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Abstract

In this thesis the possibility of locating vibrating noise sources in a nuclear
reactor core from the neutron noise has been investigated using different
localization methods. The influence of the vibrating noise source has been
considered to be a small perturbation of the neutron flux inside the reac-
tor. Linear perturbation theory has been used to construct the theoretical
framework upon which the localization methods are based. Two different
cases have been considered: one where a one-dimensional one-group model
has been used and another where a two-dimensional two-energy group noise
simulator has been used.

In the first case only one localization method is able to determine the
position with good accuracy. This localization method is based on finding
roots of an equation and is sensitive to other perturbations of the neutron
flux. It will therefore work better with the assistance of approximative meth-
ods that reconstruct the noise source to determine if the results are reliable
or not.

In the two-dimensional case the results are more promising. There are
several different localization techniques that reproduce both the vibrating
noise source position and the direction of vibration with enough precision.
The approximate methods that reconstruct the noise source are substantially
better and are able to support the root finding method in a more constructive
way. By combining the methods, the results will be more reliable.



Sammanfattning

Mójligheten for lokalisering av vibrerande bruskallor i karnreaktorer utifran
neutronbruset har undersókts genom anvandandet av olika lokaliseringsme-
toder. Den vibrerande storningskallan har antagits kunna betraktas som
en liten storning av neutronflodet i reaktorn. Linjar stórningsrakning har
anvants for att bygga upp det teoretiska system som ligger till grund for
lokaliseringsmetoderna. Tva, olika fall har betraktats: ett dar en endimen-
sionell modeli med en energigrupp anvants och ett annat dar en tvadimensionell
brussimulator for tva, energigrupper anvants.

I det forsta fallet ar endast en metod kapabel att avgora positionen med
bra noggrannhet. Metoden baseras pa, att finna rotter till en ekvation och ar
kanslig for andra storningar av det statiska systemet. Den kommer darfor
fungera battre med assistans av approximativa metoder som rekonstruerar
bruskallan for att avgora om resultaten ar trovardiga eller inte.

I det tvadimensionella fallet ar resultaten mer lovande. Det finns flera
lokaliseringstekniker som aterskapar bade den vibrerande bruskallans po-
sition och vibrationsriktning med tillracklig precision. De approximativa
metoderna som rekonstruerar bruskallan ar avsevart battre och klarar av att
stodja rotsokningsmetoden pa, ett mer konstruktivt satt. Genom att kom-
binera metoderna uppnar resultaten hogre tillforlitlighet.
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Chapter 1

Introduction

Many mechanical problems are initially recognized by a change in machinery
vibrations [1]. Of course, this extends also to nuclear power plants and fuel
channels. For economical reasons there is no possibility to make a rigorous
investigation of all fuel channels in a reactor during the refueling process.
Knowledge of which of the fuel channels, if any, are vibrating could permit
a direct visual investigation rather than the random investigation process
which is used today.

In this thesis different approaches to the localization problem will be
considered and tested numerically. This will be done in two main steps. At
first, a suitable algorithm will be developed in a simplified one-dimensional
core model. Later this algorithm will be adjusted and tested on an two-
dimensional core simulator.

In this introductory section it is explained why neutron detectors are
used for the localization process. In the next chapter the theoretical frame-
work for this thesis and the unfolding methods are presented. This is fol-
lowed by a chapter where the ideas for the different unfolding techniques
will be described. In the fourth chapter, the results for these techniques
are presented and a brief discussion for the different methods is given. The
thesis ends with some concluding remarks in the fifth chapter.

A reactor core is a hostile environment for most materials and detectors.
This makes conventional diagnostic devices unusable. However, the reactor
is flooded with neutrons from the nuclear reactions and the neutron flux
(which will be explained in more detail in chapter 2) can be measured by
neutron detectors. If the reactor is producing power at a constant level and
has been doing so for a long time all processes are stationary and ergodic,
it can then be assumed that the neutron flux has achieved some kind of
time-averaged steady state which can be theoretically calculated [2]. The
deviations from this steady state, the neutron noise, can then be used for
diagnostic purposes and to determine certain parameters. For instance, the
problem in this thesis of locating fuel channels is addressed by investigating



the neutron noise and utilizing an unfolding method.



Chapter 2

Theory

The beginning of this chapter will be presenting some approximations that
render the realization of the unfolding algorithms possible. It will also con-
tain a brief discussion regarding the core of the problem. This will be
followed by an introduction to the notation and the basic ideas in reac-
tor physics. When these concepts are clear, it is possible to describe the
neutron flux in one-dimension and one-energy group as well as for the two-
dimensional two-energy group heterogenous case. The last section of this
chapter will present the theory for the induced neutron noise from a vibrat-
ing noise source.

2.1 Approximations and core of the problem

A complete theoretical description of the neutron flux in a reactor core is of
course impossible since there are many factors that makes the calculations
strenuous or impossible. The simplified model that will be used throughout
the development process is a slab reactor with one-energy group. One-
energy group means that all neutrons travel at the same thermal speed. A
slab reactor is extended to infinity in height and one other direction in order
to avoid leakage in these directions. Also, the slab reactor is assumed to
consist of homogenously mixed materials, thus making all the cross sections
and material-dependent parameters independent of the space coordinates.
The neutron flux in the .slab reactor will then only be dependent of one
direction, since the leakage in the other directions will be zero.

For the testing of the developed algorithm the approximations above
will be dropped, since the reactor in reality consists of a highly heteroge-
nous structure and space-dependent material parameters. There is, however,
important simplifications that is made for both the one-dimensional slab re-
actor and the real core simulator. One is that the vibrating fuel channel is
considered to be a one-dimensional vibrating absorber and another is that
the width of the rod is small both in comparison to the reactor and to



the length of the rod. These approximations simplify the calculations and
elucidate the theoretical framework of the problem.

The localization problem is analytically solvable using an unfolding method
if the neutron flux is known in all points of the reactor. Obviously this is
not the case, since there are only a few discrete places in the reactor where
there are detectors situated. This is actually the core of the problem: Is it
possible to make a reliable unfolding of the vibrating noise source position
from only a few known points?

In mathematics, a function, /, that brings a set of elements, A, to a
set of elements, B, is said to be invertible if it is one to one and onto. In
words one to one implies that for every point in A, the function, /, should
be associated with a unique element of B. The property onto, means that
all the elements in В can be generated by using the function / on elements
in A. In order to be invertible, the number of elements in A and В must be
the same. This thesis addresses a problem where the number of elements in
the sets differ by a factor of about 30.

Luckily, it is not necessary to determine the full space-dependence of the
neutron flux in order to determine the position of the noise source.

2.2 Notation and basic definitions

The algorithm for the localization of vibrating fuel channels is based upon
nuclear reactor theory. In the following, some of the basic concepts and
definitions of reactor physics are presented.

Point-particle assumption Throughout this thesis the neutron will be
considered to be a point-particle completely described by its velocity and
position to render the possibility of using transport theory. It is thus as-
sumed that the wavelength of the neutron is small compared to macroscopic
dimensions and to the neutron mean free path. According to the De Broglie
wavelength equation, A = ^, this is the case for all but a few very low energy
neutrons which are of minor importance in reactor physics.

Neutron angular flux The neutron angular flux is denoted Ф and is
the total number of neutrons passing at r through an area of one cm2,
perpendicular to ft, per second with energy in dE around E with directions
in dft round ft at time i, ( unit cm~2s~l)

Ф(г, E, ft, t)dftdE = vN(r, E, ft, t)dhdE (2.1)

where v is the scalar neutron velocity, N is the neutron angular density and
ft = X, is the neutron direction. The neutron detectors inside a reactor has
no possibility to determine the direction or the angular dependence of the
incoming neutrons. A perfect detector that detects all incoming neutrons



at a given energy would collect the total or the angular integrated flux of
neutrons

Ф(г, E, t) = v f N(r, E, U,t)dh (2.2)

A way of describing this is to consider a small sphere (for example a detector)
with center at point r. Then the neutron flux at point r is the number of
neutrons that pass through the sphere in a unit time divided by the area of
the sphere (to have unit area).

Reaction rate and cross sections In reality the detectors cannot detect
all neutrons since only a fraction of the neutrons that enter a detector in-
duce reactions in the detector. The concept of cross sections deals with the
probability that a neutron will induce a nuclear reaction. The cross section
is a measure of the impact area for each nucleus that incoming neutrons will
interact with. When the cross section is given for individual nuclei they are
usually called microscopic cross sections, <x. As explained above, the micro-
scopic cross section, a, has unit of area. Figuratively speaking, an average
neutron that enters the impact area will induce an interaction.

The number of reactions per unit time and volume is called the reaction
rate, F. If every nucleus in a unit volume has a microscopic cross section,
a, and the neutron flux is Ф, then the number of interactions at r is

F(r) = Щг)стФ(г) = Е(г)Ф(г) (2.3)

where No is the number of nuclei per unit volume. The quantity NQCT is
called the macroscopic cross section and is denoted E. The macroscopic
cross section has unit of inverse length and is a measure of the interaction
probability when a neutron travels a unit length.

Delayed neutron fraction In view of the above it is important that the
average time between two neutron cycles in a reactor is not too short. If it
is too short, a small perturbation from criticality would very rapidly either
shut down the reactor or give rise to an uncontrollable chain reaction. Thus
in order to have a controllable reactor this time must be long enough. The
time it takes between creation and absorption for the prompt neutrons is of
the order less than a millisecond [3]. This is too short to be able to control
a reactor, but the fission event releases also delayed neutrons. The fission
products produced in a fission are neutron-rich and will decay through beta
emission. With some probability, the beta emission will leave the nucleus in
an excited state making neutron emission possible. Since neutron emission
is almost instantaneous, the delay will be determined by the half-life of
the nucleus. The fission products that will release a neutron are called
precursors for the delayed neutrons. The fraction of such delayed neutrons,



/3, is around 0,65% for U-235 [3] , but since it takes several seconds before
they are released they increase the mean life time for the neutrons in the
reactor from below 1 ms up to 84 ms.

2.3 Reactor kinetics using the one group diffusion
approximation

2.3.1 The one-group neutron diffusion equation

Using one-group diffusion theory and one group of delayed neutrons with
precursor density C, the coupled neutron diffusion equations can be written
as [4]:

1дф{г,г) _
v dt

a C{, r > t ) = /?i/Ef0(r, t) - AC(r, t) (2.5)
dt

with the boundary condition at the extrapolated boundary гв

Ф(гВ) = 0 (2.6)

The first term on the rhs corresponds to the averaged flow from a small vol-
ume element around the point r and the second term corresponds to the dif-
ference between production rate and absorbtion rate of neutrons in the same
volume element as described above. The last term gives the contribution
from the precursors. Also, the number v is the averaged number of neutrons
released in a fission process and A is the decay constant for the precursors.
Thus the number of prompt neutrons produced at г is (1 — /3)i/£f</>(r, i) and
the number of delayed neutrons is AC(r, t).

The reason that the flow term of the precursor density has been neglected
is that the precursors are heavy and highly charged particles that are almost
immediately stopped in their surrounding medium [4].

2.3.2 Slab reactor approximation and criticality condition

Assuming a static slab reactor, see section 2.1, the precursor density can
be removed by putting Eq. (2.5) into Eq. (2.4). Since -щ = О, the coupled
equations become

As can be seen, a slab reactor reduces the problem to one-dimension. Eq. (2.7)
can also be written as



^Фо(х) + В$фо(х) = 0 (2.8)

where
2 _ ^ S f - £a

#о = £j ( 9)

With the extrapolated boundary x = ±a, the fundamental solution of
Eq. (2.8) is

фо(х) = А* cos(B0x) (2.10)

with Л as a normalization factor and

which is the criticality condition for the slab reactor.

2.3.3 Perturbation of the static system

When a fuel channel starts to vibrate it will be considered as a small per-
turbation of the macroscopic cross sections. In this thesis a perturbation
of the absorbtion cross section will be considered, but it is also possible to
consider other cross sections. Perturbing one part of a system will make the
whole system perturbed. Writing

0o(r) —> ф(г, t) = фо(г) + 8ф(т, t), (2.12)

Co(r) —» C(r, t) = Cb(r) + SC(r, t), (2.13)

S a —» Ea(r, t) = E a + 5Sa(r, t), (2.14)

and assuming that the fluctuations of the system around criticality averages
out in time, gives

< 6ф{т, t) >=< 6C(r, t) >=< 6 Ea(r, t) >= 0 (2.15)

and

<ф(т,€)>=фо{т) (2.16)

< C ( r , i ) > = C 0 ( r ) (2.17)

< E a ( r , t ) > = S a (2.18)

Eq. (2.12), (2.13) and (2.14) are now used in Eq. (2.4) and (2.5). Then
subtracting the static equations and applying linear perturbation theory,



that is, neglecting second-order terms in 6 will give the expression for the
perturbed system

1 д8ф(т1) = y т д ф { ^ t) + [ ( 1 _ p)uE[ _ E a ] щ t)

v d t (2.19)

+\ÓC(r,t) - ÓZa(

^ , t) - XSC(r, t) (2.20)

To eliminate the precursor density, the fourier transform is taken over both
equations and then Eq. (2.20) is put into Eq. (2.19). Then the equation for
the perturbed flux, or the flux noise, reads as

5ф"(г,ш) + В2(и)6ф{г,ш) = S(r,u) (2.21)

where
2 l L (2.22)

Poo

and

(2.23)

Go = , ., Ł д, (2.24)

Also

S(r,u) = ^ b £ a ( r , u / ) (2.26)

is the perturbation of the system. The solution to Eq. (2.21) is given by the
Green's function technique and becomes:

8ф(т, u>) = ! G(r, r', u) • 5(r', uj)dr' (2.27)

where G is the Green's function which satisfies the condition

V2G(r, г',ш) + B2(u)G(r, r', u) = S(r - r') (2.28)

In the slab reactor this problem is one-dimensional and the solution of
Eq. (2.28) can be derived as

{ sin{B(cj)(a+x)}-sm[B(ij)(a-x')\ . ,

B(w)rin(2B(ui)o) » X Ь х

sin[B(q;)(a-I)].sinfg(a;)(a+x01 _ . _/
B ( ) i ( 2 f i ( ) ) x ^ x

This is the Green's function that will be used in the unfolding techniques
in the one-dimensional case.



2.4 Reactor kinetics in 2-D using two-group the-
ory

In this section, the theory developed above is extended to two-dimensional
heterogenous cores in two energy groups [2].

2.4.1 Diffusion equation in 2-D using two-group theory

In two dimensions, using two energy groups and assuming a heterogenous
reactor, the coupled time-and space-dependent diffusion equations, Eq. (2.4)
and Eq. (2.5), for a critical system become [2]

dt L eff

(2.30)

+XC(r,t) + [ ^ ^ ' ^ ( 1 - A*) - Sa.i(r,t) - ]
and

= V • £>2(r)Vc£2(r, t) - Sa,2(r, t)<fa{r, t) + Srem(r, t)0i(r, t)
v2 dt

(2.31)
with the equation for the precursor density given as

-\C(r,t) (2.32)
fceff ~ 4 " A;eff —

Here the subscripts 1 and 2 are used for the fast and thermal group respec-
tively and Erem is the macroscopic removal cross section (scattering from
fast to thermal).

2.4.2 Noise equation in 2-D using two-group theory

Now, one proceeds analogously to the two-group case and assumes that all
time-dependent terms, X, can be expressed as small perturbations around
their critical value and thus write them as

X0(r) —» X{r, t) = X0(r) + SX(r, t) (2.33)

One puts this into the diffusion equations and removes the static equations.
Neglecting second-order terms and eliminating the precursor density through
a temporal Fourier transform, the following matrix equation is thus obtained



for the neutron noise

where the matrices and vectors are given as

Erem,o(r) -(Ea,2,0(r) + | ) J ( 2 " 3 5 )

л 1
(2.36)

cfr ^ 1ЙТ^ (2.38)

(2.39)

where the coefficient Ei(r, u>) is defined as

El(r,o;) = Eail,0(r) + ̂  + Erem(r) - ^f^l (l - i ^ - ) (2.40)

and the subscript 0 denotes the static solution.

2.5 The vibrating absorber noise source

Assuming the noise source is a known vibrating absorber with equilibrium
position r p, the noise source can then be expressed as [4]

<5Ea(r, 0 = 7 Щг - rp - ё(0) - *(г - гр)] (2.41)

where 7 is Galanin's constant characterizing the rod strength and e(t) is a
two-dimensional trajectory of motion around r p . If now e is small compared
to the reactor radius a, Eq. (2.41) becomes

r-rp) (2.42)

10



Using this expression for 6Y,a(r,u) in Eq. (2.27) and making a partial inte-
gration, the solution for 5ф in 1-group theory is given as

5ф(т,и) = 1 Vrp [G(r, rp> w)^o(r)P] ?(w) (2.43)

2.5.1 5ф in one dimension and one group

In one dimension and one group, the vector expression for the flux noise,
Eq. (2.43) reduces to a scalar expression where an analytical solution is
possible. Using G from Eq. (2.29) and фо from Eq. (2.10) leads to

Х)- De{uj)[ вЫШиЫ coe(fioxp)+sin(2B(w)a)

x)]sin[B(uj)(a - Хр)]-

B(u)sm(2B(u)a)

for x < xn and

^ ^ ^ ] (,44)

for x > Xp
This is then the expression used when calculating 5ф in Matlab.

2.5.2 5ф in two dimensions and two groups

If a heterogenous two-dimensional core and two energy groups are used, there
is no analytical solution to Eq. (2.43). This is not a problem in this work,
since the noise simulator developed at the department of reactor physics at
Chalmers University of Technology [2] produces an estimation of both the
forward 2-group Green's function and the adjoint 2-group Green's function.
The forward Green's function, GsxSi i s defined as

[V • D(r)V + 2 d y n (r, ш)] x Gsxs(r, гр, ш) = SXS(r - rp) (2.45)

where the noise source Sxs(T ~ rp) is a n abbreviation for one of the noise
source terms on the rhs of Eq. (2.34). The adjoint Green's function is de-
fined analogously using the adjoint functions. Using the forward Green's
function, the equation for the neutron noise induced from a vibrating ab-
sorber becomes [2]

" ] (2-46)

i i



To solve this, the full space-dependence of the second variable in the Green's
function is necessary. Since only the full space-dependence of the first vari-
able is known, this is rather difficult. If the adjoint function is used instead,
the neutron noise becomes

lHfe^)] (2.47)

Now the derivative is taken with respect to the first variable where the full
space-dependence is known. Thus it is possible to calculate the induced
neutron noise at position ro. When calculating the neutron noise at several
positions, this calculation has to be done once for every position.

12



Chapter 3

Unfolding Methods

In this chapter the different unfolding methods will be presented. First, the
unfolding methods for the one-dimensional and one-group case with the slab
reactor will be considered. Then some of these methods will be extended
to cover a two-dimensional case with a heterogenous reactor in two energy
groups. For all of the methods presented below, it will be assumed that the
static flux is known with the consequence that only the neutron noise will
be needed to be taken into consideration.

3.1 Slab reactor in one energy group

The main advantage of using a slab reactor to start with is that it gives an
easy way of testing and developing new methods to test in the extended case.
Some of the methods that have been tested in this thesis are described below.
In all of these methods, it is assumed that there is ten equidistantly-placed
detectors inside the core.

3.1.1 The inversion method

The basic idea of this method is based on two steps. First the neutron noise
is calculated at all node positions and then from this an inversion matrix is
produced. This matrix is supposed to have the characteristic property that
when multiplied with the actual detected noise, it will generate a vector with
the value one at the noise source position and zero everywhere else.

In reality this is done by first choosing the number of nodes, N, in the
core. Then the neutron noise, бфь, is calculated for every possible noise
source position, k. That is, the neutron noise is calculated for a specific
position and then this position is moved until all nodes have been covered.
For all these noise source positions the detector values are collected. This is
done, since in an actual measurement it is of course only possible to get the
flux values at the detector positions. The flux values for these detectors are

13



then interpolated (written (^.interpolated) to cover all nodes in the core. Now,
an N x N matrix, G, is created with the column к equal to the interpolated
flux noise from a noise source at position k. The reason for this is much
clearer if this is written in matrix form

«^.interpolated = G X &(k) (3-1)

with S(k) being a vector with the value 1 at position к and zero everywhere
else. If now Eq. (3.1) is multiplied by the inverse of G it can be written as

G x ^ k i i n t e r p O l a t e d = S{k) (3.2)

It is now clear that if ^interpolated i s replaced by (^.interpolated- which is
the interpolated actual neutron noise, Eq. (3.2) will hopefully give a vector
with the value one at the correct position xp.

This seems to be a simple and easy method to determine the position of
a vibrating absorber in a slab reactor, but the position that is determined
must always be in one of the nodes if no weighting or possible mapping of
the entire core is done. The reason of this problem is that the matrix, G,
gets badly scaled otherwise and there is problem with the inversion if the
number of nodes reaches a value that is larger than the number of detectors.

3.1.2 The root finding method

This method is based on finding functions which will be zero at the location
of the noise source. It is a method developed in 2-dimensions by I. Pazsit
and O. Glóckler [4], see section 3.2.2, and in their work only three detectors
where needed to localize the noise source. In one dimension only two detec-
tors are needed in theory. In reality, however, it is unlikely that the method
will work with only two detectors and thus, the expression is extended to
utilize all detectors that are available with a minimum of two.

In the equation for the neutron noise, Eq. (2.43), none of the terms 7,
D or 6 is dependent on position. It is thus possible to eliminate them using
two different detectors. Using Eq. (2.43) the neutron noise detected at two
different places x\ and x<i is

6ф(хиш) = ^e(u)GhXp

6ф{х2,ш) = le(u)G2,Xl, (3.3)

where Gi i X p = ̂ ~ [G(x\, хр,и>)фо(хр)] and г — 1,2. If all the terms indepen-
dent of position is put on one side of the equations, there is two equations

14



that are equal to the same value and independent of the position, xu of the
detector. The given expression is

) _ 5ф{х2,ш) _ o

^ 2

Using xp as a variable and searching for the roots of Eq. (3.4) will hope-
fully give the correct position for the noise source. As can be seen only two
detectors are necessary, but since this is true for every detector, the actual
algorithm for locating the noise source uses all detector values (except possi-
bly one if the number is odd). Using all detectors, N, it can easily be shown
that

For numerical reasons it is better to rewrite this as

N N %

иш) Y, Gi,xP - E <^(^)£G i ; X p = 0 (3.6)
J=l i-K i-!± 1=1

l ~ 2 * ~ 2

Written in compact form this expression becomes

f(u,xp) = 0 (3.7)

This method is then based on finding the roots of / with respect to xp. Since
there is always numerical uncertainties and as much information as possible
should be used, the algorithm was also modified to cover permutations of
the summation. This generates у equations and the point where most of
them are zero should be the location of the noise source. This localization
is then visualized by plotting a number of the у equations and examining
the line у = 0.

3.1.3 The direct method

The last method is also the most straightforward method that has been
tried. It uses the method of finite differences to create the noise source
directly from the neutron flux and thus the analytical expression for the
noise source, Eq. (2.44) is not needed. Interpolating the flux noise and
discretizing Eq. (2.21) into finite differences, [5], yields a direct expression
for the noise source

S{x\) = 1-2 \- В дф(х-1+1) (3.8)

where the index i € (2, N — 1) denotes which node that is calculated and h
is the distance between two nodes. That is, h = ~^-

15



3.2 2-D 2-group unfolding methods

Here the unfolding methods for the 2-D 2-group heterogenous reactor will
be presented. First, a direct method will be described based on the noise
simulator [2]. Then the root finding method is modified to be applicable on
the 2-D core. In all methods, the direction of vibration is always assumed to
be a linear oscillatory motion. Also, all methods in 2-D refer to the adjoint
functions and matrices, since the neutron noise is more easily obtained using
these, see section (2.5.2).

3.2.1 Direct method in 2-D

In this method the noise source is directly reconstructed from the neutron
noise. Unfortunately, the operator in Eq. (2.47) is a two-component matrix
operator which is dependent on the direction of vibration. This makes it
impossible to find this operator without knowing the direction of vibration
in advance. Instead the discretized operator for an absorber of variable
strength is used to reconstruct the noise source. In the noise simulator
described in [2], this matrix operator, [V • D(r)V + ~Edyn(r,uj)], can be found
from Eq. 2.45. Since

[V • ^(r)V + fdynOr, w)] x 6ф(г, w) = S(r, w) (3.9)

the problem would have been solved if the full space dependence of 5ф was
known and the noise source was not vibrating, i.e was an absorber of variable
strength. In the case studied here there is only a couple of nodes known and
the noise source is vibrating. To reduce the contribution from interference
due to unknown nodes the columns corresponding to unknown neutron noise
are set to zero in the matrix operator. Thus

[V-L>(r)V + Edyn(r,w)]modifiedX^(r,w)detectors = Reconstructed(r,U>) (3.10)

If the noise source is reconstructed with enough accuracy it should be possi-
ble to determine its position and vibrational direction. However, this method
is unable to give any more information beside the noise source values at the
detector positions. The method has to be expanded in some way to be able
to give the precise location of the noise source. One rough way of expanding
the technique is to do a linear weighting between the highest positive and
negative peaks. This is an easy method which produces fair results but it
has the drawback of always determining the noise source location on a line
between two detectors. A way of coping with this problem is to also weight
with some detectors which are placed at the sides of this line. Although
this seems simple and straightforward, it is not. There are many differ-
ent ways the largest peaks can arrange themselves and even more ways of
choosing which of the neighboring detectors to use. Also, when weighting
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sideways it is necessary to bear in mind that the maximum distance it can
be weighted equals the distance to the position where another peak would
have been the maximum peak. This is also dependent on the direction of
vibration which further complicates the method. Another way to determine
the exact position is to interpolate the noise between the detector positions.
The accurate position is then found by searching for the position where the
interpolated noise is zero between the two peaks. It is, of course, also zero
far from the source. A suggestion for determining not only the position of
the noise source, but also the direction of the vibration is to examine where
the "center of mass", see [6], is situated for the positive peaks and where it is
situated for the negative peaks. The line between these will then correspond
to the direction of vibration. If there is equally many nodes with positive
and negative values it could also be possible to determine the location of
the perturbation by simply taking the mean value of the mass centers.

3.2.2 Root finding method

As in the one-dimensional case, the method is based on finding an expression
that is zero at the perturbation location. Also, if this method is able to
determine the position of the noise source it should also be able to determine
the direction of vibration. This method is an analogue method to the method
developed by I. Pazsit and O. Glockler [4]. The expression has been modified
and extended to cover four nodes at a time instead of three as in the original
method. Also, in the previous work there has been an analytical expression
for the flux noise whereas in this method the flux noise is given by 2-D 2-
group simulations.
As describe above, see section (3.1.2), the main idea is to get an expression
which is independent of the position of the detectors and only dependent
on the perturbation location. If this is achieved, it is possible to take two
of these expressions and find the perturbation location where the difference
between them is zero. This is carried out by first examining the flux noise
from two detectors, see [4], situated at ri and r 2

8ф\{и) = S<f>i(n,u) = 7[Gi,xex(u;) •+• Gi,yey(w)]

6ф2(и) = 5ф2{г2,и;) = 7 [G2;X6x(w) + G2>yey(w)] (3.11)

or written in matrix form

Г 5фг(Ш) 1 _ Г G 1 | X Glty 1 Г ex{u>) 1 = Г е х ( ш )
[ 5ф2{ш) J ~ 7 [ G 2, x G2, y J [ e y M J 7СП'2 [ 6 У Н

where GhX = •^—[С(г\,гр,и)фо(гр)] and similarly for Gj,y. Then inverting

Eq. (3.12) to solve for e and 7 gives an expression that is independent of ri
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and r-2

г «,н 1 = _ ^ r Ą , -Gl,y 1 r » M 1
L c y M J Det[Gi2] L ~ G 2 ' X G l ' x J L ^ 2 M -I

Now, using one more detector and this equation for 7 and e those terms are
eliminated in the expression for the flux noise at that detector. This leads
to

(3-14)
L cyv l-Łv J

This can be rewritten as

~ ~ (3.15)

If now Eq. (3.15) is subtracted from Eq. (3.13) the goal is achieved, i.e
an expression that is independent of the three detector positions and that is
zero at the noise source location. An alternative way using only Eq. (3.13)
is to use two additional detectors and make the same calculations for e and
7. Taking the difference between them renders a similar result as with three
detectors

where F is a vector in Matlab with values at every node. The expression
above, Eq. (3.16), can of course be extended to cover all detectors, but the
amplitude of the flux noise decays very rapidly with increasing distance from
the noise source and hence this is not necessary. Besides it is an advantage
to use as few detectors as possible from both a practical and economical
perspective. The root finding algorithm is based on a simple principle. First
the absolute value of the vector F is taken at every node. Then the minimum
of these values is the root that is searched for. If the correct position of the
node is given, it is now possible to use Eq. (3.13) with this value of r p to
get the direction of vibration.

This method is very simple, but it has some drawbacks. It is very sen-
sitive to other perturbations since then the flux noise is not completely de-
scribed by Eq. (3.11) and the root of F might not correspond to the correct
position of the noise source. Also, The flux noise is close to zero everywhere
except in the vicinity of the noise source as can be seen in section 4.2, figure
4.6. The problem with this is that the reliability of Eq. (3.16) decreases
substantially if the detectors are placed far from the noise source where the
induced flux noise from the noise source is almost zero. If this induced noise
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for some reason deviates slightly from the theoretical value the result is not
reliable. Placing the detectors far from the noise source will thus increase
the sensibility against other perturbations of the flux noise. Of course, based
on a rough estimate of the noise source from the direct method the detec-
tors can hopefully be placed close enough to the noise source to prevent this
problem.
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Chapter 4

Results and Discussion

The results and discussion chapter is divided into two different parts. First
the different localization methods in a slab reactor in one-group are inves-
tigated where the parameters used are presented in table 4.1. These values
are representative of the fuel cycle 15 of the Ringhals-4 PWR at a burnup of
5.3438 GWd/tHM (Middle Of Cycle or MOC). Thereafter, the 2-D 2-group
heterogenous methods are applied to the Ringhals-4 PWR, fuel cycle 16, at
a burnup of 8.767 GWd/tHM (near End Of Cycle or БОС).

4.1 Results and discussion for a slab reactor in
one-group

In the slab reactor in one-group, three methods were tested and below the
results show that the most promising methods are the direct method and
the root finding method. These will also be tested in the two-dimensional
case.

The number of mesh points or nodes that are used here is 301 including
the boundaries in all methods except for the inversion method where only 12
nodes have been used. The reactor radius is 150 cm which makes one node
equal to one cm except for the inversion method. The number of detectors
used is 10 and this is the same amount as the number of nodes inside the
reactor for the inversion method. The value of the detectors were obtained
by first calculating the induced neutron noise, Eq. (2.44), for all nodes using

Core
burnup

MOC

&
(pan)

551

Л
(/IS)

20.3

A
(ms~l)

84.9

<7a,0

(cm~l)

2.315 • 10~2

(cm~l)

2.330 • 10~2

A)
(cm)

1.341

Poo

$

1.139

Table 4.1: Values representative of the fuel cycle 15 of the Ringhals-4 PWR at
a burnup of 5.3438 GWd/tHM (Middle Of Cycle or MOC).
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the parameter values that are found in table 4.1. From this the neutron
noise values for the detector positions were selected. Thus it is assumed
that the detectors can record the exact analytical neutron flux and that the
neutron noise is received by subtracting the static flux. The neutron noise
is plotted in Fig. 4.1. In this figure the location of the perturbation has
been chosen to be x p = 10 cm. The unfolding methods will also be tested
further from the center of the core, at xp = 110 cm.
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Figure 4.1: Top: Phase of the neutron noise in a slab reactor with a vibrating
absorber at xp — 10 cm. Bottom: The magnitude of this neutron noise.
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4.1.1 The inversion method

This method, described in section 3.1.1, is able to reconstruct the noise
source position if the number of mesh nodes are equally many as the detec-
tors. However, since the number of detectors are few, the resolution of the
reconstruction is poor. In Fig. 4.2 the reconstructed noise source is shown
both for the noise source in the vicinity of the center, xp = 10 cm, and for
the noise source located closer to the boundary, xp — 110 cm.

Figure 4.2: The inversion method used on a noise source located at position
xp = 10 cm to the left and xp = 110 cm to the right. It can be seen that the
vibrating noise source is located somewhere between —14 cm and 14 cm for the
picture on the left and between 95 cm and 123 cm for the picture on the right.
The dashed line corresponds to the position of the noise source and the circles are
marking the places where the detectors are placed.

From Fig. 4.2 it can be seen that the reconstructed noise source seems
to be located at the left center detector. The peak is thus not located on
the closest detector but rather on the detector placed to the left of the per-
turbation. This has been tested and found true for all positions in the core.
This means that the vibrating noise source is located somewhere between
the peak and the detector to the right. There is a slight possibility that the
hight of the peak combined with the nonsymmetric behavior of the recon-
structed noise source might give some additional information regarding the
position. This has not been investigated further.
If the number of nodes is larger than the number of detectors this meth-
ods breaks down and the numerical errors for the reconstruction increases
rapidly with the number of nodes.

4.1.2 The direct method

The direct reconstruction, described in section 3.1.3, of the noise source
uses all nodes but the only places where anything occurs is on the detec-
tor positions. The main difference between this method and the inversion
method is that the reconstructed noise source is zero everywhere except at
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Figure 4.3: То the left the direct method is applied on a noise source located
at position xp = 10 cm and to the right at xp = 110 cm. It can be seen that
the vibrating noise source is located somewhere between —17 cm and 17 cm for
the left figure and between 83 cm and 116 cm for the right one. The dashed line
corresponds to the noise source position and the circles are the positions for the
detectors.

%, -m

Figure 4.4: In this figure the modified direct method is applied on a noise source
located at position xp — 10 cm to the left and xp = 110 cm to the right. Weighting
inversely between the two peaks gives, respectively, the value of £P)reconstructed = 9
cm and .̂reconstructed = Ю9 cm.

the detector positions where there are peaks. In Fig. 4.3 the noise source is
placed at the same positions as before. On the basis of these peaks it is not
possible to get an accurate position of the noise source. It is only possible
to determine between which detectors the noise source is located.

There is, however, possibilities of further determining the position of the
noise source by modifying this method. An example of this is a method
that was discovered when the reconstruction was made on the magnitude of
the flux noise. If the peaks from this where inversely weighted, the correct
position was moderately reproduced at most positions in the core. This
can be seen in Fig. 4.4 with the corresponding positions xp = 10 cm and
xp — 110 cm. The result from the weighting process of these peaks is xp = 9
cm for the former and xp — 109 cm for the latter.
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By using the direct method it is possible to determine the position of the
noise source with an accuracy of at least the distance between the detectors.
The noise source is always located somewhere between the peaks with the
largest magnitude. By modifying the direct method in the way described
above it seems that there is a possibility of increasing this accuracy. There is
no evidence and will not be any theoretical description of why this method
should work. It should be mentioned that even though the results from the
modified method seems very good, the method does not produce equally
good results all over the reactor. The discrepancy from the correct value
is usually about five nodes for most places. It is presented here mainly to
highlight that it is probably possible to get better accuracy for the local-
ization process than the detector distance. Even if the direct method and
the modified method have some drawbacks it is considered to have more
potential than the inversion method. The reason for this is mostly because
it is easier to work with, but it has also more possibilities of using the peaks
for weighting purposes and there are no numerical problems if the number
of nodes are changed.

4.1.3 Root finding method

As has been mentioned, see section 3.1.2, this unfolding method can use
any number of detectors from two to the number of nodes. Also, it is able to
produce a direct result for the noise source location and does therefore not
rely on any trick after the reconstruction. Actually, the noise source is not
reproduced at all using this method. As can be seen in Fig. 4.5, xp = 10 cm
and xP)I.eai = 10 cm, it is easy to determine the position using this method.
It is also not very sensitive to where the perturbation is located, e.g. it is
possible to determine the position also at the edge. This can also be seen in
Fig. 4.5 where xp = 110 cm and жР)Геа1 = 110 cm.

This is the method that most accurately produces a correct result. It is
also the method that is the most sensitive to further perturbations. If any
other perturbation is present in the core, it fails to give the correct result.
However, if the extra perturbation is small enough, it is possible that the
method still gives a good result. In combination with the direct method or
the inversion method, this is a very good method since those methods are
able to determine the position with enough accuracy to decide if the result
of the root finding method is reliable or not.
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Figure 4.5: The localization of the noise source is done by searching for the
position where most of the five lines in the figure above crosses the dashed x axis.
To the upper left the lines are plotted all over the reactor and to the upper right
the noise source position is zoomed in at the noise source position, xp = 10 cm. In
the lower figures this is done on a corresponding noise source placed at xp = 110
cm.
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4.2 Results and discussion for the 2-D 2-group
heterogenous reactors

In this section, the core will be described by a 32x32 grid of nodes and the
length of one grid unit, gu, is directly related to the size of the nuclear reactor
core. The induced neutron flux will be given from the noise simulator using
Eq. (2.47). Here the perturbation is assumed to vibrate in a 60° angle with
the ж-axis and the Galanin strength constant is equal to 2. The noise source
is vibrating with a frequency of lHz. Changes of these input values have
not resulted in much deviations in the results. It is therefore assumed that
these results are also valid for different input values. It can be mentioned
that an increase in frequency will produce a sharper peak and a decrease
will make the peak broader.

The localization methods are tested at two different positions in the
reactor core. In the center, at position [15,16], and close to the edge, at
position [8,22]. The neutron noise at these positions is plotted in Fig. 4.6.

4.2.1 Direct method

If the direct technique in section 3.2.1 is used, the result is a matrix with
peaks at the detector positions. These peaks have different heights and in
Fig. 4.7 a centrally placed noise source is compared with the reconstructed
noise. From this it can be seen that the method reconstructs the correct
noise source at the detector positions. Since the characteristic shape of the
noise source from a vibrating absorber is known, see Fig. 4.7 and Fig. 4.8,
the precise location should be somewhere between the two main peaks of
the reconstructed noise source. To determine the exact location, the three
techniques described in 3.2.1 are used.

The principle for the rough technique of weighting with only the two
main peaks is shown in figure 4.9 where the noise source is located at
r p = [15,16] and r p = [8,22]. Using this technique it is suggested that the
noise source is located at гР]Г = [15.5,15.5] for the former and for the latter
at rp>r = [8,22](rp?r = [7.963,22]). Here the index, r, is an abbreviation for
reconstructed. As can be seen in figure 4.9 the reconstructed position is
always located on a line between the two main peaks and the correct position
may differ somewhat from this line.

If now also the weighting sideways is implemented into the algorithm,
see figure 4.10, the result for the centrally placed noise source is rp?r =
[16.2,14.9]. This is a somewhat better result than the result obtained from
the rough previous calculations. It is not possible to weight to the sides at
[8,22] since there is no detectors to weight with. The reason that the result
is very good for this position of the noise source is that the noise source is
actually placed on the line between the detectors, see figure 4.9. In the
third extension to the direct method all the nodes are linearly interpolated,
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Figure 4.6: Top: Induced neutron noise from a noise source located at x = 15,
у = 16. Bottom: Induced neutron noise from a noise source located at x = 8,
у — 22. The vibrational angle is 60° with the x-axis and the vibrational frequency
is IHz.
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Figure 4.7: Reconstructed noise source at the bottom and the corresponding
actual noise source at the top. The noise source is located at x — 15, у = 16,
the vibrational angle is 60° with the rc-axis and the vibrational frequency is \Hz.
Notice that the height of the peaks corresponds to the theoretical noise source value
at the same positions. The characteristic shape of vibrating noise sources is the
large peaks in the positive and negative direction that appear along the line of
vibration. This is more clearly visualized in Fig. 4.8
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Figure 4.8: Noise source placed at [15,16] viewed from above to visualize the
effect of the vibration angle which is 60°.

as can be seen for the central noise source in figure 4.11. The position of
the reconstructed noise source is taken to be the place where this function
is zero between the main peaks. The result from this is rPiI- — [16,17] for
the noise source at the center and rP i r = [10,23] for the one at the edge.
Finally, comparing the different centers of mass for the positive and the
negative peaks, then analyzing the direction between them gives the result
of 0 r = 59.7° for the perturbation at [16,15]. This is in agreement with the
correct value 0 = 60°. At the edge, the result is Gr = 58.5° where the correct
value is the same as before. These results are also presented in Fig. 4.12.
When this technique is used to determine the position of the noise source it
produces good results in the center and not as good results at the edges (due
to symmetry breaks and edge effects). When the perturbation is situated
in the vicinity of the center of the core, the result is [16.2,15.4]. When the
perturbation is located at the edge of the core the result is [10.4,20.4].

The different unfolding techniques tried in the direct method have dif-
ferent advantages and disadvantages.

An example is when the noise source is located far from the center of
the reactor. Then the weighting with only the main peaks are working
better than the other methods. At the edge, due to the broken symmetry,
the center of mass technique is not working satisfactorily. However, it is
possible to increase the reliability of the method by dropping the nodes far
from the noise source and only use the closest nodes for the determination of
the perturbation location. The reliability for all the techniques based on the
direct method is decreased when the perturbation is located closer to the
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Figure 4.9: In this figure the square grid of detectors can be seen as small
orange dots. The red peaks corresponds to the maximum and minimum of the
noise source. The position of the noise source, [15,16](top) and [8,22](bottom),
is marked with a brown dot. Notice that the determination of the noise source
position is only possible along the line between maximum and minimum. In the
top picture the position of the noise source is [8,22] and it can be seen that the
noise source happens to be located on the line between the maximum and minimum
values of the reconstructed noise source.
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Figure 4.11: Reconstructed noise source using a linear interpolation of the given
values from figure 4.7.
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Figure 4.12: In this figure the places of the centers of mass are plotted for the
values of the reconstructed noise source above and below zero respectively. This is
done at [15,16](top) and [8,22](bottom). Notice that the direction of vibration can
be deduced in an easy way. It is also worth noticing that the correct direction is
given although the position is moved towards the edge of the core.
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edge of the core. The interpolation technique is not working satisfactorily
at any point tried in this thesis. This is probably due to the sensitivity
to symmetry breaks. It is only when the detectors are symmetric around
the perturbation that it should give the correct result also in theory. It
gives a rough idea of where the location of the noise source can be, but it
does not give any further information, it does not give any suggestion of how
reliable the location is. Such information is given by both the center of mass
technique and the weighting technique. Using this information it is possible
to make a qualified guess of the location and direction of the perturbation.

An interesting feature is that if the perturbation is too close to the
boundary of the reactor and the direction of vibration is aimed perpendicular
to the reactor boundary, the noise source symmetry around zero is broken
and there is a possibility that no detector has a value less than zero. When
this happens many of the techniques described above fail to describe the
correct position and direction. If, however, there still exists a minima close to
the large maxima, this could perhaps be used instead to produce a somewhat
adequate position. This has not been investigated further in this thesis.

4.2.2 Root finding method

First of all, the method described in section 3.2.2 works very well, but it is
not easy to know how to utilize it in the best possible way. The method has
got many different ways of coping with the same problem and there is actu-
ally almost no end to the different possibilities to use the detectors in this
technique. They can be chosen at different positions and also the number
of detectors can be changed. This is a problem since there is no possibility
of testing all of the combinations and evaluating their reliability. Also, it is
difficult to know in advance which places for the detectors that will give reli-
able results. Starting from this a qualified guess is made that will not make
the implementation too hard or impossible and still have reasonable possi-
bilities of localizing the noise source. This is done by placing the detectors
used in the algorithm randomly. Then all of these detector arrangements
are used to test the root finding method. The result is excellent. In all of
the detector arrangements the correct value of the noise source location is
found. There are nowhere in the reactor where this method does not work.
There is a pronounced difference between the lowest value of the function F,
that is corresponding to the correct position, and the second lowest value. F
is of the order 10~14 for the correct position whereas it is of the order 101 for
the second lowest value. It has also successfully determined the vibrational
direction from Eq. (3.13) regardless of the values of e and rp.

This result was not completely unexpected, since this method uses
Eq. (3.11) to collect the values at the detector positions instead of using
real experimental data (These values should give the same values but the
level of accuracy between experiment and simulation has not been tested
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in this thesis). The matrixes in Eq. (3.11), taken from the noise simulator
described in [2], are invertible and this means that Eq. (3.16) will give zero
at the correct position of the noise source. It is, however, a method to use
with caution and some considerations have to be made. The method is
based on that the theory is very close to be in exact agreement with reality.
Within the framework of this computer program it is a very well working
method, but it has not been tried in a real core for localization purposes.
If there is any other perturbation that disturbs the neutron flux it could
perhaps destroy the applicability of this method. Also, if there is such a
perturbation of the perfect theory this method has no means of noticing
it. Still, even with these considerations and limitations of the technique
it is a very good technique. The reasons why it is still considered a very
good technique are twofold. The first reason is that the other techniques
will support it to give suggestions of areas where the noise source can be
situated. In that way it is not possible to be tricked into a completely wrong
position. Secondly, if there is another perturbation which is interfering, the
detectors that are used for determining the position of the noise source can
be placed manually closer to the position using the other methods as a
coarse approximation. Doing this the other perturbations can hopefully be
neglected.
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Chapter 5

Conclusion

The aim of this thesis was to develop a working procedure to locate vibrating
fuel channels in a reactor core. This was done in two steps, first a one-
dimensional one-group model was used to test different models and then
these were applied to a 2-D 2-energy group noise simulator.

It was difficult to produce good results for the one-dimensional homoge-
nous reactor. Only one method, the root finding method, produced results
with enough accuracy. The other methods where only able to determine the
position of the vibrating absorber with an accuracy of the distance between
the detectors.

However, in two dimensions the results look promising and the procedure
of locating the noise source can be done in different ways depending on how
the reconstructed noise source behaves. The method of reconstructing the
noise source, the direct method, is a powerful tool since it gives the values
of the estimated noise source at the detector positions. If these values are
compared to the known basic features of a real noise source, much informa-
tion concerning the correct position can be gained. For instance, if there
is a very high peak in comparison to the other peaks for the reconstructed
noise source, the position is probably close to that peak. From the direct
method it was possible to get fair accuracy of the noise source position and
also good accuracy for the direction of vibration. The most promising pro-
cedure developed was still to use the root finding method, which gave the
correct value of the noise source and to support this method using the direct
method. The direct method is a more stable method than the root finding
method and using this it is possible to know if the root finding method
produces incorrect results (i.e. if there is a false root). It is also possible,
by reconstructing the noise source, to see if there are more noise sources or
perturbations in the core. If so, the detectors can be placed close to one of
the noise sources and hopefully the noise from the other sources have less
influence to make the root finding method work for this specific noise source.

Although the results look promising, the applicability of the localization
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procedure cannot be stated unless it has been experimentally tested. The
developed procedure should be tested when there is some minor disturbances
in the neutron flux. Perhaps the reliability could be investigated when there
are several noise sources in the core. If tests in real reactor cores would
produce good results for the developed localization procedure this could be
implemented into an in-core surveillance system for vibrations.

37



Acknowledgements

I would like to start by thanking my supervisors Christophe Demaziere and
Imre Pazsit. Christophe was always willing to help me when I had problems
and also helped me to learn reactor physics. Imre seemed to have an answer
to everything and convinced me to do my diploma thesis at the department
of reactor physics. Thank you!

I would also like to give special thanks to all the people working in my
corridor for helping me out when the computers declared war on me, for
the pleasant atmosphere in the corridor and for all different competitions.
Thank you!

Finally, I feel very fortunate to have had the opportunity to do my
master thesis at the department of reactor physics. Everyone has been
very friendly and helpful and I would therefore like to express my gratitude
towards everyone working at the department. Thank you!

38



References

[1]. С. Robert, Sr. Eisenmann, Machinery Malfunction Diagnosis and
Correction: Vibration Analysis and Troubleshooting for Process Industries
Prentice Hall PTR, 1st edition(November 26, 1997)
[2]. C. Demaziere, Development of a 2-D 2-group neutron noise simulator,
Annals of Nuclear Energy, 31, 647-680, (2004)
[3]. N. G. Sjostrand, Reaktorfysik, Department of reactor physics, Chalmers
University of Technology, (October 2002)
[4]. I. Pazsit, Transport Theory and Stochastic Processes, Department of
reactor physics, Chalmers University of Technology, (2002)
[5]. M. M. R. Williams, Random Processes in Nuclear reactors, Pergamon
Press, 1974
[6]. C. Nordling, J. Ósterman. Phyics Handbook, Studentlitteratur, 1980

39


