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ABSTRACT 

As part of the NRC's Nuclear Plant Aging Research Program, a 
number of aging studies were performed on safety-related systems 
and components which found that, even with current maintenance 
and monitoring practices in place, a large number of the reported 
failures are related to aging. This suggests that current practices 
are not sufficient to completely manage aging degradation, and 
other factors need to be considered. This paper examines the 
aging management process and the degree to which maintenance 
plays a part in it. Component failures and degradation 
mechanisms identified in aging studies of several different safety 
systems are summarized and evaluated, then correlated with the 
components most frequently failed. This information, along with 
an analysis of failure causes, is then used to determine the extent 
to which aging is managed by current maintenance practices. 
Conclusions and recommendations for proper aging management 
are also presented. 

INTRODUCTION 

Aging of nuclear power plants has been of concern to the U.S. 
Nuclear Regulatory Commission (NRC) for more than a decade 
and, as a result, a significant amount of research has been 
performed in this area. This research has provided a solid 
technical basis for understanding the aging process and its effects, 
as well as identifying ways of mitigating it. While great strides 
have been made by the nuclear industry to better understand and 
manage aging degradation in recent years, a common belief that 

still exists is that a good preventive maintenance program is all 
that is needed to properly manage aging. It is also believed that 
since all plants have maintenance programs in place, no additional 
effort is needed to address the aging issue. 

This paper examines the question of whether a plant maintenance 
program and an aging management program are really the same. 
Specifically, it examines what maintenance practices are currently 
performed for various components and how they are established, 
and compares this to the requirements of an aging management 
program. Results from several aging studies are presented and 
discussed to address the effectiveness of current maintenance 
practices at managing aging degradation. 

SAMPLE RESULTS FROM AGING STUDIES 

In light of the concern over aging degradation in nuclear plants 
and its potential effect on plant safety, the NRC instituted the 
Nuclear Plant Aging Research (NPAR) Program. As part of this 
research program, a significant number of aging studies were 
performed on safety-related components and systems to provide 
the information needed to better understand the characteristics and 
implications of the aging process. These studies were typically 
performed in two phases; the first phase would determine if aging 
was a concern for that system or component, and the second 
phase, if needed, would investigate methods of detecting and 
mitigating it. The objectives of the program and the components 
and systems selected for study are described in detail by Vora 
(1992). 
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The findings in the NPAR studies are very useful for gaining 
insights into various plant activities. For this discussion, NPAR 
findings will be used to obtain insights into the effectiveness of 
current maintenance practices. This will be done by examining 
two systems studies performed under this program; namely the 
component cooling water system (CCW) and the containment 
spray system (CS). The CCW system is a continuously operating 
system which supplies cooling water to various loads throughout 
the plant, while the CS system is a standby system which is only 
used for accident mitigation. 

In phase I of the CCW system aging study (Higgins, etal., 
1988), an analysis of past operating experience was performed 
covering a period of approximately five years. For those failures 
reviewed, a determination was made as to whether the failure was 
related to age degradation. The results indicated that components 
in this system are susceptible to aging degradation, and that this 
degradation can lead to an increase in failure rate as the 
components age. Of the failures reviewed, over 70% were related 
to aging (Figure 1). 

The dominant cause of failure for the CCW system was found 
to be "normal service" (Figure 2), which includes exposure to all 
operating and environmental stresses (i.e., temperature, humidity, 
radiation, etc.) the component is normally expected to see. The 

large portion of failures attributed to normal service supports the 
large aging fraction discussed previously. Also, the percentage of 
failures caused by normal service increases as the plants age. This 
can be partially attributed to aging and partially to a learning 
curve effect, which reduces the percentage of human error failures. 

The phase 1 CCW study also identified the various failure 
mechanisms, and the dominant one was found to be "wear" 
(Figure 3). This is consistent with the high percentage of aging 
related failures since wear is an aging mechanism characterized by 
the physical wearing away of the component due to the relative 
motion between it and another component, such as valve packing 
being wom by the rotation of the valve shaft. However, although 
wear is the dominant mechanism accounting for over one-third of 
the failures, it is important to note that a number of other 
mechanisms were also found. Each of these can lead to 
component failures, if not properly managed. Therefore, in order 
to properly manage aging, each of these mechanisms must be 
addressed. This could be done either by implementing an 
appropriate inspection, surveillance, monitoring or maintenance 
(ISM&M) technique, or by analysis to show that the mechanism 
or its effects are not significant enough to warrant the 
implementation of a specific ISM&M technique. This type of 
analysis would be part of an aging assessment, which will be 
discussed in more detail later. 
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FIGURE 1 FRACTION OF CCW SYSTEM FAILURES RELATED TO AGING 
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FIGURE 2 CAUSES OF CCW SYSTEM FAILURES VERSUS PLANT AGE 
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A second safety-related system studied under the NPAR program 
is the containment cooling system. In phase 1 of this study 

' (Lofaro, 1994), an analysis similar to that for the CCW system 
was performed. The findings indicate that aging degradation is 
also evident in this system, with 59% of the failures being aging 
related (Figure 4). Typical examples of aging related failures are 
leakage of containment spray pump shaft seals due to normal 
wear, or incorrect instrumentation readings due to calibration drift 
over a period of time. In some cases, insufficient information was 
available to determine whether or not the failure was related to 
aging. These were classified as "potentially aging related" since 
they could have resulted from aging degradation, therefore, the 
aging fraction could be higher. 

The CS system data were also sorted into three categories to 
identify the cause of failure. Again, normal service was found to 
be the predominant failure cause, accounting for 74% of the 
failures (Figure 5). This supports the high aging fraction 
discussed previously for this system. A review of the failure 
mechanisms for various system components also showed a variety 
of mechanisms evident, with wear being the dominant mechanism. 
An example for containment spray system valves is shown in 
Figure 6. 

As for the CCW system, these results indicate that existing 
maintenance practices do not completely control aging degradation 
for the containment cooling system. Similar results have been 
found in aging studies of other systems and components. While 
it is well understood that maintenance plays an important role in 
the mitigation of aging effects, results from aging assessments on 
various plant systems indicate that current maintenance practices 
alone are not enough to properly manage aging. 

PLANT MAINTENANCE 

According to the Common Aging Terminology guide developed 
by EPRI (February 1993), preventive maintenance (PM) involves 
the performance of actions that detect, preclude, or mitigate 
degradation of a functional structure, system, or component to 
sustain or extend its useful life by controlling degradation and 
failures to an acceptable level; there are three types of preventive 
maintenance: periodic, predictive, and planned. Typically, all 
plants have some form of preventive maintenance program, 
although the activities included and the frequencies they are 
performed at may differ. 
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FIGURE 4 FRACTION OF CONTAINMENT SPRAY SYSTEM FAILURES RELATED TO AGING 
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As indicated by the NPAR aging studies, aging degradation has 
not been completely eliminated by current maintenance practices. 
To examine the effectiveness of plant maintenance further, Lofaro 
(1992) investigated the maintenance practices currently being used 
for the CCW system. Information on maintenance practices was 
obtained from a survey completed by several utilities, along with 
actual plant visits and personnel interviews. The results were then 
reviewed to gain insights into the maintenance activities 
performed, and how they were established. 

Tables 1 and 2 present the results of a survey designed to review 
the PM practices typically performed on CCW pumps and valves. 
A total of twelve units responded to this survey. As shown, the 
activities performed vary between plants, along with the frequency 
of performance. It is also noted that each PM action is useful and 
can help mitigate one or more aging mechanisms. For example, 
lubrication of moving parts will help prevent wear and corrosion 
from occurring. Alignment of components will help prevent 
vibration, which can lead to weakening of materials. From the 
previous results, it is seen that maintenance is critical to aging 
mitigation. The frequency of these practices should be based upon 
actual failure frequency to be effective. 

The investigation of maintenance practices also found that the 
PM activities are typically established based on component 
manufacturers recommendations, past problems with a particular 
piece of equipment, or generally accepted good practices. 
Typically, no effort is made to obtain information related to 
expected or important aging mechanisms for that particular piece 
of equipment in relation to its operating environment in a 
particular plant. This was confirmed by Fresco and Subudhi 
(December 1993) in their review of NRC maintenance team 
inspection reports for 44 nuclear plants. 

As shown by these findings, plant specific aging characteristics 
are not explicitly considered in establishing maintenance practices, 
which can only be done by performing a plant specific aging 
assessment. Since this is not commonly done, it is quite possible 
that each of the important aging mechanisms may not be addressed 
by current maintenance practices. To ensure an effective PM 
program, all aging mechanisms a component is susceptible to 
should first be identified, and its consequence evaluated. A PM 
practice should then be included in the program for that 
component to mitigate all those mechanisms that can realistically 
lead to component failure. Therefore, it is important that an aging 
management program include a comprehensive aging assessment 
for each important system, structure, or component as one of its 
elements. 

In recent years, aging assessments have become an important 
tool for understanding and managing the effects of aging 
degradation in nuclear power plants. The methodology for 
performing generic assessments has been developed and refined 
under the NRC's Nuclear Plant Aging Research (NPAR) program. 
While the NPAR studies provide important information on aging 
characteristics, differences in operating conditions and maintenance 
practices between plants prevent the results of these studies from 
being truly representative of each individual plant. Therefore, 

plant specific evaluations could provide additional insights into the 
proper management of aging degradation at a particular facility. 

Lofaro and Taylor (1993) have modified the assessment 
methodology used in the NPAR program for use in performing 
plant specific assessments. As a result of performing this type of 
assessment, plant specific aging characteristics can be identified 
and used to determine the most effective maintenance practices for 
a particular plant. As an example of how this can be 
accomplished, Lofaro (1992) correlated typical aging mechanisms 
with practical inspection, surveillance, and maintenance techniques 
that can be used to detect or mitigate them. This was done for 
several common pieces of equipment. Table 3 shows the results 
for pumps. To be most beneficial, this should be done on a plant 
specific basis, however, once this is completed it is a simple 
matter to identify appropriate ISM&M techniques based on aging 
mechanisms to be detected and mitigated. Grove and Taylor 
(1994) showed how this information can be used to improve 
maintenance. 

AGING MANAGEMENT PROGRAM 

The EPRI Common Aging Terminology guide defines aging 
management as engineering, operations, and maintenance actions 
to control within acceptable limits aging degradation and wearout 
of structures, systems, and components. As pointed out by this 
definition, there are several aspects to aging management in 
addition to maintenance. This needs to be considered in more 
detail. 

An effective aging management program must be able to detect 
and mitigate the effects of aging before they result in component 
or system failures that can impair plant safety. Preventive 
maintenance is an excellent means of preventing some aging 
related failures, and must be continued. As defined by EPRI, this 
includes predictive maintenance, as well as periodic and planned 
maintenance. However, as indicated by the previous discussion, 
preventive maintenance alone is not sufficient to completely 
control aging; something more is needed. 

Other important elements for effective aging management 
include activities in the areas of engineering and operations. In 
the engineering area, aging should be taken into consideration in 
the design and modification of structures, systems, and 
components to take advantage of new ideas or technologies that 
might reduce the susceptibility to degradation from normal 
operating environments. For example, new materials may be 
available that can withstand normally encountered aging 
mechanisms for a particular component. These materials should 
be considered in the event of a redesign or modification of the 
component. As another example, equipment locations should be 
evaluated based on aging mechanisms identified that they are 
susceptible to such that exposure to these mechanisms can be 
minimized. 

In the area of operations, techniques should be considered that 
can reduce exposure to aging mechanisms. For example, 
alternating the use of components, if spares are available, to 



TABLE 1 CCW PUMP PREVENTIVE MAINTENANCE PRACTICES 

PM Performed 
Frequency (Months) 

PM Performed 
6 to 12 18 to 36 48 to 60 84 to 90 

1. Lube oil system PM 4 units 2 units 

2. Bearing oil change 2 units 

3. Coupling lubrication 1 unit 1 unit 

4. Coupling alignment 1 unit 

5. Replace gaskets (EQ) 1 unit 

6. Disassembly inspection 2 units 1 unit 

TABLE 2 CCW VALVE PREVENTIVE MAINTENANCE PRACTICES 

Preventive Maintenance 
Frequency (Months) 

Preventive Maintenance 
3 to 12 18 to 36 40 to 43 48 to 60 

1. MOV: Circuit breaker maint. 3 units 
' 

2. MOV: Operator maintenance 2 units 3 units 

3. MOV: Operator EQ maintenance 2 units 2 units 

4. MOV: Packing replacement 1 unit 

5. MOV: Motor replacement 1 unit 

6. MOV: Parts replacement 1 unit 

7. AOV: Lubrication 1 unit 

8. AOV: Packing replacement 1 unit 

9. AOV: Diaphragm replacement 1 unit 

10. AOV: Parts replacement 3 units 

11. MAN: Clean/lube stem 3 units 
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TABLE 3 PUMP MAINTENANCE PRACTICES VERSUS AGING MECHANISMS 

PUMP AGING MECHANISMS 

1. WEAR OF BEARINGS/BUSHINGS 8. BINDING OF IMPELLER/SHAFT 

2. WEAR OF INTERNAL CONTACT SURFACES 9. CAVITATION DAMAGE TO IMPELLER/CASING 

3. EROSION/CORROSION OF INTERNALS 

4. VIBRATION INDUCED LOOSENING/MOVEMENT 

5. DISTORTION OF INTERNALS 

6. DETERIORATION OF PACKING/SEALS/GASKETS 

7. FATIGUE/THINNING OF CASING 

ISM&M PRACTICE 
AGING MECHANISM DETECTED/MITIGATED 

ISM&M PRACTICE 
1 2 3 4 S 6 7 8 9 

BEARING TEMPERATURE MEASUREMENT X X 

FLOW RATE MEASUREMENT X X X X 

LUBE OIL LEVEL/PRESSURE CHECK X 

MOTOR AMP/WINDING TEMP CHECK X X X X 

TRACK TIME AT MINIMUM FLOW X X 

PACKING/SEAL LEAKAGE MEASUREMENT X 

NDE FOR CASING SHAFT CRACKS/FLAWS X 

DISASSEMBLY INSPECTION/OVERHAUL X X X X X X X 

BOLT TORQUE MEASUREMENT X 

ROTOR TORQUE MEASUREMENT X X 

THERMOGRAPHY EXAMINATION X X X 

CHANGE LUBE OIL X 

REALIGN PUMP/DRIVER X X 

REPLACE BEARINGS X 

RETORQUE BOLTS X 

REWORK IMPELLER X X 

REPLACE GASKETS/SEALS X 

REPLACE WEAR RINGS X 

REPLACE SHAFT SLEEVES X 

LUBRICATION SYSTEM PM X 



> 

reduce operating exposure, or not running pumps at minimum 
flow unnecessarily, which could cause overheating damage. 
Another important practice that should be included in operations 
is trending analysis. As components are monitored for 
performance degradation, the results of these activities should be 
trended to see if there is any significant change in performance 
parameters. Many times these trends can be used to predict aging 
degradation before it results in component performance 
degradation or failure. 

Another important part of effective aging management is the 
establishment of an awareness of the importance of controlling 
aging degradation. This can only be obtained through the 
commitment of plant management. All personnel should be 
committed to the detection and mitigation of aging degradation 
since it not only may improve plant safety, but also may improve 
operating efficiency. 

The various elements of a good aging management program 
must all be present, and they must interface and complement each 

other. However, many of the elements of a good aging 
management program already exist in plants; they may be part of 
existing programs. Therefore, a new "aging management 
organization" is probably not needed. The overall interrelationship 
of the various elements needed to manage aging is shown in 
Figure 7. 

CONCLUSIONS 

The results of various aging research studies have shown that 
current maintenance practices alone are not sufficient to 
completely control aging degradation. While preventive 
maintenance is an important part of aging management, other 
elements are needed to have an effective aging management 
program. These other elements include engineering aspects, as 
well as operational aspects. In addition, a management 
commitment to aging management must be in place. With all 
these elements working together, aging can be properly controlled. 

FIGURE 7 AGING MANAGEMENT PROGRAM ELEMENTS 
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