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ABSTRACT 

In-core neutron noise and fuel assembly outlet temperature noise 
measurements were performed at Paks Nuclear Power Station Unit 2. Charac-
t-jiiLiLiL'S of the reactor and the noise measuring equipment are briefly de-
!;i-ri!4v!. The in-core neutron detectors are Rhodium emitter selfpowered neu-
l i и director strings. The detectors positioned axially above the other show 
high coherence and linear phase at low frequencies indicating a marked trans
port effect, not regularly measured in PWRs. The coherence between horizon
tally placed neutron detectors is small and the phase is zero. A transport 
effect of different nature is obtained between neutron detectors (in-core and 
ex-core) and fuel assembly outlet thermocouples. The observed characteristics 
depend on reactor and fuel assembly power in a way supporting interpretat ion 
in terms of coolant density and void content changes and power feedback ef
fects. Routine analysis of the in-core neutron detector signals gave un
ambiguous indication when one of the control assemblies started excessive 
vibration. The vibration at 1.1 Hz appeared as a strong peak in the power 
spectra and the phases between the different detectors varied between zero 
and 180 degrees. The control assembly that was responsible for the observed 
behaviour could be localized with high certainty using a localization pro
cedure that had been developed for such cases. The vibration itself was 
proved to be of minor importance. Noise analysis is gaining acknowledgement 
as a component of reactor surveillance. 

АННОТАЦИЯ 

Проводились измерения внутризонного нейтронного и температурного шума на 
2-ом Ълэке Пакшской АЭС. Дается краткое описание основных параметров зоны и 
измерительной системы. Между аксиально размещенными детекторами была обнаруже
на линейная фаза, которая редко возникает в атомных реакторах с водой под дав
лением. Явление транспорта зарегистрировали нейтронные детекторы, а также тер
модатчики как внутри, так и вне зоны. Когеренция нейтронных детекторов, разме
щенных на одинаковом уровне, была незначительной. Наблюдавшиеся явления зави
сят от мощности кассеты и от паросодержания. 

В ходе систематических измерений в рамках шумовой диагностики были обна
ружены спектры, которые однозначно доказали, что внутри зоны возникают вибра
ции кассеты при частоте 1,1 Гц. Вибрирующая регулирующая кассета была опреде
лена с помощью программы локализации. 

KIVONAT 

Zónán belüli neutronzaj és hőmérsékletzaj méréseket végeztünk a Paksi 
Atomerőmű 2. blokkján. Röviden ismertetjük a zóna és a mérőrendszer legfon
tosabb paramétereit. Az axiálisan elhelyezett neutrondetektorok között li
neáris fázist észleltünk, amely ritkán lép fel nyomottvizes atomerőmüvekben. 
Transzport jelenséget mutattak a zónán belüli és kivüli neutrondetektorok és 
a termoelemek is. Az azonos szinten elhelyezkedő neutrondetoktorok között 
koherencia csekély volt. A megfigyelt jelenségek függenek a kazettateljesit-
ménytől és a gőztartalomtól is. 

A rendszeres zajdiagnosztikai mérések során olyan spektrumokat észlel
tünk, amelyek egyértelműen bizonyították, hogy zónán belüli kazettarezgés 
lépett fel 1.1 Hz-nél. A rezgésbe került szabályozókazettát lokalizációs 
progr-im segítségével azonosítottuk. 



SUMMARY 

In-core neutron noise and fuel assembly outlet temperature noise measurements 
were performed at Paks Nuclear Power Station Unit 2. Characteristics of the 
reactor and the noise measuring equipment are briefly described. The in-core 
neutron detectors are Rhodium emitter selfpowejred_jneutron detector strings. 
The detectors positioned axially above the other show high coherence and 
linear phase at low frequencies indicating a marked transport effect, not 
regularly measured in PWRs. The coherence between horizontally placed neutron 
detectors is small and the phase is zero. A transport effect of different 
nature is obtained between neutron detectors (in-core and ex-core) and fuel 
assembly outlet thermocouples. The observed characteristics depend on reactor 
and fuel assembly power in a way supporting interpretation in terms of 
coolant density and void content changes and power feedback effects. Routine 
analysis of the in-core neutron detector signals gave unambiguous indication 
when one of the control assemblies started excessive vibration. The vibration 
at 1.1 Hz appeared as a strong peak in the power spectra and the phases bet
ween the different detectors varied between zero and 180 degrees. The control 
assembly that was responsible for the observed behaviour could be localized 
with high certainty using a localization procedure that had been developed 
for such cases. The vibration itself was proved to be of miner importance. 
Noise analysis is gaining acknowledgement as a component of reactor surveillance. 

1. INTRODUCTION 

Reactor noise anylisis has been introduced at Paks Nuclear Power Plant with 
the application of equipment and evaluation methods developed by the Hungarian 
Central Research Institute for Physics, in order to increase the information 
about the operating reactor. 

Pake Nuclear Power Plant have long been actively supporting noise analysis 
activities. This work was performed with the participation of Paks NPP person
nel and is published with their kind permission. 

Reactor noise investigations performed at Paks NPP Unit 2 during the first 
fuel cycle and beginning of the second fuel cycle are reported in the paper. 
The Unit is equipped with noise measuring system consisting of in-core 
neutron-signals (three 7-detector strings), ek-core ionization chambers, in-
core fuel assembly outlet thermocouples (pressure transducers and accelerometers 
located on various primary-loop components are not described in this paper). 
The noise signals are recorded and analysed at regular intervals. Spectral 
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densities, coherence and phase functions measured during normal full-power 
operation are shown and their tipical behavior is discussed in Section 3. The 
in-core SPND phases and coherences show the effect of axially propagating 
noise sources, not measured so far in FWRs. In Section 4 it is seen that the 
axial propagation effect in measurable by the in-core neutron detectors only 
at relatively high reactor powers. Fuel assembly outlet thermocouple signals 
were also analysed with the neutron signals and characteristic transport ef
fects were found. Interpretation of the observation is attempted in terms of 
the joint effect of subcooled boiling, power fluctuation and inlet tempera
ture fluctuation. It is described in Section 5, that the in-core neutron noise 
spectral characteristics changed considerably compared to their tipical behav
ior when, near to the end of the fuel cycle, excessive control rod vibration 
occured. The vibration was detected, identified and localized solely by in-
core neutron noise analysis. During the refuelling period the control rod as
sembly was thoroughly examined,and evidence of the vibration was found. 

2. DESCRIPTION OF PAKS PWR AND THE NOISE DATA ACQUISITION SYSTEM 

The Paks NPP has six-loo' Units of WWER-440 type PWRs. Table 2.1 provides in
formation on the reactor system. Schematic view of the reactor is shown in 
Fig. 2.1. The Unit 2, where the measurements were performed began its commer
cial operation in September 1984. 

Table 2.1. Unit 2 of the Paks NPP 

Thermal power 1375 MW 
Electrical power 440 MW 
Core coolant flow rate 32400 ton/hour 
Core coolant velocity 3.5 m/sec 
Coolant inlet/outlet temperature 267/296 °C 
Height of reactor core 2.5 m 
Diameter of reactor core 2.8 m 
Number of control rods 37 
Number of fuel assemblies 349 
Number of fuel pins per assembly 126 
Number of, in-core SPND strings 36 
Boron concentration at beginning of fuel cycle 8.3 gr/kg 
Total fuel-to-coolant transfer area 3.14-10' cm 2 

Fuel-to-coolant heat transfer сое :f ficient 44.5 watt/cm2 

In WWER-440 type PWRs the fuel rods are contained in hexagonal fuel assemblies 
which confine the cooling flow within a given bundle of fuel rods, and no 
cross flow of the coolant is permitted. 

Three in-core SPND strings have been available for noise analysis purposes 
since the beginning of the first fuel cycle. The strings located at the central 
axis of the hexagonal fuel assemblies are part of the standard instrumentation 
of the reactor. Each string has 7 axially placed Rh-emittered SPNDs (detector 
length: 20 cm, distance between detectors appr.: 30 cm). The core map showing 
the locations of in-core SPND strings is given in Fig. 2.2. 
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Fig. 2.1. WWER type pressurized water 
reactor 
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SPND string 
04-37 

SPND string 
15-32 

SPND string 
11-54 

control assembly of bank 6 

control assembly of other banks 

Fig. 2.2. Core map of Unit 2 of the Paks NPP showing 
the locations of in-core SPND strings used 
for noise measurements 

The emitter material of the SPNDs in Rhodium. This type of detector has proved 
its capability to detect the fluctuations of neutron flux up to 25-30 Hz at 
the Unit I [l,2]. The decayed component of the detector current originating 
from slow (n,Y) process has a long response time (appr. 5 min), thus this com
ponent is not able to convey information on the neutron flux fluctuation, it 
contributes only to the average (DC) detector current. However, the small 
prompt component of the total current (7%) is fast enough to follow the neutron 
flux fluctuation [3]. It means that a Rh-emittered SPND can detect only the 7Z 
of the neutron noise. The drawback of the small prompt component oi the total 
detector current is compensated by the relatively high sensitivity of Rh-
emittered SPNDs thus the total sensitivity of the Rh-type detectors to neutron 
noise is comparable or better than the commonly used Co-emit tered SPNDs. 
Throughout this paper the normalized signals of SPNDs (devided by their DC 
value) are analyzed. The tipical value of the magnitude of their NAPSD is 
about i0~9 4 10"Ю. Based on the above, the magnitudes of normalized neutron 
noise spectra are appr. 200 times higher than those of the normalized detector 
signals. 

Additional noise signals of standard detectors have been available since the 
beginning of the second fuel cycle, October 1985: 
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- 2 core-exit thermocouples in core location 12-39 and 16-35, located appr. 
35 cm above the core, 

- 9 ex-core ionization chambers. 

The signals are connected to noise preamplifiers positioned near to the reac
tor vessel. The noise premplifiers are dc isolation amplifiers followed by 
high-pass filter separation of the fluctuating part of the signal. The 
premplified noise signals are cabled to a noise diagnostic laboratory near to 
the control room of the Unit, where the fluctuating signal is further amplified 
and processed or recorded by a 14-channel FM tape recorder. The off-line data 
processing is performed at the Central Research Institute for Physics (CRIP) 
in Budapest, using an FFT based data acquisition system on a PDP computer. All 
spectra shown in this report were evaluated with the following parameters: 

Anti-alias filter 4 Hz / 2 Hz 
High pass filter 0.01 Hz 
Sampling time 125 ms , 250 tns 
Number of 256-point data blocks 25 
Total data length 800.0 s / 1600.0 s 
Window function Hanning 

3. NEUTRON NOISE MEASUREMENTS DURING THE FIRST FUEL CYCLE UNDER NORMAL 
OPERATION 

Periodic routine measurements of in-core neutron noise were performed monthly 
over the entire first fuel cycle of Unit 2 of the Paks NPP. The aims of per
forming neutron noise measurements and some additional noise measurements 
(pressure fluctuation, vibration signal) were the following: 

- to obtain a representative pattern of in-core neutron noise under normal 
full-power condition, 

- to analyse changes in in-core neutron noise under various conditions, e.g. 
different power, boron concentration, control rod positions, etc., 

- to indicate and to analyse anomalies in the operation of the reactor, if 
they should occur, using noise analysis methods, 

- to qualify the SPNDs (sensor failure detection) and to check the proper order 
(axial sequence) of detectors within the strings applying the results of 
noise analysis. 

In this section some typical normalized auto power spectral density ClAPSD), 
coherence and phase functions are analysed related to various power levels. 
The horizontal and axial cross-spectral information between SPND noise signals 
enlightens the basic noise processes governed by power end thermal-hydraulic 
feedback effects. 

3.1. In-core neutron noise indicating axial propagation 

Contrary to the usual experience in PWRs, during full-power operation the 
axially located SPNDs show a linear phase-frequency behaviour and the "sink 
structure" of the coherence functions, indicating the effects of axially 
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propagating nuise sources. Such linear phase behaviour is rather comnon in BUR 
type reactors [4,5], but so far no similar phase plot has been found at normal 
operation in a PWR. Analysing several pairs of a sufficiently large number of 
in-core signals (examples are shown in Fig. 3.1 a-b), the time delays inferred 
from coherence and phase functions could be used simultaneously for two 
purposes: 

- to determine the core coolant velocity experimentally, 
- to check the proper order of in-core SPNDs within the strings. 

The velocities inferred from the linear phase and the sinks of the coherence 
functions between different in-core SPND noise signals are in good agreement 
with the hydraulic core design value (appr. 3.5 m/s). 

Additional characteristic noise features were observed at full-power operation: 

- The normalized APSD functions of axially located SPND signals show consider
able increase in the frequency range 0-1.5 Hz with increasing detector eleva
tion (see Fig. 3.1 c). 

- The coi.?rence between signals of SPND pairs located at different fuel as
semblies but at the same elevation was relatively high in the frequency range 
where the NAPSD increase was observed. These coherences were observed to in
crease with increasing axial position of the detector pairs, while the phase 
remainfd zero (see Fig. 3.1 d). 

The observation of the above spectral signatures referring to axially increas
ing, propagating effects was found to be in correlation with the power or the 
temperature rise oi the fuel assembly containing the measured SPND string.* No 
influence of the decreasing boron concentration on the above results was ob
served. The phase-plot varied from linear Lo oscillation around zero when the 
reactor power decreased from 100% to 88%. Reducing the reactor power to 50%, 
the following changes were found: 

- Linear phase behavior and coherence wiuh sink frequencies were no longer 
observed. 

- The significant difference in the NAPSl) magnitude of the SPNDs located at 
various axial positions disappeared. 

- The coherence between SPND pairs located at the same elevation became low 
and independent of the axial position. 

Based on the results at lalf- and full-power operation, we conclude that the 
occurence of transit typt: phenomenon at full power may be attributed to the 
following noise sources (by inducing axially increasing and propagating 
coolant density fluctuations): 

- Coolant temperature fluctuations due to fluctuations of reactor power, coolant 
flow rate, inlet temperature, heat transfer process. 

*The coolant temperature rise along the individual fuel assemblies were 
measured or extended to non-measured fuel assemblies by the VERONA 
(VVER on-line analysis) core monitoring system [6,7j. 
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- Subcooled boiling of the coolant where the degiee of subcooling fluctuates 
with fluctuating coolant temperature. 

On the basis of these assumptions, the axially increasing NAPSDs of noise 
signals of SPNDs belonging to the same string (see Fig. 3.1 c) can be explained 
by the axially increasing coolant density fluctuation within the given fuel as
sembly. The axi.il space dependence of t'.ie horizontal coherence (see Fig. 3.1 d), 
means that the coolant density fluctuation (which is relatively week and uncor
rected at the bottom), will become stronger and more correlated between the 
different assemblies at higher axial levels due to the power fluctuation effect. 
(In other words, horizontally correlated temperature fluctuation plains pro
pagate axially in the upper part of the core). This assumption is valid as long 
as no volume boiling appears. We expect that if the coolant were boiling in 
most of the fuel assemblies, the horizontal correlation of the coolant density 
fluctuation would disappear. 

The noise pattern presented in Fig. 3.1 a-d was tipical during the entire first 
fuel cycle when the reactor operated at full power. The only deviation from 
this pattern was observed at the beginning of the fuel cycle, when certain 
axial pairs of SPNDs (in the highest power fuel assembly out of the three 
measured ones, see Table 3.1) exhibited non-linear phase behavior in the fre
quency range 0-1.5 Hz. This appeared between SPND near to the bottom of the 
core and SPND at higher elevation (see Fig. 3.1 e). At the same time linear 
phase-plct was observed between signals of axially located SPNDs in the other 
two strings contained by fuel assemblies with smaller power (see Fig. 3.1 f). 

Table 3.1. Average parameters of full-power operation during the first 
fuel cycle of Unit 2 of the Paks Nuclear Power Plant 

Thermal and electrical „, Inlet coolant Average temperature Flow rate " . r 

power temperature across the core 

1330 MW 440 MW 30700 ton/hour 264 °C 33 °C 

Power and coolant temperature rise of the fuel assemblies 
0 4 - 3 7 1 1 - 5 4 1 5 - 3 2 

3.6 MW 31 °C 4.2 MW 36 °C 3.6 MW 31 °C 

Note that the non-linear phase-plot was observed in the frequency range 
0-1.5 Hz, where the coherence between horizontally located SPNDs was high 
(see Fig. 3.1 d). The non-linear phase behavior disappeared above 1.5 Hz es 
the propagating local noise became dominant and the phase became linear with 
slope corresponding to the transit time between the detectors. Similar non
linear relationship was observed by Kos&lv et al. [8] between axially located 
neutron detectors in their two-phase flow experiments performed at the Univer-

http://axi.il
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sity of Washington Nuclear Reactor. They concluded, that the non-linear behavior 
in the low frequency region was due to the interference of the global noise and 
propagating local noise. There is no obvious explanation for the occurence of 
this effect in our case. 

No non-linear phase behavior at the high power fuel assembly was observed dur
ing the second half of the fuel cycle. The phase-plot between the former SPNDs, 
became completely linear as the result in Fig. 3.I a from a mid-cycle measure
ment indicates. As it will be discussed in the next section, similar non-linear 
phase was observed at the beginning of the second fuel cycle in the highest 
power fuel assembly. 

3.2.Changes of neutron noise RMS versus core life 

The changes of root mean square (RMS) values of normalized in-core SPND noise 
signals were evaluated and investigated with decreasing boron concentration and 
progressing core life. Table 3.2 presents trends of normalized RMS values in 
frequency range 0-4 Hz versus core life time. Increasing in-core neutron noise 
with decreasing boron concentration was observed at full-power operation, as 
shown, in Table 3.2. This tred was mentioned by other investigators and ex
plained by the change of the temperature coefficient of the core [9,10], or by 
the change of transfer function of fuel assembly vibration to neutron noise [)l]. 

The core life was extended by strech-out operation when the boron concentration 
was zero and all control rods were out of the core. During this peried the 
reactor power went down to 88Z, further measurements were done at 62%. The 
average temperature rise across the core decreased from 33 °C to 23 °C. The RMS 
value of the above noise signals decreased with decreasing reactor power as 
shown in Table 3.3. 

4. /«NEUTRON AND TEMPERATÜRE NOISE MEASUREMENTS AT VARIOUS POWER LEVELS 
PERFORMED AT THE BEGINNING OF THE SECOND FUEL CYCLE 

Beside the signals of the three in-core SPND strings used during the first fuel 
cycle, additional noise signals from two core-exit thermocouples (TC) and nine 
ex-core ionization chambers have been available since the beginning of the 
second fuel cycle (October 1985). Noise measurements were performed at helf
end full-power operation. The operating conditions under which the two measure
ments were carried out are listed in Table 4.1. The aim of these measurements 
was to investigate the effect of the power level or coolant temperature rise 
across the core (AT) on the measured neutron and core-exit temperature noise, 
and to study the relationship between TC and SPND noise signals. As stated by 
other investigators, this kind of measurement can be used for inferring in-core 
coolant velocities and localizing in-core flow blockages [12,13,14]. 

4.1. In-core neutron noise analysis at half- and full-power operation 

The in-core SPND noise signals measured at 50% of full power show the follow
ing features: 

- The noise signals of axially located SPNDs exhibit in-phase behavior with 
high coherence in the frequency range 0-1.5 Hz (see Fig. 4.1 a). 

*s 



Table 3.2. Changes of root mean square values during the core life 

-. « Boron 
Date of Burnup Power -™~» * cone. neas. EFPD* X „ gr/kg 

08/06/85 298 

RMS values of normalized APSD for frequency region of noise signals 
from in-core SPND strings at core locations 

04-37 П-54 15-32 
and at axial detector levels 

N2 N4 N6 N2 N4 N6 N2 N4 N6 
11/19/84 52 97Z 5.05 0.85 1.49 1.60 0.72 1.00 1.43 0.75 1.15 1.75 

01/22/85 102 97 X 4.10 - 1.63 - - 1.28 1.50 - 1.22 1.95 

05/04/85 205 100Z 2.20 1.11 1.71 2.16 1.15 1.75 2.00 1.19 - 2.18 

06/17/85 250 98Z 1.23 - - 2.40 - - 2.11 1.37 2.71 2.85 

97Z 0.45 1.73 2.36 2.84 1.72 2.43 2.71 1.38 2.80 2.95 

Table 3.3. Root mean square values at reduced reactor power 

Date of Burnup Power 
roeas. EFPD* X 

RMS values of normalized APSD for frequency region of noise signals 
Boron from in-core SPND strings at core locations 
cone. 04-37 11-54 15-32 
gr/kg and at axial detector levels 

N2 N4 N6 N2 N4. N6 N2 N4 N6 

09/20/85 342 88Z 0.0 1.71 2.30 2.70 1.34 2.13 2.50 - - 2.90 

09/20/85 342 62Z 0.0 1.62 2.20 2.39 1.30 1.79 1.95 - 2.24 2.77 

•Equivalent Full Power Day 

I 

•, .«-5 In 10 units 
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- There is no significant difference in the low frequency range of the NAPSD 
functions of SPNDs located at different elevations (see Fig. 4.1 b). 

- The phase between SPND pairs located at the same axial level is zero, and the 
coherence is relatively low, independently of the axial position of the de
tector pairs (see Fig. 4.1 c). 

These results indicate that the in-phase component of the neutron noise domi
nates over the axially propagating local neutron noise. This can be explained 
by the relatively snail temperature rise across the core and across the measured 
fuel assemblies (see Taole 4.2). The contributions of various perturbation 
sources other than coolant inlet temperature fluctuation (heat generation, 
coolant flow) to the in-ccre neutron noise are proportional to the temperature 
rise across the core or assembly. The coolant inlet temperature fluctuation 
could be assumed to be the same in both half- and full-power operation (in both 
cases the inlet temperature of coolant was approximately 264 °C, and the coolant 
flow rate was nominally constant). Thus, the lack of the linear phase between 
axially located SPND indicates the relatively small contribution of .the inlet 
temperature noise to the propagating disturbances. 

As expected, the spectral signatures of neutron noise in case of full-power 
operation differ fron those measured at half-power operation: 

- The phase between SPND pairs located axially in the upper part of the core is 
linear (see Fig. 4.1 d). 

- The low frequency region of the NAPSD functions of the SPND noise signals in
creases with increasing axial position of the detectors (see Fig. 4.1 e). 

- The phase between SPND pairs located at the same axial level is zero with 
high coherence in the frequency range 0-1.5 Hz. The coherence increases with 
the elevation of detector pairs (see Fig. 4.1 f). 

The apperance of the linear phase behavior and the increasing NAPSD at full-
power operation could be explained by thi' higher temperature rise across the 
core generating axially increasing and propagating local neutron noise, as it 
was discussed in detail in the previous section. 

The non-linear phase behavior in frequency range 0-1.5 Hz described in Sec. 3.1 
was also found at the beginning of the second fuel cycle. In this cycle the 
fuel assembly 15-32 (with ДТ-40.8 °C) is the highest power assembly out of 
measured ones while assembly 11-54 (with ДТ-35.0 °C) is a low power assembly, 
which is just the opposite of the case in the first fuel cycle. According to 
this, in the latest measurements the phase between SPND signals from string 
11-54 shows linear phase behavior, and certain SPND pairs from string 15-32 ex
hibit non-linear phase in the above frequency region and at full-power opera
tion (see Fig. 4.1 g-h). 

4.2. Neutron detector versus core-exit TC noise signal analysis at half-
end full-power operation 

Two chromel-alumel type, 0.3 cm diam core-exit TCs (located at the core loca
tions 16-35 and 12-39, and appr. 35 cm above the top of the core) were used for 
noise analysis. The TCs are covered by thick metal shield tube (2.5 cm diam), 
thus they have relatively long response time. This type of TCs can be used for 
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noise analysis only in low frequency region (belov I Hz) as the APSD functions 
of TC noise signals indicate in Fig. 4.2a. 

N NAPSD (10 "/Hz) 
9 

10 

11 

12 

13 

* 14 

15 
0 1 2 3 4Hz 

Fig. 4.2.a Typical temperature autospectrum measured 
by core-exit thermocouple TCI 

It was observed at half-power operation that the phase between noise signals of 
in-core SPNDs and core-exit thermocouple TCI was nearly linear over the fre
quency range 0.1-0.8 Hz. The slopes of the phase versus frequency plots show 
that the phase relationship between TCI and in-core SPND strings located near 
to or far from the location of TCI is almost invariant (see Fig. 4.2 b and d ) . 
A slight increase of phase-slope was observed when the separation distance of 
the SPND in a given «tring and TCI increased. Changes of coherence between SPND 
and TCI signals were not found. The velocities inferred from the phase-slope 
and the actual distance separating the detectors are far less than the expected 
value (3.5 m/sec). The discrepancy is due to the relatively long thermocomple 
response time compared to the core coolant transit time (appr. 0.7 sec). 

The same trend was observed by Sweeney et al. [15] at Sequoyah-I PWR and by 
TUrkcan and Pór at Borssele PWR [16,17]. The difference between transit time 
inferred from phase-slope and the transit time calculated from the actual 
separation distance of detectors and the design coolant velocity, giv&s an es
timation for TC response time (app. 1.4 sec). The slight changes of phase-slope 
as a function of the axial level of neutron detectors may be a consequence of 
the high contribution of the thermocouple response time to the total time delay 
between SPND and TC noise signals. 

At the same time no linear phase behavior was observed between axialiy located 
in-core SPNDs at half-power operation. The high coherence with zero phase, and 
the invariant neutron noise NAPSD with respect to the axial position of SPNDs 
indicate the weak effect ot axially propagating disturbances on the neutron 
noise at half-power operation (see Fig. 4.2 с and e). 
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The results of in-core SPND and c>re-exit TC noise signals analysis at full-
power exhibit a less linear frequency behavior (see Fig. 4.2 f and g). The 
coherence was smaller than in the case of half-power operation, and the phase 
oscillated around linear line. The phase slopes measured at full-power opera
tion were slightly smaller than in case of half-power operation (the flow rate 
vas nominally constant). 

Tipical coherence and phase functions between one 01 the ex-core neutron de
tector (JK9) and the core-exit thermocouple TCI are shown in Fig. 4.2 h-i at 
half- and full-power operation. In the latter case the coherence was lower and 
the phase slope was smaller than in case of measurements performed at half-
power operation. The appearance of the strong psak at 0.55 Hz ir. coherence 
functions may be attributed to the pressure fluctuation at the eigenfrequency 
of the pressurizer I 18,19]. 
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Fig. 4 . 2 . h . i Phase and coherence between ex-core ionizat ion chamber (JK9) 
and core-exit thermocouple (TCI) at different powers 
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4.3. Core-exit TC noise signal analysis at half- and ful'-power operation 

The results inferred from measurements at two different {.ower levels, and che 
reactor conditions are listed in Table 4.3. As it was discussed in the previous 
section, the TCs can be used for nois# analysis purposes only in the frequency 
range 0-0.8 Hz due to their relatively long response time. The plots of the 
NAPSD functions of TC noise signals support the above statement (see Fig.4.2 a). 
Their magnitude at 0.8 Hz is smaller by more than two orders of magnitude than 
their maximum value, approximately at 0.1 Hz. 

Table 4.3 shows changes when the reactor power increased from 502 to 1002. The 
most interesting change is the opposite trend in the changes of the RMS value 
of the assembly-exit temperature fluctuation measured by TCs located at core 
coordinates 16-35 and 12-39. When the temperature rise across the fuel assembly 
12-39 increased from 16.8 °C to 30.9 °C the RMS value increased. At the same 
time, when the temperature rise across fuel assenbly 16-35 increased from 
24.0 ОС to 40.5 °C (one of the high power fuel essemblies) the RMS value of the 
corresponding TC decreased. Additional features were observed by correlating 
the two thermocouples: the maximum value of the coherence over the frequency 
domain 0-2 Hz decreased from 0.3 to zero when the power increased up to I0OZ. 
The in-phase relationship observed at half-power operation disappeared and the 
phase became uncertain. These signatures may be attributed to the occurence of 
subcooled boiling in the upper part of high power assembly I5-32 at full-power 
operation. 

5. NEUTRON NOISE PATTERN MEASUREL DURING EXCESSIVE VIBRATION 
OF A CONTROL ROD 

5.1. The first occurence of vibration anomalies 

Routine measurement performed six weeks before the end ot the fuel eyeIt gave 
unusual patterns at full-power operation as shown in Figures 5.1 a-c. Th? pres
ence of the peak at 1.1 Hz in the spectral functions of neutron noise clearly 
indicates the effect of monochromatic in-core vibration. The main statements 
and trends inferred from the spectral functions are the following: 

- The monochromatic vibration is concentrated at 1.1 Hz and no higher harmonics 
appears (pendulumlike motion). If the vibrating rod were deformed due to 
the impact against its surroundings, higher harmonics would appear in the 
neutron noise spectra. 

- The effect of vibration appears in noise signals of all in-core SPriDs, but 
its contribution to the measured neutron noise is different. It strongly de-' 
pends on the position of the SPND strings: the highest vibration-induced 
noise is detected by SPND string 04-37, and the smallest one by SPND string 
11-54. 

- The vibration peak in the NAPSD functions is observed to increase with in
creasing axial height for all the three SPND strings. 

- The phase and coherence at the vibration frequency between neutron noise 
signals coming from the same axial height are different regarding different 
detector pairs (see Figure 5.1 c ) . These phase shifts do not depend on the 
axial position of the detector pairs. 
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Tabic 4.1. Reactor parameters at half- and full-power operation 

Наш» of 
was. 

Date of 
meas. 

Burnup 
EFPD Thermal and electrical power Flow rate Boron 

concentration 
P2B2K.I1 11/01/85 1.5 728 MW 213 MW 32 641 ton/hour 6.4 gr/kg 

P2B2K.1 12/17/85 41.6 1342 MW 453 MW 32 371 on/hour 4.5 gr/kg 

Table 4.2. Reactor parameters at half- and full-power operation 

Маше of Average assembly Coolant temperature rise of the measured fuel assemblies at core locations 
meas. power 04-37 11-54 15-32 

P2B2K.11 2.18 MW 13.4 °C 19.8 °C 23.3 °C 14» 

P2B2K.I 4.03 MW 25.9 °C 35.0 °C 40.8 °C 

Table 4.3. RMS values of care-exit TCs at half- and full-power operation 

Name of Inlet coolant * M S v a ^ u * o i thermocouple TCI located RMS value of thermocouple TC2 located 
meas teenerst re a t c o r * location 16-35 and the coolant ac core location 12-39 and the coolant 

mpe u temperature rise across the assembly temperature rise across the fuel assembly 

P2B2K.II 263.2 °C 3.58 x J0"? °C 24.0 °C 3.43 x 10"2 °C 16.8 °C 

P2B2K.I 264.0 С -2 о 2.10 x 10 °C 40.5 °C 4.26 x I0"2 °C 30.9 °C 
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- The effect of in-core vibration is superimposed on the effect of axially 
propagating noise sources described in Sec. 3. Acutally, the linear phase 
behavior between axiaily located SPNDs is replaced by oscillations around 
zero. The sink structure of coherence functions remains similar to the one 
discussed in Sec. 3 (see Fig. 3.1 a-b and 5.1 a-b). 

These features describe a strongly space dependent, vibration-induced neutron 
noise. This space dependence makes the localization possible. On the basis of* 
the above statements it can be claimed that a monochromatic in-core vibration 
occured at I.I Hz under full power operation. The suspected area of the vibrat
ing control rod or fuel assembly is between the detectors near to the fuel as
sembly containing the SPND string 04-37. The most feasible noise source is the 
control rod 6/1 in the location 06-37. In order to verify this assumption: 
(I) additional noise measurements with different control rod configurations 
were performed, and (2) the localization procedure was carried out using the 
measured in-core neutron noise spectra as input data. Both (1) and (2) gave 
independent evidences of the vibration of the control rod 6/1. 

5.2. Noise measurement with different control rod configurations 

A special series of noise measurements was carried out in order to confirm the 
assumption concerning the location of the vibration. The control rods of bank 
6 were disconnected and positioned at different elevations. 

It is worth mentioning that the control rods, or more precisely, the control 
assemblies in the WWER-440 type PWRs consist of two parts. The lower part is a 
regular hexagonal fuel assembly and the upper part is an absorbing tube with 
hexagonal shape, too. The two parts are connected by bayonet-lock and are moved 
together by the control rod driving mechanism. The axial position of a control 
rod is characterized by the elevation of the lower end of its absorbing part 
from the core bottom. In the case described in the Section 5.1 the seven con
trol rods of bank 6 were all at 180 cm. (In normal operation rod banks 1-5 are 
fully withdrawn, bank 6 is at intermediate elevation.) 

The special test involved the following steps: 

- Control rod 6/1 was inserted to various levels, while all the other control 
rods of bank 6 were almost out of the core. 

- The same procedure was performed with the control rod 6/4 (located at the 
central axis of the reactor). 

These investigations were carried out a week before the end of the first fuel 
cycle during full-power operation and during the strech-out phase of the reac
tor. The noise signals of SI'NDs, pressure transducers and accelerometers were 
continously measured during the various periods. The vibration peak at 1.13 Hz 
in the neutron noise spectra and the coherence functions, as well as che op-
posit phase behavior were found only when the control rod 6/1 was positined 
between 180-190 cm, while the other control rods were almost out of the core 
(Fig. 5.2 a). The vibration features were similar to those inferred from the 
routine noise measurement (see Fig. 5.1 c). However, in Fig. 5.2a a relatively 
small peak at the double frequency (2.26 Hz) in the coherence functions indi
cates the existence of the first harmonics. The phase shift between the dif
ferent SPNDs at the first harmonic frequency does not necessarely follow the 
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phase shift of the fundamental mode. This had been investigated in an indepen
dent vibration experiment an a critical assembly in CRIP [)2]. Finally» far 
smaller vibration peaks were found in neutron noise spectrf when the same pro
cedure was performed with the control rod 6/4, or when the control rod 6/1 was 
at low elevation (e.g. at 100 cm). 

These measurements gave evidence of the vibration of control rod 6/1*. It was 
confirmed by the results of the localization procedure described in the next 
section. 

5.3. Test of a new localization procedure in real power plant cirumstances 

In recent papers by Pázsit and GlÖckler a rev vibration monitoring procedure 
based on in-core neutron noise measurements was proposed and numerically tested 
[20,21]. Using the theory of space-dependent neutron noise caused by flow-in
duced, two-dimensional absorber vibrations, a procedure was developed by which 
equilibrium rod position and displacement characteristics can be inferred from 
noise signals of as few as three in-core neutron detectors. Applicability of 
the method has been investigated in extensive numerical experiments where noise 
signals of neutron detectors were calculated for a given rod motion and equilib
rium position, and were then taken as given by a hypothetical experiment in 
which the noise source is unknown. The results of the simulation tests were 
encouraging to believe that the localization procedure can be applicable in 
practical cases. However, up to now there has been no opportunity to apply the 
procedure and to test its applicability in real power plant circumstances. The 
control rod vibration at Unit 2, as detected by in-core SPND noise measurements 
offered the appropriate conditions. 

Using the noise recordings taken during the occurence of the control rod vibra
tion, the efficiency of the method was tested. The spectral functions of SPND 
signals used in the localization procedure can be seen in Fig. 5.1 с The input 
data to the localization procedure were inferred from the above functions by 
extracting the background noise from the vibration peak. The results are whown 
in Fig. 5.3 a, where the positions of in-core SPNDs and control rods inserted 
into the core are also displayed. Three of the so-called "localization curves" 
denoted by different symbols are shown. The physical meaning of the localisa
tion curves is briefly the following: To each point of a localization curve 
there exists a rod motion, which, if the rod moves, induces neutron noise that 
is, in some characteristics equal to the measured noise. The motion (position 
and trajectory) of the true vibration is given by the joint intersection of 
all curves, where all characteristics of the induced noise (NAPSDs and NCPSDs) 
are equal to the measured quatities. 

The ideal multiple intersection point is replaced by a region of double in
tersections (see Fig. 5.3 a). This is due to the approximation used in the 
procedure and to the uncertainties of input data generated when separating the 
vibration peaks form the background. The interection region is relatively small 
and is expected to contain the true rod position (there are also intersections 

*The vibration, which occured near to the end of the fuel cycle, was estimated 
to be well torelable. During the refuelling period the control rod 6/1 was 
thoroughly examined, evidence of the vibration was found and suspected parts 
have been replaced. Since then no vibration has been observed. 
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at the detector positions but they can be eliminated because the detector 
positions are known). In Fig. 5.3 a the pair-wise intersections determine the 
area where the vibrating control rod is suspected. This area includes only the 
location of control rod 6/1 of all control rods being partially inserted dur
ing the measurement. 

The localization procedure was repeated using spectra of SPND noise signals 
coming from horizontal detector pairs of different elevation. The results are 
similar to the one shown in Fig. 5.3 a and confirm the assumption on the loca
tion of the vibrating control rod. The localization procedure was performed 
determining and displaying more than three localization curves. In this case 
the reliability of the localization increases but the picture is more croweded. 

The localization procedure allows, in principle rod motions of arbitrary vibra
tion amplitude. Although, in real circumstances, the vibration amplitude is not 
known, upper limits can be assumed on the basis of mechanical design data and 
indirect information. By such a priori limitation of the vibration amplitude 
the region where the noise source may be located reduces considerably. The 
localization procedure was therefore repeated with the displacement components 
of the possible vibration trajectories limited. The result is shown in Fig.5.3b. 
Reducing the suspected area in this vay, the location of the vibrating control 
rod can be determined with high reliability. The details of the procedure and 
further results of its application at operating plants are described in 
Ref. [22,23]. 

Fig 5.3 The localization . f the vibrating absorber using 
the localization procedure 

о control rods of bank 6 
О in-core neutron detector strings 
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