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Summary of this Note 

This note describes application of Fourier Analysis techniques to nuclear power plant diagnostics. 

Reactor core measurements discussed include: a) detection of core component vibration, b) detection 

of core motion, c) detection of departure from nucleate boiling. Other reactor plant measurements 

discussed include: a) measurement of vibrations of rotating machinery, b) seismic measurements, 

¢) modal analysis of vibrating pipes. 
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NUCLEAR POWER PLANT DIAGNOSTICS 
USING FOURIER ANALYSIS TECHNIQUES 

by 

MITTY C. PLUMMER 
Nuclear Services Corporation 

477 Division St. 
Campbell, California 

INTRODUCTION 

This note describes application of Fourier Analysis techniques to nuclear power 

plant diagnostics. Both reactor and balance of plant applications are discussed. 

Reactor applications are identified separately from balance of plant and receive 

greater emphasis because two recent technological advances have greatly increased 

the utility of neutron noise analysis for power reactor diagnostics. The first is the 

development of miniature neutron detectors that fit between the fuel channels of 

large power reactor cores thus making available detailed information about spacially 

dependent parameters. The second is the development of portable, high-speed 

Fourier Analyzers such as the HP 5451 with miniature computers for fast manipula- 

tion of the large amounts of data encountered in neutron noise analysis. 

DESCRIPTION OF NUCLEAR POWER REACTORS 

The United States has relied almost exclusively on Light Water Reactors (LWR’s) for 
nuclear production of electric power. There are two kinds of light water reactors 

presently in use: the most common is the Pressurized Water Reactor (PWR), in which 

high pressure water circulates through the reactor to a steam generator. In the 

steam generator, heat is transferred to water at a lower pressure to produce steam 

which drives the turbine-generator. The other type of reactor produces steam direct- 
ly in the core and is called a Boiling Water Reactor (BWR). Figures 1 and 2! show 

some of the complexities of both reactor types. 

Typically, power reactors are heavily instrumented with neutron detectors, having 

between thirty and four hundred in-vessel neutron detectors and ten or more ex- 

vessel neutron detectors. These neutron detectors are used to determine the level 
and distribution of power by detecting neutrons given off in the fission process. The 

current signal from the detector is directly proportional to the number of fissions, 

and so, the power level of the reactor. However, the current level contains only part 

of the information about the state of the reactor. As is summarized in the following 

argument 2,3, we shall see that much more information is available through fre- 
quency analysis of neutron detector signals. 

Neutrons enter the detector randomly due to their random movement and due to the 

noise-equivalent source with which they are created in the reactor. The neutron 
power spectral density (NPSD) observed in a reactor at power is given by 

2 2 2 
B 2W, QP +Wn Q 

() én (@ = — — i |Go@)’ [$sw) +P? )]   

where 

¢n(w) = Neutron spectral power density 

W, =The detector efficiency, equal to number of neutrons 

captured by the detector divided by the number of neutrons 

produced in the reactor
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FIGURE 1. A Pressurized Water Reactor. Photo Courtesy of 

Westinghouse Electric Co. (Ref. 1) 
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FIGURE 2. A Boiling Water Reactor. Photo Courtesy of 

General Electric (Ref. 1)



Q = Charge transferred per neutron captured in the detector 

P = The reactor power level 

—/\~  =Theneutron generation time. Typically on the order of 10-5 

seconds, and usually available through the reactor physics 

information 

' Golw) = The zero power transfer function of the reactor. This is 

usually calculated, but can be measured experimentally. 

It is always a smoothly varying function 

gbs(w) = The noise-equivalent neutron source 

cbp (w) = The neutron noise caused by external perturbation such as 

core component vibrations and reactivity feedback effects 

At high power operation this can be approximated 

P2 W2 Q2 
A2 

2 ¢p W= 1Gow) |2 [qbp ()] 

Since the average detector current lqs, an experimentally observed variable, is 

lgc = PWp Q 

N 

Eq. (2) becomes 

3) 

4 Pn W T e Golw)? [¢P(w)] 

The observed NPSD can then be normalized by dividing by |24. Theoretically pre- 

dicting IGO(cu)l2 one can then obtain the actual magnitude of the driving function 

of external reactivity effects: 

~ ¢n (w) 
6 ¢ WTF—— 

P e |Go(w)l? 

The frequency spectrum of the NPSD measured in this manner does not resemble 

the zero-power measurements because ¢ (w) does not have a white spectral density 

shape like the noise equivalent source which dominates at zero power. 

This information makes neutron noise analysis useful for monitoring the integrity of 
in-core components. If a component becomes loose and vibrates due to the hydraulic 

forces of coolant flow, small reactivity fluctuations will result with attendant neutron 

noise. 

Reactivity disturbances measured in this manner are extremely sensitive because of 

the amplifying effect of the term |G0(ou)|2 in the frequency range where many 

mechanical vibrations occur. Reactivity disturbances are subject to change with 
coolant flow rates, control rod positions, or fuel loading. Hence, to be certain of 

diagnoses from NPSD measurements, one must acquire a library of normal neutron 

noise patterns for normal operation. This effort is necessarily ongoing, and as mal- 

functions are detected, their “signatures” can be added to a collection of noise 
patterns from previously discovered problems. 
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2.0 REACTOR CORE DIAGNOSTICS 

2.1 Detection of Core Component Vibration 

While there are several examples 4,56 of loose or vibrating components in nuclear 

reactors, Fourier analysis has been available to characterize only a few of these. An 

example of the ability to make diagnoses of this condition by Fourier analysis tech- 

niques is the work? at the High Flux Isotope Reactor (HFIR). 

Fig. 3 shows three sets of NPSD data taken at different times. The spectra before 

failure and after repair of an upper control guide bearing are similar. The spectrum 

taken while the bearing was broken shows a change in noise level, particularly at a 

frequency of 5 hz. The frequency is significant in that it is possibly the vibration 

characteristic of the control rod. 
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FIGURE 3. Change in HFIR Neutron-Fluctuation Spectrum as a Result 

of Rod Bearing Failure During an Early Fuel Cycle (Ref.2) 

Several fuel cycles later, a different guide bearing failed with the result shown in 

Fig. 4. Note that the NPSD’s are different for Figs. 3 and 4, and also that the increase 

in noise level was most pronounced at 5 hz. These results indicate the conclusion 

that it may be possible to detect bearing failures more quickly at HFIR with neutron 

noise monitoring than with any other instrumentation installed at that reactor. 

The consequences of failure to detect and repair vibrating components in the core 

become more apparent with reactor operating experience. At the Muhleberg reactor 

in Switzerland, a poison curtain installed in the reactor for reactivity control, cracked 

loose and vibrated in the coolant flow. The vibration remained undiscovered until 

the pressure vessel was opened for refueling. The poison curtain had by that time 

damaged the surrounding fuel channels. The additional work of replacing the 
damaged fuel channels quite possibly increased the length of that reactor outage. 

Similar problems, now resolved by design changes, have been observed at the 

Vermont Yankee and the Pilgrim One reactors in this country?.



  

   

      

-6 
0 IIIIIIII R e g 

- SPECTRUM 
= = WITH BROKEN 
= B2 BEARING = 

Z — 
= 

w 
o 

" 107 | xe—o X 5] 

g ~ - = 

[ = = 
G € = = 

=3 - 
- 

& o - N = 
65 % 

w a SPECTRUM \ 
Z 5 8l BEFORE FAILURE \ = 
€ = 107" oF UPPER BEARING % = 

8 = \ = 
N - \ - 
2 & \ = 

= B 
= 

oo} 

2 l = ool vt ool 1 EH 

X 1 10 100 

FREQUENCY (Hz) 

FIGURE 4. Change in HFIR Neutron-Fluctuation Spectrum as a Result 

of Rod Bearing Failure During a Later Fuel Cycle (Ref. 2) 

2.2 Detection of Core Motion 

Core barrel motion has been detected on two occasions in modern PWR’s. The first 

occured in 1969 at the Trino reactor in ltaly. 

This section describes the application of a Hewlett Packard (HP) Model 5451A Fourier 

Analyzer to diagnose core barrel motion in the second occurrence at the Palisades 

reactor in 1973. 

The first indication of core barrel motion at Palisades came when operating person- 

nel noticed low frequency oscillations in the power level indication of the ex-vessel 

detectors. Similar variations were not present in the in-vessel detector signals. 

Engineers were called in to perform measurements to determine if core motion was 

in fact presents. Their equipment included the Hewlett Packard Model 5451A 

Fourier Analyzer. 

Fig. 5 shows the equipment used to perform the measurements. A more detailed 

description is available in Reference 8. The rolloff frequencies of the anti-aliasing 

filters were set at 0.4 times the Analog to Digital sampling rate. 

Digitized Signals were Hanning-windowed using the Fast Fourier Analyzer. Data 

collection times were up to 2 hours to yield a standard deviation of not more than 

2% on NPSD's. Cross-power spectral densities (CPSD’s) were also computed between 

signals of different detectors. ’ 

The phase relationship between signals was computed from the measured data 

using 

(6) 6(f) = tan- IMCPSD 
RECPSD 

Where IMCPSD = Imaginary part of the CPSD 

RECPSD = Real part of the CPSD 
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FIGURE 5. Signal Conditioning and Analysis for Detection of Core 

Motion of Palisades (Ref. 8) 

The other variable used as a diagnostic aid was coherence, which is a measure of 

the commonality of two signals (A and B). In this application it is computed as 

|CPSDAB (f)[2 

PSDA (f) - PSDB (f) 
  (7)  COH(f) = y?-= 

Two perfectly correlated signals would have a coherence value of 1 and two com- 
pletely unrelated noise signals would have a coherence value of 0. 

The signals used in the measurements were taken from detectors whose locations 
are shown in Figure 6. Both in vessel and ex-vessel detectors were necessary to 

this analysis. 
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Many tests were performed to assure signal quality. Fig. 7 shows the effect of an 

electrically noisy data logger on the signal. This source of extraneous noise would 

have contaminated all data had it not been detected and turned off during measure- 

ments. Hence, one of the real advantages of immediate data processing becomes 

apparent. It would have been very difficult to determine the cause of other peaks in 

the contaminated spectrum if frequency analysis had been performed offsite. 
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Fig. 8 shows the coherence and phase of the two ex-vessel detectors located dia- 

metrically opposite one another. Note the high coherence and the fact that the two 

signals are 180° out of phase. 

Fig. 9 shows two NPSD’s. The NPSD of the ex-vessel detector has a much higher 

content of low frequency noise that is not coherent with the in-vessel detector as 

shown in Fig. 10. 

Upon opening the pressure vessel for inspection, significant wear was found on 

some restraining components, indicating that motion had indeed taken place. 
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This code accepts use of portable survey instruments which measure only the dis- 

placement of vibration as valid. Unfortunately, much information about the possible 
deterioration of internal components is contained in changes that can be small with 
respect to the total amplitude but that are relatively large with respect to the vibra- 

tion amplitude at a particular frequency. Hence, a frequency analysis of the vibration 
is a much more sensitive means of detecting incipient failure. Also, frequency analy- 

sis is useful as a diagnostic tool in the event that excessive vibration is found. 

Trade literature indicates that detection of impending failure in rotating equipment 

is important because rotating equipment failures accounted for 65% of all forced 

outage in the first quarter of 197413, The second greatest cause of forced outage 
(24%) was repairs to reactor components damaged by excessive vibration. 

The HP Model 5451B Fast Fourier Analyzer with a rotating equipment package 

should find widespread usage in reducing the impact of these problems. The wide 
dynamic range (80dB) and high frequency response (up to 100 khz) make it possible 
to perform measurements with greater sensitivity and over a greater frequency 

range than with previously available instrumentation. The portability of HP analyzers 
makes application of turbine diagnostic procedures such as those developed in 

Europe' both practical and convenient. 

The 5451B Fourier Analyzer extends the ability of machine problem analysts to 

gather complete vibration data during the normal startup of plant equipment with 

minimal interference in plant operation. Data such as that shown in Fig. 13 can be 

useful in diagnosing transient problems in the startup of a pump or turbine. The ad- 

vantage that the Hewlett-Packard system offers over previous methods is the ability 

to collect and organize data at each motor speed during a single continuous pass 
from zero to full operating speed without stopping to establish constant speed, a 

requirement for traditional swept-frequency-type measurements. 
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4.0 SEISMIC ANALYSIS OF NUCLEAR POWER PLANTS 

Nuclear power plants are built to demanding seismic requirements?® and are in- 

strumented to confirm that the operating basis of the design is not exceeded in the 
event of an earthquake. Presently, the design and placement of instrumentation is 

primarily based on expensive calculated response spectra. 

An alternative to the calculated placement of earthquake instrumentation is now 

available through measured response spectra based on impact tests and modal 

analysis available with the Model 5451B Fourier Analyzer. While this technique has 

been applied only to small-scale machinery'® at this point, the potential of the 

application to nuclear power plants is clear. 

An HP Fourier Analyzer is being employed for structural vibration measurements by 

the John A. Blume Earthquake Engineering Center at Stanford University, but to date 
these techniques have not been directly applied to nuclear power plant construction. 

Determination of structural integrity by remote, rather than visual inspection, is es- 

pecially valuable because access to some areas of a nuclear power plant are limited 

after initial operation due to buildup of radioactivity. 

5.0 PIPING ANALYSIS OF NUCLEAR POWER PLANTS 

Another potential application is the modal analysis of vibrating pipes. Ideally, a 

piping designer would prefer to place pipe hangers and hydraulic snubbers (there 

are typically 8,000 - 10,000 in a nuclear power plant) at points of maximum vibration 

to reduce the possibility of fatigue failure or excessive wear of piping. The modal 

analysis package of the Model 5451B is well suited to this application. While it is 

unlikely that the piping designer could wait for measurements of this sort, the tech- 
nique is useful for analysis of any problems that emerge from “as built” configura- 

tions, or in selecting hanger and snubber locations for piping which is modified 

after initial operation of the plant. 

6.0 CONCLUSIONS 

With proper application, the Hewlett Packard Model 5451B Fourier Analyzer offers 

the possible early detection of incipient failure. Early detection of problems can aid 

the reactor owner by increasing his plant reliability through knowledge of additional 

options in scheduling preventive maintenance, by finding alternate modes of opera- 

tion, or in cessation of operation before more serious damage results. 

Thus, the Fourier Analyzer contributes to the reliability of a nuclear power plant 

not only by measuring the operability of a given piece of hardware, but also by 

giving quantitative information about its status so that intelligent choices can be 
made with regard to the operation of the power plant system as a whole. 
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Hewlett-Packard Norge A/S 
Nesveien 13 
Box 149 
N-1344 Haslum 
Tel: (02) 53 83 60 
Telex: 16621 hpnas n 

AFRICA, ASIA, AUSTRALIA 
Blue Star, Ltd. 
1-1-117/1 
Sarojini Devi Road 
Secunderabad 500 003 
Tel: 763 91,7 7393 
Cable: BLUEFROST 
Telex: 459 

Blue Star, Ltd. 
23/24 Second Line Beach 
Madras 600 001 
Tel: 23954 
Telex: 379 
Cable: BLUESTAR 

Blue Star, Ltd. 
Nathraj Mansions 
2nd Floor Bistupur 
Jamshedpur 831 001 
Tel: 38 04 
Cable: BLUESTAR 
Telex: 240 

INDONESIA 
Bah Bolon Trading Coy. N.V. 
Djalah Merdeka 29 
Bandung 
Tel: 4915; 61560 
Cable: ILMU 
Telex: 08-809 

IRAN 
Multi Corp lulematmnal Ltd. 
Avenue Soraya 
P.0. Box 1212 
IR-Teheran 
Tel: 83 10 35-39 
Cable: MULTICORP Tehran 
Telex: 2893 MCI TN 

ISRAEL 
Electronics & Engineering 

Div. of Motorola Israel Ltd. 
Street 

Tel: 36941 (3 lines) 
Cable: BASTEL Tel-Aviv 
Telex: 33569 

JAPAN 
Yokogawa-Hewlett-Packard Ltd. 
Ohashi Building 
1-58-1 Yoyogi 
Shibuya-ku, Tokye 
Tel: 03-370-2281/92 
Telex: 232-2024YHP 
Cable: YHPMARKET TOK 23-724 

Yokogawa-Hewlett-Packard Ltd. 
Nisei Ibaragi Bldg. 
2-2-8 Kasuga 
Ibaragi-Shi 

  

  

Tel: (0726) 23-1641 
Telex: 5332-385 YHP OSAKA 

Yokogawa- Hewle(l Packard Ltd. 
Nakamo Buildin 

24 

Yokogawa-Hewlett-Packard Ltd. 
Chuo Bldg. 
Rm. 603 3 
2-Chome 
1ZUMI-CHO, 
Mito, 310 
Tel: 0292-25-7470 

KENYA 
Kenya Kinetics 
P.0. Box 18311 
Nairobi, Kenya 
Tel: 57726 
Cable: PROTON 

KOREA 
American Trading Company 

Ko 
I.P.0. an 1103 
Dae Kyung BIdg., 8th Floor 
107 Sejong-Ro, 
Chongro-Ku, Sepul 
Tel: (4 lines) 73-8924-7 
Cable: AMTRACO Seoul 

LEBANON 
Constantin E Mlcnd!s 
P.0. BOX 

: 220846 
Cable ELECTRONUCLEAR Beirut 

MALAYSIA 

Tei: 27081, 27114 
Telex: 6-203 
Cable: NEGON 

NEW 
nmm?xud M.Z) e 
94-96 Dixon Street 
P.0. Box 9443 
Courtenay Place, 

Telex: 38 
Cable: HEWPACK Wellington 

Hewlett-Packard (N.Z.) Ltd. 
Pakuranga Professional Centre 
267 Pakuranga Highway 
Box 51092 
Pakuranga 
Tel: 569-651 
Cable: HEWPACK, Auckland 

NIGERIA 
The 
  

Nak:murfl -ku, Nagoya clty 
Tel: (052) 571-5171 

Yokogawa-Hewlett-Packard Ltd. 
Nitto Bldg. 
2-4-2 Shinohara-Kita 
Kohoku-ku 
Yokohama 222 
Tel: 045-432-1504 
Telex: 382-3204 YHP YOK 

tions Ltd. (TEIL) 
144 Agege Motor Rd., Mushin 
P.0. Box 6645 
agos 

Cable: THETEIL Lagos 

PORTUGAL 
Telectra-Empresa Técnica de 
Equipamentos Eléctricos S.a.r.l. 
Rua Rodrigo da Fonseca 103 
P.0. Box 2531 
P-Lisbon 1 
Tel: (19) 68 60 72 
Cable: TELECTRA Lisbon 
Telex: 1598 

SPAIN 
Hewlett-Packard Espaiiola, S.A. 
Jerez No 8 
E-Madrid 16 
Tel: 458 26 00 
Telex: 23515 hpe 

Hewlett-Packard Espafioia, S.A. 
Milanesado 21-23 
E-Barcelona 17 
Tel: (3) 203 62 00 
Telex: 52603 hpbe e 

Hewlett-Packard Espanola S.A. 
Av Ramon y Cajal, 1 
Edificio Sevilla I, planta °9 
E-Seville 

SWEDEN 
Hewlett-Packard Sverige AB 
Enighetsvégen 1-3 

ac! 
S-161 20 Bromma 20 
Tel: (08) 730 0550 
Cable: MEASUREMENTS 

Stockholm 
Telex: 10721 

Hewlett-Packard Sverige AB 
Hagakersgatan 9C 
$-431 41 Malndal 
Tel: (031) 27 68 00/01 
Telex: Via Bromma 

SWITZERLAND 
Hewlett Packard (Schweiz) AG 
Ziircherstrasse 20 
P.0. Box 64 
CH-8952 Schiieren Zurich 
Tel: (01) 98 18 21/24 
Cable: HPAG CH 
Telex: 53933 hpag ch 

Hewlett-Packard (Schweiz) AG 
9, Chemin Louis-Pictet 
CH-1214 Vernier—Geneva 
Tel: (022) 41 4950 
Cable: HEWPACKSA Geneva 
Telex: 27 333 hpsa ch 

The Electronics Instrumenta- 
tions Ltd. (TEIL) 

16th Floor Cocoa House 
P.M.B. 5402 
Ibadan 
Tel: 223 
Cable: THETEIL Ibadan 

PAKISTAN 
Mushko & Company, Ltd. 
Oosman Chambers 
Abdullah Haroon Road 
Karachi 3 
Tel: 511027, 512827 
Cable: COOPERATOR Karachi 

Mushko & Company, Ltd. 
388, Satellite Town 

R: indi 
Tel: 41324 
Cable: FEMUS Rawaiping 

Deveiopmest Corp. Bidg- 
Ayala Avemse, Maka, Riza! 
ccro Sex 1008 
Makati 
Tel: 86-13-37, 87-76-77, 

27-36-38, 37-184S, 883171 
381-12, B2 

Cable: ELEMEX Manilz 

Singapere, 
Tel: 647151 (7 limes) 

: MECOMS S 

Hewiett-Packard Far East 
Area Office 
P.0. Box 87 
Alexandra Post Office 

Singapere 3 
Tel: 633022 
Cable: HEWPACK SINGAPORE 

SOUTH AFRI 
Hewlett Pachrd South Africa 

Ltd. ), 
Hewlett-Packard House 
Daphne Street, Wendywood, 
Sandton, Transvaal 2001 
Tel: 407641 (five lines) 

Hewlett Packnrd South Africa 
(Pty.), L 

Breecaslle Hnuse 
Bree Street 
Cape Town 
Tel: 2-6941/2/3 
Cable: HEWPACK Cape Town 
Telex: 0006 CT 

Hewlett Packard South Africa 
(Pty.), Ltd. 

641 Rldge Road Durban 
P.0. 
Ovel m, le 

  

Cahle: HEWPACK 

TURKEY 
Telekom Engineering Bureau 
Saglik Sok No. 15/1 
Ayaspasa-Beyoglu 
P.0. Box 437 Beyoglu 
TR-| ls(flnblll 
Tel: 0 40 
Cahle TELEMATION Istanbul 

UNITED KINGDOM 
Hewlett-Packard Ltd. 
224 Bath Road 
GB-Slough, SL1 4 DS, Bucks 
Tel: Slough (0753) 33341 
Cable: HEWPIE Slough 
Telex: 848413 

Hewlett-Packard Ltd. 
““The Graftons' 
Stamford New Road 
GB-Altrincham, Cheshire 
Tel: (061) 928-9021 
Telex: 668068 

Hewlett-Packard, Ltd. 
c/o0 Makro 
South Service Wholesale Centre 
Amber Way 
Halesowen Industrial Estate 
GB-Worcs. 
Tel: Birmingham 7860 

Hewlett-Packard Ltd's registered 
address for V.A.T. purposes 
only: 
70, Finsbury Pavement 
London, EC2A1SX 
Registered No: 630597 

SOCIALIST COUNTRIES 
PLEASE CONTACT: 
Hewlett-Packard Ges.m.b.H. 
Handelskai 52/3 
P.0. Box 7 
A-1205 Vienna 
Ph: (0222) 33 66 06 to 09 
Cable: HEWPACK Vienna 
Telex: 75923 hewpak a 

ALL OTHER EUROPEAN 
COUNTRIES CONTACT: 
Hewlett-Packard SA. 
Rue du Bois-du-Lan 7 
P.0. Box 85 
CH-1217 Meyrin 2 Geseva 

Switzerland 
Tel: (022) 41 54 00 
Cable: HEWPACKSA Censwa 
Telex: 2 24 85 

    

, 93398 
Cable: PENTRA, SAIGON 242 

ZAMBIA 
R. J. Tilbury (Zambia) Ltd. 
P.0. Box 2792 
Lesaka 
Zambia, Central Africa 
Tel: 73793 
Cable: ARJAYTEE, Lusaka 

MEDITERRANEAN AND 
MIDDLE EAST COUNTRIES 
NOT SHOWN PLEASE 
CONTACT: 

Hewlett-Packard S.A. 
Mediterranean and Middle 
East Operations 
35, Kolokotroni Street— 
Platia Kefallariou 
GR-Kifissia—Athens 
Cable: HEWPACKSA Athens 
Telex: 21-6588 

OTHER AREAS NOT 
LISTED, CONTACT: 
Hewlett-Packard 
Export Trade Company 
3200 Hillview Ave. 
Palo Alto, California 94304 
Tel: (415) 493-1501 
TWX: 910-373-1267 

HEWPACK Palo Alto 
Telex: 034-8300, 034-8493 
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