pulse shape f{z) which is non-zero only
between [0, Ty), we have the following results for the Feynman Y(t) = i,/ Z(t)
function, given with its two factors.

For the case of deterministic (synchronised) pulsing, one obtains

> n 1-— nt bn i n
Z(1) = Soha |aot + 3 & {1 = cos(wnt)} + by sin(w t)] (6.64)
n=1 “n
and
SoA3As (v(v — 1)) I —e
t) = t|1l———
Hzz(1) o? a0 at
= = - +2ab
D (1) + baB(t) + (1 — )y 2w T 2001 4 (6,65
+;[ O+ B0+ (1= ) 2 oy | (669
Here, « is the prompt neutron decay constant « = —p/A as before,
2
=T =12, (6.66)
Ty

T As Degweker and Rana pointed out [161], this is not always the case.
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o7y (t) and %, (t) are combinations of simple trigonometric functions, depending on
wy, and «, and finally a, and b, are the coefficients of the Fourier series expansion of
the periodically repeated pulse shape [6].

For the stochastic (non-synchronised) pulsing, the result is somewhat simpler:

Z(l) = So A\gaoT (6.67)

and

y(r) = Ay =1) (1_1_6,—ar)

ao? aT
280 \g > aﬁ + b% . 2, Wn
+ T > 7 sin (57) (6.68)

n=1

Examples of measured and fitted results of both deterministic and stochastic pulsing
are found in [6] and the references therein.

6.7 Zero-power noise analysis from continuous detector signals

There has been an interesting development relatively recently in the area of pulse
counting-based stochastic reactivity measurement methods, the Feynman- and Rossi-
alpha methods. The essence of this development is to shift the detection methodology
from pulse counting to the analysis of time-resolved continuous detector signals, pri-
marily that of fission chambers. Instead of evaluating the statistics of the discrete
pulses, one calculates the (auto- or cross) covariance of the continuous detector sig-
nal. In order to distinguish the method based on the analysis of continuous signals
from the pulse counting method with a compact terminology which is easy to refer
to, it will be called the “time-resolved method”.

The incentive came from the so-called Campbelling techniques, which are
applied to the moments of the continuous detector signals, The essence is to esti-
mate the expectation of the stationary signal from its higher-order moments, primarily
from its variance, in order to suppress the minority component coming from gamma
detection. The Campbelling techniques were originally derived with the assumption
of independent detection events, which have Poisson statistics. Hence the original
Campbelling technique cannot be used to determine temporal correlations between
the detections arising from the fission chains, which lead to the deviation from the
Poisson statistics, and which thus contains the information on the system parameters,
such as the subcritical reactivity. However, by elaborating a simple and powerful
model of the detection process of random detections [163], it was possible to extend
the method for detections of neutrons in a multiplying system, where detections of
neutrons from the same chain are time-correlated, leading to the deviation from the
Poisson statistics [164].

This way the possibility opened up that one could unfold the statistics of the
underlying point processes from measuring continuous signals. This has the advan-
tage that by handling the continuous signals, in which the pulses from different
detections overlap, one avoids the problem of the dead time, which one encounters at
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high count rates. This is a clear advantage, which allows the extension of the method
to higher power levels (which entail higher count rates).

It is obvious that this extension is not specifically designed or meant exclusively
for next generation systems. Nevertheless, there is reason for including the time-
resolved method into this book. Namely, in next generation reactors, due to the faster
spectrum and/or smaller volume (SMRs), higher count rates can be expected. In addi-
tion, the method, representing a new paradigm, will be more likely to gain larger
applications in next generation of reactors. This is corroborated by the circumstance
that the method of continuous signals can be advantageously used with fission cham-
bers; in fact, the Campbelling techniques were developed for fission chambers. At
the same time, a study investigating three detector types for sodium-cooled fast reac-
tors (SFRs) [165], found that fission chambers are suited the best for SFRs. For these
reasons, it was found worth describing this method in addition to others, which are
more specifically designed for next generation reactors.

6.7.1 The model of the detector signal

In the following, the principles of the time-resolved method will be summarised
in a simple form, and the Rossi- and Feynman-alpha formulae will be derived for
continuous detector signals. For simplicity, similarly to the treatment of the gamma-
detection-based reactivity measurement methods, all derivations will be made by
assuming prompt neutrons only, and an extraneous neutron source with a simple Pois-
son statistics, as in [164]. The methodology was subsequently extended to including
delayed neutrons, and an extraneous source with compound Poisson statistics. With
the extensions, we refer to the literature [166—169].

The basic building stone of the model of the stochastic signal of a fission cham-
ber is to assume that each arrival of a neutron to the detector induces a pulse which
is allowed to have a random element, i.e. the pulses are not identical. This is repre-
sented by writing the pulse (temporal evolution of the detector current) induced by a
detection at time ¢ = 0 as o(x, t), where x is the realisation of a random variable with
a density function w(x). Then the probability density A(y, t) of the detector signal y
at time 7 can be written as

+o00
Wy, 1) = / 51y — o, 0] wlx) dx, y>0 (6.69)

— 00

Since each detection induces a pulse, the continuously arriving neutrons generate the
detector current as the aggregate of such current signals, each related to different
realisations x.

It can already be anticipated at this point that the final expressions for the
moments or for the Feynman- and Rossi-alpha formulae will also depend on the
characteristics of the detector pulse shape, In other words, unlike in the case of pulse
counting, the measured quantities will not depend only on the properties of the mul-
tiplying medium, but also on the properties of the detector. However, as it will be
seen, this will not lead to severe difficulties.
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In further calculations we need the characteristic function A(w, 1) of h(y, 1),

~ Foo
h(w, 1) :/ e“7h(y,t) dy (6.70)

— 00

which is obtained from the aforementioned as

. = [ " g ( / Sl — e )] wo) dx) dy

+oo
= / PN 4y (x) dx 6.71)

6.7.2  One-point densities

The next step is to derive an equation for the density p(y,7|1), where

p(y,t|1) dy 6.72)

is the probability that in a subcritical system without a source, at the time instant# > 0,
the fotal detector current y(¢), which is due to the aggregate of the single pulses from
all individual detections from a chain of neutrons induced by one source neutron, lies
within the interval (y, y + dy], provided that at time ¢ = 0 the detector current was
zero, while the number of the neutrons was equal to unity. We call p(y,#|n(0) = 1)
the single-particle induced distribution, in contrast to the one which is due to the
continuous injection of source neutrons. To derive a backward-type master equation
for this quantity, we need to account for the neutron multiplication in the system. This
will be made by using the same variables and parameters as in the previous sections,
namely by the use of the intensities of caption, detection and fission A, Ay and Ay,
respectively, as well as the number distribution p,(k) of prompt fission neutrons. The
total reaction intensity J, is, as usual,

A=A+ A+ Ar (6.73)

By applying the backward approach, by adding up the probabilities of the four mutu-
ally exclusive events of having any of the three possible reactions and no reaction,
respectively, one obtains the following integral equation:

t
PO, t]1) = e M 3(y) + Mg / ey 1) df
0
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Defining the characteristic function of p(y, #|1) as

+oo
gl 1]1) = / & p(y,1]1) dy 6.75)
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we obtain from (6.74) the equation

! t
g(w,t|1) = e*)\rl+)\d / e*)\,.([f[’) h(w,t’) dt/ +>\C / e*>\r(f7t,) dt/
0 0

t
+ N / e Mg le(w, 7 |1)] dF (6.76)
0
where
q(z) = _prlk) 6.77)
k=0

is the generating function of the number distribution ps(k) of the fission neutrons,
and the sought quantity g(w,# |1) in the square brackets is its argument. It is seen
explicitly here how the detector properties are included into the expression, through
the term containing the characteristic function 4(w, ¢') of the random pulse shape.

From this equation for the characteristic function of the single-particle induced
distribution, we need to connect to the source-induced distribution, or rather its gen-
erating function, which is the distribution of the detector signal in a subcritical system
where a continuous injection of neutrons from an extraneous source takes place. Thus,
denote by

P(y,t[0) dy (6.78)

the probability that in a subcritical system which is driven by a neutron source with
simple Poisson statistics and constant intensity S, at the time moment ¢ > 0, the detec-
tor current is found in the interval (y, y + dy], provided that at the time instant t = O
the detector current and the numbers of neutrons and precursors were zero. We also
need the characteristic function of P (y,#|0):

“+ o0
G (w,t) = / e P(y,t]0) dy (6.79)
An integral backward master equation for the source-induced distribution P (y, ¢ |0),
in terms of the single-particle induced distribution p(y,?|1) can be obtained as
follows.* Adding up for the mutually exclusive events that there will be or will not be
a source emission between [0, 7], and applying the convolution theorem for the former

case, one obtains the following backward equation for the source-induced distribution
P (y,1|0):

P(y,t|0) = e5"6()

t
+5 / e St / / p(y, 7 [1) P (32,7 10) dyrdy,  (6.80)
0

Yi+y2=y

Following standard praxis [6], single-particle induced distributions and their generating functions will be
denoted by low case letters, whereas source-induced ones by capital letters.
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From (6.80), using the convolution theorem, one obtains the following equation for
the characteristic function:

t
G(w, 1) :e*5’+s/ e S g(w, 7 1) G(w,?) d7 (6.81)
0

It is easy to show that the solution of the integral equation (6.81) is given as

G(w, 1) = exp {S Uotg(w, 7 n(0) = 1) — 1} d/} (6.82)

From (6.82), equations for the moments of the detector current can be obtained.
It is convenient to calculate the cumulants, out of which we only need here the first
two, which is the expectation and the variance. The cumulants &, (#) can be obtained
from the well-known relation

(1) = (1) Pg(jﬂ p 6.83)

where
K(w,t):lnG(w,t):S[/ g(w,tl)—l} at 6.84)
0

The stationary values of the moments, such as the expectation and the variance, are
obtained as the asymptotic values for t — co. Equations for these can be obtained
from (6.83) and (6.84). For an arbitrary detector pulse shape, these can be solved
symbolically; once the detector pulse shape distribution is fixed, concrete solutions
can be obtained.

6.7.3 Two-point densities and the auto-covariance

Out of the first two cumulants, the expectation (first moment) is interesting for our
purposes as it is. However, regarding the second moment, the variance of the sig-
nal in itself is not sufficient to derive the time resolved equivalents of the Feynman-
or Rossi alpha methods. As mentioned earlier, the information about the subcritical
reactivity is embedded into the time correlations between the detections at different
times. In the case of the continuous signals, an equation for the equivalent of the
Feynman-alpha method is not possible to derive. What is possible to do is to deter-
mine the stationary auto-covariance of the detector signal for two different times a
time lag 7 apart, which is the analogue of the Rossi-alpha method of the discrete
pulse counting method. Alternatively, the cross-covariance between two detector sig-
nals as functions of the time separation 7 could be considered. This would have the
same advantages (suppressing the effect of background noise) as the two-detector
Feynman-alpha method of pulse counting, which was treated in Section 6.5. The
cross-covariance time-resolved method was tested in measurements, but its theory
will not be described here.

From the auto-covariance, the time-resolved analogue of the Feynman-alpha
method can be derived, with a relationship, similar to (2.10). Hence in the following
we first outline the determination of the auto-covariance (Rossi-alpha), after which
the time-resolved Feynman alpha formula will also be derived.
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The auto-covariance is defined as

lim Cov {y(r =) y(1)} = lim (y(t —7) y(1)) = {3)* = Cov(r) (6.85)

t—o0

For the calculation of this quantity, one needs the two-point (in time) equivalents of
the one-point densities single particle induced and source-induced densities p(y, #|1)
and P(y, 7/0), respectively, i.e.

p(y1,y2,11,12|1) and P(y1,y2,11,1]0) (6.86)
or rather their characteristic functions

glwr,wa, 11,1) and G(wy,wa, 1, 1) (6.87)
Here,

Py, y2,t,0]1)dnde (6.88)

is the probability of the event that at time #; = ¢ — 7 the detector current is in the inter-
val (y1,y1 + dy;) and that at #, = ¢ the detector current is in the interval (y», y> + dy>)
in a subcritical system in which one single neutron was injected at time ¢ = 0, when
the detector signal was zero. P(y1,y2, 11, 1|0) is the same, but for the case when at
time r = 0 there were no neutrons in the system, the detector signal was zero, and the
extraneous source with Poisson statistics and intensity S was switched on.

Neglecting the details, we only write down the equations for the characteristic
functions which read as follows:

glwi,wy, t —T1,0) = e M

t
+ A / e M=) [A(t’ — 1) h(wi, ¢ — 1) h(w), 1)
0
t
+ A(T—t’)lz(wz,t’)} di’ + A / e M=)y
0

+ X /Ot e MDA — 7) glglwr,wn d = 7,1
+A(r = 1) grlg(wr, )] } d7 (6.89)
and
G(wy,wy,t —T,t) =e %'
+ /Otes(”” A —7) g(wi,wa, ! —7,1)

Gwi,wa, ' —1,0)+ A(r — 1) g(wa, 1) G(wy, )] df
(6.90)

The one-point characteristic functions g(w, t) and G(w, r), as well as their defining
equations were already given earlier.
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From the definition (6.85) and the properties of the characteristic functions, the
auto-covariance can be calculated as

. *G(wy,wr,t — T, t
Cov(7) = lim;_, le [ ( éméwz )LI_O

UJZZO

, [1 3G(w1,t—7)] [1 3G(W2,f)}
— lim - DU
1—00 7 Oowi w=0 L? 0w, wWr=0

With the help of (6.89) and (6.90) and their solutions, the auto-covariance can be
calculated. The results remain partly symbolic as long as the characteristic function
iz(w, t) of the random detector pulse shape is not defined. The derivation of the auto-
covariance is rather laborious and lengthy and will not be given here, it can be found
in [164] and [168]. Instead, first the final result for the covariance will be given with a
selected concrete pulse shape, after which the time-resolved variance to mean formula

will be given, as calculated from the auto-covariance.

(6.91)

6.7.4 Rossi-alpha formula for a given detector pulse shape

Following the aforementioned publications, a concrete pulse shape ¢(x,7) and its
amplitude probability distribution w(x) will be selected as follows. The pulse type
will be defined as

o(x,) =0x*te™ and  w(x) =0 (x — a,) (6.92)
This is a deterministic pulse type with a pulse shape f(r) being equal to
+oo
flr) = / o(x, ) wx)dx = Qa’te™ ! (6.93)

Here, «. is the time constant of the detector electronics, whereas Q stands for the
collected charge, equal to the integral of f{z).

With the aforementioned pulse shape, and defining the reactivity p and the
prompt neutron generation time A in terms of the reaction intensities and the expecta-
tion v of the number of prompt neutrons per fission as in the previous chapters, after a
lengthy algebra one finds the following for the covariance. To simplify the formulae,
we introduce the following notations:

_ANQ (v (v—1)af

® (6.94)
a? (a2 — a?)?
a? (3045 — 042) 0
v, = _T(I) + 3 (6.95)
a? (a2 — az) 0
Uy=——*"— 2P+ = .
2 ol + > (6.96)

e
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These are analogues of the Y., factors of traditional Feynman- and Rossi-alpha
formulae.
In terms of these notations, the auto-covariance function Cov (7) is given as

1
Cov (1) = E () [oz Pe Il 4, Urem Tl 4 0, Us0, | 7] e~ (6.97)

Here, (y) is the expectation of the stationary detector signal, which in the present case
is equal to

) = 2422

«
As it was shown in (2.6), in the traditional pulse counting case, the Rossi-alpha
formula R(7) is defined as the normalised (with the expectation of the intensity
of the detections) autocovariance function [6]. Therefore, it is logical to define the
Rossi-alpha formula for the case of the continuous signals as the auto-covariance,
normalised with the expectation of the stationary detector signal. One thus obtains

(6.98)

1
R(1) = 3 [a Pe Il 4 a, Wie Il 4 0, )0, kd e_aglﬂ} (6.99)

This formula shows considerable resemblance to the Rossi-alpha formula, (2.7),
although there are several differences. One is that the coefficients ¢, ¥; and ¥, are
much more complicated than the coefficients A; and A,. A more significant differ-
ence is that in the time-dependent parts, besides the exponential term containing the
prompt neutron decay constant «, exponentials containing the decay constant of the
detector pulse shape appear, and the last term even has a multiplying factor |7|.

Because of these circumstances, the unfolding of the prompt neutron decay con-
stant from the measured data is not trivial. However, similarly to the traditional case
where the prompt neutron decay constant can easily be extracted due to the fact that
a and oy are sufficiently separated, the prompt neutron decay constant o can be
extracted from the continuous-signal-based Rossi-alpha measurement, if o and a,
are sufficiently separated in their magnitude. In general, one may expect that

e >> a (6.100)

in which case one might assume at the evaluation of the measurement that the second
and the third terms on the r.h.s. (6.99) decay within the time resolution of the sampling
of the continuous signal, and it is sufficient to fit only one exponential, the prompt
neutron decay constant, to the measured data.

The evaluation of a simulated data set produced by Szieberth et. al [170] apply-
ing realistic pulse shape of a fission chamber can be seen in Figures 6.1 and 6.2, with
lin-lin and log-log scale, respectively. The log-log scale allows to observe the contri-
bution of the term related to the detector pulse shape in the shorter time range denoted
by red. The contribution related the prompt decay constant is well separated in this
case and a fit excluding the contribution from the pulse shape can be performed. The
fitted v value shows a satisfactory agreement with the o = 213 1/s assumed in the
simulation considering the variance of the results and the uncertainty of the non-linear
fitting procedure.
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Figure 6.1 Evaluation of a Rossi-alpha measurement from a simulated data set of
continuous current of a fission chamber, using a realistic pulse

shape [170]
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Figure 6.2 The same as Figure 6.1, but with log-log scale

Proof-of-concept measurements were also performed at the Kyoto University
Critical Assembly by Szieberth e al. [170,171]. In these measurements the count rate
was sufficiently low such that overlapping of the pulses was negligible, and no dead-
time problem existed for the pulse counting method. Due to the low count rate, the
measurement could be evaluated both with the pulse counting and the time-resolved
method, for a comparison. Figure 6.3 shows the Rossi-a evaluation of a measure-
ment performed in critical condition with the traditional pulse counting methods (top
figure) and with the time-resolved method (bottom figure), respectively.

The « values from the two methods are close to each other, the continuous signal-
based method yielding a somewhat larger value. It is seen that the relative scatter of
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Figure 6.3 Evaluation of a measurement, made at the Kyoto University Critical
Assembly (KUCA) a) with the pulse counting method (top figure) and b)
with the method based on continuous signals (bottom figure) [170,171]

the data is significantly smaller for the continuous signal-based method than with
the traditional pulse-counting method. This is due to the much higher number of data
points obtained from the high-frequency sampling of the continuous signal. However,
these data points are strongly correlated. Therefore, the uncertainty of the obtained
a-values is not expected to be lower.

6.7.5 Variance to mean formula for the time-resolved method

In the pulse counting mode, the Feynman-alpha or variance to mean formula is given
as the dependence of the ratio of the variance and the mean of the number of counts
on the measurement time during which the count are counted. The alternative of this
for the time-resolved method is the variance to the mean of the integral of the signal
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for a given time window T, as the function of the integration time. Thus, define the
random function Z(T) as the integral of the random function y(7), i.e.

Z(1) = /OTy(t) dt (6.101)

Then, for the variance to mean method we need the mean and the variance of this
quantity. The expectation is given as

(Z(T)) = /Ooo (1) dt = Ade T (6.102)

The variance of Z(¢) can be calculated with the help of the auto-covariance function
as [172]

T T T i
a%(T):/O dt1/0 dtzCov(tz—tl):Z/o dt/o d7Cov(T) (6.103)

Note that (6.103) differs from (2.10) in that in the latter, the expectation is added
to the integral over the covariance, whereas in the former only the integral of the
covariance appears. As is was discussed in [168], the reason for the difference is that
(2.10) concerns a continuous parametric discrete random process (here the continu-
ous parameter being the time during which the discrete number of pulses is counted),
whereas (6.103) concerns a continuous random variable (i.e. the continuous random
process y(1)).

Substituting (6.97) into (6.103), performing the integrations and dividing by the
expectation (6.102) of y(¢) one arrives to the result

oy(T)
(Z(0)

where the functions fi (X) and f>(X) are defined as

= vim (T) = ®f; (T) + Uif; (aeT) + Uafs () (6.104)

1—e X

f0=1-—

(6.105)

and

l—e X

X

As is seen from (6.104), and as it could be expected from (6.103), the variance to
mean of the time-resolved method starts from zero for 7 = 0, i.e.

vtm (T = 0) = 0 (6.107)

HX)=1+e%-2

(6.106)

unlike in the case of the traditional count-based methods, where it is equal to unity
for T = 0. In principle this could be advantageous, because in the traditional method
the information is in the part of the variance to mean that exceeds unity, whereas here
there is no extra constant that should be subtracted from the evaluated result.

On the other hand, the same circumstances prevail here as with the Rossi-alpha
method, namely that the variance to mean formula contains exponential terms con-
taining the detector pulse decay constant, which makes the extraction of the prompt
neutron decay constant more difficult. Again, if the magnitude of the detector decay
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constant is sufficiently separated from that of the prompt neutron decay constant, the
extraction of the latter from the measurements is possible. If the detector pulse decay
time is short compared by the sampling time of the signal in the measurement, then
one can assume that the second and third terms on the r.h.s. of (6.104) have already
reached their saturation value. In that case one has

which can be rewritten in the more standard Feynman-alpha formula as
1 — eaT
vtm(T) =¥, + U, + - 1—77, (6.109)
o

This formula shows that due to the influence of the detector pulse shape and a pulse
width small compared to the sampling time of the signal, the time-resolved variance to
mean method has a form similar to the traditional formula in that its time dependence
is determined by the prompt neutron decay constant, but the initial value deviates from
zero. Since both ¥ + ¥, and ®, as well as « are unknowns, the fit needs to be made
for three unknowns to extract the prompt neutron decay constant.

One can also note that this “jump” of the variance to mean at ¢ = 0, due to the
component of the function which already reached its asymptotic value, is an analogue
of the similar jump in the gamma counting-based Feynman-alpha method, (6.42).
There the extra term ¢, ) D,, corresponds to the asymptotic value of the component
of the Feynman-alpha expression which is related to the decay constant due to the
gamma lifetime. This lifetime is set to zero in the model applied in Section 6.4, hence
the asymptotic value of this component is added at = 0.

As an illustration, some results from simulations and measurements are shown
in Figure 6.4 [170,171]. The figure shows the evaluation of a VIM simulation for
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—_
(=}
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w
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Variance-to-mean [a.u.]

0 1 1
10°° 107 104 1073 102 107!
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Figure 6.4 Evaluation of a Feynman-alpha measurement from a simulated data set
of continuous current of a fission chamber; using a realistic pulse
shape [170]
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continuous signals, where the input was generated by assuming the same realistic
pulse shape of a fission chamber as in the case of the Rossi-a simulations in Section
6.7.4. The logarithmic time scale allows for the observation of the contribution of
both the detector pulse and the prompt decay constant. The two inflection points in
the curve correspond to the detector decay constant o, and the prompt neutron decay
constant o, respectively. The detector decay constant was found to be 3.64 -10° 1/s,
whereas the prompt neutron decay constant was obtained as o = 197 1/s. These are
in good agreement with the input data to the simulation.

Results from a measurement performed in KUCA in the same core configuration,
evaluated by both the pulse counting and the time-resolved methods, are shown on
Figure 6.5 [170,171]. These measurements were made in the critical state, and they
were taken sufficiently long such that both the prompt neutron decay constant «, as
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Figure 6.5 Evaluation of a measurement performed in KUCA, a) with the pulse
counting method (top figure) and b) with the method based on
continuous signals (bottom figure) [170,171]
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well as the delayed neutron Feynman time constant «; could be fitted. The latter is
obtained with rather high uncertainty, as in critical condition the delayed term of the
Feynman-« formula diverges. The red parts of the curves were excluded from the fit
since they deviate from the theoretical curve. In the case of the pulse counting method,
this is due to the dead-time effect, while in the continuous signal-based case, the effect
of the pulse shape deviates from the ideal case assumed in the theory. Again, the fitted
data from the two measurements are reasonably close to each other. It is seen that for
the VTM, the time resolved method yields lower values, in contrast to the Rossi-alpha
case.

The aforementioned results are rather encouraging, and demonstrate the poten-
tials of the time-resolved method [173]. Work is going on to test the method with high
count rates, to demonstrate its applicability in cases where the pulse counting method
breaks down due to the dead time problem. It is envisaged that the method will be
used widely with next generation nuclear systems, as well as in nuclear safeguards.
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Chapter 7

Instrumentation and control systems diagnostics
for next generation of nuclear reactors

Hash M. Hashemian’

This chapter describes experience with implementing in-situ or online monitoring
techniques to verify the performance of the instrumentation and control (I&C) sys-
tems and the components of nuclear facilities. These techniques depend on signals
from temperature sensors, pressure, level and flow transmitters, and neutron flux
detectors. Almost all materials included here are based on hands-on implementation
work in nuclear facilities worldwide.

Although the material in this chapter is based on testing of instrumentation and
control (I&C) systems and other components of the existing fleet of nuclear power
plants, they apply also to the next generation of nuclear reactors currently under
design, development or construction. In fact, the motivation for writing this chap-
ter was to entice the designers of next generation of reactors to take advantage of
this material in the design and development of new plants. For example, new plants
should allow for plenty of process sensors, diagnostics sensors, wireless sensors and
fast data acquisition systems to allow the type of diagnostics that are articulated in
this chapter.

One word on the instrumentation for next generation reactors is in order. The
availability and the spacing of sensors and sampling rates of sensor data plays an
important role in the possibilities and performance of diagnostics. Since once the
construction is fixed and the reactor is built, there is no possibility to complement
the instrumentation later on, one task of overwhelming importance in the planning
of next generation reactors is to make sure that the design includes a sufficiently
high level of instrumentation. This is all the more important since due to the lack of
operating experience, one does not yet know all the possible perturbation types that
might need to be diagnosed. Therefore, it is advisable to plan a certain redundancy
in the instrumentation.

7.1 Introduction

Over the first two decades of nuclear plant operations (1960s—1970s), troubleshoot-
ing and maintenance of nuclear power plant equipment was done primarily by

1Analysis and Measurement Services, Knoxville, Tennessee, USA
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hands-on procedures. Then, starting in the early 1980s, hands-off procedures emerged
as computer technologies made it possible to acquire test data on-site in nuclear
power plants. For example, a method called the loop current step response (LCSR)
test was developed in the late 1970s and implemented in nuclear power plants in
the early 1980s to measure the response time of temperature sensors remotely from
the control room area while the sensors remained installed in the plant during oper-
ation [174-176]. The LCSR test is performed by sending a current signal to the
sensor to cause heating in the sensing element. This heating produces a tempera-
ture transient in the sensor that manifests itself at the output of the sensor and can be
sampled and analysed to yield the response time of the temperature sensor. It applies
to resistance temperature detectors (RTDs) and thermocouples (TCs). The principle
of the LCSR test for RTDs and TCs is illustrated in Figures 7.1 and 7.2, respectively.
Today, almost all applications of the LCSR method in nuclear facilities have been
on RTDs.

Figure 7.3 shows LCSR transients for RTDs in nuclear power plants. Two
transients are shown: one for a direct immersion RTD and another from a thermowell-
mounted RTD. It Is apparent that the direct immersion RTD is much faster than
the thermowell-mounted RTD because thermowell adds mass and thermal resis-
tance which slows the dynamic response of the sensor to a sudden change in
temperature.

RTD as Installed
in a Process

Step Change in Current

-

Time

DC Power s

Supply —
(E)

™

Bridge Output

Amplifier (V)

Time

Figure 7.1 Loop current step response (LCSR) for resistance temperature
detectors (RTDs)
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Figure 7.2 Loop current step response (LCSR) for thermocouples (TCs)
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Figure 7.3 Principle of LCSR test to measure the response time of RTDs



230  Surveillance and diagnostics of next generation nuclear reactors

High-Frequency Noise
(Electrical Interference

and Others)
Inherent Fluctuations
[Temperature, Random AC Component
Heat Transfer, Vibration, (Noise)
etc.] (AC Output)
DC Output
=
=]
.20
N DC Component
Time

) nput utput
;i‘\il"ftl.lrjj'llﬂltliitf':'m# L» a L“;} WA o o

Sensor

—> i — )\

Figure 7.4  Principle of noise analysis technique for sensor response time testing

For pressure, level and flow transmitters, the noise analysis technique was
adapted for response time measurements. Figure 7.4 demonstrates the principle of
the noise analysis method. This is followed by Figure 7.5 illustrating the noise data
acquisition process.

The noise analysis technique is a passive test that depends on natural fluctuations
(noise) that exist at the output of most process sensors while the plant is operat-
ing, and it has a variety of applications in nuclear power plants besides transmitter
response time testing. For example, as mentioned in Chapter 2, noise analysis can
be used to measure the vibration of reactor internals using existing neutron detec-
tors that are located outside the reactor vessel in pressurised water reactors (PWRs).
Figure 7.6 shows the arrangement of the four ex-core neutron detectors in a PWR
plant, each of which may be used to measure the vibration of the reactor internal
components. Figure 7.7 shows the results of noise analysis given in terms of power
spectral density (PSD) of the noise signal from an ex-core neutron detector in a
PWR plant. The PSD is arrived at through fast Fourier transform (FFT) of the noise
signal. Each peak in the PSD is indicative of vibration level of a reactor internal
component.
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Figure 7.7 PSD of neutron noise signals from an ex-core neutron detector in a
PWR plant

7.2 Online flow monitoring

If noise signals from neutron detectors are cross correlated with the output of core
exit TCs in a PWR plant, the flow through the reactor core can be estimated and
monitored. Figure 7.8 shows the arrangement of neutron detectors in a PWR plant.
These detectors are at a lower elevation than core exit TCs located on top of the
reactor. Signals from the two types of sensors being a distance apart can be used
to monitor flow through the reactor core for diagnostic purposes such as detection of
blockages within the reactor coolant system (RCS). Figure 7.9 illustrates the principle
of cross-correlation techniques. The cross-correlation result is presented in terms of
a peak in the cross-correlation plot that corresponds to the time that it takes for the
fluid to travel between any pair of sensors such as an ex-core neutron detector and a
core exit TC. The signals from the two sensors are simply multiplied (after shifting
one of the signals by a time period) to arrive at the cross-correlation results.

7.3 Online detection of core flow anomalies

The author has used the noise analysis method in a number of nuclear power plants to
measure the dynamic performance of I&C systems, perform diagnostics and identify
root cause of anomalies. For example, at the Diablo Canyon nuclear power plant in
the US, the noise analysis technique was used to identify the root cause of an increas-
ing amplitude of neutron signals towards the end of the plant operating cycle causing
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Figure 7.8 Neutron detector arrangement around reactor vessel in a PWR plant
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Figure 7.10 Illustration of flow fluctuations within the core of a PWR plant

neutron signal alarms. The result relieved the plant operators and the nuclear regu-
lators who were concerned about excessive core barrel vibration or anomalous fluid
flow oscillations resulting in fuel damage. The problem is illustrated in Figure 7.10
as flow fluctuations occurring in a manner in which 3/4 of the reactor coolant flow
will decrease while 1/4 would increase and vice versa. This behaviour caused ex-core
neutron detectors to alarm leading the plant operators to postulate that the core barrel
was vibrating with a higher amplitude than in the past. Analysis and Measurement
Services (AMS) ruled out this possibility using the noise analysis technique to mea-
sure the amplitude of core barrel vibration and compare it with the other reactor unit
on the same site and with historical data from other plants. The results proved that
the core barrel vibration level was nominal leaving the operators with the question
as to the root cause of neutron signal alarms. Subsequently, AMS demonstrated that
the reason for neutron signal alarms was core flow anomalies as illustrated in Fig-
ure 7.10. This conclusion was arrived at by cross-correlation of all ex-core neutron
detectors with all core exit TCs. The flow oscillation shown in Figure 7.10 illus-
trates that the flow through 3/4 of the reactor core could decrease enough to concern
the plant operators and nuclear regulators about the possibility of fuel damage. This
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possibility was ruled out by measuring the frequency of the coolant flow oscillations
to verify that these oscillations were faster than fuel-to-coolant time constant leaving
no opportunity for the flow to decrease enough for a long enough period to cause fuel
damage.

7.4 Online detection of sensing line blockage and voids

The noise analysis technique has also been used to identify blockages in sensing lines
that bring pressure or differential pressure information from the process to transmit-
ters that measure pressure, level, or flow. Figure 7.11 shows the configuration of a
sensing line leading from a process tank to a transmitter. It also shows a photograph
of a partially blocked sensing line and two PSD plots that show the effect of sens-
ing line blockages on the dynamic response of the affected transmitters. The photo
is from an actual sensing line blockage in a PWR plant and the two PSDs are from
noise data collected from two different PWR plants, one in the USA and another in
Europe. It is clear from the PSD results that any blockage in a pressure sensing line
can be identified by noise analysis. It is apparent in these PSDs that the blockages
cause significant delay in the dynamic response of the transmitters. For example, the
blockage in the sensing line of the USA plant has caused the transmitter response to
become slow by about an order of magnitude.

The noise analysis technique can also be used to detect the presence of air/void
in pressure sensing lines as shown in Figure 7.12. It is apparent that any signifi-
cant air/void in the sensing line will not only reduce the dynamic response of the
transmitter but also cause the pressure signal to fluctuate at a resonance frequency,
which results in disturbance to plant operation. It should be pointed out that the data
in Figure 7.12 is from laboratory experiments performed at AMS to demonstrate
the capabilities of noise analysis techniques to detect air/void in pressure sensing
systems.

7.5 Online detection of sensing waves

In addition to air/void in sensing lines that cause resonance at the output of pressure
transmitters, standing waves in process piping can cause resonances that can disturb
the plant operations. This problem can also be diagnosed using the noise analysis
technique as shown in Figure 7.13. The nuclear plant affected by this problem expe-
rienced excessive flow fluctuation in the RCS causing the plant to reduce power. The
PSD of this fluctuation showed a peak at 10.7 Hz while the plant was operating at full
power with reactor coolant temperature at 565°F (about 300°C). This peak shifted
to 12 Hz when the reactor coolant temperature decreased to 520°F (about 270°C).
The following calculations starting with the standing wave equation prove that the
root of the fluctuation problems was standing waves in the plant piping leading to the
pressure transmitter. Standing waves are a natural phenomenon that must be taken
into account in mechanical design of fluid systems.
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Figure 7.11  Illustration of how sensing line blockages are detected using the noise
analysis technique

The frequency F(T) of the standing wave, as a function of the temperature 7 is
given as

F(T) == (7.1)
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7.6 Online monitoring pioneers

Almost all the noise analysis work for the aforementioned online monitoring (OLM)
applications was derived from the work of the late Dr Joseph A. Thie (1943-2023),
who was known as the father of the nuclear noise analysis and a renowned expert in
nuclear reactor surveillance and diagnostics [1,177,178]. Although he was one of the
first nuclear engineers and scientists who introduced the use of noise analysis to the
nuclear industry, many others worked in this area in the United States, Europe, and
elsewhere [179-181]. In particular, the lead editor of the present book contributed
substantially to this field and published extensively [6,7]. The author of this chapter
worked with both Dr Thie and Professor Pézsit in different capacities. In fact, Dr Thie
and Dr Hashemian worked together at AMS for nearly 40 years and Professor Pazsit
served as the doctoral advisor of Dr Hashemian at Chalmers University of Technol-
ogy in Sweden, where Dr Hashemian earned his PhD degree in nuclear engineering
in 2009.

In the 1990s, AMS began to apply the noise analysis technique in nuclear
power plants, commercialising the work of Dr Thie and Dr Pazsit. Subsequently,
the International Atomic Energy Agency (IAEA) and the International Electrotech-
nical Commission (IEC) developed new standards and guidelines for the use of noise
analysis techniques in nuclear power plants [182-184]. In doing this, Dr Oszvald
Glockler and Dr Gabor Por, both from Hungary but working internationally, helped
with TAEA activities in this area [185,186].

7.7 Online calibration monitoring

Encouraged by the success of the noise analysis technique for online measurement
of dynamic performance of sensors and systems in nuclear plants, in the 1990s, the
nuclear industry began to explore the use of OLM for tracking the static behaviour of
sensors and systems [187,188]. This endeavour involved the Electric Power Research
Institute (EPRI), AMS, universities, and national laboratories in the United States
and similar research and development (R&D) organisations in other countries. After
more than two decades of R&D, OLM found its way in the Sizewell B nuclear
power plant for verifying the calibration of pressure, level, and flow transmitters.
The Sizewell B plant in the United Kingdom is a Westinghouse PWR near London,
England and the first western nuclear plant to have a digital plant protection sys-
tem [&C with a complete analogue backup 1&C system. As a result, Sizewell B has
more pressure, level, and flow sensors than other PWR plants and was ripe for OLM
implementation [189,190].

Figure 7.14 shows the fundamentals of the OLM technique for monitoring the
calibration of sensors. The advantages of OLM to monitor sensor calibrations are:
1) OLM data are already available from plant computers and can be easily retrieved
from plant data historians or other existing means in the plant, and 2) there is no need
for any modification of plant equipment to implement OLM; all that is needed is a
plot of data over the duration of the fuel cycle to identify drift. If drift is identified,
then the affected transmitter is calibrated. Otherwise, the transmitter is allowed to
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Figure 7.15 OLM data for transmitter calibration verification

continue its service for another fuel cycle. A typical fuel cycle is 14 to 24 months
depending on the plant. Figure 7.15 shows results of OLM implementation to verify
transmitter calibration in two different nuclear power plants: one in the United States
by the name of McGuire Nuclear Power Station and the other being the Sizewell
B Nuclear Plant. It is apparent that none of the four transmitters at McGuire plant
drifted during the two years of operation and do not therefore need to be calibrated.
In contrast, one of the transmitters at Sizewell B plant began to drift during the 14
months of monitoring. Obviously, this transmitter had to be calibrated and the other
three left to operate for another 14 month fuel cycle.

7.8 OLM implementation process

To implement OLM for transmitter calibration verification, the output of pressure
transmitters is monitored as the plant is operating to look for drift. If the sensor has
drifted, then it is scheduled for calibration. Otherwise, the sensor is not touched until
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after the end of next cycle. To verify the calibration of a sensor over its entire operat-
ing range, OLM data is used from periods of startup, shutdown, and normal operation
(Figure 7.16). The reference for calibration monitoring is the average of redundant
sensors. Therefore, the method requires at least two-way redundancy to allow for
the averaging of redundant sensors to provide a reference for calibration monitor-
ing. Fortunately, most safety-related sensors in nuclear power plants are two or more
ways redundant; therefore, OLM applies to nearly 100% of safety-related sensors
in nuclear power plants. For non-safety related sensors that are usually on the sec-
ondary side of the plant and are not redundant, OLM depends on process modelling
to establish the reference for calibration monitoring [191,192]. Today, most of the
attention on OLM is on its application for safety-related sensors that are in the reactor
containment or otherwise difficult to reach for calibration.

With OLM, plants identify drifting transmitters and calibrate only those that have
drifted beyond acceptable limits as determined using plant set point data. Based on
experience with OLM implementation at Sizewell B and the history of transmitter
calibration drift, it has been determined that less than 10% of nuclear-grade pressure,
level and flow transmitters need calibration over a single operating cycle of 14 to 24
months. In fact, it has been determined that some transmitters can operate for over 20
years without drifting enough to need a calibration. The 90% in calibration savings
that nuclear plants gain from OLM can amount to over a million dollars per each two-
year cycle for a single plant unit. This by itself is huge, but there are more indirect
benefits when unnecessary calibrations are avoided in terms of inadvertent plant trips,
damage to plant equipment, and reduction in radiation exposure to plant personnel
during calibrations, not to mention human error and their consequences.
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Figure 7.16 OLM data collected over all modes of plant operation
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7.9 Regulatory approval of OLM

As a result of its success at Sizewell B, nuclear executives have stated that OLM
contributes to “nuclear safety”, which has incentivised nuclear regulators to approve
OLM for the nuclear industry. In fact, British nuclear regulators approved OLM in
2006 for the Sizewell B plant in the United Kingdom, and the US Nuclear Regula-
tory Commission (NRC) approved OLM in 2021 for use in the US nuclear fleet. The
NRC approval of OLM resulted from a review of a topical report (TR) that AMS
wrote with funding from U.S. Department of Energy (DoE) [193]. DoE was enticed
to fund this work for its potential to save costs for the nuclear industry while con-
tributing to the safety, reliability and efficiency of nuclear power plants. With the
NRC approval of the TR, nuclear plants are allowed to switch from time-based cali-
bration of transmitters to condition-based calculations. Today, Plant Vogtle in the US
has fully implemented OLM and has already declared substantial savings from the
first use of OLM. Plant Vogtle is a Westinghouse PWR located in the state of Georgia
in the United States.

In addition to an NRC approved TR, plants implementing OLM must each
receive NRC approval to switch from time-based calibration practice to a condition-
based calibration strategy. This approval is needed because the plant technical
specifications must be modified to migrate from traditional time-based calibrations to
condition-based calibrations using OLM. In the US, each plant must submit a License
Amendment Request (LAR) to the NRC for approval to implement OLM. Today,
the NRC has approved a LAR for Vogtle, and applications are under preparation for
almost 50 other LAR approvals for more plants to embark on OLM implementation.

7.10 OLM benefits

OLM has many applications beyond sensor calibration monitoring. However, these
applications are pending and are expected to take hold after OLM implementation
projects for a few plants are in full use for transmitter calibration monitoring. For
example, Sizewell B engineers produced the information in the following table to
show the megawatt recovery and corresponding dollar savings that can potentially
result from expanded use of OLM.

Applications MW Gain Saving/Year
Feed Water Flow Uncertainty 24 $14.0 M
Secondary Calorimetric 4 $2.3M
Feed Temperature 35 $2.0M
Cooling Water Optimisation 3 $1.8 M
Optimise Steam Drainage 2 $1.2M

Potential Savings per Annum $21.3M



Planned instrumentation and control systems 243
7.11 OLM for generation IV reactors

In addition to the existing generation of nuclear plants, OLM is slated to be built
in the design of the next generation of reactors including water-cooled SMRs and
non-water-cooled advanced modular reactors (AMRSs) [194—196]. These reactors are
expected to rely on autonomous operation and automated maintenance making OLM
a necessity in their design.

7.12 Conclusion

This chapter reviewed the application of in-situ and OLM techniques for sensor
response time testing, sensor calibration verification and anomaly detection in nuclear
power plants.
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Chapter 8

Worldwide activities in design and planned
diagnostics of SMRs

Belle Upadhyaya’

8.1 Introduction

The primary objective of this chapter is to outline the development of small modular
reactors (SMRs) with a focus on instrumentation and monitoring approaches being
developed for efficient operation. The development and deployment of nuclear reac-
tors are driven by the following factors as identified by Goldberg and Rosner [197]:
cost effectiveness, safety, security and nonproliferation, grid appropriateness, com-
mercialisation roadmap, and the fuel cycle. The design and development of SMRs
must incorporate these features.
The following topics are presented in this chapter:

* Anintroduction to SMRs. Various stages of nuclear plant development, leading
to SMRs as Generation IV (Gen-IV) plants. Types of SMR designs and vendors.

* SMR systems. Light water, gas-cooled reactors (GCRs), molten salt reactors
MSRs), microreactors.

* Description of a typical SMR.

* Challenges in SMR instrumentation, built-in devices during manufacturing.

e General approaches for SMR monitoring. Use of edge computing and
autonomous control design.

8.2 Phases of nuclear reactor development

Gen-I reactors were built in the 1950s and early 1960s. The focus of design and
construction was on pressurised water reactors (PWRs). Large commercial reac-
tors built in the U.S. and other countries in the 1960s and 1990s are referred to as
Gen-II reactors. These include PWRs, boiling water reactors (BWRs), pressurised
heavy water reactors (CANDU), GCRs, and SFRs.

The next generation reactors incorporate passive safety, standardised design,
longer refuelling intervals, increased fuel enrichment, use of MOX fuels, and reduced
construction time. These are the Gen-III (and Gen-III+) reactors. Examples include

lDepanment of Nuclear Engineering, The University of Tennessee, USA
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advanced BWR (Japan) and AP-1000 (Westinghouse Electric Company), advanced
CANDU reactor, APR-1000 (Korean advanced PWR), VVER-1200 (Russia) and the
1650 MWe European power reactor (EPR).

Gen-IV reactors [198] have new fuel cycles and operate at high temperatures.
High-temperature GCRs, MSRs, and sodium fast reactors (SFRs) are some of the
examples of Gen-IV design and development. High temperature operation enables
higher efficiency and can be used for hydrogen production for industrial applica-
tions. SMRs cut across Gen-III and Gen-1V reactor systems with the features of
semi-autonomous operation and walk-away safety systems.

8.3 SMR designs and reactor vendors

As mentioned in the last section, SMR designs include light water reactors (LWRs),
GCRs, MSRs and other design types. Some of the major designs and reactor vendors
are the following:

* NuScale Power: This has a basic 77 MWe natural circulation PWR module. The
plant is marketed as 4-, 6-, or 12-module system.

* Holtec International design is a 160 MWe SMR.

e X-energy: Xe-100 is an 80 MWe modular high-temperature gas-cooled reactor
(HTGR) planned for construction at Dow Chemical site, Texas.

* Kairos Power design consists of two 35 MWth fluoride salt-cooled pebble bed
reactors. This Hermes 2 system (KP-FHR) has been approved for construction
by the U.S. NRC. A 35-MWth Hermes 1 test reactor, a nonnuclear engineering
test unit, has been approved for construction in Oak Ridge, Tennessee. This is
the first Gen-IV design approved for construction in the US. The two-module
Hermes 2 design will share a single Rankine cycle for steam generation [199].

*  GE Hitachi: BWRX-300 is a 300 MWe BWR.

e The HTR-PM is a Gen-IV HTGR pebble-bed reactor, the world’s first
commercial-size power plant of this kind designed and built in China. It began
commercial operation in December 2023. The two-module system has a single
steam turbine — generator system, each module with a capacity of 250 MWth.

¢ OKBM-Russia: RITM-200M is a 50 MWe marine-based PWR.

“Project Pele Microreactor is a high temperature gas cooled reactor (HTGR)
that can produce 1-5 MWe of power. The reactor is a collaboration between the
U.S. Department of Defense and several other government agencies, including the
Department of Energy, NRC, and NASA. The goal of the project is to create a small,
transportable nuclear reactor that can be used in remote military locations, for civil-
ian applications, or even in space exploration. It is designed for operation at full
power for a minimum of three years. The reactor will be designed and assembled by
BWXT” [200].

Some unique features of this microreactor would include remote and near-
autonomous operation, “walk-away” safety, and safeguard from external threats.
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8.4 Gen-IV reactor development

Gen-IV reactors use advanced fuel types with uranium enrichment just below 20%.
This fuel type is referred to as high assay low enrichment uranium (HALEU) which
would increase the power production capacity per unit volume and help extend the
refuelling interval. One of the newer fuels is called the TRistructural ISOtropic
(TRISO) fuel consisting of fuel kernels less than 1 mm diameter. Each kernel acts like
its own containment system. Thousands of these fuel particles are packed together
either in a cylindrical form or a pebble of approximately 60 mm in diameter (simi-
lar to a billiard ball). Several companies are involved in developing and fabricating
TRISO fuel for use in advanced reactors.

HTGRs, liquid metal reactors and MSRs fall in the Gen-IV reactor category.
The high temperature of the reactor coolant increases the overall plant efficiency
and is used for industrial hydrogen production and for district heating. The typical
HTGR temperature is as high as 750 °C both in microreactors and in SMRs. The
molten salt temperature in a fluoride high-temperature reactor is as high as 750°C.
The reactor pressure is almost atmospheric, thus avoiding the need for high-pressure
containment. Liquid metal reactors such as the SFR and the lead fast reactor (LFR)
have coolant exit temperatures around 550 °C and the system pressure is low with
a cover gas. TerraPower is one of the companies involved in the development of
an SFR.

8.5 Challenges to instrumentation and monitoring of SMRs

Since the overall size (diameter and height) of an SMR is somewhat limited, it is
a challenge to install instrumentation systems needed for control and reactor safety.
These include the following:

* Sensor placement (limited in-vessel space).

* How to get the signal and control rod drive mechanism (CRDM) cables out of
the reactor vessel?

*  Addressing refuelling issues.

* How to measure primary coolant flow rate?

*  What is the best location for ex-vessel neutron detectors? What is the field of
view?

e What are the challenges for placement of in-core neutron detectors?

e Placement of core inlet and outlet temperature detectors (needed for control
actions).

Figure 8.1 shows a four-loop PWR and a typical SMR, an integral reactor. Large
commercial reactors have piping that carry the reactor coolant into and out of the
reactor vessel. This facilitates the installation of various sensors, such as temperature,
pressure, flow, level, etc., without space restriction. Also, the neutron detectors can be
placed both in-core and in ex-vessel locations. As illustrated in Figure 8.1, the entire
primary and secondary loops may have to fit inside the reactor vessel.
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An SMR vessel must be designed to integrate heat exchangers/steam generators,
reactor coolant pumps, instrumentation and in some cases a residual heat removal
system. These are some of the challenges faced in the design of SMRs. In Gen-IV
reactor designs, the steam generator is external to the reactor vessel. The challenge is
routing instrumentation and CRDM cables. This latter issue is illustrated in Figure 8.2
for an integral reactor system.

8.6 Development of instrumentation for SMRs

The challenges posed in the design and installation of instrument systems for SMRs
are summarised in Section 8.4. Of specific interest is the design and deployment of
flow sensors. Two examples of flow sensor design for light water SMRs are described.

8.6.1 Flow rate measurement using motor power analysis

Centrifugal pumps are driven by induction motors of various power ratings. As the
pump flow rate changes, the load on the electric motor changes and the power drawn
by the motor changes proportionately. The pump hydraulic power is given by the
relationship

(0.H.SG) - 9.81
3600

Q is the pump flow rate and H is the developed pump head. Q and H are related,
and thus the power drawn by the motor, Py ~ f(Q). This shows that a relationship
between motor power and fluid flow rate exists and can be used for flow measurement.

Pump Hydraulic Power (kW) = 8.1)
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Figure 8.3 Relationship between motor power and pump discharge rate in an
experimental flow control loop [201]. In general, a linear relationship
may not hold

Note that this approach for measurement is an indirect technique and must be properly
validated and calibrated for each pump-motor system.

A fully instrumented experimental flow control loop was used to develop rela-
tionships among motor power, flow rate, pump discharge pressure, and tank water
level. This can be exploited for remote condition monitoring [201]. Results show a
strong relationship between motor power- flow rate and motor power-pump discharge
pressure. An example of this relationship is shown in Figure 8.3. This is a plot of the
pump discharge rate as a function of the RMS motor power. The plot in Figure 8.3
indicates a systematic relationship between pump flow rate and the measured electric
signature (motor power). A linear approximation to the experimental data is shown.
Note that this relationship, in general, is not linear.

8.6.2  Reflection transit time ultrasonic flow meter

A transit time ultrasonic flow meter operates by emitting ultrasonic pulses between
two sets of transceivers. A transceiver is both a transmitter and a receiver of ultrasonic
pulses. One transceiver sends pulses against the flow (upstream) while the other sends
pulses in the direction of the flow (downstream). The flow velocity is then determined
by measuring the difference between the times of flight of the two pulses. The advan-
tages of an ultrasonic flow meter are no pipe penetrations, no obstruction to coolant
flow, multiple sensors can be installed to develop a liquid flow profile in the ves-
sel, and the device can maintain measurement accuracy despite fouling of coolant
conduit [202].

Transit time ultrasonic flow meters can be very useful for this application because
they do not require a fully developed flow. There is no need for penetrating the reactor
vessel to implement this device.
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The ultrasonic flow meters are configured vertically along the reactor vessel wall,
directed toward the reactor core. In this arrangement, the transceivers generate pulses
that penetrate the vessel wall, cross the flow, reflect off the core barrel, and return to
the other transceiver. This is a common configuration for ultrasonic flow meters that
use wave reflection.

Figure 8.4 shows the configuration of the transit time reflection ultrasonic flow
meter. The two transceivers are placed on the external vessel surface at a known
distance apart. An estimate of the flow velocity is given by

LAt
Viow = ——————— 8.2
flow =73 sin(8) taouwn tup 8.2)

where
L: ultrasonic path length in the coolant
tiown: transit time of the downstream pulse
tup: transit time of the upstream pulse
At = tup — Ldown
0: angle of the reflected pulse

Because of the attenuation of the ultrasound pulses, it is necessary to amplify the
received signals. The flow velocity measurement is independent of fluid properties
such as pressure, temperature, Reynolds number, etc. Because of this, the ultrasonic
flow meter requires minimum calibration after the initial installation [202].

Microchannel Heat
Exchanger

Reactor Vessel

Top of Core

Pulse Reflection
Pulse Refraction s

Transceivers

Core Barrel

Figure 8.4  Configuration of the reflection transit time ultrasonic flow meter. The
red path indicates pulse flow in the upstream direction and the green
path indicates pulse flow in the downstream direction [203]
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8.6.3  Flow rate estimation using signal cross-correlation technique

An indirect approach for flow rate estimation is to determine the transit time of the
coolant in the flow channel. This technique was applied for flow velocity estimation
in PWRs, BWRs and other situations where a direct measurement using instrumenta-
tion such as venturi meter or orifice meter is not practical. In-core neutron detectors
are installed in operating PWRs and BWRs [204]. As the water flows up through the
reactor core, the fluctuations in the neutron detector measurement are caused by tem-
perature fluctuations and/or by fluid density changes. These changes are transmitted
from the upstream detector location to the downstream detector location. By knowing
the time of transit from one detector to the adjacent detector and the distance between
the detectors, an average coolant flow rate can be estimated.

Figure 8.5 shows a configuration of two detectors placed in a fluid flow path. The
direction of flow is from detector 1 to detector 2.

X, (¢) and X, (f) are responses of two detectors and the measurements are assumed
to be stationary over a period, T. The cross-correlation between the two measurements
as a function of lag time T, is given by

1 o0
RXIXZ = i/ Xl(I)Xz(l+T)d7' (8.3)
0
The two detector signals are assumed to be related by a transport delay time D:
X,(f) = ¢ Xi(t — D) (8.4)

where c is a constant. By using (8.4), the cross-correlation between X (¢) and X;(z)
is given by
1 oo

Rxlxzi?/o X](I)CX]([*Dﬁ*T)dT:CRXIXI(TfD) (85)
This cross-correlation has a maximum at a lag time, D. Thus, by calculating the cross-
correlation between two signals, the lag time at which the cross-correlation has a
maximum value gives an estimate of the transport time D, for the fluid to flow from
one detector to the next. This cross-correlation property is illustrated in Figure 8.6.

X, 2

X, °1

Figure 8.5 Location of two similar detectors in the fluid flow path
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transport delay-type dynamics

If the detectors are placed a distance L apart, the average velocity v of the fluid is
estimated as v, = L/D. The coolant mass flow rate is then calculated by knowing
its density at the operating temperature and pressure. This technique was successfully
applied to operating LWRs [204]. One or more of these flow monitoring techniques
may be used depending on the reactor design.

8.6.4 Flowrate measurement in liquid metal reactors

Liquid metal reactor systems operate under high temperature and the coolant is
chemically reactive. Liquid metal flowrate measurement in these reactors requires
special design considerations. The flowmeters must be able to withstand high gamma
radiation levels and thermal transients.

The following two types of flowmeters are often considered for use in com-
mercial SFRs: (a) permanent magnet flowmeter (direct current), (b) eddy current
flowmeter (alternating current). The permanent magnet flowmeters are used in some
commercial SFRs, such as the BN350 to measure the primary pump flowrate [205].
These flowmeters have the disadvantage of causing damage to the magnetic compo-
nents due to high temperature, radiation levels, and possible mechanical shocks.

The eddy current flowmeter has the advantage of smaller size than a magnetic
flowmeter, can be implemented in a constrained space, and it is resistant to high
temperature and radiation fields [205,206]. This flowmeter is an alternating current
electromagnetic flow meter. The sodium flow rate is proportional to the difference
between the voltages induced in the upstream and downstream coils. These are two
secondary coils on either side of a primary coil that is supplied with a high frequency
alternating current [206]. The coils are wound around a steel bobbin.

The eddy current flowmeter is compact in size and is more reliable in high tem-
perature and radiation environment than the magnetic flowmeter. It is implemented
in the 470 MWe Prototype Fast Breeder Reactor (PFBR) [205].
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8.7 Molten salt small modular reactors

8.7.1 Types of molten salt reactors (MSRs)

The development of molten salt nuclear reactors has been in the forefront in recent
days. These are generally classified as molten salt cooled reactors and fluid fuel
MSRs. The following short description has been taken from Reference [207].

The molten salt reactor experiment (MSRE) was developed and operated at Oak
Ridge National Laboratory (ORNL). It was operated from June 1965 through Decem-
ber 19609, the first of its kind, the MSRE operated at a maximum power level of 8
MWth [208]. The reactor core was composed of a matrix of rectangular graphite
blocks for neutron moderation. The molten, fuel-bearing carrier salt of "LiF-BeF,-
ZrF4-UF, at 632 °C was pumped through the core. The fission reaction increased the
core-exit salt temperature to = 655°C. The fuel salt was then circulated through an
intermediate heat exchanger where the heat from the fuelled salt was transferred to a
non-fuelled secondary salt ("LiF-BeF,) and then returned to the reactor vessel. The
basic fluoride salt is often referred to as FLiBe. The thermal power generated in the
reactor was calculated using the salt flow rate, difference between the outlet and inlet
salt temperatures, and the specific heat capacity of salt at constant pressure.

It is important to note that the MSRE was operated with U-235 fuel (33% enrich-
ment) and separately with U-233 fuel (91% enrichment) and achieved criticality in
both cases. This suggests the use of Th-232 as the fertile material in a thermal breeder
reactor for conversion to U-233. Thus, MSRs can also be designed to operate as
breeder reactors using the Thorium cycle. For details of MSR dynamic modelling
and molten salt breeder reactor systems review references [207,209,210].

The alternate form of the MSR is the salt-cooled reactor with solid fuel. This
design is being developed by Kairos Power and has seen fast advancement in the
commercialisation of the MSR-SMR, which is a Gen-IV reactor.

8.7.2  Hermes fluoride high-temperature reactor

The company, Kairos Power, has designed and developed a solid fuel fluoride salt-
cooled high-temperature reactor (KP-FHR). Hermes 1 is a 35 MWth test reactor
slated for construction and operation in Oak Ridge, U.S.A., by 2027 [211]. This is
a non-nuclear system developed for testing the various components and systems of
the prototype Hermes 2 reactor to be deployed as the first Gen-IV advanced reactor
later in the decade. The Hermes design uses solid fuel pebbles consisting of TRISO
nuclear fuel. The reactor consists of a graphite moderator and reflector. Hermes 2 is
a two-unit 35 MWth system with a total electricity generation of ~ 20 MWe. The
coolant is "LiF-BeF; liquid salt, often called FLiBe. FLiBe remains in liquid form
at high temperatures and has a heat capacity higher than that of water. The reactor
operates at low pressures, less than 0.2 MPa (2 atmos.) with a cover gas of argon
to capture any tritium that may be released from the molten salt coolant [212]. The
core-exit coolant temperature is =~ 650°C. The total coolant flow rate is ~ 3000 gal-
lons/min. The reactor is estimated to generate about 39000 spent fuel pebbles per
year.
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Figure 8.7 is a schematic of the Hermes reactor system, courtesy of Kairos Power
[211]. Details of the reactor vessel, fuel and coolant flow are shown in Figure 8.8. The
Hermes 2 reactor is a promising design and development of a Gen-IV SMR.

Figure 8.9 shows a schematic of a dual unit SMR [213]. The steam from the
two modules is mixed in a steam header and then flows into single steam turbine.
This approach reduces the plant equipment requirements and provides economy of
operation and maintenance.

Primary Heat Transport Systeml Intermediate Heat '
Primary ~ Transport System  gieam
Salt Pump _g_ Generator

L
Intermediate
Salt Pump

Steam
Turbine  Generator

Intermediate Heat

Reactor Exchanger

Feedwater
Heat Train Feedwater
Pump
Figure 8.7 Schematic of the Kairos Power Hermes reactor [211] (courtesy of
Kairos Power)
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Figure 8.8 Details of Hermes reactor vessel, fuel and coolant flow systems [211]
(courtesy of Kairos Power)
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Figure 8.9  Dual module SMR power block [213]

8.8 Advances in reactor monitoring and cutting
edge technologies

Reactor system instrumentation and monitoring technologies are progressing at a
high rate. The following are some of the advancements that should be incorporated
into new SMR designs.

8.8.1 Embedded sensors

It is prudent to consider embedded sensors for economic construction, labour reduc-
tion, and minimising retrofitting. Embedded temperature, pressure and neutron detec-
tors can be evaluated for their effectiveness in a test reactor. Process sensors and
monitoring sensors are installed in manufacturing systems and for monitoring heavy
machinery such as turbines, generators, compressors, fans and others.

8.8.2 Edge computing

In a large industrial system, measurements from various devices are acquired contin-
uously. In many cases it is necessary to make decisions about the status of the process
or equipment at the site. Edge computing refers to processing the data at the equip-
ment level and providing the necessary diagnostics information to the operator in real
time. Edge computing is facilitated by sensors installed in the equipment that provide
continuous measurements to edge computing devices. Edge computing is enabled by
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performing detailed computing in cloud-based devices and minor computing at the
equipment level [214].

8.8.3 Cutting edge monitoring and diagnostics

Process and equipment monitoring technologies have advanced to the point where the
operator decision-making is made easy by the intelligence embedded in these devices.
An example of such a device is the industrial acoustic imaging camera developed by
FLIR called the FLIR Si2. This device consists of 124 microphones and detects leak-
age (gas, steam, etc.), partial discharge and machinery noise caused by malfunctions.
The locations of the defects in a large facility are captured visually that enables further
detailed diagnostics of the cause of leak or other malfunctions. This is one such exam-
ple of advanced technology that can be deployed in an SMR plant, without radiation
exposure to the operator.

8.8.4 Motion amplification technology

The Motion Amplification® technology uses digital video and image processing tech-
niques to measure vibration and movement, pixel by pixel, extracting and scaling up
data to produce a visual representation of movement [215].

RDI Technologies, Knoxville, Tennessee, USA, has developed and implemented
the advanced IRIS-M [215] equipment for industrial applications. A large area of
manufacturing or processing plants can be monitored from a distance and movement
of equipment can be tracked continuously. In addition to the visual monitoring of the
equipment motion/vibration, a complete spectral analysis of the system can be made,
and various faults can be identified.



This page intentionally left blank



Chapter 9
Conclusions and future directions

Imre Pdzsit!

In this book, a collection of ideas was presented about the possible use of noise anal-
ysis methods in next generation nuclear systems, and whenever it was possible, some
quantitative estimates were also given about the expected efficiency and accuracy of
the problems and methods investigated. The task was certainly difficult, and the mate-
rial presented can by no means be considered as complete and covering all aspects.
One obvious reason for this is the fact that most of the next generation systems are
still in the design phase, and hence the concrete data of these cores are either not
available or are not public. Even more so, there has been no operational experience
with these systems which, among others, means that the list of possible operational
concerns or malfunctions is rather incomplete.

The only pragmatic way of handling the situation was to try to extrapolate from
the experience with currently operating reactors and to check the possibilities of
diagnostics and surveillance with the differing material and geometrical properties
of these new systems, as well as extending the existing methods to suit the charac-
teristic of these systems (such as developing an analytical model for fast reactors in
two-group theory).

Some of the recently developed new methods are not specifically for next
generation systems. Examples are the ICFM-quality noise simulators described in
Chapter 5; the increasing use of machine learning methods in solving the inverse
task of noise source unfolding; or the use of time-resolved detector current instead
of pulse counting for zero-power reactor diagnostics (reactivity measurements). The
inclusion of these into the book felt completely logical. First, these will be used in
next generation systems from the beginning, whereas these are still very moderately
used in the current reactors, if at all. Second, the description of these is not yet found
in existing monographs. Conversely, all the extended methods described here can
also be applied to recent Gen-II and Gen-III reactors, which can be considered as a
subset of all reactor types. Therefore, the book should also be of some use not only
for those interested in next generation reactors but also for practitioners of current
systems.

The conceptual study of the dynamic properties of the various representative next
generation systems was performed in this book with simple analytical tools; only

!Division of Subatomic, High Energy and Plasma Physics, Department of Physics, Chalmers University
of Technology, Sweden
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the group constants of the two-group model were based on full Serpent models and
homogenisation methods. The principles of noise simulators, i.e. system codes capa-
ble of treating real inhomogeneous cores of both thermal and fast systems, described
in Chapter 5, were not used yet for a similar analysis. Here lies one of the envisaged
lines of further development. Most of the noise simulators so far were developed
for specifically thermal light water systems and solid fuel, using traditional two-
group diffusion theory. Further development of these codes for fast systems, and both
thermal and fast spectrum MSRs is expected, especially as the design of next gener-
ation systems becomes more detailed and publicly available. This refers also to the
instrumentation of the next generation systems, which is largely undetermined yet.

Another area where more efforts need to be spent is the representation of prop-
agating perturbations in terms of cross-section fluctuations. As long as only one of
the cross sections is affected by the perturbation, such as vibrations of an absorber or
fuel rod, the situation is simple, one only needs a model of the spatial and temporal
variation of the geometry of the perturbation. For the propagating perturbations, a
temperature or density variation in the coolant of liquid metal-cooled cores or MSRs
affects several cross sections simultaneously. The correct representation of the ratio
of the cross-section perturbations needs to be known for a correct estimation of the
induced neutron noise. In this book, only qualified guesses were made based on
the character of the perturbation and the specific properties of the cores based on the
ratios of the static cross sections of the homogenised model. This procedure should
be refined by using high-precision static assembly-level transport codes, the same
ones that are used to generate the group constants, to also generate the perturbation
of the group constants, such as was done in [33] for traditional cores.

The usefulness and limits of the validity of the two-group theory, suggested in
this book for fast systems and which was used to analyse those, also needs to be
investigated and confirmed. This requires the establishing of a link between the ana-
lytical two-group methods elaborated for fast cores, and the noise simulators under
development for fast systems, which use a multi-group approach (e.g. 33 energy
groups). These codes are also capable to calculate the response of detectors with
various spectral sensitivities. Such a comparative work could also find an optimum
energy threshold between the two groups, which need to be used in the analytical
model for best results. This work is yet to be done.

In this book, emphasis was put on the detection and identification of various
possible in-core disturbances, which is one of the prime objectives of surveillance and
diagnostics. However, as mentioned in Section 2.3.8, subsections 2.3.8.1 and 2.3.8.2,
noise analysis is equally useful in determining and monitoring stability properties
and reactivity coefficients with non-intrusive methods during operation. Prominent
examples of these in the current reactor are the stability issues of BWRs and the
determination of the moderator temperature coefficient (MTC) of pressurised water
reactors.

Stability issues might also occur in both water-cooled and lead-cooled Gen-1V
small modular reactors (SMRs), which are planned to use natural circulation. While
maintaining coolant circulations without pumps is advantageous in handling emer-
gency situations, such as in the case of station blackout and dropout of external power
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supply, stability properties are as a rule worse in the case of natural circulation, espe-
cially in the case of reduced flow, than with forced circulation. Some studies along
these lines will be useful.

Reactivity coefficients of various types might also be interesting to monitor in
Gen-IV systems and SMRs, such as the void coefficient in SFRs. As the experience
with the MTC showed, the possibility of accurately determining the reactivity coef-
ficient depends on both the transfer properties of the system for the variations of the
parameter in question, as well as on the spatial and temporal correlation properties
of the parameter whose reactivity coefficient needs to be determined and the pos-
sibility of measuring these latter. The performance of such noise-based methods in
determining the relevant reactivity coefficients in concrete designs can be effectively
investigated by noise simulators. Work is expected to be done in this direction in the
future.

One option of further development concerns the inclusion of the calculation of
gamma noise in the noise simulators. Power reactor diagnostics with gamma mea-
surements is expected to gain importance in next generation of nuclear reactors. It
would be therefore useful to extend the capability of the currently developed noise
simulators to account also for the transfer between the in-core perturbations and the
induced gamma noise. For different reasons and with a different underlying physics,
calculations of the gamma flux are already included in the static ICFM codes. The
principles of the gamma noise induced by cross-section fluctuations, as described in
Section 2.3.7, are clear, and the implementation should be straightforward.

The application of machine learning methods in nuclear engineering applications
is predicted to grow steadily. Integration of deep learning and convolutional artificial
neural networks into online monitoring and surveillance systems will certainly be
part of future development.

In addition to the lack of operational experience with the new systems and that
of the details of the core design, one further challenge is the lack of knowledge of
the planned instrumentation. The type of analysis made in this book, and in partic-
ular the foreseen ones with the use of noise simulators, could yield valuable added
information to the design of instrumentation of the planned systems. The efficiency
of diagnostics of future systems could be largely enhanced if designers utilised the
capabilities of the methods described here for planning the instrumentation, such as
optimising the location of the various detectors within the existing constraints.

To conclude, advanced noise analysis is expected to play an important role for
next generation nuclear systems. The recently developed new powerful methods,
some of them originally designed for current reactors but adopted for Gen-IV sys-
tems and SMRs, will hopefully find their place in the surveillance and diagnostics of
next generation nuclear systems as they become deployed.
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Appendix A

A.1 Detailed description and user manual to the Notebook
“Two-group power reactor noise calculations’ [10]

A.l.1 Summary

All calculations and plots in Chapters 3 and 4, regarding the Gen-IV reactors and
SMRs, respectively, were made by a Wolfram Mathematica Notebook [10]. A stream-
lined and user friendly version of the notebook is uploaded to the Wolfram Notebook
Archive, from where it is freely accessible and downloadable through the link

https://notebookarchive.org/2025-05-7dypmeq

Interested readers who do not have access to Mathematica, can run the downloaded
Notebook with the open access software Wolfram Player,* available for free from

https://www.wolfram.com/player/

Alternatively, the Notebook can be run directly online in the Wolfram Cloud. To do
this one needs to have an account, for which one can sign up for free at

https://www.wolframcloud.com/

With the notebook, all calculations reported in the book can be repeated and the plots
reconstructed. Moreover, the code in the Notebook can be changed, which makes
it possible to make calculations with changed input parameters, i.e, study the same
systems as in the book but with some parameters changed, or make calculations for
new systems, or just change the format of the plots of the existing calculations. One
particular option is to change the size of the core, to check how the dynamic properties
of the system transfer change if a specific full-size Gen-IV core was converted into
an SMR or vice versa.

In this Appendix, partly a simple user manual is given, and partly the work flow
of the Notebook is described and is related to the corresponding formulae in the book.

*The concept of the Player is the same as behind the Adobe pdf reader, a free software to read pdf files.
The reason why it is called Wolfram Player and not Wolfram Reader is that with it, one can also run the
interactive animations and manipulations of a notebook.
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A.1.2 The input data

The calculations in the Notebook need a set of input data, which the Notebook reads
from external sources, they are not stored in the Notebook. These data are the two-
group diffusion coefficients and macroscopic cross sections, the fission spectrum
parameters x; and x» for both the prompt and delayed neutrons, the group veloci-
ties, and the effective delayed neutron fractions and decay constants for one averaged
delayed neutron group. In addition, the radius R and the height H of the core, as well
as the type of the reactor needs to be specified. The type is basically the same as the
name of the reactor, except for Allegro, for which it is GFR.

For each reactor these data are stored in a JSON (JavaScript Object Notation)
file. The data format is shown next for the file “SFR.json”.

{

"description": "SFR based on the OECD NEA benchmark,
this is the 3600MWth oxide core",
"Type": "SFR",

"H": 100.55,

"R": 256.47675,

"D1": 2.66184,

"D2": 1.24986,

"nuSigl": 0.0217533,
"nuSig2": 0.00582776,
"Sigal": 0.00809302,
"Siga2": 0.00585308,
"SigR1": 0.0484388,
"SigR2": 0.0058526,
"Sigl": 0.186146,

"Sig2": 0.31168,

"betal": 0.00447966,
"lambda": 0.600723,

"vi": 2107130741.1410954,
"v2": 238608815.16406745,
"Chil": 0.595249,

"Chi2": 0.404751,
"Chilp": 0.597823,
"Chi2p": 0.402177,
"Child": 0.0417677,
"Chi2d": 0.958232,

"Eg": 1.35

}

These files are available from the open access source Mendeley Data [12] and
from a public GitHub repository. The link to the public GitHub repository is available
in the Notebook. Contributions with data to further systems in the format given before
here are endorsed to be uploaded to this repository by the interested readers.
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The Notebook reads the .json file of the selected reactor from the GitHub repos-
itory into the file “data”. The variables used in the code are then assigned from that
file in the next step.

There is one peculiarity worth mentioning, namely that the Serpent calculation
does not yield the traditional removal cross section g directly, rather it is embedded
into the variable SigR1, which is the sum of the absorption and the removal cross
sections, i.e. Xg = SigR1 — Sigal.

These data are used in the calculations, which will be described next.

A.1.3  Executing the Notebook

Using the Notebook in its default version, i.e. executing the instructions without
changing either the input data or the plot formatting options, needs only a few clicks.
After opening the code, its content is shown as in Figure A.1.

The content and function of the various sections is as follows.

Abstract
Contains a short description, not executable.
Preamble

Sets the Notebook directory, the date, and defines a few new functions of the Arg
command that are used in the calculations. These are needed to make sure that the
correct physical phase delay is shown (i.e. that the phase is always negative), in con-
trast to the Arg command itself, whose results are between —180° and 180°. The

Two-group power reactor noise calculations

Companion to the book “Surveillance and Diagnostics of Next Generation Nuclear Reactors”
Plasit. H. N. Tran and Bt E

he Institution of Engir

Imiee Pizsit

Division of Subatomic, High Energy and Plasma Physics
Chalmers University of Technology

Imrechalmes.se

2025-05-15

Abstract

Preamble

1. Select the reactor for the calculations and read the corresponding data file i
2. Assign the input data to the variables and calculate the material bucklings

3. Simulating the radial dimension of the core (Green’s functions, variable strength absorber, vibrating

fuel pin/absorber rod, localisation of both) &
4. Plotting the results of the radial modelling

5. Simulate the axial dimension of the core (propagating perturbations, propagation adjoints, transit
ume) =

6. Plotting the results of the axial modelling

Figure A.1  The first page of the Notebook, showing the table of contents of the
code
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Preamble has to be executed only once at the beginning, which can be done even
without opening the corresponding section.

1. Select the reactor for the calculations and read the corresponding data file

Opening this section displays a drop-down menu, by which any of the eight reactor
types (three Gen-IV and five small modular reactors) can be selected for calculations.
The page is illustrated in Figure A.2. After having selected the core, the corresponding
data are read from the JSON file on GitHub to the variable “data”.

2. Assign the input data to the variables and calculate the material bucklings

This is a short section, where the variables used in the Notebook are assigned from the
file “data”, and the material bucklings, i.e. the two roots of the characteristic equation
are calculated according to (2.107) or its shortened form (2.111). At this point only
the global root Bj is interesting, which is given by (2.112).

In addition, the value of certain parameters, are adjusted or defined, which
depend of the type of the core. For the two MSRs, i.e. the MSDR and the MSFR, the
parameter 3 is downscaled by a factor 0.4, for reasons explained in Section 2.3.6.2.
Also, an index variable i is defined, depending on the type of the core. This variable
is used when selecting the weight parameters «; and oy (as e.g. in (2.158)) of the
propagation adjoints, (2.162) and (2.163).

This section can also be executed without opening it. On execution, it also plots
the static fluxes, but these will be seen only if the section is opened.

Choose between the following : SFR, Allegro, MSDR, PWRSMR, LWR SMR, MSFR, LFRSMR or FHR

SFR: Sodium fast reactor based on the OECD NEA benchmark, 3600 MWth oxide core
Allegro: A smallAllegro core (but it counts as Gen-IV)
MSDR:  Molten Salt Demonstrator Reactor, large thermal MSR

PWRSMR: Small PWR, from half-length Westinghouse fuel elements

LWRSMR: Advanced light water SMR, inspired by the Rolls Royce SMR

LFRSMR: Lead cooled fast reactor SMR

MSFR: Molten Salt Fast Reactor, inspired by Samofar

FHR: Fluoride Salt-cooled High-temperature Reactor (Hermes). Thermal core.

fileName SFR

Selected file: SFR.json
Data preview:
¢ w<lz |

Figure A.2  Section No. I of the Notebook, showing the page for the selection of
the reactor type
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After this step, one can continue to two different options. One can either model
the core in the horizontal dimension, which is the one to select when the noise by
a variable strength absorber and a vibrating fuel pin or absorber rod is calculated
(Section No. 3 of the Notebook), or model the core in the axial dimension (Section
No. 5), when the effect of the propagating perturbation is calculated. Because in either
case one turns to a 1D model, to maintain criticality of the original 3D system, one
has to adjust the absorption cross sections, such that the 1D system remains critical
with the selected radial or axial dimensions. This is made automatically by the code,
no user action is required.

Since the diameter of most of the systems is different from their heights, this
adjustment leads to different cross sections in the two different options. This also
means that although for a given system, one can freely select whether one wants to
model the radial or the axial dimension first, after having performed the calculations
in one dimension and turning to the calculations in the other dimension, one has to
run Section No. 2 again, to restore the original value of the 3D cross sections.

3. Simulate the radial dimension of the core

This is a long computational section, which can nevertheless be executed without
opening it. Actually, in this section, no computations proper are performed, only the
formulae for the various functions (components of the Green’s function, the noise by
variable strength absorber and of a vibrating fuel rod, etc.), are defined as functions
of their parameters (space and frequency). The actual evaluations take place in the
subsequent Section No. 4, where the plotting is performed. Hence in this section
“calculation” means generating the appropriate formula for later evaluation.

To start with, the static absorption cross sections are adjusted to make the 1D sys-
tem critical with the given radius, such that the slab thickness of the 1D model is equal
to 2R. Then the two roots of the characteristic equation of the static (critical) core
are calculated. This is followed by the definition of the frequency-dependent cross
sections and spectral parameters, (2.115)-(2.119), after which the two frequency-
dependent complex valued roots i (w) and v(w) of the dynamic equation (2.114) are
calculated.

Next, the step-wise continuous basic Green’s functions g, (x,xo,w) and
8 (x, x0,w) are calculated from (2.89) and (2.90), as well as their derivatives w.r.t.
xo. The formulae for the frequency-dependent coupling coefficients ¢, (w) and ¢, (w),
(2.124) and (2.125), as well as the coefficients A, (w), Ay1(w), Aj2(w) and A5 (w),
(2.92)—(2.96) are also generated. The notations of the coefficients and the basic
Green’s functions g, (x, xo,w) and g, (x, xo,w), as well as the Green’s function ele-
ments Gjj(x,xp,w) are the same in the Notebook as in the book (and as given
here). The spatial derivatives w.r.t. xo are denoted by adding x0 after g and G, i.e.
8x0,,(x, x0,w) and GxO0y; (x, x0, w), etc.

In possession of the components of the Green’s function and its derivatives w.r.t.
Xo, the noise induced by a variable strength absorber and by a vibrating fuel pin or
absorber rod is calculated. The selection of whether a vibrating fuel or absorber pin
is performed is chosen by the program itself, according to the type of the reactor. For
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4. Plotting the results of the radial modelling &

4.1 Plotting the Green’s function components

Space dependence, amplitude
Space dependence, phase =
Frequency dependence, amplitude [z

Frequency dependence, phase &

Figure A.3  The section page of the Notebook, showing the plotting options

MSRs, a vibrating absorber is selected, because there are no fuel pins which could
vibrate. For the other reactor types, the noise by a vibrating fuel pin is calculated.
Once the formulae for the noise by the variable strength absorber and the vibrat-
ing fuel/absorber pin or rod are available, one can also calculate the localisation
curves A;(x,) and 6;(x,), (2.138) and (2.139), which is the last step in this section.
The formulae generated in Section No. 3 are used in the next section to plot the
results.

4. Plotting the results of the radial modelling

In this section, the amplitude and the phase of the space and frequency dependence
of the Green’s functions components can be calculated for fixed values of the other
parameters, space dependence of the noise, and dependence of the localisation curves
on the position x,, of the perturbation can be plotted.

Opening this section, the options available are shown in Figure A.3. For illus-
tration, option 4.1, plotting the Green’s functions, is also open. The other numbered
subsections also contain such options. Each option contains only one single plot com-
mand. Some plotting parameters need to be adjusted for the best plot, since these
should be different for the different reactors. To help the user, these parameters are
defined at the beginning of the command and are in red colour. A full list of these
with explanations are given at the beginning of Section No. 4 of the Notebook.

5. Simulate the axial dimension of the core

This section starts the same way as the radial/horizontal simulation, namely finding
the absorption cross sections to make the system critical with the given core height.
For this, Section No. 2 needs to be rerun first, to restore the original 3D values of the
cross sections, from which the new absorption cross sections, making the 1D system
critical with the height of the system as the thickness of the slab. The calculation of
the new values of the absorption cross sections is made at the beginning of the section.
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After that all calculations leading to the Green’s function components with the
new cross-section values are performed in an identical way as in Section No. 3. As
mentioned, this can be done also independently from the modelling of the radial
dimension, i.e. one can directly jump to Section No. 5 after Section No. 2.

First the propagation adjoints in the two groups are calculated, as one of the
quantities that can be plotted in Section No. 6. To calculate the neutron noise induced
by the propagating perturbation, the integrals of the propagation adjoints need to
be calculated. This integral, similarly to how the spatial derivatives of the Green’s
function components are made, boils down to the calculation of the integrals of the
piecewise continuous basic functions g, (x, xo,w) and g, (x, X0, w) multiplied by the
perturbation represented by the propagating perturbation with respect to xo.

Since in this bare homogeneous system ¢, (x) = ¢, ¢1(x), as is also seen from
(2.160) and (2.161), it suffices to calculate the integral of the piecewise continuous
basic functions as

iwzg

H
Gint(z,w) = / 810 (20, w) 1 (z0) = (A1)
0

Here in the notations, we have switched to the axial coordinate system, as is usual
with propagating perturbations. It is also to be noted that in the notebook, in the
calculations the velocity of the propagating perturbation is denoted by u, in order not
to lead to conflict with the group velocities v; and v, but in the figure legends, it is
designated as v.

The integrals in (A.l), which have to be taken over piecewise continuous
functions, consisting of triple products of trigonometric and complex exponential
function, can be performed analytically, but they lead to rather lengthy formulae.
These integrals were performed off-line with Mathematica, and the resulting for-
mulae for g,, , int(z,w) are implemented and used in the Notebook, with a similar
notation.

With the aforementioned, the formulae for the calculation and plotting of the
propagation adjoints, and the formulae for the neutron noise in the two groups are
generated. This section ends here. The dependence of the phase between two axially
displaced neutron detectors is calculated in the next section, where it also can be
plotted.

6. Plotting the results of the axial modelling

This section has a structure similar to that of Section No. 4, but with considerably
fewer options, only three, namely to plot either the amplitude or the phase of the
propagation adjoints, or the frequency dependence of the phase of the cross-spectrum
between two axially displaced detectors. The plotting of the propagation adjoints
is completely in line with that of the Green’s function elements, in that they can
be plotted with different parameters, since the formulae are evaluated in the plot
command.

Plotting the phase of the CPSD between two detectors is a considerably more
complicated task. The main complication arises from the fact that from physical
expectations, and in order to be able to fit a straight line to the phase to determine
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the transit time of propagation between the two detectors, the phase must be a mono-
tonically decreasing function of the frequency. On the other hand, the routines in
every code, including Mathematica, give the argument of a complex number between
—180° and +180°, i.e. the phase is “folded back” to +180° when it decreased below
—-180°.

To prevent the code to do so is solved in a somewhat ad-hoc way in the note-
book. The phase is calculated in discrete points, and if the jump of the phase between
a point and two consecutive points both exceeds a threshold, 360° is subtracted in
the continuation. This happens every time when the criteria for a too big jump are
fulfilled.

Finding the proper threshold appears to require some trial and error. It depends
on both the reactor type, and the propagation velocity of the coolant. The latter needs
to be adjusted to the height of the core to have realistic data. In addition, in some
cases the phase in the fast group starts from —360°, which needs to be compensated
for.

Due to the discretisation of the phase and the aforementioned procedure, the
phase of the cross section needs to be calculated in connection of the plotting, and
some parameters need to be adjusted to get the proper plot. The following adjustable
parameters can be tuned to get the proper plot:

e w: the velocity of the propagation

¢ threshold: the threshold, deciding when the phase need to be shifted —360° to
avoid the discontinuity, Its value should be between 100 and 359.

» offset: a parameter taking the value O or 1. In the latter case, +360° will be added
to the phase of the fast noise CPSD, to avoid that it starts at —360°.

There are default values in the code for all reactors for the aforementioned tunable
parameters in the variables udef, thresdef and offdef. These are specified in Section
No. 2, which needs to be run before running sections 3 and 5 of the Notebook (see
Figure A.1).

During the calculation and plotting of the frequency dependence of the phase,
some error message about “Range” may occur, and the plot will not be continuous,
rather it will be still folded back when the phase reaches —360°. This should not
occur with the default values defined in the Notebook. When such an error message
occurs, often it is sufficient to rerun the plot command. If it does not help, then one
can experiment with changing the threshold. In some cases it is advisable to quit
Mathematica to reset all variables, and start the calculations anew.
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