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INTRODUCTION

As a first step in demonstrating the practicality of performing

continuous on-line surveillance of the performance of nuclear steam

supply systems using noise related techniques, Oak Ridge National

Laboratory is operating a computerized noise signal data acquisition and

processing system at the Sequoyah Unit 1 Nuclear Plant, an 1148 MWe four-

loop Westinghouse pressurized water reactor (PWR) located near

Chattanooga, Tennessee. The principal objective is to establish, with a

degree of continuity and completeness not previously achieved, the long-

term characteristics of signals from neutron detectors and process

sensors in order to evaluate the feasibility of detecting and diagnosing

anomalous reactor conditions by means of changes in these signals. The

system is designed to automatically screen the gathered data, using a

number of descriptors derived from the power spectra of the monitored

signals, and thereby select for the noise analyst's perusal only those

data which differ statistically from norms which the system has

previously established. Currently, the system aids the noise analyst,

although it is intended to eventually aid the plant operator. The system

has been in operation during the reactor's first two fuel cycles

September 1980 through September 1982, and January 1983 to the present.

Analysis of the system results is still ongoing; thus, this paper

presents only some preliminary results of the system performance and

interpretation of the noise signatures.



SYSTEM DESCRIPTION

The surveillance system is based on a Digital Equipment Corporation

PDP-11/34 minicomputer equipped with 32K words of memory and floating

point hardware. The computer executes the surveillance algorithm and

controls the sixteen signal conditioning amplifiers and filters. The

computer-controlled differential amplifiers were designed for low noise

and drift and employ a low break-frequency (0.001 Hz) high pass filter

when ac coupled. Under program control, the computer can select either

of two analog inputs (namely, the reactor signal or a self-check signal),

ac or dc coupling(^for performing noise analysis or for obtaining dc lev-

els], and gains of 1 to 1024 (by powers of 2). A programmable clock, an

analog-to-digital converter, and sample/hold circuitry provide the com-

puter with means for digitizing the reactor signals. A 3.75 M-word mag-

netic disk subsystem provides mass storage for the surveillance programs

and retained results. A CRT terminal allows the operator to interact

with the system and view the surveillance results. A block diagram of

the surveillance system is shown in Fig. 1.

The surveillance system monitors the analog reactor signals by dig-

itally sampling their fluctuating portion. A software Fast Fourier

Transform is performed on these samples, the results of which are aver-

aged to yield a power spectral density (PSD), referred to as the signal's

signature. This signature is compared to a reference signature (previ-

ously obtained by the system) for the same input signal by means of eight

discriminants that are constructed from certain ratios between individual



frequency estimates of the test and reference signatures. Each discrim-

inant is constructed so as to be sensitive to a particular feature of the

spectra (e.g., one discriminant detects overall amplitude changes,

another determines appearance, disappearance, or shifts in spectral

peaks, etc.). The discriminant values are compared to statistically

based limits which reflect the actual character of the monitored signal.

Any signature which has an out-of-limit discriminant value is classified

as suspect and is stored along with the discriminant values and the cur-

rent operating state of the reactor (defined by values of key variables

such as reactor power, coolant pressure, core temperature rise, etc.).

This greatly reduces data storage requirements, since all ̂ signatures

which are within statistical limits of similarity are discarded; this

also improves identification of the causes of signature changes, since

the operating state of the reactor is logged.

FINDINGS TO DATE

At Sequoyah-1, the surveillance system monitored the twenty reactor

signals listed in Table 1 over the frequency range 0.02 to 49 Hz. During

the first fuel cycle, the system flagged only a few suspect signatures,

greatly reducing the number of signatures requiring examination by a

noise analyst. Figure 2 summarizes the benefits, in terms of the number

of observed and suspect signatures for each signal. For nine of the

signals, ~10% of the signatures observed were suspect; for six others

~20% were suspect; for the remaining five signals (RCS pressure, two core

exit temperatures, steam generator feedwater flow, and reactor vessel

head acceleration), >20% of the observed signals were suspect.



An investigation into the causes for the large percentage of suspect

signatures in this last grouping is presently being conducted. Prelimi-

nary results from the study of the reactor coolant system pressure signal

reveal that its signature is influenced by the presence of several other

sensors which share the same pressure tap line. Studies of the core exit

temperature signals show that one is plagued by some type of intermittent

noise pickup, possibly electrical interference, and the other displays

many short-term changes in its overall signature which are yet to be

explained. The steam generator feedwater flow signature has two major

resonances whose frequencies vary significantly with time thus causing

the large number of suspect signatures. The sources of these resonances

and the cause of their nonstationarity has not yet been determined. The

reactor vessel head acceleration signature possesses much resonant struc-

ture, and the amplitudes and widths of the resonances display large fluc-

tuations which the surveillance algorithm does not adequately handle when

limits for all signals for one particular group of discriminants. While

monitoring of these signals proved troublesome, the surveillance algo-

rithm performed admirably in monitoring all neutron signatures. For the

neutron signals, many suspect signatures represented^ temporary loss of

signal (i.e., to calibrate the chamber) or change in an identifiable

noise source. These studies of suspect signatures will continue during

the second fuel cycle.

The sources of gradual changes in the noise signatures over the

first fuel cycle are also being studied. Some of the sources of

resonances in the ex-core neutron signatures have been identified through

a comparison of these signatures with mechanical vibration analysis of



the core structures.^'3 These sources and their respective resonances

are identified in Fig. 3. The vibration of individual fuel assemblies

produces a resonance in the ex-core neutron signature between 2.0 and

4.0 Hz.1* As shown in Fig. 3, the amplitude of this resonance increases

by ~60% during the first fuel cycle. By performing space-dependent

reactor kinetics calculations to determine the expected change in ex-core

neutron sensor sensitivity attributable to increasing fuel burnup (and a

corresponding decrease in soluble boron concentration; see Fig. 4), it

was determined that the ex-core neutron noise increase observed in the

2.0 to 4.0 Hz frequency range results from the increased detector

response to fuel assembly vibrations.^ When the ex-core neutron noise is

corrected for these changes, no increase in the fuel assembly vibrational

amplitude was found over the first fuel cycle.

The collection of signatures at reactor powers other than 100% per-

mit the investigation of power-dependent spectral features. One such

dependence which may be useful as a diagnostic for thermal-hydraulic

anomalies (such as the occurrence of core blockages, power skews, or hot

spots), is based on the core exit temperature signature versus tempera-

ture difference across the core (i.e., since the coolant inlet tempera-

ture is approximately constant with power, the coolant outlet temperature

and thus core AT increases with increasing reactor power). Research in

electrically heated fuel bundle test loops has shown that, under normal

core conditions, there is a linear relationship between the root mean

square (RMS) of the core exit thermocouple noise and the core AT.

However, simulation of the previously mentioned thermal-hydraulic



anomalies in the test loops has produced a nonlinear relationship between

temperature noise and core AT. Figure 4 shows that Sequoyah-1 core exit

temperature noise is approximately a linear function of core AT. Work is

progressing on developing a diagnostic capability for commercial power

reactors based on these observations.

CLOSING REMARKS

The development of diagnostic capabilities based upon noise analysis

is the goal of this project. Thus far, the automated surveillance system

has aided in this goal by identifying for further investigation the sta-

tistically significant signature changes which occurred during the first

at fuel cycle Sequoyah-1. Each change must be studied, understood, and

evaluated for usefulness before diagnostics are practical. Eventually

the surveillance system will be expanded into a diagnostic system where

the surveillance portion will identify changes and pass them to the diag-

nostic portion for further analysis. An expert system program will then

evaluate the results of the diagnostic analysis to aid the plant operator

in maintaining safe and efficient operation of the plant.
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Table 1. The reactor signals monitored by the
surveillance system at Sequoyah-1

SIGNAL DESCRIPTION Number
Lower power range ex-core neutron chambers 4
Average power range ex-core neutron chambers 2
Intermediate range ex-core neutron chamber 1

Reactor coolant system pressure 1
Reactor coolant system flow 1
Pressurizer level 1

Reactor coolant system hot leg temperature 1
Reactor coolant system cold leg temperature 1
Core exit thermocouples 3

Steam generator steam flow t 1
Steam generator feedwater flow 1
Steam generator water level 1
Steam generator pressure 1

Reactor head accelerometer 1
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Fig. 4. Normalized root mean square (NRMS) of ex-core neutron detector
noise ever 2.0 to 4.0 Hz at Sequoyah-1 vs soluble boron concentration for the
first fuel cycle.


