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ABSTRACT

Two applications of a noise diagnostic methodology were performed using ex-core neutron detector
data from a pressurized water reactor (PWR). A feedback dynamics model of the neutron power
spectral density (PSD) was derived from a low-order whole-plant physical model made stochastic
us ing the Langevin technique. From a functional fit to plant data, the response of the dynamic
system to changes in important physical parameters was evaluated by a direct sensitivity analysis.
In addition, changes in monitored spectra were related to changes in physical parameters and
detection thresholds using common surveillance discriminants were determined. A resonance
model was developed from perturbation theory to give the ex-core neutron detector response for
small in-core mechanical motions in terms of a pole-strength factor, a resonance asymmetry (or
skewness) factor, a vibration damping factor, and a frequency of vibration. The mechanical motion
parameters for several resonances were determined by a functional fit of the model to plant data
taken at various times during a fuel cycle and were tracked to determine trends that indicated
vibrational changes of reactor internals. In addition, the resonance model gave the ability to
separate the resonant components of the PSD after the parameters had been identified. As a result,
the behavior of several vibration peaks were monitored over a fuel cycle.

INTRODUCTION

The investigation of stochastic fluctuations about the average (or dc value) in detector
signals from a nuclear power plant (reactor noise analysis) provides the opportunity to gain
dynamic information about the reactor system without requiring the disturbance of the system by
outside actions [1,2]. This capability arises because the fluctuations exhibited by state variables of
the reactor system contain information about their origin and about the dynamic transmission
properties of the reactor. Such fluctuations can be represented by noise descriptors that
characterize the state of the power plant. Noise descriptors, such as power spectral densities
(PSDs) and cross power spectral densities (CPSDs), display features (e.g., peaks and valleys) that
are related to specific causative mechanisms such as fuel vibrations, core barrel motion, thermal-
hydraulic processes, and reactivity feedback effects [3]. These features define the plant signature.
The low frequency (0.001 Hz - 1.0 Hz) behavior of pressurized water reactor (PWR) neutron
noise is greatly affected by thermal-hydraulic feedback effects and the interrelated energy transport
processes of the system. In the high frequency range (1 Hz - 20 Hz) and above, PWR neutron
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noise is dominated by vibration peaks resulting from the motion of reactor internals. Plant
surveillance is accomplished by monitoring noise descriptors for changes in the plant signature
which indicate changes in the dynamic state of the plant.

The nondisruptive nature of noise observations allows for frequent surveillance of the
reactor's dynamic condition without interfering with normal plant operations. In fact, noise
analysis permits automated, continuous, on-line surveillance based on pattern recognition methods
to detect anomalous behavior [1]. In such surveillance systems, pattern recognition techniques are
used to continuously monitor noise descriptors, obtained from various plant signals, for deviations
from the plant's normal or baseline signature. Once a suspect descriptor is identified, the
surveillance system records it to allow a later evaluation of the reactor's dynamic condition by a
noise analyst. Consequently, the altered state of the plant, which induced the change in the
signature, may be diagnosed. However, diagnosis of power reactor noise is not an exact science
due to the complexity of the feedback mechanisms and mechanical perturbations and due to the
limited knowledge about the stochastic noise sources driving the behavior of reactor systems [1,3].
As a result, power reactor noise diagnostics tend to be qualitative in nature. Power reactor
diagnostics depend on observations resulting from correlation analyses of measured signals, prior
knowledge of system behavior derived from experimental simulations and theoretical modeling,
and intuition of the noise analyst [1,4,5]. Thus, most diagnostic capabilities are not in a form that
can be easily formalized or automated. To successfully develop an automated diagnostic system, a
procedure must be devised to allow observed changes in a plant's signature to be characterized by
systematically identifiable quantities [1].

Research at the Oak Ridge National Laboratory (ORNL) has been directed toward
addressing the need for tools that can be used for evaluating the diagnostic content of neutron PSD
from ex-core detectors at a PWR in a systematic way. The techniques involved include stochastic
modeling of the dynamic processes, parameter estimation using plant noise data, sensitivity
analyses for the detection of physically significant parameters using the adjusted models, and
trending physically significant fitting parameters that quantify the dynamic behavior of the reactor
system. This paper briefly describes the development of stochastic models under this effort [6]
and then presents the results of noise diagnostic applications using measured data from an
operating PWR. The results obtained indicate the capabilities of this approach and provide insight
into the behavior of the dynamic reactor system.

STOCHASTIC MODELS OF NEUTRON NOISE

The Feedback Dynamics Model

The description of the low frequency neutron PSD from an ex-core detector is based on a
low order model of the full primary system in a PWR. This model consists of two modules of
equations representing the dynamic behavior of the reactor core and the steam generator loops.
The core module is composed of a system of distributed parameter balance equations that describe
the space and time dependence of the field variables. The core neutronics equations were
developed using yariational techniques to retain the axial dependence of the neutron and precursor
populations. This derivation allows the spatial "view" of the ex-core detectors along the core
height to be maintained. The neutron-thermal-hydraulic feedback is represented by axially
dependent temperature feedback coefficients. The radially averaged core thermal-hydraulic
equations are given by energy balances for the fuel and coolant, as well as mass and momentum
balances for the coolant in a representative channel. These equations were made stochastic by
including disturbances of the field variables and introducing parametric fluctuations to yield a set of
Langevin equations [2]. The stochastic mass and momentum equations provide models of the field
variable noise sources. Also, empirical correlations between parameters and field variables were
used to represent parametric fluctuations in terms of material property perturbations and field
variable fluctuations. Coupling these noise source models with the stochastic neutronics and



energy balances gives a set of Langevin equations relating the fluctuations in neutron power,
precursor population, fuel temperature, and coolant temperature to spatially uncorrelated Omstein-
Uhlenbeck processes [7], which yield white noise sources in the temporal and spatial limits.

The steam generator module is given by a set of lumped parameter, coupled equations
describing the energy balances in the steam generator and the hot leg and cold leg piping. The
steam generator primary coolant energy balance is coupled to the dynamics of the balance of plant
through the tube metal energy balance. The Langevin approach was followed to yield a set of
stochastic equations relating steam generator inlet and outlet temperatures, steam generator tube
metal temperature, and core inlet temperature to perturbations of the coolant velocity and heat
transfer coefficient in the steam generator and to secondary steam pressure fluctuations. These
noise sources are related to coolant flow noise and power demand fluctuations. The velocity and
heat transfer fluctuations were assumed to be white noise and the pressure fluctuations are
measured field variable perturbations. This module allows the propagation of effects through the
closed primary loop and the coupling of the nuclear steam supply system with the energy
conversion system to be taken into account in the neutron noise model. It is coupled to the core
module through the boundary condition equating the core inlet temperature to the axially dependent
core coolant temperature evaluated at the bottom of the core channel.

Fourier transforming the module equations led to the closed form expression for the
normalized power fluctuations given by

where Tc and Ts ait space and frequency dependent operators (i.e., spatially dependent transfer
functions), Qc represents the axially distributed noise sources in the core module, and Qt gives the
sources arising from the steam generator system, including the stochastic load perturbations
represented by the measured secondary steam pressure fluctuations. The detector response
fluctuations due to neutron power disturbances are given in terms of the power fluctuations, the
detector impulse response, and the weighted detector capture cross section. Therefore, the neutron
PSD from an ex-core detector depends on the squared modulus of the measuring equipment's
transfer function and the product of the Fourier-transformed power fluctuations and its complex
conjugate, integrated over the detector length. Using the closed form representation of the neutron
power fluctuations, given by Equation 1, in the relationship for the detector response, an analytical
expression was obtained for the neutron PSD in terms of source magnitudes and frequency
dependent shape functions that are derived from the physical model. The functional expression of
the neutron PSD allows the model to be brought into agreement with reactor noise data by
adjusting the source magnitudes using parameter estimation techniques.

The Mechanical Motion Model

The model of the response of an ex-core neutron detector to small mechanical motions of
reactor internals requires a mathematical description of the interaction of mechanical vibrations with
the neutronic field. For the derivation of the mechanical motion model, the reactor core was
partitioned into three-dimensional zones with moving boundaries, driven by turbulent coolant flow
forces. The movement of large internal structures, such as the core support barrel, corresponds to
the collective movement of grouped zone boundaries. The ex-core detectors are at rest in zones
outside the boundaries of the pressure vessel. The moving zone interfaces were represented by
time dependent boundary coordinates composed of steady state and fluctuating components. It
was assumed that the zone boundary motions could be described by second order systems and that
the turbulent driving forces were white noise sources. Therefore, the amplitudes of mechanical
motions are expressed by the convolution of the random driving forces, evaluated on the interfaces



at rest, with damped oscillatory contributions dependent on the material properties of the zones,
which determine the stiffness and damping characteristics.

The effects of zone interface motion on the core neutronics were taken into account by
perturbing the boundary conditions of the Boltzmann equation describing the neutron flux in each
zone. Formulating the detector response to the neutronics of the reactor and applying perturbation
theory using the flux, boundary conditions, and detector response led to an expression for the
detector fluctuations in terms of scale factors for the interface motions that act as weights
measuring the effect of the stochastic driving forces on the detector response. These weights or
"window" functions arise from flux gradient mismatches at the unperturbed boundaries and operate
on the driving forces. The window functions are convolved with the vibratory characteristics of
the interface itself, as expressed by the second order mechanical system transfer function, to give
the contribution from a resonant motion to the detector signal fluctuation. Each contribution is
summed to give the total perturbed detector response.

To simplify the expression of the detector fluctuations, each motion was grouped according
to vibration frequency rather than zone boundary. Next, the Fourier transformed detector response
and its complex conjugate were multiplied to give an expression for the neutron PSD. After some
further grouping of terms, the expression for the neutron PSD reduced to

(2)

where A is an index that varies over the frequencies of the mechanical vibrations, Ax is the pole
strength or amplitude of the Ath resonance, Bx is the asymmetry or skewness factor for the Ath
resonance, \i\ is the damping coefficient for the Ath resonance, v*. is the damped frequency of
vibration for the Ath resonance, and BG is the background arising from the thermal-hydraulic
feedback dynamics. The pole strength describes the magnitude of the effect of the vibration on the
detector response. The skewness factor represents the amount of interference in the detector
response to one particular vibration that results from compering perturbations introduced by oither
vibrations.

The shapes given by the PSD model peak at the resonance frequency for each A mode of
motion. In cases where the "tails" or off-resonant vibrations of modes at different frequencies do
not contribute significantly to the amplitude of a modal resonance peak (i.e., there is light modal
coupling and the measurement data is predominately due to the one vibration mode), the resonance
parameters of that mode can be determined by a single mode fit. However, in instances where the
measurement data in the vicinity of a peak is strongly influenced by off-resonant contributions
(i.e., there is heavy modal coupling and the interference of the tails is not negligible), all the modal
parameters must be identified simultaneously or the interference among the different vibrational
modes must be determined. Neutron power spectral densities typically exhibit heavy modal
coupling in the frequency range of interest for vibrational studies. This effect is described by the
asymmetry factors in the mechanical model of the PSD. By including these terms in the
description of the vibrational PSD, it is possible to characterize the coupling between modes of
vibration as evidenced in the detector's response to their effect on the neutron flux density, thereby
separating the motions and allowing the resonance parameters for each peak to be extracted. The
form of the mechanical motion model readily permits a quantitative investigation of the resonance
structure of the neutron PSD through identification of four physically significant parameters for
each peak.



NEUTRON NOISE DIAGNOSTIC APPLICATION

The stochastic models of the neutron PSD represent tools that can be used to diagnose in a
systematic fashion the information on the dynamic condition of the reactor system available from
ex-core detector noise data. By adjusting these models to fit reactor data, it is possible to determine
physically significant parameters that quantify the dynamic behavior of the plant. In addition, the
fitted models can be used to investigate how the structure of the PSD evolves in response to
alterations in the state of the reactor system characterized by changes in neutronic and thermal-
hydraulic parameters. A systematic diagnostic methodology using stochastic models, parameter
estimation, sensitivity studies and long-term observation and analysis for trending important
dynamic indicators is the ultimate goal toward which this work is directed.

The application of the feedback dynamics model illustrates the use of stochastic models,
adjusted to represent real data, to determine diagnostic information on how changes in the plant
condition will be evidenced as spectral changes. Such information can be used to develop rules for
detection and diagnosis that can be incorporated into expert systems. The mechanical motion
model is used to analyze data taken periodically over an extended time period, covering one fuel
cycle and the beginning of a second cycle. This analysis identifies trends in the vibratory behavior
of the in-vessel components.

Data from ex-core power range monitors at an 1148 MWe pressurized water reactor of the
Westinghouse four-loop design were recorded on magnetic tape periodically from 1981 to 1983 by
researchers from ORNL. The analog data recordings began shortly after the start of power
operation of the unit and continued into the second fuel cycle at the plant The recordings taken in
1983 correspond to the beginning of the second fuel cycle. The data were digitized and reduced to
normalized frequency domain spectra. The applications described in this paper make use of
selected data recordings taken at full power and flow conditions during this time period.

System Feedback Dynamics Identification from Low Frequency Noise

The Functional Fit

The stochastic feedback dynamics model of the low frequency neutron PSD structure was
incorporated into a generalized least squares fitting code to allow comparison of the model
predictions to actual plant data and to permit adjustments of the noise source magnitudes. By
determining the model source amplitudes through the fit to neutron detector data, the model is
brought into good agreement with the noise descriptors of the nuclear plant and can *̂ e used to
characterize the dynamic state of the reactor.

Using the low frequency spectrum obtained from data taken late in the first fuel cycle at the
subject PWR, the least squares adjustment program accomplished a functional fit of the feedback
dynamics model to estimate model source amplitudes. The adjusted model prediction shows good
agreement with the major features of the measured PSD, falling within a statistical error band of
three standard deviations around the measured PSD over the full frequency range. Figure 1 shows
the fit obtained in this study and illustrates that the model provides a reasonable description of the
major features of the PWR noise descriptor. The error band shown in the figure is based on the
Fourier analysis statistics and the variance of the reduced data.

Based on the determined source strength coefficients, the parametric fluctuation sources
related to reactivity effects and heat transfer coefficient perturbations (which arise from material
property effects and turbulent flow conditions at the fuel assembly walls) are found to be strong
sources of noise. The relatively high magnitude found for the secondary steam pressure source
can be attributed to its importance at low frequencies. The use of this measured source represents



an attempt to account for the unmodeied dynamics, such as long term controller action and balance
of plant dynamics.

The feedback dynamics model
provides a reasonable representation of
the PSD structure at very low frequencies
and it matches the spectral shape above
0.01 Hz very well. It is this frequency
range from 0.01 to 1 Hz that is most
affected by the characteristic core
residence time, plant heat transfer time
constants and coolant temperature and
velocity fluctuations [2] that are included
in the feedback dynamics model.
Therefore, the adjusted model can be
used to represent the dynamic condition
of the reactor at the time of the
measurement. This model provides the
basis for a limited diagnostic analysis of
the reactor condition and its relation to
certain physically significant parameters.
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Diagnostic Evaluation of the Adjusted Model Predictions

Surveillance system discriminants

Currently, statistically based pattern recognition systems are being used for continuous, on-
line surveillance of dynamic reactor signals [8]. Such automated reactor noise surveillance systems
use statistical methods to compare power spectral density (PSD) measurements with baseline PSDs
from the same reactor system. Changes in the monitored reactor signals from the reference
condition are detected and stored for later diagnostic analysis. To accomplish noise surveillance, a
ratio is formed between the test PSD and the reference PSD for all frequency estimates. This ratio
is then compared to discriminants which have been formulated to emphasize relevant features in the
PSD.

Various discriminants [8] have been devised to detect fluctuations in the integral power of
the spectrum, magnitude changes of the spectrum limited to narrow frequency bands, spectral
shape changes, and shifts in spectral peak frequencies. In this study, two discriminants were
chosen to test the detectability of changes in certain physical parameters that describe the dynamic
behavior of PWR systems. Because of the large dynamic range typically associated with PSDs
and the monotonic nature of logarithms, the log of the ratios of the PSDs are used for these
comparisons. The first discriminant is the mean ratio determined from the set of test PSD to
reference PSD ratios obtained at N individual frequencies. This measure of the integral difference
between spectra is given by

D> = ^ (3)

Because the mean is taken of the ratio of the PSDs, each frequency range of the spectrum is, in a
sense, normalized so that the mean ratio discriminant gives equal weight to all PSD components.
As a result, the discriminant provides a check of spectral differences over each frequency range of
interest, regardless of the absolute magnitude of the spectra in that range. It is easily seen that die



discriminant offers a measure of the average difference between spectra in a frequency r inge.
Since a uniform spectral shift will cause the log of the test PSD to be either greater or smaller than
the log of the reference PSD for multiple estimates, the mean ratio is sensitive to such shifts over
the frequency range of interest. However, if the frequency range contains uniform shifts of
opposite direction, the discriminant is subject to cancellation effects. As a result, the mean ratio
discriminant is limited in its ability to detect spectral variations if offsetting deviations are present.

To overcome the cancellation limitation of the mean ratio discriminant, the second
discriminant is constructed using the second moment of the log of the ratios of the PSDs. This
measure of the variance of the set of ratios is given by

^ ] } 2 • ( 4 )

This discriminant deals with the average squared distance between the test PSD and the reference
PSD, on a log scale, at several estimates over a frequency range. Note that by summing and
averaging the squared distances between the log test and log reference spectra, this discriminant
avoids the cancellation effect of the first discriminant to give a better indication of spectral shifts but
it loses the ability to determine the direction of the shifts. As a result, it was decided to utilize both
discriminants to characterize PSD behavior in this study.

The first discriminant is called the mean log ratio (MLR) and the second discriminant is
called the log ratio variance (LRV). In surveillance systems, the discriminants used to monitor
reactor signals are checked against an alert level and an alarm level to determine if a change in the
spectrum has occurred. The criteria for these two levels are initially predicted based on theoretical
assumptions concerning the signal and these criteria are checked and modified during the learning
phase of the surveillance period. Current systems begin surveillance with the assumption that the
signals have Gaussian amplitude distributions and that their individual PSD estimates are
independent. From these assumptions, a theoretical confidence interval is calculated giving the
width in standard deviations around the discriminant median into which its value must fall for the
signal to successfully pass its test against the reference PSD. The alert confidence level lies within
that set for the alarm level. As the learning phase progress, the assumptions about the nature of the
signals are tested and the confidence intervals are updated using measured means and standard
deviations.

Analysis of the spectral structure evolution

In this work, the MLR and LRV discriminants were used along with the fitted parametric
neutron PSD model to study the detectability of changes in various physical parameters that
characterize the dynamic state of the reactor system. After a parameter value was changed by some
percentage, the model PSD was recalculated and compared to the "baseline" model PSD. The
means and standard deviations used to determine the normalized indicator were calculated using the
number of data blocks comprising the original measured PSD to which the model had been fit.
Since this was not an ongoing surveillance application, no updating of the confidence intervals
occurred and the results are limited by the assumptions concerning the nature of the original
measured signal.

After obtaining adjusted model predictions that were representative of the reactor state
during normal operation, a direct sensitivity study of the effects of changes in physical parameters
on the major features of the neutron PSD was performed. It was found that the spectral shape of
the neutron descriptor was sensitive to changes in the moderator temperature feedback coefficient
(a reactivity effect), coolant residence time in the core (a core flow effect), and core heal transfer.



It was also found to be sensitive to a lesser degree to changes in the steam generator heat transfer
and in the thermodynamic state of the secondary steam (a load effect). Figure 2 illustrates the
frequency ranges where changes in each
of these parameters were evidenced by
changes in the noise descriptor. In
addition, indication is given on the figure
of whether the relationships between
changes in parameters and spectra are
directly proportional (+) or inversely I
proportional (-). Changes in die core heat jj
transfer affect the spectrum over two i
frequency ranges such that increases in
the heat transfer coefficient cause positive
shifts in the spectrum at very low
frequencies and at relatively high
frequencies. The reactivity effect is such
that increases in the magnitude of the
moderator temperature feedback
coefficient result in an increase over the
entire frequency range of the spectrum
with a more pronounced effect in the 0.1
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Fig. 2. Frequency bands
showing sensitivity of
the model to changes in
physical parameters.to 1 Hz range. This result corresponds to

the observations of neutron noise spectral
evolution over a fuel cycle where the magnitude of the PSD increases with decreasing boron
concentration (i.e., an increasingly negative moderator temperature feedback coefficient). Finally,
the core flow changes cause a split effect Below 0.1 Hz, an increase in core flow causes a
negative spectral shift while the same change causes an increase in the spectrum above that
frequency. This results from the reduced core residence time, causing the flow induced dynamic
effects to occur at correspondingly higher frequencies.

Given the sensitivity information obtained, an effort was made to determine the dctcctability
of such changes using current surveillance techniques. Using the model to generate a "baseline"
spectrum and modified spectra for comparison, the previously described discriminants were
calculated for various altered parameter sets and were checked against the initial alert level used in
current surveillance systems. Thus, it was possible to determine the magnitude of parametric
changes that would be detected by monitoring the noise descriptors for spectral shifts. The five
parameters identified as significant in the sensitivity study were used. For each parameter, the
frequency range tested was chosen based on the sensitivity analysis. It was found that the load
variations and the steam generator heat transfer changes were detectable by only the MLR
discriminant and only in extreme cases (i.e., parameter changes of 80% or greater). For core heat
transfer, changes of around 10% in the heat transfer coefficient were detectable by the MLR
discriminant and changes of above 30% caused an alert for the LRV discriminant. Changes of
10% in core flow triggered an alert for the MLR discriminant. Finally, reactivity feedback changes
of 5% were detected by the MLR discriminant and changes of 20% were detected by the LRV
discriminant.

The diagnostic information on the dependence of the PSD structure on physical parameters
and the detectability of changes in those parameters can be used in expert diagnostic systems in the
form of monitoring and detection criteria and heuristic rules for diagnosis of observed deviations
from the baseline. This type of systematic evaluation can provide insight into the behavior of the
dynamic system as observed through neutron noise and illustrates the diagnostic information that
can be extracted using stochastic models adjusted to represent measured noise descriptors.



Analysis of the Vibratory Behavior of PWR Internals

The Evolution of Spectral Resonances

The neutron PSD from an ex-core detector at a PWR is characterized by resonances in the 1
Hz to 20 Hz frequency range. The major sources of these resonances are vibrations of the
pressure vessel and the internal mechanical structures of the core. In the 1 Hz to 10 Hz range, the
sources of the PSD resonance structure are dominated by fuel assembly and core support barrel
motion effects. Thermal shield, pressure vessel and higher order motions of internals provide the
major influence on neutron noise in the 10 Hz to 20 Hz range. Beam mode vibrations characterize
the lower frequency resonances while shell mode vibrations occur in the higher frequency range.

Over the course of a fuel cycle, the structure of the neutron PSD in the vibration resonance
frequency range changes as components "age" and the core neutronics change due to differing
boron concentrations. Figure 3 shows the variation of the PSD structure over time and the
resonances are attributed to the motion of particular components (e.g., pendular motion of the core
support barrel at 6 - 7 Hz and thermal shield shell mode vibration at -12 Hz). The amplitude of the
PSD increases as the fuel cycle progresses and then is reduced to nearly the same level at the
beginning of the next fuel cycle. This increase in the noise signal is attributable for the most pan to
fuel bumup and decreasing boron concentration, which increases the scale factor for detection of
vibrations causing flux perturbations [3]. It has been postulated that the noise does not return to
the same level because the clamping of the core support barrel at the beginning of the first fuel
cycle and the stiffness of the fuel assemblies in the full core at the beginning of its life lead to
reduced amplitudes of vibration for the new core [3].
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Fig. 3. Evolution of the neutron PSD over the first and
second fuel cycles at a PWR.



As can be seen in Figure 3, the frequencies of the fuel assemblies and the core support
barrel decreased during the fuel cycle. The beginning of life fuel assemblies have as much as a
10% greater natural frequency than at the end of life due to a decrease in stiffness [9]. The second
cycle core contained old and new assemblies so the frequency shift is moderate and the amplitude
of vibration is greater than the start of the first fuel cycle. The shift in the core barrel peak probably
results from a relaxation in clamping force during the cycle [3]. The re-installation of the pressure
vessel head at the start of the second cycle tightens the clamping and causes a slightly greater
vibration resonant frequency for those measurements.

The ex-core detector sees composite peaks composed of many resonances at like
frequencies. Some of these peaks have been related to classes of motion for particular types of
internals. Figure 3 shows the combination of the two distinct resonance peaks in the 5-9 Hz into a
single peak at about 8 Hz. This important effect results because the resonant peaks from the core
support barrel and the second mode of fuel assembly vibration shift until they are close in
frequency while increasing in amplitude so that they become visually inseparable as the fuel cycle
progresses. Therefore, it becomes difficult to isolate changes to the core support barrel clamping
without a means to separate the motions. This represents a major consideration in the development
of the mechanical motion model and is addressed in the discussion of the application of that model.
Also, other peaks arise during the fuel cycles. For example, the resonance at 4 Hz shows up as a
distinct peak during the second fuel cycle, although it begins to emerge late in the first fuel cycle.
The source of this resonance is undetermined but it may result from vibration of fuei assemblies
with different stiffness properties than that of most of the elements visible to the detector. The
effect of submerged peaks can be accounted for by adding fitting peaks to represent them.

Parameter Estimation over a Fuel Cycle

The mechanical motion model was implemented as user supplied function and derivative
subroutines in the generalized least squares fitting code. For this application, the low frequency
representation generated by the fitted feedback dynamics model was used as the background term.
The background parameter included in the mechanical motion model fit represents the integral
magnitude of the feedback dynamics contribution to the spectra.

The frequency range chosen for this application was limited to 14 Hz and below. Task size
limitations are the main reason for this choice. It was determined that seven peaks were needed to
describe the data available from the first and second fuel cycles. The four major peaks are the first
mode of fuel assembly vibration at 3 - 3.5 Hz, the core support barrel vibration at 6 - 7 Hz, the
second mode of fuel assembly vibration at 7 - 8 Hz, and the thermal shield vibration at 11.5 -12
Hz. The additional fitting peaks are less distinct and have not been attributed to particular
components. Indeed, the "peaks" at 2 Hz and 9 Hz are more accurately described at "bumps" on
the spectra while the 4 Hz peak is visible as a distinct peak only in the data from late in the first fuel
cycle and in the second fuel cycle. It may be that this peak and the 9 Hz feature arise from fuel
assemblies whose stiffness remains higher than that evidenced by the majority of the elements
visible to the detector (i.e, the hold down springs do not "relax" as much as for most of the core
and the natural frequency remains higher). For the second fuel cycle, this effect would result from
new assemblies placed in the outer positions of the core. It is important for trending purposes that
comparisons be made between parameters determined from like models so the use of seven peaks
was maintained throughout this application.

The values of the resonance parameters for each fit following the first were used as initial
parameter guesses for the subsequent fit. In this way, the insight into the evolution of the spectra
gained at each application of parameter estimation was used as an a priori input to the next fit This
proved valuable in the cases where the core support barrel and second fuel mode vibrations were
closely coupled and a visual estimation of starting frequencies and amplitudes would have been
difficult



Figure 4 provides an example of
the results obtained by showing a selected
measured PSD and its associated model
fit. The agreement between the fitted
shape and measured data demonstrate the
ability of the model to provide an
excellent representation of the PSD.
Resonance parameters determined for the
four major peaks using data recorded
during the first and second fuel cycles are
given in Table 1. The data recordings
listed for 1983 are from the second fuel
cycle.
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Trending Vibration Peak Evolution
and Separating Motions Fig. 4. Fit of the mechanical

motion model to the
norm, high frequency
PSD.As discussed previously, the core

support barrel and second mode of fuel
assembly vibration merge into what
appears to be one effective peak as the fuel cycle progresses. As a result, vibration monitoring
systems that do not account for the coupling between resonances in the detector's "view" may have
difficulty isolating the behavior of the individual peaks. In the mechanical motion model developed
for this work, such interference in the way a detector sees each peak is taken into account Figures
S and 6 show the spectral decomposition of the model predictions for the beginning of the first fuel
cycle and the beginning of the second fuel cycle. These plots illustrate the asymmetry occurring in

Table 1. Mechanical motion model parameters for the major vibrational peaks at selected
recording times. Ax represents the normalized resonance amplitude and vx gives the
vibrational frequency in Hz.

Date
Recorded

Apr.

Jan.
Apr.
Jun.

Aug.
Mar.
Apr.

Aug.

'81
'82
'82
"82

'82
'83
'83

'83

First Fuel
Mode

Ax

4.32E-08

5.47E-08
6.99E-08
6.05E-08

7.45E-08
9.98E-98
1.05E-07

2.77E-07
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Fig. 5. Decomposed model
prediction showing
separated resonance
contributions (1st fuel
cycle).

Fig. 6. Decomposed model
prediction showing
separated resonance
contributions (2nd fuel
cycle).

the spectral resonance contributions of the core support barrel and second fuel assembly vibration
mode as the peaks combine in the PSD. By fitting over the fuel cycle, the evolution of this effect
can be monitored and mistaken diagnosis concerning the core barrel vibratory behavior can be
avoided.

Certain general trends for the amplitudes and resonant frequencies of the four major
resonances through the first fuel cycle and into the second fuel cycle were demonstrated by the
fitted parameters. As expected, the amplitudes increase over time as the soluble poison
concentration decreases. Also, the fuel assembly vibration and core support barrel peaks showed a
decrease in the vibration frequency as the mechanical constraints of the components relax with
time.

The information gained from this application to measured data supports the observations
made by previous researchers [3] on the vibratory behavior of the internals at this plant The use
of this technique in an automated system would permit the trending of the resonance parameters
and a comparison with expected or previously discerned trends. In addition, this model provides
the capability to separate the effect of the motions on the neutron PSD and, thus, isolate key
resonances for monitoring. Since it is important to compare fitted parameters from comparable
models, the automated system can be configured to fit the model with varying number of peaks at
each analysis point to provide a set of resonance parameters that can be used should unanticipated
"subterranean" peaks emerge or visible peaks disappear. By application of this systematic
parameter identification technique as pan of a long term monitoring and diagnostic system, insight
into the vibratory condition of the reactor internals can be gained.

CONCLUSIONS

Two stochastic models describing the ex-core neutron PSD have been developed at ORNL.
The feedback dynamics model describes the neutronic-thermal-hydraulic feedback dynamics that
are dominant in the low frequency range of the neutron PSD. Axially dependent balance equations
in the core and lumped parameter energy equations for the rest of the primary coolant circuit form
the basis for model. The low frequency neutron PSD is expressed in terms of frequency
dependent operators derived from the dynamic balance equations and in terms of stochastic noise



sources arising from the core and steam generator system. The mechanical motion model was
developed from perturbation theory to give the detector response to small in-core mechanical
motions. The motions are characterized in the model by resonance parameters that can be
determined by a functional fit to measured data. In addition to the customary vibration frequency,
damping and peak amplitude parameters, this model includes a skewness factor which represents
the effect each resonance has on the detector's view of other vibration resonances in the core. This
allows the motions to be separated when there is heavy coupling between peaks that may appear as
a single peak in the spectra.

These models were incorporated into a fitting code and adjusted using measured data from
the high and low frequency ranges so that they represented the observed dynamic state of the
reactor system. The determined parameters and resulting representations of the PSD were then
evaluated for diagnostic content. The use of the feedback dynamic model allowed the behavior of
the PSD in response to changes in physical parameters to be evaluated. By coupling this study
with surveillance discriminants from an automated monitoring system developed at ORNL and
installed at operating plants, the threshold for detection of selected parameter variations was
determined and the frequency range over which these spectral indicators are significant was
determined. In summary, a stochastic model was developed that describes the main features of the
dynamic behavior of a PWR as observed in a neutron PSD. In addition, this model was fit to
measured PSDs from ex-core detectors at a PWR power plant to determine source parameters.
Using the results of these fits, the response of the dynamic system to changes in important physical
parameters was evaluated by a direct sensitivity analysis. In addition, the effect of such variations
in the reactor condition on observable features in neutron noise descriptors was investigated.
Using the detection criteria available in current surveillance systems and the sensitivity results of
this study, it was possible to relate changes in monitored spectra to changes in some key physical
parameters of the dynamic reactor system. By evaluating the stochastic model predictions after
adjustment to match measured noise data, greater insight into the nature of the relationship between
the structure of neutton PSDs and physical parameters describing the system has been gained.

The mechanical motion model was used to quantify resonance peaks in neutron PSDs taken
over a fuel cycle. By monitoring the evolution of the spectral peaks over time, it was possible to
trend the change in vibratory response of selected structures within the core. Of particular note
was the observation of the relaxation of the stiffness of the core's mechanical configuration,
detected by a shift in the fuel element vibration frequencies, and the ability of the model to separate
the resonance peak corresponding to core support barrel pendular motion from the peak indicative
of the second mode of fuel vibration when the two peaks merged to form a single broad spectral
peak as the fuel cycle progressed. The use of this model to quantify resonance peaks and trend the
vibratory behavior of the monitored internals over a fuel cycle represents a viable technique for
automated surveillance and analysis of the structural integrity of the in-vessel components. The
inclusion of the skewness factor and the ability of the technique to separate the spectral effects of
the motions enhances the potential for its use as a diagnostic tool.

These applications demonstrate the capability of using stochastic modeling as an aid to
understanding the complicated information retrieved from power reactor noise measurements. The
information obtained from such analyses can be incorporated into surveillance systems to focus
application of the detection discriminants to allow important physical parameters to be monitored or
to trend important parameters allowing for maintenance scheduling or incipient failure detection. In
addition, including this information in expert diagnostic systems can allow the dynamic condition
of the neutronic, thermal-hydraulic or mechanical behavior of the plant to be diagnosed from
spectra that deviate from the baseline.
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