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COMPARISON OF STATISTICAL PROPERTIES OF COOLANT TEMPERATURE
AND NEUTRON FLUX IN A REACTOR PWR-1000

Using wavelet analysis an existence of regularities in “noise” signals from neutron flux detectors and tempera-
ture ones of a design in-pile control system of PWR-1000 reactor was investigated. For the purpose to check the possi-
bility to estimate coolant parameters through neutron flux parameters and vice versa, a comparative analysis of statistic-
al characteristics for parallel long regular sets of measurements of coolant temperature and a neutron flux was carried
out. It were analyzed neutron signals from three measurement canals with ionization chambers, and from temperature
sensors for coolant of the cool and hot branches of the first contour. In both variables a rich spectrum of various long
time (tens of minutes and hours) periodicities has been revealed. Some of them are found both in temperatures and in
the neutrons flux. It was however revealed also periodicities, which in neutrons and in a coolant do not correlate be-
tween themselves. The differences between the pictures of wavelet transform of temperatures of hot and cold branches
of the first contour have been shown. In the temperature of hot branch additional more high frequency vibrations, which
can be ascribed to development of turbulence, are arisen. The conclusion was drawn, that fluctuations of signals, that
have been analyzed, are not random noise, but are the data carrier about neutron subsystem of a reactor. It is suggested
to carry out the analysis of fluctuations of signals of a design in-pile control system for early detection of a reactor oper-
ating conditions.
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Introduction

In the theory of nuclear reactors it is generally known [1], that between the state of a coolant and
neutron field there is nonlinear connection — in dependence on pressure, temperatures and other factors,
probability of moderation of neutrons changes, that in turn causes changes in probability of fission processes
and energy release. Among them boiling of water, that is appearance in it vapor bubbles, especially influ-
ences on the value of such connection. Methodology of detecting of boiling processes in PWR reactors [2, 3]
is based on such connection, where it is suggested to draw conclusion about the presence of boiling on the
increase of dispersion of neutron flux noise.

Thus at now neutron flux fluctuations are connecting with fluctuations of coolant parameters, and
beginning of boiling it is proposed to detect through control the value A — relation of dispersion of a neutron
flux noise to its mean value [2]. On the assumption of this, in the given work in-depth statistical analysis of
noises of neutron detectors signals has been carried out with the purposes to reveal other possible parameters
of these signals, which would characterize connection of the neutron subsystem with a coolant.

With that end in view the sets of measurements of coolant temperatures and neutron flux, which
were carried out simultaneously, have been analyzed. These data are received as a result of regular mea-
surements of mentioned parameters with the design devices of the in-pile control system. The task was given
to show, how much the changing of these parameters in time are interconnected.

Because to make purposeful experiments in a reactor is practically impossible, the results, which
were received in a given work, are compared with the results of [2], which are based on special experiments.
In [2] the next assertion were formulated, which can be checked on real data:

1. When boiling appearing, dispersion of neutrons noises is increasing. At this the value of a neutron
flux proper can be not changed.

2. The pointed changes are fixed, when amplitude of coolant temperature fluctuations at input in a
reactor exceed approximately 0.2 °C.

3. The effect (a value of A) is maximal when frequency of fluctuation is in the region of 0.5 Hz (the
result of model calculation with NOSTRA code and comparison with an experiment).

Experimental data and methods of analyzing

In the given work signals from control equipment of the system of in-pile control, which were re-
ceived during the work of the reactor facility PWR-1000 in steady-state conditions at nominal power, were
analyzed. That is for receiving such information it’s not necessary to use the additional special equipment.
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Data. Due to a comparative analysis of changing of coolant temperature and neuron flux was
planned to carry out, than data of measurements from two systems have been analyzed.

1. Signals of an equipment for neutron flux control from three measurement channels 1, 8, 15 (which
in what follow will be named K1, K8, K15), which are shifted on 120° relative to each other in a cross-
section of a reactor (Fig. 1 see cover page 2). At nominal power devices for neutron flux detecting (ioniza-
tion chambers) work in a current mode, and each channel performs information acquisition and treatment for
signals from two blocks of neutron flux detecting (BDNF): lower — BDNFI, and upper — BDNFu. These
detecting blocks (for all three channels) are placed approximately on equal height relative to the middle of a
reactor core. Integrated data from BDNFI and BDNFu are the data from one channel. Thus, it is analyzed an
information, which is sufficiently averaged over reactor core volume.

2. Signals from temperature sensors, which are placed at the input and output of a coolant from a
reactor core:

YA21T31 — coolant temperature on the outlet from a reactor the second branch of the main circula-
tion contour (measuring tool — a resistance sensor);

YA22T32 — coolant temperature on the input in a reactor the second branch of the main circulation
contour (measuring tool — a resistance sensor).

Analyzing methods. The main task, on the analogy of [2], was to search correlations between
changes of temperature and neutron fluxes with the aim finding possibilities of an early diagnostics, at the
expense of use special sensitive methods of analyzing. In this work it was supposed, that it is easier to find
correlation, analyzing periodical signals. About existing of such periodicities in many sensor it had known

[4].

For searching periodicities a wavelet analysis was used, with the help of which it is possible not only
to reveal a periodical phenomena, but also clear to fix intervals of time, when they arise and disappear, a
shift of the signals in a time between different detectors and so on [5, 6, 7]. Gaussian wavelets of 2-th and
10-th orders were used as very convenient to reveal periodicities. The result of wavelet transform is a two-
dimensional matrix of coefficients, the value of which will be maximal, when a function, which is analyzed,
will contain corresponding frequencies.

This matrix can be represent graphically, where on horizontal axis of this two-dimensional image the
consecutive number of an array element is drawn (at sampling periodicity in one second it will be simply
time in seconds), and along vertical axis the so called scale of wavelet, which is proportional to period, is
drawn. The values of wavelet coefficients can be drawn in colors or shades of gray. If “noise” signal during
some time interval contains sinusoidal component, then in image of wavelet coefficients a series of regular
“spots” will appear, the position of which will corresponds to maximums and minimums of this sinusoid.

The data from BDNF were recorded with sampling period T, = 1 s, and sampling of temperature was
carried out at T, = 0.67 s. Thus, in contrast to measurement, for instance, vibration frequencies with special
devices, in our analysis the frequencies, greater than 1/T,, cannot be revealed.

Results and discussion

It turned out, that frequency-temporal structure of fluctuations of analyzed signals is enough rich and
therefore cannot be represent in one image in details. Therefore two different situations were examined sepa-
rately: short-period and long-period processes in the same signals. This gives the possibility, using “micro-
scopic” abilities of wavelet analysis [6], to demonstrate periodicities in a wide range of frequencies.

Long-period processes

Fig. 2 (see cover page 2) shows the results of wavelet transformation of the neutron flux density sig-
nals for all three channels: K1, K8, and K15 in the units of nominal power (% Npom). In the upper part of
each figure there is a graph of changes in the neutron flux density over time. Two-dimensional picture is the
result of wavelet transformation of this signal. On the horizontal axis, the consecutive number of the element
of a series of measurements is marked. Since the sampling is regular and goes with intervals in one second,
then for neutrons the horizontal axis is a time from the beginning of measurements in seconds. On a vertical
axis the period is set in units of the values of the horizontal axis. Exactly the period of spot series can be
determined using software as the distance between the spots. The duration of the measurements was about 30
000 s, that is, more than 8 hours.

In the behavior of the neutron flux density one can see the following. 1. In addition to fluctuations
from about 99.8 to 101 (% N,.m) there is a trend: the signal gradually decreases, then increases. 2. Also, there
are quite sharps jumps of the signal (shown by the arrows in Fig. 2b) (see cover page 2). The reasons for
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such behavior of the neutron flux are not discussed at present. 3. For the analysis, we have specially chosen
the time interval at which these features are observed in order to demonstrate the capabilities of the method
for our task: to record both the appearance of features in the neutron flux and their manifestation in the re-
sults of wavelet transformation.

In pictures of wavelet transforms of neutron signals one can see the following. 1. Pictures in general
have the same appearance for all three channels. 2. In all of the pictures there is a series of three large spots
(indicated by the arrows in Fig. 2a) (see cover page 2) This means the existence in the signal a periodical
component with a half-period, which is equal to the distance between two adjacent spots. It is programmati-
cally possible to determine the position of these spots, the distance between them and thus to calculate the
period, which turned out to be approximately 7.2 hours. 3. The position of the spots on the horizontal axis is
the same for all three graphs, that is, within the accuracy of the measurements, time shift is no detected be-
tween them. As a minimum, this means that the field of neutrons in the volume of the reactor core on such
time intervals changes more or less same.

Fig. 3 (see cover page 2) shows the results of wavelet transform for cold branch temperature
(YA22T32 sensor) and hot thread (YA21T31 sensor) of coolant. This makes it possible to directly compare
the pictures of the wavelet transform for neutrons and for temperatures. The first thing to note is that in the
signals for both temperatures and in a neutron signal periodicity of 7.2 hours is presented also (three large
spots in the lower part). Secondly, that in the wavelet transform of the temperature of the hot branch there is
a high-frequency component which is absent both in neutrons data, and in the temperature of the cold branch.
This effect is appeared as black random structure in an upper part of the image. Upper part of the image for
cold water is gray in contrary. And the third thing to note is that the temperature curve of the cold branch
resembles (trend and jumping) the neutron behavior pattern. At the same time, for the temperature of the hot
branch, the jump in the center is barely noticeable, and the trend is not visible to the naked eye, although
wavelet transform clearly marks out these features.

Thus, from the comparison of the results of wavelet analysis of signals from neutron sensors and
temperature sensors, one can conclude that the noise component of these signals contains the same informa-
tion about the periodicity, hidden in them. Particularly clear correlation manifests itself when comparing the
neutron signal and the temperature of the cold branch of the coolant. In turn, this suggests that the fluctua-
tions of the analyzed signals are not random noise, but reflect the dynamics of the corresponding parameter
(neutrons or temperature), since otherwise there would be no correlation found.

In [2] by the calculation method it was shown that the change in the dispersion of the noise neutron
signal is noticeable (statistically with the given reliability) when the coolant temperature changes at the reac-
tor input at 0.2 - 1 °C. This is a fairly noticeable value, since (Fig. 3 see cover page 2), in the normal mode of
operation, at small intervals of time, temperature fluctuations are observed in the region of < 0.1°C for cold
branch, and < 0.4 °C for hot branch. The graphs show, that large-scale 7.2 hours trend gives only 0.1 °C for a
cold branch, and without this trend the value of fluctuations are even smaller. And just the 7.2 hour trend
appears in the form of large spots on a two-dimensional picture. If on the graph for neutrons the trend is ob-
served with the naked eye, then at the temperature, especially hot, it is not so. However, wavelet analysis
easily detects it in all cases. That is, the sensitivity of this method of analysis is much higher. This allows us
to hope that the appearance of boiling can be fixed at much earlier stages.

Consequently, it can be assumed that in this paper it is shown experimentally that there is a correla-
tion between the behavior of the fluctuations in the temperature of the cold branch and the neutrons fluctua-
tions. Thus, it is directly shown that the fluctuations of these signals carry the same information as the
changes in the dispersion of the signals, used in [2].

Short-periodic processes

It must be emphasize that the above shown two-dimensional pictures are only a graphical representa-
tion of the general two-dimensional matrix of coefficients of the wavelet transform, and any parts of this
matrix of the transform can be analyzed separately. That is, all the information shown in Fig. 4 (see cover
page 3) on the cover there was also in Figs. 2 and 3 (see cover page 2), but hidden due to incomparability of
the corresponding coefficients of the wavelet transform.

It was suggested at signals analyzing, that the reactor work in a design mode and boiling is absent.
But it should to notice, that in a reality on a given time instrumental methods for control of boiling presence
are absent. In Figs. 2 and 3 (see cover page 2) we see a correlation in changing of temperature and neutrons
with time. But observed period in 7 hours is too big to detect such a phenomenon as boiling, and to take
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measures. Therefore, the question arises: can one see something in a shorter period of time and for what pe-
riod of time to calculate, say, A?

To do this, we will analyze our data sets, for example, in the first 10 000 seconds, to avoid, at the
same time, the manifestations of a leap of values in the middle of the sets and to analyze only statistical fluc-
tuations. The results are shown in Fig. 4. (see cover page 3) In these figures, first, it is clearly seen that the
signals of both temperature and neutrons have a rich internal structure and are therefore not accidental in the
statistical sense of the word. Recall that regularly located series of spots mean the occurrence and disappear-
ance of periodicities with sufficiently big amplitude. Such series of spots in Fig. 4 (see cover page 3) exist at
different times and on different scales.

Secondly, although such periodicity is apparent on both graphs (both for neutrons and for tempera-
ture), however, careful consideration of drawings, and careful analysis with software shows that only long
time periodicities are common for the analyzed signals.

But there are other interesting peculiarities. Thus, temperature has clearly apparent spots series with
period about 5700 ¢ (shown by the red rectangle), that is about 47 min. All other spot series for hot branch
have a behavior, more inherent to random data. The cold branch on the scale about 500 sec has a clear peri-
odicity, which correspond to ~ 5 min period (green rectangular). Thus, long time periodicities are revealed
both in neutrons and in temperatures. But more high frequency oscillations, which are revealed in tempera-
tures, are not connected with neutron ones (yellow rectangle).

Thus it is revealed, that in the fluctuations both neutrons and temperatures there are enough noticea-
ble oscillations, which are interconnected only partially. If the temperature fluctuations can still be a priori
associated with the turbulence of the flow, that always exists [8], and may occur regardless of the existence
of the neutron (see [9] and the references therein), then for the occurrence of oscillations in the density of the
neutron flux there should be a nonlinearity, which today is tied to a nonlinear relationship with the parame-
ters of the coolant-moderator. And, consequently, between their changes in time there should be connection,
that is observed only in long time oscillations.

An explanation of why there is no link between the oscillations in the density of the neutron flux and
the temperature (Fig. 4 see cover page 3) can be the finite sensitivity of the characteristics of this process: in
order for the connection manifests, there should be sufficiently large changes in the state of the coolant,
which are estimated in [2] as more than 0.5 °C, which is not so in our experiment. But then, that is in the
absence of a correlation between the behavior of neutrons and the temperature of the coolant, it is necessary
to look for other causes of the oscillation in the neutron field. For example it can be assumed, that in reality
there is a low amplitude chaotic regime, which is normal even at the regular mode of operation of the reactor,
or purely neutron effects like xenon oscillations, but with a much smaller period and amplitude.

Conclusions

1. Using wavelet analysis, it is shown that the fluctuation component of signals from temperature and
neutron fluxes standard sensors, at the regular mode of operation of the PWR-1000, contains a variety of
information about the dynamics of these parameters in time.

2. It is shown that the various patterns found in the analyzed signals are a reflection of the dynamics
of the corresponding parameters, but not the random noise.

3. It was found that changes in the temperature of the cold branch of the first contour, at a magnitude
of these changes of about 0.1 °C, correlate with changes in the density of the neutron flux.

4. It was revealed also numerous irregular periodicities in the signals of both temperature and neu-
tron sensors, which do not correlate with each other.

5. It was shown that the sensitivity of the applied analysis method for detecting changes in the sig-
nals is much higher than the simple estimate of the changes in the magnitude of the dispersion of the signal
fluctuation component. This allows us to offer a wavelet analysis of parallel measurements of the tempera-
ture and the neutron flux density to control the appearance of boiling of the coolant.
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HOPIBHAAHHS CTATUCTUYHUX BJACTUBOCTEN TEMIEPATYPH OXOJIOIKYBAYA
I HEUTPOHHOTI'O IIOTOKY B PEAKTOPI BBEP-1000

I3 BuKopHuCTaHHIM BEHBIIET-aHATI3Y JOCIIIKECHO HASBHICTh 3aKOHOMIPHOCTEH y «IIYMOBHX)» CHI'HAJlaX JICTEK-
TOpiB HEHTPOHHOTO MOTOKY 1 TEMIEPATYPH TEILIOHOCIS ITATHOI CHCTEMU BHYTPIIIHBOPEAKTOPHOTO KOHTPOJIO PEAKTO-
pa BBEP-1000. BukoHaHO MOpiBHAJIBHHUN aHAaJi3 JOBTUX PsAiB BUMIPIOBaHb TEMIIEPAaTypH TEIDIOHOCISA 1 MIUTBHOCTI
MOTOKY HEHTPOHIB. B 000X mapamerpax BUSBJICHO OaraTHii CIICKTP Pi3HOMAHITHUX MepioanvHOCTel. Jleski 3 HUX 3HaM-
JICHO SIK Y JaHHX TeMIIepaTypH, TaK i IOTOKY HEWTPOHiB. [IpoTe B AMHAMIIl MOTOKY HEWTPOHIB 1 TEMIIEpaTypH BUSIBIIC-
HO TaKOX IEPIOJUYHOCTI, SAKI HE KOPEIIITh MiX C000r0. IToka3aHO BIAMIHHOCTI MK KapTHHAMH BEHBIIET-
MEPETBOPCHHST TEMIIEPATyp rapsA4ol i XOJIOAHOI HUTOK: Y TeMIepaTypi rapsdol HATKH BUHUKAIOTH JOJATKOBI OiJIbIIl
BUCOKOYACTOTHI KOJIMBAHHS, SIKI MOYKHa IIPUITUCATH PO3BUTKY TypOyJEHTHOCTI. 3p00JIeHO BUCHOBOK, IO MPOAHANi30-
BaHi (uykTyarii CurHaJliB HE € BUMAJKOBUM IIYMOM, a € HOCISIMU iH(popMalii mpo cTaH HEUTPOHHOT MiJICUCTEMH peak-
Topa. IIponoHyeThCSl BUKOHYBATH aHalli3 (UIyKTyalliii CUTHAJIB ITaTHOT CHCTEMH KOHTPOJIIO JUTS A1arHOCTHKH PEKHMIB
poboTu peaxropa.

Knrouosi crosa: snepHuil peakTop, HEUTPOHH, TEIIOHOCIH, CTATHCTHKA.
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CPABHEHME CTATUCTUYECKHNX CBOMCTB TEMIIEPATYPBI OXJIAIUTEJISA
N HEMTPOHHOTI'O ITIOTOKA B PEAKTOPE BB3P-1000

C ucnonb3oBaHHEM BelBJET-aHAIM3a M3Y4YEHO CYIECTBOBAHHE 3aKOHOMEPHOCTEH B «IIIYMOBBIX» CHTHalaX
JIETEKTOPOB MOTOKAa HEUTPOHOB M TEMIEPaTypbl TEINIOHOCHUTENS INTATHOW CHUCTEMbI BHYTPHUPEAKTOPHOTO KOHTPOJIS
peakropa BBOP-1000. BeinosiHeH cpaBHUTENbHBIH aHAIN3 [UIMHHBIX PSJIOB M3MEPEHHI TEMIIepaTyphbl TEINIOHOCUTEIS
Y TUTOTHOCTHY TIOTOKa HEUTPOHOB. B 000MX mapaMerpax oOHapy»KeH O0TaThlil CIIEKTp Pa3HOOOPa3HBIX MEPUOTUIHOCTEN.
HexoTopsle u3 HUX HaiiieHBl KaKk B TEMIEpPATYPHBIX JAaHHBIX, TaK M JaHHBIX MOTOKAa HEUTPOHOB. OJHAKO B TUHAMUKE
MOTOKa HEHUTPOHOB M TeMIIEPaTyphl OOHAPYKEHBI TaKXKe MEPHOJMIHOCTH, KOTOPBIE HE KOPPEIUPYIOT MEXIy COOOM.
[Toxa3zaHb! OTIHYHS MEXy KapTHHAMU BEHBIIET-TIPe0Opa30BAHUS TEMIIEPATyP TOPAIEH U XOJIOJHONH HUTOK: B TEMIIepa-
Type Topsiueil HUTKHA BO3HHMKAIOT JAOMOJTHHUTENFHBIE 00Jiee BRICOKOYACTOTHBIE KOJeOaHMs, KOTOPbIE MOYKHO IPUINCATh
pasBuTHio TypOysieHTHOCTH. CenaH BBIBOJ, YTO MPOAHAIM3UPOBAHHBIE (IYKTyallid CUTHAJIOB HE SIBJISIIOTCS CITydai-
HBIM IIIyMOM, a SIBJISIIOTCS HOCHUTEISIMU MH(OpMaly O COCTOSTHUN HEWTPOHHOHU MOJCUCTEMBI peakTopa. [Ipemaraercs
BBITIOJIHATH aHANN3 (PIIyKTyaluii CUTHAJIOB MITATHOW CUCTEMBI BHYTPUPEAKTOPHOTO KOHTPOJIS ISl TUarHOCTUKHU PEXH-
MOB PabOThI peakTopa.

Knrouesvie cnosa: snepHbli peakTop, HEUTPOHBI, TEMIIOHOCUTEINb, CTATUCTUKA.
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