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1. Introduction

The nuclear power industry has been eager to implement
smart £2nsor technologies and digital instrumentation
concepts 10 reduce the manpower and effort currently
spent  on testing and calibration of process
instrumentation channels in the safety and non-safety
systems of pressurized and boiling water reactors. The
NRC is faced with requests from nuclear utilities for
approval 10 impiement on-line monitoring techniques as
a part of the justification to extend their calibration
intervals from 18 months to 24 months to coincide with
extended fuel cycles. Furthermore, advanced reactors
currently under design and development will largely use
digital instrumentation and smart sensors; the adequacy
of which must be evaluated and approved by the NRC
for the licensing of these reactors. In addition, plant
aging concerns and life extension issues have led to
extensive research in the last few years which has
demonstrated that the performance of instrument
channels in nuclear power plants is susceptible to aging
degradation under normal use, and must therefore be
tested frequently as the plant ages. These issues have
“timulated the NRC to initiate the research and
development project documented in this report. The
proiect is intended to produce substantial technical data
for the NRC 10 help in formulating the requirements
that must be satisfied and the procedures that must be
fallowed to convert from hands-on testing 1o automated
testing if it is proven by the results of this and other
similar projects that automated testing techniques are as
effective as conventional techniques.

The project is divided into three phases starting with a
preliminary study in Phase | to determine if a long-t¢rm
study is warranted. The Phase | project has been
successfully completed as reported herein and the Phase
Il project has been awarded. The Phase 111 project is a
commercialization effort conducted independently by
AMS. The purpose of the Phase 111 project is to bring
the results of the Phase | and Phase [l developments to
the marketplace in the form of equipment, training, and
services for on-line testing of calibration and response
time of process instrumentation channcis in nuclear
power plants and other processes.

The purpose of the Phase Il project is to perform a
comprehensive set of experimental investigations as well
as equipment and software development, software
validation, verification, and Quality Assurance {(QA)
testing in the area of on-line verification of calibration
of process instrumentation channels. These activities
will be conducted using actual nuciear power plant data

as well as synthetic data generated on computers, and
laboratory data generated through oxperiments with
represeniative  nuclear-grade  sensors  and  signal
conditioning equipment installed in a laboratory test
loop. The laboratory experiments will involve inducing
artificial degradation in the instruments to show that the
algorithms developed in the project can successfully
identify the degradation. In addition, a database of
cause and effect relationships for sensor degradation
tracking will be developed based on theoretical analysis
and laboratory tests. The database will be used in an
expert system 10 be developed in Phase [11. The expert
system, which is envisioned to be the final product of
this three-phase project, will be designed 1o continuously
monitor the output of a large number of instrument
channels and automatically flag the anomalous channels
and determine the cause of the anomaly. This will help
determine whether the performance of the instrument
channel can be restored by a new calibration,
replacement of a component, or some other action is
necessary. The words anomaly, degradation, and fault
are used in this report synonymously to refer to any
undesirable behavior in an instrument channel thai is
significant enough to require & maintenance action.

The work completed to date began by building a data
acquisition system in Phase [ using off-the-shelf
hardware. The system was built and programmed to
sampie steady-state (DC) and notse (AC) data from any
number of instrument channels at any frequency desired
by the user. The DC data is used for drift monitoring
and the noise data is used for determining changes in
response time.

Upon construction, software validation, and QA testing,
the data acquisition system developed in Phase | was
installed at the McGuire Nuclear Power Station where
it is continuously sampling data from 170 instrument
channels in the plant's primary and secondary systems,
These channels provide temperature, pressure, level,
flow. and necutron flux signals to the safety and
non-safety systems of the plant. The signals were
hard-wired to the data acquisition unit through signal
isolators.  The in-plant data are stored on computer
disks and subsequently analyzed off-site at AMS. The
analysis is performed in two steps as follows:

I.  Data Qualification. Each data record is screened for

electrical noise, spikes, sudden shifts, and other
extrancous effects. These effects are then analyzed
10 determine if they are duc to problems within the



instrument channels. If so, they are used as
diagnostic 1ools and their patierns and frequencies
are monitored and stored. Otherwise, the affected
data block(s) is discarded and the data qualification
process is continued by calculating the mean,
variance, skewness, and h' 2her moments of the data.
These moments are then checked to ensure that the
data is not one-sided, clipped, or abnormal.

2. Datg Anabsis “he DC data are analyzed by
straight and weighted averaging techniques for the

redundant channels, and analytical redundancy
techniques for the non-redundant channels. The
analytical redundancy techniques involve empirical
and physical modeling to estimate the value of a
process parameter as a function of a number of
other parameters. The noise data are analyzed by
7010 Ccrossing, spectral patiern recognition, and
autoregressive (AR ) modeling technigues.

The on-line monitoring system has been operating at the
McGuire Nuclear Station for nine months at this
writing. Although a number of interesting phenomena
has been observed, no major drift or response time
degradation has been detected in any of the McGuire
channels. However, a comparison of on-line monitoring
results and the plant surveillance logs have shown good
agreement for the few instruments that had experienced
drift and were therefore adjusted by the plant's
technicians to null the drift,

The McGuire plant has tripped a couple of times since
the in-plant data acquisition began, providing useful
heat up and cool down data 10 track the calibration of
the instrument channels over a wide operating range.

The work & McGuire will be continued for the rest of
the current (uel cycle and probably into the next fuel
cycle. The current fuel ¢ cle is due *o end in June 1993,
At the end of each fuel cycle, compaiisuns will be made
between the results of the oa-line monitoring tests and
the hands-on calibrations. These comparisons will help
determine to what extent the on-line monitoring system
is successful in hinding the instrument channels that have
drifted out of to'erance. The level of success of the on-
line monitoring system will determine the extent of relief
w be expected from the NRC. It is anticipated that if
the on-line monitoring results are successful, the NRC
may grant an approval to the utilities who have a
validated on-line monitoring system 1o extend (heir
calibration intervals from 18 months to 24 months to
coincide ~ ith their extended fuel cycles. In the opinion
of the authors, regardiess of the success of the on-line
monitoring techniques, it is unlikely that the NRC would
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grant a permanent approval in the near future to any
utility to depend solely on an on-line monitoring system
10 determine whether or not to calibrate an instrument
channel. It is possible, however, that the use of on-line
monitoring techniques combined with fault tojerant
systems and new equipment with longer mean time
between  failures, modern  predictive  maintenance
practices, smart sensors, and digital instrumentation and
other developments may eventually lead 1o an NRC
approval to delete much of the manual calibrations
currenily performed. Of course, som? limit would
probably be placed on this practice 1o ensure that every
instrument is calibrated every so often (e.g, every 10
years) to reduce the risk of total dependence on new
technologies until it is proven by years of experience
that a total dependency on automated testing is free of
any risk.

In addition to the in-plant validation tests at McGuire,
the Phase | project involved laboratory work that was
initiated 10: 1) evalua‘e the methods that are available
for determining the drift of instrument channels, and 2)
cstablish the accuracy of the on-line monitoring
techniques as a function of plant type, sensor type, plant
conditions, redundancy, and other factors. Furthermore,
as a part of the laboratory work performed in Phase |,
a number O1 smart temperature and pressure sensors
were evaluated by laboratory testing. The details of this
work are presented in the body of the report. Also
presented in the body of the report are the results of a
search of the LER database on failures and faults of
process instrumentation channels in nuciear power
plants, the principles of on-line monitoring techniques,
and extensive @aboratory and in-plant data that were
generated in the course of the Phase | project.

The Phase | project has concluded that it is simple 10
develop and implement an on-line monitoring system in
a nuclear power plant to check 1o drift and response
time degradation. What remains to be done, however,
is to show the sensitivity, repeatability, and accuracy of
such systems under a variety of plant operating
conditions for a variety of sensors and instrument
channels. An interesting conclusion of Phase | was that
simple averaging methods and common sense analysis
techniques are as cffective as some of the more
complicated techniques described in the literature. For
response time degradation menitoring, however, simple
techniques such as zero crossing were found to be only
marginally useful. For this application, more
sophisticated methods such as AR modeling and spectral
pattern recognition must be used te provide reliable
results
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It should be pointed out that several projects similar to
the one described in this report have been carried out by
the Electric Power Research Institute (EPRI) and other
organizations in the US. and abroad including a few
utilities.™* 1In fact, an in-plant validation effor* similar
0 our work at McGuire is presenily underway at the
San Onofre Nuclear Power Station. The Southers
California Edison Company, who operates San Onofre,
has made npresentations to the NRC and is secking
approval from the NRC 1 use an on-line monitoring
system as a part of the effort 10 be spent ai San Onofre
to justify extended instrument calibration intervals."”

It is important 10 poin! out that utilities are mainly
interested in avoiding unnecessary calibrations of the
sensors that are located in the containment and other
hazardous arcas of the plant as opposed to the rest of
the instrument channels that can be conveniently
calibrated while the plant is on-line. More specifically,
aithough the calibration reduction methods described
here are useful for testing a complete instrument
channel, the major bene.it 1o utilities is in avoiding the
calibration of the sensors (especially pressure and
differential pressure transmitters) in the field. The
balance of an instrument channel is much casier to
calibrate and sensors such as Resistance Temperature
Detectors (RTDs) can be cro.  ulibrated on-line during
plant operation. A detailed description o the cross
calibration technique is given in this report,

The information developed in the Phase | project has
been used by AMS in writing a draft of the ISA
Standard $67.06. This standard was issued by the
instrument Society of America (ISA) in 1984 for
response time testing of instrument channels in nuclear
power plants'”. It is under revision now to include the
on-line methods that have been developed since 1984 for
both response time testing and calibration.
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2. Backgcound and Terminolagy

Following the 1979 accident at the Three Mile Island
Nuclear Power Station Unit 2, the NRC implemented &
number of new requirements 1o ensure that the reactor
operators are provided with accurate, timely, and reliable
information about the status of the plant under normal
and accident conditions. In response, the nucicar
industry began upgrading the control rooms of the
plants using state-of-the-art computer technology, color
monitors, and digital and analog display equipment 10
provide the operators with a great deal of gualitative
and quantitative information at the touch of a few
buttons. The displays were designed and Jocatss' in the
control room according 10 human factor principles o
make it casy for the operators 1o determine the status of
the plant at a glance. An example of an important
operator aid that incorporates these new developments
is the Safety Parameter Display System (SPDS) “which is
used 1o assess the safety status of the reactor and critical
components of the plant. This system uses the existing
signals from some of the process insirumentation
channels to display the present 2ud past status of the
plant 1n terms of color graphs and simple charts,

‘vo ensure that reliable signals are used in operator mds,
EPRI initiated research and development activities in
the carly 19805 in an arca that is now known as "signal
validation. " Signal validation techniques have been
used previously in the acrospace and aviation industrics
for flight control and space vehicle apphications.

Signal validation consists of a variety of signal processing
technigques implemented in nuclear power plants to
ensure that sensos drifl, response time degradation, bias,
noise, and other sensor or system anomaties do not
mislead the reactor operators. Signal validation depends
on the reduncancy of sensors in nuclear power plants
and the pnysical relationships between the process
parameters  to  check the consistency of the
measurements, predict the expected values of process
variables, and detect, solate, and characterize any
significant anomaly in the instrument channel.

TPRI's efforts in the signal validation arca have not only
produced improvements in operator aids, but also have
laid the foundation for the development of on-line
methods for testing the calibration of instrument
channels. In fact, the outgrowth of signal validation
techniques for irstrument calibration testing has
overshadowed its application to SPDS and other
operator aids.  In addition to EPRI, a number of
national and in‘ernational research and development

organizations, universities, national laboratories, and
utilities have worked in the signal validation arca. As a
result, numerous techniques have been researched or
developed and documented under a variety 9f names.
Some of the more common of these techniques are
defined below and a detailed descripiion is provided in
Chapter § under the title “Smart Sensor Technologies.*

Like Signal Comparison

This method is also referred 1o as cross calibration or
DC signal comparison. 'L involves scanning the output
of a number of instruznent channels that are measuring
the same process parameter and determining the
deviation of ecach channel from the average of all
channels (excluding the outliers). This method is
popular in PWRs for on-line testing of calibration of
temperature sensors at i thermal conditions, The
principle of this method is illusirated in Figure 2.1. A
problem with the like signal comparison tecknique is
that it may not account for common mode drift unless
a newly calibrated sensor is included in the compaiison
and/or @ method such as analytical redundancy, as
defined below, is used to provide an independent
estimate of the process parameter.

Analytical Redundancy

This method is used when an adequate number of
physically redundant channels is not available for
intescomparison and when an independent measure of
4 process parameter is needed 1o account for common
mode drift. As its name implies, analytical redundancy
depends on theory to produce fictitious sensors or
instrument channels to increase the redundancy. More
specifically, it uses a group of diverse signals as the input
10 & physical or empirical model 1o produce & new signal
*“at has & relationship with the group. Analytical
vedundancy 8 also referred 1 as diverse signal
comparisos.  The principle of the method is illustrated
in Figure 2.2.

Parity Space

This method is used to determine the consistency
between a group of redundant signals. he common
components of the signals are subtracted out and the
remaining components are compared, two at a time.
Based on the differences between the residual
components in cach pair, an inconsistency index is
generated and used for diagnostics. The consistency
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3. Current Nuclear Industry Practice

The nuclear power industry currently practices a very
conservative approach with respect 10 performance
testing  of safety-related  process  instrumentation
channcls. In most plants, these channels are
qualitatively checked three times a day, surveillance
tested every month, and fully calibrated at every
refueling outage and whenever a component s replaced.
In addition, response time measurements are made on
certain components of the instrument channels such as
the sensors, filler modules, and other components that
may be susceptible to response time degradation.

There are some varistior . in  testing practices
throughout the nuclear power industry and some
differences in the 1erminologies used for the tests. For
exampie, the monthly ¢, quarterly surveillance tests are
referred 1o as functional tests in some plants and are
performed according to & different set of procedures and
acceptance criteria than the surveillance tests, These
variations make it difficult 10 provide a general picture
of the nuclear industry’s practices, Nevertheless, we
have attempted to present in the following sections &
representative overview of the bulk of current practices
including the test frequencies and the general test
precedures for the calibration and surveillance tests,
The ¢ erview is preceded by a number of figures 1o show
tne typical components of an instrument channel.

Figure 3.1 is a block diagram of possible components of
a typical instrument channel. This includes the sensor,
signal transmission lines, signal converter and signal
conditioning equipment, irip logic, and actuation
modules.  Figure 32 shows some of the specific
components of an analog instrumentation channel,
Recently, digital instrumentation channels have been
introduced to the nuclear power industry, and & few
plants have already installed and are successfully using
such mstruments in both the safety and non-safety
systems of their planis. An example is the Westinghouse
Fagle 21 system which replaces the conventional analog
LStrumentation systems,

3.1 Daily Channel Checks

The safety-related instrument channels in most plants
are qualitatively checked by the plant operators once
every shift. The operators look at the indicators in the
control room to ensure that the redundant channels
agree with one another within a certain tolerance. The
resulting information is recorded in the plant’s daily logs

and any problem to be corrected is reported to the
maintenance staff.

3.2 Surveillance Tests

Surveillance tests are  usually performed on  all
safety-related instrument channels once every month
while the plant s operating  The purpose of the
surveillance tests is tu either verify the trip setpoints or
test the functionality of the instrument channels.

The surveillance tests are performed at the instrument
racks, and include all the components of the instrument
channel except for the sensor. The s¢ or is located in
the field and is not usually tested during plant operation
except for in-situ response time testing described later.
There is some concern as to whether or not it makes
sense 1o test an instrument channel without the sensor.
The sensor is the component of the channel that is most
susceptible 10 performance problems because It is
located in the harsh environments of the plant as
opposed to the rest of the channel which is located in a
mild environment. An on-line monitoring system as a
substitute for the surveillance tests, as contemplated by
the nuclear industry, has the advantage of testing the
whole channel including the sensor. In addition, on-line
monitoring is a completely passive approach in contrast
with the surveillance tests which require physical
interactions with the piant equipment.

Surveillance Test Procedure

The following procedure is typical for performing a
surveillance test:

1. Verify that the plant conditions are suitable for the
tests and no other redundant channels are tripped.

rs

Place the instrument channel in "Test."

3. Disconnect the sensor from the rest of the channel
In most plants this step is performed using switches
or relays on test cards provided for this purpose.
There i1s often no need to lift leads to disconnect the
sensor. Figure 3.3 shows the schematic of a typical
test card and the relays that are provided to
automatically disconnect the sensor from the rest of
the channel.

4. Input a test signal (voltage, current, Or resistance) to
the instrument channel and verify that the channel
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will produce a trip signal at the required setpoint.
If the trip does not occur as expected, a full
calibration or a bi-stable adjustment is usually
performed on the channel. A typical schematic of
a redundant instrument set 18 shown in Figure 3.4
including most of the typical components and signal
paths which iead 10 a trip in case of an undesirable
transient in the plant.

5. Return the channel 10 service.

The surveillance test of an instrument channel requires
anywhere between a few minutes to several hours
depending on the plant, the channel being tested, and
the test equipment used.

Although the surveillance tests are performed monthly
in a majority of the U.S. plants, there are a growing
number of plants which have successfully extended their
surveiflance intervals 10 once a quarter through a
combination of efforts including a comprehensive trend
analysis using archived data, on-line monitoring, and a
documented history of stable performance.

Surveilance Test Equipment

Surveillance test equipment generally consists of a signal
generator or a power supply, a variable resister such as
# decade box, and a strip chart recorder or equivalent.
To facilitate the tests, a number of madern signal
generators and microprocessor-based test equipment
have recently been introduced to the market or
developed by utilities. As & part of the Phase | project,
we conductea a number of inierviews with utility
personnel who had experience with such test equipment.
The results were mixed and mostly negative except for
one utility in the survey that has developed its own
automated test unit and is using it with great success.”

Based on our interviews, we have concluded that while
some of the avtomated equipment are generally helpful,
they do not significantly reduce the total time spent in
performing the surveillance tests. This is because a
majority of time spent in a surveillance test is consumed
in placing the channels iu and out of test, an activity
that cannot be readily automated. There has been some
work spent on development of equipment that can be
used for surveillance tests without having o trip the
channel or disconnect the sensors. However, such
systems are not currently used in any U.S. plants.

Shortcomings of Surveillance Tests

A major concern of utility technicians about surveillance
tests is the increased potential for a reactor trip during

the tests. When the instrument channel is placed in
*Test* for surveillance, the channel is in a “tripped” state
which places the reactor at a higher risk for automatic
shutdown (scram). Most plants normally scram on 2 out
of 4 logic meaning that they will scram when any two

out of four safety-related channels exceed a setpoint.

When one of the four channels is in Test, the plant will
scram if only one of the remaining three channels
exceeds @ setpoint.  Most often, a scram that occurs
during the surveillance tests is caused by different test
personnel working on  different protection sets. The
scram occurs when one channel is tripped for the
surveiliance tests and another channel is inadvertently
tripped for the other tests. A polential remedy,
although non-conservative, is 1o by-pass the channel
instead of placing it in Test. A channel is by-passed
using @ constant test signal 1o emulate the sensor and
keep the channel in its normal operating state. This
approach corresponds to a 2 out of 3 logic which is less
conservative than 1 out of 3 logic. Therefore, the plant
technical specifications do not normally allow the test
personnel to put a safety channel in by-pass.

3.3 Full-Channel Calibration

All safery-related instrument channels are  fully
calibrated during refucling oatages. The calibration
procedures are almost identical o the surveillan~
procedures outlined above except that they include the
sensor. Furthermore, ir  executing calibration
procedures, all instrument deviations are usually zeroed,
if possible, whether or not a channel meets its
accepiance criteria.

The full-channel calibration practice seems 10 be
uniform throughout the nuciear industry except for whe!
is done with the sensors. Morc specifically, the channels
(excluding the sensors) are fully calibrated in all plants
and all problems are resolved at every refueling outage.
In addition, all safety-related pressure and differential
pressure transmitters  (including level and flow
transmitters) are calibrated in all plants and all problems
are resolved at every refueling outage. Thermocouples
and neutron detectors are rarely calibrated, except for
comparing neutron channel outputs to heat balance
data, and the practice is sporadic with respect to RTDs,
A few plants periodically remove and recalibrate their
RTDs, some plants periodicaily install new RTDs with
fresh calibrations, a majority of plants perform on-line
cross calibration, and other plants do not calibrate their
RTDs at all. The number of RTDs that are calibrated
and the frequency of the calibration are also sporadic
across the nuclear power industry.
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The procedures for calibration of pressure transmitiers
and RTDs are summarized below. The word pressure
transmitter is used in the remainder of this chapter 1©
refer to pressure, level, flow, or differential pressure
transmitters.

Pressure Transmicter Calibration

A typical procedure for calibration of & pressure
transmitter is as follows:

1. Isolate the transmitter from the process. This is
accomplished with isolation valves already installed
in the system.

to

Inject & pressure test signal to the sensor and
measure its output. This i usually repeated for 0,
25, 50, 75, and 100 percent of the transmitter span.
A typical calibration data sheet from a nuclear
power plant procedure is shown in Table 3.1.

3. Adjust the zero and span of the Sensor as necessary
to bring its output within tolerance or null its
deviation. In addition to zero and span, in some
transmitters, a lincarity adjustment is also provided,
but it is ratcly used in the field calibrations. The
lincarity adjustment is mostly used at the factory
during the initial calibration of the transmitter.

4. Return the transmitter 1o service. In this step,
solation valves are slowly opened 10 avoid pressure
surges when returning the transmitter to service and
squalizing valves arc used 10 equalize pressure
across differential pressure transmitters (o prevent
overranging during isol ion and return of the
transmitter 10 service.

RTD Calibration

Several methods are available for cahibration of RTDs.
These methods include removal and calioration, cross
calibration, and the Johnson Noise technique. Removal
and «alibrat'on is the most exhaustive method and is
used in only a few plants. In these plants, the RTDs are
removed during a refueling outage and taken 10 a
jlahoratory where they are calibrated in a constant
temperature medium. This method is the most accurate
and reliable way to calibrate an RTD, but it has several
disadvantages. The method is time consuming and
tedious, it can cause damage to the RTD, and in the
case of thermowell-mounted RTDs, it can result in
response time problems if the RTD is not properly
seated in its thermoweli afier calibration. More
importantly, the method invoives radiation exposure t0

o e AR e A b e e | i B s LA e e S e L e g e T T ——

the test personnel. A better method, although not as
accurate, is the cross calibration test which is used in a
majority of plants performing RTD calibration.

Cross calibration tests are performed remotely from the
control room area when the plant is at isothermal
conditions during a scheduled shutdow” or startup. The
cross calibration ‘est is based on determining the
deviation of cach RTD from the average of all RTDs
(excluding any outliers). The advantage ol the test is
that it is simple and practical, and it accounts for all
process conditions and installation effects on calibration,
More importautly, it can he performed remotely from
outside the containment. The disadvantage of the
method s that it may not account for common mode
calib “ation problems such as unidirectional drift unless
one or more freshly celibrated RTDs are included every
time the tests are performed. Recently, it has been
shown that the drift of a large group of RTDs should be
randma™  In this case, the validity of the cross
calibration method should approach that of a laboratory
calibration especially if the cross calibration data is
corrected for plant temperature stability and uniformity
problems during the cross calibration tests.

The Johnson Noise technique has been developed for
in-situ calibration of RTDs under a research and
development project at the Oak Ridge National
Laboratory spansored by EPRL™ The method is based
on measuring & voltage in the nanovolt range that
cortesponds to the temperature to which the RTD is
exposed.  Because of difficulties in measuring such a
small voltage over long lengths of cables, this method in
its current state of developrent is not accurate enough
for remote calibration of RTDs in nuclear power planis.
It may, however, be accurate enough if the calibrations
are performed during refueling cutages near the RTD in
the plant, but this approach has the disadvantage of
personnel radiation exposure,

3.4 Response Time Testing

Response time measurcments are  performed on
safety-related instrument channels to ensure that the
plant is shut down in & timcly manner in case of an
unJdesirable transient. The sensors are usually tested
separately and their response times are added 10 the
respc 1se time of the rest of the channel to provide the
overall response time of the channel. In a few plants,
however, the response time tests are performed on the
whole channel lacluding th~ sensor by providing a test
signal such as a step change 1o the sensor in the field
and measuring its time delay at the channel output,

- 14 -
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measurement of response time and the ramp test is used
for direct measurements during refucling  outages.
Unlike RTDs, the response time of pressure transmitters
does not depend on process conditions, and the ydants
have the choice of the ramp method or an insity
method such as the noise analysis or the PLtest. The
general practice is (o use #n in-situ method unless the
transmitter cannot be tested by the in-situ method, in
which case, the ramp method is used.  For example,
containment pressure transmitters, cannot be lested
on-line with the noise analysis method due 10 a lack of
adequate process fluctuations. These transmitters must
therefore be tested by the ramp methosd, unless they are
force-balance transmitiers testable by the Pl method as
desoribed below,

The ramp test uses a hydraulic signal generator 1o
produce & test signal in the form of & pressure ramp.
Step pressure signals are also vsed, but ramp signals are
more prevalent in nuclesr power plants. This is because
the design basis accident analyses in nuclear power
plants  usually assume pressure  transients  which
approximate 4 ramp. The ramp test signal is applied to
the transmitter under test, and simultancously to a
high-speed reference transmitter. The delay between the
owput of the two transmitiers is the response time of
the transmitter under test

The noise analysis method is based on processing the
natural fluctuations (noise) that exist at *™he output of
pressure transmitters when the plant is operating. The
noise is recorded from the control room area for a short
period of time and analyzed 1o give the response tme of
the transmitter. A second method, the Pl test, is
also available, but this method is applicable only
1o lorce-halance pressure transmitters. The P1otest is

g

performed by turning the supply power 1o
transmitter off for a few seconds, and then on.
the power is turned un, a transient is produced at
output of the sensor that can be analyzed 10 give
response time.

The validity and accuracy of the nolse analysis and Pl
tests for pressure transmitters have been successfully
verified by laboratory measurements performed by AMS
under previous research projects for the NRC.

Eff

3.5 Acceptance Criteria

The acceptance criteria for the calibration, surveillance,
and response time tests are usually given in the plant’s
techn'cal specifications in terms of & tolerance for the
calibration and surveillance tests, and a response time or
time constant limit for the response time measurements.
In most plants, the tests are performed according o
procedures with more stringent acceptance criteria than
the plant's technical specifications,  Referred 10 as
administrative limits, the more stringent criteria are
often imposed by the plant’s own management (0
provide added conservatism.

If a sensor or & channel falls 10 meet the acceptance
criteria for the surveillance tests or the full-channel
calibration, adjustments are made to  bring the
instrument back 1o tolerance. However, if a component
of the instrument channel or & sensor fails the response
time tests, the component of the sensor may have 1o be
replaced because there are usually no simple adjustments
that can be made 10 restore the respranse time, except
for such components as low pass filters (lag cards) and
certain pressure transmitters with adjustable response
times
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4. Smart Sensors

Smart sensors have been growing in popularity ever
since they were introduced 10 the market 8 docade ago.
They are used in a variety of industrial applications and
have found their way into the nuclear power industry.
Smart sensors are candidates for use in advanced nuclear
power plants in sddition (o conventional plants, and it
i therefore important to provide the NRC with an
assessment of their capabilities,

As part of the Phase | effort, several smart (emperature
and pressure sensors were acquired for the project and
installed in & laborstory test loop to be evaluated in
Phase 11, Figure 4.1 shows a photograph of one of the
smart sensors being evaluated. This is a Rosemount
smart pressure transmitier Model 3051C which has a
sensing element with an oil-filled capacitance cell similar
10 the sensing element of coaventional Rosemount
pressure transmitters. The output of this sensor is & 4.
20 ma current signal proporidonal 10 the applied
pressure. A digital communication unit that is normally
supplied with smart sensors is also shown in Figure 4.1
This is & two-way communication unit with a keypad and
display that can be used 10 read the process parameter
on its display of change the sensor configuration from a
remote location; as far away as & mile from the sensor.
The communication unit is connected in the transmitter
current loop as shown in Figure 42. The same two
wires that provide operating power 1o the sensor and
carry the sensor signal sre used to communicate with the
sensor.  The communication signal is a high frequency
AC voltage and its DC  verage is zero. Therefore, it has
no effect on the output of the sensor.

In Figure 4.3 the smart pressure transmitier is compared
with its conventional counterpart 10 show that the
physical configuration of smart sensors s somewhat
similar but a little smaller t.an conventional sensors.
This is followed by Figure 4.4 comparing a smart
pressure transmitter with a smart lemperature sensor.
The smart temperature sensor is 2 Rosemount Model
3M4C, which can be used with an RTD or a
thermocouple. The same communication unit can be
used for either pressure Or lemperature sensors,

Due 1o the short time that has passed since the smart
sensors were acquired for the project, there is no
substantial data or conclusions (o report about smart
sensors other than to state, hased on a qualitative
evalustion which we have conducted on  several
Rosemount temperature and pressure transmitters, that

SIMAr SCRSOS are casier 10 use and easies 1o calibrate
than conventionsl sensors, and tuey readily moet their
specifications as stated by the manufacturer. The smart
sensors will be tested thorougaly in the Phase 1 project,
and the results will be presensed in the Phase 11 report.

A smart sensor is essentially a convertiona! sensor with
& builltin microprocessor including memory.  The
merory s used 10 store information about the sensor
and its calibration. For example, the sensor tag number,
serial number, model number, date of last calibration,
and other pertinent information about the sensor can be
stored within the sensor itsell and retrieved at any time
through the digital communication unit.  More
importantly, the sensor calibration constants (¢.g., rero,
spat, and range) can be stored in the memory and readily
changed 10 new values when the sensor is recalibrated or
reconfigured.

The calibration of & smart sensor s cimple in that it
does not require manual interaction with the sensor
internals.  For example, 10 calibrate & smart pressure
transmitter, & pressure corresponding 1o the sensor's
zero is first applied 10 the sensor and & button is pushed
10 st the *Zero" Then the full pressure is applied and
another button is pushed 10 set the *Span* These two
steps are all that is needed to calibrate a smart pressure
SensOr as Opposed 10 several steps that must be followed
1o calibrate a conventional sensor.  The zero and span
bullons in most smart sensors are accessible from
outside the sensor housing, or they can be changed
clectronically using the sensor communication unit,
Therefore, unlike most conventional sensors, ihere is
usually no need in & smart sensor 1o open the sensor
housing for any calibration work. This helps prevent
dust, dirt and moisture accumulation on the sensor
clectronics; a prevalent problem in most conventional
sensors.  Furthermore, in conventional sensors, 10
prevent moisture ingress, the housing gaskets or O rings
must be replaced every time the sensor is opened; a time
ConsuMing step nOL NECEssary in MOst SIArt Sensors.

A common misconception about smart sensors is in
regard 10 their self calibration or remote calibration
capabilities. Even though the terms "self calibration®
and  ‘remote  calibration®  are used by some
manufacturers, a smart sensor still requires a known test
signal that must be physically applied to the sensor to
calibrate 1. As such, there is no way o remotely
calibrate a smart sensor as instalied in a process, other
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Figure 4.3 Photograph of a smart and a conventionn) pressure
transmitter from Rosemount
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than 10 re-range or recoaligure the existing calibration
of the sensor.

Figure 4.5 shows a block diagram of & smart sensor.
The analog-to-digital converter (A/D) shown in the
figure 18 uses 1o digitize the sensor signal, which is then
stored in the memory where it s conditioned as
necossary (e.g., linearized, filtered, etc.) or displayed on
# dignal indicator.  The digital-to-analog converter
(D/A) is used to convert the digital data (after it has
been conditioned ) back 10 analog form, if necded, 10 be
used with existing analog instrumentation in the rest of
the instrument channel. A significant advantage of
smart sensors is that the sensor signal is digitized in the
ficld before 1t is sent out 10 the control room or other
areas of the plant.  This can provide immunity to
clectrical noise and other interferences inherent in
operating processes (il appropriate digital receivers are
used. Other important features of the smart sensors are
summarized below

Temperaiure Compensation

Varistions in temperature around a sensor can cause
varigtions in the values of the sensor's electronic
components and affect the sensor outpul.  In smart
sensors, the ambient  temperature  variations  are
measured with & buiit-in  temperature sen<or  and
accounted for in providing the sensor output. This can
help reduce temperature crrors by nearly an order of
magnitude. Temperature compensation is also uvaliable
in most conventional sensors, but the accuracy of the
lemperature compensation in smart sensors is by far
greater, due 10 the accuracy of state-of-the-ant digital
circuitry in the sensor,

Self Diagnostics and Error Reporving

Smart sensors are often programmed (o continuously
check for gross malfunctions in the sensor such as open
circuits and insulation resistance failures, power supply
or reference voltage problems, A/D and D/A problems,
and microprocessor problems. The sensor can warn the
user of a problem or provide error messages.  These
diagnostic capabilities are particularly useful in solating
hardware problems 1o a replaceable electionic module or
component.

Note that most of the diagnostic capabilities of smart
sensors are for their own electronics and digital circuitry,

and there are no provisions (0 check for the calibration
stability and response time characteristios of the sensor.
The capability of a sensor 10 check for its own
calibration drift and response time degradation requires
sophisticated computing algorithms that cannot be
installed on @ microprocessor within a smart sensor,
Hence, these capabilities can only be added 10 the
existing conventional and smart sensors through the use
of an external computer which implements smart sensor
technologies.  This subject is discussed in detail in the
next chapter of this report,

Linearized Ostput

Once the analog signal from the sensing element is
digitized, it can be fit 1o a lincarizing equation stored in
the sensor memory.  The results can be provided in
direct digital form or converted (o an analog signal via
the built in DVA

Daia Logwr

Most smart sensors can store the measurements made
for a specified period of time and display them on
demand.

Damping

To reduce outpul noise, smart sensors are often
cquipped with analog or digital filtering (damping)
capability with adjustable response times in the range of
0 to 50 seconds.

Inerference and Overvoliage Protection

Smart sensors usually have protective filters 1o null radio
frequency interferences (RFT) and provide immunity to
voltage surge” (in the case of lightning, for example).
They are also equipped with reverse polarity protection.

Tamper Proof

Lockout  provisions are  often provided in  smart
sensors 10 prevent usauthorized lampering resulting in
changes 10 the sensor calibration or range and other
characteristics. No pols or knobs are casily accessible
On smart sensors thus assuring the sensor configuration
control.
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smart Sensor Technologies

! 5.1 Data Uualification
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Tabie £1
Dingnostic Capabilities of » Truly Smart Sensor
Diagnostics Measurement Applicution
Lowp Resistance Cireult continuity test

Insulation Resistance

Capecitance o Gro® nd

Time Domain Reflectometry (TDR)

Limit Checking and Auctioneering

Mean, Variance, Skewness, and Flatness

Like Signal Comparison

Consistency Checking

Analytice] Redundancy

Loop Current Step Response (LCSR) Test

Noise Analysis

Power Interrupt Test

Test of insulation breakdown and moisture ingress

Test of insulation breakdown and moisture ipgress

Test of cables #ad connectons

Screening test of DC signals

Test the quality of AC ana DC signals

On-line testing of calibration of redundant signals

Test of consisiency between a group of signals

Adds 10 hardware redundancy and helps check for
common mode problems

Quantitative measurement of response time of
RTDs and thermocouples

o Quantitative measurement of response time of
pressure transmitters

« Qualitative testing for response time
degradation of temperature, neutron, and other
sensors and instrument channels

Quantitative measurement of response time of
force-balance pressure transmitters
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The following equations are for a discrete data record
that is represented by an array of discrete signal values
of the form x(1), x(2), x(3), ..., x(N).

Meun

The mean (m) or average of a data block is calculated
by adding all the data points in the block and dividing
the sum by the number of points in the block (N).
- 1. . x(k) (5-”
N 5

Examples of problems that can be identified by
monitoring the mean value are sudden loss of signal,
signal saturation, elc.

Variance

Variance (0°) is a measure of the dispersion of the
signal aboul its mean. The variance for cach block is
determined by calculating the block mean  and
subtracting cach data point from the mean. The result
is then squared, summed, and divided by the number of
data points in the block,

N
ol - Z h(t)_nll (5.2)
&)

2=

A related term 1o variance is root mean square or RMS.
RMS is also called standard deviation (o). It is the
square root of variance,

An evample of a problem that can be identified by
moaitoring the variance is abnormally large or small
sinal Nuctuations.

Sker ness

Skewness is a measure of signal symmetry about its
mean value. For a completely symmetrical signal, the
skewness  value as  calculated by the following
equation must be zero.

N
byt ¥ @)-mpfe’ (5:4)
N

Experience  has shown that signals
operating instruments in nuclear power
have skewness values close 10 zero. The skewness of
signal can be seen in & plot of the amplitude
density (APD) function for the signal. The APD plot is
similar 10 a histogram (Figure 52). A histogram is
typically plotted as follows: 1) on the y-axis, the number
of times the same outcome is attained, and 2) on the x-
axis, the range of possible ouicomes. In plotting the
APD of a signal, the signal variations in amplitude ace
divided into a number of discrete values and the
probability of occurrence of cach amplitude is plotied as
a function of the amplitude. A properly distributed
signal will have a bell-shaped APD as shown in Figure
5.2 In Figure 5.3, we have shown a normal APD and a
skowed APD,

i
:i1

E

The bell-shaped distribution is represented by (he
followir ) equation:

OJ\,,ls

where pix) is the probability of occurrence of the signal
X and o is the RMS value of the signal. A bell-shaped
curve that follows Equation 5.5 is referred to as a
Gaussian distribution. A Gaussian distribution is also
called a *normal® distribution. 1f the skewness is not
zero, then the signal is said to be skewed, implying that
it 18 not symmetrical about its mean value,

A departure from the Gaussian distribution can be
determined by calculating the skewness of the signal or
comparing the APD plot of the data against a Gaussian
APD. A departure from the Gaussian distribution is
usually indicative of nonlinearity in the signal or sensor
from which the ignal originates. Examp!ss of problems
that may be detected by calculating the skewness of
plotting the APD are signal clipping, nonlincarity,
one-sided signals, gain problems, etc.

Flatness
Flatness (also called Kurtosis) is calculated by the

following equation:

N
By '*:—, ?:‘, [x(k)-m)*/ 30" (5.6)
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The fMatness must have & value close to wnity for a
properly behaving signal.  The flatness is basically &
measure of the ratio of small amplitude occur: 2nces (o
large amplitude ocourrences in the signal. Flatness can
also be evaluated from the shape of the APD
Figure 5.4 shows the APDs of a slightly and & highly
non-flat signal.

Piot of Data Qualification Parameters

The data qualificavion parameters mentioned above are
plotted block-by-block for a normal and an abnormal
signal in Figures 5.5 and 5.6, respectively. It is apparent
that the normal signal has a relatively constaat mean
and variance for all the data blocks, & normal APD and
a flatness close 10 wnity for all blocks. In contrast, the
abnormal data show saturation between blocks 80 and %0
as indicated by a jump in the mean and variance values,
a spike in the APD plot and a flatness value much
different than unity.

The mean, variance, skewness, and fNatness are referred
1o as statistical moments of the signal and defined bhased
on signals with random fluctuai ons that follow a
Gaussian distribution.  These moments are also called
Ist, 2nd, 3rd, and 4th moments corresponding to mean,
variance, skewness, and kurtosis, respectively. There are
higher moments such as Sth, 6th and higher, but no
specific name is wsed for these higher moments. The
mean, variance, skewness, and the higher moments are
useful mainly for qualification testing of AC signals, but
long records of slowk: varying DC signals can also be
Gualified by these moments. In addition (o calculating
the statisti.=! moments, limit checking and auctioneering
approaches are used for DC signals. In this project, we
have used a method similar to limit checking for
Wentifying and deleting the discontinuities in the
in-plant test data that are encountered when the plant
trips during the on-line monitoring process,

§.2 Like Signal Comparison

Like signal comparison is a useful method for detecting
calibration problems or drift in redundant sensors of
instrument channels. Two or more signals are referred
10 as “like® signals if they measure the same process
parameter.  For example, the RTDs that measure the
hot leg temperature in the primary coolant system of a
PWR are referred 10 as “like* signals. Two or more
signals that are not “like" signals are referre t0 as
diverse, dissimilar, or "unlike" signals.

The procedure for drift monitoring using the like signal
comparison involves averaging the redundant signals and

determining any significant deviation of cach signal from
the averuge of all signals. Straight sveraging is used
unless the redundant signals are from sources of varying
Quality or acouracy. For example, if & group of RTDs
and thermocouples are tested together, it may be
appropriate to weight the RTD signals more than the
thermocouple signals because RTDs are generally more
accurate than thermocouples  The weighting factor s
determined based on: 1) previous  experience,
2) general  information  about  the accurscy  of
instruments, 3) information about the age and accuracy
of the sensor calibration, and 4) consistency of the
redundant signals, or & combination of these and othar
factors,

The accuracy ana reliabi ty of the like signal comparison
analysis depends predominantly on the number and
reliability of the redundant signals available.  The
minimum number of signals necessary is three and the
maore signals the better. With as few as three signals, it
s important (o perform pairwise comparisons using a
consistency checking method to ensure that the drift in
one of the three signals does not invalidate the average
value. If it does, the signal must be labeled as an
"outlier” and removed from the average. The deviation
of the outlier is then identified by determining its
difference from the average of the remaining signals.
When less than three signals romain after the outlier(s)
are removed, the analytical redundancy approach as
described below may have 1o be employed 10 make up
for the lack of physical redundancy.

Figure 5.7 shows five traces for temperature sensors
installed in our laboratory test loop 10 measure the same
temperature.  These time traces are useful in studying
the stcady-state behavior of the instruments. Figure S.8
shows three pressure transmitter signals of which one
transmitter  was  drifting and causing all three
transmitiers 1o show a drift. A pairwise comparison of
the signals helped identify the drifiing transmitier and
separate it from the stable transmitters (Figure .8, top
right).

The like signal comparison technigue is widely used in
pressurized water reactors (PWRs) for on-line testing of
calibration of primary coolant RTDs. The tests are
performea remotely from the control room area when
the plant is at isothermal conditions. At isothermal
conditions, the primary coolant RTD elements in the
hot legs and cold legs of the plant are at the same
temperature. This provides about 20 1o 40 temperature
clements that are monitoring the same temperature and
can therefore be intercompared to identify the outliers.
The test is referred 10 as the cross calibration test which

+ 31
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s described in detail in Chapter 6. As will be seen in
Chapier 6, the redundancy of RTDs for cross calibration
i6 80 good that it is not necessary (0 plot the dats over
Hme. A few data scans are usually adequate for &
conclusive test,

5.3 Analytical Redundancy

This method s used for obtaining an independent
estmate of a process parameter 10 account  for
conmon-cause fallure or unidirecionsl drift.  More
specifically, if a group of sensors drift upward of
downaurd together and awey from the true process
variable, the intercomparison technigue cannot identify
the problem.  Therefore, it is important to use an
additional measure 10 obtain an independent estimate of
the process parameter and ensure that common mode
problems are accounted for. In addition to helping 10
account for common mode drift, analytical redundancy
15 & method of generating redundant signals from non.
redundant sensors (Figure 5.9).

Analytical redundancy takes advantage of the fuct that in
a closed loop system such as a nuclear power plant,
many of the process parameters are often closely related.
For example, an estimate of the reactor coolant Now in
a PWR can readily be obtained from measurement of
hot leg and cold leg temperatures and the reactor power.
This can be done using the O =rc AT formula, where
 is the reactor thermal power, AT is the temperature
drop across the core, ¢, 1s the constant pressure specific
heat and i is the fow rate of interest.  Similar
information can be obtained from an  empirical
correlation of the form:

Y - ('.ﬁ - E C) Q; (5) (5.7)

where Y is the parameter of interest, ¥ = (x,, X, , ...,
1) is the vector of variables that influences Y, (@, ,
f=l2, ... n} are nontncar terms, and {C,} are
constants,  The constants of Equation 57 can be
identificd through a so-called learning process. The
learning process is like fitting on-line process data to
Equation 5.7 and solving a system of equations that
gives the constants of the equation. This will provide
the characieristic equation for the process that can be
used later (o predict the values of the process
parameters  from  on-line  measurements of  other
paramecters. The advantage of empirical modeling over
physical modeling s that it does not require a
knowledge of the system structure and malerial
properties and a disadvantage is that it requires the

the
model for the process being analyzed, the
operating conditions, the number of diverse uwr::
analyzed, and other factors,

Examples of how empirical and physical models are
implemented are discussed below.

Implementation of Empirical Models

A number of organizations have worked on the
development of algorithms for analytical redundancy.
One of the most notable developments in this arca has
been carried out by the University of Tennessee (UT)
under @ contract with the US.  Department of
Energy.""'" The UT researchers Fave developed and
tested the empirical model of BEquation 5.7 with
operating data from a four loop commercial PWR. Two
examples of UT's results for this PWR are described
below.

1. The reactor power was modeled as a function of the
hot leg and cold leg temperatures with the following
result:

y * 000284x] - 64.5x, + 00568,

(58)
~ 118, + 18178

where v = reactor power (%)
1, = cold leg temperature (°F)

1, = hot leg temperature (“F°

Figure 5.10 shows a plot of Equation 5.8 compared with
actual measurements of power from 0 10 100%. It is
interesting that the same model can reasonably predict
the output of the system for a wide operating range from

zero power 10 100 percent power operation.
2. The pressurizer level was modeled as a function of

pressurizer  pressure, reactor  power, hot  leg
lemperature and cold leg temperature.  The
prediction mode! is:

y » 0.7365x, - 00685z, - 0.0086x, (5.9)

« 064z, - T3
where  y = pressurizer level (%)
X, = reactor power (%)
r, = pressurizer pressure (Ib/in®)
1, = cold leg temperature (°F)
r, = hot leg temperature (°F)
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Figure 511 illustrates the performance of the . .«
compared with the measurement of pressurizer level,
Note that the model can correctly predict the sutput of
the system throughout its operating range.

Implementation of Physical Models

A simple physical model was developed in Phase | and
used with laboratory data to predict the temperature of
a test loop simulating &« PWR. The test loop is shown
in Figure 512, During normal operation, flow passes
through both the high and low velogity legs, while the
by-pass portion of the system is isolated. Temperature
in the loop is regulated by directing a portion of the
flow 10 a heat exchanger located on the discharge side of
the recirculation pump. The heat exchanger is exposed
10 ool outside air and is effective in removing heat
generated in the system by the recirculation pump.
During steady-state operation, test loop conditions are
as follows:

45°F 10 120°F
45 10 200 PSIG
400 10 450 GPM
0 1o 50 GPM

Operating Temperature:
Operating Pressure:

Main Loop Flow Rate:
Heat Exchanger Flow Rate:

By the first law of thermodynamics, neglecting any heat
transfer from the piping 10 ambient air, the rate of
change in internal energy (E) of the system (consisting
of the water in the entire loop) must equal the sum of
the rate of heat removed by the heat exchanger (O
and the rate of heat added by the recirculation pump

(5.10)

. 2 ‘5 l ' )
mic (T,=T,) = (1a,,¢ AT, ¢ Qr--v-)A'

where m = total mass of water in the loop

My = mass flow rate through the heat
exchanger

' = initial temperature

AT = temperature change of waler across
the heat exchanger

T, = final temperature

¢ = specific heat capacity of water,

Al = increment of time

SOM“ for Taf

) $12)
I« 1o |thm 'Y é,.,]"
me

The model calculates the final loop temperature (T,) on
a ‘per minute® basis. Once the final loop temperature
is caleulated for the first minute, this value is used as the
new initial temperature of the test loop (7).

The test of the model was performed using heat
exchenger flow rates ranging from 0 (o 25 GPM and
outside air temperatures ranging from approximately
49°F 1w 72°F. This provided a broad range of
conditions 10 evaluate the performance of the model
during steady-state and transient conditions. The results
of @ test run comparing the model predictions and
measured temperatures are shown in Figure 513, The
differences between the two readings are shown ir
Figure 514, It is apparent that the model accurately
predicts the loop temperature within better than 4 1°F,
This  difference increases slightly as  the process
temperature increases above 85°F or drops below 70°F
when heat transfer to and from the piping to the
ambient air becomes more significant.

The simple model and the laboratory tests described
here show the feasibility of the phwsical modeling
approach  for independent  assessment  of  process
parameters.  In Phase 11, a wore sophisticated model
that will be suitable for predicting a plant signal
behavior will be developed and validated in the test loop
and then incorporated in the on-line monitoring system.

5.4 Consistency Checking

As mentioned earlier, if only a few "like® signals are
available for intercomparison, a drift in one of the
signals will cause the other signals 1o appear as if they
are drifting. To avoid this problem, cach signal is
individually compared with other signals for consistency.
It the difference between any two signals exceeds 2
threshold, an inconsistency is declared. Furthermore, an
inconsistency index is established to count the number
of times that a signal has been inconsistent with one or
more other signals.  The inconsistency index s
incremented by one cach time an inconsistency is
declared.  The inconsistency index IS then used as a
weighting factor in averaging a group of redundant

. 40 -
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signals 10 provide a best estimate for the process
parameter.

Figure 5.15 shows monitored data for five temperature
sensors in our laborawry test loop. One of the sensors
(TC-1-6) is inconsistent with the others as shown in
the figure. The inconsistency is marked on the figure by
placing an * * * on the trace every time the signal is
inconsistent with any other signal in the group.

Inconsistency checking is a useful operation regardiess
~{ how many like signals are being monitored together.
This method, or a variation of it, is referred 1o in the
literature as the parity cpace technigue. However, most
parity space algorithms are written in terms of vectars as
opposed 1o scalars, which we have used here. We will
explore the potential of using other variations of parity
space in Phase 11 if it is determined that they are more
effective than the one we have implemenied here,

In performing consistency tests, it is important to
account for the tolerance band of the signals being
compared with cach other. If the two signals arc
designated as x(k) and y(k) with the tolerance of x being
€, and tolerance of y being ¢,, then the consistency
criteria may be written as:

|x(kt) - (k)| 2 €, * ¢ (5.13)

That is, if at any time the difference between the two
signals (neglecting the sign) is greater than the sum of
the tolerances of the two signals, then the two signals
are said to be inconsistent and the inconsistency index
for each signal is increased by |,

It should be pointed out that any group of signals can by
very consistent with one another and still provide an
inaccurate estimate of the process parameter. For this
reason, it is always important to provide an independent
estimate of the process parameter using a form of
analytical redundancy.

5.5 Uncertainty of Calibration

Testing Techniques

The calibration testing method discussed above will only
work if the uncertainties of the techniques are less than
the deviation thal we arc trying to resoive. These
uncertainties have not been quautified 1o date,
Therefore, there is currently no way to know if on-line
testing of calibration of sensors or instrument channels
in nuclear power plants can become a reality. What is
certain, however, is that gross changes in a sensor

SRRy ——

calibration can readily be identified by on-line
monitoring even thouga it is rot yet possible o quantify
the cuange with adequaie accuracy. This by itself is very
useful in determining ahead of time which sensors or
instrument  channels would need mainicnance orf
replacement. 1t is also certain that the uncertainties of
on-line calibration techniques can be reduced if a
combination of techniques are wused together
Figure £.16 shows & block diagram of & system that uses
ali the techniques discussed in this chapter including the
response time degradation monitoring techniques
summarized below. The combination of all of these
techniques should provide a more reliable estimate of
the process parameter than acy one technique. If all
techniques are applied to each data block for the life of
a fuel cycle, it is reasonable 1o expect that reliable
information a%out the performance of the instrument
channel should be attainable.

5.6  Response Time Degradation

Monitoring

The AC data from the on-line monitoring system can be
analyzed 10 monitor for changes in response time of
sensors of instrument channels. This method assumes
that the AC component of process input to the sensor
is wideband random noise whose spectral properties
remain essentially the same throughout the monitoring
process. The analysis can use simple methods such as
zero crossing or more sophisticated methods such as
univariate Autoregressive (AR) maodeling or Fast
Fourier Transform (FFT) techniques to produce the
Power Spectral Density (PSD) of the AC signals 10 be
monitored for changes. The combinadon of these
methods are referred 10 as "noise analysis.®  These
methods are described below.

The word "noise” refers 1o the random fluctuations in &
process parameter as opposed ¢ high frequency
clectrical noise, 60 cycle noise, and uther electrical
interferences.  The frequency range of “terest in noise
analysis testing of sensors in nucicar power plants is
typically 0 10 100 Hz.

Zerp Crosving

Zero crossing involves counting the number of times
that & noise signal crosses its average valuc .n a given
period of time. The average value is usually zero
because it is customary 1o remove the DC component of
a signal before it s used for response time monitoring
The DC component is removed by a variety of
techniques such as high-pass filtering, adding a DC
offset, or measuring the DC value of the signal after it

- 44 -
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is digitized and subtracting it from the noise record.
Figure 5.17 illustrates the principle of the zero crossing
analysis. It is apparent that if the instrument becomes
sluggish, the number of zero crossings in a given period
of time will decrease provided that the characieristics of
the input noise remains the same. Therefore, this
method can be used 1o detect relative changes in the
response time of an instrument. Figure 518 shows zero
crossing results for a number of flow sensors tested in
our laboratory test loop. The results are shown from
tests performed on two  separate  occasions 1o
demonstrale the repeatability of the zero crossing tests.
Figure 519 shows how the zero crossing rate for a
Rosemount pressure transmitter decreases as the
response time of the transmitter is increased by
increasing the damping in the sensor electronics.

For certain dynamic systems, it has been shown'™ that
under appropriate conditions, the zero crossing rate (Z)
of an instrument that is driven by random noisc is
related to response time (7) by the following equation:

— (5.14)

where C is a proportionalily constant unique 10 the
instrument. The drawback of Equation 5.14 is that the
constant C is not generally known and must be
identified for each sensor or signal, and this is usually a
formidable task.  Nevertheless, the zero crossing
approach is useful if a threshold is established for the
zero crossing rate of an instrument and used to identify
changes.

Univaniate Autoregressive Modeling

The noise record can be fit w a univariate
Autoregressive model (AR) of the following form to
provide the step response of the instrument,

(1) = Y a (t - iaT) + V(1) (5.15)

where x(1) is the noise record, V1) is a forcing function,
and a's arc the parameters of the AR model. These
parameters are determined by fitting the noise record to
Equation 5.15. Once the AR parameters are known, the
dynamic characteristics of the sensor can be identified
and monitored for changes. Figure 520 shows the PSD
of data for a pressure sensor with a clear and partially
blocked sensing line. The sensing line was intentionally
blocked in laboratory experiments to demonstrate that
the AR model can clearly show the resulting change ir
the PSD of the sensor noise output.

FFT Analysis

The noise data may be analyzed in the frequency
domain by a Fast Fourier Transformation (FFT) of the
noise data to provide the PSD of the sensor. The PSD
is then fit 10 a mathematical model (e.g, transfer
function) that describes the dynamic behavior of the
sensor, and the response time is obtained from the
model. For qualitative tests, the PSD is plotted and its
shape is monitored for changes. Figure 521 shows two
FSDs for a Barton pressure transmitter. A normal and
a degraded behavior is shown.  The degradation was
induced 10 demonstrate how it affects the PSD of the
SeNSOr.

Multivariate Awloresressive Model

As in the case of calibration dnft monitoring, sensor
response time degradation monitoring must incorporate
a means to determine if & change in sensor dynamics is
due 10 the sensor or the process. A sophisticated
method for separating sensor effects from process cffects
called Multiv' ite Autoregressive (MAR) modeling is
available, in w, «*, redundant noise <ignals are sampled
simultancously d the common components of the
signals that are due 1o the process are separated from
the rest of the signal. The potential of this method will
be explored in Phase 11

5.7  Pattern Recognition, Neural

Networks, and Expert Systems

Pattern recognition and neural nctwork techniques can
be wused for data qualification, calibration drift
monitoring, and response time degradation testing. For
data qualification and drift monitoring, normal APD and
signal deviation patterns at a given reactor condition are
learned and compared with future patterns to detect
departures from normal behavior, [n the same manner,
for sensor response time degradation monitoring, the
shape of normal PSDs when the sensors are new are
learned and used to identify changes as the sensors age
in the process. Figure 522 shows how the shape of
noise PSDs corresponds to the dynamic response of a
group of sensors. A data base can be created with
various PSDs for new sensors and used to determine if
future PSDs deviate from the PSDs in the database.

The pattern recognition and neural network techniques
will be incorporated into an expert system to be
developed in Phase 11 The expert systein will use
artificial intelligence and reasoning techniques o
identify and  isolate  sensor  drift, response  time
degradation, and other faults.
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6. On-Line Testing of Calibration of Temperature Sensors in PWRs

Of all the methods that have been researched in the last
ten years, a method called “cross calibration” has been
the most successful method to date in providing oa-line
calibration testing capability to the nucicar power
industry.  The method is currently used in many
pressurized water reactors (PWRs) to remotely test the
calibration of the primary coolant RTDs as installed in
the plant.  Without additional effort, the core exit
thermocouples can be included in the cross calibration
process.  However, since RTDs are generally more
accurate than thermocouples, the RTDs must be used
exclusively or with a large weighting factor to give an
estimate of the reactor coolant temperature. The test is
performed from the control room arca where the ficld
leads from the temperature sensors reach their signal
conversion and signai conditioning equipment in the
plant protection system cabinets.

The success of the cross calibration method in PWRs is
due maiv 1o a large number of redundant temperature
sensors that are measuring the same temperature when
the plant is at isothermal conditions. As in most on-{ine
calibration testing technigques, the cross calibration
method is susceptible 10 common mode problems
meaning that it may not detect a common bias if it exists
in a group of RTDs or thermocouples that are cross
calibrated together. There are two remedies to this
problem: 1) include a freshly calibrated RTD in each
set of cross calibration, 2) use the analytical redundancy
technique to obtain an independent estimate for the
reactor coolant temperature 1o ensure that the RTDs or
thermocouples have not drifted together in the upward
or downward direction. The first remedy is more
effective and is probably the only method that will give
unquestionable results, but it is more inconvenient and
expensive 10 practice than the second remedy. The
probiem with the second remedy is that its uncertainties
may be larger thar the bias that we may be trying to
resolve.

There are simpler ways than analytical redundancy 10
obtain an independent cstimate of the reactor coolant
temperature, but the simpler methods usually have
larger uncertainties.  For example, at isothermal
conditions, the steam pressure at the steam generator
outlet can be measured and used with steam tables to
provide an estimate of the steam gencrator temperature
and the primary coolant water that circulates in the
steam generator. The problem with this method is that
there are uncertainties in every step of the way stariing

with the uncertainties associated with measurement of
the sieam pressure.  The combination of the
uncertainties often makes it difficult 10 obtain a reliable
estimate of the temperature to better than 0.5°F which
is usually needed for RTD cross calibration tests in
PWRs.

The cross calibration method is described in detail in the
following section.

6.1 Cross Calibration Principle

The reactor coolant temperature in a PWR is measured
with tweaty to forty RTD elements depending on the
plant. Figure 6.1 shows *wo loops of a four-loop PWR
with the RTDs that are installed in the hot leg and cold
leg pipes. Al isothermal conditions, all RTDs should be
at the same temperature and can therefore be compared
1o identify the outliers. To perform a cioss calibration
test, the resistances of all RTDs are measured at
isothermal conditions and converted o corresponding
temperatures using the most recent calibration tables for
the RTDs. The temperatures are then averaged and the
deviation of each individual RTD from the average
temperature is calculated (Figure 6.2). Any RTD that
exceeds a pre-specified deviation is flagged and/or
removed from the average and the process is repeated as
necessary to identify the outliers (if any). Figure 6.3
shows a flow chart of steps that are taken for the
acquisition of a set of cross calibration data.

The cross calibration test can be performed at one or
more temperature plateaus at isothermal conditions
when the reactor coolant hot leg and cold leg
temperatures  are  at  approximately the same
temperature.  The test can also be performed during
plant startup or shutdown when the temperature I8
increasing or decreasing monotonically at a reasonably
constant rate.

Until recently, cross calibration was thought to be
limited 10 the test of consistency between a group of
RTDs. However, recent research’™ has proven that the
drift of current generation of nuclear grade RTDs is
random rather than systematic, and therefore, the
accuracy of cross calibration results can be made to
approach that of a laboratory calibration, especially if
one or more newly calibrated RTD's are included in the
cross calibration process.
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This measurement is called a
Cross Calitration Pass.

This date set is called &
Cross Calibration Run.

The average tempersature is
assumed to correspond
closely to the reactor coolant
temperature.

This is the result of the
cross calibration test

Step !
Measure the resistances of all RTD
elements st each plateau or during sach
temperature ramp.

Repeat Step 1 until four measurements have
boen taken on each element Store the

maasurements in the computer mamory

Step 3
Average the four resistances measured
for each RTD.

Step 4
Convert the average resistance of each RTD to
temparature using the most recent resistance
versus tempersture date for the RTD.

Step §
Average all temperaturos resulting
from Step 4.

Step 6

Subtract the average temperature from the
temperature indication of sach RTD.

Figure 6.3 Data acquisition and data analysis steps in RTD cross calibration




6.2 Cross Calibration Test
Equipment and Procedure

The cross calibration 1ests are performad using a sensor
scanning system involving a computer, a multipiexer, and
a precision digital multimeter (Figure 6.4). The data for
RTDs are collected and analyzed according to the
following procedure:

1. Sequence through all RTDs and measure the
element resistances.

2. Repeat Siep | to obtain four passes.

3. Average the four resistance measurements for cach
RTD element.

4. Convert the average resistance of each element 10
its equivalent temperature using the latest
resistance-versus-temperature relationship for the
RTD.

5. Average the temperatures identified in Step 4. This
is the best estimate of the plant's primary coolant
temperature under the conditions tested.

6. Subtract the average temperature identified in Step
$ from the temperature indications of each RTD
element. This is referred 1o as the deviation of
cach RTD and is denoted as AT,

7. Scan the AT column and flag those RTDs that
exceed a predetermined criteria (e.g, + 0.3°F).

8. If the deviation of any RTD element exceeds a
predetermined rejection critenia ( €4, + 1L.0°F),
remove the element’s measurement from the data
and repeat from Step 5 to oblain a new average
temperature.

9. Repeat Step 8 until all RTD elements which have
ATs greater than the rejection criteria have bheen
eliminated from the average.

The result of this procedure is referred 10 as a Cross
calibration run. A typical cross calibration run for 24
RTD elements in a PWR is shown in Table 6.1. The
cross calibration tests are usually performed at 3 to 5
temperature plateaus and 5 to 15 runs are ofien
collected at each plateay depending on the plant’s
temperature stability, The resuits of the repeated runs
are then averaged 10 obtain a best estimate of the
deviation of each RTD. Table 6.2 shows the results of

a cross calibration test involving 14 runs on 24 RTD
clements.

The cross calibration test requires access 10 all RTDs at
essentially the same time. This is accomplished by &
variety of methods depending on the plant.  These
methods are:

1. Disconnect the RTD ficld leads from the signal
conversion equipment and connect them to the
cross calibration test equipment. With this method,
the plant operators would have 1o depend on other
temperature sensors for indication. In most plants,
there are provisions (switches or relays) to
disconnect the RTDs without a need to physically
lift any leads. This is explained below.

2. In plants where the RTDs can be disconnected by
electronic relays, a trigger signal is sent from the
test equipment 1o the relay to disconnect the RTD
from the rest of the instrument channel and read its
resistance (Figure 6.5). The trigger signal is then
removed, the RTD is restored 10 its original
configuration, and the process is continued with the
next RTD. With this method, only one RTD is out
of service at a time and while the RTD is being
tested, a fixed resistor is automatically substituted
for the RTD tw keep the RTD channel from
displaying a trip signal or alarm.

3. With a digital instrumentation system, such as the
Westinghouse Eagle 21, the resistance of the RTDs
can be measured passively while the RTDs are in
normal service. The voltage drop across and the
current flow through cach RTD element is
measured and divided 10 obtain the RTD resistance
(Figure 6.6).

6.3 Validation of Cross Calibration
Approach

As a part of the development of the cross calibration
method under an earlier R&D project for NRCY, a
systematic program of laboratory tests were carried out
1o demonstrate the validity and determine the accuracy
of the cross calibration technique. The program
involved & pumber of nuclear-grade RTDs which were
tested in a constant temperature bath at 572°F (300°C),
The results are shown in Table 63 along with a
measurement of the true temperature of the hath
measured with a  Standard Platinum  Resistance
Thermometer (SPRT). It is apparent that the average
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Tuble 6.1
RTD Cross Calibeation
Version #: 4.1
Method: Plateau
Performed: 16-24-1991  19:26:46 Temperature Plateau: S47°F
Resistance Measurements (Ohms) Average

Resistance Temp. Deviation

Tag No. Pass 1 Pass 2 Pass 3 Pass4  __ Ohms LR AT R

412B1 4143931 4143903 4143927 414.4591 414.4088 547.584 0.033

411D1 4143486 4143498 4143536 414.3666 4143547 547.652 0.035

412B2 4142208 4142603 4141944 4141789 4142136 547.750 0.133

411D2 4143576 4143614 4143628 4143784 414.3651 547.405 -0.212

412B3 4141348 4142221 4142005  414.2076 414.1912 547.482 0,134

411D3 4143326 4143348  414.33%0 4143554 4143405 547.697 0.080

412C 4144881 4144846 4144281 4144469 414.4619 547.712 0.095

412D 414.2606 4143330 4143170 4143040 4143036 547.503 114

42281 4142206 4143127 4142628 4142336 414.2574 547,515 -0.102

421D1 4142890 4142892 4142912 4143088 414.2946 547.405 021

422B2 4143074 4142777 4142789 4142962 4142901 547.497 -0.120

21D2 4140812 4140804 4140826  414.0994 414.0859 547.455 0162

42283 4140388 414.0337 4139802 414.0001 4140132 547,343 0274

42103 4141890 4141886 4141930 4142082 414.1947 547.544 0.073
422C 4144119 4144104 4144165 4144328 4144179 547921 0304 #

422D 4143634 414.3331 4143141 4143743 414.3462 547.860 0.243

432B1 4140776 4140776 4140789 4141083 414 0856 547.625 0.008

431D1 414.1074 4141100 414.1162 4141300 4141159 547.445 0172
4282 4145670 4145613 4145713 4145247 414.5561 547.989 0372#

431D2 4141730 414.1748 4141814 414.1950 414.1811 547574 -0.042

432B3 414.1224 414.1549  414.1458 414.157 414.1450 547.699 0.082

431D3 4141728 4141752 4141816 414.1966 414.1816 547.603 0.014

432C 414.4862 4144660 4144519 4145231 4144818 547.884 0.267

432D 414.5917 4145764 4145867 4146010 414 5889 547.662 0.045

Average Temperature: 547617
Notes: * Not Used in Average # Deviation Limit Exceeded
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Laborstory *  Hdation of
Cross Culibpation of RTDs

MM C Platean

Resistance Measurements (Ohms) Avg. Res l'emp. Dev,
b ]

lag ass | Pass 2 Pass 3 Pass 4 (Ohms) () (4}

212.2644 212.2643 212.2741 212.2634 212.2666 *301.537 # 2751
19 429 4928 $29 4910 420 S0O6) 429.4940) 429.4964) MX)L759 £.028
12A 429.115¢ 429.1152 429.129% 429.1134 429.118¢ W81 0.025
1 2¢ 42984 429 (NI8K 4290224 429015 4290125 MR8 0.021
N1 124 6416 424.6324 424 6384 424 6494 424,640 X)) 78S .01
|8 44 K186 429 82(K) 429 812K 3245394 4298277 WK .81/ 0.033
ISA 424.6800 424 6818 424 6862 4246988 424.6867 WX).774 12
1 5¢ 424.2652 124. 2698 424.2740 4242818 424.2727 WX).774 0.012
13A 4289974 428 9496 4290018 429.0144 429 (N)2F W) 762 A.024
i 3 47289734 428971 1289726 428 9840 4289751 X771 018
H $30.237¢ 430,238 $300. 2478 4302404 430.2410 MN).787 0.0
A $30) 1488 430, 1532 430 1658 430, 1481) 4301540 3X). 780 0,006
17A 243216 424 3148 424 3264 424 3152 424 3195 WN).B40 (L0554
1 7¢ 4242264 424.2230 4242322 4242186 424 2251 3X).833 0.047
16A 424 T8¢ 424.7882 $24.7912 424 7800 424.7865 3N, 806 0.020
16( 424 5208 424 5294 424 5258 424 5228 $24.5247 X806 0.020

! 430.06 3¢ 430.0732 430 0620 4300628 430.0654 3X).724 0.062
430) 3424 30,3492 430.3344 $30.3448 430.3427 31K 749 0.037

SPRT.1 547764 247778 547761 . 847767 547768 - 300788

Average Temperature = 300.786°C

v Not Used in Averag # Deviation Limit Exceeded




temperature, indicated by this group of RTDs is a pretty
accurate estimate of the true temperature of the bath as
evident by the close #gr -ment between the reading of
the SPRT and the average of the RTDs. The same

nt was conducted on a group of thermocouples
(Table 6.4). Although the indication of the individual
thermocouples have large deviations from the average of
the group, the reading of the SPRT is close 1o the
average of the thermocouples. That is, the average
indication of & large group of reasonable sensors can be
assumed 1o closely icpresent the true temperature of the
process in which the sensors are used.

64 Accuracy of Cross Calibration

Resuits

The accuracy of cross calibration results depends on the
accuracy of the RTD calibration charts, precision and
accuracy of the resistz nce measurement equipment, the
stability and uniformity of the plant temperatures during
the tests, the number of sensors that are cross calibrated
together, the number of passes in each cross calibration
run, and the number of runs in a cross calibration test.
The most important of these factors and the most
difficult 10 quantify are the plant temperature stability
and uniformity errors. These errors and the methods 1o
identify them are described in NUREG/CR-5560."

6.5 Cross Calibration Tests at Power

The be.t time to perform a cross calibration test is .vhen
the plam s at isothermal conditions giving 20 10 40
redundant RTDs to be intercompared.  As mentioned
carlier, the test can also be performed under
temperature ramp conditions during startup or shutdown
if the ramp rate is sufficiently constant and has a
suitable rate.

In addition 10 isothermal and temperature ramp
conditions, the cross calibration tests may be performed
at normal power operation, but the accuracy of the
results will not be as good & when the (esis are
performed at isothermal conditions. At powet, there are
usually three or four redundant RTD elements in cach
hot leg, and one or two elements in each cold leg. The
hot leg RTDs in each loop can be cross calibrated
against one another, using the other hot leg and cold leg
RTDs in the plant 1o help verify that: 1) the hot leg
RTDs under ted are exposed 1o stable and wniform
temperatures, and 2) an independent estimate of the
temperature of the hot leg loop being tested o obtained.

Cross calibration tests have been successfully performed
in PWRs under normal operating conditions and the
results independently verified.  However, this does not
mean that the tests will always be successful at power.
With as little as four redundant RTDs, each case must
be treated differently and all means must be used o
minimize the uncertainties of the tests.

Figure 6.7 shows a plot of the deviations of three hot leg
RTDs as a function of power in a four-doop PWR. The
deviations were obtained from cross calibration data
obtained continuously from 40 percent to 100 percent
power. It is apparent that the deviations increase with
power due 10 increased temperature stratification in the
hot leg pipe as the power is increased.  As shown in the
figure, the deviations are extrapolated (o zero power and
the results were compared with the tests at isothermal
conditions.  This comparison showed reasonable
agreement verifying that this cross calibration test was
successfully implemented at power.

It should be pointed out that since the RTD deviations
in Figure 6.7 are calculated with respect 1o their own
average, the magnitude of the deviations may not
correspond (o the actual magnitude of the temperature
stratification.

- 63 -
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7. On-Line Testing of Calibration of Pressure Transmitte s

The cross calibration method for on-line testing of
calibration of temperature sensors in nuclear power
plants was described in detail in Chapter 6. The cross
calibration method wotks very well for PWR
temperature sensors when the plant is at isothermal
conditions, providing 20 10 40 redundant temperature
clements 1o be intercompared. This level of redundancy
is not normally available for other sensors. For
example, the maximum number of redundant pressure
transmitters in a nuciear power plant is typically four.

To make up for the lack of redundancy of pressure
transmitters, insicad of obtaining a few snapshots of the
sensor readings, as is done in RTD cross calibration, the
transmitter outputs should be continuously recorded
over an entire fuel cycle and examined periodically to
determine drift and other probiems. In addition, several
independent methods should be used simultancously to
account for common mode drift and provide added
confidence in the results. Figure 7.1 shows a block
diagram of how an on-line monitoring system can use all
the available tools to help in on-line testing of
calibration of pressure transmitters.

Presently, there is no automated means of examining the
on-line monitoring data, nor is it time yet to develop
such an automated system. The method is not fully
validated, and there is no way 10 prove to date that the
accuracy of on-line calibration testing methods will be
sufficient enough to detect a drift of as little as a few
tenths of a percent in the output of a transmitter.
Table 7.1 shows typical acceptance critena for
calibration of representative pressure transmitters in
nuclear power plants.

The on-line monitoring results are presently examined
visually using a set of rules. The rules for a group of
four redundant transmitters for example are:

. If none of the four transmitters have drifted, then
only one transmitter is calibrated 0 rule out
common mode drift. This approach reduces the
calibration effort by 75 percent.

"o

If one of the four redundant transmitters has drifted
but the remaining three are stable (Figure 7.2),
then the transmitter that has exhibited the drift and
one of the stable transmitters are calibrated. This
provides a 50 percent reduction in the calibration
effo:t because only two transmitters are calibrated
out of a redundant group of four.

The same type of rules or logic can be used in
calibration reduction for a group of three transmitters.
Figure 7.3 shows examples of drift scenarios for three
redandant transmitters,

A few imporiant questions must be answered before it
can be determined whether an on-line monitoring system
can provide adequate relief to the nuclear power
industry, These questions are:

1. Is the method precise enough to detect a small drift
1o help avoid conventional calibrations?

2. What are the uncertainties of the method and if the
uncertainties are combined, will it still leave enough
margin for the method 10 be successful as a
calibration reduction method?

3. Cancommon mode problems be effectively detected
through analytical redundancy and other means?

4. If the method is not successful enough to replace
conventional calibrations, will it still be useful for
extending the instrument calibration and
surveillance intervals? Can the method be used as
a substitute for the monthly or quarterly
surveillance tests?

S, If a sensor has not shown a significant drift, can we
conclude that it is still in calibration?

6. What are the advantages of on-line monitoring
techriques over the conventional calibration and
response time testing techniques? A few examples
of the advantages of on-line testing techniques are:

a) Provides early warning of drift and incipient
failures such as the oil loss syndrome ia
Rosemount pressure transmitters."

b) Provides the actual in-service performance of
the instruments by accounting for the effects of
installation and process operating conditions.

¢) Provides a means to include the sensors in the
surveillance tests performed in  between
outages.

d) Provides additional diagnostic capabilities
beyoud the capabilities of conventional
calibrations.

¢) Reduces radiation exposure o the test
personnel.
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Table 7.1

Examples of Typical Acceptance Criterig for Calibration
of Nuclear Plant Pressure Transmitters

Typical Acceptance Criteria
Transmitter Manufacturer (% of Span)

Barton +0.5

Fischer & Porter 405
Foxboro +0.5
Rosemount +0.25
Statham +0.25

Tobar (Veritrak) +0.5
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~#n the above advantages oaiweigh the disadvantages of
the on-line (esting lechuiques and contritute 10 thelr

JUCCoss (0 receiving rege'atory and industry approval?

The § estion of whetker or mot the on-line monitoring
metho s will be successful may have 1o be addressed on
& case-by-case basis. A useful approsch would be 1o
produce a matrix of instruments and their potential
faults versus the capabilities ¢ the on-ling monitoring
techniques.  The matrix can then be compared against
the plant and NRC requirements 1o assess acceptatdlity
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8. Phase | Accomplishments and Phase [1 Goals

The project reported herein s performed in two phases
as follows:

¢« A Phase | feasibility study conducted over a nine
month perind

o A Phase 1l research and development (R&D)
project that began 'a October 1992 and is due for
completion in the Fall of 1994,

In addivion, a Phase 111 commercialization effort is
currently underway to provide the results of the Phase |
and Phase 1] developments 10 the nuclear power industry
in terms of cquipment, services, and training in the arca
of on-la.e testing of calibration and response time of
process instrumentation channels.  The Phase | and
Phaso 11 projects are partially funded by the NRC, but
the Phase 111 project is an independent effort funded by
AMS. This project is being conducted under & special
US.  government  program  that  promotes  the
commercialization of federally-funded R&D projects.

The Phase | project has been successfully completed and
the details are given in this report. In previous chapters,
we covered the historical and technical background of
the project.  From here on oul, we will devote 'he
report 1o specific wasks completed in Phase 1.

8.1 Phase | Accomplishments

The following tasks were successfully completed in
Phase |

Acquisition of Test Sensors and Associated Electronics

A number of RTDs, thermocouples, and pressure
transmitiers were obtained for the project from various
sources, A partial listing of these sensors is given in
Table 81 in terms of a tag number and the location of
each sensor in our laboratory test loop. A unique tag
number was assigned (o each sensor 1o help track the
performance of the sensor throughout the project. The
list in Table &1 includes &8 number of smart sensors
provided by Rosemount for evaluation in the Phase |
project.  These sensors were later purchased from
Rosemount for cominued evaluation in Phase 11 In
addition, arrangements have been made 1o obtain a
number of nucicar and commercial grade RTDs and
pressure  transmitters  from the Sandia  National
Laboratory for the Phase 11 project. These sensors have
been used at Sandia for previous NRC projects and are
no longer needed there,

Most of the sensors used in Phase | were available at
AMS from previous R&L projects performed for the
NRC and others. The remaining sensors were purchased
through surplus sales from wtilities or directly from
regular suppliers. In addition, 8 Westinghouse M del
7300 instrumentation rack with signal coaditioning
modules was acquited. This system has been connected
10 the sensors in the laboratory test loop 1o provide
complete instrumentation channels of the types that
exist in nuclear power plants. A photograph of this
systom is shown in Figure 8.1 along with a computer and
other equipment used for the laboratory tests and data
acquisition. Included in the photograph is the on-line
monitoring system, also referred 10 as the calibration
reduction system (CRS),

Laboratory Test Loop

A test loop simulating the primary coolant system of &
PWR was constructed and used 10 test the software
packages and algorithms developed in the project. A
photograph and & drawing of the loop are shown in
Figures 8.2 and 83 respectively. The loop s made of
PVC piping with an inside diameter (LD.) of 3* or 4*
depending on which section of the loop the piping is
used.  The loop is filled with filtered 1ap water. The
water is circulated in the loop by a 500 GPM centrifugal
pump  There are three test sections i the loop, cach
with a number of temperature and pressure sensors. An
air-cooled heat exchanger provides control of the water
temperature in the loop. The waler temperature can be
controlied at » reasonably constant level at any plateau
hetween room temperature and 120°F. The pressure in
the loop can reach 200 psi and flow rates of as high as
15 feet per second are achievable in the pipes whiere the
sensors are installed.

The sensors in the loop are connected 1o the
Westinghouse 7300 instrumentation or other signal
conversion and signal conditioning equipment. The loop
can be operated continuously for many days to obtain
long-term performance data under controlled and known
conditions,

Contract With Host Utility

Negotiations were carried out with selected utilities to
help with the in-plant validation of the technologies
heing developed in this project.  As a result, the Duke
Power Company was selocted as the host utility. AMS
made a presentation 10 Duke Power Company and wrote

P
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Table 81
Listing of Sensors instulied i the Laborutory Test Loop

Tag # Description Calibeution _Output Manufucturer Model  Type
TELL HVL TEMP A0 130 F 010 VDO Rd¥ 21208 RTD
THA2 HVL TEMP A0 130K 010 VDO WEED NOXMD 28 R1D
TH13 ELBOW #1 DOHG TEMP 3003008 010 VIO OMEGA 200 RTD
TE 14 LVL TEMP 30130 010 VDO OMEGA 2000 RTD
TE1S  PUMP DCHG TEMP 30-130° ¥ 010 VD OMEGA 2000 RTD
TE2.1  BVL TEMP W% F 15 VO WEED NXN4 121 RTD
TE22  NX RETURN TEMP 30.130°F 15 VIO Rd¥F 229 RTD
TE32  LVL TEMP 266 DIN OHMS OMEGA 2000 RTD
TE33  HVL TEMP 2000 DIN OHMS OMEGA 2000 RTD
TE34 VL TEMP 100 DIN OHMS OMEGA 1000 RTD
TEAS  HVL TEMP 1000 DIN OHMS OMEGA 106 RTD
TE34 PLBOW #2 DCHG TEMP 1000 DIN OHMS OMIEGA 1000 RTD
TC141 VL TEMP 3262501 010 VIX© OMEGA TYPE ) e
TC12  LVL TEMP 12.45250°FV 010 VIxe OMEGA TYPE ) e
TC A FLBOW #2 DCHG TEMP  326.250°F 010 VDO OMEGA TYPE ) 1
TC-14 HVL TEMP 1262508 0-10 VIO OMEGA TYPE K 1
TC 18 HVL TEMP 126 250°F 010 VIXC OMEGA TYre y & &
TC1» HX RETURN TEMP 326-250°F 0-10 VDO OMIGA TYPE ) T
¢4 RECIRC TEMP 32.6:250*F 010 VIXC OMEGA TYPE ) T
TCO41 HX AIR TEMP 32.6-250%) 18 VDO OMEGA TYPE ) e
TCH2 HX INLET TEMP 12.6.250°F 15 vod! OMEGA TYPE) L&
TCH2 HX OUTLET TEMP 12.6.250%F 1-5 VDO OMEGA T™rE) 1
TCS-1 HVL TEMP 3013%0°F 15 VD OMVEGA TYPE E TC
FT:1:1 ELROW #1 D/ 540 sl 010 VDO HARTON T64 by
Fi-1-2 FLBOW #1 D/F 0.5 PSH 010 VDO FOXBORO E13DM by
Fr-1.3 FLBOW #1 D/P §40 PSI 0-10 VIX© ROSEMOUNT 1153 Dy
Fr.14 ELBOW #1 Dy 0-7.24 PSi 18 VDC STATHAM PDAIZ0 D
FI.2-1 FLBOW #2 D/ S0 PSI 0-10 VDC BARTON 764 ba
FT.2-2 FLEOW #2 D/F S4 psl 10 VDO HARTON 64 by
FT.23 FLBOW #2 DY 0.5 Psi 010 VDO TOBAR T6DP Dy
Fl24 FLBOW #2 DY 010 PS1 15 VDO STATHAM FDHA200 oy
Frp LVL FLOW 540 PSl 15 VDO ROSEMOUNT 11583 Dy
F1.p-2 HX FLOW 0.5 PSI 15 VDO ROSEMOUNT 3051C (Smart) DF
Fria MAIN LOOP FLOW 0.5 pPS1 15 VDO ROSEMOUNT 30510 (Smart) DR
FT-11 MAIN LOOP FLOW 0500 GPM 0-5 VIO M-C CONTROLS I SERIES rw
FI-3.1 PUMP D/P 0-15 PSI 15 V¢ ROSEMOUNT 3051C (Smart) DF
FT'3.2 PUMP D 0-15 psI 016 VDO ROSEMOUNT 1153 Dy
P11 LOOP PRESSURE 0-150 PSli 010 VIXC ROSEMOUNT 1152 PSR
P12 LOOP PRESSURFE 0-150 PSI 010 Vb FOXBORO F1IDM PSR
Pra LOOFPF PRESSURE 0.390 PSI 18 VDO FISCHER & PORTER SOEP104] PSR

DCHG = Discharge LYVL w  Low Veloity Leg

Dy = Difforential Pressure PSR = Pressure

DIN = Cierman Standard for RTDs Pw =  Paddiewheel

GPM = Galions Per Minute RECIRC =  Reciroulation

Hvi = High Veloaty Leg TC = Thermocouple

HX = Heat Exchange TEMP = Temperature
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a formal proposal (that resulied in @ no-Cost contract 1o
petiorm a joia! validation project on a tong term basis
at \be McGuire Nuclear Power Station Unit 2. McGuire
Unit 2 s a four Westinghouse PWR Jocated in
North  Carolina. ©unit went into  eommercial
operation in March 1984

Saftware Development

Through consulting agreements with some of the experts
in this ficld, an assessment was made of previously
developed software packages that could be acquired for
the project. As a result, it was concluded that: 1) the
data acquisition software packapes already available al
AMS are adequate for the project, and 2) it is best for
AMS 1o write its own data analysis routines for this

project.

The necessary algorithms were assembled during Phase
I and successfully tested and implemented n an on-line
mouitoring system that was installed at the McGuire
Nuclear Power Station. The system has been acquiring
data from 170 live signals &y McGuire since March 1992,

Search of LER Database

The NR(C's Sequence Coding and Search System (SCSS)
Licensee Event Repon (LER) database, operated and
maintained for the NRC by the Oak Ridge National
Laboratory (ORNL) was scarched to obtain historical
data on performance of process instrumentation in
nuclear power plants. The search was performed on all
LERs with event dates from 1980 through September
1992, The results are summarized in Table 8.2 and
Figures 84 and 85, The numbers in Tablc 82 and
Figures 8.4 and 8.5 do not add up 10 100% because of
repetition of some problems in more than one category.

The LER results support our carlier statements that:

1. Only a small fraction of problems in process
instrumentation channels are due to calibration
drift. More specifically, 18 percent of instrument
problems in the LER database are due 1o sensors
and of this only 25 percent of problems are due 10
drift and other calibration problems.

2. Surveillance tests have frequently caused reactor
trips. About 20 percent of all reactor trips reported
in LERs in the last 12 years have been due to
instrument testing.

3 Maintenance activities, including both acts of
commission (e.g., shorting an instrument lead) and
omission (e.g., inadequate prevenlive maintenance )

are major contributors 1o instrument fatlures,

It is important (o point out in providing information
from the LER database that &8 a result of & hange in
reporting requirement in 1984, problems such as the
drift of a single instrument have not been reported in
LERs “ince 1984, There are other databases such as:
1) the Nuclear Plant Reliability Data System (NPRDS)
maintained by the Institute of Nuclear Power Operations
(INPO), and 2) the Nuclear Operations Maintenance
Information Service (NOMIS). The search of these and
other databases will be performed in Phase 11,

A summary of the observations discussed above s
presented in Table 8.3

8.2 Phase Il Goals

A Phase 11 project has been awarded 1o AMS by the
NRC and the work is currently underway, The Phase 1
project is a two-year cffort to complete the research and
development project started in Phase | Following is a
listing of the technical objectives of Phase 11

I Quantify the sccuracy of smart sensor technologies
for fault detection and isolation in  process
instrumentation channels in nuclear power plants,
This will help determine if the new technologies are
as effective as the conventional techniques for
verifying adequate sensor performance. The sensor
faults of main interest in this project are calibration
drift and response time degradation. The sensors of
main interest in this project are pressute, level, and
flow transmitters in  the safety systems of
pressurized and boiling water reactors,

In addition 10 pressure, level, and flow transmitters,
however, the Phase [ project will include research
on temperature, neutron flux, and other sensors in
the McGuire Nuclear Power Plant.

2. Develop a datsbase of sensor faults and the
consequence of these faults on the static and
dynamic responses of sensors. This effort will use
on-line monitoring data to help determine the root
cause of sensor drift and response time degradation.

3. Establish the requirements that may be considered
by the NRC in allowing nuclear wutilities to
implement smart sensor technologies as a means of
extending the frequency of calibration of process
instrumentation channcls, or eliminating some of
the calibratioes currently performed.
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Table 8

summery of Search of LER Database for Reported

Problems with Nuclear Power Plant Instromentation

For the Period of 1980 to September 1992

Fotel Nomber Percent of
of 1 ENs Totsl
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Total Number of LERs
{from 1980 through September 1092)
38,048
Total Number of LERs Reporting
Instrumentation Problems (including
Potentia! Faults or Fallures)
21,078 (55%)
Plant Trips Due 1o Surveillance Tests of
Ammm‘u’m’mom vt
707 (%)

Figure 84 Overull results of search of LER database

Instruirantation Problems
19,286

Total Number of LERs Repoarting Actusl

Pressure, Level and Flow Transmitters,
Temperasture Sensors, and Incicator
Problems
3641 (18.9%)

Setpoint Drift or
Caiibration Problems
862 (4.5%)

Figure 8.5 Breakdown of LERs on instrumentation problems




mmary of Observations from the Search of LER Databace




4 Develop an expert system for on-line verification of
steady-staie and transient performance of process
sensors and the associated instrutient channels in
nuclear power plants.

5. Evaluate related  developments by  other
organizations and wse the information in the Phase

il project.

6. Prepare Quality Assurance test procedures 10 be
used in verification, validation, aid implementation

of the product of this project.

7. Develop and implement a plan 10 commercialize
the results of the Phase 11 effort.

The technologies being evaluated or developed in this
project can cover not only the process sensors, but also
the signal conversion and signal conditioning equipment
and other components of an instrument channel.
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9. Development of On-Line Monitoring System
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to be incorporated in the final test cyuipment

Figure 9.10 Riock dingram of signai anaivsis moaduies
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Listing of Signals Monitored at the McGuire Nuclear Power Station Unit 2

llem  Tag#  Description

- e N -

13

EECEIFSSR

EZgERNERERE

S 3 2 2% 28 4

b

a5

4

CAFTS0%
CAFTS 100
CAFTS110
CAFTS120

CEFFTS000
CPFTS010
CFF15020
CFFTS030
CIPTS040
CHFFTSe50
CHFTS000
CPFTS0%0

CFLTS4%
CPLTSS00
CFLTSS10
CPLTo000)
CPLTS610
CRLTSS20
CPLTSS™
CRLTSS40
CPLT&010
CPLTS620
CPLTSSS0
CFLTSS60
CPLTe020
CPLTSST0
CFLTS630
CPLTSS80
CPLTSS%0
CPLTS60
CHLT6030
CPLTS640

NCFTS000
NCPFTS010
NCFTS020
NCFTS0M
NOFTS040
NCFT5050
NCFTS060
NCFTS070
NCFTSos0
NCFTS0%
NCFTS100
NCFTS110

NCLTs150
NCLTS 160
NCLTS1I70

Tuble 9.1

. Range
Auxiliary Feedwater Flow
ST™ GEN A 0 M0
ST™M GEN B 0 M0
$TM GEN C© O M0
§T™ GEN D 030
Feedwater Flow
SITM GEN A #) 0118
ST™M GEN A #2 0115
SIMUGINEB #I 0118
ST™ GEN R #2 o118
SIMGENC & 0118
SIT™ GEN C #2 0118
SIMGEND #) 0118
STMGEND #2 0118
Steam Generstor Level
NR LEVEL §TM GEN A #4 0100
NR LEVEL STM OEN A #2 0100
NR LEVEL ™ GEN A #2 0100
NHE LEVEL §T™ GEN A #1 0100
WR LEVEL §T™ GEN A 010
NR LEVEL §T™ GEN B #4 0100
NR LEVEL §T™ GEN R #3 0100
NR LEVELSTMGENB #1 O-100
NR LEVEL §TM GEN B #2 0100
WR LEVEL STM GEN B 0100
NR LEVEL STM GEN C »4 6100
NR LEVEL 8T GEN C #3 0100
NR LEVEL §STM GEN C #2 0100
NR LEVEL §TM GEN C #1 0100
WR LEVEL STM GEN O 0100
NR LEVEL ST™ GEN D #4 0100
NR LEVEL §T™ GEN D #3 0100
NR LEVEL §TM GEN D #2 0100
NR LEVEL §T™ GEN D #1 01
WR LEVEL STM GEN D 010
Reactor Coolant Flow
NC LOOP FLOW A #1 0120
NC LOOP FLOW A #2 0120
NC LOOP FLOW A #3 0120
NC LUOP FLOW SR #1 0130
NC LOOP FLOW B #2 0120
NC LOOP FLOW B #3 0120
NC LOOP FLOW C ¥ 0-120
NC LOOP FLOW C #2 0120
NCLOOP FLOWC #3 0120
NC LOOP FLOW D #1 0-120
NC LOOF FLOW D #2 01320
NCLOOP LOWD #3 0120
Pressurizer Level
PROTHCTION #) 0100
PROTECTION #2 0-100
PROTECTION #3 0100

Seasor
Unis  Mase/Model

GPM
GPM

iz

SFAFEERF

FARIAZIAIABIAIAFRARRIIRER

AAFRIAPIARAARR

RAR

Rosemount 1151
Rosemount 1151
Hosemount 1151
Rosemount 1151

Rosemount 3051C
Rosemount 3051C
Rosemount W81 C
Hosemount 30510
Resemount 30510
Rosemount X510
Rosemount 3051C
Resemount 3510

Banon Te4
Harton 764
Rosemount 1153
Barton 764
Rarton 764
Harton 764
Harton 764
Rosemount 1153

Rarton 764
Barton 764

Continued on Next Page
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Tag # Description
RYLIS

NCLU T M UFPER TRAIN A 6l-120
NCL Tood0 LOWER TRAIN A 0N
NOLTe630 DA TRAIN A 01N
NCLToos0 UPPER TRAIN B 60120
NCLTea0 LOWER TRAIN B 0%
NOL Tealo D/ TRAIN B 0120

Wide Range Pressure
NCPIS120 HOT LEG LOOP D [T
NCPTS140 HOT LEG LOOP © 03000

Pressurizer Pressure
NCPTS150 FROTECTION #2 1 7002500
NOPTS 160 PROTECTION #1 1700 2500
NCPTS170 PROTECTION #3 1700 2500
NCPTSIT PROTECTION #4 17002500

Containment Pressure
NAPTS040 PROTECTION #4 5.0
NEPTS0S0 FROTECTVON #3 $.20
NSITS060 PROTECTION #2 520

Steam Flow
SMITTS000 SITM GEN A ®) 04542
SMITS010 §T™M GEN A #2 04,542
SMIFTS020 SIMGENB #2 04542
SMITS0W SIMGENRB #» 04542
SMETS040 ST GEN C #1 04542
SMIFTS0%0 ST™ GEN C #2 0-4.542
SMEFTS0u0 SITMGEN D #2 04542
SMFTS00 SIMGEND #1 04,542
Steam Pressure
SMPTS080 STMGEN A #) 01580
SMPTS0% ST™ GEN A #2 01300
SMPTS100 STM GEN A #4 01300
SMPTS110 SITMGENB #1 01 M0
SMPTS120 ST™ GEN B #2 0130
SMPTS1 % SITMGEN B #3 01 M0
SMPTS140 ST™ GEN C #1 01w
SMPTE150 ST™ GEN C #2 010
SMPTS 160 STMOGENC #2 01300
SMPT%17%0 STMGEND #1 0130
SMPTS. 80 ST™ GEND #2 01300
SMPTS1%0 ST™M GEN D #4 0130
Turbine Impuise Pressure
SMPTS210 CHAMBER PRESS #1 0800
SMPTS220 CHAMBER PRESS #2 0800
Reactor Coolant Temperature

NCRDEL 20 NR THOT A HI £30-650
NCRDEI M NR T-HOT A M2 3065
NCRDS 40 NR THOT A H3 $30-650
NORDS90 WR THOT A 0700
NCRDARI 6O NRT-COLD A O 51068
NCORD SR WR T.COLD A 0.700
NCRDS1 0 NR THOT B HI 304650
NCRDR1 86 NR THOTHR H2 L3450

FRABAR

Psi

Psi

MPPH
MPPH
MPPH
MPPH

MPPH
MPPH
MFPPH

Barton 752
Harion 752
Haron 752
Barton 752
Baron 752
Rarton 75,

Rosemount 1153
HRarton 763

Banon 763
Harton 764
Banon 763
Barton 763

Barton 386A
Hanon MWoA
Harton MeA

Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153
Rosemount 1153

Rosemount 1153
Rosemount 1153

Rd¥F RTD
RdF RTD
RdF RTD
Conax RTD
Ral RTD
Consx RTD
RdF RTD
RdF RTD

Continued on Next Page
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Table 9.1 (Continved)
ltem Tag # Description w
Reactor Coolant Temperature (Continued )
L2 NCRDEI NR THOTH M3 30650
o NCRDS920 WR T-HOTH 0 00
94 NCORDK210 NRTLOOILD R $10463%
£ NCP.DSSS0 WR TCOLD B 0700
o NORDE220 NR T-HOT C W SM 480
w NCRDEW NR T-HOT € M2 530.650
W NCRDEMO NR T-HOT C M3 SM6%0
Primary Coolant Tempersture
100 NCRDSRSO WR T-HOT C 0. 700
101 NORDE2OO NR T-COLD C S106%
2 NCRDS910 WR TCOLD C 0-700
103 NCORDE20 NR T-HOT D H1 L3650
104 NORDE2A) KR T-HOT D H2 Swaso
ins NCRDE2% NR T-HOT D H3 SMe%0
106 NCRDSEO WR THOTD 070
1 NCRDE O NR T-COLD D S10.6%
108 NCRDSYS WR TCOLD D 0.0
Loop AT
19 AIVT LOOY A D/ 0150
110 B DT LOOP B DT 0150
111 con LOOP C VT 0-15%
112 DD LOOP D VT 0150
Loop T Average
113 A TAVG LOOP A TAVG SM-630
114 B TAVG JOOP B TAVG §30.630
11§ C TAVG LOGP C TAVO AR
116 D TAVG LOOF D TAVG RRTIER
Neutron Detectors
17 N4l UL POWER RANGE UPPER LEVEL Q4 0120
18 N42 UL POWER RANGE UPPER LEVEL Q2 0-120
19 N43 UL POWER RANGE UPPER LEVEL Q1 0120
120 Nd4s U1 POWER RANGE UPPER LEVEL Q2 0120
121 N4 LL POWER RANGE LOWER LEVEL Q4 0120
122 N42 LL PFOWER RANGE LOWER LEVEL Q2 D120
12 NAA L POWER RANGE LOWER LEVEL Q1 120
124 Nad LL POWER RANCY LOWER LEVEL Q3 0-120
125 N4l AVO POWER RANGE AVG LEVEL Q4 D120
126 N42 AVG POWER RANGE AVG LEVEL Q2 120
127 N4l AVG POWER RANGE AVG LEVEL O 0120
125 N44 AVG POWER RANGE AVG LEVEL Q3 0120
Incore Thermocouple

129 Bos TRAIN A 322300
1% B3 TRAIN A A2-2300
1% CO8 TRAIN A 22230
132 D03 TRAIN A A2 20
133 D1l TRAIN A 32.2300
1M Fos TRAIN A 12.2%%
135 Foe TRAMN A 32235
1% F1s TRAIN A 422300
137 02 TRAIN A 32230
138 G112 TRAIN A 32230
139 e TRAIN A 322800
140 Kol TRAIN A 122300

mmmmmnT E

FXIIFIZZ FXR¥Xi%

=TTt

z

w®PU
%Py
wpru
*®Pru

Ry -

Rdl’ RTD
Conax RTD
RdF RTD
Conse RTD
RdF RTD
RdF RTD
RaF RTD

Conax RTD
RdF RTD
Conmx RTD
RdF RTD
RdF RTD
R4F RTD
Congx RTD
RdF RTD
Consx RTD

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

Continved on Next Page
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10, Laboratory Test Results




the laboratory test ooy

| pcation. type and tag ©
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Figure 16.2  Compurison between empirical modeling results and

mensured daty for two flow transmitters
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Figure 10.3  Agreement between results of physical model and
actual temperature data
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Figure 10.4 Agreement between five temperature sensors monitoring the
loop temperuture from start up to steady-state
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Figure 105 Monitoring data for three flow transmitters
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Figure 10.6  Demonstration of contistency checking with four differential pressure signals
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Figure 108 Flow transmitter data with induced bias
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Figure 16.10 Bias and drift in transmitter signals
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Figure 10.12  Temperature signals with induced drift
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We should point out once again that the purpose of
generating the data and the plots discussed above and
many others that were generated in the course of
laboratory tests reported herein has beea to provide &
database of information 10 serve as a learning 100} is
developing the expericnce that is necessary to interpryt
the behavior of various redundant and non-redundant
signals under a variety of conditions.

In addition to studies with DC data, laboratory tests
were performed using AC data (noise) to demonstrate
how response time degradation is identified by on-line
monitoring. The AC data available from the test loop
aie the result of flow fNluctuations due 10 turbulence in
the loop. The AC daa were processed with various
techniques  including FFT, AR, and zero crossing
analyses.  Figure 10,15 shows a block diagram of the
programs that were used 1o analyze the AC data. An
example of representative  results of analyses of
laboratory noise data is shown in Figure 10.16 in terms
of PSDs obtained from FFT and AR analyses. The da.a
in  this plot  represent  the dynamic response
characteristics of a Barton transmitter installed in the
test loop. The transmitter was first tested in a normal
configuration and then tested with an  induced
degradation to cause it 1o have a slower dynamic
response. The degradation was induced by introducing
a partal blockage in the sensing line leading to the
transmitter. The degradation manifests itself in the PSD
results by shifting the roll-off frequency of the PSD 10 a
lower frequency region. A similar plot is shown in
Figure 10.17 for @ Rosemount pressure transmitter.
This transmitter is equipped with a damping adjustment

PP~ P e ————— Yy ATy Ry .

that is normally used to reduce the high frequency noise
at the output of the transmitter. The damping
adjustment was manipulated to slow the transmitter's
response and demonstrate that the problem can be
identified in the results of the noise analysis. Additional
plots of AC 1ests are given in Figures 10.18 through
#0.20 for transmitters from three other manufacturers of
nuclear grade pressure transmitters.

The two PSD plots on the bottom of Figures 10.16 10
10.20, which are from the AR analysis, appear cleaner
than the two FFT PSDs on the top. This is because
FFT analysis produces the PSD directly from the data
while the AR results are gencrated from the AR model
after the noise data are fit 10 the AR model and the
model parameters are identified and used 10 plot the
PSD. Furthermore, in producing the AR resuits plotied
here, the AR model was forced 1o use a model order of
5, causing the PSD 1o appear smoother by excluding the
small resonances and the harmonics from the plot,

For a Foxboro pressure transmitier tested in the
laboratory, instead of FFT or AR analysis, the noise
data were used 1o obtain a zero crossing rate for the
transmitter. The zero crossing rate was identified for a
normal and an artificially degraded configuration. The
results are shown in Figure 10.21 in terms of an initial
and a final zero crssing rate for the normal and
degraded configurations, respectively.
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Figure 10,15 Steps in AC data analysis
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Figure 10.16 PSD plots from FFT (top) and AR (bottom) for & Barton transmitter

before and alter an induced degradation in dynamic response
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Figure 16,17  PSD plots from FFT (top) and AR (bottom) for 8 Rosemount trassmitter

before and after induced degradation in dynamic response
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Figure 10,18 PSD plots from FFT (top) and AR (bottom) for & Schlumberger transmitter
before and after induced degradation in dynamic response

- 118 -



\E-OSi—-——-—r  jmmiii R SaE e kS i 2 ) ) Y ™reTrTrTT " | memsms josn Sog i @ |
0.01 01 1 10

Frequency (HZ)

T T T ryrTwy T Al Ry de e i

0.01 : 01 1 10
Fraquency (HZ)

Figure 10,19 PR plots from FFT (top) and AR (bottom) for u Statham transmitter before
and after induced degradation in dynamic response
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1. In-Plant Test Results
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Table 11.1

Listing of Signals Monitored st McGuire Unit 2

Description of Signal

Number of Signals

Steam Flow

Steam Pressure

12

Steam Generator Level

Feedwater Flow

Auxiliary Feedwater Flow 4
6 Reactor Coolant Flow 12
7 Pressurizer Level 3
8 Pressurizer Pressure 4
9 Wide Range Reactor Coolant Pressure 2
10 Containment Pressure 3
1 Reactor Vessel Level Indicating System (RVLIS) 6
12 Turbine Impulse Pressure gt !
13 Neutron Flux Detectors (NI Channels) 12
14 Narrow Range RTDs 16
15 Wide Range RTDs 8
16 Core Exit Thermocouples 40
17 Miscellaneous 10

Tota! Sigeals
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RVLIS - Reactor Vesse! Level Indicating System

UPPER: 60 - 120% Vessel Level
LOWER: O - 70% Vesse! Lavel
D/P. 0 - 120% Vesse! Level
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F Flow

P Prassura
Ax Reactor

PZR Pressunzer

CET Core Exit T/C

SG Steam Generator
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DP Differential Pressure
NA  Narrow Range

XTRs Pressure Transmitters

’
PZRI
tgr.oocrti' Y
\ / XIRs
NR. MR NR WR -
Rx RDs (& O™
N WR ‘
23 .
U ) F/
! {F
;}ooo “"‘: -

P
(%)
PP (e
BIOIOIO r
ST AUX
— ’;‘» -
> (%)
—{/F —

Figure 11.1 Sensors being monitored in one of the four loops of the McGuire plant
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Figure 11.2  Placement of the on-line monitoring system in an instrument channel



al redundznt instrument set and isolated outputs where

Figure 11.3 Simpiified schematic of & typic
signals are typically avaiiable for on-line monitoring
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Figure 116  Detection of a deviation in a steam pressure signal thet was

nulled during & surveillance test
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