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Abstract

A number of problems in reactor noise diagnostics have been investigated within the
framework of the present thesis. The six papers presented cover three relatively different areas,
namely the use of analytical calculations of the neutron noise in simple reactor models, some
aspects of boiling water reactor (BWR) stability and diagnostics of core barrel motion in
pressurized water reactors (PWRs).

The noise induced by small vibrations of a strong absorber has been the subject of several
previous investigations. For a conventional 8 -function source model, the equations can not be
linearized in the traditional manner. Thus, a new source model, which is called the z/d model,
was developed. The correct solution has been derived in the t/d model for both 1-D and 2-D
reactor models.

Recently, several reactor diagnostic problems have occurred which include a control rod
partially inserted into the reactor core. In order to study such problems, we have developed an
analytically solvable, axially non-homogenous, 2-D reactor model. This model has also been
used to study the noise induced by a rod manoeuvring experiment. Comparisons of the noise
with the results of different reactor kinetic approximations have yielded information on the
validity of the approximations in this relatively realistic model.

In case of an instability event in a BWR, the noise may consist of one or several co-
existing modes of oscillation and besides the fundamental mode, a regional first azimuthal
mode has been observed in e.g. the Swedish BWR Ringhals-1. In order to determine the
different stability characteristics of the different modes separately, it is important to be able to
decompose the noise into its mode constituents. A separation method based on factorisation of
the flux has been attempted previously, but without success. The reason for the failure of the
factorisation method is the presence of the local component of the noise and its axial
correlation properties. In the paper presented here, we elaborate a modified and successful
factorisation technique that takes the noise structure and the approximations performed into
account.

Due to an unseated fuel element, a local density wave oscillation appeared in the Swedish
BWR Forsmark-1 in 1996. It is of great practical importance to locate the responsible element
as soon as possible. We have developed a method for the localisation of such a
thermohydraulic channel instability. The localisation method was tested on simulated data and
then applied to a measurement taken in Forsmark-1 in early 1997. The results demonstrate the
applicability and accuracy of the method.

The noise present in the Ringhals PWRs has been investigated and in the course of this
work, we have developed a new strategy towards the analysis of core barrel vibrations (CBM).
This new approach unites the CBM analysis in the time and frequency domains. We have also
developed and applied a new model for the determination of vibration properties such as the
amplitude, amount of anisotropy and the preferred direction of the vibrations. This method is
quantitative and suitable for long-term trend analysis of CBM vibrations.

Keywords: reactor noise, noise diagnostics, control rod vibrations, BWR stability, noise decomposition,
density wave oscillations, channel instability, localisation, PWR noise, core barrel vibration
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Abstract

A number of problems in reactor noise diagnostics have been investigated within the
framework of the present thesis. The six papers presented cover three relatively different areas,
namely the use of analytical calculations of the neutron noise in simple reactor models, some
aspects of boiling water reactor (BWR) stability and diagnostics of core barrel motion in
pressurized water reactors (PWRs).

The noise induced by small vibrations of a strong absorber has been the subject of several
previous investigations. For a conventional 8 -function source model, the equations can not be
linearized in the traditional manner. Thus, a new source model, which is called the t/d model,
was developed. The correct solution has been derived in the t/d model for both 1 -D and 2-D
reactor models (Paper I).

Recently, several reactor diagnostic problems have occurred which include a control rod
partially inserted into the reactor core. In order to study such problems, we have developed an
analytically solvable, axially non-homogenous, 2-D reactor model. This model has also been
used to study the noise induced by a rod manoeuvring experiment. Comparisons of the noise
with the results of different reactor kinetic approximations have yielded information on the
validity of the approximations in this relatively realistic model (Papers II and III).

In case of an instability event in a BWR, the noise may consist of one or several co-
existing modes of oscillation and besides the fundamental mode, a regional first azimuthal
mode has been observed in e.g. the Swedish BWR Ringhals-1. In order to determine the
different stability characteristics of the different modes separately, it is important to be able to
decompose the noise into its mode constituents. A separation method based on factorisation of
the flux has been attempted previously, but without success. The reason for the failure of the
factorisation method is the presence of the local component of the noise and its axial
correlation properties. In the paper presented here, we elaborate a modified and successful
factorisation technique that takes the noise structure and the approximations performed into
account (Paper IV).

Due to an unseated fuel element, a local density wave oscillation appeared in the Swedish
BWR Forsmark-1 in 1996. It is of great practical importance to locate the responsible element
as soon as possible. We have developed a method for the localisation of such a
thermohydraulic channel instability. The localisation method was tested on simulated data and
then applied to a measurement taken in Forsmark-1 in early 1997. The results demonstrate the
applicability and accuracy of the method (Paper V).

The noise present in the Ringhals PWRs has been investigated and in the course of this
work, we have developed a new strategy towards the analysis of core barrel vibrations (CBM).
This new approach unites the CBM analysis in the time and frequency domains. We have also
developed and applied a new model for the determination of vibration properties such as the
amplitude, amount of anisotropy and the preferred direction of the vibrations. This method is
quantitative and suitable for long-term trend analysis of CBM vibrations (Paper VI).

Keywords: reactor noise, noise diagnostics, control rod vibrations, BWR stability, noise decomposition,
density wave oscillations, channel instability, localisation, PWR noise, core barrel vibration
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Chapter 1

Introduction

The word noise usually makes us think of some unwanted disturbance and one commonly
considers noise as a nuisance, which limits the precision of a measurement or causes
deterioration in the performance of a system. Thus we tend to disregard noise or develop
ingenious algorithms/devices to be able to suppress it in, for example, the results of an
experiment. However, the noise, i.e. uncertainties in the measured data, often arise from the
random nature of the system considered and not from the inaccuracy of the measurement. In
other words, in many physical systems the state variables contain a mean and a fluctuating
component. The fluctuating part, which can be regular (periodic) or random, often carries just
as much information about the system as the mean value. It is the presence of random
fluctuations, which merits the term noise. In reactor physics the monitoring and diagnostics of
dynamic properties based on detector signal fluctuations of both periodic and random
fluctuations are often lumped together in the broad term "noise diagnostics". Noise diagnostics
is an effective tool due to its sensitivity and because it is non-intrusive. It does not require an
applied perturbation to measure a dynamic parameter.

1.1. Noise in reactor physics

The study of fluctuations in particle systems started in the 1950's with studies of fluctuations
in the number of neutrons in both critical and subcritical systems. Systems in which the noise
sources have their origin in the randomness of the interaction of particles with a steady
medium and where fluctuations in other physical properties (i.e. fluctuations in the medium)
may be neglected are called zero-power systems. In such systems, the fluctuations arise from
the randomness of processes such as the flight time of the particles between nuclear reactions,
the number of new neutrons created in fission events and the type of different nuclear reactions
etc. Thus, the fluctuations carry information regarding the system properties like the cross
sections, delayed neutron fraction and reactivity. These fluctuations are called "zero reactor
noise".

In power reactors the situation is different, since the dominating noise sources are not of
nuclear nature but originate from changes in the material properties of the medium, due to
mechanical perturbations. The mechanical perturbations cause temporal and spatial
fluctuations of the macroscopic cross sections in the reactor system. Examples of such noise
sources are mechanical vibrations of control rods, fuel rods/assemblies and structures,
fluctuations in temperature, pressure and coolant flow rate and boiling of the coolant. The
neutron noise induced by such perturbations is called "power reactor noise". Actually, in
power reactors, both types of noise are present concurrently, but the power reactor noise has a
much larger magnitude and thus the zero noise is negligible. This thesis concerns theory
development and applications of power reactor noise exclusively.

In noise theory the input-output concept, which is commonly used in control and system
identification theory, is very useful. Thus, first the equations that describe the average
properties of the system are determined. Second, the terms in the equations that have random
character are identified and described by statistic measures. The variable of interest (output)
must then also be a random variable. Thus, the input noise source is transferred via the transfer
function to the output variable. The transfer function itself describes the inherent response
characteristics of the system. The development of noise theory consists of finding models for
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the different noise sources and using appropriate modelling of the system to calculate the
system transfer functions. The resulting output noise from a specific noise source may then be
calculated to increase the understanding of the physical processes involved or to make
comparisons with measurements.

The practical application of noise methods include the direct determination of the reactor
transfer function, i.e. the system parameters, by measuring the output (neutron noise) from a
known input (noise source). For example, reactivity noise can be induced by moving a control
rod in some specified manner like a step function, periodic oscillation or a sequence of random
steps. This has been performed in a number of experiments at different reactors. The transfer
function may also be determined experimentally by using the intrinsic noise sources in the
reactor, e.g. the boiling process in boiling water reactors, and some assumption regarding the
characteristics of the noise sources, e.g. the assumption that boiling constitutes a low-pass
filtered white noise process. This is very useful, since dynamic information about the
properties of the system may be obtained during steady state operation, and without the need to
apply a manual perturbation like control rod movements. This can be used to obtain different
reactor properties like coefficients of reactivity (i.e. feedback coefficients), transfer functions
between different process parameters (e.g. the effect on neutron noise from fluctuations in
temperature, pressure, coolant flow rate etc.), stability characteristics (e.g. power oscillations).
The transfer function can also be calculated for different systems of varying complexity. For
relatively realistic systems, it is usually required that the calculations be simplified through
different approximations. However, it is feasible to extend existing static diffusion codes (i.e.
in-core fuel management codes) to include the capability of transfer function calculations.

If the system transfer function is reasonably well known, the noise sources may be
investigated and monitored. This is called noise diagnostics and it can be used to detect and
investigate mechanical vibrations of control rods, vibrations and impacting of detector strings,
core barrel motion, vibration of vessel internals, boiling noise (e.g. detection of subcooled
boiling in PWRs) and time delays from transport effects (e.g. the steam propagation in BWRs).
In practice, it is of course desirable to determine the location of e.g. faulty fuel elements such
that possible vibration problems can be avoided or mitigated. It is also important to monitor the
long term vibration behaviour of mechanical components such as the core barrel, to obtain
indications of changes, wear or fatigue of such equipment. Further, neutron noise may also be
induced by other anomalies and malfunctions in different components of the reactor system.

Noise measurements and analysis performed at regular time intervals give the opportunity
to obtain further information. The detection of trends or anomalies in such databases may be
used to examine and monitor wear, fatigue and changes in the performance of reactor
components as functions of time. The value of such results is obvious and thus the safe and
economic operation of a nuclear power plant is enhanced by the routine use of noise
diagnostics. Further general information on noise and noise diagnostics can be found in Refs. 1
and 2.

1.2. The organisation of this thesis

This thesis is organised into two main parts. The first part contains a summary of the work
performed and the second part contains reprints of a number of papers that contain the details
of the work performed. The first part is divided into three main sections and each one deals
with a separate subject in the field of reactor noise diagnostics. The three chapters are:
Analytical reactor noise models, Some aspects of boiling water reactor stability and
Diagnostics of core barrel motion. For each chapter, there is a brief introduction followed by a
few sections which summarize the work performed in that particular area of noise diagnostics.
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Each of the chapters and even some of the sections can be read separately and independently of
the others.

1.3. My activities

During the time as a Ph.D. student, my work has been concentrated mainly on reactor noise
diagnostics. I have been involved in many of the activities of the Department within this
subject and the main scientific results of my work are presented in this thesis and in the papers
reprinted at the end. Commonly these papers have a joint authorship and on average the order
of appearance of the authors reflects the amount of initiative taken by each author. Most of the
calculations and investigations were performed by myself in all papers.

Apart from noise diagnostics, I have also taken part in some other activities at the
Department. The results of these activities are described in the publications not included in this
thesis, but listed in the beginning of it. Further, the Department of Reactor Physics has research
and consultancy cooperations with the nuclear industry and safety authorities in Sweden. I
have also been involved in these cooperations and they have sometimes resulted in papers, but
more often in reports which are not included in this thesis.

NEXT
left BLANK
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Chapter 2

Analytical reactor noise models

2.1. Introduction

Assume that there exists a mechanical perturbation, e.g. a vibrating control rod, in a reactor.
The vibrations give rise to neutron flux fluctuations, i.e. neutron noise. The purpose of noise
diagnostics is then to determine the noise source properties, e.g. to determine the position,
vibration amplitude, anisotropy, direction etc. of the vibrating control rod, from the induced
reactor noise.

The problem can be put in a mathematical form by using a transfer function G as follows

5<t>(r, to) = JG(r, r\ (O)S'(r', a)dr' (1)

This expression describes how the output reactor noise 5<f> is given as a spatial convolution
integral of the input noise source 5 and a transfer function G. The transfer function describes
how the reactor flux at r is affected by a source at r'. The calculation of the reactor noise
induced by a particular perturbation in a reactor model consists of two stages. First, the source
S is modelled as a function of a few important parameters that one wishes to determine, e.g.
the position of the perturbation. Second, the transfer function G, which describes how the
neutron flux reacts to the perturbation, is calculated for the reactor system.

Since the aim is to determine the properties of the source S(r', co), the integral (1) has to
be unfolded or inverted and then measurements of S<|) and a knowledge of G can be used to
determine S. Nowadays there are powerful numerical inversion methods such as neural
networks, which can be used for the inversion. However, the task is still easiest and fastest to
perform if one can find a closed form analytical solution for the noise as a function of the noise
source and its properties. Thus, research of analytical reactor noise models is motivated partly
by the practical usefulness of such models in the diagnostics of various perturbations such as
vibrating components in power reactors. The other motivation for using analytical models is
the increased understanding of noise generation and propagation that such models usually
bring.

Later in this chapter, we will summarize the results of two analytical noise models that we
have studied. The models concern the following two problems:

• The noise induced by the vibration of a strong control rod. The noise of a vibrating weak
control rod in a 1-D slab reactor model has been investigated extensively in the past
(Ref. 3). A brief account of the derivation of the noise induced by vibrations of a weak
control rod is also given in Section 2.2. However, the assumption that the control rod is
weak, is a limitation of the source model for the absorber rod. We have found a new model
for the source and a new expression for the transfer function by which we can also calculate
the noise for strong rods. This is treated in Section 2.3 and in Paper I.

• For the purpose of comparisons with numerical noise calculations, we have developed an
axially non-homogeneous reactor model. This model consists of a 2-D homogeneous
rectangular core in which a control rod is inserted partially. The exact solution of the noise
in this model and a study of the applicability of different reactor kinetic approximations are
given in Section 2.4. The details of this work are given in Papers II and IE.
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2.2. Basics of analytical reactor noise calculations

We will use a simple example of analytical reactor noise modelling to introduce some concepts
and methods that will be useful in the continuation. For simplicity, we will use one-group
theory, one group of delayed neutrons and a bare one-dimensional system, i.e. a slab reactor.
Further, we assume that the system has space-time-independent group constants D, vEy and
E a . The static diffusion equation for this system reads as

= 0 (2)

The material buckling Bo is given by

(3)

Second, we introduce a space-time-dependent cross section perturbation 8Za(x, t) in
this system, which models the perturbation we are interested in, e.g. a vibrating control rod.
Thus, we introduce a small space-time-dependent perturbation 8Ea(x, t) in this system such
that

Ea -» Za(x, t) = £a + 5£a(*, t) (4)

This will cause small space and time-dependent fluctuations to appear in the neutron flux as
well. The time-dependent (dynamic) equations for the neutron flux and precursor density read

e, t) = DA<K*, 0 + [vZ/( 1 - p) - Z0(x, t)Mx, t) + XC(x, t) (5)

^-C(x, t) = vSfP<t>(x, 0 - XC(x, t) (6)

The flux and precursor density can be expressed in the same manner as the absorption cross
section (4). Insertion of these expressions into the time-dependent equations and subtracting
the steady state values using the static equation, yields a general equation for the noise

The equation will contain some terms of second order in the fluctuating part, e.g. a term of
the form &I,(x, t)S$(x, t). Here the fundamental assumption is that the cross section
fluctuations used to model the noise source are small. Otherwise perturbation theory is not
valid and the problem becomes non-linear. The assumption of small cross section fluctuations
leads to small resulting flux fluctuations, and thus all terms of second order are very small
compared to first order terms and may be neglected. A subsequent temporal Fourier transform
eliminates the time derivatives. The delayed neutron precursors can then be included in the
equation for the flux fluctuations. The result is given by

, co) + ̂ [ l - ico(A + JJ-L-Jj&Kr, a» -jpafy{r, ©) = S0(r, a» (7)

where we have used the definition A = (wL^)"1 for the prompt neutron generation time.
The fluctuating cross sections are all contained in the noise source S0(x, to) given by
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(8,

The equation for the noise (7) can now be written as

AS<t>(jc, co) + B2(co)8<|>(x, co) = SQ(x, co) (9)

where we have introduced the frequency dependent buckling as (Ref. 4)

(10)

and the definition of the complex zero reactor transfer function G0(co) as

(11)
JCof A + ;

X + ico

and pM as

(12)

The amplitude and phase of Go(co) are shown as functions of frequency in Fig. 1. For low
frequencies (co « X), |Go(co)| increases with decreasing frequency and it tends to infinity as co
goes to zero. At high frequencies (co » P/A), jG0(ft>)j decays towards zero, while in between
there is a plateau frequency region X « co « (3/A where Go(co) = 1/p.

The noise can be obtained either by solving equation (9) directly or by using the so called
Green's function technique. The Green's function is defined by the equation

AxG0(x, x', co) + B2(co)Go(x, x', co) = 8(x - *') (13)

By virtue of (9) and (13) the noise is found as a convolution integral of the source function
SQ(x, CO) and the Green's function Go as

8<t>(x, co) = jG0(x, X\ ct))S0(jt', m)dx' (14)

Notice that the Green's function is the actual transfer function of the system. Further, equation
(13) contains only properties of the unperturbed system. This means that the transfer function
is independent of the noise source.

Thus, once the Green's function has been obtained for a particular reactor, the induced
noise due to any known perturbation can be calculated from (14) (the direct task). On the other
hand, if the noise 8<j) is obtained from measurements, the noise source SQ(x', CO) can be
determined from an inversion of eqn (14), assuming that the transfer function G0(x, x', co) is
known (the indirect task). The inversion could also be applied to the determination of the
transfer function from a knowledge of the noise source and the measured noise. In this thesis,
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-100
to 10" 10
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Fig. 1. The amplitude and phase of the zero reactor transfer function G0(G>) as a function
of angular frequency w.

the term noise diagnostics will refer to the detection, characterisation and monitoring of an
unknown noise source SQ(x', at), when the transfer function is known.

Inversion of (14) requires the noise to be known everywhere in the reactor. Since noise
measurements in practice are only made at a few fixed spatial locations, it seems impossible to
invert eqn (14) for arbitrary source functions. However, the cure is to find a simple
mathematical model of the noise source which can be integrated analytically. This is not as
limiting as it may seem. The noise source may often be appropriately described using a simple
analytical function, which depends on the position of the perturbation x and a few unknown
parameters. Hence, a few measurements of the noise and a knowledge of the Green's function
yield a system of equations, from which the unknown parameters can be determined.

Since many noise sources which are of potential interest to diagnose are of local spatial
character, the integral is confined to a small region around the position of the perturbation. For
example, consider the problem of localization of a vibrating absorber rod. In this case, the
time-dependent position of a vibrating absorber rod can be conveniently modelled using Dirac
8-functions as

(15)

The parameter y describes the strength of the rod and it is sometimes called the Galanin
constant inspired by the modelling of static absorbers introduced by Feinberg and Galanin
(Ref. 5). In the static case, the use of a 5-function reduces the description of the rod to two
parameters, the rod strength y and its equilibrium position x . The use of 8 -functions to
describe the vibrations of absorber rods in power reactors was first introduced by Williams
(Ref. 3). This kind of 8 -function modelling of vibrating absorber rods for noise calculations is
called the FGW (Feinberg-Galanin-Williams) model as initiated by Pazsit (Ref. 6). It is also
easy to confirm that the assumption of a weak absorber rod, i.e. a small value of y, is a
sufficient condition for the linearization based derivation of (9) to be valid (Ref. 7).
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The above can now be used to illustrate the usefulness of noise source modelling in noise
diagnostics when an unfolding of noise source parameters is attempted through the inversion
of eqn (14). First of all, the noise source is now described by a simple formula, containing a
few parameters (y, e, xp) that are unknown in a given case and which are the subject of
diagnostics. Second, the integration in (14) can now be performed. One obtains the solution for
the vibration induced noise for weak absorbers as

J x , xp, (a)Ux
P) + G0(x, xp, n)$0'(xp)} (16)

Equation (16) shows that with noise source modelling, an explicit expression for the vibration
induced neutron noise was obtained, which contains the unknown parameters y, e, and xp. By
using measurements of the noise and a knowledge of the static flux and the Green's function,
expression (16) can now be used to determine noise source properties, e.g. the position of the
vibrating control rod. This is of little practical use in a 1-D reactor as in our example above.
However, it is relatively straightforward to extend the above equations to 2-D or 3-D and thus
more realistic systems. This type of diagnostic methods have been developed and used even in
the diagnostics of an operating PWR (Ref. 46). This method, but with a different noise source
and Green's function, has also been utilized by the present author to determine the position of a
hydraulic channel instability in the Forsmark-1 boiling water reactor (Section 3.3).

The linearization in the derivation of the equation for the noise is only valid in case the
cross-section perturbation 5Ea(x, t) is small. Thus, the assumption that the control rod is weak
is a sufficient condition. However, we would also like to model rods that are not weak. This
situation is much more complicated and it is briefly treated in the next section. The details are
given in Paper I.

2.3. Noise theory for vibrations of strong absorbers

The aim here is to find the noise induced by vibrations of a strong absorber rod. Since we start
by assuming that the rod is strong, it would then be contradictory to linearize the noise
equation based on the assumption of a weak absorber. However, to keep things as simple as
possible we would still like to be able to linearize the noise equation and from our present
point of view it seems feasible to linearize on the assumption of a small vibration amplitude.
However, although the condition of a weak absorber is sufficient for the linearization to be
valid, this is not the case for the assumption of a small vibration amplitude. This fact was
illustrated in Ref. 7 by showing that the term 8E8<|> is actually of first order in the vibration
amplitude e and hence it cannot be neglected.

The derivation, which leads to the conclusion that traditional linearization of the noise
equations based only on the smallness of the vibration amplitude is not valid, was first
presented by Plzsit in Ref. 8. There, it was also concluded that by performing the linearization
in a correct way, the correct result should also be obtained for strong rods. Thus, to reach the
correct solution, the noise equation needs to be solved by using some method that takes the
term 8L8<)> into account. A sophisticated method (see Ref. 8 for details), that performs this
task was developed by Pazsit. The method yields the correct solution for the noise induced by
the vibrations of a strong FGW absorber as
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D *' Xv

+ G0(x, x (B)
(17)

where Go is the transfer function of the unperturbed system (13) (i.e. the system without the
presence of a static rod). The derivatives of Go in (17) always refer to the second argument.
The static flux <j> is obtained from a static diffusion equation, including a 8 -function rod (i.e.
an FGW rod), as

= 0 (18)

This system will be referred to as the static perturbed system in the forthcoming. The
symmetrical derivatives G0'(xp, xp, (o) and §y'(x ) are obtained as

GQ'(xp, xp, (D) = ^ G 0 ( V *', a»

and

(19)

(20)

The complexity of the applied method is such that it is not possible to extend it to 2-D or 3-D
and thus to more realistic systems. In order to make some progress on this problem, a complete
new approach was needed.

2.3.1 Correct solution of the noise induced by a strong vibrating absorber

For first order perturbation theory to be applicable, the perturbation must in some sense be
small. In this context a simplified explanation is that ordinary first order perturbation theory
can only treat small changes in the cross sections. In the FGW model of a strong vibrating rod,
a whole rod disappears in one point and another rod is born in another point. If the rod is
strong, the local cross section perturbation is large and thus perturbation theory breaks down. It
is thus intuitively clear that perturbation theory may be applicable for small vibrations of a
finite rod if the vibration amplitude e is much less than the diameter of the rod d. The
vibration can then be represented by two weak variable strength absorbers at the two opposite
sides of the rod along the vibration, fluctuating in opposite phase. This way the strength of the
whole rod is not hindering the perturbation theory calculation. This alternative modelling of a
vibrating absorber is developed in Ref. 6, where it is called the e/d approximation.

Mathematically, the modelling of a finite static control rod can be made in the form of a
finite slab of thickness d and with its centre at x . The rod absorption cross section can be
written as
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(21)
0, otherwise

where the function Q(x, xp, d) can be realised using unit step functions. The most important
feature of this model appears when it is used for a vibrating rod, that performs small amplitude
vibrations |e(/)| « d . By letting the rod position vary (i.e. again x -» x + t{t)), the resulting
fluctuation in the absorption cross section is simply obtained as

8Za(x, 0 » e(r) • ta{ h{x -Xp-d/2)- 5(JC -xp + d/2)} (22)

Notice that the vibration amplitude appears as a multiplying factor to the two 8-functions,
which describe the positions of two absorbing layers on the faces of the finite static rod. The
strength of the time dependent cross section perturbation, due to the fluctuating layers, is given
by e(t) • l?a and it is now much smaller than the strength of the static finite rod, which is given
by I?a • d. This model fulfils its purpose of making the term 8IS<|> of second order in the
vibration amplitude and conventional linearization of the noise equation is therefore valid in
this model.

The advantages of the t/d approximation are that the equations are linear for any rod
strength and that the model can be applied in 2-D and 3-D systems. The solution for the noise
in the e/d model was derived in Ref. 6. However, the analytical results obtained using the
t/d model differed from those obtained using the FGW model and the sophisticated solution
technique elaborated in Ref. 8. It remained unclear why this was the case.

It became clear only recently that the reason for the deviation between the FGW results in
Ref. 8 and the e/d results in Ref. 6 is that the latter are in error. A re-examination of the
derivation performed in Ref. 6 showed that the effect of the static rod was neglected in the
calculation of the Green's function. This neglection was unjustified, and this is the reason for
the incorrect results.

We will now briefly outline the derivation of the correct solution of the noise in a 1-D slab
reactor and in the e/d model. The details of this derivation are given in Paper I and Ref. 9.
According to the e/d model, the perturbed static equation can be written as

A<t>p(*) + B2
p*p(x) - 2£0(x, Xp, d)t?p{x) = 0 (23)

where the subscript p refers to the presence of a static rod of finite width. Similarly, as in the
unperturbed static system (2), introduction of a dynamic perturbation 8Za(x, t) will lead to the
noise equation

7 S
x, co) + B («D)84>(JC to) - -£®{x, xp, d)Sb(x, co) = Sp(x, a ) (24)

The Green's function of the t/d system above is

AxGp(x, x', to) + B2((0)Gp(x, x', co) - ~&(x, xp, d)Gp(x, xp, to) = S(x - x') (25)

We also define the dynamic equation corresponding to (18) as
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, ft)) + 52(«)o<Kx, co) -18(* - xp)8Q(x, «) = Sy(x, co) (26)

and a Green's function

AxGy(x, x', co) + B2(a)Gy(x, x', co) - ^S(x - xp)Gy(x, x\ co) = 5(x - x') (27)

The solution of (24), with (25) and (22) is

8(t)(x,co) = JGp(x,x',a)Sp(x',a)dx' =

( 2 8 )

x, xp + d/2, a)$p(xp + d/2) - Gp(x, xp - d / 2 , co)<i>p(;tp - d/2)}

At this point the finite static rod can be reduced into a 8 -function absorber when calculating G
and <(> at x ± d/2. This is performed by replacing G and <|> with Gy and <j>Y and using a
Taylor expansion. As described in Ref. 9, care must be taken of trie fact that $y has
discontinuous derivatives at x = xp. In addition, we also need to take into account that the
derivative of Gy(x, x', co) with respect to x' is discontinuous too at x' = x , as seen from
(27). One obtains

H(x, co) = ^ ( c o H G / U xp, o>ny(xp) + Gy(x, xp, (o)^'(xp)} (29)

Here,

G?(x,x co) = i r A
' H l\_OX = A : , , - O

(30)

is the symmetrical derivative of the Green's function.
As mentioned previously, a formally similar solution of the z/d problem was given in

Ref. 6 with the difference that, erroneously, the unperturbed Green's function Go of eqn (13)
was used instead of the correct Gy. Since Go has a continuous derivative at x' = x , in the
first term of (29), simply G0'(x, xp, ©) appeared instead of the symmetrical derivative (30).
On the other hand, replacing § by §y, was done correctly. Thus in Ref. 6 a mixture of correct
and incorrect terms was used.

Equation (29) is the correct formal solution of the z/d problem, i.e. the perturbative
treatment of the vibrations of a finite rod. If the correct Green's function Gy{x, x', co) is
calculated from (27), which can be given in the simple system considered here in a closed
analytical form, then the complete solution of the problem is obtained. This calculation was
first performed by the present author and it is reproduced in Ref. 9, giving an explicit solution
in terms of the correct Green's function of the z/d problem. Explicit equivalence with the
former FGW results of Ref. 8 has also been proved. This, however, requires tedious
mathematical manipulations.

In proving the equivalence, explicit calculations can be avoided by expressing Gy and
Gy in terms of Go and Go ' . This is no doubt the most economical way of proving the
equivalence. Besides, this method can be extended in a straightforward manner to two
dimensions. The gain of using this method, i.e. avoiding explicit solutions, is even larger there,
since the explicit solutions are significantly more complicated in 2-D. This more compact
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derivation is given in Paper I for both 1-D and 2-D systems. Here we only quote the final
results.

By comparing the defining equations_for G0(x, xp, co) (eqn (13)) and Gy(x, xp, co) (eqn
(27)), the solutions for Gy{x, xp, co) and Gy'(x, xp, co) can be constructed from corresponding
solutions for Go and Go'. The value of B (co) is the same in both equations and the only
difference lies in the presence of the term for the static rod in eqn (27). The following
relationships can be derived, without having the concrete representations of either Go or Go ' :

GJx,xn, co)
GJx, xB, co) = - ^ S-L— (31)

G/(*, *p, ft)) = + G0'(x, Xp, co) (32)
1 - j;G0(xp, xp, CO)

Substitution of (31) and (32) into (29) will now lead directly to the earlier FGW result of Ref.
8, eqn (17). This means that the perturbative treatment (i.e. the e/d model) of the small
vibrations of a finite rod gives correct results. It can also be seen that when the rod strength
tends to zero, i.e. y -» 0, Gy and Gy relax to their weak absorber counterparts Go and Go',
respectively. Thus, in this limit the e/d model and the weak absorber approximation yield
equivalent results for the vibration induced noise.

The main advantage of the e/d model, is that it can be extended to two dimensions, as it
was shown already in Ref. 6. The 2-D solution of the e/d model given there, however, suffers
from the same error as the 1-D case, namely the neglection of the effect of the static rod in the
equation for the Green's function. At the same time, a heuristic extension of the 1-D FGW
results to 2-D was suggested. This surmise of the 2-D FGW solution has not been possible to
prove so far, because, as previously mentioned, the solution technique used in the 1-D FGW
model cannot be extended to 2-D.

We have been able to extend the formal solution of the correct e/d model to two
dimensions (Paper I). That is, the solution is given in terms of the unperturbed Green's
function, which means that it is also possible to compare it with the intuitive 2-D FGW
solution. It is seen that the solutions are identical in what regards functional dependence on the
unperturbed Green's function, but the definition of certain factors (constants) differ.
Asymptotically, however, (i.e. for thin rods) they converge to each other. Thus it is proved that
the heuristic solution for the noise, induced by the vibration of a strong absorber, is valid.

To put these results into perspective, it is useful to mention the possible applications of the
results in noise investigations and diagnostics. The correct solution to the noise in the e/d
model for strong absorbers has been found in both 1-D and 2-D. This result is interesting in its
own right, since previous derivations of the noise in this model have been shown to be
erroneous. Further, the result can be used to investigate the limits of applicability of the weak
absorber approximation for realistic control rods. In reality, the weak absorber approximation
may not always be applicable. Therefore a correct solution for strong absorbers is necessary.
Finally, the solution obtained is very valuable since one can calculate the noise induced by a
strong vibrating absorber in realistic systems, without the need to take into account the
presence of the static rod in the equation for the Green's function. For this reason, it is
sufficient to calculate the unperturbed Green's function, which is a simple and well-known
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Green's function, and then the noise for strong absorbers can be obtained by using the
expression in (17) and the corresponding result in 2-D (Paper I).

2.4. An axially non-homogeneous reactor model

We have recently developed a 2-D reactor model with a control rod inserted partially into the
core. The motivation for the investigation of the noise in the present model comes partly from
a general aim to develop realistic noise models, which are still simple enough to allow for
analytical or semi-analytical solutions, and partly from the interest in a number of specific
diagnostic problems: First, it came to our attention that control rods may become significantly
decalibrated during reactor operation. Thus, the actual vertical position of a control rod may
appreciably differ from the one indicated by the electromechanical instruments. This problem
led us to investigate the possibility of using the axial flux shape for determining (recalibrating)
the axial position of control rods during operation. This was performed with success by using a
neural network and flux shapes supplied by the SIMULATE code (Ref. 10). Second, the flux
gradient or the current is a very sensitive indicator of cross section perturbations, both static
and dynamic. The feasibility of using the current for diagnostics of e.g. the axial position of a
control rod or of a damaged control rod pin has been studied in a preliminary investigation by
using the present model (Ref. 11). Third, in this simple model we can easily calculate the exact
solution of the neutron noise induced by a rod manoeuvring experiment (Paper II), i.e. an
axially oscillating control rod. This is interesting in its own right, but more importantly it has
been used to compare the exact solution with different reactor kinetic approximations
(Paper HI), in order to estimate the range of validity for these approximations.

Finally, the practical significance of the investigations of the reactor kinetic
approximations is that these approximations can be used with existing commercial ICFM (in-
core fuel management) codes. Such an example is the use of SIMULATE in the calculation of
the neutron noise induced by the periodic insertion and withdrawal of the rod (which in normal
reactor operation jargon is called rod manoeuvring), using the adiabatic approximation
(Ref. 12). The problem is that the correctness, i.e. the applicability, of the approximation
cannot be judged, because the exact noise solution cannot be obtained by the same code. In
general, there is no code available at present with which the noise can be calculated in realistic
heterogeneous cores. In the present work, the applicability of the adiabatic approximation can
be investigated in the same problem, although of course in a simpler (homogeneous, one-group
theory) reactor model. The results will give a good indication of the reliability of the
SIMULATE-ADIABATIC method. Its evaluation by the results of Paper III, however, will be
published separately (Refs. 12-14).

The model corresponds conceptually to treating a vertical, diagonal cross section of a
cylindrical core with a central, partially inserted rod. A sketch of the model core is shown in
Fig. 2. The main advantage of this model is that the absorber can be treated as infinitely thin,
i.e. described by a 1-D 8-function. This immediately makes application of various analytical
methods possible.

Due to the relative ease of solution as well as the non-trivial character of the model, a
number of problems with practical relevance can be explored. In Paper II, the solutions to the
static and the dynamic (rod manoeuvring) problems are calculated by two different methods.
One is based on a series expansion w.r.t. the eigenfunctions of the statically unperturbed
system, i.e. a homogeneous system without the rod being present. However, a much more
effective method is to divide the system axially into two regions, one containing the full extent
of the rod and the other being the remaining part which is free of the rod. In both regions
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Region 1

Region 2

- a
Fig. 2. The 2-D reactor model with an absorber rod present from the top
to the mid-plane of the reactor.

solution with separation of variables is applicable, and the solutions can be coupled to each
other by interface conditions.

This summary of the work performed using the axially non-homogeneous reactor model
consists of two parts. First, we will utilize the two-region solution method and summarize the
analysis of the static and dynamic problems, respectively. Second, two different reactor kinetic
approximations (i.e. the adiabatic and plateau approximations) will be described and used to
calculate and analyse the dynamic problem. The derivation of the static and dynamic solutions
using the method of unperturbed eigenfunctions and many more details regarding both
methods and results are given in papers II and HI.

2.4.1 Solution of the static problem

The model reactor consists of a 2-D infinite rectangular parallelepiped of extrapolated size la
by 2h and with an absorber rod present half-way through the reactor from the top to the mid-
plane (Fig. 2). The absorber rod is the only inhomogeneity in the model and the reactor
medium is otherwise considered homogeneous with constant material properties. To simplify
the analytic calculations, the rod has been placed in the centre of the x -direction and in the
calculations we will use one-group diffusion theory and one group of delayed neutrons.
Extension to non-central rods and two-group theory is straightforward.

The macroscopic absorption cross section I*r
a(x, y) for the rod can be mathematically

modelled by using a Dirac 5 -function in the x -variable and a Heaviside step function in the y -
variable as

= Y5(x)8(y-A) (33)

where y is the strength of the absorber. The static diffusion equation for the neutron flux
§(x, y) in the above system can now be written as

A$(x,y)+B2$(x,y)-l?>(x)e(y-hMx,y) = 0 (34)

The flux is assumed to be zero on the extrapolated boundaries of the reactor. Thus, the
boundary conditions can be written as
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<K±a, y) = 0 Vy

<Kx, 0) = <|>(x, 2A) = 0 Vx

We now divide the core into two regions: one region containing the rod y > h and one
without the rod y < h (see Fig. 2). The result of this division is that the region for which y > h
will experience the presence of the absorber all through the region. Thus the x- and y-
variables can be disconnected from each other and the method of separation of variables can be
used for each region.

Using separation of variables for Region 1, we obtain the solution as

<>,(*, y) = ^An&mHn(a-\x\)smXln(2h-y) (36)
n

where the values of m „ are obtained from a transcendental equation as

Hi,. = - ^ t a n H i . B a (37)

The values of Xx n are then chosen such that each member of the sum in (36) satisfies eqn
(34). This is achieved in general by setting A,j n = B - (Aj n.

From the above it follows that each member of the sum fulfils eqn (34) including the
discontinuity of the x -derivative at x = 0, and the boundary conditions. The only hitherto
unspecified quantities are the coefficients An. The coefficients will be derived from the
interface condition between regions 1 and 2.

For Region 2, the solution from separation of variables becomes

_ .. .... _..,? (38)
n = 1

where

\h.,n = ^T^-% n = !.-.N. (39)

The continuity conditions at the interface between the two regions are

<j)](x, h) = <J>2(JC, h) (40)

and

^ - ^ . ( x . v ) = TT—d)7(x, y) (41)
dv ov

' y = n J y = h
where we have used the fact that the diffusion coefficients are equal for the two regions.
Inserting (36) and (38) into (40) and (41), multiplying with cos|a.2 px and integrating, we
obtain two equations. By writing the equations in matrix form and then taking the difference
between the two matrix equations, we obtain matrix eigenvalue equations for the coefficients
An and C and the criticality equation, (see Paper II for details)
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The static flux has been calculated and the result is given in Fig. 3 together with the
critical buckling B. The reactivity value of the reactor in Fig. 3 including the rod is -0.41 $ or -

B = 0.02679 cm"1

0.5-

-50

100
150

200
so x [cm]

y [cm]

Fig. 3. The static neutron flux. Notice the depression of the flux caused by the
presence of the absorber rod and also that the flux maximum is pushed down
from the centre of the reactor.

310 pcm, as compared to a critical reactor without the rod. We have intentionally selected a
strong rod to illustrate the resulting depression of the flux around the absorber. The flux
gradient w.r.t. the x -direction is discontinuous across the absorber as it should. The rod also
forces the axial maximum of the flux downward, below the geometrical centre of the reactor.

In the neighbourhood of the rod edge, the flux is rather strongly distorted and this can be
applied to the identification of the axial position of the rod tip (Ref. 10). The neutron current,
or the gradient of the flux assuming diffusion theory, is even more sensitive to the position of
the rod edge. The present model has already been used in Ref. 11 to illustrate the possible
applications of the neutron current in core monitoring and diagnostics.

2.4.2 Solution of the dynamic (noise) problem

We will now apply the methods described in the previous section to find the exact solution to
the noise due to vertical oscillations (vibration) of an absorber rod in a 2-D system. The
vertical oscillations of the rod can be described by the time-dependent macroscopic absorption
cross section as

= yb(x)Q(y-h-e(t)) (42)

where e(f) is the vibration amplitude in the positive y -direction. By expanding (42) in a
Taylor series around £(f) = 0 and neglecting second and higher order terms in e, we obtain
the perturbation represented by the oscillations as

(43)
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This corresponds to a point source of variable strength, positioned at the tip of the rod.
By introducing the time-dependent absorption cross-section into the time-dependent one-

group diffusion equation with one group of delayed neutrons, linearizing and making a Fourier
transformation, the resulting noise equation is obtained as (c.f. Section 2.2)

A84>(x, y, <») + B2(co)80(x, y, co) - Jfi(jc)0(y - fc)&|»(x, y, co) = S(x, y, co) (44)

The solution is obtained by assuming that the noise can be expanded similarly as in the
static case. Thus, we can write the noise as

N

8<t>,(x,;y,G0) = ^ An(oo)sin|XliB(a-|x|)sinXlin(2A-y) (45)
n= 1

for Region 1 and similarly for Region 2, we have

N

H2(x,y, co) = £ CB(<B)cosji2jnxsinA,2iBy (46)
n = 1

The effect of the noise source is taken into account by modifying the current continuity
interface condition in (41). The modified interface condition is obtained in the same way as we
took the absorber rod into account in the solution for the static flux in region one. The modified
continuity condition for the current (i.e. the gradient of the flux) can be written as

£8(x)<b(x, h) (47)
D

The continuity condition for the flux is the same as in equation (40). Putting (45) and (46) into
(47) and (40), multiplying with c o s ^ „* and integrating, we obtain the coefficients An(co)
and Cn(co). By using the coefficients in (45) and (46), the neutron noise is obtained.

The amplitude of the induced noise resulting from axial oscillations of 1 cm amplitude of
the absorber rod is shown in Fig. 4, for a few selected frequencies. At low frequencies, the
noise behaves in a point kinetic fashion with an amplitude which has the same space
dependence as the static flux. With increasing frequencies, the amplitude becomes more and
more space dependent, where the fastest change is concentrated around the position of the
perturbation (i.e. the tip of the rod).

In the following two sections we will introduce the adiabatic and plateau frequency
approximations and show the solutions of the noise induced by vertical oscillations of the
partially inserted rod (i.e. the rod manoeuvring experiment) in these approximations. The
details are found in Paper III, where the results of the approximations are also compared with
the exact results derived above.

2.4.3 The adiabatic approximation

The adiabatic approximation takes into account space-dependent effects in noise problems by
modifying the spatial behaviour of the critical flux (i.e. the point kinetic term) using a space
dependent term. In the past, the adiabatic approximation has been investigated numerically
(Refs. 15-17) and analytically in 1-D noise problems (Ref. 4). The general conclusion is that
the adiabatic approximation is valid and useful for small systems (or low frequencies) to
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Noise amplitude (source freq. 0.001 rad/s)
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Fig. 4. The amplitude of the noise for four different frequencies of the source oscillation.

intermediate systems (or plateau frequencies) and it breaks down for large systems (or high
frequencies). We have found a similar qualitative range of validity of the adiabatic
approximation in our 2-D model.

In many of the previous works, either violent transients or rather artificial model problems
were investigated. In this Section, on the other hand, a 2-D model is used with a concrete
perturbation that corresponds to a realistic noise diagnostic problem. Thus the investigation
presented in Paper in and summarized here, is better suited than previous works for judging
the applicability of the adiabatic and plateau approximations in a control rod manoeuvring
experiment in a PWR.

In the general development of kinetic theory for the point reactor model and for various
improvements on that model (Ref. 15), the flux is separated into a time-dependent amplitude
function P{t) and a space-time dependent shape function *F(JC, y, t) as

= P(tmx,y,t) (48)

The idea is that the majority of the time-dependence of the flux is taken care of by the
amplitude function, while the spatial integral of the shape function remains fairly independent
of time. If the time-dependence in the shape function is completely neglected and its space-
dependence is taken as equal to the critical flux for the unperturbed reactor, the point reactor
model is obtained. On the other hand, for sufficiently slow changes of the flux, the shape
function can be calculated for successive points in time using a static equation corresponding
to the momentary state of the core at each time point. The usefulness of this approximation,
which is referred to as the adiabatic approximation, for realistic power reactor noise problems
lies in that we may calculate the static flux from a static ICFM code at different time points and
use it as the shape function.
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Since we are interested in "small" vertical oscillations of the rod around its equilibrium
position, we can write the resulting time-dependent flux as composed of a constant (critical)
term plus a fluctuation as

Mx,y,t) = $0(x,y) + fy(x,y,t) (49)

P(t) = 1 + SP(t) (50)

V(x, y, t) = <t>0(x, y) + 5Y(;c, y, t) (51)

where we have normalized the amplitude function P{t) at critical to unity.
The shape function, of course, needs to be normalized using the condition

lha lha

J | %{x, y)V(x, y, t)dxdy = J J fax, y)dxdy (52)
0 -a 0 -a

where §0(x, y) is the static flux. The normalization makes the shape function time-
independent in an integral sense (Refs. 15 and 4). Inserting equation (51) into (52) yields a
condition of orthogonality between 8*? and <j>0.

Inserting equations (49)-(51) into (48) and neglecting the second order term
x, y, t) yields

8<K*, y, t) = 5P(tno(x, y) + W(x, y, t) (53)

The first term on the r.h.s. is called the point-reactor term and it represents the overall
fluctuation in amplitude with the space-dependence of the static flux. The second term
describes the fluctuation in the space-dependence and it is thus called the space-dependent
term.

By Fourier transforming (53), inserting it into (44), multiplying with <t>0, integrating, and
using the equation for the static flux and boundary conditions, we obtain

5/>(co) = G0(co)p(co) (54)

where the reactivity p(co) is found as

lha

j jifo(x,y)S(x,y,(a)dxdy

J J <)>o(*, y)dxdy VE/ J J fax, y)dxdy
0 -a 0 -a

and where we have also used the explicit expression for the source (43) in the present model.
Equation (55) is the first order perturbation theory expression for the reactivity of the
oscillating rod.

The adiabatic approximation is introduced through the following reasoning. The shape
function corresponds to the momentary state of the system, i.e. it can be calculated by a static
equation of the form (c.f. eqn (34))
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, y, e) + B^ix, y, e) - ^8(x)Q(y -[h + E])V(X, y, e) = 0 (56)

Since the shape function *P = <(>0 + 5*?, the space-dependent term 8*F can be obtained by
using two independent static equations, one for the critical flux <])0 and one for the shape
function *F (i.e. eqn (56)), and then eliminating <|>0 from the resulting *F by using the
orthogonality condition.

The equation for the shape function is homogeneous and its value is thus undetermined to
a constant factor. Let h(x, y, e) be a solution of eqn (56) with an arbitrary, but given
normalisation. Then the solution ¥ , which fulfils (52), can be written as
¥(*, y, e) = C • h(x, y, e). Thus, one obtains the space-dependent term as

a 2h

T^ h(x, y, z) - $0(x, y) (57)

J j §0(x, y)h(x, y, e)dydx

-a o

where we have used eqn (52) to determine the normalisation constant C. Finally we can write
the solution for the noise in the adiabatic approximation as

8<K*, y, co, e) = G0(co)p(co)<t>0(*, y) + 8¥(x, y, e) (58)

In the adiabatic approximation, the noise induced by the axially vibrating absorber is
obtained by the following procedure: We consider first a critical reactor with a partially
inserted absorber rod. The static flux <}>0(JC, y) is calculated for this case and then the absorber
is withdrawn a certain distance, making the reactor supercritical. Then, the perturbed static
flux *¥(x, y) and the change in reactivity p are calculated. Thus, by normalizing between the
two static fluxes and using eqns (57) and (58), we obtain the noise in the adiabatic
approximation. Since we only keep terms linear in the perturbation amplitude e(co), both
p(co) and 8T(x, y, e) will be linear in e, and the frequency dependence of p and 84* will be
contained in e.

In the quantitative work, 5*F was calculated as a difference between two static
eigenfunctions, one with the rod inserted into the middle of the reactor (i.e. the critical,
unperturbed solution <j)0), and one with the rod withdrawn by e = 1 cm (i.e. the shape
function *P). The calculated space-dependent term for such a perturbation of the rod is shown
in Fig. 5.

The space-dependent term 8*P is real and independent of frequency and according to its
definition it is orthogonal to the static flux. Since the static flux is everywhere positive, the
orthogonality condition requires that the space-dependent term must have both positive and
negative values. This can be observed in Fig. 5.

The solution for the noise in the adiabatic approximation can now be calculated from (58).
The noise amplitude for four different source frequencies is shown in Fig. 6. The noise in the
adiabatic approximation (58) is composed of a point kinetic term and a space-dependent term.
Since the space-dependent term is independent of frequency, the relative weight of the two
terms in the solution is determined by the frequency behaviour of the zero reactor transfer
function Go(co) in the point kinetic term. For very low frequencies |G0(co)| is large and hence
the point kinetic term with the space-dependence of §0 completely dominates the solution
(Fig. 6a). For somewhat higher frequencies, the two terms in (58) are of similar amplitude and
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Fig. 5. The space-dependent function 81? as obtained from (57) for a 1 cm
perturbation of the rod.

the behaviour of the unperturbed flux is then just modified by the presence of the space-
dependent term 8VF. For even higher frequencies, the space-dependent term dominates over
the point kinetic term. This leads to a non-physical result for the noise amplitude in the
adiabatic approximation, which becomes equal to the absolute value of the space-dependent
term (see e.g. Fig. 6d). A more quantitative discussion is given in Paper HI.

2.4.4 The plateau approximation

In numerical solutions of the kinetic equations, one can often assume that the prompt neutron
lifetime A is so short compared to any time-dependent perturbation that it can be set equal to
zero (Ref. 15). This is called the zero prompt neutron lifetime approximation or the plateau
approximation. Thus, for perturbations with a frequency co«p/A, we can set A = 0 in
equation (7) or equivalently set the time-derivative on the l.h.s. of equation (5) to zero.

Equation (7) can be simplified further for perturbations in the frequency region
X « co « p /A , by neglecting the contribution of the delayed neutrons and thus also the time-
dependence of the precursors. The delayed neutron precursors are simply too slow to follow
the time-dependence of the perturbation for co » X. In this frequency range the zero reactor
transfer function G0(co) has a plateau (see Fig. 1) with an amplitude equal to 1/p. This is the
reason we refer to this approximation as the plateau approximation (Refs. 18-20). The
temporal response of a point reactor to a reactivity perturbation, as given by eqn (54), shows
that in this approximation the response of the reactor to a perturbation appears without time-
delay. In fact, the system acts as a sub-critical system with a source. This is due to the fact that
a fraction P of the prompt neutrons is lost to the source of the delayed neutron precursors.

The above discussion shows that for frequencies within the plateau frequency region of
the zero reactor transfer function, B (co) becomes (c.f. eqn (10))

B2(co)=sJ = .1 (59)
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Fig. 6. The amplitude of the noise for four different frequencies of
the source oscillation.

It is clear from (59) that Ba is a real constant and independent of frequency. The resulting
noise equation in the plateau approximation can now be written as

A&>p(jc, y, co) + , y, a>) - J , y, m) = S(x, y, co) (60)

Since B* is real, the equation for the noise in the plateau approximation is also real. For
numerical evaluation of the noise, this equation is a significant simplification in comparison
with solving the full complex noise equation. In fact, the plateau approximation can easily be
implemented as an option in a standard core simulation code. The only modification necessary
is to replace the cross-sections v£y with vZ^(l - P) (c.f. eqn (7) with A = 0 and X = 0).
For analytical calculations, however, eqn (60) is only a minor simplification and this is
probably the reason why the plateau approximation has only come to limited use in previous
works. In addition, a significant drawback of the approximation is that all phase information in
the noise is lost. However, van Dam has used the approximation in several important
publications regarding the noise induced in neutron detectors by passing steam bubbles in
BWRs (Refs. 18-20).

In the present reactor model, equation (60) can be solved analytically in the same way as
in the case of the exact noise equation in Section 2.4.2. The resulting noise in the plateau
approximation for a vertical oscillation of 1 cm amplitude is shown in Fig. 7. A qualitative
comparison between Fig. 4c and Fig. 7 shows, as expected, that the approximation yields an
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accurate solution of the noise for frequencies on the plateau of G0(o)), where space-dependent
effects are important. A comparison with Fig. 6c shows that the plateau approximation agrees
better with the exact solution for the noise than the adiabatic one (see also Paper III).
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Fig. 7. Nois.e amplitude in the plateau approximation.

The results of the point kinetic, adiabatic and plateau approximations are compared with
the exact solution for the noise in Paper III. However, we will give a few general conclusions
here as well. The point kinetic solution agrees with the exact noise only for very low
frequencies where space-dependent effects are not important. In general, the adiabatic
approximation agrees well with the exact noise for frequencies where the space-dependent
term acts as a small modification of the point kinetic term, i.e. up to about 0.5 rad/s in the
present model.

The plateau approximation agrees closely with the exact solution for the whole plateau
frequency range, i.e. roughly between X (0.1 rad/s) and (3/A (100 rad/s). This is also a very
useful frequency range from a practical point of view, since most mechanical perturbations in
reactor cores have their eigenfrequencies in this range. As was mentioned previously, a further
advantage of this approximation is that by implementing a simple modification of an existing
static ICFM code, it can be used to solve the noise in the plateau approximation. For
frequencies higher than p /A, the plateau approximation breaks down as well. At such
frequencies, the space-dependence of the exact noise amplitude becomes strongly localized at
the position of the perturbation.
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Chapter 3

Some aspects of boiling water reactor stability

3.1. Introduction

In boiling water reactors, the boiling process (i.e. void formation and transport) constitutes the
main noise source. The Doppler and void feedback coefficients of reactivity are both negative
in the BWR reactor system. Thus, any increase in the amount of void in the core will be fed
back to the reactivity with a negative sign and hence the power will decrease and less void will
be produced. The normal void perturbations excite the reactor, but the feedback effect will
keep the reactor power stable and constant, without any intervention by the reactor control
system. However, systems with negative feedback may under certain conditions (i.e. for
particular values of the gain and phase lag) become unstable. In case of BWRs, this was
discussed already 40 years ago during the early development of BWRs (Ref. 21, 22 and 15).
The Experimental Boiling Water Reactor exhibited large amplitude power oscillations at high
powers of the reactor. Although these power oscillations were suppressed by operation at high
pressure, which reduces the void feedback coefficient (the gain), present day commercial
BWRs can still experience power oscillations at high power and low coolant flow rate
conditions. These operating conditions typically occur during start up of the reactor.

The problem of power oscillations in BWRs reappeared in the early eighties and it has
since then received considerable attention from a large number of researchers. A relatively
large number of instability events has occurred in operating BWRs and due to these events, the
problem has also received considerable attention by regulatory bodies in different countries. A
good review of the state of the art regarding BWR stability can be found in Ref. 23. To ensure
stability of the reactor at all times, operators are forced to either avoid certain regions of the
power-flow map (i.e. restrict the operating regime of the reactor) and/or to monitor the stability
characteristics of the reactor continuously. For the monitoring, instruments have been
developed that can detect any tendency towards an instability and then set off an alarm to alert
the operator for manual action. However, such stability monitors have only recently come into
more general use.

The main modes of instability that have appeared in commercial BWRs are the
fundamental mode or in-phase oscillation (Fig. 8a), the first azimuthal mode or out-of-phase
oscillation (Fig. 8b) and the channel instability or density wave oscillation (DWO) (Fig. 8c).
Fig. 8 shows examples of the different modes as recorded by neutron flux detectors during
stability measurements in the Swedish BWRs Ringhals-1 and Forsmark-1. An expansion of the
space-time dependent neutron flux in a sum of neutron flux eigenmodes will contain the
fundamental mode as its leading term and the first azimuthal mode as the second one. Since the
fundamental mode represents the critical flux, one would expect that this mode is always the
most unstable and has the largest amplitude. However, since the BWR dynamic system has
different gain and feedback mechanisms for the different modes, the out-of-phase mode may
under certain conditions become unstable while the in-phase mode is still stable. The stability
of these two modes is determined by the coupled neutronic-thermohydraulic mechanisms of
the BWR system. The channel instability, on the other hand, is of purely thermohydraulic
origin and hence it can be excited in a flow loop without any nuclear coupling.

To clarify the relationship between the different types of instabilities in BWRs, we show
in Fig. 9 some of the BWR feedback mechanisms, which are important with respect to stability
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Fig. 8. The three different types of BWR instability modes a) in-phase, b) out-of-phase and
c) channel instability. The figures were obtained from measurements of LPRM signals made
in the Swedish BWRs Ringhals-1 (a and b) and Forsmark-1 (c).

(Ref. 24). The global or in-phase oscillations, as well as the out-of phase ones, are caused by
the strong void-reactivity feedback and the time delay corresponding to the transit time of the
void perturbations through the core. In this case, small reactivity perturbations may become
reinforced for particular parameter settings and the power will start oscillating in a limit-cycle.
This feedback path is labelled the direct loop in Fig. 9. This loop can be simply modelled
without taking into account the thermal hydraulic momentum equations and such models are
discussed in Refs. 25-28. By including the indirect loop in Fig. 9, we take the momentum
equations for the core and recirculation loop into account. Thus, any change in power will now
be followed by a change in core flow rate. Hence, global power oscillations will result also in
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global void fraction and flow rate oscillations. Notice that the feedback path, which is the
origin of the oscillations, is the direct loop. The indirect loop has a smaller feedback due to the
damping of flow oscillations by the friction in the recirculation loop (Ref. 29).

Neutron flux/Power

Reactivity
perturbations

Neutron kinetics Fuel heat transfer

Direct Loop
Heat flux

Void fraction
Pressure drops

Core outlet pressure

Thermal hydraulics

DWO loop
(dotted line)

Channel
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flow rate
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Core inlet flow

Recirculation loop dynamics

Fig. 9. Schematic figure of the most important feedback paths in BWR stability (Ref. 24).

The out-of-phase mode, on the other hand, can have a large positive flow rate perturbation
in one part of the core and a negative flow rate perturbation balancing it in other parts of the
core. Thus, the net flow rate will be zero and hence there can be a positive inlet flow feedback
in the indirect loop that may yield unstable out-of-phase oscillations. The damping in this case
comes from the neutronics and the fact that the out-of-phase mode is a subcritical mode.
Similarly to the global mode, certain values for the feedback coefficients may yield an unstable
out-of-phase oscillation.

By considering the DWO loop in Fig. 9 for a single fuel channel and completely ignoring
the presence of the direct loop, we can have purely thermal hydraulical self-sustained DWO
oscillations along the dotted line in Fig. 9. These oscillations are brought about by an initial
decrease in the inlet flow rate to a fuel channel. This decrease will give an increase in the local
void fraction which will travel as a concentration or density wave upwards along the channel.
Due to the presence of the density wave, the local pressure drop will change and close to the
channel outlet the pressure drop will reach its largest values. Thus, the total pressure drop over
the channel will be somewhat delayed compared to the inlet flow perturbation. For some
particular time-delay, an inlet flow decrease will coincide with a total pressure drop increase
and thus the inlet flow perturbations are reinforced (i.e. positive feedback). In commercial
BWRs, the density wave instability is stabilized by having a large single phase pressure drop at
the inlet of the fuel channels, which decreases the time-delay of the total pressure drop
compared to inlet flow perturbations. This is performed in practice by using an orifice plate to
throttle the flow.
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By reconnecting the direct loop in Fig. 9, it is clear that if the DWO loop is unstable it will
result also in neutron flux oscillations through the void feedback. If the DWO is large enough
it may even excite DWOs in neighbouring channels or one of the previously discussed BWR
instability modes. Apart from this possibility, the amplitude of the neutron flux oscillations
induced by a DWO will be space-dependent with the largest amplitude at the position of the
DWO and decaying with increasing distance from this position. The LPRM detector response
to the presence of a DWO in the Swedish Forsmark-1 BWR is shown in Fig. 8c.

The coupled neutronic-thermohydraulic dynamic system of a BWR is nonlinear. This
means that crossing the transition point between stable (linear) and unstable (nonlinear)
behaviour, will lead to growing oscillations of the reactor power. The frequency of the
oscillations corresponds directly to the resonance frequency of the neutronic-thermohydraulic
system. Due to nonlinear effects, the reactor power oscillations will only grow until they reach
a certain amplitude. Then the nonlinear effects will stabilize the power to perform limit-cycle
oscillations with a constant amplitude. The further the system enters into the nonlinear regime
the more the value of the bounded amplitude will increase. From the point of view of safety,
one should never enter into the unstable regime during normal operation of the reactor.
However, if by some incident the reactor tends to oscillate, it is reassuring that the nonlinear
terms will eventually limit the amplitude of the oscillations. In theory, one can also cross
further transition points which would result in cascades of new limit-cycles, each one doubling
the oscillation period, and finally one would reach chaotic oscillations (Refs. 26, 27, 30 and
31).

The most frequently used quantity, which gives a measure of the stability of a BWR, is
called the decay ratio (DR). The DR is defined as the ratio of two consecutive maxima of the
impulse response (IR) or the auto correlation function (ACF), i.e. A2/A1 in Fig. 10. Thus, a
DR equal to unity corresponds to limit-cycle oscillations exhibited by the system, while a DR
lower than unity means that the system is stable. In reality, neither the ACF nor the IR for a
reactor system are as ideal as in the case in Fig. 10 and many different methods have been
developed to obtain accurate estimations of the DR (Ref. 23).

-0.5;

Time [s]

Fig. 10. The definition of DR for the ACF and the Impulse response of a
second order system.
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In this chapter, we will summarize the results of two research projects in the context of
BWR stability:

• Since there exists different gain and damping mechanisms for the in-phase and out-of-phase
modes, respectively, any one can become unstable at certain operating conditions. For
example, the out-of-phase mode may become unstable while the in-phase mode is still
stable. In order to avoid instability events, the stability of the reactor may be monitored or
measured at certain limiting operating conditions. However, both modes usually appear in
the neutron flux at the same time and since the fundamental mode usually has a larger
amplitude than the first azimuthal mode, it hides the characteristics of the out-of-phase
mode. Thus, the out-of-phase mode cannot be properly monitored by using the same
methods as in the case of the in-phase mode. We have developed a factorisation method that
can be applied on-line to effectively remove the fundamental mode from the measured
signals. The remaining signal content can then be used to estimate the stability properties of
the out-of-phase mode. This work is outlined in Section 3.2 and the details are given in
Paper IV.

• The appearance of a localised large amplitude DWO or channel instability is a very rare
event in nuclear reactors, since they are constructed to be very stable against this type of
oscillation. However, at least one such localised channel instability did appear in the
Forsmark-1 BWR at the beginning of operations in 1996. Measurements performed in early
1997 confirmed this and a number of research projects were initiated to study this event. We
investigated the feasibility of using noise methods to accurately locate the exact fuel
channel responsible for the appearance of the channel instability (Paper V). This
investigation is summarized in Section 3.3. In fact, the calculations performed in this
investigation show many similarities with those performed in Chapter 2 for the case of
vibrating absorbers and it is mainly the character of the noise source that motivates its
position in this chapter.

3.2. Separation of simultaneously occurring global and regional modes

Stability measurements performed in Ringhals-1 during start-up 1990, showed that limit cycle
power oscillations occurred at 72.6% power and a core flow of 3694 kg/s. Analysis of the
phase relationships between the different local power range monitors (LPRMs) showed that
the first azimuthal mode was responsible for the oscillations (out-of-phase oscillations).
Measurements performed in a nearby point on the power-flow map indicated a stable situation
with a DR of approximately 0.7. Further, the phase between LPRMs in these operating points
showed that the power oscillations were in-phase. The oscillations in both operating points
occurred at the same frequency. This may seem like a contradiction, but in fact the explanation
is that an in-phase (global) mode was present simultaneously with an out-of-phase (regional)
mode and at the same frequency. These two modes had different amplitudes and different
stability properties. The amplitude of the two modes depended strongly on the operating point,
with the effect that a change of operating point seemed to make the DR "jump" from a value of
-0.7 directly to unity. It was then realised that in this case, the conventional DR did not give an
appropriate indication of how close one was to instability. In order to resolve this problem, the
two flux modes need to be separated and their DRs determined independently.

Thie was among the first to point out the possibility of global power oscillations in BWRs
(Ref. 21), as well as to indicate the possibility of higher spatial oscillation modes, and he also
showed that out-of-phase oscillations occurred in the Caorso plant (Ref. 32). Thie obtained the
out-of-phase component by taking a weighted difference of signals from detectors 180° apart
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radially in the reactor (Ref. 32). This method relies on the symmetry of the out-of-phase mode
and the result is that in-phase components common to both detector signals cancel, while out-
of-phase components are somewhat enhanced. A similar procedure was used successfully to
determine the stability properties of the global and regional modes in the Ringhals case (Ref.
33). This method has also become the most widely used procedure so far in separation of
global and out-of-phase modes in BWRs (Ref. 34). The method of taking differences between
diagonally opposite LPRMs will hereafter be referred to as the subtraction method.
Alternatively, a decomposition method based on the factorisation of the flux can be used to
obtain the modes separately. This so called factorisation method is outlined in the next section.
For convenience, we shall first give a few details regarding the Ringhals measurements.

The Ringhals stability measurements in 1990 were taken at nine different points on the
power-flow map, denoted by letters A-I. The interesting cases, which we have analysed, are D,
G and H. The azimuthal out-of-phase behaviour appeared in case G, while D and H are the
operating points that are closest to G on the power-flow map. The measurements were taken at
the beginning of cycle (BOC) 14 and consisted of a total of 72 LPRMs on two different axial
levels, 36 on each level. The axial levels are denoted by 2 (upper half) and 4 (bottom). The
measured LPRM signals on level 4 have been used to construct the snapshots of the neutron
flux shown in Fig. 8a and b. Fig. 8a, which corresponds to case D, shows stable in-phase
oscillations and Fig. 8b, that corresponds to case G, shows out-of-phase limit-cycle
oscillations. As expected from our discussion in Section 3.1, the oscillation amplitude in case
G is significantly larger than in D. The data analysed here have also been included in an
OECD/NEA benchmark on stability, the results of which are reported in Ref. 35.

3.2.1 The factorisation method

The space-time dependent flux can be factorised into an amplitude and a shape function. This
method was used in Section 2.4.3, where we derived the noise in the adiabatic approximation.
Thus, using the results obtained in Section 2.4.3, we can write the noise as

where the first term in (61) represents the fluctuations of the global mode (i.e. it has the same
spatial dependence as the static flux §0{r)) and it will be called either the reactivity, core-wide
or global term. The second term 5*P(r, t) in (61) contains all other fluctuations (i.e. higher
order modes as well as a local component of the noise) present in the reactor. This term will be
called the space-dependent component.

For eqn (61) to be unambiguous, it is sufficient to require that the shape function d ^ r , t)
must be orthogonal to the static flux <t>0(r) (c.f. eqn (52)). Thus, by multiplying eqn (61) with
the static flux and integrating over the core volume, the reactivity component can be obtained
as

M
r, t)dV ^ (|)0(ri)8(t)(rI-, t)

"L^J-u (62)

i= 1

where the r.h.s. was obtained by approximating the integrals with sums over a number of
detectors M. Here, the static flux <t>0(r() and the noise signal 6(j)(r(-, t) are obtained from the
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mean value and fluctuating part of the detector signal i, respectively. The space-dependent
component S^r^, t) for detector/ at position r • can now be calculated using (61).

Assuming now that the space-dependent component consists only of the first azimuthal
mode, i.e. 5lF(r, t) = 8/?(0<)>1(r), this method should be able to separate the two modes
present in the Ringhals measurements. This separation procedure was also attempted in Ref.
33, where it was called the global/space dependent separation method, but without success.

In Ref. 33 all 72 detectors, lying on two different axial levels, were used in eqn (62).
According to the above, the decay ratio of the out-of-phase component is determined by the
regional amplitude ?>R(t) only, and thus it should be space-independent. Further, the signals
8*¥(r, t) so determined should show an out-of-phase behaviour in opposite radial half-planes.
None of these two expectations were however fulfilled by the space-dependent signals
8xP(r, t) calculated by the factorisation method.

No logical explanation of this failure was found at the time the original analysis was
performed, especially not in the light of the successful separation obtained by using the
subtraction method on the same data. In fact, one would expect the factorisation method to be
more accurate in practice, since it has several inherent advantages over the subtraction method.
The advantages of the factorisation method are the use of a large number of detectors in (62)
and that the static flux is obtained from the measurement itself.

The problem was later re-examined and then it was suspected that the approximate
integration in (62) could be improved by introducing weights into the summation. During the
work with weights it was found, more or less by accident, that quite plausible results could be
obtained with the factorisation based technique, if the orthogonality integral was approximated
by a sum over 36 detectors of one axial level, instead of all 72 detectors that are situated on
two different axial levels. The reason for the success of the factorisation method when
detectors on a single axial level are used, compared to its failure when all detectors are used,
lies in the presence of local noise fluctuations in the space-dependent component 8*? in
addition to the mode oscillations. In the forthcoming, the factorisation method using detectors
from a single axial level only will be called the partial factorisation method.

3.2.2 A phenomenological model of BWR noise

The success of the partial factorisation procedure may be understood through the use of a
phenomenological model of BWR noise. This model of the noise must contain both global
&P(t)$0(r) and out-of-phase 5/?(r)<|>1 (r) oscillations as well as a local component 8L(r, f) .
The noise in this model can be expressed as

8<Kr, t) = 8P(O4>o('0 + 8J?(O4>i(r) + 8L(r, t) (63)

In this context, the space-dependent term 8vF(r, t) of eqn (61) can now be identified as being
equal to 8i?(r)(()1(r) + 8L(r, t). A phenomenological model similar to (63), but without the
regional mode, has been successfully used in the past to support the analysis of BWR noise
measurements (Refs. 36-37). We shall assume the local component to be a simple peaked
function in space which is centred around the position of the noise source (c.f. Ref. 36).

Assuming statistical independence between the components of (63) and taking the auto-
correlation of 8*F, we obtain

ACF^ir, x) = ACF5R(z) • ̂ ( r ) + ACFSL(r, x) (64)

The physical properties described by the local component of the noise consist of the local
void formation everywhere in the reactor and the axial upward propagation of these void
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fluctuations. Thus, the local component corresponds to that of a low-pass filtered white noise
process (broad-band boiling noise). Its correlation function ACF§L has a peak centred at
x = 0 with a width depending on the bandwidth of the noise. The local thermohydraulical
properties that determine void formation and propagation properties, can be assumed
statistically independent radially. Thus, no correlation exists between detectors at different
radial positions on the same axial level. The amount of steam and its velocity increases with
increasing elevation in the core, and as a consequence both the amplitude and the cut-off
frequency for the broad-band noise increases. Further, if one takes the cross-correlation
function between two detectors in the same string (i.e. one detector is situated directly above
the other), the axial transport of the void fluctuations causes a peak to appear at x = x0, where
x0 is the transport or delay time between the two detectors. The transport time may be used to
obtain the average steam velocity between the detectors. In the frequency domain, this
corresponds to a linear behaviour of the phase with frequency.

The out-of-phase oscillation, on the other hand, shows a very different behaviour in its
auto-correlation ACF5R(x). Since the regional mode is best described by a damped oscillator
excited by white noise, its ACF&R(x) will show successive damped oscillations, as is shown
in Fig. 10. In the corresponding power spectrum, the oscillation yields a peak at the frequency
of oscillation.

According to the above, a small radial variation in the steam velocity exists also on a
single axial level. Therefore, corresponding variations occur in the width of the peak present in
the ACFSL, and this can cause uncertainties in the determination of the DR for the regional
component from ACFg«j,. It is thus possible to explain, only by accounting for the local
component, why the space-dependent component deviates from the out-of-phase mode, and in
particular, why the decay ratio.derived from 8 ^ remains space dependent. However, since the
axial variation is considerably greater, one notes already that some differences may be
expected whether detectors from one elevation or two elevations are used in the approximate
factorisation method, respectively. This explains partly and qualitatively the appearance of
space-dependent DRs, but the approximations made in the summation step (62) need also to be
considered. Now, by taking into account the approximations performed and by using detector
signals from one axial level only, i.e. the partial factorisation method, the result for the auto-
correlation function of the space-dependent component ^appr is obtained as (see Paper IV
for details)

aJrt> x) = A2^]{ri)ACFhR{x) + A2
2ACFSL(ri, x) + £,2<|>o(r,.)ACF8/,(T) (65)

2

where Aj = 1, A2 = 1 and e(- « 1.
Equation (65) shows a similar structure as (64), but a significant difference is the presence

of the ACF of the global component in (65), although with a small weight. The presence of the
local and global components in the space-dependent signal S*? (r, t) causes the decay
ratio, derived from 8*F (r, t) to deviate from that of the desired out-of-phase component.
The same is true for the global component SP (?)• Due to the axial dependence of
A CF5L(r, x), even in this case it is obvious that the decay ratios, either global or out-of-phase,
will be axially dependent. However, with a relatively large number of detectors this
dependence will be weak, and a rather good approximation of the global and out-of-phase
decay ratios should be obtained.

We will now compare the above results with those obtained in case the detectors used in
the summation are situated at two different axial levels. This corresponds to the factorisation
method as it was employed in Ref. 33. The resulting ACF for this case is
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^ (66)
r{, x) + £ e^CCF^r,, r/, x)

Here, the summation extends over all 72 detectors corresponding to the Ringhals
measurements. The primes are used to distinguish between the lower and upper axial position.
Thus, ri and r( are the two detector positions within the same detector string.

Equation (66) contains the same terms as (65), but in addition it also contains the cross-
correlations of the local noise between detectors in the same string, c.f. the last two terms of
the equation. It is easy to see that the influence of these two new terms is both qualitatively and
quantitatively more significant than that of the preceding ones. For one thing, their weight is
larger than that of the preceding ones, e.g. the term CCF§L(rjt r(-', x) is linear in e. However,
the most important difference is that the cross correlations CCF5L(rj, r •', x) have a peak at a
value x0 > 0 where x0 is the transport time of the void fluctuations between the two axial
levels. Since this transport time may vary between the different radial positions, the sum over
the weighted CCFs in (66) may show a much broader peak than the individual CCFs. Because
of these facts, the deviation of ACFSy from ACF5R(x) is larger (especially regarding the
decay ratio) than in the preceding case fife, eqn (65)).

It is thus seen that there is a significant difference regarding whether detectors from one
level only or detectors from two levels are used. Reasonably good results can be obtained for
the global and regional decay ratios if detectors from one level are used. If detectors from two
levels are used in the flux decomposition procedure, then reconstruction of the in-phase and
out-of-phase components is practically not possible. This is why the attempt made in Ref. 33
was not successful.

3.2.3 Application of the factorisation method

The partial factorisation method has been used to obtain the global and regional signal
components in the Ringhals measurements and in the two operating points lying closest to the
point where the limit cycle oscillations occurred. The global component is obtained directly as
a result of the partial factorisation procedure. However, the regional mode is contained in all
the calculated space-dependent components 8*F(r1> t) and in many of these signals the mode
has a relatively low amplitude (weight). Thus, to determine a reliable DR for the regional
mode, the regional mode has to be enhanced while the undesired background is reduced.
Direct averaging of the space-dependent signals is not possible, since the out-of-phase mode
would then more or less cancel itself. On the other hand, the phase differences between the
space-dependent signals on a single axial level show the desired out-of-phase behaviour.
Therefore, we suggest here a phase delay-corrected averaging of the signals 84/(r[-, t). The
phase difference between each signal 8*F(r(, t) and a reference signal ^(rk, f) is determined
at the resonance frequency and it is denoted by <f>ki. The out-of-phase behaviour of the signals
is not perfect and deviations occur, but by using the equation below such deviating signals are
given less weight in the final result. The phase delay-corrected averaging can then be written
as

8¥(r,, 05 / U ' ) = I-T-77y--cos(% ! .) (67)

where the static flux <t>0(r;) is used as a weight function of the relative importance of the
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space-dependent signals. By using the above equation, the amplitude of the out-of-phase
component is strongly amplified, while a strong reduction in amplitude is obtained for the local
noise component and the correction term (see Paper IV).

Finally, the two signals 8P and §Rav can now be used to obtain a DR for the global and
regional components, respectively. The method of partial factorisation means that we use
detectors from one axial level at a time and therefore we will obtain two values, one for each
level of detectors, for the DR of each component in the Ringhals measurements D and H.
Regarding the actual determination of the DRs from the signals, three different methods were
used similarly to Ref. 33 (see Paper IV for details). The different methods yield somewhat
different results for the DRs, but the DRs for the different axial levels are consistent within the
same measurement. The resulting DRs for the global component for both cases D and H were
approximately 0.8. The regional components showed somewhat higher DRs of around 0.85.
The obtained global DRs are also consistent with those reported in previous publications (Refs.
33 and 38). The regional DRs are also relatively consistent, although somewhat lower,
compared to the results for the regional DRs obtained by the subtraction method in Ref. 33.
They are also somewhat higher than the results obtained in Ref. 38 using the subtraction
method. This shows that the partial factorisation method and the subsequent amplification of
the regional component leads to reasonable, consistent results which are comparable to those
of previous methods.

Stability monitoring is not the only possible application of the factorisation method and it
may sometimes be useful to separate different noise components and not only at the frequency
of a resonance. For example, in void transport measurements axial cross-correlation between
detectors in the same string is used and the local component is the interesting one. Elimination
of the global component will improve the linear dependence of the phase at low frequencies
and this possibility has not been investigated before. This example of the applicability of the
factorisation technique is demonstrated in Paper IV.

3.3. Localisation of a channel instability in the Forsmark-1 BWR

During stability verification tests at start-up of Forsmark-1, after the annual outage in 1996,
unstable power oscillations were detected. The oscillations appeared at low flow and high
power operational conditions. However, stability calculations performed before start-up
indicated stable operation everywhere within the power-flow map. Thus, at this point the
appearance of these oscillations could not be understood. The stability of Forsmark-1 was
ensured by excluding and hence avoiding the unstable part of the power flow map during the
continued operation.

Detailed analysis of the stability tests showed that the amplitude of the oscillations was
significantly larger in the left half of the core than in the right half. Thus, this analysis
indicated that the instability was localised and that its space-dependence could not be
identified with either the in-phase nor the out-of-phase neutron flux mode. In order to perform
a detailed investigation of this rare event and to check if the instability remained at middle of
cycle conditions, stability measurements were performed in early 1997 at two operational
points on the power flow map. In the most unstable of these measurement points, the
instability was excited and its local character was clearly visible in the LPRM signals. The fact
that the instability is localised indicates that the physical origin of the oscillations is the local
thermohydraulic conditions and it is inferred that the instability most probably is a localised
self-sustained density wave oscillation (DWO).

The Forsmark-1 BWR is equipped with flow sensors that monitor the inlet flow to eight
individual coolant channels. The detailed measurements taken in early 1997 at Forsmark-1
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show that there is a large coherence between the flow sensor closest to the left part of the core
and a neighbouring LPRM detector, while the coherence is low for combinations of flow
sensors and neighbouring LPRMs in the right part of the core (Ref. 39). This gives evidence
for the hypothesis that the noise source is a localized density wave instability caused by an
unseated fuel assembly positioned somewhere in the left half of the core.

The aim is to identify the position of the noise source, i.e. the unseated fuel assembly.
Obviously it is of great importance to be able to determine the position of the instability in
order to verify the reason for its appearance, inspect the unseated fuel assembly for possible
damage and take measures to correct the assembly. In order to be able to perform an inspection
of the fuel assembly in question and without negatively affecting the time of the outage by
having to inspect every assembly or even one-fourth of the core, it is important to perform the
localisation already during operation. Based on the radial power distribution and stability
calculations, the plant personnel made a priority list of the different bundles to be inspected
during the next regular refuelling outage (Refs. 40 and 41). During the outage in 1997, about
30 fuel bundles were inspected and a single bundle (the one at core position (18,3)) was found
to be slightly unseated. At the following start-up of the reactor, stability verification
measurements showed very stable behaviour (Refs. 42 and 43). This further supports the
conclusions made previously that one or possibly several unseated fuel bundles were
responsible for the unstable behaviour observed at low flow and high power conditions in the
cycle 1996-97.

It is well-established in the practice of reactor noise that local perturbations can be
localised from neutron noise measurements. One can utilize the fact that any localised
perturbation induces a space-dependent neutron noise. By modelling the noise source in some
functional form and calculating the reactor physical dynamic transfer function of the core, the
induced neutron noise can be expressed via formulas, either analytical or numerical, in which
the position of the perturbation is included as an argument (see Section 2.2). By the use of such
relationships or formulas, a localisation method can be elaborated, by which the position of the
perturbation can be found from the measured neutron noise and the calculated transfer function
of the system. The described localisation strategy was used in the past for the localisation of an
excessively vibrating control rod in a VVER-type pressurized water reactor (Refs. 44-47). The
purpose of the present investigation is to elaborate and test a similar method for the channel
instability.

3.3.1 The Forsmark-1 measurements

First we will give a short description of the Forsmark-1 core. In Forsmark-1, the core consists
of 676 fuel elements in the configuration showed in Fig. 1 la. The fuel elements are identified
either by their number or by their position in the coordinate system. Here, we will use the
coordinate system in Fig. 1 la to identify the position of the bundles in the form (row number,
column number) or (y,x). Forsmark-1 also contains 144 LPRM detectors on four axial levels,
36 on each level. The LPRM detectors on each axial level are numbered according to the
sequence shown in Fig. 1 lb and their positions are given in a separate coordinate system.

The amplitude distribution of the neutron noise is shown in Fig. 12 and in the coordinate
system of the LPRM detectors as given in Fig. 1 lb. By studying the amplitude distribution in
Fig. 12 and the time-dependence of the LPRM signals, the following conclusions can be
drawn:
• the spatial peaks in the noise field are all generated by an "absorber of variable strength"

rather than by a perturbation corresponding to lateral vibrations.
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a)
Foremark-1 fuel bundle and LPRM detector positions

b)
Forsmarfc-1 LPRM detector positions
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Fig. 11. The positions of the fuel bundles and the LPRM detectors in the Forsmark-1 core.
Figure a) shows the fuel bundles in their coordinate system and b) shows LPRM detector
numbers in a separate detector coordinate system.

there is one primary spatial peak (i.e. localised perturbation) at LPRM 10 and one second-
ary peak at LPRM 7 of smaller amplitude than the primary. Further, there are also perturba-
tions at other positions that appear and vanish in a non-stationary way;
the principal individual perturbations (spatial peaks) are quite well separated in space.

Amplitude of the normalized noise signals from the APSDs [%]

Fig. 12. Distribution of the normalized noise amplitudes on a horizontal cross section
of the Forsmark-1 core.

Based on the above, it was assumed that each perturbation consists of a single instability
of the variable strength absorber type, i.e. a DWO instability. The spatial separation between
the two perturbations is large enough so that they can be localised separately, by using a
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suitably selected set of detectors for each perturbation. Thus, we will try to localise the
positions of the perturbations responsible for the primary peak at LPRM 10 and the secondary
one at LPRM 7.

3.3.2 The localisation method

Assuming that one has recorded many LPRMs in a measurement, the foregoing figures
indicate the possibility of visually localising the perturbations by studying the amplitude
distribution only. The best result is then obtained by stating that the perturbation is located
somewhere close to the LPRM with the largest amplitude. For the Forsmark case, LPRM 10
has the largest amplitude and thus LPRM 10 can be assumed to be closest to the position of the
perturbation. Hence, this type of visual localisation has an accuracy comparable to the spacing
between neighbouring LPRMs. The phase between the different measured LPRMs can
indicate which LPRM leads the others and thus the phase can also be used to point out the
position of the perturbation on the same scale as the amplitude. In any case, the accuracy of the
amplitude, phase and also the signal transmission path analysis are all limited to the ability of
pointing out a single LPRM detector as the one most responsible for the instability. In reality,
the different indicators used may even yield somewhat different results and this complicates
the localisation by using these methods.

By using a model of the noise source and knowledge of the transfer function, one can
calculate the neutron noise and fit the noise to the measurements of many or only a few
detector signals. This method, which will be outlined below, can in principle point out any fuel
element in the core and its accuracy is not limited by the spacing of the detectors. The accuracy
of this method is in principle only limited by the approximations performed in the calculation
of the noise and most notably in the transfer function and in the quality of the measurements
used to fit the model to data. There is also a natural way to improve the method by making
more accurate calculations of the transfer function and better models of the noise source.

3.3.3 The noise source model and the localisation algorithm

Basically, there are two main classes of noise sources that are localised on a horizontal cross
section of the core. The first one is represented by the lateral vibrations of a control rod in a
PWR. (c.f. Section 2.2). The other one is due to a time varying absorption cross section at a
fixed point, i.e. an absorber of variable strength. The local channel instability in a BWR
formally corresponds to the case of an absorber of variable strength. In fact, the density wave
oscillation affects the moderating capability of the water. Thus, in two-group theory it is really
the removal cross section that is oscillating. However, in our treatment we will for simplicity
use one-group theory and then the fluctuations may be taken as fluctuations in the absorption
cross section.

A noise source 50(r, co) corresponding to an absorber of variable strength at a fixed
position r can be represented functionally as

^ t > ( r ) 5 ( r - r p ) (68)

where the frequency dependent source strength y((£>) contains the actual cross-section
fluctuations. The source is also assumed to be independent of the axial elevation in the core.
The result of this assumption is that we will calculate the noise and later the localisation result
on a horizontal cross section of the core only. In reality, the noise source is not a radial 8 -
function, rather it has a finite area. This fact however can be accounted for, and it is discussed
in Paper V. Applying (68) in (14), the noise, as measured by a detector at position r-, is
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obtained as

5<t>(>> co) = y-±jf<b(rp)G(ri, rp, co) (69)

In this expression, 6<()(r;, co) is known from measurement and the transfer function
G{rt, r , co) can be calculated as a function of its arguments. Since the main interest lies in the
determination of the source position r (localisation), we will use the notation r as the
argument for the position of the source in the algorithm. Thus, we have succeeded in the
localisation procedure when we obtain r = r .

The unknown source strength y(co) can be eliminated by considering an expression for
the ratio of two detector signals, which will be obtained from eqn (69) as

S<KJ-,, co) = G(/> r, co)
8<t)(/>co) G(r.,r, co)

In this expression, both the source strength y(co) and the scaling factor 0(r) /D are
eliminated. For one pair of detectors, eqn (70) yields a whole line (i.e. a localisation curve) on
the 2-D plane, where each point satisfies the equation. One needs at least one more detector to
obtain one or two more localisation curves, such that the intersection of such lines gives the
true perturbation position. This is a kind of triangulation, and it was used in the localisation of
a vibrating control rod in a VVER type reactor by Pazsit and Glockler in Ref. 46.

In the present work we have elaborated a new localisation method, which is more
powerful than the one based on the localisation curves. The method is formulated as follows.
Having access to n detectors, one can select n(n - l ) / 2 pairs and corresponding ratios of the
type (70). Then, for the pair ri and r •, one defines the quantity

8<Kr,-, co) G(rt, r, co)
8 ( r ) =

Clearly, theoretically 5J-/(r) is zero in an ideal case if r = r . This would be the case if no
background noise and no measurement error existed, and the exact Green's function could be
calculated for the actual core configuration. In practice however these conditions are not
fulfilled. Thus, in general (71) will deviate from zero for all r values. It can however be
expected that the deviation from zero will be minimum for the true rod position. Thus, we
define the optimization function as

f{r) = £8?.(r) (72)

Then, the source position can be derived as

Min fir) ^ r = rp (73)

For practical use, the formalism above needs to be developed a little further. Namely, in
practice it is not the Fourier-transformed detector signals that are used, but their auto- and
cross-spectra. Thus, the formalism needs to be re-formulated in terms of spectral quantities.
This is straightforward, and it is simple to derive an optimization function, based on auto- and
cross-spectra of the noise, whose minimum yields the position of the perturbation. However,
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this new formulation of the problem in terms of spectra leads to rather time-consuming
calculations of the optimization problem. This is due to the very large number of cross-spectra
that are possible already for a small number of detectors. The problem can, however, be
reduced significantly by using only independent CPSDs. By also utilizing further
simplifications, one obtains reasonable computation times. Details of this are given in Paper V.

Before we can apply the localisation method to the Forsmark measurements, we still have
to calculate the transfer function G(rt, r, co) for the system. In this study only simple reactor
models were considered, in which the transfer function can be calculated analytically. In
particular, we have used one-group diffusion theory, one group of delayed neutrons and a bare,
homogeneous cylindrical reactor in two-dimensional r - <p geometry.

As described in Section 2.2 and in Ref. 48, the transfer function can be obtained from the
following equation:

AG(r, rp, co) + B2((i))G(r, rp, co) = 8(r - rp) (74)

where r is the source position. By solving (74), we obtain (Ref. 48)

G(r,rp> co) = l-[Y 0(B\r - r p\) -

n — 0 -•

where B s JB(CO) . This transfer function is complex and therefore it describes also phase delay
effects, which are not taken into account in simpler approximations. This transfer function has
been applied to the localisation of perturbations in the Forsmark measurement.

3.3.4 Application of the localisation method

One weakness of the localisation method is that it uses the transfer function corresponding to a
homogeneous reactor model. To the author's knowledge, there is no code readily available that
can calculate the space and frequency dependent transfer function with the same or similar
spatial resolution as a static two-group nodal code achieves in the calculation of the static flux.
This shortcoming and the need for such advanced calculations of the space-dependent transfer
function of realistic cores has already been mentioned a long time ago (Ref. 49). For this
reason, simple homogeneous transfer functions have been used in all localisation work in the
past, just as in this investigation.

To test the possibilities of using our simple homogeneous transfer function to localize
realistic core noise sources, the space and time response of the Forsmark-1 flux to localised
noise sources has been simulated by using the code RAMONA3-12 (time-dependent 3-D
neutron kinetics and a simple homogeneous mixture model for the thermohydraulics) Ref. 50.

By modelling a self-sustained DWO instability at a particular position in the core, the
resulting flux noise in the LPRMs can be calculated by the code and then used in the
localisation procedure. A number of such cases were simulated and used for the testing of the
localisation method. The simulated cases agree quite well with the Forsmark-1 measurement
and this similarity indicates that it is indeed a DWO instability which is responsible for the
behaviour of the measured noise signals in Forsmark-1. The simulations show further that the
small amplitude secondary peak shown in Fig. 12 at LPRM 7 is most probably caused by an
independent DWO instability somewhere around LPRM 7, rather than being due to the
presence of the oscillation at LPRM 10. The simulations also show that it is possible to obtain
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a localisation accuracy that is significantly better than the distance between the detectors,
which is the limiting resolution for the amplitude, phase and signal transmission path
localisation methods (see Paper V for details).

The choice of the detectors to be used in the localisation method is somewhat subjective.
However, we have used a few qualitative criteria to select suitable detectors. Based on the
noise amplitude distribution, we obtain a first estimate of the position of the source. Since the
noise originating from the source decays rapidly with increasing distance from the source, the
detectors considered for use in the localisation should be significantly affected by the presence
of the source. After selecting those detectors which contain useful noise, all of them or limited
sets of them can be used in the localisation method. However, another criterion to be
considered is that the chosen set of detectors should surround the suspected source position as
much as possible.

If multiple sources are present simultaneously in the core, the choice of suitable detector
sets will also be important in order to use the single source algorithm for localisation of each
suspected source separately. Assuming that the potential sources are all separated from each
other by a distance comparable with or larger than the noise attenuation length, groups of
detectors around each potential source can be selected such that the effect of other sources is
minimized. Thus, the various source positions can be determined separately by applying the
single-source algorithm individually.

The application of the localisation method to Forsmark data is performed by first studying
the amplitude distribution shown in Fig. 12. As was discussed in Section 3.3.1, there are two
peaks in the noise amplitude at LPRM 10 and LPRM 7, respectively. Thus, we assume that we
have two noise sources acting simultaneously. Fortunately, they are separated by a distance
comparable to the noise attenuation length and hence the single source localisation algorithm
should be able to localise each source separately. The layout of the core (Fig. 11) indicates the
possibility of selecting suitable sets of detectors for each source separately.

To localise the primary source, which we suspect is situated somewhere around or
between LPRM 10 and LPRM 17, we have selected a set of detectors which have a noise
amplitude greater than about 1.3% in Fig. 12. The background noise level is estimated to be
less than -0.8%. Thus, this set of detectors fulfils the criterion that the detectors are all
significantly affected by the source in question. However, the criterion that the chosen detector
set should surround the suspected source cannot be fulfilled, since there are no available
detectors to the left of the suspected location. Fig. 13a shows the selected set of detectors (•),
which covers most of the left part of the core. The position (X) as identified by the localisation
method is also indicated in Fig. 13a. During the refuelling outage at Forsmark-1 in 1997 a
single fuel bundle was found to be unseated. This bundle was located at core position (18,3),
which is indicated by a diamond character in Fig. 13a. The figure shows that the source
position obtained from the localisation method lies quite close to the bundle that was found
unseated. This shows that despite the simplicity of the transfer function, the arbitrariness in
detector selection and that the suspected source lies close to the core edge, the method is able
to predict a reasonable location for the position of the channel instability.

The second suspected source position in the vicinity of LPRM 7 can in principle be
completely surrounded by detectors (see Fig. 11). However, LPRMs 2-4 and 8 were among the
eight LPRMs not recorded during the Forsmark measurements. Thus, in this case the method
also suffers from the fact that we cannot completely surround the suspected source position
with detectors. Since LPRM 7 is relatively far away from the core edge and the reflector, the
situation is still significantly better than in the previous case. The detector set, that we have
selected for the localisation of the suspected source at LPRM 7, is shown in Fig. 13b. The
localisation result is also shown in Fig. 13b and the indicated position corresponds quite well
to that of the local oscillations seen in Fig. 12.



Chapter 3. Some aspects of boiling water reactor stability 41

a)
a • •
p a •
a o •

D D • D •
o • a a •

D ooa D on
a an D a riro
a D a D • a a
a • • • • • o

n a • D
• a DO
D a dro
D a n D
D O D O
a o
D a
D O D O
D a a D

D D D OJ2 • D • D D D D_C
ana DO D a riro aocrc

• o o D
D O D O
D O D O
O D CLO
D O DO
a a D a
D O D O
D O
O O
D O D O
D O D O
D O
D O
D O D O
a a o a
a a ao
a a no
aooo
D O D O
a n no
o a riPa
o o D a
D a n a
D a o a
o o D O
o o a o
O O D D
O O DO
a a a o
o a a a

°oaaa°oDcro D a era

a a o a
O O 0 O

a D a o

a D era
D O D O
D O D O
D O DO
• o a a
D O D O
D O D O
D a
o a
D O D O
D a D D
a o D O
a a no
aaaa
D O D O
a a D O
a a no
D O D O
aaaa
a a D O
o a D O
D O D O
D a a a
D D DO
D D DO
D a a a

D D D D

D D D O
D O D O
D D DLD
a o no
D O D O
DODO
D O DO
D O DO
D O D O
DODO
D D OXJ
a a D O
D a a a
D O D O
a D a a
a a D O
D O D O
a a a o
D • DO
D O DO
o o o a
D O D O
a a a a

D O D
D O D
D O D
D O D D D
D O D O D
D O D D D
a o D a D
a a a.0 D a a
D O DO D O D
D O D O D D D
D O D D D D D
a a D D a a a
a D CTD D a a
D o D a D o a
a o D o D o o
a D o n a
a o D O o
o o o o o
o a o o o
O O D
o o o
O D D

b)
D O D O
D O D O
D O D O

a a
a o

D o o o o
D a a o o
a o a a a
o D o o o
• a o o o

a o
a D
O D
a o

a o o o
O O O D

O O D D
D D O D

D O
a a
D O
D a

I O D D O D O D [
I O D D D D O D t
D O D O
a o a a
D DO O
D O D D
o o a o
DODO
DD,

o o a a a
D D D D O
J D D D O
i D a D a

a o a o D O
op a o oo

D O D O
a D a a
a O P o
D O O O
D O D O
D O D O
O DO D
O 0 0 0
O O O D

o no D a
a a D D o
O O D D O

D a
'ODD

• • • D O
D O D D O
o o o a a
o o o a o
o a o a a
D D D D •
a n n a a
o aa a o
o a a a a
a D a a a
• D • • •

• a
• •

D O D O
D O D O
D O D O
a a D o
era D a
D O D O
D O D O
&a D o
era a a
DODO
DODO
DO D O
0 0 D O
D O D O
D O D O
a a a a
DO D O
DODO
a a a o
D a o o
aa a a
a a a a
a o o o
o o D o
D O a a
o a D a
o a a a
oa D o
oo D a
O D • D

D O D O
o D a o
o • D O
a a a a
• a a a
o o o a
a • a a
o o o a
a a a a
o o a a
o • a o
o a o o
a a a o
a a oo
o o on
o a o o
o a • a
a a D O
p a dh
D D o a
• D a a
o a an
a a o o
a D o o
D D • D
a D a a

D a a
o a a
o a a
o a a a
o o a o
a a a o
o o a a
o o D O
a o D O
a • a a
o a a a
a • • a
o a D O
o o a a
o a o a
• • DO
o a a a
a a a a
D a a a
D a a
a a o
a o •

D O O
a • o
a a D
P O D
a a a
a p o
D O O
o a o

15 10 15

Fig. 13. The position of the a) primary source (X) and b) the secondary source (X) as
obtained by the localisation method using the detectors marked by ( • ) . The diamond
character indicates the position of the unseated fuel bundle that was found during the
outage in 1997.

In summary, we have developed and applied a localisation algorithm for an absorber of
variable strength, i.e. a channel instability. This is the first time that such an algorithm has been
developed and applied for an absorber of variable strength. By using both simulated and
measured data, we have shown that the algorithm works satisfactorily. It was demonstrated
that the resolution of the method is better than the distance between the detectors in the core. It
was also seen that two simultaneous sources can be localised individually by applying the
single source localisation algorithm for a suitable set of detectors, assuming that the sources
are separated sufficiently well in space. Finally, the practical usefulness of the method was
shown by identifying two independent sources present in the Forsmark-1 measurements taken
in early 1997. The localisation result for the primary source agrees well with the position of an
unseated fuel assembly, which was found by visual inspection during the refuelling outage in
1997.
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Chapter 4

Noise diagnostics of core barrel motion

4.1. Introduction

In PWRs the different possible noise sources are mechanical vibrations, flow anomalies,
subcooled boiling and temperature fluctuations. The mechanical vibrations of core internals
such as the core barrel, core barrel support, pressure vessel, thermal shield, fuel rods, loose
parts etc. have received significant attention in the past. In fact, one of the first and very
spectacular successes of reactor diagnostics was the detection of deteriorating material
properties (weakening of the secondary core support structure) through the decreasing
eigenfrequency of vibrations (Refs. 51 and 52). This work was performed in the German Stade
PWR via measurements of mechanical displacements as well as an analysis of the system
eigenfrequencies by structural mechanics calculations. Good reviews of the various
possibilities and concepts regarding noise diagnostics in PWRs is found in Refs. 1 and 53.

We have studied several of the above mentioned noise sources in a long-term joint
cooperation with the Ringhals power plant. Below, we give a list of some of the noise
phenomena encountered in neutron noise spectra of Ringhals PWRs (c.f. Fig. 16).

• Low frequency power oscillations due to a flow anomaly ~0.1 -0.6 Hz

• Collective fuel vibrations -2-5 Hz

• Core barrel beam mode vibrations ~8 Hz

• Core barrel shell mode vibrations -20 Hz

• Pressure pulse from main coolant pumps -25 Hz

In this chapter we will summarize our work only regarding core barrel motion (CBM) in
the three Ringhals PWRs. In the course of this work, we have developed a new strategy
towards the analysis of CBM vibrations. This new approach unites the CBM analysis in the
time and frequency domains, respectively. We have also developed and applied a new model
for the determination of vibration properties like the amplitude, amount of anisotropy and the
preferred direction of the vibrations. The details of this work are presented in Paper VI.

4.2. Diagnostics of core barrel motion

The first step in the diagnostics of core internals is to investigate the auto-spectra of the ex-
core detectors. Peaks in the detector APSDs correspond to vibrations at the system
eigenfrequencies or to resonances of the driving pressure fluctuations (pumps, standing waves
etc.). In particular, forced vibrations can occur even without a resonant frequency. This is the
case with the beam mode vibrations, which occur as both a system eigenfrequency and a
broad-band forced vibration. With model based analysis, independent measurements (pressure,
displacement) including pre-operational and shut-down tests, as well as structural mechanics
calculations, the origin of all peaks can be determined. This is quite an extensive program
which has only been pursued in the leading PWR countries, that is Germany, the U.S.A. and
France (Refs. 51-64). Through such an analysis, individual peaks in neutron noise spectra can
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be related to eigenfrequencies and vibration modes of mechanical components as well as
resonances of the pressure fluctuations.

However, in addition to eigenfrequencies, other vibration parameters are also of
diagnostic interest, namely the amplitude of the vibrations, as well as the spatial properties of
the vibrations such as anisotropy and direction of motion. In this summary we shall only be
dealing with the spatial properties, and mainly the beam mode vibrations.

Regarding the spatial properties of beam mode vibrations, two evaluation methods have
been used in the past, corresponding to different assumptions on the spatial vibration
properties. One approach is to assume a random 2-dimensional vibration which, in general, can
show some anisotropy and preferred direction. After frequency filtering of the signals, the
description of the motion is made by time domain methods, i.e. displaying the 2-D motion
trajectory (Refs. 57 and 64) or the 2-D amplitude probability distribution (APD) of the motion
or its equi-probability lines (Ref. 57). This method is very useful for a quick perception of the
situation in the control room and for detecting sudden changes. On the other hand, it is less
suitable for trend analysis and quantitative analysis.

The other type of evaluation methods tries to describe the spatial properties in a
quantitative way (i.e. the SPEC-DEC (Ref. 65) and the VIBREAL (Ref. 66) algorithms). The
essence of these methods is to assume various vibration modes and other noise components
such as reactivity and background in the ex-core detector signals, and elaborate algorithms for
the separation of the components by frequency analysis methods. The various components
obtained after the separation, can be used to describe, among others, the spatial properties of
the beam mode vibrations. There are some problems with this type of approach which
prevented these algorithms from becoming widely and routinely used. The main point is that
they assume either a pure unidirectional vibration, or a combination of unidirectional and
isotropic beam mode vibration. However, this picture is inconsistent with general anisotropic
vibrations which are often the dominating type of vibrations.

Regarding 2-D beam mode vibrations, the ex-core ion chamber signals are not directly
equivalent to the vibration components even if other frequencies are filtered out. This is due to
the presence of additional components in the detector signals, such as reactivity fluctuations
and background noise. Thus, to reconstruct vibration properties, these additional components
need to be suppressed.

To retrieve as much information as possible regarding the beam mode vibrations, we have
used the following analysis scheme (see Paper VI). First, the individual noise components are
separated by signal addition and subtraction in the time-domain, based on physical
considerations. This is also used to suppress background noise and to obtain the reactivity
component. For the qualitative analysis in the time-domain and for further suppression of the
broad-band background noise, the separated beam mode vibration component is filtered in the
frequency domain around the resonance peak.

Second, we have used a new model to describe the beam mode vibration properties in the
frequency domain. In the previous models, pendular vibrations are described as a linear
combination of stochastic, isotropic vibrations and a unidirectional one. In fact, these two
cases are extremes of a more general case of anisotropic random vibrations. A general
anisotropic vibration cannot be represented by a sum of an isotropic and a unidirectional
vibration. On the other hand, the anisotropic vibrations can be represented by a model which
contains the same number of unknowns (two) as the previous one. This model was developed
previously for control-rod vibrations (Ref. 45) and will be referred to as the k - a model. This
model can easily be incorporated into the core barrel motion diagnostic procedure, since it
requires the same number of detectors as the previous models. The results from such an
algorithm are more reliable, informative, and easier to interpret. In addition, they can be
checked for consistence by comparison to the time domain data.
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With the above suggested changes and extensions, a consistent combined qualitative time-
domain and quantitative frequency-domain analysis is possible. The analysis results are
suitable for both on-line or in-service use in the control room as well as for off-line and long-
term trend analysis. In Paper VI this model is described and demonstrated on measurement
data taken at the Ringhals-3 PWR. Here, we will only summarize the general principles and
results.

4.2.1 General principles

For convenience, we use a notation for the detectors and the coordinate system that
corresponds to the Ringhals core and detector geometry (Fig. 14). The ex-core chambers are
denoted by N41-N44 and followed by a letter indicating their vertical position, which is L for
the lower four detectors and U for the upper ones. The corresponding noise signals will be
denoted by ?>^>l(t), S<JJ2(/) etc. Detectors N41 and N42 lie along the x-axis, while N43 and
N44 lie on the y-axis in the chosen geometry (Fig. 14).
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Fig. 14. Definition of the geometry used in the model.

We shall assume that the individual signals consist of the following components:

1. A reactivity or point reactor component 8P(t), which is identical in all four detector sig-
nals; its frequency distribution is low-pass filtered wide band white noise and a possible
peak at the vibration frequencies. This component increases with decreasing frequency at
low frequencies.

2. A component due to the beam mode vibrations of the core barrel. Physically, this compo-
nent is due to the change of the attenuation of leakage neutrons, which is caused by the
change in the thickness of the reflector. This component exhibits both a peak at the system
eigenfrequency and forced vibrations of a broad-band character. The broad-band forced
vibrations are induced by pressure fluctuations driven by the force of the water jet stream as
it enters at the inlet plenum of the pressure vessel.

3. An uncorrelated noise (background noise) 8r((r), that is present in all detector signals. This
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component is assumed to have the same broad-band character in all four detector signals,
but is assumed to be statistically independent between detectors.

4. A component D(t) corresponding to first order shell mode vibrations, and such that the
nodal axes of the mode coincide with the x and y axes. Thus, in cases when the shell mode
vibration takes place in a close neighbourhood of the x - y axes, it will be possible to iden-
tify whether or not a peak corresponds to pendulum or shell mode vibrations. The frequency
content of this component is again band-limited around the vibration frequency.

With the above assumptions, the four detector signals can be written as

5<t>!(0 = 5r,(O

6<|>2(0 = 8r 2 (0
(76)

6<t>3(0 = 8 r 3 { t ) + b P ( t ) + [ i ( t ) D { t )

8<|>4(r) = 5r4(t)

The global (reactivity) component can be obtained from the above as

4

SP(0 = ! £ 5$.(f) (77)
;= l

The beam mode vibration components can be obtained from (76) as

: — (8<bi (/) — Otyn^t)) (78)

and

Finally, the shell mode vibrations can be obtained from (76) as

D(t) = i(5<t>j(r) + 5<J>2(r) - 8<t>3(r) - 8<j)4(0) (80)

In (77)-(80), it was assumed that the linear combination of the uncorrelated Gaussian
noise components 8r,-(f) can be neglected. As long as the variance of the uncorrelated noise is
significantly smaller than the variance of the vibration noise in the frequency band of the
vibration, this is justifiable in all of the above cases.

In the spectral analysis, we introduce the so called k - a model of 2-D random
anisotropic vibrations. This model was first used in Ref. 45 for the description of the spectral
properties of the displacement components of a vibrating control rod. Assuming a spatially
inhomogeneous pressure field with short spatial correlation length and an elastic, isotropically
fixed mass, it was shown in Ref. 45 that only the zeroth and second Fourier terms of the
azimuthal dependence of the pressure fluctuations play a role. As a consequence, the auto- and
cross-spectra of the displacement components in (78) and (79), Sxx, S and Sxy, respectively,
have the general form
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Sxx(a) = |C(co)| (1+Axos2a)

5vv(a>) = |C(©)|2(l-£cos2a)
yy

Sxy(o>) =

(81)

where C is a frequency dependent parameter, describing the amplitude of the vibrations as a
function of frequency, k is the anisotropy parameter, 0 < k < 1, with k = 0 corresponding to
isotropic vibrations and k = 1 to unidirectional vibrations (See Fig. 15). Finally, a is the
angle of the preferred direction of vibrations with k > 0. As Fig. 15 shows, the above mode! is
capable of reconstructing the equi-probability lines of general anisotropic 2-D vibrations
(Refs. 45 and 57). Notice also that the vibrations are completely random in the model, i.e. they
do not have an ordered trajectory along a circle, ellipse or similar.

In summary, the quantitative diagnostics of the pendular vibrations consists of taking the
auto- and cross-spectra of (78) and (79) and assuming them to be of the form (81). Then, the
parameters k and a can be determined. In the next section, the above described method will
be demonstrated by applying it to the analysis of Ringhals data.
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Fig. IS. Equi-probability contours of the amplitude distribution for different k
and a = 30°.

4.2.2 The Ringhals-3 measurements

The measurement data that we will use to exemplify the above analysis were taken in the
950 MWe PWR Ringhals-3. There are eight ex-core ion chambers in Ringhals-3, four on an
upper axial level (U) and four on a lower level (L). Here, we will only use four detectors on a
single axial level at any one time, although the analysis will be performed for both levels
separately.

The auto power spectra of the four detectors N41L-N44L from the 1993 measurement are
shown in Fig. 16. The spectra show mainly two peaks at 8 and 20 Hz, respectively. The
coherence and phase for two detectors located opposite to each other across the core (i.e.
separated by 180°) show out-of-phase character for the peak around 8 Hz. This reveals the
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Fig. 16. APSDs of the lower ex-core neutron detector signals from the 1993 measurement.

presence of a free swing beam mode vibration. From the phase relations between different
detectors it can also be found that the peak at 20 Hz is a first order shell mode. These
conclusions are consistent with those reached in the past by different investigations of
Ringhals core barrel motion (Refs. 67, 68 and 66). There are other less prominent features in
the spectra of Fig. 16, and in order to determine their origin external information is required in
the form of detailed structural mechanics calculations and/or other sensors like pressure
gauges, accelerometers etc. However, in the following we shall analyse primarily the peak at 8
Hz which arises from beam mode vibrations.

4.2.3 Analysis in the time domain

The displacement components [lx(t) and \ly(t), undetermined to a constant scaling factor |I,
were calculated from the differences as in eqns (78) and (79), and then the remaining broad-
band background noise was eliminated by filtering the resulting signals through a Butterworth
type band-pass filter with its pass band between 4 and 11 Hz. From these signals, the
trajectory, the 2-D amplitude probability distribution function (APD) and the corresponding
equi-probability contours have been calculated (Paper VI). The APD equi-probability contours
for the lower detectors from the 1994 measurement are shown in Fig. 17. The figure shows that
the vibration has a weak anisotropy with the preferred direction close to the direction of the y-
axis.

The results of the time domain analysis, as is seen here, yield only qualitative information.
The usefulness of this analysis lies in two areas. First, a visual representation of the trajectory
indicates whether the motion is deterministic or random. Second, plots of the sampled
trajectory, the equi-probability contours, and even the 2-D probability distribution, are suitable
for monitoring in the control room, since any change in the pattern of these descriptors is very
easy to perceive and even quantify to some extent.
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Fig. 17. The equi-probability contours of the amplitude probability distribution.

4.2.4 Analysis in the frequency domain

Auto- and cross-spectra of the separated components 8P, \ix, [iy as well as auto-spectra of C
and D were calculated. Due to the fact that the quantitative value of the scaling factor ]i was
not used, the spectra will be shown in arbitrary units (i.e. relative to each other). For reasons of
comparison we assume that the scaling factor is the same for both beam mode and shell mode
vibrations. From the auto- and cross-spectra of \ix and \iy the parameters k and a can be
determined.

Next we discuss the application of the k-a. model. Calculated values of k and a , by
using the whole area under the peak in the spectra from the three measurements considered, are
shown in Table 1. In all cases, the extent of anisotropy is very low, and the preferred direction
is close to the y-axis. These data are in good agreement with the results of the time domain
analysis, see Fig. 17. It is worth to note a relatively large deviation in the preferred direction
between the upper and lower detectors in the 1993 measurement. This is due to the fact that
with low anisotropy, the determination of a preferred direction becomes more inaccurate.
Indeed, the preferred direction becomes superfluous for completely isotropic vibrations and
thus in this case it lacks any useful meaning.

Table 1. Beam mode vibration properties at ~8Hz

Peak amplitude [AU]

Jfc

a

9312 U

5.6

0.09

113°

9312 L

8.1

0.15

86°

9402 L

10.6

0.28

96°

The maximum amplitude at the peak frequency is also given in Table 1. The values of the
peak amplitude in Table 1 is larger for the lower detectors than that from the upper detectors.
This is again expected from the properties of pendulum vibrations. The 1993 and 1994
measurements are taken during the same operating cycle and by comparing the amplitudes for
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the 9312 L and 9402 L, it can be seen that the peak amplitude is clearly larger for the 1994
measurement. This increase of the vibration amplitude during the operating cycle is expected
and it has been observed in many other reactors as well.

The auto-spectra of the reactivity component §P, and the amplitudes of the pendulum and
shell mode vibrations, C and D, respectively, are shown in Figs. 18a and b for two different
measurements. In the case shown in Fig. 18a (1993 measurement, lower level), the various
components are clearly separated, showing that the peak at 8 Hz is due to pendulum vibrations,
whereas the one at 20 Hz is a shell mode. In the case shown in Fig. 18b, all three components
are equally large at 20 Hz. Thus, by this analysis it is not possible to determine the origin of the
peak. In Ref. 69, we showed that this is due to the insufficiency of the simple shell mode
model used here, which only allows for first order shell-mode vibrations with the nodal lines
along the x-y axes. If the nodal lines enclose a non-zero angle with the x-y axes which is
greater than a few degrees, the model will not be able to identify the shell mode. In the 1993
measurement the shell mode nodal lines agreed well with the x-y axes, as required by the
model, but this was not the case in the 1994 measurement (see Ref. 69). This explains the
inability of the model to identify the peak at 20 Hz in Fig. 18b.

a) b)
APSD of vibration components for ECNL.B3

10"' Reactivity
- - Pendulum

Shall

APSD ol vibration components for ECNL94

Reactivity
Pendulum
Shell

Fig. 18. Spectra of different model components for the a) 1993 measurement
and b) 1994 measurement and for the four lower ex-core detectors.

Recently, we analysed all the available neutron noise measurements taken at the Ringhals
PWRs for the purpose of performing trend analysis of the CBM vibration properties (Ref. 69).
The trend analysis and comparisons of spectra between different reactors is very useful for
obtaining long term information that may improve reactor maintenance and operations in the
future. For example in French PWRs, spectra from all reactors are collected at regular time
intervals. These data are collected in a large database, which is used for comparisons between
reactors and for trend analysis (Refs. 61 and 62).

As an example of this trend analysis, the relative amplitude obtained for the pendular
vibrations vs time is shown in Fig. 19. The figure shows that the amplitude is monotonically
increasing for both R3 and R4. This trend seems significant enough to warrant future
measurements at Ringhals PWRs and to follow this trend. In fact, the figure shows that there
has been an increase by almost a factor of three in the vibration amplitude for R4 between
1991 and -98. However, the noise level in a reactor usually increases as the cycle proceeds and
there is a possibility that the increase shown in Fig. 19 is due to the fact that the measurement
in November 91 was taken relatively early in the cycle compared to the one in June 98. This
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possibility could be checked by performing several, i.e. at least three, measurements during a
single cycle.

Trie peak amplitude vs. year

R2 Upper
R2 Lower
R3 Upper
R3 Lower
R4 Upper
R4 Lower

Fig. 19. The peak amplitude in arbitrary units for the pendulum vibration component for
R2, R3 and R4 vs year.

In summary, we have developed a methodology for analysis of core barrel beam mode
vibrations qualitatively in the time domain and quantitatively in the frequency domain. The
quantitative analysis consists of the application of the k - a model, which has not been used
previously for the analysis of core barrel vibrations. This model effectively quantifies the
amplitude, the amount of anisotropy and the preferred direction of vibration. The usefulness of
this model and its results for long term trend analysis was also indicated.
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Conclusions

This thesis presents somewhat of a "smorgasbord" of different problems in the field of reactor
noise diagnostics. We have given examples of development of noise theory for increasing the
knowledge of reactor noise for use in future diagnostic applications (Papers I-III). In BWR
stability, a successful method was developed for the separation of simultaneous global and
regional modes (Paper IV). A method was also developed for the localisation of a channel
instability in Forsmark-1 (Paper V). Finally, we studied the problem of core barrel vibrations
in PWRs and applied a new model for the quantification of vibration properties (Paper VI).

The motivation for the work in this thesis has its origin in the cooperation that we have
established with the Swedish Nuclear Power Inspectorate (SKI) and the Ringhals nuclear
power plant concerning the development and application of noise methods. The SKI supports
mainly our theoretical development, while the lessons learned are applied in cooperation with
Ringhals. This has given us the opportunity to study interesting problems of practical
relevance, while still keeping the freedom of academic research. We are also looking forward
to future investigations of noise problems in cooperation with Ringhals and SKI.

Successful research generates as many problems as it solves! The reason for this
statement is of course that we should have some issues to investigate also in the future. I think
that the work contained in this thesis has indeed generated a lot of new questions and ideas of
future work. It has also given room for substantial improvements and refinements on the
methods already developed. To give some examples of improvements and forthcoming
investigations, we have listed a few here:

• The reactor model in Papers II and III can be improved by venturing into two-group theory.
Further, the accuracy of using commercial ICFM codes and the adiabatic approximation for
noise problems can be evaluated, as promised in Paper in.

• The localisation method in Paper V can be improved by using more accurate analytical or
numerical Green's functions for the Forsmark-1 core.

• The analysis of core barrel motion in Paper VI can be improved and also extended to
include shell mode vibrations.

• The noise present in the gamma-thermometers at Ringhals-2 can be investigated.

• The problem of determining the moderator temperature coefficient in PWRs using neutron
noise methods can be investigated.

• We can go on and on and on and on

Thus, we conclude that there are still some problems left to solve for future generations of
Ph.D. students in reactor noise diagnostics.
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Abstract
A number of problems in reactor noise diagnostics have been investigated within the
framework of the present thesis. The six papers presented cover three relatively different areas,
namely the use of analytical calculations of the neutron noise in simple reactor models, some
aspects of boiling water reactor (BWR) stability and diagnostics of core barrel motion in
pressurized water reactors (PWRs).

The noise induced by small vibrations of a strong absorber has been the subject of several
previous investigations. For a conventional 8-function source model, the equations can not be
linearized in the traditional manner. Thus, a new source model, which is called the t/d model,
was developed. The correct solution has been derived in the e/d model for both 1-D and 2-D
reactor models.

Recently, several reactor diagnostic problems have occurred which include a control rod
partially inserted into the reactor core. In order to study such problems, we have developed an
analytically solvable, axially non-homogenous, 2-D reactor model. This model has also been
used to study the noise induced by a rod manoeuvring experiment. Comparisons of the noise
with the results of different reactor kinetic approximations have yielded information on the
validity of the approximations in this relatively realistic model.

In case of an instability event in a BWR, the noise may consist of one or several co-
existing modes of oscillation and besides the fundamental mode, a regional first azimuthal
mode has been observed in e.g. the Swedish BWR Ringhals-1. In order to determine the
different stability characteristics of the different modes separately, it is important to be able to
decompose the noise into its mode constituents. A separation method based on factorisation of
the flux has been attempted previously, but without success. The reason for the failure of the
factorisation method is the presence of the local component of the noise and its axial
correlation properties. In the paper presented here, we elaborate a modified and successful
factorisation technique that takes the noise structure and the approximations performed into
account.

Due to an unseated fuel element, a local density wave oscillation appeared in the Swedish
BWR Forsmark-1 in 1996. It is of great practical importance to locate the responsible element
as soon as possible. We have developed a method for the localisation of such a
thermohydraulic channel instability. The localisation method was tested on simulated data and
then applied to a measurement taken in Forsmark-1 in early 1997. The results demonstrate the
applicability and accuracy of the method.

The noise present in the Ringhals PWRs has been investigated and in the course of this
work, we have developed a new strategy towards the analysis of core barrel vibrations (CBM).
This new approach unites the CBM analysis in the time and frequency domains. We have also
developed and applied a new model for the determination of vibration properties such as the
amplitude, amount of anisotropy and the preferred direction of the vibrations. This method is
quantitative and suitable for long-term trend analysis of CBM vibrations.

Keywords: reactor noise, noise diagnostics, control rod vibrations, BWR stability, noise decomposition,
density wave oscillations, channel instability, localisation, PWR noise, core barrel vibration
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