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ABSTRACT 
A new method based on noise measurement was used to estimate the tem

perature reactivity coefficient of a PWR Unit during the entire fuel cycle. 
This made it possible to measure its dependence on boron concentration. The 
method gives good results and can thus be applied to permanent monitoring of 
this safety parameter. 

АННОТАЦИЯ 

С помощью нового метода, основанного на измерении флуктуации температур
ных и нейтронных сигналов, определен коэффициент температурной реактивности 
на 2-ом блохе пакшскоя АЭС в течение полного времени кампании. На основе этих 
измерений можно было определить зависимость коэффициента реактивности от кон
центрации бора. Результаты измерений, полученные с помощью нового метода, по
казали хорошее согласие с результатами традиционных измерений. Новый метод, 
позволяющий проводить непрерывные измерения, не мешающие работе реактора, да
ет возможность разработать новый прибор. 

KIVONAT 
Hőmérséklet ée neutronjelek fluktuációinak mérésére alapozott uj módszer

rel meghatároztuk a reaktivitás hőmérséklet együtthatóját a Paksi Atomerőmű 
2. blokkján, egy teljes kampány ideje alatt. Méréseink alapján meghatározhatóvá 
vált a reaktivitásegyüttható függése a bórkoncentrációtól. Az uj módszerrel 
és a hagyományos módszerekkel kapott eredmények jó egyezést mutatnak, és igy 
az uj módszer alapján - mely folyamatos, az üzemet nem zavaró mérési lehető
séget biztosit - mód nyilik egy uj műszer kifejlesztésére. 
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1. INTRODUCTION 

Conventional measurement of reactivity coefficient (dr/dT) in nuclear power 
reactors requires changing the temperature of the reactor unit and therefore 
disturbs its operation. It is difficult to reach higher accuracy in such 
measurements because during the change considerable amount of disturbance 
occurs in the reactor due to different effects from different technological 
systems. Therefore measurements of dr/dT are carried out in a planned way at 
every unit mainly in the start up period of every fuel cycle and in some ad
ditional special cases. Conventional methods do not give the possibility of 
permanent monitoring of this important parameter at nominal power of the 
unit. 

It is well known that fluctuations carry information about the condi
tion of the measured system and at the same time different parameters can be 
estimated from measured spectra of fluctuations. First Thie [1] suggested 
that the ratio of RMS values of neutron and temperature fluctuations could 
be used for estimation of temperature reactivity coefficient. On this basis 
Turkcan applied I 2 i the same formula to estimate the pressure reactivity 
coefficient from measurements carried out in the Borssele PWR reactor. In 
his work Por I 3 I showed that the ratio of total RMS values gives a biased 
estimation of those coefficients and suggested a new formula, which was ap
plied to estimate the pressure reactivity coefficient [4]. 

Applying the new formula for estimating temperature reactivity coef
ficient, a series of measurements was carried out during the entire second 
fuel cycle of the Unit 2 of Paks Nuclear Power Station. In this paper first 
we repeat the derivation of the main expressions in short, highlighting the 
problems of different components of the dr/dT parameter, and then we present 
the result of these measurements. 

2. DERIVATION OF FORMULA FOR dr/dT ESTIMATION 

In most practical cases several perturbations influence reactivity fluctua
tions in the steady state of the reactor. We assume that the reactivity 
depends upon the stationary ergodic processes (s.(t)) i=l,...,N, i.e. that 

r(t) = r(T(t) »s^t) ,..., sN(t)) (2.1) 

where r - stands for reactivity 
T - stands for temperature 
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Let the stationary value of s.(t) be s. Q, and let 

r 0 = r ( s l o ' S 2 o W ( 2- 2 ) 

Expanding r around the stationary values and limiting ourselves to linear 
approximation the reactivity fluctuation becomes 

dr(t) = summ(ci-dsi(t) + ^ dT (2.3) 

where dr - r(t)-r , dT = T(t)-T , ds, = s.(t)-s, . о о i i io 
Taking the Fourier transform of this expression and multiplying by 

dT*{if), for the averaqed values we get 

<dTMif),dr(if)> = g| <dT*(if),dT(if)> (2.4) 

where f denotes the frequency, and it is assumed that the fluctuations of 
different parameters s. are independent from temperature fluctuations, i.e. 

<dT*(if),dsi(if)> = О (2.5) 

Acknowledging that the neutron fluctuations follows the reactivity 
fluctuation via reactivity transfer function Í5Í: 

dN(if) = G(if). dr(if), (2.6) 

and also as it was pointed out by several authors (cf.i6l), that the average 
represented by equation (2.4) can be estimated by CPSD and APSD estimations, 
finally one can get: 

d r , 1 C P S D N T .. 7. 
dT G(if) ' APSDT

 ( ' ' 

where CPSD - is the cross power spectral density between temperature and 
neutron fluctuation 

APSD - is the iutopower spectral density of temperature fluctuations 
G(if) - is the reactor transfer functi•.•<. 

f - stands for frequency 

Eq. (2.7) is ir. fact the working formula for estimating the temperature 
reactivity coefficient. For practical cases, it is advisable first to find 
out in which frequency region the temperature fluctuations affects the 
neutron fluctuations. Then taking the integral of the nominator and denomi
nator of (2,7) ever that frequency range will increase the accuracy of the 
estimation. 
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3. THE COMPONENTS OF TEMPERATURE REACTIVITY COEFFICIENT 

Let us discuss the temperature reactivity coefficient of power reactors in 
more detail. Changes of temperature influence on the reactivity in different 
ways. The total temperature reactivity coefficient consists of reactivity 
changes due to fuel temperature changes, moderator temperature changes and 
changes of the void content. For a PWR reactor working in stationary state 
the second term is the most significant, while the third usually can be 
neglected because in normal operation there is no void in the reactor. 

When measuring the temperature fluctuations at the outlet of the core 
one could suppose that only the second term can be estimated. However this 
is not the case if the frequency range is below the reciprocal of the fuel 
to moderator temperature time constant (which is about l.O sec in PWR-s). 
In this case the measurement of the temperature fluctuations contains in
formation on the fuel temperature oscillation as well. But in any case the 
contribution of the first term to the total reactivity coefficient is small. 

4. SOME CHARACTERISTICS OF THE TEMPERATURE COEFFICIENT OF WWER 
TYPE REACTORS 

The temperature reactivity coefficient in WWER type PWRs is negative. Its 
-4 о -1 magnitude is about 0.1*10 С at the beginning of the fuel cycle and 

-4 о -1 6.0*10 С at the end [7), due to accumulation of the plutónium and of 
the fission products as well as due to decreasing boron concentration in the 
reactor. 

The most important contribution to the total temperature reactivity ' 
coefficient for WWEP reactors is the moderator temperature coefficient [7j, 
which is connected with the change of moderation capability. There is also a 
contribution from the fuel reactivity coefficient due to the Doppler effect. 

Typical dependences of the moderator and fuel temperature reactivity 
coefficient on temperature and boron concentration were borrowed from [7] 
and are displayed on Figuren 1 and P.. 

5. MEASUREMENTS 

Measurements were carried out on the Unit 2 of Paks Nuclear Power Station 
during the second fuel cycle at seven different times, when the boron con
centration and the effective days were significally different (see Table 1). 

Fig. 3 shews the detectors of the Reactor Noise Diagnostic System (RNDS) 
of Unit 2 of Paks NPP. Preamplified noise signals are cabled to the noise 
control room where after further amplification they can be processed on line 
or recorded to an FM recorder. More details about RNDS can be found in (8]. 
Four excore ionization chambers and one core-exit thermocouple were used in 
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the current measurement. Spectra presented here were evaluated off-line at 
the Central Research Institute for Physics using an 0NO-S0KKI CF-900 Series 
FFT spectrum analyser. 

The frequency resolution for each spectral estimation was 0.125 Hz and 
the statistical error associated with each spectral line was calculated as: 
1//N where N is the number of data blocks used for a FFT. Since analysises 
were performed with at least 128 data blocks, the estimated statistical error 
of spectral lines are lower than ±8.8% and any coherence value greater than 
2.3% was considered as being significant, or indicative for a causal rela
tionship between the temperature and the neutron noise. 

6. RESULTS OF MEASUREMENTS 

Fig. 4 shows a typical normalised autopower spectral density (NAPSD) of 
ex-core neutron detectors at full power and Fig. 6 shows the changes of that 
during the fuel cycle. The APSD of temperature fluctuations (Fig. 6) remained 
unchanged. The phase and the coherence between these two detectors are shown 
ОП Fig. 7. 

A linear dependence of phase (between temperature and neutron noise) on 
frequency was observed during the entire fuel cycle between the temperature 
and neutron noise in the frequency range of 0.1-0.8 Hz. Such linear behaviour 
had been measured earlier (cf.[9,l0!). 

The transit time estimated from the slope of the linear part was: 

T = 1.25 .»• 0.20 sec, 

which was in good agreement with the core transit time of the coolant. The 
linear phase starts from ISO degree at О Hz, corresponding to the fact that 
dr/dT is negative. 

The coherence was usually small but sufficient to claim that there is a 
causal relation between temperature and neutron fluctuation in the frequency 
range from O.l to 0.9 Hz. There is a strong peak at 0.62 Hz in the coherence. 
Since it had been known that the eigenfrequency of the pressurizer affects 
the spectra in the frequency range of 0.6-0.9 Hz [4|, this peak was attri
buted to that phenomena. Therefore for the final estimation of the reactivity 
coefficient the frequency range of 0.3-0.5 was selected. Table 3 displays the 
coherence values for 0.4 Hz, and also the estimated values of the reactivity 
coefficient for the different measurements. 
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7. DISCUSSION OF THE RESULT 

As can be seen from Table 1, the actual value of the temperature reactivity 
coefficient depends upon the boron concentration. This dependence can be 
seen graphically on Fi<j. f. A linear fit on this curve gives the following 
result: 

g| = (0.38 * O.02)«CB - (4.18 ' 0.20) 

where с - is the boron concentration (g/kg) 
В 
and the reactivity coefficient is expressed in the samu units as in 
Table 1 and 3 (i.e. in pcm/degree) 

The relatively large statistical errors of each value of Table 1 and of the 
linear dependence are due to the fact that longer undisturbed record were not 
available during that fuel cycle. 

The linear dependence of reactivity coefficient on boron concentration 
is in good accordance with the fact mentioned above (see paragraph 4), that 
the moderator reactivity coefficient dependence is linear in WWER type reac
tors (cf with Fi.rj. .'.). A calculation was carried out for the WWER type reac
tors using the code BIPR.5K ill] which showed such linear dependence of the 
total reactivity coefficient on boron concentration as well. Thus we think 
that our estimations of the temperature reactivity coefficient are correct. 

This follows also from the comparison of these results with the measure
ments mads with traditional methods. To make such a comparison is very dif
ficult because the conditions under which the measurements can be carried out 
are largely different. Table 3 contains those results of temperature reactiv
ity coefficient measured by conventional methods, which were available to us. 

8. FURTHER PERSPECTIVES OF THE METHOD 

The relatively good agreement of the results opens the possibility of using 
this new method for permanent monitoring of the temperature reactivity coef
ficient of reactors. This parameter is very important for the safety of 
reactors. The simplicity of the method allows for the construction of a 
special equipment with appropriate band pass filters which estimates the RMS 
values of CPSD and APSD and shows the reactivity coefficient permanently on a 
board positioned in the control room of the nuclear power plant. 

Nevertheless further investigation is necessary for accurate estimation 
of bias errors from different sources in this method. 
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Table 1 . T e c h n i c a l d a t a of che m e a s u r e m e n t s a t U n i t 2 o.t i..k,; t;pt 
( s econd f u e l c y c l e ) 

Data 
Keas.fi and 

— ~|~ 
e f f . d a y s 

P2B2K.1 ! 1 2 - 1 7 - 8 6 
i 4 1 . 6 1 

С.ЧЮЗНЗ 

(g /kg) 

T i n l e t 

( C) 
! 

8 .9 | 2 6 3 . 8 

T o u t l e t 

(°C) 

P2B2K.2 I 0 1 - 2 8 - 8 6 i 7 . 2 ! 2 6 3 . 6 
I 8 2 . 9 9 | i 
| ; ! 

P2B2K.3 J 03-19-86 i 4.1 ; 263.8 
I 130,63 ! j 

P2B2K.4 

P2B2K.5 

P2B2K.6 

P2B2K.7 

04-25-86 ! 3.4 ! 234.2 
166.87 i I 

05-27-86 
197.95 

07-02-86 
233.42 

07-31-86 
261.94 

1.5 

0.9 

0.2 

264.5 

264.6 

264.7 

Abs.Pos . 

(cm) 
Tower 

U ) 

9 7.5 

293.7 j 212.5Л2.5 ; 98.2 

293.4 212.5*12.5 ! 9b.5 

293.7 ! 162.5-12.5 

173.2*12.5 

IB-?. 5*12.5 

294.5 I 187.5*12.5 

293.9 

294 .4 

294 .6 187.5:12.5 

dr/dT 
-4 о *10 ( C-l) 

0.82*0.05 

1.33*0.24 

2 28'0.49 

9 8.5 I 2.86-'0.50 

9 8.89 i 3.73'-0.65 

9 9.59 4.25*0.75 

99.12 4.55*0.80 

http://Keas.fi
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Table 2. Coherence between ex-core neutron and core-exit 
temperature fluctuations at 0.4 Hz (in %) 

TH5 and 
Meas.# 

JK-09 JK-18 JK-01 JK-17 JK-10 

P2b2K.l 11.4 6.31 6./ 8.1 -
P2B2K.2 14.3 - 7.0 - -
P2B2K.3 16.0 - 6.9 - 20.00 
P2B2K.4 18.0 6.46 8.02 - 17.82 
P2B2K.5 12.70 8.20 10.0 - 14.0 
P2B2K.6 11.27 - 6.8 8.6 -
P2B2K.7 10.60 6.85 6.87 - -

Table 3. Comparison between dr/dT measured by different methods on WWER 
type reactors 

Reference Reactor Temperature 
<°C) 

Boron 
Concentrat ion 

(g/kg) 
Measured 
dr/dT 

(*10~4 °C-1) 

[7] NovoVoronezh 
NPP 
Unit 4 

285 
285 

5.72 
8.58 

-2.1 
-0.5 

[12] Paks NPP 
Unit 1 

260 8.0 -0.1 

This 
work 

Paks NPP 
Unit 2 

264 
264 

4.1 
8.9 

-2.3 
-0.8 
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Fig. 4. NAPSDB for ex-oore neutron 
detectors are not different 
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