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ABSTRACT 

The neutron noise signal of an initiation-of-boiling experiment performed at a swimming pool research 
reactor has been analyzed by the PSO-pattern recognition algorithm of Piety (1977); the results indi
cate that the onset of boiling can be detected by this method. Improved confidence statements for the 
statistical Jecision discriminants are given. 
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INTRODUCTION 

The reactor SAPHIR at EIR is a swimming-pool type reactor. A safety-relateo operational problem for 
such reactors is the appearance of local boiling that can lead to local burn-out, if undetected. The 
most probable event that can initiate boiling is the partial blockage of one or two cooling channels 
of a fuel element by foreign materials in the pool water. According to recommendations given by the 
Swiss Nuclear Safety Authority, a prototype boiling detector has been developed (Behringer et al., 
1982). Detection is based on simple amplitude-thresholding of the neutron signals available from exi
sting control instrumentation, band-pass filtered in the frequency interval of 1-4 Hz. The onset of 
boiling induces reactivity fluctuations which increase the neutron noise signal amplitude mainly in 
the frequency range below 5 Hz. 

The power noise term in the spectra contains a background consisting of peaks which can be attributed 
to vibration of the structures. This background noise pattern depends on the operational reactor con
ditions. We believe that with respect to this background the application of noise pattern recognition 
techniques can make the detection of the onset of boiling more sensitive than the previously used 
method of amplitude-thresholding. Piety (1977) proposed an algorithm for automated signature analysis 
of power spectral density (PSD) data. PSDs are periodically measured on the process signal by digital 
techniques and compared to a previously determined reference spectrum by utilizing eight statistical 
decision discriminants. In our concept of application of his method to attain fast response in the 
detection of anomalous conditions, the monitoring procedure consists in collecting a continuous series 
of short-time test spectra, estimated as ensemble average of a small number (4-16) of instantaneous 
spectra, and in using a number of spectral data points (20-40) which is just sufficient for the re
quired spectral resolution. 

In the first part of our paper we will give Improved discriminant limit criteria based on confidence 
statements. In the second part *e will show results of an off-line analysis of an 1nitiat1on-of-bo1-
Ung experiment by this method. 

THE DISCRIMINANTS AND THEIR STATISTICS 

In Piety's algorithm, there are 5 discriminants based on parametric tests and 3 discriminants which 
are applications of non-parametric tests. Table 1 gives the features of the 8 discriminants. Here, 
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TABLE 1 Discriminant features 6 V ,v=(l,N) denotes a spectral point of tl.e 
momentary test PSO of N values selected in the 
frequency range of interest, G* denotes the 
corresponding point in the reference PSD. r 
is a binary variable of positive or negative 
sign and is defined by 
ru = signdog^lGy/^J-median}. 

The limit criteria for the discriminants must 
be formulated for normal signal conditions, 
i.e.in the absence of anomalies, and depend 
on the monitoring procedure. Several assump
tions are made: 
- random noise signal, absence of determini
stic (periodic) components; peaks in the PSD 
are assumed as being produced by narrow-band 
random data. 
- stationarity of the sampled random data. 
- uniform spectral window in the Fast Fourier 
Transform (FFT)-estimation procedure of the 
PSD data. This is a valid approach for the 
assumption of statistical independence of dif
ferent points in the spectrum (Cov(Gv,Gv')=0, 
for v i v') (Jenkins and Watts,1968). 

Each spectral point will then follow a x2-sampling distribution, i.e. Gv/rv y x2/"» G*/rv * Xm/">. 
where r denotes the theoretical spectrum, and n,m are the numbers of degrees~ofnfreedom with n = ?.n 
and m = n*n , where na is the number of ensemble averages used in the estimation of the short-time 
test spectra, and ns is the number of short-time spectra used in the estimation of the reference spec
trum. The random ratio Gv/G* results in a F(n,m) variable (approximately, since each test spectrum is 
compared to the same reference spectrum; we assume m » n). For mathematical convenience, we intro
duce the random variable 

Definition 

0.-*o*.. (J,6V /J,<) 
D2-«1ti(l091,(l>)/6v)) for i l l v 

D , - M I ( I O S , , ( S V / G ' ) ) for al l V 

°'*vJ1">9.i«6X)/» 

Dt*<wi(nu*fr of r's>0,or ' 

maker of r̂ s<0) 

07*mabtr of the runs In Mo 
seovence of the r̂ s 

0,<M>. length of th* mm 
In tht sequence of the r'ji t 

Sensitivity 

tntearel spectral shifts, daajiaated 
by the tare* amplitude values 

disappearance of spectral peaks 

appearance of spectral peaks 

uniform spectral shifts, 
stan cancellable 

anifora spectral shifts, 
sign not cancellable 

global indication of spectral shifts 

x = 0.5*ln(Gv/G$) (D 
The sampling distribution of x is given by the probability density function (PDF) of Fisher (Schmet-
terer,1966) which we denote by pp(x). (x of eq,(l) and x' = logi0(Gv/G*) as used in tie definitions 
of the discriminants are simply related by a scale factor). 

The sampling distribution pl of Dj cannot be treated exactly. It one considers the variable s = JMG V, 
it behaves as the sum of weighted x2-variables with weights determined by the unknown theore- v 
tical spectrum. Only in the case of white noise is Pi given by pp but with the numbers of degrees of 
freedom n' = nN, m' = mN. Piety's white noise assumption predicts an interval of acceptance which is 
too small for a given confidence coefficient in the usual case, when the spectrum decays with increa
sing frequency. Spectral points on the tail (if they are to be included in the analysis by Dj) contri
bute little to the fluctuation of Dj. An acceptable approximation that we found consists in treating 
Pi by pp with reduced effective numbers of degrees of freedom based on Var(s)/(E(s))2 £ 2/n_x.. This 
leads to TT 

"eff 

with 

integer(nt + 0.5) 
"eff 

1nteger(mt; + 0.5) 

, N ,9, N 9 
r,r 2/ r r2 

Vl V v=1 v 
- ( ! G*) 2/ I G*2 

v«l 

(2) 

!3) 

In eq.(3) the theoretical spectrum has been replaced by the estimated reference spectrum. 

The statistics of D2 and D 3 are not treated by Piety. The probability of finding D2 and D3 respecti
vely at x within the interval dx is given by 

<JP2 " N { 7 pF(x')dx
I)N"1 pF(x)dx (4a) ; dP3 - N {_/ p^x'Jdx'}""

1 pF(x)dx (4b) 

For establishing one-sided limit criteria based on the confidence coefficient l-o, P2(D2 • M
0 ) ) " <*. 

P3(03 I x3(o)) « a, partial Integration of eqs.(4) and variable transformation lead to the equations 
for the percentile points: 
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I(n/2,m/2;t(x2)) - 1 - (1 - a) 
1/N (5a) ; l(m/2,n/2:l-t(x;,)) = 1 - (1 - «) 1/N (5b) 

KM 

where 1 is the (normalized) incomplete Beta-function and t(x) = l-l/(l+(n/m)exp(2x)) . There exists 
an approximate relationship between the percentile points of the 
I-distribution function and the normal distribution function (Abra-
mowitz and Stegun,1964). The expectation values and the variances 
of D 2 and D 3 must be determined numerically via the POFs of eqs.(4). 
Fig.1 shows two cases of PDF-calcu'ations for D3. It seems that the 
approximation of the sampling distributions p2 and p3 by the normal 
PDF (NPDF) (with the previously numerically determined expectation 
values and variances of tnese discriminants) worsens as N increases. 

The expectation values and the variances of D,, and D 5 are available 
from analytical expressions (Piety,1977). According to the central 
limit theorem, the sampling distributions pH and p5of these discri
minants should converge to the NPDF. Since pF is a rather weakly 
assymetric function, pk converges quickly to the NPDF. This approach 
holds if N > 5. On the other hand, contrary to Piety's assumption, 
p 5 converges slowly to the NPDF. Fig.2 shows two cases of PDF-cal
culations for D 5. The computational procedure is explained in appen

dix A. For N « 100 and using an upper-sided limit criterion with a-values > 0.1 %, the difference bet
ween the percentile points obtained from p5 and its NPDF-approximation is < 7 t. 

Fig. 1. 

With regard to the statistics of the discriminants D6 ,D7 and D 8 , reference is made to the recent 
paper by Behringer and Spiekerman (1984) where tables for the percentile points may also be found. 
Since these discriminants can only take positive integer values, and their associated probability dis
tribution functions are therefore discrete, confidence intervals cannot be given for any required 
coefficient of confidence. These discriminants have a limited range of values. Large uniform spectral 
shifts can drive them into saturation making them ineffective. 
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The statistics of the discriminants have been tested with a series of 200 short-time PSD-estim?tes 
which were produced with a 1-20 Hz band-pass filtered signal from a white-noise generator. The moni
toring data were: 50 Hz analyzer frequency range with a transform size of 128 sample values (51 valid 
spectral points), uniform spectral window, 8 ensemble averages (8 s measuring time) per spectrum. The 
analyzed frequency range was 5-28 Hz (N = 24). The first 100 PSDs were used for obtaining the reference 
PSO (Fig.3), and the sample mean and standard RMS value of the discriminants given in Table 2 show 
good agreement with the predicted values. The second 100 PSDs were used to count the discriminant 
values which fall inside the limits calculated for given confidence coefficients. As shown in Table 3, 
all observed counts are within the acceptance regions which have been based on an approximately 5 X 
level of significance. 

PSD IDI) 

APPLICATION TO BOILING DETECTION 

We selected the case of an initiation-of-boiling experiment where the prototype boiling detector had 
not yet given an alarm, suggesting a rather low level of boiling. In this experiment the reactor po
wer was kept constant at 4.7 MWt. with the normal servo-control by the fine control rod. There was 
no displacement of the coarse control ro^s. The coolant flow rate was reduced in steps from the ini
tial value of 126 1/s to 116, 106, 101 and 96 1/s, and then readjusted to the initial value. At the 
lowest flow rate of 96 1/s, visual inspection of the core surface with a telescope indicated signifi
cantly fluctuating Cerenkov-light shadow effects in three water gaps between fuel elements. In these 
water gaps, the flow velocity is about half of that in the w?ter gaps within a fuel element under nor
mal conditions. Such Cerenkov-light effects indicate the appearance of a local thermo-hydraulic ano
maly which we interpret as due to local boiling. The first weakly appearing Cerenkov-light anomalies 
were observed at a flow rate of 106 1/s. A recent analysis of the gaseous content of the pool water 
shows that degasing effects are also possible at the onset of voidage (Antonsen,1984). It is indeed 
well known that the onset of nucleate boiling can occur at lower wall superheat in the presence of 
dissolved gases. 

In the monitoring procedure of the neutron 
noise signal which was taken from a linear 
channel of the reactor instrumentation and 
high-pass filtered at 1 Hz, the same instru
mental settings as in the previously mentio
ned test case were used, with the exception 
that the analyzer frequency range was 10 Hz 
increasing the measuring time of a short-
time PSD, estimated by 8 ensemble averages, 
to 40 s. The first recorded part of the sig
nal covered a normal reactor operation period 
of nearly one hour available for estimating 
the reference PSD (average of 80 short-time 
PSDs). F1g.4 shows the reference PSD and the 
PSD averaged in the time interval of the 96 
1/s flow rate condition. The latter indicates 
a significant amplitude increase in the fre
quency region below 2 hz and an amplitude de

crease of the peaks at frequencies above 4 Hz. The two peaks at 2.5 and 3.2 Hz seem to remain unaffec
ted by the flow conditions. The analysis by Piety's method has been carried out in different frequen
cy regions. Fig.5 shows the reactions of the discriminants in the broad frequency interval 0.2-7.6 Hz 
(N = 38). The plots include the initial period where the reference PSD is taken, and also the tran
sient conditions during the flow rate changes, which lasted 1-3 min. LI 1, UL1 and LL2, UL2 denote the 
lower and upper discriminant limits (either one- or two-sided, sec Table 3) for confidence coeffi
cients of 67 % and 90 % respectively (approximately for the discrete discriminants). 

There is a handicap 1n the above experimental approach used for the initiation of local boiling in 
that (within applicable safety specifications) the coolant flow rate can only be reduced throughout 
the whole core and not only in the water gaps of a single fuel element corresponding to the simula
tion of partial coolant blockage. It is therefore not possible to separate clearly the spectral shifts 
which are induced by the overall change in thermo-hydraulics (including feedbacks due to structure 
vibrations) and those due to the additional appearance of a local anomaly. Only 1n the behaviour of 
the Dj there is a distinct indication for the onset of an anomaly at the 96 1/s flow rate. Referring 
to Fig.4, D2 indicates a gradual disappearance of the peaks above 4 Hz with decreasing flow rate. D 3 

reacts to the noise amplitude increase at frequencies below 2 Hz (and high-pass filtered at 1 Hz) as 
for the appearance of a peak. Sign cancellations in the log-ratios leave D«, (and D6) almost unaffec
ted. 

• » • 
FREQUENCY (HZ) 

Fig. 4. Neutron PSDs (1 Hz high-pass filtering), 
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Fig. 5. Discriminant reactions in the frequency interval 0.2 - 7.6 Hz, 
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Fig.6 shows the reaction of the first 5 discriminants in the frequency region 1-4 Hz (N - 16). Plots 
of the sectionally averaged values of Dj ,D3 ,0,, and D s vs. the log flow rate are given in Fig.7. Due 
to the selected rather narrow frequency interval, these discriminants give almost parallel informa
tion. They indicate a significant increase for decreasing flow rates below 116 1/s consistent with 
the visually observed fluctuations of the Cerenkov-light. 

The quantification of the relationship between the Cerenkov-light fluctuation and tr.e neutron noise 
by cross-correlation techniques is presently under consideration. On the other hand, the study of the 
boiling phenomena themselves in MTR fuel elements requires expensive ex-core and in-core test loops. 
Work on this field has been started by Van Meulenbroek (1984). 

CONCLUDING REMARKS 

The analysis of the present example suggests that only a few discriminants seem to be useful in the 
application of Piety's method to boiling detection and that further experiments under different con
ditions are needed. The use of the frequency domain has the advantage that the continuous noise signal 
evaluation can be performed in :*»arply defined frequency intervals. The SAPHIR control instrumentation 
has two linear flux channels with the neutron chambers located under different conditions. There is 
potential to extend the method to cross-spectral measuring techniques, which eliminate the detection 
noise component and reduce the peaks in the PSD arising from relative dtector movements in the gra
dient of the neutron flux, but on the other hand, leave a larger scatter mg of the discriminants to 
be expected. The response time can be reduced at least by a factor of 2 by using ensemble averaging 
with 50 X redundancy. 
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APPENDIX A - SAMPLING DISTRIBUTION OF THE DISCRIMINANT D 5 

If N stochastic variables x,,...,xN with the joint PDF p(x,,...,xN) are given, the PDF p(s) of the 
new variable s * f(x,,...,xN) can Be obtained from the joint PDF By using the Dirac-Delta function 
in the Fourier transform representation. If one introduces the generalized characteristic function 

G(w) * /.../dx,.,.dxNexp(-1wf(xl,...,xN))p(xl,...,xN) (A-1) 

p(s) 1s then given by 

p(s) - 1/2* /dwexp(1ws)GU) . (A-2) 

In particular for the D5: f(x,,,,,,xN) » (x?+...+x£)/N, and the variables x,,...,xN being statistic 
cally independent, each following the same PDF given by \>f. Eq.fA-1) reduces to 
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G U ) = gN(w) with g(u) = /dxe.-D(-iwx
2/N))pP(x) (A-3) 

Numerical integrations were performed using the FFT-procedure (with a preceeding variable transform 
by y = x2/N and partial integration with respect to the special form of p.), the Romberg-method and 
the Filon-method (Hildebrand,1974). The two latter methods gave most accurate results. As a cross
check, the expectation value and the variance were used which can be calculated directly or via p(s). 
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APPENDIX B - SUMMARY OF THE TREATMENT OF THE DISCRIMINANT 

STATISTICS 

In this additional appendix, table 4 gives a comparison of the treatment of 

the discriminant statistics by Piety (1977) and in the present work. For 

completeness, we Include considerations given to the last three non-parame

tric discriminants (Dg, D, and Dg) which - as mentioned - are contained in 

a separate paper by Behringer and Spiekerman (1984). For the prediction of 

limit criteria of these discriminants, the assumption is to be made that all 

elements rv have initially the same probability pQ for a positive sign and 

that this probability is 0.5 . 



TABLE 4 STATISTICS OF THE DISCRIMINANTS 

(EXPECTATION VALUE. VARIANCE. PERCENTILE POINTS) 

TREATED BY 

°1 

D2 

D3 

°4 

°5 

D6 

D7 

°8 

PIETY (1977) 

- AS LOG (F)-VARIABLE 

ASSUMING WHITE NOISE 

? 

- NORMAL DISTRIBUTION (*) 

(CENTRAL LIMIT THEOREM) 

- NORMAL DISTRIBUTION (*) 

(CENTRAL LIMIT THEOREM) 

- DISCRETE NORMAL DISTRIBUTION 

WITH E[D6], VAR [Dg] RESUL

TING FROM THE BINOMIAL DIS

TRIBUTION (p0«0.5) 

- CORRESPONDS TO THE DEFINI-

tion E.G. D g« NUMBER OF* 

SIGNS 

- DISCRETE NORMAL DISTRIBUTION 

WITH CONDITIONED VALUES 

EP> 7/N +«N_-N/2] 

VARC07/N+ - N_ » N/2] 

(N - EVEN) 

- UNKNOWN (LIMIT CRITERION 

BASED ON AN ENGINEERING 

FORMULA) 

PRESENT WORK 

- AS LOG (F)-VARIABLE 

WITH REDUCED NUMBERS OF DEGREES Of 

FREEDOM USING THE SHAPE OF THE REFERENCE 

SPECTRUM AS WEIGHTS. 

- EXACT TREATMENT POSSIBLE 

- EXPECTATION VALUES AND VARIANCES MUST 

BE DETERMINED NUMERICALLY 

- ACCORDING TO PIETY 

- CONVERGES SLOWLY TO THE NORMAL DISTRIBUTION 

- EXACT NUMERICAL DETERMINATION OF THE PERCEN

TILE POINTS POSSIBLE AND NECESSARY IF N < 100. 

- p(Dfi) DERIVED FROM THE BINOMIAL DISTRIBUTION 

(INITIAL CONDITION p„"0.5) 

- p(D?) NUMERICALLY DETERMINER USING THE 

THEORY OF RUNS 

- IN THE LITERATURE UNCONDITIONED ANALYTICAL 

EXPRESSIONS FOR EtD? ; N, p ^ 

VARCD7 ; N, p ^ ARE AVAILABLE. 

- for N>40 — DISCRETE N3RMAL DISTRIBUTION 

(IP PD'0.5) 

- p(08) OBTAINED FROM 

- ANALYTICAL NUMERICAL CALCULATIONS 

USING THE THEORY OF RUNS 

- MONTE-CARLO ESTIMATIONS 

- ENGINEERING FORMULAE FOR 

EC08;N. P ( ) ] , VARCD ;N, p 0] 

(*) EXPECTATION VALUE AND VARIANCE AVAILABLE FROM ANALYTICAL EXPRESSIONS 


