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INTRODUCTION

The value of using neutron noise descriptors, especially the power spectral den-
sities (PSDs) of ex-core detectors, to monitor core barrel motion and fuel element
vibrations in pressurized water reactors (PWRs) is well established.1"6 Indeed, in the
mid-frequency range (1-20 Hz), PWR neutron noise is dominated by vibration peaks
in the neutron PSD that result from the motion of reactor internals. A qualitative
examination of such descriptors from a 1150 MWE Westinghouse PWR plant, re-
vealed significant changes in the plant's noise signature (PSD) as its first fuel cycle
proceeded. The purpose of this work is to use a mathematical model of the interac-
tion between small mechanical motions and the core neutronics to provide a tool for
quantitative investigation of the PSD structure in the vibrational frequency range.7

The purpose of neutron noise analysis is to provide information on plant condi-
tions by the study of power traces from ex-core detectors. Due to the action of the
coolant flow through the core and pump induced vibrations, the core barrel, which
is bolted at the top of the reactor vessel, performs a pendular motion with a natural
frequency determined by the mechanical parameters and constraints of the system.2""5

In addition, external forces deform the cylindrical shape of the core barrel by inducing
vibrational modes which are excited by the turbulence of the coolant flow and by the
"table-shaker" effect of the core barrel motion. As a result of the various mechanical
motions, the detector response will vary in a manner proportional to the importance
function at the location of the disturbance.

A typical ex-core neutron detector normalized PSD for a 1150 MWE PWR is
shown in Fig. 1. Below 1 Hz the PSD is dominated by the feedback thermal hydraulic
loop effects which evolve with time constants of the order of seconds. Between 3 Hz
and 30 Hz, the PSD exhibits a set of resonances arising from the vibrational and
pendular modes previously discussed. This disparity in the "natural" frequencies of
the system is a fortunate break for the noise analyst as one can perform the modeling
of the feedback and mechanical effects in a separate fashion.

IDENTIFICATION OF PSD STRUCTURE

It can be shown7 on the basis of first order perturbation theory that the neutron
detector PSD, <£n(w), f.s given by the expression:
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where the subindex A varies over the frequencies of the mechanical vibrations and
where we introduce the pole strength and asymmetry factors, A\ and D\, respectively.
The result in Eq. (1) shows that the neutron detector PSD is the superposition of
a set of resonances at the various frequencies v\. The line shapes are asymmetric
with respect to the resonance peak because the term (u; — v\) changes sign as it goes
through the resonance maximum. The second term within the bracket in Eq. (1) is a
nonresonant term arising from the reflection of complex poles at negative frequencies.

The parametric model in Eq. (1) has been implemented in the program "CAR-
DIOGRAMA" which performs a least squares fit of the functional relation to measured
neutron PSD data. A typical result of the Cardiograma algorithm is shown in Fig. 2,
where the data points correspond to the PSD of one of the ex-core neutron detectors
at the 1150 MWE PWR SEQUOYAH-1 nuclear power plant. The resonance at 6 Hz
has been associated with the pendular motion of the core support barrel (CSB). The
peaks at 3.6, 8 and 16 Hz correspond to fuel element vibrations. Two shell mode res-
onances have been identified: a core barrel shell mode at 12 Hz and a pump-induced
shell mode at 20 Hz. The evolution of the neutron PSD as a function of time and
power level has been followed for nearly two full cycles at the SEQUOYAH-1 plant.5

A short-term and several long-term effects have been observed.

The short-term effect observed consisted of the shifting of the fuel vibrational
peaks towards lower energies following a decrease in power, while the core barrel and
shell model resonance frequencies remain unaltered. Among the various long-term
effects, PSDs and CPSDs of the neutron noise exhibit a resonance at frequency of
approximately 6.7 Hz. Phases between the cross-core detectors at this frequency
are always 180p and the coherence is always greater than 0.8, thereby indicating
pendular CSB motion. Another resonance at 8.0 Hz, having the same coherence and
phase relationships can also be resolved in the PSDs and CSPDs at the beginning of
the first fuel cycle. This resonance occurs at approximately the second mode of fuel
assembly vibration (the first mode occurs at 3.6 Hz) as deduced from in-core neutron
noise measurements made at SEQUOYAH-1. The fuel assembly fundamental mode
decreased in frequency over the first fuel cycle to 3.0 Hz with a corresponding decrease
in the second mode resonant frequency. This second mode resonance merged with the
CSB resonance (6.7 Hz) to form what appears to be a single broad peak in the 5 to
7.5 Hz range, as shown in Fig. 3. The normalized root mean square (NRMS) of the
neutron noise (at nominal full power conditions) in the 5- to 10-Hz frequency range
increased by a factor of five from the beginning to the end of the first fuel cycle.
At the beginning of the second fuel cycle, the neutron noise amplitude in this same
frequency range decreased, but only to a level somewhat higher than at the beginning
of the first cycle and resonances could be distinguished only at 3.0 and 7.0 Hz.

RESULTS

In this section, we discuss the application of the present stochastic model to the
interpretation of the neutron PSD in the vibrational region. Of the observed long-term
effects the most worrysome one is the "disappearance" of the core barrel resonance
at the end of the first cycle.

To answer this question, measured PSDs from SEQUOYAH-1 taken at various
times during the first and second fuel cycles were fitted using the stochastic model
that was developed. Table 1 lists the frequencies and pole-strength factors for the
first two fuel element resonances and for the core barrel peak. These results, which
were obtained from plant signatures at the beginning, middle, and the end of the first
fuel cycle and at the middle of the second fuel cycle, reveal the following features:

(a) the pole strength factors for the first and second fuel resonances increased con-
siderably between April '82 and August '82;



(b) the fuel element peaks shifted towards the low frequency end of the spectrum;
and

(c) the pole-strength factor for the core barrel peak remained fairly constant since
April '82, at a level of about one order of magnitude with respect to the value
found in April '81.

The large increase in the pole-strength factor and the frequency shift of the second
fuel element vibrational mode account for the disappearing act performed by the core
barrel peak. However, the ability of the stochastic model to describe the structure
of the neutron PSD and to separate the various mechanical motions allowed confir-
mation that the core barrel motion had not changed. This feature of the model is
illustrated in Fig. 4. It can be seen that the broad peak around 7 Hz was interpreted
as the contributions arising from the core barrel peak and the second fuel mode vi-
bration. Note that the fitting program would have failed to work properly without
the information gathered from earlier data throughout the fuel cycle, where the core
barrel resonance was not masked by the resonance at 8 Hz. In fact, the "CARDIO-
GRAM A" program refused to fit that broad peak with only one resonance. The use
of a core barrel contribution, with parameter guesses based on previous experience,
was needed to achieve the functioned fit shown in Fig. 4.

Examination of Table 1 reveals two plant "aging" effects: (i) the increase of
the pole strength function between April '81 and April '82 for the core barrel peak
indicates some "loosening" of the core barrel restrictions, and (ii) the shift of the fuel
element resonances towards lower frequencies shows a decrease in the "stiffness" of
the core's mechanical configuration.

CONCLUSIONS

In summary, first order perturbation theory has been used to relate the response
of a neutron detector to small mechanical motions of the reactor internals. By math-
ematically manipulating the model, an equation for the neutron PSD was obtained
that describes each motion in terms of a pole-strength factor, a resonance skewness
factor, a vibration damping factor, and a frequency of vibration. This formulation
allows each resonance peak to be quantified in terms of four identifiable parameters.
The model was fitted to measured PSDs obtained from a PWR at various times during
a fuel cycle. The mechanical motion parameters for several resonances were tracked
to determine trends that indicated changes in vibrations within the reactor core. In
addition, the resonance model gave the ability to separate the resonant components
of the PSD after the parameters has been identified. As a result, the behavior of
several vibration peaks were monitored over two fuel cycles.
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Table 1. Vibrational Frequencies, u\ (Hz), and Normalized
Pole Strength Factors, A\ (dimensionless), at Selected Times

During the First and Second Fuel Cycles

Date
Recorded

April 81**

April 82*

Aug. 82*

Aug. 83e

Flfl

3.55

3.34

3.08

3.07

Frequency
(Hz)

CB6

7.03

5.88

5.68

5.97

F 2 c

7.82

7.46

7.25

7.26

"Fuel element first vibrational mode.
6Core support barrel.
cFuel element second vibrational mode.
''First fuel cycle.
e Second fuel cycle.

Fl

4.78'

6.91'

1.04-

2.53-

•io-8

lO" 8

io-7

io-7

Pole Strength
Dimensionless

CB

8.0710-8

4.31-10"7

3.2510"7

2.80-10"7

F2

9.22-10"8

4.4810"7

1.3810-6

1.3910"6
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Figure 1. Power spectral density for an ex-core
neutron detector at a typical Westing-
house PWR. The data are normalized
to the steady state power level.

10

10

_ j

Cor* Barrel
Beam Mod*

j

98% Power

Pump Induced -
Sh*« Mod*

to
nequENCY (MZ)

Figure 2. Ex-core neutron detector power spectral
density from the Sequoyah-1 Nuclear
Power Plant. The points correspond to
measured data. The continuous curve is
the result of a Cardiograma fit.
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Figure 3. Typical ex-core neutron detector power
spectral densities through the first
and second fuel cycles at the Sequoyah-1
Nuclear Power Plant.
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Figure A. Cardiograma fit to the ex-core power
spectral density showing the contri-
butions from the first and second
fuel vibrational modes and from the
core support barrel pendular motion.


