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ABSTRACT time testing and calibration performed once every fuel
cycle is adequate for management of aging of the

Resistance Temperature Detectors (RTDs) and safety-related RTDs and pressure transmitters in nuclear
pressure, level, and flow transmitters provide almost all power plants.
the vital signals that are used for the control and safety
of nuclear power plants. Therefore, it is crucial to II. AGING CHARACTERISTICS OF RTDs
ensure that the performance of these sensors remain
acceptable as they age in the process under normal A. Definition of Performance
operating conditions.

The performance of an RTD is characterized by its
Four comprehensive research projects were conducted accuracy and response time. Accuracy is a measure of
for the U.S. Nuclear Regulatory Commission (NRC) to how well the RTD may indicate a static temperature and
evaluate the effects of normal aging on calibration response time defines how quickly the RTD may detect
stability and response time of RTI)s and pressure a temperature change. The accuracy and response
transmitters of the types used for safety-related time of RTQs are generally independent.
measurements in nuclear power plants. Each project
was conducted over a three year period. The projects The deterioration of accuracy is called calibration
involved laboratory testing of representative RTDs and drift or calibration shift and the deterioration of
pressure transmitters aged in simulated reactor response time is called response time degradation.
conditions. The main purpose of these projects was to Accuracy can be restored by recalibration if the RTD is
establish the degradation rate of the sensors and use stable, but response time is an intrinsic characteristic
the information to determine if the current testing that cannot be altered once the RTD is manufactured.
intervals practiced by the nuclear power industry are In the case of thermowell-mounted RTDs, however,
adequate for management of aging of the sensors. The response time degradation due to movements of the
results have indicated that the current nuclear industry RTD in its thermowell can sometimes be reversed.
practice of testing the response time and calibration of
the sensors once every fuel cycle is adequate. B. Definition of Aging

1. INTRODUCTION The term "aging" used in this paper refers to
decalibration or response time degradation of RTDs

This paper presents the key results of four with time in normal environments and under normal
experimental research projects conducted for the NRC operating conditions in the primary coolant system of
on aging of safety system RTDs and pressure Pressurized Water Reactors (PWRs).
transmitters in nuclear power plants. Each project was
conducted in two phases; a Phase I feasibility study The definition of aging mentioned above is based
followed by a comprehensive research and on the NRC's definition of aging, which is the
development effort in Phase 11. The results of these cumulative degradation that occurs with the passage of
projects have been published in four NRC time in a component, system, or structure which can, if
reports. (1,2,3,4) unchecked, lead to loss of function and impairment of

safety." Since the performance of RTDs is tested
The overall purpose of these projects has been to periodically, the degradation does not accumulate.

determine if the current nuclear practice of response Therefore, the word cumulative was deleted in our
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definition. Furthermore, we concentrated on the aging insulation resistance is normally high compared to that
that occurs in an 18 month period, the length of a of the sensing element and has a negligible effect on
typical PWR fuel cycle and the period of time between resistance measurement. However, with moisture, the
periodic response time and cross calibration tests insulation resistance decreases and causes the RTD to
currently performed in nuclear power plants. indicate a lower temperature than normal.

C. Effects of Aging on Performance 2. Effects of Aging on Response Time.
Response time degradation results from changes in the

Normal aging of RTDs occurs from long-term heat transfer properties of the insulation material. Gaps
exposure to any combination of heat, humidity, and cracks which may develop in the insulation
vibration, temperature cycling, and mechanical shock. materials from long-term exposure to high temperature,
Nuclear radiation can also affect RTID performance, but vibration, and temperature cycling are detrimental to
this was not studied to limit the project scope and dynamic performance. If moisture enters the RTID, the
concentrate on aging effects that are believed to be response time may decrease at the cost of a calibration
more important. Since primary coolant RTIDs are shift. Although improvement in response time with age
remote from the reactor ore, they are normally is possible, an RTID whose response time continues to
unaffected by nuclear radiation except for gamma decrease with age could be suffering from degradation
which may cause degradation in the insulation and of insulation resistance.
other RTID materials.

Another major cause of response time degradation
1. Effects of Aging on Calibration. A significant in nuclear plant RTDs is changes that can occur in the

calibration shift should not occur in an RTID as long as RTID/thermowell interface in thermowell-mounted RTIDs.
the sensing element is not stressed or contaminated Experience has shown that air gaps in the
after calibration and the insulation material is kept in RTD/thermowell interface play a major role in controlling
place and dry. Any new stress, contamination, or the overall response time of the RTID. Changes of as
metallurgical changes in the sensing element, or little as a few hundredths of a millimeter in the size of
moisture in the insulation material can cause a the air gap caused by vibration, shock, and other
calibration shift. mechanical effects during plant operation, installation,

handling, or dimensional tolerances will change the
Stress results from any combination of heat, response time significantly.

vibration, temperature cycling, and mechanical shock.
The effect of temperature is the most important. This is D. Aging Test Results
because the RTD materials have different thermal
expansion coefficients causing the element to The first step in performing the RTD aging project
experience stress whenever the temperature changes. was to construct a laboratory with calibration and aging
The resistance of the sensing element increases with equipment and to obtain nuclear grade RTDs. The
tension stresses and decreases with compression project was started with W-one nuclear grade and
stresses. For small temperature variations, the stress seventeen commercial grade RTDs. The commercial
reverses itself but for large ones, the effect is not grade RTDs were included for comparison purposes.
reversible except by annealing. Chemical Of the fifty-one nuclear grade RTDs, twenty-one were
contamination and oxidation of the sensing element dual element providing a total of seventy-two
results from long-term exposure to high temperatures. independent RTD elements. These RTDs were used in
To avoid oxidation, RTDs may be built with a reducing one or more of the five aging categories: thermal aging,
atmosphere in the sheath. However, this leads to vibration aging, humidity aging, thermal cycling, and
contamination due to migration of metal ions from the high temperature testing. The project focussed on the
sheath to the sensing element at temperatures above effects of aging on RTID calibration more so than RTD
5000C. response time. As such, the results presented here

concentrate on the effects of aging on calibration.
Metallurgical changes such as grain growth occur

at temperatures above 4200C. Cold working (or work Next, a computer-based automatic calibration and
hardening) results from vibration and mechanical shock monitoring system and procedure were developed. The
and can be eliminated by annealing, which requires RTDs were calibrated and placed in two furnaces at
heating the RTD above 4000C. approximately 3200C, the primary coolant temperature

in most PWRs. The RTDs were monitored in the
The insulation resistance of an RTD decreases as furnaces using a computer scanning system which

moisture enters the sheath. The electrical resistance of measured and stored their loop resistance, insulation
an RTID is a parallel combination of two resistances: the resistance, open circuit voltage, and lead wire
sensing element and the insulation resistance. The resistance. These measurements helped identify and
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characterize the failures when they occurred. Once results are summarized in Figure 2 along with the
every one or two months, the RTI)s were removed from duration of each test.
the furnaces and calibrated to quantify any drift. The
thermal aging process was continued for 18 months,
equivalent to a typical PWR fuel cycle. Of thirty RTID 0.12-

elements tested for thermal aging, two failed, six
showed drift in the range of 06 to 3.OOC, but the 0.10-
remaining twenty-two drifted less than 0.20C over the
entire thermal aging period. The average positive and 3 U8-
negative drift of the unfailed RTDs as a function of )CD
calibration interval is given in Figure 1. Each calibration 2C? 0.06-

interval corresponds to one to two months. The results :9
show that after an apparent burn-in period which lasted
until the fifth calibration or approximately nine months 0.04-

into the aging process, the RTDs stabilized in a drift 0;02-

band of 0.20C. Note that the results are presented in
terms of an average drift band rather than a drift rate
because the calibration changes as a function of time 000- THERMAL VIBRATION HUMIDITY HIGH TEMP CYCLING

were random and not systematic and therefore, a drift 181vionths 2 Months 2 Months 3 Days 100 Cycles

rate could not be calculated.

Figure 2 Summary of Aging Test esults for RTDs

In addition, a number of RTDs removed from
CL4- operating nuclear power plants after 2 to years of

3 0.3. service were tested to determine the drift of naturallyY)
a) 02- aged RTDs. The drift results for these RTDs were2C' 0.1
Q - mostly within : 0.211C which is consistent with the
Z9

0- laboratory aging test results.

E. Testing Intervals and Replacement_0Z

Schedules
_03-

-0.4- The current industry practice for verifying

-0.5 i; i it ii io it 12 adequate RTD accuracy and response time is to
Calibration Interval perform on-line cross calibration and response time

- Positive Drift Negative Drift testing at least once every fuel cycle. In light of the
results generated in the aging project discussed here
and elsewhere, this practice is reasonable unless there
are plant'specific problems requiring more frequent

Figure 1. Average Drift of the Test RTDs as a Function testing or the RTDs are suspected of deficiencies in
of Time in the Aging Furnace design, fabrication, or installation. For example, in one

plant, a small margin between the required response
time and the nominal response time of primary coolant

The RTDs were then stored at room temperature, RTDs, in addition to a history of response time
pressure, and humidity, and periodically tested for shelf- problems due to degradation of a thermal compound
life drift. The results showed that the RTDs are not used in the thermowell, required periodic response time
immune to degradation during storage. This problem testing to be performed once every one or two months.
can be resolved by recalibrating the RTDs shortly
before they are installed in the plant. F. Conclusions on Aging of RTDs

The aging of the RTDs; was continued to identify The calibration and response time of RTDs are
the effects of vibration and mechanical shock, humidity, adversely affected by aging even at normal operating
high temperature, and thermal cycling. These effects conditions. However, the aging is manageable by
could not be combined and were performed individually periodic tests performed once every fuel cycle.
on a group of RTDs at a time. These tests resulted in
three more failures, but did not increase the average If an RTD has been in storage for more than two
drift of the RTDs beyond that of thermal aging. The years, it should be recalibrated before it is installed in

32-C-3



the plant. The same argument applies to RTDs that 0 Friction in mechanical linkages due to corrosion
have been inactive such as those installed in a non- can cause response time degradation and may
operating plant for a period of more than two years. also affect the transmitter calibration.
The stability of these RTDs may be improved if they are
first annealed and then calibrated. 0 Failure of seals: Seals can harden or crack

allowing moisture to leak Into the transmitters.
The drift of nuclear grade RTDs was found to

generally lie in a 0.20C band. A drift band is used 0 Loosening of mechanical components in
instead of a drift rate because the drift of RTDs does force-balance transmitters due to pressure
not occur in a monotonic fashion to provide a unique fluctuations, surges, and mechanical vibration can
value for calibration changes as a function of time. result in calibration and response time problems.

Ill. AGING CHARACTERISTICS OF PRESSURE 0 Blockages in capillary tubes and other
TRANSMITTERS passageways restricting the flow of fill fluid in oil

filled systems.
Aging degradation may occur in a pressure

transmitter when the material in the transmitter is 2. Aging Effects on Electronics. The electronic
exposed to a stress for a period of time. Typical aging components of pressure transmitters include numerous
mechanisms that can cause a material's mechanical resistors, capacitors, diodes, and integrated circuits that
strength or physical properties to degrade include are used for signal conversion, signal conditioning, and
thermal, mechanical, or electrical fatigue, wear, linearization of the transmitter's output. In some
corrosion, erosion, embrittlernent, diffusion, chemical transmitters, 0 to 20 resistors are used to maintain the
reaction, cracking or fracture, surface contamination, linearity of the transmitter output in addition to resistors
etc. These degradations may result from exposure to and capacitors to control the transmitter "zero" and
any combination of the following stressors: heat, "span." Almost all of these components are affected by
humidity, vibration, radiation, mechanical shock, thermal long-term exposure to temperature, humidity and
shock, temperature cycling, pressure cycling, testing, radiation. Any significant change in the value of the
electromagnetic interferences, etc. electronic components can cause calibration shifts and

A. Effects of Aging on Calibration and in some cases response time changes.

Response Time B. Aging Test Results

The stresses experienced by nuclear plant The eff ects of normal aging on the performance of
pressure transmitters during a long period of normal representative nuclear plant pressure transmitters were
plant operation can cause performance degradation in studied in a series of laboratory measurements. The
the mechanical and electronic components of the transmitters were first calibrated and response time
transmitter and result in steady-state (calibration) and tested, then aged in simulated plant conditions for up
dynamic (response time) performance problems. to one year. Following this aging, the calibration and
Examples of potential effects of some of the most response time tests were repeated and the results were
dominant stressors are discussed below. compared with the original unaged test results to

1. Aging Effects on Mechanical Components. determine if significant changes or failures had
Some examples of the mechanical components of occurred due to the aging. The results of the aging
pressure transmitters susceptible to aging degradation tests are presented here in terms of aging effects on
during normal operation include the following: complete transmitter assemblies.

• Permanent deformation of sensing elements due The project involved fifty-seven pressure
to pressure surges during reactor trips and transmitters representing five manufacturers. The aging
maintenance. processes included heat and humidity levels

corresponding to normal operating conditions of
• Failure of the bellows. nuclear power plants, heat and humidity simulating the

extremes of normal conditions, normal vibration,
• Degradation or leakage of fill fluid: The fill fluid pressure cycling, and overpressurization. The aging

(usually oil) in pressure transmitters can suffer tests conducted in this project were focused on
degradation due to radiation and heat or may leak determining gross malfunctions more so than identifying
out. small changes or verifying manufacturer's

specifications. The goal was to determine if pressure
• Degradation of diaphragm due to work hardening. transmitters are resilient enough to justify the testing
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frequencies of once every fuel cycle or every 18 to 24 The aging test results are summarized in Table 
months that are currently practiced by the nuclear in terms of the aging conditions, the aging periods and
power industry. percentages of transmitters that were affected, not

affected, or failed due to aging. The results in the last
Since the project focused on determining gross six columns in Table were averaged as shown in the

and unusual transmitter behavior, instead of presenting results section at the bottom of the table. The results
the results in terms of numerical changes in zero, span, from the weighted average calculations of Table are
and response time of the transmitters, the following shown in Figure 3.

qualitative criteria were used to present the results. C. Conclusions on Aging of Pressure

• For the steady-state results, the transmitter Transmifters
instabilities or their deviations from a reference
transmitter or a normal value were categorized as The aging test results have shown that the
"High", "Medium" and "Low" corresponding calibration and response time of pressure sensing
respectively to gross malfunction or failure, systems in nuclear power plants are subject to
degraded but acceptable performance, and readily degradation from normal aging, and must therefore be
acceptable performance. tested periodically to ensure acceptable performance.

The question is how often the transmitters should be
• For the response time results, the degradations tested or replaced. This question is addressed below.

were categorized again as "High", "Medium", and
"Low"corresponding respectively to more than 50 Testing Intervals. Typical nuclear industry
percent increase in response time, 20 to 50 practices for the management of aging degradation of
percent increase, or less than 20 percent pressure sensing systems are as follows:

increase. The response times of nuclear plant 0 Calibrate all safety-related transmitters once every
pressure transmitters are usually very small 30 to fuel cycle.
300 milliseconds). Therefore, increases of up to
50 percent may correspond to a very small 0 Response time test the transmitters in one or
change in actual response time. In addition, the more safety-related channels once every fuel
inherent repeatability problems with response time cycle.
testing of pressure transmitters usually make it
impractical to distinguish differences of less than 0 Blow down or purge the sensing lines as needed
20 percent for those transmitters which have a if there is any reason to believe that blockages are
small response time. present.

Table 

Summary of Aging Test Results for Pressure Transmitters

Number of Aging Test Results
Duration Aging Transmitters 

Aging Stressor (Month) CondItIons Involved Effect on Calibration Effect on Response Time

Not Moderately Not Moderately
Affected Affected Failed Affected Affected Failed

1 . Normal Heat 6-12 1 1 O-F, 65% H 23 61% 35% 41/6 87% 4% 9%
& Humidity

2. Extremes of 3 150oF, 90% RH 1 1 73% 18% 9% 64% 27% 9%
Normal Heat 
Humidity

3. Vibration 2 3 mils at 20 Hz 7 0 100% 0 57% 43% 0

4. Pressure Cycling 2 50% of Span: 8 63% 37% 0 100% 0 0
1 OOK to 500K

Cycles

5. Overpressurization 0.5 1 000 psi 8 75% 25/6 0 100% 0 0

6. Phase I Results see Reference 3 1 7 59% 2a% 18% 88% 12% 0 I

Average Results of All Laboratory Aging Tests Performed In This Project

Straight Average 55 40 4 3

Weighted Average 58 35 7 1 84 2 4
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9D pressure, level, and flow transmitters experience some
drift, less than percent actually drift out of tolerance
requiring a new calibration. t4) With this information, it
is reasonable to conclude that the current calibration

611 interval of once every fuel cycle is adequate for the
management of the effects of aging on calibration of
pressure transmitters.

16

30- Response Time Testing Intervals, According to
the results presented in Table 1, aging produced less

- degradation in the response times of pressure
CL transmilifters than in their alibrations. The response

0- ra times of 84 percent of the transmitters tested in this
study were unaffected by aging. Of the remaining 16

Calibration Changes percent that suffered response time degradation, only
90- about 4 percent failed from a response time standpoint

Furthermore, the search of the LER and NPRDS
- databases showed only a few cases of response time

.E degradation except for the oil loss problem in some
C(0 60- models of Rosemount transmitters. The results of the

survey of the nuclear power industry indicated that
0 response time problems are not prevalent and pressure

30 transmitters are only rarely replaced due to response
time failures. Based on this information, response time

2 testing intervals of once every fuel cycle are adequate,
4)
a.
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