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Abstract
Algorithms for unfolding noise sources in nuclear power reactors are investigated. No
preliminary knowledge of the functional form of the space dependence is assumed in
contrast to the usual methods. The advantage of this is that the algorithms can be applied to various noise sources and the results can be interpreted without expert knowledge. The results can therefore be directly displayed to the plant operators. The precision will however be lower than that of the traditional methods because of the arbitrariness in the type of the noise source.
Two different reactor models are studied. First a simple one-dimensional and homogeneous core is considered. Three methods for finding the noise source from the measured
flux noise are investigated here. The first one is based on the inversion of an appropriate pre-calculated noise source-to-measured induced neutron noise transfer function.
The second one relies on the use of the measured neutron noise as the solution of the
equations giving the neutron noise induced by a given noise source. The advantage of
this second method is that the noise source can be determined directly, i.e., without any
inversion of a transfer function. The second method is thus called the direct method.
The last method is based on a reconstruction of the noise source by spatial Fourierexpansion.
The two latter techniques are found usable for different locations of the actual noise
source in the ID core. They are therefore tried on more sophisticated two-dimensional
models of cores. The direct method is able both to determine the nature of the noise
source and its location in 2D.
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1

Introduction

The aim of this master thesis is to develop and investigate different algorithms for unfolding of noise sources in nuclear reactors. Similar work was done by O. Glöckler and
I. Påzit in 1986 [1] and this is a continuation of their work.
The usual procedure for noise source unfolding consists of two stages. First the flux
noise is measured and the corresponding spectra are calculated for various detectors
located at different positions. Then, by studying their frequency dependence and correlations between different detectors a noise expert can, with some confidence, identify
what type of noise source that prevails in the core. Such types could be vibrations of the
core barrel, fuel assemblies and control rods or propagating density fluctuations in oneor two-phase flows.
With an assumption of the type of noise source, only a few parameters such as propagation velocity, location and in case of a vibration the frequency have to be found. Since
only a few parameters should be determined, there is a fairly good chance that the noise
source is properly reconstructed. However, there are two major drawbacks. First of all
a noise expert is needed. Secondly, unpredicted noise sources cannot be investigated.
The goal of this project is to find out what kind of noise source that prevails in the core
without asking a noise expert. It would then be possible to install an on-line system
with safety connections that supplies some indication about presence, magnitude and
location of an unexpected occurring noise source.
Without any assumption of what kind of noise source that is dealt with the precision of
the results will be much more inaccurate than for a known noise source type since more
approximations are needed. On the other hand, it would not require any preliminary
investigation of the noise field. In addition, the results could be directly displayed to
the plant operators since they are easily interpreted.
Two models are studied in this report. First a one-dimensional reactor is considered.
Here all neutrons are assumed to have the same velocity i.e., one-group theory is assumed. One group of delayed neutrons is also assumed. All neutrons are not released
at the same time from a fission. Some of them, the prompt ones, are released after only
about lCT12 seconds and some are released after up to 10~3 seconds. These latter ones
are called delayed neutrons. In this model the reactor core is also assumed to be homogeneous i.e., the fissile material is mixed with the moderator that slows down the
neutrons.
The second model is two-dimensional. Two groups of prompt and one group of delayed
neutrons are assumed. Both homogeneous and heterogeneous cores are studied. Since
most anomalies in a reactor core are either ID, such as distribution of the void fraction

along a channel in a BWR (Boiling Water Reactor), or 2D, such as a vibration of a control
rod in a PWR (Pressurized Water Reactor), the need of a 3D model is rather limited.
The report is divided into two parts. One part for the ID model and one for the 2D. Both
parts have the same structure. First some general principles are given. Here the equations that describe the noise are derived. These equations contains both the flux noise
and the noise source. Then two types of noise sources are considered. An absorber of
variable strength and a vibrating absorber. Both of them can be described with delta
functions and as will be seen, explicit expressions for the flux noise can then be calculated.
For the two types of noise sources described above, the induced flux noise at different
locations in the reactor is calculated. The flux noise is then recorded by a finite number
of detectors. In ID, 10 detectors are used and in ID, 6 x 6 detectors are used. From the
recorded noise, different methods that unfolds the noise source are investigated.

2 The one dimensional model
To begin with, a very simplified model is considered. The reactor is assumed to be onedimensional and homogeneous with extrapolated boundaries at ±a. The following data
set is used:
Core
burnup
MOC

A
A
(pern) (/xs) (ms-1)
551 20.3
84.9

Poo
Do
£«
1
1
(cm- )
(cm- )
(cm)
($)
2
2
2.315-KT 2.330-1CT 1.341 1.139

It is representative of the fuel cycle 15 of the Ringhals-4 PWR at a burnup of 5.3438
GWd/tHM.

2.1 General theory in ID
First of all the static neutron flux density, 4>o(x), in the reactor core should be determined.
The common way of doing this is to use the diffusion approximation which reads as:
d2

= o

(1)

with
0o(±e) = 0
Here, v is the number of neutrons released per fission, S^ the macroscopic fission cross
section, 2fl the macroscopic absorption cross section and D the diffusion constant. Since
the flux over the core is critical and non-negative, the solution to (1) is given by:
= A cos(Box)

(2)

and with the boundary conditions, Bo can be found as:

The flux density will from now on be called the flux.
If the flux for some reason shows a non-static behavior, a time dependent term has to be
added to (1). One group of delayed neutrons is also assumed from now on. A 1-group
diffusion approximation with one group of delayed neutrons should therefore be used
and it reads as:
v

dt

= DA<j>(x, t) + [(1 -

x, t) + XC(x, t)

(3)
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with the time derivative of the delayed neutron precursor density, C(x, t), in x at time t
given by:
^

^

= J 9I/Z / 0(X,O-AC(JC,O

(4)

Here P is the effective delayed neutron fraction and A is the decay constant of the delayed neutrons. D is set such that the reactor is critical.
2.1.1 The noise equations in ID
Assume now that a small perturbation of the system around the critical state appears
due to a small change in the macroscopic absorption cross section i.e.,
t)

(5)

where
and
<Iu(x,t)>=lu
This will cause a small change in the static flux:

0 o W -> 0(*, t) = <f>Q(x) + S<Kx, t)

(6)

where
<8(f>{x,t)>=0
and
<(f>(x,t)>=<h{x)
It will also cause a small change for the precursor density, C:
t)

(7)

Now, substitute (5), (6) and (7) into (3) and (4). Then subtract the corresponding static
equations. If all second order terms are neglected, the noise equations are found and
they read as:
it]

= DA6<l>(x, t) + \vLf{\ -p)- -La\5<i>{x, i) + \5C(x, t) - <5Sfl0o(x)
, t) - X8C(x, t)

(8)
(9)

The spectra generated from the recorded flux noise is Fourier-transformed. Therefore
equations (9) and (10) have to be Fourier transformed, t —> u, too. This will also enable
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an elimination of the precursor density of the delayed neutrons. The noise equations
then reduces to only one equation as:
2

, u) + B (to)5^)(x, u) = S(x,w)

(10)

where

B2M

2

B (i

GoM =

)

T

and
(11)

^

S(x, w) is the noise source. The solution of (10) can be found using the Green's function
technique. The Green's function is defined as the solution of:
x',cu) = 6(x-x/)

(12)

and it allows the solution to (10) to be expressed as:
5</>{x,u))= I" G{x,x',u)S(x',u)dx'
(13)
J-α
Finding the Green's function will require quite some effort. It can be found in [2] and it
reads as:
sin[BM(a+x)] sin[B(o;)(fl-^)]
B(w)sin(2B(w)fl)

-f

l l

A

<

—

x

/

(14)

G(x,x',u>)={
sm[B(w)(g-x)]8 i
B(w)sm{2B{cj)o)

x ^> x

2.1.2 Explicit form of the flux noise
Two kinds of noise sources generates explicit expressions for the flux noise. An absorber
of variable strength and a vibrating absorber. Both of them can be described with delta
functions.

2.2
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For an absorber of variable strength at a fixed point xp, the change in macroscopic cross
section is:
8ln{x,f) = <y-8(x-xp)
(15)
where 7 is the strength of the perturbation. The change in macroscopic cross-section for
a vibrating absorber can be found in [3] and is according to the Feinberg-Galanin model
given by:
££fl(x, t) = 7 { S[x -xp- e(t)} - 5(x - xp)}
(16)
This is almost the same as the derivative of a delta function if e(t) is small. Therefore
equation (16) will be expressed as:
8la{x,t) = Te{t)'6'x{x-xp)

(17)

Using (15) or (17), explicit forms of the neutron noise, 8<fi(x, to), can be derived from (13).
The flux noise that appears from an absorber of variable strength is:
pa

ra

G(x,x',u))S{x',u))dx!=

8<f>(x,u)=

J-α

J-α

Gixtxr1

and the flux noise from a vibrating absorber is:

(19)
In case of a distributed noise source, equation (13) has to be solved numerically.

2.2 Unfolding methods in ID
Three different methods for finding the noise source from the induced neutron noise
will now be presented. All three of them approach the problem in different ways. The
first one makes some new assumptions and the two latter ones solves two different
equations described above.
2.2.1 The inversion method
The first method uses the fact that the flux noise in theory could be known for each
possible noise source location in the core. The algorithm goes as follows.
First, a finite number of perturbation locations, xp, are chosen. For each of these perturbation locations, the induced neutron noise is calculated over the core using equation
(18). The following is done for each of these flux noises. First the values at the detector
positions are selected. With these values a linear interpolation is made over all mesh

2.2

Unfolding methods in ID

points in the core. The originally chosen Xp-positions are now selected from the interpolated flux noise. This creates a vector that is of the same size as the number of chosen
perturbation locations.
When this has been done for all the Xp-positions, all the vectors are put together in a
matrix called T. This matrix will be square and each row corresponds to the flux noise
that arises from a perturbation at a certain Xp-position. The flux noise caused from a
perturbation at one of these locations can then be expressed as:
5<f>i = Txöi

(20)

where 8i is a vector with the value one at the f'th position and with zeros at all the others.
The real incoming flux noise is now recorded at the detectors. It is then interpolated
over the core. The xv -positions are then selected. This creates a vector, 8<$>moföf\e&l that is
of the same size as the rows in the T-matrix. This new vector is now multiplied by the
inverse of the T-matrix:
"i,reconstructed

=

*•

* vtymodified

\£*-)

This will hopefully result in that 8iireconstructeii contains information about what kind of
noise source that prevails in the core. In case of an absorber of variable strength, the
result is hopefully a peak in one direction. If the noise source is a vibrating absorber,
one positive and one negative value should pop up. Notice that the same T-matrix is
used regardless of the noise source type. Theoretically, T should be of the same size as
the number of mesh points in the core. This is unfortunately not possible since it has to
be inverted and this would lead to numerical problems. The size of it is therefore much
less than the number of mesh points.
2.2.2 The direct method
The noise source can also be found by solving equation (10). Here it is solved using a
finite difference approximation. This is easily done since a homogeneous core is considered.
Let the reactor be divided into N equidistant mesh points, X{, with i — l,2,...,N. Denote
the the spacing between the mesh points \xj+i — Xj\ by h such that (N — l)h = 2a.
The flux noise recorded by the detectors is interpolated over the core so that there are N
known values. The finite difference approximation of equation (10) then reads as:
S(xi,uj) = ^[</>in(xi+1) - 2<f>in(xi) + 4>in(xi-i)] + B2(u)5<l>in(Xi,u) V i e [2, N-1]

where subscript, in, denotes that the interpolated flux noise is used.
7

(22)

2.2 Unfolding methods in 1D
2.2.3 The Fourier method
The third method is based on image pile theory by Weinberg and Schweinler [4], and
was later applied on reactor dynamics by Glöckler and Påzsit [1]. The idea is that the
integral in equation (13) can be converted into a convolution integral. Then after a spatial Fourier transform the integral is eliminated and the noise source can be expressed
explicitly.
First of all the core is translated such that the boundaries lies at x = 0 and x = 2a. It is
then easier to follow the work done in [1]. To convert equation (13) into a convolution
integral the reactor has to be extended to ±°° such that the cross section are the same
in (0,2a) as in (4a, 6a) and so on and are reflected in between i.e., in (2a, 4a), (6a, 8a) and
so on. This will of course also hold on the negative side. This construction also results
in that the noise source and the static flux will be periodic with periods of 4a. Now, let
Gj(x, x',w) be the infinite Green's function i.e., the solution of:
AxGi(x,x',u>) + B2(u))Gi(x,x',uj) = 5(x-x')

(23)

where subscript, i, stands for infinity. If Gj(x,xf,u)) vanishes at infinity/ the expression:
S<f>{x,oj) = / Gi(x,x',uj)S(x',uj)dx'

(24)

JR

results in that 6 (f> is also periodic in (0,4a) and it is identical to the 5<p in equation (13) in
x e (0,2a) when S(x, to) is extended in the same way as the cross-sections. S(x, co) is also
multiplied by —1 in every reflection.
Since a homogeneous core is considered, GJ(X,X',UJ) is a function of \x — x'\ only. It can
therefore be Fourier-transformed from which the noise source can be found as:
S(k,co) = 5(j)(k,u;)G^(k,Lj)

(25)

and an inverse Fourier transform will now give the noise source in spatial coordinates
as:
S(x, w) = — f ékx5(f)(k, uj)Gf1(k, u) dk
(26)
2TT JR

By making a spatial Fourier transform of (23), Gi(k,co) is easily obtained as:

This is the complete solution to the reconstruction problem. But since the flux noise
is only known at the detector positions, some approximations are needed. Before that
two simplifications are made. Due to the fact that 5<j> is a periodic function, its Fourier
transform will consist of the sum of its Fourier coefficients multiplied by delta functions
8

2.2 Unfolding methods in ID
in the k-space. The delta functions will convert the integral in equation (26) into a sum.
The other simplification arises from the fact that 5(j)(x,uj) is an odd function of x and
(x — 2a). One consequence of this is that the Fourier coefficients can be expressed by
only using sine-functions. The Fourier coefficients of 8(j)(x) are:
rl

1 f7*,,,

dérnn = -

aJo

. (n-K \

N
ö0(x,o;)-sin
—— x) dx

\2a J

and the Fourier transform of 5<j>{x, oS) is:

(k
( -—
^ ) = £ - / S<p(x, u>) • sin ( y - * J dx • 2K5 (k - ^) (28)
Finally the noise source, S(r,u)), is found if (28) is substituted into (26):
S(XjC0) = -±- / S in(fcc)y- /

^γ a Jo

2TT JR

5(f)(x,u)-sm(—x)äx-27rS(k\ Iα J

\

—)

Lα J

n-K

: ( ä r

\

,nn.

)

< 2 9 )

It is now time to make the necessary approximations. Assume that the values at the
boundaries are known and are equal to zero. Then the integral in (29) can be approximated by its Riemann sum using the values at the equally distributed detector positions,
p, with spacing Ap as:

I

2a

,nix

6(j)(x, u)) • sin (—~x) dx ~ Ap ^ <50(p) • sin ( ~ p )

(30)

The sum in equation (30) also has to be approximated. The Nyquist sampling theorem
expresses the fact that with discrete sampling of 5<f), no spatial Fourier component of
the noise source above (2Ap)-1 can be reconstructed. The upper limit of number of
components in the sum in (30) is therefore M, the number of detectors. With these
remarks the approximate solution for the noise source reconstruction is:
c/

\

M
JV
— n /
V1 • frn'ri'/i
\\ A V
\

1

S(X,UJ) = a

rin
• frn7r

^\

2, sm[—-x\ • Ap^d^ip)-smi—p)

n=1

V

n

r rt'it

\ *~ i

(31)
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2.3 Results in ID
The first step in the numerical work is to create the flux noise. The core is divided into
301 mesh points with a = 150. The flux noise is created in each point from equations (18)
and (19). It is then recorded at 10 (9 in the inversion method) equally distributed detectors and reconstructed using the three different methods described in chapters 2.2.1 to
2.2.3.
The two types of flux noises (see equations (18) and (19)) are created assuming two different noise source locations, xp. The noise sources are placed in middle of the core, at
Xγ = 10, and close to the boundary, at xp = 120.
Figure 1 shows the real value of the flux noise in case of an absorber of variable strength
(avs) and a vibrating absorber (va) at xp = 10. The dashed line marks the perturbation
location. For the avs, 7 = 0.001 and for the va, 7 = 10 and e = 0.01. In a more realistic
case, the perturbations are smaller.
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1
1

-O.O6
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[cm]

-

O
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Figure 1: Induced neutron noise. On the left hand side from an avs and on the right hand side
from a va. (xp = 10)

Figures 2 to 4 show the real part of the reconstructed noise sources. Remember that
for an avs, the noise source is a delta function, and for a va, the noise source is the
derivative of a delta function. The T matrix in (20) is of size 11 x 11. The reconstructed
noise sources from the Fourier method are translated from (0,2a) to (—a, a) so that they
can be compared to the other methods.
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Figure 2: The inversion method. On the left hand side an avs and on the right hand side a va.
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Figure 3: The direct method. On the left hand side an avs and on the right hand side a va.
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Figure 4: The Fourier method. On the left hand side an avs and on the right hand side a va.

The noise sources are now placed at Xγ = 120. Figure 5 shows the real value of the flux
noise. As in the previous case, the dashed line marks the perturbation location. Here
7 = 0.01 for the avs and for the va, 7 = 30 and e = 0.01.
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Figure 5: Induced neutron noise. On the left hand side from an avs and on the right hand side
from a va. (xp = 120)
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Figures 6 to 8 show the real part of the reconstructed noise sources.
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Figure 6: The inversion method. On the left hand side an avs and on the right hand side a va.
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Figure 7: The direct method. On the left hand side an avs and on the right hand side a va.
{xv = 120)
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Figure 8: The Fourier method. On the left hand side an avs and on the right hand side a va.
(xv = 120)

2.4 Discussion and conclusions of the ID model
All three methods are able to characterize the noise sources in the middle of the core,
at xv — 10. Peak(s) in one direction indicates the existence of an absorber of variable
strength and a vibrating absorber is characterized by two peaks, one positive and one
negative. The inversion method and the direct method probably gives the best results.
The results from the Fourier method are also fairly good for a trained eye.
All methods also give a hint about the location of the noise source when xp = 10. The
inversion method can only tell the location by the nearest position where a noise source
was originally placed. Since the T-matrix in equation (20) only contains 11 x 11 elements
the possibility of locating the noise source is rather limited. A larger matrix would result in almost linearly dependent rows and such a matrix is not numerically invertible.
The results from the direct method, shown in figure 3, contain more information about
the location of the noise source. In case of an absorber of variable strength the location
can be found by weighting the positions of the two peaks by their amplitude. This actually gives a very good estimation of where the noise source is located. If the noise
source is a vibrating absorber, it is located between the positive and the negative peak.
Weighting their amplitudes does not allow locating the vibrating absorber precisely.
It is hard to tell how good the Fourier method can locate the noise source. But as can be
seen in figure 4, the largest peaks appears close to the noise source location.
14
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If the noise sources are moved closer to the boundary, at xp = 120, only two of the unfolding methods are able to reconstruct both noise sources properly. Both of them also
give some information about where the noise sources are located. The inversion method
would need a larger T-matrix to work close to the boundary.
Two of the reconstruction methods were capable of determining what type of noise
source that prevails in the core at different locations. The direct method and the Fourier
method. It was therefore decided that both of them should be tried in the more realistic
2-D 2-group, homogeneous and heterogeneous, models.

15

3 The two-dimensional model
From now on a more sophisticated model is used. The reactor will correspond to the
Ringhals-4 PWR, fuel cycle 16, at burnup 8.767 GWd/tHM. The model is a 2D radial
heterogeneous reactor. A homogeneous reactor will also be considered in order to see
if the unfolding techniques depend on whether the reactor is homogeneous or not. The
cross sections and diffusion lengths are then set to constants.

3.1 General theory in 2D
The 2-group diffusion equations with one group of delayed neutrons read as:
i t)

+ AC(r,

[(1 - / 3 ) ^ { - l ( r ' ° -Efljl(r,t)-Erem(r,f)]fc(r,t)
Kff

(32)

and
l ^ l l

=

V[D2(r)V02(r, t)} +Xa>2(r, f)02(r, t) + Erem(r, O0i(r, 0

(33)

with the equation describing the neutron precursor density given as:
dC(r,t)
dt

01 (r, t) + —£

02(r, 0 -AC(r,0

(34)

Subscripts 1 and 2 indicates the fast (1) and the thermal (2) groups. Zrem is the macroscopic removal cross section.
3.1.1 The noise equations in 2D
As in the one-dimensional case, first-order perturbations are assumed such that all timedependent terms can be expressed as:

This is inserted into equations (32), (33) and (34). The static equations are then removed.
If all second-order terms are neglected and then a Fourier transform, t —> o>, is made, the
result is:
)
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where the different matrixes and vectors are given as:

0- ~

2tfyn(r,")=«

'"
-(E«,2,o(r) + f

S rem ,o(r)

0

0
and Ei(r,o;) is defined as:

Following the same procedure as in the ID case, the next step would be to calculate
some kind of transfer function for the system above. The noise simulator (see [4]) estimates the so-called 2-group Green's function defined from equation (35) as:
w)] x G m (r,r p ,w) = 5xs(t-xp)

(36)

where 5xs(* — rp) is the noise source and rp the noise source location. It is a two component vector that can be calculated according to equation (35) depending on the nature
of the noise source. Subscript, 5XS, indicates what kind of noise source that generates
the transfer function.
3.1.2 Explicit form of the flux noise
The noise simulator generates a matrix containing the Greens' functions for each possible noise source location. To sort out the specific Green's function that corresponds to
the noise source location, Xγ, this matrix is multiplied by a vector. This vector is zero
everywhere except at the position that corresponds to tp, where it is one.
The flux noise can be calculated from equation (36). The noise source in case of an
absorber of variable strength is simply 7 times a delta function and the neutron noise is
then:

For a vibrating absorber the noise source is given by (see [3]):
.{6[t-tp-e(t)]-S{r-ip)}

7
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(38)
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and the flux noise can be calculated as:
^r

P

,u0]

(39)

Creating a flux noise from (39) is rather difficult since it requires the derivative with
respect to the second variable. To deal with this problem the adjoint noise simulator
is used. It creates an adjoint transfer function. The neutron noise that appears from a
vibrating absorber can then be calculated from:
^'

w ) ]

(40)

where superscript, +, indicates that the adjoint Green's function is used. Notice that the
induced flux noise can only be calculated at one position, ro, at the time.
3.1.3 Removal of a global term
It has been noticed that the neutron noise induced by local noise sources always exhibits
a global behavior, or point-kinetic component. Numerical tests demonstrated that, in
some cases, the unfolding procedures were much more effective when this global term
was removed before the unfolding. A global response is therefore removed here as
explained in the following. The flux in the core can be factorised into an amplitude
function, P(t) and a shape function, ^(r, t), as follows:
)

•

(41)

where
|

|

=

O

(42)

and

to(r) = #r,t = O)

(43)

From (42) and (43) it is possible to see that the fluctuation of the shape function and the
static flux are orthogonal i.e.,
=O

(44)

The flux noise in the time domain can thus be approximated by:
()

(

t)

(45)

where
*

= ^o(r)<5P(O
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(46)

3.2 Unfolding methods in 2D
is the point-kinetic component of the flux noise. It can be determined from:
86Pk(r t)

/

8P(t) = ^ - M

(47)

= I—

Equation (47) has to be approximated. The first step is to interpolate the flux noise from
the detectors over the core. The integrals are then approximated by the sum over the
values at all nodes:

H

l V}

(48)

'

;

r)
where i runs over all nodes. The remaining response is then simply:
61>(t, t) = 5<P(T, t) - 5<j>Pk(t, t) = 5<P(t, t) -

fo(i)8P(t)

(49)

This removal of a global term is only used in the first unfolding method.

3.2 Unfolding methods in 2D
Two unfolding methods will now be presented. The first one evaluates equation (35).
This method is applicable on both homogeneous and heterogeneous cores. The second
one is a continuation of the work done by Glöckler and Påzsit [1]. The difference is that
a 2-group model is used. This method only works in case of a homogeneous core.
3.2.1 The direct method
The noise source in the 2D case is assumed to be a perturbation of one of the cross
sections. Therefore only one of the terms on the right hand side in (35) will remain. To
solve this equation the operator on the left hand side has to be found. It actually already
exists as a matrix in the noise simulator. But before it is used some modifications have
to be made. Each row in the matrix corresponds to a specific location in the reactor. The
flux noise however, is only known in some of these points. Therefore only the values in
the rows that corresponds to the detector positions are useful. All values in the other
rows are set to zero. Now only the useful information is used. The solution of equation
(35) using the interpolated noise from the detector positions and the modified operator
is then:
S(r, co) = [VD(r)V + Xiyn(r, u)]modified x ( 5 ^ ' ">)
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(50)

3.2 Unfolding methods in ID
3.2.2 The Fourier method

A problem arises when looking at the unfolding method by Glöckler and Pazsit introduced in chapter 2.4. Analytical expressions of the Greens' functions cannot be found
in case of a heterogeneous core. The equations in the ID case are therefore not applicable. However, it is of interest to see if the method works on a homogeneous core. The
diffusion approximation then reads as:
^ ,
eff

t) + AC(r, 0+

[(1 - / V / ) ^ 1 - 2«,i - 2«m]&(r, t)
K
eff

(51)

and

v2 ^£2
ot
with the time derivative of the neutron precursor density given as
dt

(52)

-XC{t,t)

keff

(53)

Assume now that the perturbation is a small change in the absorption cross-section in
the thermal group, i.e.,
, t)
(54)
The procedure is now the same as in the ID case. First (54) is inserted into (52). The
static equations are then removed and after eliminating the delayed neutron precursor
density with a Fourier transform, t—>u), only one equation remains:
\

ZR(w)

p
D2A-I.a2(u)J

X

(
}
0
= (
\6<h{iu>)J
{ö^T^M*))

\

(55)
K ]

where

)
and
Xfl2(a;) = Zfl2 + —
The Green's functions representing (55) now fulfills:

V SRM

J

, L o ) \ f
0
)
D2A-la2(u)) {G2(i,j',u}))
\5(t-to)J
X
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3.2 Unfolding methods in 2D
and again as in the ID case a second Fourier transform, r —> k, is made which leads to:

(<*<*>¥.<*>}} = (°\

(57)

Since it is the thermal flux noise that is studied, G2 is the Green's function of interest.
After some simple algebra it is easily found as:
(58)
<

2

D

>

It is now time to modify the 2D model. The boundaries of the reactor are set to x=0 and
x=a in the x-direction and y=0 and y=b in the y-direction. Equation (56) should now
be converted into a convolution integral. This is almost done as in the ID case with
the difference that the different parameters are also periodic in the y-direction and the
periods are 2a and 2b. The Green's function is extended to infinity in all directions and
it tends to zero as x and y tends to infinity. The flux noise in the thermal group can now
be expressed as:
u>)= [ G 2;i (r ) r / ,o;)S(r / ,a;)dr /
2

(59)

JR

where subscript, i, indicates the extended Green's function. Now, since the core is homogeneous a second Fourier transform, r —> k, can be made and the noise source, for
the thermal neutrons, can be expressed explicitly as:

£j

(60)

and an inverse transform, k -+ r, gives the noise source in spatial coordinates as:
(61)
To be able to reconstruct the noise source some approximations are needed. But first
two simplifications. As mentioned in ID, the Fourier transformed 5(f> consists of a sum
of delta functions multiplied by the Fourier coefficient. In the 2D case there will be a
double sum since there are two dimensions. The other simplification arises from the
fact that the flux is an odd function. With these remarks, equation (61) reads as:

S(x, y, u) = £

£ C • sin C^-x) • sin C^-y)

(62)

nx=iny=i

where
rb

l
cu ,,A / J/ 5</)(x',y',u;)-sm(^/) -sin (~-y') dx'dy'
C = i-•.n~
G^(k,w)p

ab
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(63)

3.2 Unfolding methods in 2D
The approximations in the 2D case will be slightly different. The double integral in (63)
is treated in a different way than in the ID case since the detector may not be equally
distributed. Instead the flux noise is interpolated over the whole core and then the
Riemann sum is taken over all points in the reactor (marked all x and all y). The double
sum in S is treated in the same way as in the ID case. The final expression for S is
therefore:

S(x, y, *) = £ I C • sin (WX) • sin
nx=lny=l

\ a

/

\ ö

ffy)

(64)

/

where
C

= ^-G2J0<^)X I^(x, y) a;).sin(^x).sin(^y)

(65)

all x all y

Mx and My are the number of detectors in the x— and y— directions, respectively. Later
on, 6 x 6 detectors will be used.
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3.3 Results in 2D
The induced neutron noise in 2D is always created using the noise simulator. As in the
ID case, the neutron noise is created for two different locations of the noise sources in
the core. The core contains 32 x 32 nodes and the noise sources are located at (15,15)
and (22,8). This is inside the detector grid, which is shown in appendix A. There are
also figures in appendix A showing different fluxes interpolated from the detectors. For
the absorber of variable strength 7 = 0.0001 in all cases. For the vibrating absorber 7 is
divided into one x- and one y-component with 7* = 1 and 7y = 0.1.

3.3.1 Homogeneous core

-.;..•

The reconstruction in case of a homogeneous core can be done in two ways. Equation
(35) can be solved or the Fourier method can be used. Figure 9 shows the induced
neutron noise when the two types of noise sources are placed at tp = (15,15).

Figure 9: Induced neutron noise. On the left hand side from an avs and on the right hand side
from a va. rp = (15,15)

Figures 10 and 11 show the reconstructed noise sources when rp = (15,15). Remember
that the noise source in case of an absorber of variable strength is a delta function and a
vibrating absorber is modeled with the derivative of a delta function.
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3.3 Results in 2D

Figure 10: The direct method. On the left hand side an avs and on the right hand side a va.

3.

-8.

Figure 11: The Fourier method. On the left hand side an avs and on the right hand side a va.

3.3 Results in 2D
The noise sources are now moved to ip = (22,8). The induced neutron noise is shown
in figure 12.

xio"

Figure 12: Induced neutron noise. On the left hand side from an avs and on the right hand side
fromava. rp = (22,8)

The reconstructed noise sources are found in figures 13 and 14.

Figure 13: The direct method. On the left hand side an avs and on the right hand side a va.
( 5 )
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3.3 Results in 2D

Figure 14: The Fourier method. On the left hand side an avs and on the right hand side a va.
rp = (22,8)

3.3.2 Heterogeneous core
When a heterogeneous core is considered, only one of the reconstruction methods works,
the direct method. As for the homogeneous core, the noise sources are placed at two different locations. Figure 15 shows the induced neutron noise when the noise sources are
placed at rp = (15,15).

Figure 15: Induced neutron noise. On the left hand side from an avs and on the right hand side
from a va. rp = (15,15)
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3.3 Results in 2D
Figure 16 shows the reconstructed noise sources using the direct method.

2.6.

1.6.

1.5J

O.5J

0.5J

-o.sj

Figure 16: The direct method. On the left hand side an avs and on the right hand side a va.

As for the homogeneous core, the noise sources are now moved to rp — (22,8). Figure
17 shows the induced neutron noise.

Figure 17: Induced neutron noise. On the left hand side from an avs and on the right hand side
fromava. rp = (22,8)
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3.4 Discussion and conclusions of the 2D model
Figure 18 shows the reconstructed noise sources when rp = (22,8).

Figure 18: The direct method. On the left hand side an avs and on the right hand side a va.
rp = (22,8)

3.4 Discussion and conclusions of the 2D model
Both methods are able to reconstruct a vibrating absorber in the middle of the core, at
xv = 15,15. It is also clear that the noise sources are in the middle of the core. The direct
method can also reconstruct an absorber of variable strength here, while the results from
the Fourier method gives the impression that there is a distributed noise source causing
the flux noise. The reason for this is that only the direct method allows a removal of
a global term as explained in 3.1.3. If this is done before using the Fourier method, an
absorber of variable strength could be interpreted as a vibrating absorber. The direct
method can also reconstruct both kind of noise sources if the core is heterogeneous and
as can be seen in figure 16, some information about the location of the noise sources is
also given when rp = 15,15.
When the noise sources are moved to tp =22,8, the Fourier method only gives some
information about where the noise source is located. What type of noise source that
causes the flux noise is difficult to tell (see figure 14). The direct method on the other
hand, is able to reconstruct both kind of noise sources here. It also works for a heterogeneous core. In both cases it is possible to see that the noise sources are located close
to the boundary.
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3.4 Discussion and conclusions of the 2D model
The reason why the Fourier method does not work very well might be that the detector pattern is not equally distributed (see appendix A). This does not affect the direct method which can deal with any kind of detector grid. In some cases the Fourier
method would also work better if a global term is removed but as mentioned, an absorber of variable strength could then be interpreted as a vibrating absorber.
The only drawback so far in the direct method seems to be that two different operators
have to be tried on the flux noise. One to find absorbers of variable strength and one
to find vibrating absorbers. What happens when the operators are used on the wrong
kind of flux noise can be seen in appendix A.
The final conclusion is that the direct method seems to work very well. It can reconstruct
the two types of noise sources very well in both homogeneous and heterogeneous cores.
It also gives some information about where the noise sources are located.
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4 General conclusions
In the one-dimensional case two methods, the direct method and the Fourier method,
were able to reconstruct the two types of noise sources located at different positions in
the core. They also gave some information about the locations of the noise sources. It
was therefore decided that both of them should be tried on more sophisticated twodimensional cores.
In 2D, only one of the methods, the direct method, could reconstruct both kind of noise
sources properly. This method is applicable for all kinds of cores in contrast to the
Fourier method that only works if the core is homogeneous. The direct method also
gives some information about the location of the noise source. It was not investigated
how well the position could be determined.
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A Appendix
Figures that are interesting but could not be fitted into the report are presented here.
Figure 19 shows the reactor core with the detector positions in 2D.
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Figure 19: The reactor core with detector positions marked.

Figures 20 to 23 show the neutron noise, interpolated from the detector positions, over
the core.

x 1O V

Figure 20: Interpolated flux noise in a homogeneous core. On the left hand side from an avs and
on the right hand side from a va. rp = (15,15)
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Figure 21: Interpolated flux noise in a homogeneous core. On the left hand side from an avs and
on the right hand side from a va. rp = (22,8)

Figure 22: Interpolated flux noise in a heterogeneous core. On the left hand side from an avs
and on the right hand side from a va. rp = (15,15)
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Figure 23: Interpolated flux noise in a heterogeneous core. On the left hand side from an avs
and on the right hand side from a va. rp = (22,8)

Figure 24 shows what happens if the modified operator in (50) used in case of an avs is
used on the noise from a va and vice versa.

X1010

Figure 24: Usage of the wrong operator. On the left hand side the operator used when an avs is
assumed (whereas the actual flux noise corresponds to a va). On the right hand side
the operator used when a va is assumed (whereas the actual flux noise corresponds
to an avs). rp = (15,15)
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