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The brief survey of noise methods of PWR in-core equipment diagnostics is presented. The possibilities of using
the standard system of neutron emission sensors and temperature control sensors for registration of noise oscilla-
tions of neutron flux and coolant temperature and subsequent study of these signals by spectral methods of analysis
are discussed. The new method for the coolant velocity control by the mutual spectrum analysis of noise signals

from the neutron and temperature fluxes is offered.
PACS: 24.60.-k

1. INTRODUCTION

The problem of nuclear energy safety is one of the
most urgent problems after the Chornobyl incident. The
ways to solving this problem are the development and
improvement of control methods and diagnostic tech-
niques for the reactor equipment and energy production
process. Now the methods of noise diagnostics are
widely discussed and used for the reactor equipment
control at many nuclear power plants (NPP).

Powerful pumps (PP) provoke the intensive coolant
stream in the primary reactor system. The coolant flow-
ing causes both different oscillations of the in-core
equipment and excitation and propagation of acoustic
and other types of waves. The interaction of waves is
the cause of a stochastic character of oscillations.

Current-technology fission reactors are provided
with the in-core system of neutron flux measuring sen-
sors having ability to evaluate the neutron noise oscilla-
tions. A stochastic form of neutron fluxes is related with
in-core processes and contains information about the
coolant parameters and about the in-core equipment
oscillations. Spectral methods of analysis of this noise
signals are used for diagnostic purposes.

The current methods of noise diagnostics allow us to
solve a number of problems concerning the in-core
equipment control:

- diagnosis of a primary coolant system component
failures;

- detection of real failures and deviations from the
normal performance;

- determination of anomalous process increments.

The possibilities of equipment failure control by
noise methods are based on the essential dependence of
the stochastic processes with different defect. Statistical
methods allow obtaining diagnostic information on
phase and amplitude characteristics of noise signals,
obtained directly from the core or from the primary sys-
tem pipe.

Methods of noise diagnostics are widely discussed
to determine:

- coolant velocity,
- boiling coolant state,
- condition of attachment units of fuel assemblies,
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- tendency to deterioration of attachment units in the
reactor basket,
- reactor reactivity.

Unfortunately these types of diagnostics do not ef-
fectively develop. To solve this problem it is necessary
to have special diagnostic equipment: sensors, measur-
ing technique and software. Another problem is the am-
biguity of interpretation of measured information be-
cause of a large number of degrees of freedom in noise
processes.

Many publications are devoted to different problems
of noise diagnostics. In the present paper we refer to a
small part of papers concerning the problems under
discussion [1-18]. Some of them consider theoretical
problems of noise diagnosis, others regard the devel-
opment of diagnostic methods.

2. DIAGNOSTIC MEANS IN WWER-1000

There is a standard system of neutron flux measur-
ing sensors in WWER-1000 reactors. It consists of 64
sensor assemblies with seven sensors in each.

They are placed in one fuel element and distributed uni-
formly (with equal distances between them) throughout
the core.

Besides, there are 95 sensors (thermo-couples),
which measure the coolant temperature fluctuations in
the upper part of the core. The neutron fluxes from each
sensor have a stochastic form (Fig. 1). The abscise axes
shows a number of points measured in time, and the Y-
axes gives the value of the potential obtained from the
sensor in arbitrary units.

For analysis of these signals we used statistical
methods. Special software, named “DIALOG”, was
developed for analysis of noise signals measured in the
reactors of the Zaporizhzhya NPP.

The noise signal shown in Fig. 1 is not exactly the
neutron noise signal. The signal looks so after elimina-
tion of the constant part and normalization of the noise
part of the neutron flux. In fact the neutron flux, that
puts in the sensor, transforms into an electric signal,
then it undergoes some apparatus changing (amplifica-
tion, digitization and so on). All its changes are de-
scribed by the transitive function that should be taken
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into account in the interpretation of diagnostic informa-
tion.
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Fig. 1. Neutron flux signal

Fig. 2 demonstrates the example of the neutron noise
spectra in the “DIALOG” windows obtained by the
Fourier expansion of the noise signal. Analysis of such
spectrum enables to obtain the information about typical
oscillations in the system. There are few well visible
peaks in the picture. The frequency of about 16.6 Hz [5]
is connected with the pomp rotation. The peak in the
vicinity of 9 Hz is the acoustic standing wave frequency
[12]. Other peaks have no clear interpretation. They are
related with different waves and oscillations inside of
the primary system. Their identification is one of the
problems of noise diagnostics.
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Fig. 3 presents similarly [6] the mutual characteris-
tics of noise signals from two sensors: phase shift, co-
herence function and cross spectrum. The phase shift is
in radians, the coherence function and the cross spec-
trum - in arbitrary units. These functions are usually
used to study the mutual characteristics of wave proc-
esses. In particular the phase shift is used to determine
the coolant velocity.

3. DETERMINING THE COOLANT
VELOCITY

The time delay (phase shift) in the neutron flux fluctua-
tions, measured between two sensors placed in one
measured channel, allows us to determine the coolant
velocity.

The relation between the coolant velocity and the
phase shift is determined by the next equation:
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where f is a perturbation frequency, A/ is the length
between sensors, A is the phase shift. Unfortunately

the linear dependence between the phase bias and the
frequency is not stable in the core [1,8]. Usually it is
valid for small frequency interval from 0.1 to 1.5 Hz

(Fig. 4).
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Fig. 2. Neutron noise auto spectra
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Fig. 3. Phase bias (above), coherence function (center)

and cross spectrum (below)

Fig. 4. Phase shift dependence from frequency

The linear dependence of the phase shift on the fre-
quency is broken in the region of 1.5 Hz. More high
frequencies give other linear dependence, but it does not
give the correct results because the scale of perturbation
becomes less then the distance between the sensors. It is
difficult to determine the phase shift in this case as it
exceeds m. Therefore, the interval of 0.1...1.5 Hz was
used to estimate the coolant velocity. The estimations
are about 5 m/s.

However, this method gives correct results not al-
ways. Large disturbances often give wrong results. It
was the cause to suggest the new method for the coolant
velocity control.

The possibility consists in simultaneous measuring
of noise signals from neutrons and of temperature fluc-
tuations by means of different sensors. The phenome-
non of thermal inertia gives a phase shift between neu-
tron and temperature oscillations. The coolant velocity
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can be determined with the help of the transfer function
Wyr ().

To obtain it we use (as in [1,2]) the following equa-
tions of the thermal balance for the fuel and coolant:

Vip rCroTp(z,0)/ 0t =Qz,t)V p —k(Tf(2,0) = T, (2,1)),
)
VepoCo(0T,(2,8)/0t + V0T, /0z) = k(T p (2,1) — T,.(2,1)),
3)
where V', and V. are the fuel and coolant volumes,
ps and p. are the fuel and coolant densities; 7, and

T. are temperatures, k is the heat conduction factor
between the fuel and the coolant. Q(z,¢) is the local
specific rate of energy production, v, is the coolant

velocity. Here we suppose that all fission energy
dissipated in fuel elements and the energy exchange
goes between the coolant and fuel element’s surfaces.
Further, we write the temperatures and the power output
as a sum of non perturbed and fluctuation parts:

Ty =Top+8Ty, Oz.t)=0y(Ty)+30(T.),
30(7.)=G,38N, (4)

where G, is the proportionality factor between the neu-

tron noise flux and energy production. Neutron and
temperature fluctuations are connected by transfer func-
tion W NT

SN = Wyr ()3T, .

After linearization of equations (2,3) we obtain the sys-
tem:

odT
A= 0(T,)S ; k(ST ~oT,).
S 10 (Toe) = k(Ty ()= Toe (2)) = 0,

00T, 04T, &)
Ac(#"' Ve azc )= k(éTf —oT,),

oT,
Acve a(t)c =k(Tyr(2) — Toc(2)),

where A; =S§,p;C;;S; are the squares of the fuel and

coolant length unit.
Perturbed parts of the temperatures can be written in
the form of harmonic variables:

éTj _ sz (Z)ei((a)—kzvC )t+kzz+go/) , 6)

where the index j denotes the coolant and the fuel.

Here the multiplier in brackets before ¢ in the exponent
has a sense of the frequency in the laboratory system of
coordinates. Such perturbations take into account the
coolant moving with a velocity v, and the temperature

changing during the coolant moving across the core by
z-dependence of the T, factors.
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At such perturbations we obtain from the system (5):
iN (0= kv BT, = G,Wyr(@)S 3T, — k(3T —8T,) (7)

oT. 0T,
€ —< = k8T, —-90T,), 8
oz ( f c) ()

iN 08T, + A, v,

where k=S ,00/AT,AT =Ty ; — Ty, are the pertur-
bation phases. The last system gives Wyr (o)

1
Wyr (@) = S

oT »
{i(a) —kv)A ;=L
n® f * dT,

c

) v, oF,
+Ac(la)+—f):|.

cz

The temperature fluctuations do not have the wave
properties. They are described by the thermal conduc-
tivity equation. It allows us to do simplifications in
equation (9) by assumption ® = 0. In this case it can be
written in the form:

v, oT 6Tf
Wyr =[A, —*—%—ikv.A , —]1/G,S,. 10
vr =[A. T o IR VA g ST 1/G,S (10)

cz c

The first term in the brackets is less than the second
in the case of perturbations with small %, values. There
are several reasons for such conclusion. The compara-
tive rise of the ground temperature during the flow of

the coolant through the core is about 7% (7}, =550 K,
Tyue =590 K). The temperature increase due to the per-

turbations should have the same order of magnitude.
There is reason to suppose that A.<A,. It is con-

nected with the large density of the fuel. For large scale
perturbations the phase shift between 87, and 87, will

be not large so their amplitudes have the same order of
magnitude.

So for the large scale with the zero frequency fluc-
tuations the phase shift between the temperature and
neutron fluxes will be about n/2 . Neutron flux measur-
ing sensors will fix the Doppler frequency shift as the
real frequency equals to k,v, .

According to the obtained results it is possible to
measure the coolant velocity by plotting the A(p( f )

dependency, where A@ is the phase shift between the
neutron noise and coolant temperature perturbations.
Next we can find the points with ¢(f)=n/2. The
lower of these frequencies corresponds to the lower
value of k_. A relation between these frequencies and
nv,
20’
where 7 is the number of points with phase shift n/2. In
this case the coolant velocity is:

the coolant velocity could be written as f, =

AHY f;

__ J=l
Ve = n(n+l) ' (i



4. PART OF THE VAPOR PHASE

Auto spectra analysis shows presence of acoustic
standing waves in the primary system. According to [3]
a frequency of the standing wave depends on coolant
parameters according to formula:

1 |Cip,
Jo=7——>
2n\ pl,!

where / is the pipe length, /,, is the length of the pipe
parts with vapor phase, p and p,, are the densities of

(12)

liquid and mixture phases, Cyg is the sound velocity. A

vapor phase occurrence diminishes the density of the
coolant. As the result it diminishes the wave frequency.
Hence, we can calculate the change of the coolant den-
sity taking into account the wave frequency change.
This possibility was used in the DIALOG software for
vapor phase determining. The value of the vapor phase
displays in the DIALOG window on the right side of
the screen, where F{, is the wave frequency without a

vapor phase, F] is the wave frequency in the case of the
vapor phase absence (see Fig. 2).

CONCLUSIONS

In spite of the fact that numerous researches are de-
voted to developing the noise methods for the control of
the fission process and the state of internal equipment in
the nuclear reactor, the problem stays far from comple-
tion. It is connected with difficulties taking place in the
interpretation of measured data. In many cases the in-
formation obtained leads to doubtful understanding of
the processes observed. It is very important to study the
wave processes, which take place in the core as well as
in the whole primary system of the reactor. Therefore,
the paper [18], presented in this issue is interesting, be-
cause it studies the problem of interaction between the
acoustic and neutron waves in the core.

The present paper contains a brief review of noise
methods used for the in-core diagnostics. Parts of these
methods were developed in the software system for
WWER-1000 reactors at the Zaporizhzhya NPP. Here
also, a new method of determination of the coolant ve-
locity is proposed.
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KOPEJLUISILMOHHBII AHAJIN3 LIYMOBOI TMATHOCTUKH BHYTPUPEAKTOPHOT'O
OBOPYJJOBAHUSI

B.A. Pyoakos

[IpuBeneH kpaTkuii 0030p MIYMOBBIX METOIOB ANAarHOCTHKN BHYTPHPEAKTOPHOTO 000PYJOBAaHHS BOJO-BOISHBIX
peakTopoB. PaccMOTpeHBI BO3MOXKHOCTH HMCIOJIB30BAHUS CTAaHIAPTHOM CHCTEMBI NATYMKOB HEHTPOHHOTO H3ITyde-
HUSI U TEMIIEPAaTyPHOTO KOHTPOJISI sl PETHUCTPAMY IIyMOBBIX KOJIEOAaHMH HEWTPOHHOTO MOTOKA M TEMIIEPATypPbl
TEIJIOHOCHUTEJISI C TOClieyoeld 00paboTKOW 3THX CUTHAJIOB METOJaMHU CHEKTpalibHOro aHanuza. [IpeanoxkeH Ho-
BBIH METOJ| KOHTPOJISI CKOPOCTH TEIUIOHOCHUTENS C IOMOIIBIO aHajM3a B3aMMHBIX CIIEKTPAIBHBIX XapaKTEPHCTHK
LIYMOBBIX CUTHAJIOB HEHTPOHHOTO MTOTOKA ¥ TEMITEPATYPhI TETITIOHOCHTEIIS.

KOPEJIAIIMHAN AHAJII3 ITYMOBOI IIATHOCTUKHU BHYTPIITHbOPEAKTOPHOT'O
OBJAJJTHAHHA

B.A. Pyoakos

[IpuBeneHO cTUCHMH OTJISA IIYMOBHX METOXIB JIarHOCTHKU BHYTPIIIHHOPEAKTOPHOTO OOJaqHaHHS BOJO-
BOJSIHUX PeakTopiB. PO3IIISIHYTO MOMXIIMBOCTI BUKOPHCTAHHS CTaHIAPTHOI CHCTEMH NAaT4YMKIB HEHTPOHHOTO BHIIPO-
MiHIOBaHHS 1 TEMIIEPAaTypHOT0 KOHTPOJIIO IS PEECTPallii IIyMOBHUX KOJMBAHb HEHTPOHHOTO IMTOTOKY 1 TEeMIIEpaTypHu
TEIJIOHOCIS 3 HACTYNHOK 0OPOOKOI0 IUX CHUTHAIIB METOJAMHU CIIEKTPAIILHOTO aHaii3y. [IponoHyeThes HOBHI Me-
TOJ] KOHTPOJIIO IIBUJIKOCTI TEIUIOHOCIS 3a JOIIOMOTOI0 aHaJi3y B3a€EMHHX CIIEKTPaIbHUX XapaKTEPHUCTHK IIyMOBHX
CUTHAJIIB HEUTPOHHOT'O TIOTOKY 1 TeMIIEpaTypH TETLIOHOCIS.
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