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SUMMARY

The source of features observed in noise spectra collected by an automated
data collection system operated by the Oak Ridge National Laboratory at the
Fast Flux Test Facility (FFTF) can be identified using a methodology baset1 on
careful data observation and intuition. When a large collection of data is
available, as in this case, automatic pattern recognition and parameter
storage and retrieval using a data base can be used to extract useful
information. However, results can be limited to empirical signature
comparison monitoring unless an effort is made to determine the noise sources.
This paper describes the identification of several FFTF noise data phenomena
and suggests how this understanding may lead to new or enhanced monitoring.

1. INTRODUCTION

An automated data collection system has been used by the Oak Ridge National
Laboratory (ORNL) at the Fast Flux Test Facility (,FFTF) at Hanford,
Washington, since 1983.x From the facility, a 400-MW(t) sodium-cooled fast
test reactor,2 noise in various primary system variables is spectral-analyzed
on the data collection system. This report summarizes the operation of this
system, and the method of handling its large volume of data, presenting
principal findings obtained from the data collected.

Prior research has indicated that there are a number of noise phenomena in
FFTF signals.3"7 One of these, the influence of the vibration of various
control rods on the neutron noise, has in particular been studied and
understood in detail. The report here will examine other phenomena.

An overview of the FFTF showing the locations of transducers used in this work
is shown in Figs. 1.1 and 1.2. The specific sensors and their characteristics
are listed in Table 1.1, and more complete descriptions are in the
literature.2 While the neutron detectors were always among signals being
analyzed, ether transducer types were also used part of the time--more so in
recent fuel cycles than in earlier ones.
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Fig. 1.1. Cutaway view of the FFTF, with representative locations
oH neutron and accelerometer transducers encircled.



Table 1.1. Sensors used in analyses

Sensor (type)"

LLFM1 (fission counter)
LLFM2 (fission counter)
LLFM3 (fission counter)
CICl (ion chamber)
CIC2 (ion chamber)
CIC3 (ion chamber)
Cold leg 1,2,3 (RTD)
Hot leg 1,2,3 (RTD)
Flow 1,2,3 (electro-
magnetic flowmeter)
Pressure 1,2 (strain
gage and diaphragm)

Accelerometer at con-
trol rod mechanism
top or bottom

Accelerometer on the
vessel

Location13

In-vessel,
In-vessel,
In-vessel,
Ex-vessel,
Ex-vessel,
Ex-vessel,
Loop 1,2,3
Loop 1,2,3

Loop 1,2,3

Loop 1,2

loop
loop
loop
loop
loop
loop

Above vessel

On vessel

3
1
2
3

i-i
2

side
side
side
side
side
side

•LLFM is a low level flux monitor; CIC is a
compensated ion chamber; RTD is a resistance
temperature detector.

bSee also Figs. 1.1 and 1.2.

2. DATA COLLECTION SYSTEM

The automated noise surveillance and diagnostic system (ANSDS) consists of
several major components. A PDP-11/34A minicomputer with 96 K-words of random
access memory is used to perform analysis and to control operation of other
system components. Program and data file storage is provided by two RK05-type
disk drives (one RK05F disk drive with two fixed surfaces and one RK05J drive
with one removable surface) with a total storage capacity of 7.5 MB. The
signal-conditioning portion of the system consists of 16 computer-controlled
amplifiers (including sample-and-hold circuitry), designed and built by the
Oak Ridge National Laboratory's Instrumentation and Controls Division, and 16
Rockland Model 816 analog low-pass antialiasing filters. One Digital
Equipment Corporation (DEC) DR11-K parallel input/output device is used to
control the amplifiers and a second DR11-K controls the Rockland filters.
Analog-to-digital conversion (ADC) is performed by an ADAC Model 600/AD ADC
converter in conjunction with a DEC KW11-P programmable clock and amplifier
sample-and-hold circuitry. The maximum ADC rate is 100,000 samples/s. The
system can be controlled on-site using a Tektronix 4006 terminal or remotely
using a modem and telephone line. A more detailed ANSDS hardware description
is given in ref. 8.

The ANSDS initially performed continuous on-line monitoring of FFTF noise
signals using the Power Spectral Density Recognition (PSDREC) Continuous
Reactor Surveillance Program developed at ORNL. PSDREC employs a



statistically based pattern recognition system for surveillance of reactor
signals.8 This system uses auto-power spectral density values (PSDs) to
characterize the condition of the monitored equipment. A statistically based
comparison between current PSD values and baseline (normal) PSD values is used
to detect off-normal conditions. If a suspect condition is detected, the
suspect PSDs and information indicating the reactor conditions are stored on
disk for later examination by a noise analyst. Previous to its application at
the FFTF, PSDREC was used to perform long-term surveillance at the Sequoyah-1
nuclear power plant.9 During this period (between the installation of the
ANSDS, in 1983, and December 1985), several analog tape recordings of FFTF
noise data were made by ORNL personnel so that cross-spectral analysis could
be performed at selected times.

Since December 1985 the ANSDS has been a remotely controlled noise data
acquisition system operated from ORNL. In recent years it has been improved
so that the cross-power spectral density is also calculated. The ANSDS can
simultaneously collect and store noise data for up to four signals. Data are
stored in the form of PSDs and cross-power spectral densities (CPSDs). In
addition to the PSDs and CPSDs, each signal's amplifier gain and antialiasing
filter cutoff frequency are stored, as well as the clock time, the reactor
state determined from the reactor signals measured at the beginning and end of
each data collection period, and the sampling rate, block size, and number of
blocks.

Current ANSDS output data files consist of multiple data sets. Parameters
used to control collection for each data set, as well as the number of data
sets in a data file, are contained in a control parameter file. These
parameters control either sampling for the entire data set or individual data
channel signal conditioning. Parameters controlling data set collection are
the number of blocks, block size, sampling rate, and number of channels.
Parameters controlling data channel signal conditionings are the channel
number (which specifies the reactor signal connected to each amplifier),
amplifier coupling mode, amplifier gain, and cutoff frequency of the
antialiasing filter. These parameters for multiple data sets may be "stacked"
in the control parameter data file, allowing consecutive data collections to
be performed. Output data files are stored on a removable RK05J disk. These
disks are periodically shipped to ORNL for further analysis and storage.

3. DATA BASE IMPLEMENTATION

Data base methodology has been found to be a convenient interface between the
content of disks•containing spectra and the noise analyst interested in
interpretation.10 The FFTF noise data base uses the Oracle Data Base
Management System,11 a commercially available data base software package
operating on an IBM personal computer. A data base management system is used
to organize, store, and recall the FFTF noise data because:

• The large volume of collected data makes visual examination and
screening of data impractical. In particular, increased data base
efficiency is obtained by storing only features extracted from a PSD
rather than the PSD itself.

• Selection of data meeting certain criteria is simple, fast, and
thorough. This is useful when doing data interpretation and when
seeking special conditions of the plant.



• Data base implementation saves considerable space compared to storing
volumes of hard-copy plots.

If hard-copy plots are needed to examine some feature of the noise data in
detail, these can be generated using the original ANSDS output data files.

The FFTF noise data base contains either documentation information or
measurement values. The documentation information stored in the FFTF data
base is:

time and date of data collection,
identification of signals,
data file of each data set,
date set number,
amplifier gains,
frequency cutoffs of antialiasing filters, and
sampling rate, block size, and the number of blocks.

The measurement values stored in the FFTF data base are:

• dc voltages indicating the reactor state, converted into engineering
units, of each of the. ANSDS noise signals, measured at both the
beginning and end of each data collection; and

• spectral information extracted from the PSDs.

A program was written to search PSDs for peaks and to compute the square of
the root mean square values (RMS2) . Output from this program is used as data
base input. Thus, these PSD peak frequencies and amplitudes, as well as the
RMS2 within the frequency band selected, are the spectral features extracted
for storage in the FFTF noise data base. RMS2 values are calculated for
24 frequency intervals. The frequency interval number, in addition to
identifying the RMS2 values, is also used to label and identify the PSD peaks
that occur in the interval. For each frequency interval, space is reserved in
the data base for one peak amplitude and frequency value for each PSD. Peak
values are recalled using the frequency interval number as identification.
Experience has shown that more than one PSD peak will rarely occur in a
frequency interval, but when this circumstance occurs, values corresponding to
the higher frequency PSD peak are stored in the data base.

Data base storage has been implemented for recent 0- to 20-Hz spectra. The 24
frequency intervals used to label the PSD peaks and calculate RMS2 values were
selected after examining the location of PSD peaks in the low-level flux
monitor, compensated ion chamber, intermediate heat exchanger (IHX) pressure
transducer, and the primary loop flow transducer signals during the full-
power, full-flow operation of fuel cycle 9. Peak frequencies below 20 Hz (the
antialiasing cutoff frequency for these measurements) could be grouped into 11
frequency bands. Among these are 12 other frequency bands without peaks; for
these latter as well as those containing peaks, the RMS2 is computed and
stored. The total RMS2 from 0 to 20 Hz is stored for a 24th frequency
interval.

The data base management system divides the FFTF data base into tables
consisting of rows and columns. Columns contain table values for the same



measurement quantity. Rows contain the column values collected during each
'data analysis period. Each table and its columns are listed in Table 3.1.

Upon inspection of Table 3.1, one finds that identical column names ending in
"KEY" appear in more than one table. These columns, known as index columns,
identify related information stored in more than one table. Values in the
"MEASUREMENT_KEY" columns identify the data set from which rows in the table
were extracted. Each data set is assigned a unique identification number when
data set information is extracted from the ANSDS data files. Selecting rows
with the same "MEASUREMENT_KEY" value recalls data extracted from the same
data set.

Other "KEY" columns used in a similar way are:

• "FILEJCEY" identifying which ANSDS data file initially held the data
base information,

• "PATCH_KEY" identifying the sensor used to make each measurement,
• "INTERVAL_KEY identifying the frequency intervals having the spectral

information.

The use of index columns is not limited to relating entries in two tables w\th
a common index column. Information in two tables with no common index columns
may be related using a third table with an index column common to each of the
other tables. For example, the DATAFILE table may be related to the PSD
table, even though neither table has any common index columns, using index
columns from the MEASUREMENT table. The index column "FILE_KEY" is common to
both the MEASUREMENT and DATAFILE tables, and the index column
"MEASUREMENTJCEY" is common to both the PSD and MEASUREMENT tables. Rows in
the DATAFILE table and PSD table are related if the values in the column
"FILE_KEY" are equal in both the DATAFILE and MEASUREMENT table and if the
values in the column "MEASUREMENTJCEY" are equal in both the PSD and
MEASUREMENT tables. A block diagram showing the interrelation between FFTF
data base tables is shown in Fig. 3.1.

Columns are organized into tables to group similar information. The
MEASUREMENT table contains documentation information concerning each ANSDS
data set. The PSD table contains the amplitude and frequency of PSD peaks as
well as the RMS2 values for the 24 frequency intervals. The DCVAL table
contains the dc value of the reactor states, converted to engineering units,
measured at the beginning and end of the collection of each data set. The
FREQ_INTERVAL table identifies each frequency interval with a unique index
number. The PATCH table identifies each signal name with its patch panel
number ("PATCHJCEY"). The DATAFILE table identifies each ANSDS data file with
its identification number ("FILE_KEY"). The SIGNAL table contains
documentation information for each PSD.



Table 3.1. Tables and columns in FFTF noise data base

Column
Table name No. Column name

MEASUREMENT 1
2
3
4
5
6
7
8
9

10

PSD 1
2
3
4
5
6

DCVAL 1
2
3
4

FREQ INTERVAL 1
2
3

PATCH 1
2
3

DATAFILE 1
2
3

SIGNAL 1
2
3
4
5
6

MEASUREMENT KEY
FILE_KEY
BLOCKSIZE
NUMBER OF BLOCKS
AA FILTER
SAMPLING RATE
START DATE
START TIME
END DATE
ENDJTIME

INTERVAL KEY
MEASUREMENT KEY
PATCH KEY
PEAK FREQUENCY
PEAK AMPLITUDE
RMS

MEASUREMENT KEY
PATCH KEY
STARTING VALUE
ENDING_VALUE

INTfRVAL KEY
LOWER BOUNDARY
UPPER_BOUNDARY

PATCH KEY
PATCH ID
UNITS

FILE KEY
FILENAME
VOLUME_I

SIGNAL KEY
MEASUREMENT KEY
CHANNEL NUMBER
PATCH KEY
AD MODE
AMP_GAIN

Column type*

Number(5)
Number(4)
Number(5)
Number(5)
Number(5)
Number(9)
Date(8)
Character(8)
Date(8)
Character(8)

Number(?)
Number(5)
Number(4)
Number(10)
Number(lO)
Number(10)

Number(5)
Number(5)
Number(10)
Number(10)

Number(2)
Number(5)
Number(5)

Number(5)
Character(35)
Character(30)

Number(4)
Character(35)
Character(35)

Number(4)
Number(5)
Number(4)
Number(5)
Number(4)
Number(4)

"Oracle uses three data types: number, character,
and date. The number in parentheses specifies the
length of the data in each column.
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Fig. 3.1. FFTF data base tables and index columns used
to relate data in different tables.

4. INTERPRETATION OF DATA

APPROACH TO INTERPRETATION

In-depth examination of selected data is a principal means of obtaining
diagnostic insights. Being able to find out from the data base when special
plant conditions existed with certain sensors in use is most useful in
selecting data. This feature of extracting special spectra of interest was
used for applying the following techniques:

• Examining special tests performed at the site with known signals and
transmission paths. Noise generator calibrations were done in 1983 in
setting up the system and again in 1984.

• Using data taken at times when operating conditions and/or signal
collection configurations differ significantly from normal. Examples
include zero-power operations and disconnection or loss of sensor
signals, such as during maintenance and surveillance. Backgrounds and
artifacts can be identified in this way.

• Looking for coherences between substantially different signal types.
• Using variety in analyses options. Examples include Nyquist

frequency changes, amplifier gain changes, off-line analysis of tapes
vs the usual on-line analysis on disk, etc.

• Examining absolute magnitudes of PSDs and determining to what extent,
if any, operating conditions influence these.

• Using available knowledge about potential noise sources, both of an
artifactual and a physical nature, and determining how operating
conditions influence these.

CONTROL ROD WIDEBAND NOISE

Prior investigations3*7 have shown conclusively that the neutron noise below
5 Hz is predominantly influenced by control rods having wideband vibrations,
with amplitudes depending on the particular rod's core location. The type of
spectral behavior one sees is shown in Fig. 4.1. It can be seen that below
5 Hz the only persistent characteristic is a resonance at 0.3 Hz. In this
frequency range, all neutron detectors are in phase, have good coherence, and
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Fig. 4.1. Spectra of LLFM 1 at full power and
flow during fuel cycle 5. The band is due to the
control rods, responsible for this noise, being
withdrawn throughout the entire fuel cycle.

have noise magnitudes proportional to rod-inserted reactivities. It is quite
reasonable to hypothesize that this resonance is due to control rod vibration.
Possibly supporting this theory is the finding in hydraulic core mockup
tests12 of a 0.25-Hz pendular oscillation for the FFTF control rods.

FLOW RESONANCE AT 0.06 Hz

In fuel cycle 8, where flow was one of the signals analyzed, it was found that
a 0.06-Hz peak in the flow was coherent with neutron signals, as illustrated
in Fig. 4.2. Coherence with pressure in loop 1, seen in Fig. 4.3, confirms
that there are coolant fluctuations at this frequency. The mechanism
(examples being in the pump phenomena discussion below) by which a neutron
detector can sense these is yet to be established. Neither has the origin of
this peak been found.

TEMPERATURE REACTIVITY NOISE

Temperature signals were severely contaminated with a 10-Hz plant data
acquisition system oscillation; hence limited temperature data collection has
been performed. This has nevertheless been fruitful when the contamination
does not overload amplifiers at the gains required to detect coolant
temperature fluctuations.

Hot and cold legs show coherence below 0.02 Hz, which might be presumed to be
due to influences from the secondary system that slowly change primary
temperatures. Also, at a broad resonance at 0.25 Hz, LLFM and loop
temperatures are consistently coherent, with a 180° phase relationship. The
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normalized power spectral density (NPSD) of the neutron signals is always
approximately 10'8 Hz'1 here. No quantitative model for these effects exists

• yet. However, magnitudes of the NPSD and temperature fluctuations are in the
range that temperature inducing a reactivity ahd/or power inducing a
temperature would quantitatively provide explanations.

REACTIVITY RESONANCE AT 6.6 Hz

In Fig. 4.1, a peak at 6.6 Hz is seen to persist throughout fuel cycle 5. It
was in phase and had exactly the same magnitude among all neutron detectors.
Its NSPD--about twice that of the random control rod motion effect at this
frequency--changes during a fuel cycle in the same manner as the wideband
noise due to control rod fluctuations. Additional characteristics are:

• A harmonic at 19.8 Hz also appears in other data, with its NPSD about
a decade lower than that of the 6.6-Hz resonance. This would be
compatible with a symmetrical square wave oscillatory waveform.

• In recent fuel cycles, the NPSD of neutron signals due to the wideband
control rod noise may have been too large to observe this phenomenon,
which is a small noise source.

• All six neutron signals show coherence with a vertical motion
accelerometer on the vessel (Fig. 4.4 is typical) at 6.6 Hz.

• Calculations have shown a 6.3-Hz resonance in the control rod
driveline, and scale model tests have shown impacting from flow
excitation.13

Evidence suggests the hypothesis of a lateral control rod vibration at this
frequency with nonlinearities caused by amplitude limitations. As indicated
in Fig. 4.4, there is also a possibility of excitation in this frequency
region by a fifth harmonic of a strong 1.25-Hz accelerometer resonance.

PUMP PHENOMENA

Extensive manifestations of a major noise source, the primary pumps, have been
found in the noise of most signals. For example, Fig. 4.4 shows a typical
pump effect at its rotational frequency. The specific ways in which the
primary pumps are seen in signal noise in various spectra examined are:

• A fundamental frequency associated with pump imbalance appears in all
neutron detectors, the loop 2 pressure sensor, loop 1 and 2 pressure
sensor coherence, and loop 2 pressure and neutron detector coherence.
It is easier to see at higher powers in neutron sensors.
Accelerometers also show this peak, as in Fig. 4.4; there is coherence
with all six neutron detectors.

• A harmonic at twice the rotational frequency appears in the loop 2
pressure.

• With six impeller blades, 6 X rotational frequency is a peak in loop 2
pressure.

• The relationship between the observed fundamental frequency peak and
the total flow of three loops is a precise proportionality: 0.41
Hz/K-gpm. This is the same factor obtained from control room pump
speed and flow instruments.
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Fig. 4.4. Coherence between an in-vessel fission
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power and flow in August 1983. The control rod
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peak at 6.25 Hz is a harmonic of a strong accelerometer
(but not neutron) peak at 1.25 Hz. The resonance at
16.7 Hz is evident and is believed to be due to thfe pump
imbalance frequency at that particular tine.

• Slight variations of speed between loops have the effect of giving a
width of typically 0.1 Hz or less to the fundamental's peak at half
maximum. High-resolution analyses can observe individual pump peaks.

One likely mechanism by which pump phenomena are transmitted is pressure
pulses in the sodium, especially at the blade-passing frequency. The
mechanism by which neutron detectors observe pump frequency is yet to be
established. Possibilities are core vibration, detector vibration, coolant
pressure-density effects, and pickup by cables.

5. CONCLUSIONS FOR FUTURE POSSIBILITIES OF NOISE APPLICATIONS

From the investigation discussed above, it is concluded that future activities
envisioned in noise analysis of the FFTF fall in the areas of improved
hardware/software and better understanding of the phenomena, with a view
toward practical applications. The former involves a modernizing changeover
of the computer used at the site and software enhancements to make possible
more versatile data collection activities. The latter involves completing the
partial understandings discussed in the previous section, finding new
insights, and putting selected understandings to use.



Anticipated directions thaf could be taken toward obtaining insights into the
noise phenomena are examining past data and planning, taking, and analyzing
future data. The varieties of conditions represented by prior data are not
likely to be available in future data for several years. On the other hand,
additional data are needed to answer questions arising during the process of
obtaining insights. A complete understanding of a phenomenon is often the
result of an interactive approach to analysis and data collection.

A type of interaction between the analyst and the data that could be useful in
this work is making extensive use of the FFTF noise data base. This likely
could involve a dynamic data base, that is, one with new tables constructed
from selected features in the spectra, as the analyst looks for insights.

Identifications of noise discussed in Sect. 4 were often incomplete. Usually
missing were the precise physical nature of the resonance source. If these
are found by further efforts, then possibilities might exist for monitoring
applications related to that physical source. Except for control rod noise, a
complete quantitative model does not exist for any phenomenon. Modeling would
be the ultimate in understanding; this is an accomplishment not unusual in
pressurized water reactor (PWR) noise applications.

By analogy with practical applications of noise analysis in other reactors and
noting the effects already observed in the FFTF, a list of representative
monitoring possibilities can be compiled. These would be areas in which
something of practical value to operations would result from noise analysis of
a specific phenomenon. The following list is somewhat speculative in that it
depends on the outcome of further research. However, it is not totally
speculative because all of its items have been accomplished in closely related
systems on PWRs. The first item is already an operational tool at the FFTF as
an outcome of substantial research effort.

• If a configuration of types of control rod is planned for a future
fuel cycle, expected noise can be predicted and compared to
operational limitations on what can be tolerated.

• When spectra and cross-spectra involving a particular transducer
depart from norms for a particular operating condition, there can be
an early alert of a system abnormality if other transducers confirm
this or an early warning of a transducer malfunction. The integration
of continuous instrumentation surveillance with periodic traditional
surveillance tests can possibly lead to some relaxation in the latter
and/or a still better program.

• As a supplement to direct mechanical motion monitoring of pumps, the
same resonances can be monitored in process instrumentation. If there
is a pump problem, additional confirmatory data probably would be
welcomed.

• Structural vibrations of the core and its immediate surroundings
could, if specifically identified, be continuously monitored to obtain
early warning of problems. Such a program would be integrated into
and enhance other mechanical integrity surveillance programs.

• An understood relationship between neutron and temperature noise could
permit continuous monitoring for early warnings of changes in the
temperature coefficient of reactivity that might be due to system
anomalies. This particular noise monitoring was implemented on the



Fermi-1 upon restart after its meltdown from a progressing temperature
anomaly due to a flow blockage.
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