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ABSTRACT 

The value of neutron noise analysis for diagnosis of in-vessel 
anomalies in light-water reactors (LWRs) was assessed by: (1) analyzing 
ex-core neutron noise from seven pressurized-water reactors (PWRs) to 
determine the degree of similarity in the noise signatures and the 
sources of ex-core neutron noise; (2) measuring changes in ex-core neu- 
tron noise over an entire fuel cycle at a comerical PWR; ( 3 )  applying 
PWR neutron noise analysis to diagnose a loose core barrel, to infer 
in-core coolant velocity, and to infer fuel assembly motion; and 
( 4 )  applying BWR neutron noise analysis to diagnose in-core instrument 
tube vibrations and bypass coolant boiling, t o  infer in-core two-phase 
flow velocity and void fraction, and to infer stability associated with 
reactivity feedback. 

This report summarizes these assessments and provides guidance f o r  
the acquisition and analysis of neutron noise in LWRs. 
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1. INTRODUCTION 

This report presents our experiences with and assessments of neutron 
noise analysis in commercial light water reactors (LWRs) and is intended 
as a guide for the U.S. Nuclear Regulatory Commission (USNRC) and its 
consultants when using neutron noise analysis to detect and diagnose 
anomalous conditions within the reactor pressure vessel during power 
operation. The data used to prepare this report were obtained by the Oak 
Ridge National Laboratory (ORNL) and its consultants under the sponsor- 
ship of the USNRC Offices of Nuclear Regulatory Research and Nuclear 
Reactor Regulation. 

Neutron noise is defined as the fluctuations in the neutron flux 
around the mean (dc) level. Neutron noise analysis is an accepted tool 
for diagnosing unusual conditions in a reactor core, where because of 
limited space, high temperature, and radiation, it is impossible or 
impractical to install diagnostic instrumentation such as vibration, 
flow, or temperature sensors. Neutron noise analysis is performed with- 
out disturbing normal operations by using existing plant instrumentation 
such as power range flux monitors. Since this report does not cover the 
state of the art or history of neutron noise analysis, we refer the 
reader to work by Uhrig,l Williams,2 and Kosa'ly,4 or the proceed- 
ings of the periodic international meetings of reactor noise analysis, 5-7 
all of which contain excellent descriptions of the development and appli- 
cation of neutron noise analysis for reactor diagnosis. 

The USNRC and ORNL were prompted to embark upon this project by the 
growing use of neutron noise analysis by reactor manufacturers and plant 
operators for diagnosing abnormal conditions in LWRs. Also, ORNL noise 
analysts have utilized neutron noise to aid the USNRC in the investiga- 
tion of abnormal core conditions such as a loose core support barrel 
(CSB) in a pressurized-water reactor8 (PWR) and the impacting of instru- 
ment tubes against fuel channel boxes in boiling-water reactors' (BWRs) . 
These applications of neutron noise analysis would have been enhanced if 
the noise analysts had had baseline data before the anomalies occurred 
and had known the sources of neutron noise. The USNRC therefore 
requested that ORNL obtain a representative sample of PWR and BWR neutron 
noise under normal full-power operating conditions, interpret the sources 
of noise where possible, and provide guidance on the use of neutron noise 
for diagnosis and assessment of possible future core anomalies. 

1 



2. THEOWTICAL BASIS OF NEUTRON NOLSE 

Previous theoretical studies' 9 ' using point kinetics showed that 
the power spectral densities (PSDs)  of the neutron flux noise induced by 
reactivity perturbations are proportional to the square of the reactor 
power, provided that the noise caused by the ionization chamber detection 
process or inherent statistical fluctuations in the fission process 
(zero-power noise) is small .  In the present work, perturbations in the 
reactor system such as structural vibrations or coolant boiling are 
modeled as fluctuating neutron ~ources (Langevin SOUKC~S). The Langevin 
sources are therefore the result of the static (steady state) flux 
distribution acting on changes in material properties (density or compo- 
sition) of the reactor. The neutron detector response to these perturba- 
tions is then determined by a first-order perturbation approximation to 
the space-dependent reactor kinetics equations. 

The following assumptions are made: 

a. inherent statistical fluctuations in the multiplication process 

b. the noise due to the detection process is negligible, 
c. the amount of vibration or boiling is small, and does not vary 

are negligible, 

with power. Therefore, first-order perturbation theory is valid 
(i.e., the static flux distribution o r  detector spatial 
sensitivity are not changed as a result of the perturbation and 
the reactor system behaves in a linear manner), and 

proportional to the reactor power (fission rate). 
d. the critical, static flux distribution at all locations is 

The Langevin source 6s is then expressed as: 

where is the static critical flux and 6 C  is the change in the macro- 
scopic cross section resulting from a perturbation at location r, neutron 
energy e, and fluctuating at frequency W - ~ ~ - ' ' C  

The detector response 6R due to the perturbation is 

and, substituting Eq . 1, becomes 

2 



3 

where lp+ i s  t h e  space-, energy-, and frequency-dependent d e t e c t o r  sensi- 
t i v i t y  t o  neut ron  sources  (i.e., t h e  neut ron  source-to-detector t r a n s f e r  
f u n c t i o n ) ,  < >,, 
of t h e  p e r t u r b a t i o n  vp, and rd i s  t h e  d e t e c t o r  l o c a t i o n .  
t r a l  d e n s i t y  of Eq. 3 i s  

i s  a n  i n t e g r a t i o n  over neut ron  energy and s p a t i a l  volume 
The power spec- 

where P{ } i s  t h e  e x p e c t a t i o n  opera tor .15  

It can be seen from Eq. 4 t h a t  t h e  PSD of t h e  neut ron  no i se  i s  pro- 
p o r t i o n a l  t o  t h e  square  of t h e  static flux and t h e r e f o r e  t o  t h e  r e a c t o r  
power, provided that: ++ and 6C remain c o n s t a n t  ( i . e . ,  t h e  d e t e c t o r  
s p a t i a l  s e n s i t i v i t y  and ampl i tudes  of n o i s e  sou rces  do not change). 
Normalizaton of t h e  neut ron  n o i s e  PSD by d i v i d i n g  by t h e  square  of t h e  
mean (dc) d e t e c t o r  s i g n a l  removes t h e  power dependence as shown in t h e  
comparison of two normalized power spectral  d e n s i t i e s  (NPSDs) a t  75 and 
96% power l e v e l s  (F ig .  1). Equation 4 a l s o  impl i e s  t h a t  both in-core 
( r e a c t i v i t y )  and ex-core ( s h i e l d i n g )  p e r t u r b a t i o n s  y i e l d  power s p e c t r a l  
d e n s i t i e s  t h a t  a r e  p r o p o r t i o n a l  t o  t h e  square of t h e  power l e v e l .  

ORNL-OWG 83-14452 

96% OF FULL POWER 7 

I I 
4 8 12 

FREQUENCY (HzI 

10-111 
0 

Fig. 1. Normalized power s p e c t r a l  d e n s i t y  (NPSD) of ex-core neutron 
n o i s e  from a PWR a t  75 and 96% of f u l l  power. 



4 

For m u l t i p l e  p e r t u r b a t i o n s  E q .  4 becomes 

where &Xi (r>E,wi) i = l , a  ... N i s  a p e r t u r b a t i o n  of type i occur r log  
over t h e  s p a t i a l  volume V Equation 5 shows t h a t  
m u l t i p l e  p e r t u r b a t i o n s  can be sepa ra t ed  i n  t h e  neut ron  n o i s e ,  provtded 
that. t h e  f r equenc ie s  of t h e  i n d i v i d u a l  p e r t u r b a t i o n s ,  ui3  do not over l ap  
and are s t a t i s t i c a l l y  uncor re l a t ed .  
d i f f i c u l t  t o  separate t h e  e f f e c t s  of t h e  i n d i v i d u a l  p e r t u r b a t i o n s  i n  t h e  
neut ron  no i se .  

wi th  frequency ai. Pi 

Should t h e  oi over l ap  it may be 



3 .  COMPARISON OF BWR AND PWR NEUTRON NOISE 

Differences in the character of neutron noise in PWRs and BURS can 
be traced to the basic design of the core internals and the principle of 
operation of the two systems, as well as the way in which neutron f l u x  is 
measured in each type of plant. In PWRs the core is supported in a core 
barrel suspended from the vessel head in a cantilevered fashion, creating 
a vibratory system, whereas BWR cores are supported from the vessel 
bottom. PWR cores consist of open lattices of fuel rods, thus permitting 
the crossflow of coolant. A l s o ,  flow in a PWR is greater than in a BWK, 
thus providing stronger hydraulic forces to stimulate mechaiiical vibra- 
tions. In contrast, BWR fuel rods are contained in cans (called channel 
boxes) which confine the cooling flow within a given bundle of fuel rods. 
However, the major difference relative to neutron noise is that steam is 
produced in a BWR core, whereas PWRs have a negligible amount of boiling 
coolant in the core. Fluctuation and movement of steam voids are a major 
source of neutron flux perturbations and thus of neutron noise in BWRs. 
For this reason BWR neutron noise is generally of greater amplitude than 
PWR noise. Figure 2 illustrates t h i s  difference; note that the peak-to- 
peak noise (normalized to the dc level) is -10% in a BWR in contrast to 
only 2% in a PWR. This difference is not due to the fact that BWR noise 
is measured with in-core detectors whereas PWR noise is generally mea- 
sured with ex-core detectors (some PWRs don't have fixed in-core neutron 
detectors with a response time fast enough to measure neutron noise) but 
is in fact due t o  steam void formation, transport, and collapse in the 
BWR. Note that a noise signal can appear to have a completely different 
visual character, depending on the time over which it is viewed. There- 
fore, caution is advised when using strip chart recorders, oscilloscopes, 
or digital systems to view and analyze noise signals to draw conclusions 
regarding the amplitude or frequency content of the signals.. 

Another means of illustrating the differences in BWR and PWK neutron 
noise amplitude is the normalized amplitude probability densities (APDs) 
shown in Fig. 3.. The APDs illustrate not only the difference in anpli- 
tude but also that the noise in both BWRs and PWRs is essentially 
Gaussian in nature, thus supporting the hypothesis that the amplitude of 
wideband (0-50 Hz) neutron noise is in general a random process (i..e., 
the amplitude of neutron noise cannot be predicted at any given time but 
must be analyzed by random signal analysis methods). 

One such method (the one most commonly used) is power spectral den- 
sity analysis as shown in Fig. 4.* The additional insight 'chat this ana- 
lysis provides is easily seen when compared to either the time traces of 
Fig. 2 or the APDs in Fig. 3. Here again the overall noise level is 
greater in BWRs, but spectral analysis shows that it does not have the 
resonant structure characteristic of PWR neutron noise. 

*Note that the example of BWR in-core noise shown in Pig. 4 is from 
a detector near the top of the core. Section 8 will address in detail 
the spatial differences in in-core noise in BWRs. 
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Fig. 2. Comparison of BWR and PWR neutron noise signals when 
normalized to the dc signal level (signals bandpassed 0.01-40 Nz and 
sampled at 100 samples per s ) .  

In  summary, the illain p l a h t s  to keep in m i n d  are that BWR neutron 
noise is generally of larger amplitude than PWR noise, and that PWR noise 
contains periodic components presumably related to internal vibration 
whereas BWR noise is caused mainly by core 1:herm;il-hydy.aulics and steam 
void fluctuations. More will be said about the causes of PWR and BWR 
neutron noise in Sect. 7 and 8 .  
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Fig. 3. Comparison of BWR and PWR neutron noise amplitude 
probability densities ( A P D s )  when normalized to the  dc signal 
level and the total number of samples (signals bandpassed 
0.01-40 Hz and sampled at 100 samples per s for 2048 s) . 
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Fig. 4 .  Comparison of BWR and PWR neutron noise spectra when 
normalized to the square of the dc signal level .  



4 .  ACQUISITION OF NEUTRON N O I S E  DATA 

Neutron noise recordings in the ORNL library were obtained using the 
methodology shown in Fig. 5. Because the recordings were made over a 
period of -8 years with a variety of equipment, no attempt will be made 
to describe each recording. However, some general comments can be made 
about the methods used to acquire the data. 

Figure 6 shows the locations of the power-range neutron detectors 
used to monitor core power in a typical PWR. Power-range detectors used 
to obtain data f o r  the ORNL noise library are located outside the core. 
The boron-coated ionization chambers extend approximately the full length 
of the core, with separate signals being available from the top and bot- 
tom halves of the detectors. Although most of the recordings in the O W  
library were obtained from the lower-half detectors, the upper-half sig- 
nal and the total (sum of upper and lower) signal are also available and 
were recorded in some cases. Detectors are located at -90" intervals 
around the core periphery. Some plants also have additional power-range 
detectors that are used as spares or for control of core power. These 
signals were also recorded in some cases. 

Figure 7 shows the location of local power range monitor (LPRM) 
detectors in a typical BWR. Miniature fission detectors (1 in. long and 
1/4 in. diam) are spaced 36 in. apart in in-core instrument tubes located 
in a bypass flow region at the junction of four fuel channel boxes. 
There are between 30 and 43 LPRM strings in a BWR, depending on core 
size. Individual LPKM signals from various radial and axial locations 
are summed to form the average power range monitor (AF'RM) signals used to 
monitor core power. The ORNL library contains recordings of both LPRM 
and APRM signals. 

Personnel at the respective plants supplied O N  representatives 
with flux signals which had been isolated from plant control and protec- 
tion systems. In most cases ORNI, did not obtain documentation or  cali- 
bration data on plant equipment used to condition the signals. The 
absolute gain of the flux amplifiers and isolation circuits is not needed 

ORNL-DWG 83-1 1374 
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I 
I 
I 
I 
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Fig. 5. Method of acquisition of neutron noise. 
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Fig .  6 .  Typical  l o c a t i o n s  of ex-core power range neut ron  
d e t e c t o r s  i n  a PWR. 
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LPRM --oo 

because neutron noise is normalized to the dc level at the input to the 
signal conditioning amplifier before interpretation, which eliminates the 
effects of these gains (see Sect. 6 . 3 ) .  

0 . 2 7 ~  f 

However, some caution must be exercised in the interpretation of the 
flux signals because of a lack of knowledge about the frequency response 
of the plant-supplied instrumentation. For example, the flux amplifiers 
in BWRs have an adjustable gain to allow calibration and correction for 
burnup of the fissionable material in the detector. Figure 8 is the 
equivalent circuit for an LPRM amplifier, showing the selectable feedback 
resistance in parallel with a capacitor ( C 2 ) .  The amplifier frequency 
response (the frequency where the gain is -3dB compared to the dc gain) 
is given by: 

where Rf is the sum of the fixed resistor ( R I P  R2,  or R ) and the portion 
of variable resistance selected on R,+, R5, or R6, depending on the jumper 
position. The result is the higher the gain the lower the frequency 
bandwidth. (Table 1 lists the maximum and minimum frequency response on 
each gain range.) Theoretically, therefore, the bandpass of a BWR flux 
amplifier can vary from -266 Hz for a new detector to -3 Hz when the 
maximum gain setting is used as a result of burnup of the fissionable 
material in the detector. Although not specifically recorded for all 

ORNL- DWG 83-12129 

HIGH 

INTERMEDIATE 

LOW,- - - *  ' 41 
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I c2 

Fig. 8 .  Signal amplifier for a BWR neutron detector. 
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Table 1. Frequency response Q €  LPW amplifier 

Gain range Maxi mum Minimum 

Low 266 2 '7 

Intermediate 53 10 

High 20 3 

iire~~surements, it is believed that most o f  the BWR data in the 09NL 
library were obtained with TAPW amplifiers s e t  OD the l o w  gain range. 

Because the amplitude dynamic range of analog tape recorders is 
limited, i n  order to obtain an optimum recording o f  the noise signal, the 
raw neutron signal was conditioned by eliminating the de companmt wtth 
a n  ac-coupled amplifier, which a l s o  filtered the signal to the frequency 
range of interest (-100 Hz) and amplified the resulting s i g n a l  t o  a p t i -  
m i z e  t h e  tape recording signal t o  noise. This was accomplished using 
Princeton Applied Research, Inc. Model 113 preamplifiers or comparable 
amplifiers wtth adjustable g a t n  and bandwidth. The resulting signals 
recorded on tape have nominal l eve ls  of t1.5 V and C.01- to 100-I-Iz 
nominal  bandwidth (actual barxdwidths and amplif ier gains  vary between 
recordings but  are reccrdrd in the documentation of each  measurement 1. 

All tape-recorded signals in the ORNL neutron noise library were 
recorded on frequency-nodulated (FM) magnetic i a p e .  Because thc data 
w c r e  recorded over a perPotl O F  -8 years, various recurders w e r e  used and 
the forniat included 1 / 4 - ,  1/2-, and l-in.-wide tapes. A l l  recordings are 
documented as LO the recording speed (which determines the center fre- 
quency o r  frequency modulation) and tape format used in t h e  measurement. 



5.  ORNL NEUTRON N O I S E  LlBRARY 

T a b l e  2 Lists t h e  13 LWRs f o r  which ORNL has obtained analog record-  
i n g s  of neutron no i se .  Note t h a t  i n  t h e  case of PWRs we at tempted t o  
o b t a i n  d a t a  from a r e p r e s e n t a t i v e  p l a n t  f o r  each r e a c t o r  s u p p l i e r  as w e l l  
as from p l a n t s  w i th  d i f f e r e n t  numbers of primary loops and pumps" 

Most of t h e  BWR d a t a  w e r e  ob ta ined  dur ing  ORNL's i n v e s t i g a t i o n  of 
instrument  tube v i b r a t i o n s  i n  1975 and 1976.9 
d a t a  were acqui red  under abnormal co re  cond i t ions  us ing  e x i s t i n g  p l a n t  
i n s t rumen ta t ion  (more w i l l  be s a i d  about t h i s  l a t e r ) .  However, d a t a  
obtained under Department of Energy (DOE) funding dur ing  the s t a r t u p  o f  
Browns Ferry  2 i n  1974 and 1975 are included i n  t h e  ORNL l i b r a r y  but  were 
no t  analyzed as p a r t  of t h i s  s tudy.  

Therefore ,  much of t h e  

Table 2. Plants hduded in ORM, mutm noise fibraryk 

k t o r  Nnnber of rvnnber Fkt Date of f i r s t  
Plant Type svpplier pr3nm-y pnnpa of loops Wk eooDDercial operation 

8x) 

8% 

836 

8% 

1130 

1148 

665 

786 

1065 

1065 

1067 

1%7 

1067 

5/75 

4/77 

12/74 

3/80+ 

5/76 

7/81 

3/71 

12/75 

7/74 

12/74 

8/74 

3/75 

3/77 

information in this table v a s  obtained f m  'World List of &clear Pawer Plants," 
m h  Azm6 (August 1!?8l) an31 "Powr Ebctors '77," Nut* I m k L  
A p d  !977 m p p w ,  22 lib. 258 (April 1977). - 

' h t a  contraminated by electrical pickup. 
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Table 3 presents an overview of neu'tson noise recordings, including 
nominal plant power and f l o w  a t  the time of data acquisition, d a t e  of 
noise recording, and type of neutron mise  recorded (i.e., in-core, 
ex-core, etc.). 

100 

100 

100 

100 

100 

100 

0, 3, 1oc) 

50-80 

W100 

50-100 

100 

0-100 

100 

100 

100 

100 

100 

100 

100 

100 

37-83 

50-100 

50-100 

100 

33-1oc) 

100 

1/30/ 79 

1/30/79 

3/27/,% 

3/27/&0 

101% J&O 

12/56/79 

4/81-2/ 83 

5/75, 6/75 
11/75, 1/76 

7/75 

5/75, 6/75 

1/77 

8 4 / 7 4 ,  
2/75, 1/77 

1 /77  

Total  signal f m  4 
m r e  detectors 

a b  m, TIP 

LPRM 

LPRM, m 
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The neutron noise recordings obtained in PWRs were mainly from 
ex-core detectors; therefore, PWR neutron noise referred to in this 
report generally means ex-core unless in-core is 
Conversely, BWRs in the U.S. do not have ex-core 
therefore neutron noise in BWRs is that measured 
detectors. 

specifically stated. 
neutron detectors, and 
with the in-core fission 

For completeness the measurements made at AN0 2 are listed in 
Table 2, but the signals were so heavily contaminated with electrical 
noise pickup that the results are not included i n  this report. 

Raw neutron noise signals are stored on FM magnetic tape together 
with recording logs containing documentation of the recordings. Where 
available, plant descriptions and plant computer logs  (documenting the 
conditions at the time of the measurement) are filed with the tape logs. 

Most plants were visited on only one or two occasions, thus the 
recordings represent only a “snapshot“ of the neutron noise .  However, in 
one plant (Sequoyah 1) neutron noise was monitored continuously over the 
first fuel cycle and over -2 months of the second cycle using an on-line 
surveillance system. l6 
lower ex-core detectors and two average signals made up of the sum of 
upper and lower detectors (see Fig. 6 ) .  In addition, FM magnetic tape 
recordings were made at periodic intervals throughout the fuel cycle to 
allow more detailed analysis of the noise behavior. The Sequoyah 1 
neutron noise measurements presented in this report were obtained from 
the periodic FN tape recordings acquired throughout the fuel cycle. 

The surveillance system monitored the PSD of four 



6 .  DATA REDUCTION AND ERROR ESTIHATION 

6 . 1  REDUCTION OF NOISE RECORDINGS 

The analog recordings of neutron noise were reduced to frequency 
spectra using digital computers and the fast: Fourier transform (FFT) to 
compute the Fourier coefficients corresponding to the frequency range of 
interest (generally 0.1 to 50 IIz f o r  LWEI neutron noise). The Fourier 
coefficients were then used to compute the power spectral density (PSD) 
of individual signals and the cross power spectral densi.ty (CPSD), phase, 
and coherence of signal pairs. 
Thiea  f o r  a more detailed explanation of frequency domain noise 
analysis. 

The reader should refer to Bendat15 or 

With FFT data reduction, the noise analyst has control over the 
sampling rate (R--samples/s), the data block size (E--number of samples/ 
block), and the number of data blocks (N) averaged in a given FPT 
analysis. Once these variables are selected, the analysts bandwidth is 
given by 

.Emax = R/2  

and the frequency resolution of each spectral estimate i s  

R 
B A f  --- .- . 

The statistical error (one standard deviation) associated with each 
estimate in a power spectrum, expressed as a percent of value, can he 
estimated as 

100% E = -  
S J N  

( 9 )  

Since the coherence between t w o  noise signals is often used to iden- 
tify the sources of neutron noise, it is helpful t o  understand the uncer- 
tainties in a coherence measurement, which have both statistical and bias 
components as explained in the following section. 

6.2 UNCERTAINTIES IN COHERENCE ESTIMATES 

we have foundl7 that the estimated cohe~cnce satisfies the empirical 
relation: 
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where 

= the true coherence value, 
;2 = the estimated (measured) coherence value, and 
N = the number of data blocks averaged in determining y2. 

Also, the standard deviation of the measured coherence was found to 
satisfy the empirical relation: 

Equation 11 also seems to be valid for all values of y2 so long as 
N > 5  (this covers most cases of practical significance). To be confident 
that the true coherence, y2 is >0, the estimated coherence, y2, should be 
> 3 / N .  

In summary, the majority of analyses presented in this report were 
performed with a minimum of 200 data blocks, which resulted in estimated 
errors of 27% on NPSD estimates. Based on 200 data blocks, we considered 
any coherence value >0.015 ( 3 / N )  as  being significant, i.e., indicative 
of a causal relationship between the two variables. 

6 . 3  NORMALIZATION OF POWER SPECTRA 

The theoretical basis of neutron noise (Sect. 2) shows that the PSD 
is proportional to the square of reactor power. 
that the dc component of a neutron detector is proportional t o  the detec- 
tion efficiency, detector sensitivity, and gain applied by the plant 
instrumentation. Therefore, it has become standard pract-lce t o  normalize 

2 neutron noise PSD in volts /Hz by dividing by the square of the dc signal 
level (in volts), thus yielding NPSD in units of Hz-l. 
presented in this report are normalized i n  this way. 

It can also be shown" 

All spectra 



7 .  PWR EX-CORE NEUTRON NOISE 

7.1 OVERVIEW 

Figure 9 shows an ex-core neutron noise spectrupl of a PWR 
(Sequoyah 1) at full power. (Note that there are mare apparent devia- 
tions i n  the NPSD estimates below -0.07 Wz, which is due to the fact that 
only six data blocks were used in the low-frequency analysis: the six 
data blocks represented -15 h of real-time data). The speceruin can be 
separated into three general regions: (1) low frequency (<O.Ol Hz), 
( 2 )  mid-frequency (0.01 to 1 Hz),  and ( 3 )  high frequency (1 to 100 Hz) ,  
each of which has a different character. The followfng section discusses 
the probable sources of noise in these three regions. 

7.2 SOUEZCES OF PWR EX-CORE NEUTRON NOISE 

Low-frequency neutron noise in PWRs has not been extensively inves- 
tigated because of the lengthy data records required t o  obtain reasonab1.e 
statistical precision i n  the NPSD estimates. For example, i f  a frequency 
resolution of ~z ( a s  in Fig. 91 and a statistical precision of 10% 
is desired, Eqs. 8 and 9 imply that N = 100 blocks of data are required 
w i t h  a sample rate of -O.l/s and a black  size of 1024. Ta obtain 100 

F i g ,  9 .  Sequoyah 1 ex-core neutron noise specerim on 
August 8 ,  1982. 
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b locks  of such d a t a  would r e q u i r e  sampling f o r  I O 6  s o r  -280 h. 
one r eason  why neut ron  n o i s e  i s  no t  r o u t i n e l y  monitored a t  such low 
f r e q u e n c i e s .  

This  i s  

However, as p a r t  of t h e  b a s e l i n e  s t u d i e s ,  w e  ob ta ined  s e v e r a l  
l eng thy  d a t a  r eco rd ings  a t  t h e  Sequoyah 1 p l a n t ,  and from them w e  can 
m a k e  s e v e r a l  s p e c u l a t i o n s  about t h e  sou rces  of ex-core neut ron  n o i s e  a t  
f r equenc ie s  less t h a n  -0.02 Hz. We observed t h a t  (1) t h e  coherence 
between a l l  ex-core d e t e c t o r  s i g n a l s  i s  h igh ,  ( 2 )  t h e  phase i s  -Oo, and 
( 3 )  t h e  ex-core s i g n a l s  are a l s o  h igh ly  coherent  wi th  most of t h e  process  
s i g n a l s ,  ( i . e e ,  steam flow, c o l d  and ho t  l e g  tempera tures ,  coo lan t  f low, 
e tc . ) .  From t h i s ,  w e  hypothes ize  t h a t  t h e  low-frequency n o i s e  i s  caused 
by normal f l u c t u a t i o n s  i n  load  demand and t h e  r e s u l t a n t  Zant c o n t r o l l e r  
a c t i o n s .  Westinghouse p l a n t s  have f i v e  c o n t r o l  systemsLg -- r e a c t o r ,  
p r e s s u r i z e r  p r e s s u r e ,  p r e s s u r i z e r  l e v e l ,  steam dump, and feedwater - a l l  
of which have responses  on t h e  o r d e r  of 5 min. Thus they  have t h e  capa- 
b i l i t y  t o  g e n e r a t e  f l u c t u a t i o n s  as h igh  as 0.003 Hz i n  system v a r i a b l e s .  
I n  f a c t ,  undes i r ab le  o s c i l l a t i o n s  i n  steam and feedwater c o n t r o l  systems 
were s t u d i e d  i n  t h e  n o i s e  spectra of process  v a r i a b l e s  i n  two 
ms. 19,20 

7 . 2 . 2  Mid-Frequency Region 

Neutron n o i s e  i n  t h e  frequency range between 0.01 and 1 Hz i s  caused 
i n  p a r t  by temperature f l u c t u a t i o n s  i n  t h e  water both i n  t h e  c o r e  and 
i n  t h e  downcomer between t h e  c o r e  and t h e  d e t e c t o r .  F igure  10 shows t h a t  
t h e  coherence between an  ex-core neu t ron  d e t e c t o r  and a c o r e  e x i t  thermo- 
couple a t  Sequoyah 1 i s  s i g n i f i c a n t  i n  t h i s  frequency range. We the re -  
f o r e  hypothes ize  t h a t  primary water temperature f l u c t u a t i o n s  i n  t h e  c o r e  
might be a source  of neut ron  no i se  i n  t h i s  frequency range .  

Others21 have a l s o  concluded t h a t  a p o t e n t i a l  source  of neu t ron  
n o i s e  i n  t h e  0- t o  1-Bz range  is coo lan t  temperature f l u c t u a t i o n ,  which 
i n f l u e n c e s  t h e  neut ron  f l u x  through t h e  tempera ture  r e a c t i v i t y  c o e f f i -  
c i e n t .  
comer water between t h e  c o r e  and t h e  ex-core neut ron  d e t e c t o r  vary  t h e  
a t t e n u a t i o n  of  neut rons  seen  by t h e  ex-core d e t e c t o r ,  t hus  inducing  an 
a d d i t i o n a l  no i se .  No doubt o t h e r  sources  such as flow f l u c t u a t i o n s  and 
perhaps p re s su re  f l u c t u a t i o n s  c o n t r i b u t e  t o  neut ron  no i se  i n  t h e  0.01- t o  
1-Hz range ,  bu t  no t  t o  t h e  degree  of temperature f l u c t u a t i o n .  

Also, ThieZ2 sugges ted  t h a t  temperature f l u c t u a t i o n s  i n  t h e  down- 

7.2.3 High-Frequency Region 

PWR neut ron  n o i s e  i n  t h e  frequency range between 1 and 100 Hz has  
been s t u d i e d  e x t e n s i v e l y  by a number of r e s e a r c h e r s .  Noise a n a l y s t s  
g e n e r a l l y  a g r e e  t h a t  t h e  major sou rces  of t h e  resonances ( s e e  Fig. 9) i n  
t h e  spectrum of ex-core neut ron  n o i s e  i n  t h i s  frequency range are v ib ra -  
t i o n s  of t h e  p r e s s u r e  v e s s e l  and t h e  mechanical s t r u c t u r e s  i n s i d e  t h e  

(when one i s  p r e s e n t ) ,  and c o n t r o l  rods .  (Neutron n o i s e  caused by con- 
t r o l  rod v i b r a t i o n  is r a r e . )  The r eg ion  between 1 and 10 Hz i s  dominated 
by f u e l -  and c o r e  barrel-induced n o i s e ,  and t h e  r eg ion  between 10 and 2 5  

inc lud ing  f u e l  e lements ,  c o r e  suppor t  b a r r e l ,  thermal s h i e l d ,  
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Fig. 10. Coherence. between ex-core neutron noise and core exit 
temperature noise at Sequoyah 1. 

Hz is influenced by thermal shield, pressure vessel, and higher order 
modes of the fuel and core barrel. Sources of noise greater than 25 Hz 
are not as well understood, but we have some knowledge of potential 
sources which will be described below. 

Plgure 11 shows an overall view (on a Linear frequency scale) of the 
neutron noise signatures OKNL, has obtained from s i x  PWRs. Several obser- 
vations can be: made based on this overview of high-frequency P 
noise. The signatures are slmllar i n  at least two ways: (1) the overall 
noise level has a magnitude of about at: low frequency, and by 50 Hz 
it decreases by -4 orders of magnitude ( t ~  date noise analysts have not 
reported many useful applications of at-power neutron noise a t  frequen- 
cies greater than 50 Hz, o t h e r  than possibly surveillance of the neutron 
detectors thernselve~~~9 '' or wide-sange measurement of power 
and (2) the resonant structures are sirnil-ar, particularly in the 0-25 Hz 
range. (More will be said about these resoaances in t h e  next section.) 

; 

There are a l s o  some notable differences in the signatures at fre- 
quencies greater than 20 Hz: (1) Trojan noise is Power in amplitude than  
other plants; and (2) both of the other Westinghouse (bd) plants 
(M. B .  Robinson 2 and Sequoyah I), seem to have considiii-ably more reso- 
nant structure. We have no explanation for the ~ O I X W K ,  but the latter 
might be explained if the frequency response of the f l u x  amplifiers is 
better in I W plants. (Trojan is a - Id plant, but the neutron noise signals 
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Fig .  11. Typical ex-core neutron noise signatures from six PWRs. 

were obtained at the output of the vibration and loose p a r t  monitoring 
system signal. conditioning amplifiers.) In general, noise analysts tend 
to discount resonances that are related to electrical line frequency or 
extraneous noise. contamination (i.e*, 40 Hz at Trojan is caused by 60 Bz 
aliased with respect to the 50-FIz Nyquist frequency and the mall reson- 
ances between 30 and 50 Wz in Calvert Cliffs 1 which are characteristic 
of noise caused by a plant data logging system). 

As stated previously, most PWRs have at least €our ex-core neutron 
detectors, and in genera4 a l l  ex-core detectors in a plant have very  
similar signatures. In the next section we will demonstrate Row one can 
utilize the relationship between the noise signals from the detectars to 
infer the type (mode) of vibration associated with the resona~ic~t~is 1.n the 
signatures shown in Fig. 11. 

Figures 12 to 17 show the location o f  ex-core neutron detectors and  
N?SDs for each of the six plants (detector C at Calvert C l i f f s  2 was 
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contaminatrd vdth e lec t r ica l  no i se  when record ings  whcre made] I Note 
that the  ex-core d e t e c t o r s  are  placed a t  30" i n t e r v a l s  around the c o r e  
(except  a t  AN0 1, where t h r y  are a t  60 o r  120' i n t e r v a l s ) .  The f a c t  t ha t  
t he  d e t e c t o r s  are spaced i n  t h i s  way s j d s  the  i n t e r p r e t a t i o n  of t h c  type 
of vibration as to s h e l l  uiode o r  beam mode ( s e e  F ig .  18). For cx8111ple~ 
i n  t he  caw of r i g i d  Sady beam mode v i b r a t t o n  of tht- co re  suppor t  b a r r e l  
(CSf i ) ,  t h e  co re  (soiarce of nentisrtfi) ~ ( i v e p  c l o s e r  t o  twn de tec to r s  while 
i t  simultancously moves away from the  oppos i t e  two detractors.  Therefore ,  
t h c .  phase between d e t e c t o r s  on oppos i t e  s i d e s  of t he  c ~ r e  w i l l  he -180°, 
while  s i g n a l s  from d e t e c t o r s  a t  90" can be e i t h e r  i n  phase o r  o u t  of 
pbase, depending on the  p re fe r r ed  dit-trt-tiou o f  motion. On t h e  o t h e r  
h a n d ,  s h e l l  mode v ibra t ion .  of the CSB resulLr i n  a 0" phase between oppo- 
s i t e  d e t e c t o r s  and a 180" phase between ad jacen t  detrci-ors. 
ovprs i rnp l i f i ea t jou  o f  t h e  complex v i b r a t i o n s  of r e a c t o r  i r r t  ernals b u t  i t  
i s  presented  he re  t o  in l roduce  the rcadcr LO t he  riinthodology used by 
nestron noisp  a n a l y s t s  and t o  provPde a b a s i s  for the i n t e r p r e t a t i o n  af 
I lie b a s e l i n c  da ta  i n  the  OiRNL neut ron  r x o i  SP l i b r a r y .  

This  i s  an 

Figurer, 19 t o  25 S ~ O W  t h c  coherence and phase r r l a t i o n s h i p  between 
ex-core d e t e c t o r s  iIi each of the s i x  p l a n t s .  (The phase, of cour se9  has 
no neaning i f  t h e r e  i s  n e g l i g i b l e  coherence between t h e  s i g n a l s . )  The 
phase i s  indeed e i t h e r  0 or 180" as pos tu l a t ed  above.. A classic example 
i s  the Sequoyah 1 r e s u l t s  o f  Fig. 21 ,  which were obta ined  e a r l y  i n  t h e  
f l rs t  f u e l  r y c l e .  

This  i d e a l  behavior  of the  phase has been used by no i se  ana- 
9 27 9 28 to automate t h e  s e p a r a t i o n  of v i b r a t i  an liiodes by m n i -  

p u l a t i n g  t h e  raw Lime 'kraces or freqciency s p e c t r a ,  assuming t h a t  on ly  a 0 
or 180" phase i s  p o s s i b l e .  Ye conclude t h a t  t h i s  type of a n a l y s i s  can 
aid t h e  i d e n t i f i c a t i o n  of neut ron  no i se  sources, blab: i t  i s  not a s u b s t i -  
t u t e  f o r  a complete cross--spec.t.ral analysts ( a s  shown i i i  P i g s .  1 9  t o  2.51, 
and i n  same cages i t  can be mis leading  if t h e  phase 1s not 0 OT 180" (as 
seen  i n  F i g .  13)  or if incoherent  no i se  source~p are present .  

We have, however, implemented a visual a i d  to he lp  i n  i d e n t i f y i n g  
s h e l l  and beam made v i b r a t i o n s  as w e l l  as in--phase noise  components t h a t  
might i n d i c a t e  r e a c t i v i t y  t y p e  no i se  sources .  This  func t ion  i s  call-ed 
thc "phased C G ~ ~ H ~ X P "  acid i s  based on a method suggested by Dragt. 29  

Phased coherence as d e f i n e  i t  i s  simply the actual. coherence (which i s  
a l w a y s  a p c s i t i v e  va lue)  t o  which i s  appended a p o s i t i v e  o r  negatdve 
s i g n ,  according t o  whether t he  phase i s  hetween 4-90 and -90" or  between 
-90 and -270" r e s p e c t i v e l y .  

The phased coherence between ex-core d e t e c t o r s  i n  the s ix  PMKs i s  
shorn i n  F i g s .  26 through 32.  (The es t imated  confidence l i m i t s  on t h e  
coherence are shorn as l i n e s  on e i t h e r  side o f  zero.> Note t h a t  €0 t h e  
case of Sequoyah 1 t h e  cross---core d e t e c t o r s  are o u t  of p h a s e  between -2 
and 10 Hz, i n d i c a t i n g  beam mode v i b r a t f o n ,  whereas t h e  cross-core d e t e s -  
t o r s  are i n  phase a t  20 Hz and the  ad jacen t  d e t e c t o r s  are o u t  of phase, 
whbch i d e n t f f i e r ;  an  N = Z s h e l l  mode v i b r a t i o n .  A l s o  note  the  in--phase 
component a t  -25 Mz. The r e s u l t s  of our  a n a l y s i s  of a1.L plants are sum- 
marized i n  Table 4 .  Figures 1 9  through 25  w e r e  used to i d e n t i f y  the 
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Fig. 18. S h e l l  and beam mode v i b r a t i o n  of a PWR core b a r r e l .  
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Fig. 27. Calvert Cliffs 2 phased coherence between ex-core 
neutron detectors, January 30, 1979. 
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f r e q u e n c i e s ,  and F igs .  26 through 32 were used t o  i d e n t i f y  t h e  mode of 
v i b r a t i o n  a t  each frequency where p o s s i b l e .  

Seve ra l  g e n e r a l  o b s e r v a t i o n s  can be made from Table 4 :  (1) beam 
mode v i b r a t i o n s  dominate t h e  1- t o  10-Nz range wi th  no s h e l l  mode being 
i d e n t i f i e d ;  ( 2 )  a l l  p l a n t s  have a s h e l l  mode between 18 and 22 Hz; and 
( 3 )  Calve r t  C l i f f s  1 has s e v e r a l  in-phase components i n  t h e  10- t o  20-Hz 
range not  found i n  o t h e r  p l a n t s .  W e  cannot s t a t e  t h e  cause of t h e  reso- 
nances because U.S.  r e a c t o r  manufacturers cons ide r  t h e  c a l c u l a t e d  and 
measured v i b r a t i o n  f r equenc ie s  of r e a c t o r  components t o  be p r o p r i e t a r y  
informat ion  (which has  g r e a t l y  impeded t h e  development and a p p l i c a t i o n  of 
neut ron  n o i s e  a n a l y s i s  i n  t h e  U . S . ) .  Therefore ,  we  have taken  a n  i n d i -  
rect approach by r e v i e w h g  t h e  a v a i l a b l e  l i t e r a t u r e  on n o i s e  a n a l y s i s  f o r  
in format ion  r ega rd ing  t h e  i d e n t i f i c a t i o n  of neut ron  no i se  sou rces  i n  the 
1- to  50-Hz range. 

Table 5 summarizes some of t h e  v i b r a t i o n  f r equenc ie s  of M J R  compon- 
e n t s  i d e n t i f i e d  i n  t h e  open l i t e r a t u r e .  (Note t h a t  t h i s  i s  not  an  
exhaus t ive  l i s t  but does a t t empt  t o  i n c l u d e  most of t h e  normal resonances 
observed when t h e r e  i s  110 anomaly p resen t . )  There are s imilar i t ies  
between t h e  resonances observed i n  our  measurements (Table 4 )  and t h e  
sou rces  of v i b r a t i o n  f r equenc ie s  i d e n t i f i e d  i n  Table 5. Therefore ,  by 
a s s o c i a t i o n  one could s p e c u l a t e  on t h e  s p e c i f i c  sources  of each resonance 
i n  our  b a s e l i n e  d a t a .  However, s i n c e  the  purpose of our s tudy  i s  not  t o  
perform a d i a g n o s i s  of each p l a n t  bu t  i n s t e a d  t o  assess t h e  g e n e r i c  va lue  
of neut ron  no i se  a n a l y s i s  f o r  c o r e  i n t e r n a l  v i b r a t i o n  d i a g n o s i s ,  we w i l l  
no t  make such s p e c u l a t i o n s .  

On t h e  o t h e r  hand, t h e  combination of in format ion  i n  Tables 4 and 5 
a l lows  one t o  make some g e n e r i c  o b s e r v a t i o n s  about t h e  sou rces  of neut ron  
n o i s e  wi th  regard  t o  v i b r a t i o n  of p r e s s u r e  v e s s e l  i n t e r n a l s .  Resonances 
i n  neut ron  n o i s e  i n  t h e  range o f  2 t o  5 Hz are most l i k e l y  caused by f u e l  
element v i b r a t i o n  s t imu la t ed  by a combination of flow turbulence  and t h e  
beam mode v i b r a t i o n  of t h e  c o r e  b a r r e l .  Resonances i n  t h e  no i se  spectrum 
between 5 and 10 Hz can be caused by e i t h e r  c o r e  b a r r e l  v i b r a t i o n  o r  t h e  
N = 2 v i b r a t i o n  mode of t h e  f u e l  assembl ies .  A t  f r equenc ie s  above 10 Hz 
i t  i s  more d i f f i c u l t  t o  i d e n t i f y  g e n e r i c  causes  of neut ron  no i se .  The 
f r equenc ie s  a s s o c i a t e d  wi th  thermal s h i e l d  p r e s s u r e  v e s s e l  and co re  
b a r r e l  s h e l l  mode tend  t o  be p l a n t  s p e c i f i c  and more d i f f i c u l t  t o  iden- 
t i f y  than  f u e l  and c o r e  b a r r e l  motion. It appears  t h a t  observed s h e l l  
mode type  neut ron  n o i s e  i n  t h e  range 10 t o  15 Bz might be due t o  t h e  
thermal s h i e l d  and shell. modes between 15 and 25 Hz are more l i k e l y  t h e  
c o r e  b a r r e l .  A s  seen i n  Table 5 ,  very  l i t t l e  exper ience  i s  r epor t ed  i n  
t h e  l i t e r a t u r e  f o r  neut ron  n o i s e  above 25 Hz. However, i t  i s  clear t h a t  
neut ron  n o i s e  does c o n t a i n  a g r e a t  d e a l  of in format ion  about t h e  v i b r a -  
t i o n  of t h e  p r e s s u r e  v e s s e l  and t h e  mechanical s t r u c t u r e s  i n s i d e  i t ,  and 
t h a t  r e s e a r c h  throughout t h e  world i s  i n c r e a s i n g  o u r  knowledge r ega rd ing  
t h e  causes  of neut ron  n o i s e  i n  PWRs. 

7 . 3  VARIATION OF PWR EX-CORE NEUTRON NOISE OVER A FUEL, CYCLE 
AT SEQUOYAH 1 

A knowledge of t h e  v a r i a t i o n  i n  neut ron  n o i s e  dur ing  normal p l a n t  
o p e r a t i o n  can a i d  n o i s e  a n a l y s t s  i n  e s t a b l i s h i n g  c r i t e r i a  f o r  d e t e c t i o n  



Table 5. Identification of resonant frequencies of PWR pressure vessels 
and vessel internals found in literature 

Tlanr 

Resonant frequency {Ez) SeconGary 
Fuel Core sup?ort barrel Thermal shield Conrrol TOG Pressure core 

Ref. (N = 1: (N = 2)  (Beaa no&) (Shell mode) (Shell mode) guide tube vessel supporr 

St. Lucie 
(CE-2 loop) 

Calvert Cliffs 
(CE-2 loop) 

Oconee 1 
(B6W-2 1003) 

Xlnghals 2 
("3 loop) 

Tricastin ia 
(FRA-3 loop) 

Bugey 5' 
(FKA-3 loop) 

b 

(FRA-3 loop) 
hgey 2 

Stade 
(KWU-4 loop) 

Fessienheim 1 & Zb 
(FilA-3 ioop) 

h'eckarwestheim 
(KWU-3 loop) 

Unidentified 
("3 loop) 

Borssele 
(K!iV/RDK-Z loop)  

Unfdentifiec 
(MHI-2 loop) 

(MnI-4 loop) 
(MHI-3 loop) 

30 

21 

31 

28 

32 

33 

34 

35 

35 

37 

38,39 

24 

40 
40 
40 

3.5 

3.2 5.0 

3.2 7.4 

6, 8 

2.3 4.6 6.8, 7.4 

7.7, 9.1, 16.7, 19.9 
13.7, 12.5, 
13.7 

8 12, 3 3  

8.2 20 

7 

6, 7.8 

7 

i.8, 5 i1.2, 17.5 10 

2.8 

4.5 

12, 15 

15.5 
14.3 
13.6 

38.2' 

20 

23.5, 25 

11, 14.6, 15.1 

11.1 

1;-12 

17 

14.8  

37.5 13, 2 0 . 5 ,  36.5 

13.5 

25-28 

1 4 . 3  

:?artla1 thermal shield. Legend: CE - Combustion Engineering KMU/RDM - Kraftwerk Union/Rotterdamse 
'Accelerometer ac bottom of CSB. F - Framtome BLW - Babcock 6 ililcox W - Westinghouse Droogdok Madtschappij 

M - Mitsabishi Heavy Industries Cylindrical thermal shield. - 
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of abnormal behavior. Therefore, ex-core neutron noise was measured at 
the Sequoyah 1 plant from initial startup through the first fuel cycle 
and for -2 months at the beginning of the second fuel cycle. Figure 33 
shows spectra at the beginning and end of the first fuel cycle and after 
refueling. Note that the major change over the fuel cycle occurs around 
7 Hz, which is normally associated with CSB vibration (see Table. 59.. 
However, after refueling the spectrum was nearly the same as at the 
beginning of the previous fuel cycle. 
variation in the amplitude and frequency of the noise associated with CSB 
motion and have attributed the changes to the existence or non-existence 
of contact or interference between the CSB and the vessel, mainly at the 
radial keys or the outlet nozzle. During refueling the reactor vessel 
head, which clamps the core barrel in place, is removed and then replaced 
in its original position. The data suggest that at the beginning of the 
fuel cycle at Sequoyah 1 the CSB may have been clamped in a way that 
allowed interference with other vessel internals, thus reducing the 
amplitude of vibration. We hypothesize that during the fuel cycle some 
of the clamping force was reduced such that the barrel was at a position 
that allowed a natural, free-swinging motion. (Note in Fig. 3 3  that the 
resonant frequency at -7 Hz also shifted to a slightly lower frequency, 
which is consistent with a relaxation of the clamping force.) 

 other^^^,^^ have also reported 

Figure 3 3  also shows some change at -3 and 7 Nz; these frequencies 
are associated with the first and second modes of fuel assembly vibration 
(see Table 5 and ref. 3 3 ) .  
of-life fuel assembly's natural frequency is 5 to 10% greater than at the 

Stokes and King4' showed that the beginning- 

I I e 10 20 30 40 543 

FREQUENCY (Hz) 

Fig. 33. Sequoyah 1 ex-core neutron noise spectrum at the 
start of the first and second fuel cycles and at the end of the 
first cycle. 
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end of life because the stiEfness of the assembly decreases during its 
life. This may account f o r  the decrease in the resonant frequency shown. 
in Fig. 33 .  

Another important Iniplicatlon of this observation j.s that a signif i- 
cant amount of the suspected increase 1.n Sequoyah CSb vibration mentioned 
above may actually be due t o  the ex-core neutron noise contribution of 
t he  second mode of  fuel assembly vibration, which has been shown t o  
increase over the fuel cycle due to changes in the scale factor (see 
Sect. 7 . 4 . 3 ) .  Therefore, i t  may be difficult to isolate changes in CSB 
vibration as suggested in Sect. 7.4 .1 .  (Note that a cautlon t o  this 
effect was previously ment:lioeed in Sect. 2 with respect to the difficulty 
of separating the contributions of individual. noise sources if there is 
overlap in the resonant frequencies of separate SOUKC~S.) 

We also studied the effect of boron eoncentration, fue% burnup, and 
burnable poison assemblies on the ex-core neutron no-ise caused by fuel 
assembly vibration. l 2  These studies showed that the ex-core noise caused 
by a fixed amplitude of vibration increiases with fuel burnup and decreas- 
ing boron concentration. Although this result would explain the increase 
in noise durj.ng the first fuel cycle, we. cannot explain why the noise did 
not return to its original amplitude at the beginning of the second 
cycle. However, we. do know that new fuel assemblies were installed on 
the core periphery during the refueling, which could change the neutronic 
effect of fuel assembly v i b r a t i o n .  We plan ta continue these studies by 
performing calculations of ex-core noise for the second cycle core 
conditions. 

Day-to-day and long-term variations in neutron noise are to be 
expected due to normal changes in a number of factors that cause vibra- 
tions.. We have attempted to quantify these normal changes by plottdng 
the m a x i m u m  o f  the normalized power spectral density (NPSD) versus time 
for selected frequency ranges in the Sequoyah B spectrum (the frequency 
ranges W ~ K P  selected to encompass prominent resonances of the spectrum). 
Figure 34 shows that not all noise bands vary the same with time." We 
have already discussed the possible causes of changes in noise associated 
with fuel vibration (3 to 4 Mz) and CSR (5 .5  to 9 H z ) .  By association 
w i t h  the research of 
(Table 5), we infer that the resonance at, -11 Hz i s  likely a result of 
thermal shield vibratian, the resonance at -15 Hz is related to a beam 
mode of the pressure vessel, and the resonance at 20 Mz m y  be attributa- 
blc to shell mode vibration of the CSB (driven by the shaft rotation of 
the primary coolant pumps). The sources of higher frequency resonances 
at, -31, -38, and -41 Hz are not known at this time. 

, 34 3 36 on similar design plants 

A s  mentioned above, all the resonaiices vary differently w i t h  time. 
If we assme these to be representative of noma1 variations with no 
anomalous vibration, criteria could be established to alert p l a n t  
engineers if the noise exceeds the baseline level. I f  the anomalous 
trend persists, the suspect internal component could he cxamined a t  the 
next refueling. However, we want t o  p a i n t  out that the full range of 

The variations in neuLrorn noise shown in Fig. 34 were obtained 
from -1-h data records obtained at periodic intervals throughout r.he 
first fuel cycle and after the first refueling. 

* 
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variation in the nolse may not be established until at least the end o f  
the Eirst equilibrium core (usually the third fuel cycle). Also, ncw 
fuel management schemes to increase burnup 2nd to reduce pressure vessel 
fluence are continuing t o  change the definitlon of the cquilibrFm core. 
Therefore, only a long-term uronii:oring program such as those implemented 
in the Netherlands, 4 2  Prance, 3 2  Lhe Federal Republic of Germany, 43 and 
.Japanb0 will coiiipleteBy define the long- as well as short-term behavior 
of ex-core neutron noise. 

7.4 APPLICATION OF NEUTRON NOISE IN PWRs 

Thie3 provides an excellent summary and bibliography of the applica- 
tion of neutron noise analysis for the diagnosis of anomalies in FWRs, 
including such things as excessive core barrel motLon and loose thennal. 
shields 
sured with in-core detectors to diagnose abnormal vibrations of periph- 
eral. fuel assemblies caused by water j e t t l m g  through openings between the 
baffle plates. In the following sections we will describe some applica- 
tions o €  neutron noise analysis evaluated by ORNL. 

A recent application44 involved analysis o f  neutron noise mea- 

7.4.1 Measurement of Core Barrel. Motion 

Noise analysts have used neutron noise to routinely inonitor CSB 
matinn ever since neutron noise was used to aid in the diagnosis of 
excessive and damaging flow-induced core barrel motion in two PWRs in 
t ~ i e  early I 97 OS. 4 5-4 7 

A t  the Palisades nuclear plant neutron noise was used to identify 
core barrel motion as the source of large random fluctuations observed in 
the ex-core detector signals (see F i g .  3 5 ) .  In this case, the barrel was 
loose  beeause of wear on the pressure vessel and vessel tiead where the 
barrel is clamped in place (see Pig. 3 6 ) ,  and consequently it was "rock- 
ing*' rather than vibrating like a rigid body at the expected resonant 
frequency. 

Due to the  core barrel motion the ex-core noise spectrum at Palisad- 
es (Fig. 37) shoved considerably more noise than the in-core signals at 
frequencies below 1 Hz. Also note the difference in the amplitude of 
normal ex-core noise at other PWRs ( F i g s .  9 and 12-17) relative t o  the 
abnormal noise at Palisades , whai ch illustr,ites that by monitoring neutron 
noise it should not be difficult. t o  detect major problems such as extsted 
at Palisades. The American Society of Mechanical Engineers (ASME) has 
issued a standardb8 for monitoring core barrel. motion using neutron 
noise. The ASME standard is based on experience in monii-oping core 
barrel motion with ex-core neutron detectors. 

The arnp1.iti.de of core barrel vibration can be estimated using a 
scale factor that relates a change in ex-core neutron flux to a displace- 
me!iit of the core barrel. Others have computed3 y b 7  * 49  an3 measured50 
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Fig.  35. Pa l i s ades  ex-core neutron d e t e c t o r  s i g n a l  when t h e  
c o r e  b a r r e l  w a s  loose.  Most of the s t eady- s t a t e  s i g n a l  is  biased 
out  t o  i l l u s t r a t e  the  noise  d e t a i l .  

t h i s  scale f a c t o r .  
0,05%/mil.* ORNL is c u r r e n t l y  reviewing the  scale f a c t o r s  a s s o c i a t e d  
wi th  both CSB and thermal s h i e l d  motion and w i l l  publ i sh  t h e  r e s u l t s  i n  a 
f u t u r e  r e p o r t .  
estimate t h e  motion of CSB from ex-core neutron noise .  By us ing  the  
graph of maximum NPSD i n  t h e  range 5.5 t o  7.0 Hz (Fig.  3 4 ) ,  t h e  change i n  
CSB motion over the  f u e l  cyc le  can be est imated i n  the  fol lowing way. 

The scale f a c t o r s  obtained range from 0.02%/mil t o  

In t h e  meantime w e  assumed a va lue  of 0,03%/mil t o  

According t o  t h e  graph,  t h e  NPSD i s  -2 x a t  t h e  beginning of 
the  f u e l  cyc le  and -1.8 x a t  t h e  end. S ince  the NPSD is  i n  u n i t s  
per h e r t z ,  one must i n t e g r a t e  t h e  no i se  over t h e  frequency range 
es t imated  for CSB motion. 

I n  t h e  present  example t h e  NPSD i s  assumed t o  be cons t an t  over a 
1.0-Hz range. Thus we can i n t e g r a t e  by multiplyjing the  NPSD by 1.0 Hz 
and tak ing  t h e  square  roo t  t o  o b t a i n  t h e  percent  root-mean-square no i se  
(RMS) as 1.4 X and 4.2 X LOm2% a t  t h e  beginning and end of the f u e l  
cyc le  r e spec t ive ly .  Then, d i v i d i n g  by t h e  nominal scale f a c t o r  equal  t o  
0.03Xlmi1, the RMS motion is es t imated  t o  vary from -0 .5 m i l  t o  -1.4 m i l s  
over t he  f u e l  cycle. This  of course  r e p r e s e n t s  only an  average va lue  of 
motion over the  t i m e  a spectrum is averaged. I f  a Gaussian d i s t r i b u t i o n  
of the  neutron noise  i s  assumed, t h e  motion could be as much as a f a c t o r  
of f i v e  (assuming an a r b i t r a r y  crest f a c t o r  of f i v e  f o r  t he  amplitude 

*These scale f a c t o r s  do not  take  i n t o  account t h a t  f o r  CSB beam 
mode v i b r a t i o n  t h e  ampli tude of v i b r a t i o n  a t  the  lower g r i d  is g r e a t e r  
than an axial  average motion. 
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Fig. 36.  Cause of abnormal core barrel  motion i n  Pa l i sades .  

d i s t r i b u t i o n )  g r e a t e r  than the est imated values  above. Also,  t he  pre-  
f e r r e d  d i r e c t i o n  o f  CSR motion might nor be i n  l i n e  with she ex-core 
de t ec to r s  used t o  measure t he  neutron noise  thus introducing another  
unce r t a in ty  i n  the es t imate  of motion. 

Robinson e t  ala , 30 used the phase and magnitcde of t he  coherence 
between p a i r s  of ex-core d e t e c t o r s  t o  i n f e r  the  prefer red  d i r e c t i o n  of 
CSB motion. :In the case of Sequoyah 1, the coherenee between ex-core 
d e t e c t o r s  a t  the  CSB resonance of -7 1-Iz (Fig. 21) is  almost equal between 
cross-core de tec to r s  1-11 and I I I - I V  and much l a r g e r  than between 
d e t e c t o r s  at 90".  Figure 21(b)  shows t h a t  no ise  signals from the cross-  
core de tec to r  combinations 1-11 and I I I - - I V  are out  of phase (-1EsO"), 
which leads us t o  conclude t h a t  the preferred d i r e c t i o n  of motion i s  
e i t h e r  along a 0 t o  180" a x i s  o r  a 90 to 290" axis .  
shows the  phasc between ad jacent  d e t e c t o r s  t o  be -180' f o r  1 1 - I V  and 
1-111 and 0" f o r  11-111 and I - I V .  Therefore., r e f e r r i n g  t o  the  Sequoyah 
d e t e c t o r  l oca t ions  i n  Fig.  1 4 ,  w e  conclude that alliwixglz t he  b a r r e l  i s  
moving i n  all d i r e c t i o n s ,  i t  has a prefer red  d i r e c t i o n  along the  90" t o  
270" a x i s .  This  i s  not unexpected, since the  =En forc ing  func t ion  f o r  
core b a r r e l  v ib ra t ion  if; the hydraul ic  fo rce  of coolant  en te r ing  the 

Further  a n a l y s i s  
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F i g .  37 .  Comparison of ex-core and in-core power spectra 
obtained at: Palisades when the core barrel was  loose.  
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downcomer. The e s t i m a t i o n  of CSB motion i n  t h e  above manner y i e l d s  o n l y  
a q u a l i t a t i v e  v a l u e  a t  b e s t  because o f  t h e  l i m i t a t i o n s  of t h e  measure- 
ment, namely u n c e r t a i n t i e s  i n  t h e  sca1.e f a c t o r ,  raridorntiess of t h c  motion, 
and t h e  assumption t h a t  t h e  CSB-induced n o i s e  can be s e p a r a t e d  from o t h e r  
ex-core neut ron  n o i s e  s o u r c e s  such as t h e  f u e l  assembly v i b r a t i o n  men- 
t i o n e d  ea r l i e r .  

The ampli tude p r o b a b i l i t y  d e n s i t y  (APD) funcCPoti has  a l s o  been used 
t o  monitor  and e v a l u a t e  PWR l a t e r a l  c o r e  motion i n  several a p p l i c a t i o n s .  
ORNL used t h e  s i n g l e - i n p u t  APD funcl:iori t o  demonstrat-e t h e  l a t e ra l  con- 
s t r a i n t  of c o r e  barrel .  motion caused by c o n t a c t  w i t h  t h e  r e a c t o r  v e s s e l  
d u r i n  
Mayo2' used t h e  j o i n t  arapl i tude p r o b a b i l i t y  d e n s i t y  d i  s t r i b u t i o n  between 
two n e u t r o n  n o i s e  s i g n a l s  t o  monitor  p r e f e r e n t i a l  d i r e c t i o n  of la teral  
c o r e  suppor t  assembly beam mode resonance v i b r a t i o n s .  

o p e r a t i o n  w i t h  loss of c o r e  suppor t  assembly a x i a l  p r e l o a d . 4 6  

I n t e r p r e t a t i o n  o f  t h e  neut ron  n o i s e  APD d i s t r i b u t i o n  as be ing  repre-  
s e n t a t i v e  o f  t h e  s p a t i a l  d i s t r i b u t i o n  of core b a r r e l  motion r e q u i r e s  t h a t  
t h e  analyzed s i g n a l  be dominated by l a t e ra l  c o r e  motion neut ron  n o i s e .  
There i s  a l s o  a s l i g h t l y  less r e s t r i c t i v e  requirement  t h a t  t h e  c o r e  and 
c o r e  b a r r e l  be moving as an approximate ly  r i g i d  body. These c o n d i t i o n s  
have been reasonably  demonstrated f o r  t h e  la rge-ampl i tude ,  low-frequency 
motions a s s o c i a t e d  w i t h  l o s s  o f  c o r e  b a r r e l  a x i a l  clamping such as o c c u r -  
r e d  a t  P a l i s a d e s .  Some a d d i t i o n a l  r e s t r i c t i o n s  apply  i n  cases where the 
c o r e  suppor t  assembly h a s  normal clamping are d i s c u s s e d  below. 

Neutron n o i s e  measurements made a t  a PWR o p e r a t i n g  wi thout  a x i a l  
p re load  on t h e  c o r e  b a r r e l  showed t h a t  the broadband n e u t r o n  n o i s e  s i  n a l  

This  e f f e c t  w a s  a t t r i b u t e d  t o  t h e  a s s o c i a t e d  low frequency and l a r g e  
ampli tude of l a t e ra l  motion due t o  l o s s  of clamping, and i t  r e s u l t e d  i n  
e s s e n t i a l l y  r i g i d  body motion of  t h e  c o r e  and suppor t  assembly t h a t  w a s  
r e s t r i c t e d  by c o n t a c t  w i t h  t h e  r e a c t o r  v e s s e l .  ( P l o t s  of t h e  n e u t r o n  
n o i s e  APD d i s t r i b u t i o n  on p r o b a b i l i t y  graph paper  c l e a r l y  i n d i c a t e d  
r e s t r i c t i o n  of t h e  i n t e r n a l  motion.)  

w a s  dominated by t h e  l a t e ra l  motion of t h e  c o r e  arid support; assembly. $6 

PWR neut ron  n o i s e  measurements under normal clamping c o n d i t i o n s  show 
t h a t  l a t e r a l  c o r e  and suppor t  assembly motioas  t y p i c a l l y  dominate t h e  
neut ron  n o i s e  s i g n a l  i n  the frequency band a s s o c i a t e d  w i t h  t h e  beam mode 
resonance v i b r a t i o n  f requency  of t h e  r e a c t o r  i n t e r u a l s .  This  c o n d i t i o n  
i s  i n d i c a t e d  by h igh  coherence and 180' phase between cross-core  d e t e c t o r  
p a i r s .  Loss of c o h e r e n t ,  180O-phase s i g n a l s  i n  thPs f requency band can 
be caused by change i n  t h e  c o r e  b a r r e l  end suppor t  c o n d i t i o n s ,  by non- 
r i g i d  body molion, o r  by t h e  presence  of an a d d i t i o n a l  n o i s e  SOU KC^. 

Under t h e s e  c o n d i t i o n s  t h e  n e u t r o n  noise  s i g n a l s  d o  not have d i r e c t  lat- 
e ra l  motion i n t e r p r e t a t i o n .  Therefore ,  neut ron  n o i s e  c r o s s  power spec- 
t ra l  d e n s i t y  ampl i tude ,  phase,  and coherence must be used t o  select and 
v e r i f y  t h e  a p p r o p r i a t e  r e g i o n  of t h e  frequency s p e c t r i m  for APD measure- 
ment of l a t e r a l  c o r e  motion. 

The j o i n t  p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  between ex-core n e u t r o n  
d e t e c t o r s  has  been used t o  monitor  t h e  s p a t i a l  p r e f e r e n c e  of core suppor t  
assembly beam mode reasonance v i b r a t i o n  under nonnali c o r e  clamping 
c o n d i t i o n s .  This  measurement i s  based on an  a n a l y s i s  which shows t h a t  
t h e  ex-core neutron d e t e c t o r s  s e n s e  p r i m a r i l y  i n t e r n a l  l a t e ra l  motion 
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along lines between the core center and the detector. Two detectors 
located at ninety degrees around the exterior of the core therefore sense 
orthogonal components of the lateral motion. Using band-pass filters to 
select the region of the spectrum dominated by the beam mode resonance 
vibration, the joint probability density distribution of these signals 
can provide a direct display of the spatial preference of the motion. 
Distinct, reproducible differences in the direction of the maximum vibra- 
tion amplitudes of the care support assembly beam mode resonance have 
been observed by this technique. This measurement may provide useful 
information about the direction and magnitude of lateral core motion 
constraints or spatial differences Ln stiffness. 

We do not believe that the core and support assembly will respond as 
a rigid body to external motion constraints at the normal core support 
assembly beam mode vibration frequency. For this reason APD distribu- 
tions may not show a significant deviation due to small amplitude inter- 
action with the reactor vessel guide lugs under normal core clamping 
conditions. 

Correct interpretation of APD distribution measurements requires 
supporting cross power spectral density analysis to verify the quality 
and frequency band of lateral core motion neutron noise signals. For 
these reasons we conclude that probability density distribution interpre- 
tation of lateral core motion i s  a supplementary technique to the more 
general spectral analysis. 

7.4.2 Measurement of In-Core Coolant Velocity 

In Sect. 7.2.2 we stated that temperature fluctuations in the core 
coolant are a source of neutron noise in the frequency range 0.01 to 
1 Hz. This suggests that a better understanding of the relationship 
between neutron noise and core coolant temperature fluctuations might 
lead to methods for diagnosing abnormalities in core thermal hydraulics. 

Noise analystsS1 have noted a delay time between core-exit thermo- 
couple and ex-core neutron noise signals, but the coolant velocity they 
inferred using the delay time was lower than the expected core velocity. 
However, recent research at The University of TennesseeS2 and ORL?ATL~~ has 
indicated that PWR in-core coolant velocity can be inferred from the 
phase relationship between neutron noise and core-exit temperature noise  
provided a correction is made for the thermocouple time response. We 
evaluated this technique by analyzing core-exit temperature and in-core 
neutron noise at the Loss-of-Fluid Test (LOFT) reactor, and core-exit 
temperature and ex-core neutron noise at Sequoyah I. 

Figure 38 is a typical plot of the phase shift between core exit 
temperature and ex-core neutron noise at Sequoyah P before and after 
correction for the estimated response time of the temperature sensor 
(-0.7 s ) .  Velocities at LOFT and Sequoyah 1, inferred using the rela- 
tionships in Eqs. 1 2  and 13 (Sect. 8 . 2 . 3 1 ,  are listed in Table 6 along 
with reference velocities measured in LOFT with a turbine flowmeter and 
obtained from the Sequoyah 1 design description (FSAR). The relatively 
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Table 6 .  In-core coolant velocities inferred from the 
phase relationship between core-exit temperature and 

neutron noise after correction for thermocouple response 

Velocity 

Flow Noise analysis Reference 
React or (W of full flow) (ft/s) (ft/s) 

a 
LOFT 100 12 .2  12.6 

LOFT 

Sequoyah 1 

65 

100 

8.7 

15.0 

8.4a 

3 
15.8 

a 

F 
Measured by a turbine flowmeter. 

From Sequoyah L Final Sa€ety Analysis Report. 

good agreement between the velocity inferred from noise analysis and the 
reference velocities suggests that noise monitoring might supply informa- 
tion regarding in-core thermal hydraulic anomalies if they should occur. 
We are continuing t o  evaluate these results with additional measurements 
at LOFT and Sequoyah 1 (in-core as well as ex-core neutron noise). 

7.4.3 Measurement of Fuel Motion 

Methodologies for inferring the magnitude of fuel assembly vibra- 
ions in FVRs is of great interest because excessive mechanical motion of 
fuel assemblies has led to fuel rod cladding failure in a number of 
P W ' R S . ~ ~  
the possibility of local flow blockages, which could lead to coolant 
boiling. Excessive fuel assembly vibrations and coolant boiling are 
therefore potential safety issues, since both conditions could lead to 
clad failure and fission product release into the primary coolant system. 

The  loose parts that might result from such failures increase 

Neutron noise may provide a means of monitoring fuel assembly vibra- 
tion. For example, noise analysts44 have used in-core neutron noise to 
detect abnormal fuel assembly vibrations caused by water jetting through 
clearances in the baffle plates. ORNL has studied12 the sensitivity of 
detecting fuel assembly vibrations in a PWR by calculating the scale 
factors, which relates the amplitude of fuel assembly vibrations to ex- 
core neutron noise amplitude. The results indicate that, in the 
frequency range 2 to 4 Hx associated with the first mode of fuel assembly 
vibration, the scale factor varies as a function of burnup and boron 
concentration. Table 7 ,  (ref. 1 2 )  presents the variation in the scale 
factors over a fuel cycle under the assumptions of driving forces which 
are spatially correlated (as might result from fuel assembly vibrations 
induced by core barrel motion) or uncorrelated (as  might result from 
flow-induced fuel assembly vibrations). All fuel assemblies were assumed 
to vibrate with equal amplitude and with random direction. 
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Table 7. Calcu la ted  ex-core d e t e c t o r  scale? f a c t o r s  f o r  
Cue1 assembly v i b r a t i o n s  i n  a Westinghouse PWR 

T o t a l  scale f a c t o r s "  
-I.-.--.- ._..... -.- 

Beginning of c y c l e  End of c y c l e  2 i n c r e a s e  

BPR' NBPR BPR N K P K  BPR NRPLI 
---.I.- ..........~. I. 

-- -. --1 ._I_..-- _I 

co rr .E la t c36 6.0 5.1 9.5 9.0 58 76 

Uncorre la ted  0.7 0.6 1.1 1.0 57 67 

*Units a r e  NXMS p e r  cm of fuel, assembly v i b r a t i o n  normal- 
i z e d  t o  t h e  mean d e t e c t o r  response .  A l l  f u e l  assembl ies  are  
assumed t o  v i b r a t e  with t h e  same ampl i tude  

tBPR--burnabl e p o i s o n  r o d s ;  NHPK--no burnable  poison 
rods.  

These scale f a c t o r s  were used Eo i n f e r  an  average ampl i tude  of 
v i b r a t i o n  at t he  beginning and end of t h e  f i r s t  f u e l  c y c l e  a t  Sequoyah 1. 
Note i n  Pig.  3 4  t ha t  t h e  NPSD of ex-.core neut ron  n o i s e  a s s o c i a t e d  wdth 
f u e l  vibration (3 -4  Hz) aL Sequoyah 1 i n c r e a s e d  over  the f u e l  c y c l e .  
However, when t i l e  change i n  scale f ac to r  due t o  buriiup and boron concen- 
t r a t i o n  i s  takcn  i n t o  account  t h e  actual f u e l  v i b r a t i o n  i n f e r r e d  from t h e  
neut ron  n o i s e  remained approximately c o n s t a n t  ( s e e  Table 8) .  F u r t h e r  
s t u d y  i s  r e q u i r e d  t o  e x p l a i n  why t h e  ex-core n o i s e  d i d  not r e t u r n  t o  t h e  
beginning-of-cycle ampli tude at t h e  start of t h e  second f u e l  c y c l e .  We 
hypothes ize ,  as mentioned i n  S e c ~ , .  7.3, that. a new b a s e l i n e  l e v e l  may 
have been e s t a b l i s h e d  when new f u e l  w a s  added around t h e  c o r e  p e r i p h e r y  
d u r i n g  r e f u e l i n g ,  o r  that t h e  scale f a c t o r  i s  more s e n s i t i v e  t o  buruug 
than  t o  boroa c o n c e n t r a t i o n .  

Table 8. Fuel assembly v i b r a t i o n a l  ampl i tudes  i n fe r r ed  from 
measured ex-core d e t e c t o r  neut ron  n o i s e  at: Sequoyah 1 

I n f e r r e d  ampl i tudes  ( x  io+ cm RMS) 

Beginning of cycle End of cycle. 
--._ ----.-_ 

C o r r e l a t e d  0.37 0.36 

Uncorrelaced 3.1 3.1 
I.-.-. -I.- .-- 

*All f u e l  assembl ies  are assumed t o  v i b r a t e  wi th  t h e  
same ampli tude.  Scale f a c t o r s  f o r  BPR cases (Table  7 )  
were u t i l i z e d .  



8. BWR NEUTRON NOISE 

A s  mentioned in Sect. 5, the BWR noise recordings in the ORNL 
library were obtained several years ago as a part of our assessment of 
abnormal instrument tube vibrations, and therefore our discussion of 
baseline noise in BWRs must be somewhat limited in scope. Nevertheless, 
we hope to introduce the reader to BWR neutron noise and discuss several 
applications. A detailed analysis of BWR baseline noise will be 
completed and reported after we obtain additional data from a BWR. 

Figure 39 shows that the signatures of individual LPRM detectors at 
the four axial positions are considerably different from each other and 
from the APRM signal, which is the average of a number of LPRM signals. 
We also note from Fig. 40 that the signatures at a given axial level (B)  
can be dif€erent depending on the radial location of the detector. 

Figure 41 shows the low-frequency spectrum of a typical APRM signal 
in a BWR (Browns Ferry 3 ) .  The slight resonance at -0.5 Hz and the rapid 
decrease in noise above -0 .6  Hz are the major features of the spectrum. 
(The sharp decrease in noise above 4 Hz is due to the anti-aliasing 
filter used in analyzing the noise.) It i s  generally believed that the 
0.5-Hz resonance is related to the stability of the core. This will be 
discussed in more detail in the Sect. 8.2.4 on application of neutron 
noise in BWRs. 
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Fig. 39. NPSDs for the APRM and the four detectors in LPRM 
string 08-33 (Browns Ferry 3 on January 17, 1977). 
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Fig .  40.  NPSDs for the APRY and the R-level detectors;  in four 
LPR%p strings (Browns Ferry 3 on January 17, 1977). 

Fig. 41. NPSD of a typical  APW signal in a BWB at f u l l  
power (Browns Ferry 3 on January 18, 1977). 
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8.1 SOURCES OF BWR NEUTRON NOISE 

A great deal o f  research has been and is being performed worldwide 
on understanding the so~irces of BWR neutron noise. A very good starting 
place for the reader interested in BWR noise is a 1981 book by Tt~ie.~ 
That work, together with recent updates provided by the proceedings of 
the 1981 International Meeting of Reactor Noise Specialists7 and an 
excellent contribution by Dif ilippo, 5 5  provides a good overview of the 
current understanding o f  BWR neutron noise. We will not attempt to 
review all of the previous work here, but only  summarize some of the 
present knowledge and point out a few diagnostic applications of BWR 
neutron noise. 

The major source of normal BWR neutron noise is the formation, col- 
lapse, and transport of steam voids in the reactor core. The voids 
modify neutron absorption and thermalization, thereby introducing pertur- 
bations in cross sections and thus in the neutron density a6 seen by the 
in-core fission detectors. 1 4 3  5b The APRM signature is a measure of the 
radially correlated sources of neutron noise in the core, whereas the 
difference between APRM and LPXM noise is an indication of the tincorre- 
lated noise at a given detector location. Because the APRM signal is 
made up of the sum of 20 to 30 LPRM signals, any portion of the individ- 
ual signals that is uncorrelated will tend t o  be reduced in the total 
signal. by a factor of approximately one over the square root o f  the 
number of signals in the sum. The overall fluctuations in core voids 
introduce a feedback to the core dynamics which, when coupled with the 
thermal-hydraulic behavior, causes spatially correlated low-frequency 
fluctuations. This is believed t o  be the source of the resonance at 
-0.5 Ha. in the APRM signature shown in Fig. 41. 

The major source of radially uncorrelated noise is the perturbations 
Ln neutron flux caused by voids in the vicinity of the neutron detectors. 
This generally accounts f o r  the increased noise "seen" by the LPRM 
detectors at frequencies above 1.0 Hz. Note that the detectors near the 
top of the core (detectors C and D in Fig. 39)  see more radially uncor- 
related noise (presumably because there are more voids) than those near 
the bottom. Differences in local void fraction may also account for the 
differences in noise on the B-level detectors in Fig. 404, These inter- 
pretations of the sources of BWR neutron noise suggest: several diagnostic 
applications. 

8.2 APPLICATION OF NEUTRON NOISE IN BWRs 

Behringer and C r o ~ e ~ ~  provide a good summary of several applications 
of neutron noise in BWRs, including instrument tube vibrat-lon monitoring, 
detection of bypass coolant boiling, and investigation o f  two-phase flow 
characteristics in BWR fuel assemblies. 

The following sections summarize our evaluation of these applica- 
tions--and an additional one, stability monitoring--in order to provide 
guidance on the use of neutron noise for diagnosis in BWRs. 
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8.2.1 VibratILon Honi tor ing  ......_____ 

It w a s  o r i g i n a l l y  thought  t h a t  void-induced n o i s e  would mask t h e  
n e u t r o n  n o i s e  caused by in-core v i b r a t i o n s  i n  DWRs. However, i n  a!: least  
one case ins t rument  t u b e  v i b r a t i o n ,  n o i s e  s n a l y s i s  was i a s t r u m e n t d  i n  
i d e n t i f y i n g  t h e  problem and confirming ?chars t h e  s o l u t i o n  o f f e r e d  by t h e  
r e a c t o r  manufacturer  cured  the pro1)lern. 5 8  3 5 9  

Thc n a t u r e  of the problem i s  i l l u s t r a t e d  i n  P ig .  4 2 .  I n  o r d e r  Lo 
improve c o o l i n g  i n  t h e  v i c i n i t y  of trlie in-core instrLrinent tube ,  up t o  
f o u r  c o o l a n t  bypass h o l e s  ( a s  needmi) were d r i l l e d  through t h e  lower core 
suppor t  p l a t e  near each ins t rument  tube p e n e t r a t i o n .  While t h e  h o l e s  
improved t h e  c o o l i n g ,  t h e y  a l s o  c r e s t e d  a f low a long  t h e  t u b e s  t h a t  
induced Lube v i b r a t i o n s  of s u f f i c i c n t  ampl i tude  t h a t  some of the i n s t r u -  
Itlent trtbes c o n t a c t e d  t h e  Corners  O f  a d j a c e n t  f u e l  channel  boxes w i t h  
s u f f i c i e n t  f o r c e  and r a p i d i t y  t o  cause wear o f  t h e  boxes. Thc v t b r a t i o n  
of  instrument  tubco caused t h e  neut ron  d e t e c t o r s  conta ined  therci,ra t o  
~ Q V C  i n  a f P r m  g r a d i e n t  t h u s  c r e a t i n g  f l u e t u a t i o n s  i n  t b ~  detraeror ou t -  
p u t .  Cheng and Diamondto c a l c u l a t e d  t h r  amount o f  s i g n a l  f l u c t u a t i o n  
caused hy v i b r a t i o n  and concluded t h a t  wear on t h e  c o r n e r s  of channel  
boxes caused by impact ing would allow h i g h e r  ampli tude v i b r a t i o n  and t h u s  
inore neut ron  n o i s e .  However, t h i s  technique  r e q u i r e d  t h a t  t h e  channel  
boxes be damaged b e f o r e  an i n c r e a s e  i n  n o i s e  cou’ld be observed.  

On t h e  o t h e r  hand, QRNL n o i s e  awalyshs and t h e i r  c o n s u l t a n t s  from 
Lhe U n i v e r s i t y  of Tennessee used t h e  neut ron  n o i s e  from LPPd d e t e c t o r s  t o  
d e t e c t  when the ins t rument  t u b e s  were impact ing t h e  f u e l  box, thus  
provid ing  a means of prevcnt ing  damage t o  t h e  boxes. 

Figure 43 shorss t h e  f low dependence of t h e  normalized* c r o s s  power: 
s p e c t r a l  d e n s i t y  (NCPSD) of  t h e  upper two LPRM d e t e c t o r s  ( C  and U) i n  a 
v i b r a t i n g  ins t rument  tube .  NCPSD was used i n  o r d e r  t o  enhance the 
vibra t ion- induced  s i g n a t u r e  by e l i m i n a t i n g  SQE of t h e  uncorrelatcd n o i s e  
caused by l o c a l  v o i d s  near  t h e  d e t e c t o r s .  Note t h a t  the resonance i n  t h e  
1- t o  3-11;: f requency range (due t~ t h e  LnstrurnenL t u b e ’ s  n a t u r a l  f r e -  
quency) d i d  n o t  d i s a p p e a r  a t  50% flow.  However, t h e  broader  resonance i n  
t h e  v i c i n i t y  of 5 Hz dimi-aished as t h e  f low was reduced.  We concluded 
t h a t  impacts  of t h e  ins t rument  t u b e  on t h e  f u e l  channel  box e x c i t e d  t h e  
box’s  naI:riral. resonant  f requency (-5 IIz ) .  The m o t i o n  involved i s  similar 
t o  a c a n t i l e v e r e d  beam a t t a c h e d  t o  t h e  lower CQE suppor t  p l a t e ,  with t h e  
l a r g e s t  ampl i tude  i n  t h e  upper r e g i o n  of t h e  core ( t h u s  t h e  use of detec-- 
t o r s  C and I) f o r  maxiliitm s e n s i t i v i t y  of d i agnos i s ) .  T h i s  motion caused 
p e r t u r b a t i o n s  i n  t h e  neut ron  f l u x  t h a t  were coherent  a long  t h e  tube a x i s .  
U n t i l  a s o l u t i o n  t o  t h e  problem could be implemented, nodse a n a l y s i s  w a s  
used by the USNRC and t h e  BWW o p e r a t o r s  t o  e s t a b l i s h  an o p e r a t i n g  condi- 
t i o n  (-50% f low and 60% power )  where f u e l  channel  box damage would n o t  
occur .  

Neutron n o i s e  (NCPSD) a n a l y s i s  w a s  a l s o  used t o  determine t h e  d e g r e e  
t o  which plugging t h e  p r e e x i s t i n g  bypass cool ing  hoI.es i n  t h e  c o r e  sup- 

*The magnitude of CPSD was normalized by d i v i d i n g  by t h e  product  of 
t h e  d c  s i g n a l  l e v e l s  of d e t e c t o r s  C and D. 
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N E UT R 0 N D E T E C T 0 R 

STAINLESS STEEL 

INSTRUMENT TUBE 
IN-CORE . 

BY PASS COOLING 

FUEL RODS 

ZIRCALOY FUEL 
' CHANNEL BOX 

CORE SUPPORT PLATE 

Fig.  42.  Bypass f l o w  which caused in-core instrument  tubes t o  
v i b r a t e  in BWR-4s. 
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F i g .  4 3 .  Plow dependence of NCPSD between C and D detectors 
when instrument tubes were vibrating. 

port plate (an interim solution) eliminated instrument tube vibrations 
and impacts. The NCPSII measurements were made at a BWR-4 plant before 
and after t h e  coolant holes were plugged, uz.-iPlzitig an on-line 
minicomputer-based noise analysis system developed by ORNL. 

Figure 4 4  shows spectra obtained b e f o r e  and af te r  plugging. Note 
that the NCPSD measurement confirmed t h a t  plugging the cooling holes 
eliminated the vibrations and impacting. Furthermore, the coherence 
between C and D detectors (Fig. 4 5 )  is negligible in the 3.5- to 6-Hz 
range after plugging, which s u p p o r t s  the conjecture that channel box 
motion caused by impacting results in neutron flux perturbations which 
are coherent along the tube axis. Figure 46 compares the neutron noise 
signatures from 31 i.nst.rment tubes in a core that w a s  modified by plug- 
ging the bypass cooling holes and a typical signature obtained before the 
holes were plugged. Since some BWR-4s ~ e ~ e  derated in power after bypass 
cooling hales  were plugged, this technique was considered to be at best 
an intertm solution. 

A more permanent solution, developed by General EPectri.c, consisted 
of plugging all bypass coolant h o l e s  in the core ~ u p p ~ s t  plate and drill- 
ing two 1.43-cm-diam holes in the: lower tie plate of each fuel assembly 
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Fig. 44.  NCPSD between C and D detectors before and after 
plugging ' 

to provide cooling for the instrument tubes. Figure 47 shows the signa- 
tures from 39 instrument tubes in a BWR in which this permanent solution 
was implemented. There is no evidence of instrument tube vibration o r ,  
more importantly, impacts on the fuel channel boxes. 

This example illustrates how neutron noise analysis aided the 
assessment of an abnormal vibration condition in a BWR core. However, 
the interim solution to the instrument tube vibration problem--plugging 
the bypass cooling holes--introduced another potential problem, that of 
boiling in the bypass region around the instrument tube due to insuffi- 
cient bypass region cooling. Noise analysis was also used by ORNL to 
assess bypass boiling, as discussed in the following section. 

8.2.2 Bypass Boiling Detection 

If boiling occurs in the region immediately adjacent t o  the neutron 
detectors it can produce errors in the flux readings and thereEore the 
power monitoring of a BWR core, which is important to plant operation 
and safety. We hypothesized that if bypass boiling occurs, for example 
between the C and D detectors, additional neutron noise in the downstream 
detector (D) signals caused by the bypass voids will not be correlated to 
the upstream detector sFgnal ( C ) ,  thereby decreasing the coherence 
between the two signals .'l 
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Pig. 45. Coherence between C and D detectors before and after 

To establish the validity of l h i s  hypothesis, we analyzed noise 
recordings from plants with plugged coolant bypass holes (bypass flow 
only 6 to 8% of total core f low)  and from plants with coolant bypass 
holes drilled in t he  howear tic plates of the Euel bundle (10 to 12% 
bypass flow). Figure: 48 compares typical NPSDs of the C and D detector 
signals and their coherence in plants w i t h  6 to 8% bypass flow to NPSDs 
and coherence typical of a plant with 10 to 12% bypass flow. With 6 to 
8% bypass flow, the amplitude of the noise spectrum of the D detector 
from 1 to 10 Hz is almost an order of magnitude larger than that of the 
C detector (Fig. It&), whereas with 10 to 1 2 %  bypass flow, the  C and D 
detector noise spectra are similar In the same frequency range 
( F i g .  48b).  

Normally, the major contributors t o  neutron ooisc  I n   he frequency 
region above -1 Hz are steam voids in the channel boxes. Most of these 
voids are formed below the C and D detectors such t h a t  both detectors 
detect some of the same voids. Therefore, the C and D detector signals 
are highly coherent, as in the case of the plant with 10 t o  12% bypass 
f l o w  (Fig. 48c). On the other hand, the added noise  at the D detector 
location (presumably due to void formation in the bypass regLon between 
the C and D detectors) in plants with 6 to 82 bypass flow is not correla- 
ted with the C detector signal, thus resulting in a low coherence between 
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Fig. 46. Comparison of a typical impact signature (C and D NCPSD) 
before plugging with signatures from 31 strings after bypass cooling 
holes were plugged. 

the C and D detector signals (Fig. 4 8 c ) .  (As will be discussed in the 
next section, noise analysts also use these correlated neutron noise 
signals to infer the steam-void velocity and void fraction in the channel 
boxes in operating BWRs .) 

To support the above interpretations, we performed a thermal- 
hydraulic calculation to estimate the elevation at which bypass boiling 
occurs as a function of the bypass flow rate. The fuel bundle coolant 
temperature was calculated using a code developed by Mills, 6 2  along with 
a typical normalized traversing In-core probe (TIP) trace to provide the 
power shape. The fuel bundle temperature and flow rates, together with 
the bypass flow rates and inlet conditions, were used t o  calculate the 
amount of heat conducted from the fuel bundle coolant through the fuel 
box wall to the bypass coolant. The heat contribution from fast-neutron 
moderation in the bypass coolant was a lso  included, based on work by 
C a r l ~ o n . ~ ~  
bypass coolant as a function o f  elevation and bypass flow. 
shows that for 6 to 8% bypass Elow the average bypass coolant temperature 
is predicted to reach saturation (bulk boiling) at -100 to 126 i n .  eleva- 
tion (between the C and D detectors). For bypass f lows greater than 4%, 
the saturation temperature is not attained in the bypass region at eleva- 
tions below the core outlet. 

From these heat sources we estimated the temperature of the 
Figure 49 



68 

m
 -- 



69 

O R N L - O W G  7 8 - l 4 7 1 B R  
40-3 I I / I l l  

1 I I  
0.f 4.0 10 4 00 

(a) Power spectrum for bypass 

40-8 

FREQUENCY (Hz) 

flow of 6-8%. 

4.0 

0.8 

E 0.6 
z 
W 
cc 
W 
I 
0 

0.4 

0.2 

0 

O R N L - O W G  78-11749R 
40-3 I I I I 1 1 1 1 ~  I I I I l l l l l  I I I I llq 

40-8 

01 40 { O  100 
FREOUENCY ( H z )  

(b)  Power spectrum for bypass 
f h W  Of 10-12%. 

ORAIL-OWG 78-41747 

0.4 i.0 40 i 00 

(c) C-D detector coherence spectra 
for different bypass flows. 

FREQUENCY ( H z )  

Fig. 48. BWK in-core neutron noise as a function 
of bypass flow. 
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These results suggest that the axial location at which bypass boil- 
ing occurs might be determined with the aid of TIPS, and that with addi- 
tional measurements and more refined thermal-hydraulic calculations it 
might be possible to infer the bypass void fraction, which is of interest 
in the safety evaluation of BWRs. 

8 . 2 . 3  Two-Phase Flow Measurement 

We will not attempt to summarize the considerable research that has 
been conducted throughout the world since Seifritz and Ci01i~~ first 
reported the use of neutron noise for investigation of two-phase flow in 
BWRs. Our intent here is to introduce the subject and summarize some 
methods used by ORNL to infer in-core steam velocity and void fraction 
using LPRM noise signals. 

It is postulated that LPRM noise above 1 Hz is dominated by neutron 
density fluctuations caused by the formation and transport of steam 
voids. A s  steam bubbles are formed they are carried by the flowing water 
from the point of formation to the top of the core (if they survive), 
thereby perturbing the local neutron field with their passage. 
signal from one LPRM detector is delayed T seconds with respect to 
another axially separated detector (in the same LPRM string), the phase 
angle between the signals is expected to be a linear function of 
frequency as shown in Fig. 50.  The time delay, T, between I 

If the 

ORNL-OWG 83-14427 
00 

360 0 

-7200 

'0 - 
$j -10800 

U 

- 1440 0 

1800 0 

71600  
( 

4. 

A A  
&A 

A 

4 
A 

A A  

I L - - - - . r  

FREQUENCY (HA 
5 0  100 150 

axially 

Fig. 50. Phase versus frequency for A-B, B-C, and C-D 
detector pairs in LPRM string 20-37 at Hatch 1 on 
January 14, 1976. 
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s e p a r a t e d  LPRMs c a n  be i n f e r r e d  from t h e  phase a n g l e  v e r s u s  f requency 
p l o t  us ing  t h e  r e l a t i o n s h i p  

where AO/Af is t h e  s l o p e  of t h e  phase a n g l e  versus frequency (deg/Hz). 
I f  the d e l a y  between 1,PXMs i s  the  result of void t r a n s p o r t ,  a n  average  
v e l o c i t y  can be i n f e r r e d  o v e r  an  i n t e r v a l  Z1 t o  Z2 by knowing t h e  
d i s t a n c e  between t h e  d e t e c t o r s :  

where V i s  t h e  average u e l o c i t y  over  t h e  i n t e r v a l  from Z 1  t o  Z2. 

S e v e r a l  f a c t o r s  are impar tan t  t o  such a n  i n f e r e n c e  of v e l o c i t y  from 
t h e  phase a n g l e  of a x i a l l y  s e p a r a t e d  LPRMs: (a)  t h e  frequency range of 
phase measurements, ( b )  t h e  s p a t i a l  s e n s i t i v i t y  of vo id  d e t e c t i o n  by t h e  
n e u t r o n  d e t e c t o r s  ( d e t e c t o r  " f i e l d  of view"),  ( c )  t h e  response of t h e  
r e a c t o r  n e u t r o n  dynamics and t h e  d e t e c t o r s  t o  void formation and propaga- 
t i o n ,  and ( d )  t h e  s t o c h a s t i c s  of vo id  propagat ion  and format ion .  A 
s t r o n g  n o t e  of c a u t i o n  i n  t h e  measurement o f  d e l a y  t i m e  between d e t e c t o r s  
i s  i n  o r d e r :  The frequency response of t h e  LPRM f l u x  a m p l i f i e r s  must be 
t a k e n  i n t o  account  because i t  can v a r y  depending on t h e  a m p l i f i e r  g a i n  
( s e e  Sect. 4 ) .  

1,2 

A s  part. of a n o t h e r  pro jec t6 '  we performed b o t h  a d e t e r i n i n i s t i c  
thermal-hydraul ic  a n a l y s i s  and a s t o c h a s t i c  space-, frequency-, and 
energy-dependent neut ron  k i n e t i c s  a n a l y s i s .  In t h e  l a t t e r  a n a l y s i s  t h e  
r e a c t o r  system w a s  t rea ted  as s t e a d y - s t a t e ,  bu t  the  s t o c h a s t i c  a n a l y s i s  
cons idered  t h e  s m a l l  f l u c L u a t i o n s  (nabse)  t h a t  occur  i n  a BWR and t h e i r  
space-energy s t a t i s t i c a l .  c o r r e l a t i o n .  The a n a l y s i s  w a s  performed over  a 
frequency range of 2 t o  10 Hz based on o b s e r v a t i o n s  t h a t  o t h e r  n o i s e  
p r o c e s s e s  (such as r e a c t i v i t y  feedback from v o i d s  and tempera ture)  i n f l u -  
ence t h e  neut ron  n o i s e  below 2 Hz and t h a t  f l w  a m p l i f i e r  f requency 
response and neut ron  k i n e t i c s  can affect  t h e  phase measurement a t  f r e -  
quencies  above 10 M2. From the  d e t c r m t n i s t i c  a n a l y s i s  we concluded t h a t  
t h e  v e l o c i t y  obta ined  using n o i s e  a n a l y s i s  i s  c l o s e l y  r e l a t e d  t o  t h e  
steam v e l o c i t y  o c c u r r i n g  w i t h i n  t h e  bundles  (except  a t  t h e  t o p  and battoffi 
of t h e  core) b u t  t h a t  t h e  agreement between p r e d i c t e d  and measured veloc-  
i t i e s  i s  h i g h l y  dependent on t h e  two-phase f low c o r r e l a t i o n s  employed i n  
t h e  thermal  h y d r a u l i c  a n a l y s i s .  U n c e r t a i n t i e s  i n  t h e  bundle f low rate ,  
power, and h e a t  f l u x  d i s t r i b u t i o n ,  as w e l l  as t h e  i n h e r e n t  i n a c c u r a c i e s  
of subchannel a n a l y s i s  codes,  suggest c a u t i o n  i n  r e l a t i n g  t h e  f n f e r r e d  
v e l o c i t i e s  t o  s p e c i f i c  thermal-hydraul ic  c o n d i t i o n s  i n  t h e  f u e l  bundles .  

The c o n c l u s i o n s  drawn from t h e  s t o c h a s t i c  a n a l y s i s  y i e l d e d  some 
i n s i g h t  i n t o  t h e  LPRM d e t e c t o r  f i e l d  of view: 

1. The a x i a l  and r a d i a l  d e t e c t o r  f i e l d s  of view are h i g h l y  peaked 
a t  t h e  d e t e c t o r  l o c a t i o n .  
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2. The detector fields of view are independent of frequency in the 
range 2 to 10 Nz. 

3. The detector field of view varies with axial detector location. 

The stochastic studies also showed that the LPRM is sensitive to more of 
the fuel bundle in the radial direction at the top of the core than at 
the bottom. While additional work needs to be done to study the effects 
of control rod position, burnup, and bypass boiling, we conclude that the 
LPRM spatial field of view is an important factor and must be considered 
in any interpretation of inferred velocities using noise analysis. 

We have also evaluated the feasibility of using the inferred veloci- 
ties to determine the average void fraction in the four fuel bundles that 
surround an in-core detector string. 66 
measured power distribution and mass flow rate, was used to obtain the 
void fraction as a function of axial position using 

The velocity, together with the 

where W is the mass flow rate in the channel, x the local quality, A the 
flow area, the steam density, and V the steam velocity inferred from 
neutron noise. pg 2 

Figure 51 shows the steam velocity inferred from neutron noise as a 
function of axial position. These measurements were made at the Hatch 1 
plant using the TIP together with the fixed LPRN detectors to measure 
velocity at seven axial positions. A l s o  shown is the void fraction 
obtained from the measured steam velocity compared with an analytical 
calculation of void fraction using a semi-empirical correlation recom- 
mended by Zuber et a1.67 
analysis may provide a measure of void fraction in BWRs. However, con- 
siderable research in this area is still being conducted both in the 
U.S.68 and other c o ~ n t r i e s , ~ ~  to better understand the limitations of the 
method. 

These results suggest that neutron noise 

8.2.4 Stability Monitoring 

Three different types of instabilities are widely recognized as 
being possible in commercial BWRs: 7 0 9 7 1  (a) total plant instability, 
which is related to the reactor control systems; ( b )  channel thermal- 
hydraulic instability, which is related to f l o w  oscillations in single 
f u e l  channels; and (c) reactivity instability, which results from the 
interactions between the reactor neutronics and the thermal-hydraulic 
feedback loops. This last type of instability is of major concern with 
respect to BWR operation at l o w  recirculation flow rates. 

A major characteristic o f  the low-frequency part of the BWR neutron 
noise spectrum is a resonance in the frequency range between 0 . 3  and 
0.7 Hz. BWR stability  experiment^^'-^^ have shown that this resonance is 
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Fig. 51. Steam velocity and void fraction as a function of 
the channel height Z.  

due to the  reactivity-to-power closed-loop transfer function, and thus is 
related to the reactivity stability. 

Stability is usually quantified in terns of a decay ratio; however, 
several definitions oE decay ratio can be found in the literature. We 
have determined t ha t  only the "asymptotic" decay ratio correctly 
specifies the absolute reactor stability. The asymptotic decay ratio is 
defiued as the limit of the sequence formed by the ratios between every 
two consecutive peaks in either the impulse response OK the autocorrela- 
t i o n  function; it can also be determined from the position of the most 
unstable pair of complex conjugate poles in the reactor transfer function 
using the relation 

2iT CT - 
w DR = e 

where B and w are, respectively, the real and imaginary parts of the 
pole - 
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were 
Three different methods of estimating the asymptotic decay ratio 
evaluated at ORNL: 

(a) Correlation function: The asymptotic decay ratio is obtained 
directly from the measured autocorrelation function of the 
neutron noise (an A P W  signal should be used to minimize the 
radially uncorrelated noise caused by perturbations in the 
neutron flux near the detector). 

(b) NPSD fit: The NPSD is fitted to a functional form containing 
only poles and zeros. The asymptotic decay ratio can then be 
obtained from the position of the most unstable complex pole, 
which should correspond to the 0.3- to 0.7-Hz peak in the PSD. 

(c) Autoregressive (AR) model: A univariate AR model of the form 

N 

k= 1 
x(t) C Ak x(t-kAt) 3- V(t) ( 1 6 )  

is fitted to an APRM signal, x(t). The model order is chosen 
so as to minimize Akaike's information criterion as described 
in ref. 75. The impulse response can be estimated from the 
model as 

N 

k =  1 
h(t) = C % h(t-kAt) 

with h(0) 
then obtained directly from h(t). 

1 and h(-kat) = 0. The asymptotic decay ratio is 

Our evaluation of these methods showed that the correlation tech- 
nique is the most accurate method because it does not require any model 
fitting that could introduce bias error; however, unless the decay ratio 
is close to unity, extremely large amounts of data are needed for the 
autocorrelation function to converge at large time lags. The PSD fit 
method proved to be the least reliable of the three: when a second-order 
model (2-poles) was fitted, the errors in the calculated decay ratio were 
large, and most of the time the estimates were non-conservative; higher 
order fits yielded better results, but the fitting procedure was lengthy 
and difficult. The AR model technique gave the best results, even for 
limited amounts of data, and hence we recommend it for BWR stability 
measurements with noise analysis. 

A s  an example, the AR technique has been applied to the APRM-B sig- 
nal from Browns Ferry 3 operating at full rated power. Figure 52 shows a 
comparison between the NPSD using fast Fourier transform (FFT) analysis 
(crosses) and the NPSD predicted by the optimal AR model of order 30 
(solid line). This figure shows that the AR fit can be highly accurate 
if enough data (in this case 2 h) and a sufficiently high-order model 
are used. The impulse response corresponding to this model is repre- 
sented in Fig. 53; from it a decay ratio estimate of 0.12 * 0.04 was 



76 

I I I I 1 1 1 1 1  
IT ._..... 1’ .... ~...~- 

I I I I I l l  

I .-..-.......I_._ 

F i g .  52. Comparison of Browns Fe r ry  3 NPSDs obtained by lnstrng 
F a s t  F o u r i e r  Transform (FFT) and by u s i n g  the  o p t i m a l  a u t o r e g r e s s i v e  
(AR) model. 

ORNL-DWG 83-16629 
3 1 - - - - - - - - - - r  I 

Fig .  53. Impulse response obtained from the op t ima l  AX model 
f i t  t o  t he  Browns Fer ry  3 APaM s i g n a l .  



7 7  

obtained. The error estimate is based on the statistical uncertainty of 
the measured NPSD, which i n  t u r n  depends on the amount of data used. The 
error in estimating decay r a t i o s  can be very large (in this case, with a 
2-h measurement, the error was 33%) fortunately, the error decreases as 
the decay ratio approaches unity (the stability limit). In fact, 5 min 
of data yield an error of only 2% when the decay ratio is 0.95. 



9.  SUMMARY AND CONCLUSIONS 

The value of neutron noise analysis for diagnosis of in-vessel 
anomalies in XMRs was assessed by: 

analyzing ex-core neutron noise from seven PWRs to determine 
the degree of similar-lty in the noise signatures and the 
sources of ex-core neutron noise; 

measuring changes in ex-core neutron noise over an entire fuel 
cycle at a commercial PWR; 

applying PWR neutron noise analysis to diagnose a loose core 
barrel, to infer in-care coolant velocity, and to infer fuel 
assembly motion; and 

applying BWR neutron noise analysis to diagnose in-core instru- 
ment tube vibrations and bypass coolant boiling, to infer in- 
core, two-phase flow velocity and void fraction, and to infer 
stability associated with reactivity feedback. 

We conclude that ex-core neutron noise can be used to monitor in- 
vessel structural component vibrations in PWRs, providing the contribu- 
tion of individual structures can be separated from the. total noise 
spectrum. A better understanding of the scale factors used to infer the 
amplitude of vibration is needed, especially the variation of these scale 
factors over the fuel cycle. The use of neutron noise coupled w i t h  core 
exit temperature noise shows promise as a method of monitoring for inade- 
quate core cooling (through measurement of coolant velocity), provided 
core-exit thermocouples have adequate time rcsponse. The results of 
additional research in the U.S. and abroad should confirm the sensitivity 
and limitations of neutron noise analysis for inferring in-core coolant 
velocity . 

A great deal of similarity w a s  found in the PWR noise signatures we 
obtained and also in the resonant frequencies reported for structural 
components in PWRs.  However, we conclude that to obtain the maximum 
benefits from neutron n o i s e  monitoring, each plant should maintain its 
o w n  file of baseline signatures a 

We concltlde that although BWR neutron noise w a s  used to diagnose 
abnormal vibration of instrument tubes and fi-iel boxes, we cannot general- 
ize that other vibratLons could be detected i n  the presence of the large 
background noise caused by boiling. We are a l s o  confidenL that the sta- 
bility associated with reactivity feedback in BWRs can be quantitatively 
measured by performing noise analysis oE the APRM signal. Additional 
research needs to be performed to reduce uncertainties associated wtth 
the interpretation of BWR noise  f o r  inferring bypass coolant boiling or 
two-phase flow parameters. 

78 



10. RECOFlMEWDATIONS 

In view of the research still being conducted world-wide, we hesi- 
tate to make specific recommendations regarding the use of neutron noise 
for anomaly detection, and this will be the case for some years into the 
Puture. However, for the present we believe that the maximum benefit o f  
neutron noise analysis can be realized only if each plant has a program 
to perform either continuous o r  periodic measurements to establish. base- 
line signatures and their normal variations. If a generic problem should 
then surface for that type of plant, the data an file could be used by 
all affected licensees and the USNRC to verify the condition of the com- 
ponent associated with the problem in other similar plants without a 
necessity for costly shutdowns. Of course, uniform methods of neutron 
noise measurement and results presentation should be used to avoid con- 
fusion in comparing measurements among plants. 

At its present state of development we don't see neutron noise 
analysis as a real-time operating aid Eor use by control room operators 
to make decisions regarding day-to-day operations or for use by the plant 
protection system. 

On the other hand, the develoment status of noise data reduction 
hardware and software techniques no longer places a limitation on the in- 
plant use of noise analysis. In fact, ORNL has demonstrated a noise 
monitoring system that automatically screens noise signatures and retains 
only those that differ statistically from the established baseline condi- 
tion. This screening greatly reduces the amount of data requiring 
evaluation by a noise analyst. 

Since the evidence presented in this report and in the literature 
indicates that there is a large potential value of neutron noise analysis 
for in-vessel component vibration monitoring in PWRs, we suggest an 
optimum noise monitoring program containing the following elements: 

Identification of the natural resonant frequencies of pressure 
vessel internal structures from hot functional accelerometer 
measurements, on a plant-specific basis if possible. 

Comparison of results from in-plant accelerometer measurements 
with calculations of resonant frequencies and measurements in 
reactor manufacturers' test facilities. 

Monitoring of neutron noise from a minimum of four ex-core 
detectors (and several in-core locations for more ambitious 
programs) at startup, just prior t o  refueling shutdowns, and 
periodically throughout each fuel cycle. 

Identification of in-vessel component vibration frequencies in 
the neutron noise by comparison with mechanical analysis and 
out-of-reactor measurements. 

7 9  
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The value of routine neutron noise monitoring in BWRs is still being 
evaluated, but it appears that potential benefits could be gained by: 

(1) measuring the decay ratio using the APRM signal, especially 
during single-loop operation or when introducing new fuel 
designs; and 

( 2 )  utilizing LPRM and APRM signals to establish baseline signa- 
tures for various normal operating conditions for use in future 
assessments of possible anomalies. 

Finally, we strongly recommend that reactor amers' groups, the 
Electric Power Research Institute, o r  the Institute of Nuclear Power 
Operations conduct periodic workshops for utility representatives to 
share experiences in the interpretation and application of neutron noise 
for diagnosis of nuclear power plant problems. 
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