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ABSTRACT 

The application of the as-low-as-practicable (ALAP) philosophy to 

radiation exposure of workers at light-water reactors (LWR's) has re-

cently received increased attention. The purpose of this project is to 

investigate the means by which occupational exposure at operating LWR's 

can be reduced to the lowest practicable levels. Nine such LWR stations, 

including 16 operating reactors, have been studied in phase I of the 

project to identify significant sources of exposure and to determine the 

magnitude of the exposures. A complete site review consists of compiling 

information from safety analysis reports (SAR's), plant technical specifi-

cations, and radiation exposure records and then making an on-site visit 

for discussions with plant personnel, observation of procedures, and 

measurement of radiation levels. In phase II, specific problem areas 

are being studied in-depth with regard to corrective measures to reduce 

exposure. Information has been collected on solving the problem of 

exposure from valve maintenance and repair. These corrective measures 

will be evaluated with respect to ease of application and cost effective-

ness. The results of this study will serve as technical backup for the 

preparation of regulatory guides. 

•Research sponsored by the Nuclear Regulatory Commission under contract 
with Union Carbide Corporation. 



2 

Introduction 

Recently much attention has been given to reducing exposures to the 

general population in the vicinity of operating nuclear power plants. 

Design objective quantities for annual radiation doses at the site 

boundary are now specified by 10 CFR 50. The population dose within a 

50-mile radius of a new 1000-MWe plant is in the range of 10-100 man-

rem. At most operating plants occupational exposures have not received 

the same attention and only now are they being examined as carefully 

under the as-low-as-practicable (ALAP) philosophy. During 1973, collec-

tive radiation doses to workers ranged from a low of 74 man-rem at 

Pilgrim to a high of 5134 man-rem at Indian Point where a great deal 

of special maintenance and repair took place. There is also a trend, 

especially noticeable at boiling water reactors (BWR's), toward an 

increase in occupational doses as the plants age. Furthermore, the 

average number of persons exposed at each plant has been increasing. 

There is no good basis for predicting future occupational radiation 

doses; however, the present data are sufficient to make it clear that 

something must be done to limit these doses. 

Project Description 

The current work is aimed at application of the ALAP concept to 

exposure of workers at light-water reactors (LWR's). The purpose of 

this program is to investigate the means by which the radiation exposure 

of workers at operating LWR's can be reduced to the lowest practicable 

levels. In order to accomplish this, a plan of approach was developed, 

and tasks were outlined as follows: 



Review occupational radiation exposure records 

a. Review exposure records provided by the Nuclear Regulatory 
Commission 

b. Review the Murphy Report1 and the Pelletier Report^ 

c. Perform a literature search on occupational exposure at LWR's 

d. Review exposure data currently being derived by other study 
groups 

Conduct site reviews of operating LWR's 

a. Select sites for detailed review 

b. Schedule on-site visits 

c. Review Safety Analysis Reports and Environmental Impact 
Statements for each site to be considered 

d. Obtain and study personnel exposure records, work area moni-
toring records and survey records for each site 

e. Perform on-site surveys of routine and noitroutine operations 
at each site 

f. Review operating procedures and design criteria at each site 

Prepare a file for each site reviewed 

a. Describe the physical plant and the operating procedures 

b. Summarize the occupational exposure records 

c. Describe on-site surveys made and indicate the results of 
these surveys 

d. Identify operations which lead to the most significant radi-
aticn doses 

Integr&te results of site reviews 

a. Identify common problem areas 
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b. Assign priorities to establish the order in which detailed 
studies of these problem areas will be done 

c. Formulate detailed study plans for each area 

5. Recommend corrective action 

a. Describe alternative procedures, equipment, and designs 

b. Conduct a cost-effectiveness evaluation 

c. Make cost-benefit comparisons 

d. Select preferred corrective measures and suggest sequences for 
their implementation, differentiating among plants that are 
operating, under construction, or in the design phase 

6. Provide assistance in drafting regulatory guides 

Work on many of the tasks ran concurrently, and presently the 

tasks are in various stages of completion. In addition to the sources 

of information suggested in the task outline, information and sug-

gestions were obtained from discussions with individuals associated 

with such interested parties as the Atomic Industrial Forum (AIF), 

Electrical Power Research Institute (EPRI), General Electric Company, 

Kestinghouse Corporation, Nuclear Plant Services Company, and Babcock 

and Wilcox. The Nuclear Safety Information Center (NSIC) and the Health 

Physics Information System (HPIS) of ORNL were also used. 
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The study was divided into four phases which overlap in time. 

Phase I, which is nearing completion, dealt with a preliminary overview 

of the problem, including reviews of records and site visits to identify 

significant problem areas. In phase II specific problem areas will be 

studied in depth with regard to corrective measures to reduce exposure. 

These corrective measures will be evaluated with respect to ease of ap-

plication and cost effectiveness. A suggested sequence of corrective 

measures, including alteration of both hardware and operating procedures, 

will be developed, and a cost-benefit comparison made to determine the 

extent to which the sequence should be implemented. Recommendations 

will be made regarding design considerations for new facilities. Phase 

III will consist of providing technical assistance in the drafting of 

regulatory guides as the specific problem areas are evaluated and cor-

rective action is recommended. Phase IV will be an extension of the 

study to other nuclear facilities, including but not necessarily limited 

to high-temperature gas-cooled reactors, fuel reprocessing plants, and 

breeder reactors. 

Following an extensive literature search, criteria were established 

for selecting nuclear power stations to be reviewed in depth. These 

criteria included: 

1. Selection of plants with approximately equal attention given 
to pressurized water reactors (Pffi's) and BWR's 

2. Selection of plants having a minimum of one year's operating 
experience 
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3. Selection of plants representing various vintages of nuclear 
design 

4. Selection of plants in various sections of the country and 
operated by different utilities 

5. Selection of plants in different modes of operation, including 
routine operation, outage, and refueling. 

6. Selection of plants whose management expressed willingness to 
cooperate and assist in the study. 

The actual completed site visit schedule is given in Table 1. A 

great deal of emphasis was placed on these site reviews, as it was felt 

that the most relevant and accurate information could be obtained directly 

from plant management and personal observation rather than through 

second-hand or edited sources. 

It was felt that certain previsit information should be obtained 

which would make the site visit more productive and efficient. In this 

regard, before each site visit a review was made of the appropriate 

Safety Analysis Report and Environmental Impact Statement. In addition, 

the site was asked to provide other information such as: 

1. Maintenance Schedule 

2. Refueling Schedule and Procedures 

3. Radiation Protection Organization 

a. Organizational structure 

b. Size of the staff 
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c. Training and experience of the staff 

4. Exposure Records 

a. Establish numbers of persons exposed 

b. Establish numbers in various dose ranges 

c. Identify types of individuals receiving significant 
radiacion doses 

d. Identify activities resulting in significant radiation 
doses 

e. Establish trends 

f. Identify abnormal occurrences 

5. Information on Special Problem Areas Specific to the Plant 

This information was obtained with widely varying degrees of com-

pleteness. Some sites provided all we asked and more while other sites 

provided nothing. In summary, this manner of obtaining information was 

less than a complete success. 

While conducting the on-site visit, a number of general and speci-

fic areas were considered. Initially, attempts were made to cover all 

the areas on the following outline. 

Site Visit Information 

1. Discussions with Management and Supervisory Personnel 

a. Identification of significant problem areas 

b. Determination of operating philosophy 

c. Policy on rotation of personnel 
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d. Policy on use of contractor personnel 

e. Attitude toward Regulatory Guides 8.8 and 8.10 

f. Balance between occupational and nonoccupational exposure 
based on new stringent release limits 

Discussions with Radiation Protection Personnel 

a. Identification of significant problem areas 

b. Exposure resulting from augmented radwaste systems 

c. Corrective actions being taken or planned 

d. Ideas for further dose reduction 

e. Attitudes toward dose reduction 

f. Radiological health training and indoctrination 
programs 

Determination of Changes As-Built vs. Design 

a. Up-to-date radwaste systems 

b. Systems modifications throughout plant 

Review of Exposure Records 

a. Most recent information 

b. Job related exposures 

c. Effect of plant aging 

Survey of Radiation Exposure Levels 

a. General plant survey 

b. Identification of occupied areas with elevated levels of 
radiation exposure 

c. Specific surveys 
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6. Integrated Exposure Measurements 

a. Use TLD and pocket ion chambers to integrate exposure in 
selected areas 

b. Correlate exposure with activities in area 

7. Observation of Routine Operation 

a. Make radiation surveys 

b. Identify standard procedures 

c. Correlate practice with procedures 

8. Observation of Routine Maintenance 

a. Make radiation surveys 

b. Identify standard procedures 

c. Determine scheduled frequencies 

d. Suggest procedures or design to reduce radiation 
dose 

9. Observation of Special Maintenance (if possible) 

a. Make radiation surveys 

b. Determine how procedure is established 

c. Suggest procedures or design to reduce radiation 
dose 

10. Observation of Refueling (if possible) 

a. Make radiation surveys 

b. Identify procedures 

c. Suggest procedures or design to reduce radiation 
dose 
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As. the project progressed, the e.aphasis on making radiation mea-

surements decreased and the emphasis on obtaining information pertinent 

to valve work and related exposure increased. 

General Results 

A number of significant problem areas at LWR's have been identi-

fied, such as refueling (head removal, installation, and fuel handling); 

handling of radioactive waste; in-service inspections; and inspection, 

repair, and maintenance of particular components such as recirculation 

pumps, valves, and steam generators. Data supporting these conclusions 

came from exposure records at nuclear power plant (NPP) sites and from 

discussions with health physics and maintenance personnel at these 
(2 3") 

plants. These are not startling conclusions since others^ ' have 

reached similar if not the same conclusions. This is only a confir-

mation of earlier observations. 

Some of the other common problems which were mentioned at several 

sites included: 

1. High exposure obtained from filter changes 

2. Need for pump and valve isolation cubicles 

3. Relocation of components out of high radiation fields 

4. Lack of specifications of valve internals from vendors 

5. Need for improved mock-up training for "hot" jobs 

6. Valve packing failures 

7. Valve malfunctions 

8. Activation of molybdenum disulfide lubricant 
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9. Insulation removal and installation 

10. Lack of communication 

Various studies have revealed an "aging" effect on exposures at LWR 

sites. This should not come as a surprise since all previous reactor 

experience has shown that corrosion products (crud} build up to an 

equilibrium level over a period of several years. Nuclear steam supply 

(NSS) vendors, architect-engineer (AE) firms and utilities have known 

and predicted this for years. "Aging" curves illustrative of this fact 

are presented in Figures 1 and 2. In general, exposure rates can be 

predicted into the future for areas in the vicinity of components which 

will experience crud buildup. It is not so easy to predict actual 

personnel exposures since the occupancy of these radiation areas cannot 

be accurately predicted. Much depends upon the amount of maintenance 

and inspection that must be performed over the years. Knowing, however, 

that crud will build ap in a predictable manner, it should be reasonable 

to assume that exposures rates will increase roughly in proportion to 

this build-up. 

Coupling the increased requirements for inservice inspection and 

unexpected maintenance and repair with the crud build-up has resulted in 

dramatically rising cumulative radiation doses at several LWR's. 

The extent of exposure during outages has been emphasized in 
(1-31 

several reports. J It is estimated that two-thirds of the total 

annual radiation dose occurred during outages. Some individual plants 

vary in this respect, showing a range of 21-97% in actual studies, but 

these represent extremely unusual cases. Some typical examples of jobs 

and exposures incurred during refueling outages are shown in Tables 2-4. 
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A small but unnecessary amount of radiation exposure occurred in 

plant areas having greater than natural ambient levels of radiation. 

These plant areas were occupied a significant fraction of a full work 

week and thus could produce doses of a few mrem per week. While this is 

small compared with other doses, much of the dose is received 

unnecessarily when personnel loiter in these areas. Some of the problem 

areas are identified in Table 5. This study was discontinued after four 

site visits because the exposure from this source was small compared to 

that from other sources. 

Throughout the study nonuniformity of nomenclature presented diffi-

culty. A standardized list of names for reactor systems and components 

would be valuable as a starting point. The Atomic Industrial Forum 

(AIF) has recently initiated such an effort. Other standardization 

which would be helpful includes recordkeeping, operations descriptions, 

and data. 

The trend is also toward standardization of nuclear plants such as 

exhibited by the standardized General Electric (GESAR) and Westinghouse 

(RESAR) design plants. While the reason for standardization was economy 

of time in licensing, it may also be a boon to ALAP. Caution is in 

order, however, since several generic deficiencies have been noted as 

recurring through several generations of plant design. For example, 

inadequate waste evaporators have been built at several generations of 

PWR's. This suggests that the standardized plant may still contain 

poorly designed equipment and plant arrangements. ALAP considerations 

have become potent forces only in the past few years. Since occupational 
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ALAP is only now being given prime attention, it stands to reason that a 

considerable uegree of improvement is likely. Certainly no dollar value 

guidance has been provided to give a firm basis for such design consid-

erations. Up to this point, reliance has been placed on good faith of 

AE firms. The fact that convenience and efficiency are economic, both 

from a monetary and a radiation dose reduction viewpoint, has resulted 

in some improved designs. However, it was probably the monetary savings 

and not the concern for reduction of radiation doses which prompted the 

changes. 

Part of the problem in getting design changes incorporated into new 

plants is lack of communication. Basically, there is little feedback 

from the utility to the AE which results in changes in future plants. 

Whether the problem lies with the AE or the utility is uncertain. Lack 

of communication does not end there; regulatory agencies, NSSS ven-

dors, and other nuclear component vendors play a major role. Dis-

trust, pride, arrogance, indifference and many other factors are 

involved. If free communication occurred, some of the problems would 

never become problems in the first place. Other problems would be 

quickly solved or avoided in future designs. 

During the initial site review (Nuclear Station "A"), the need 

for expanded ALAP records at nuclear stations became apparent. At 

this site, they make extensive use of special work permits (SWP's). 

The information on the SWP is sufficient, in most cases, for assign-

ing doses to parti ular workers doing specific jobs. Efforts are 

being made currently to code the SWP's in order to make the specific 

dose assignments. We have collaborated with this utility's health 
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physics staff in collecting and evaluating, by computer techniques, 
(41 approximately one plant year's equivalent of operating exposure datav . 

In order to be able to obtain conveniently the data necessary for 

making ALAP decisions, records keeping systems of this sort are re-

quired. Duke Power Company and others have independently arrived at 

similar conclusions and are working on their own versions of computer 

based systems. There appears to be no clearly superior system at the 

present time. Other nuclear industry groups such as AIF and EPRI have 

become concerned about this problem and specific work is in progress at 

these institutions to resolve it. Their interest may be sufficient to 

spur utilities into making some changes in this important area. 

There is an increasing concern for performing cost-benefit analyses 

for ALAP modifications. Reasons for doing this are well-founded and 

include the following: 

1. There is now enough published evidence to suggest a dollar 

value for a man-rem of dose. 

2. The precedent of using such a dollar value has been set in the 

NRC position paper regarding 10 CFR 50 Appendix I. 

3. The precedent of using a dollar value per man-rem of radiation 

dose would give utilities justification for expenditures and 

set guidelines on how much to spend to achieve reductions in 

radiation doses 

4. The nuclear industry has asked for cost-benefit analyses; as, 

for example, the recent public review of the revision of 

Regulatory Guide 8.8. 
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Also, cost-effectiveness studies must be done to determine man-rem 

savings per dollar spent on modifications. After assigning dollar 

values, it becomes a trivial exercise to determine whether the expenses 

for a suggested modification can be justified economically, but a fol-

low-up study should also be performed to determine if the cost-benefit 

study was accurate. 

Valve Study 

The early identification of valves as a significant source of 

radiation exposure caused special emphasis to be placed on this problem. 

An in-depth study was conducted on valve maintenance and repair, although 

most information gathered was general in nature. In one case, valve 

work resulted in approximately 40% of the radiation dose during a refuel-

ing outage. This is much greater than the maximum of 16% of the annual 

dose found by Pelletier;v ' however, the accounting system used was 

significantly different. In the Pelletier study some of the exposure 

from valve work was assigned to other categories such as in-service 

inspection, radwaste handling systems, main coolant loop work, etc. The 

integrity and operability of valves have been a major concern at nuclear 

power stations since maintenance of valves causes a significant workload 

and leads to sizable personnel exposures. For several recent outages, 

valve related doses at several LWR's are given in Table 6. 

Valve Malfunction Survey 

In order to evaluate the extent of valve failures and the signifi-

cance of these failures with regard to personnel exposures, a study of 

plant operating experience in this area was undertaken. A previous 
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study along the same lines has been published^. The present study 

>avers the period from September, 1972 to the present in order not to 

duplicate the time frame of any previous study. The source of informa-

tion was the Nuclear Safety Information Center. A computer search was 

conducted on the NSIC files which yielded a tabulation of LWR valve 

failures by plant, plant type, valve type, associated system and cause 

of failure. Terminology was a serious problem; this again points up the 

need for standardized terminology in the industry. Also, in many cases, 

it was difficult to assign a single cause for failure when several 

causes were suggested. In spite of the inadequacies of the study, the 

results, presented in Table 7, arc interesting and can be compared to 

the previous studies. It can be determined by simple addition that the 

cause of failure accounts for 109%, 100%, 70% and 90% of the cases for 

surveys one through four, respectively. In the first survey, multiple 

causes of failure were considered. The second survey assigned a single 

reason for failure to each case considered. For the third and fourth 

surveys, the cause of failure in some cases was undetermined or of a 

miscellaneous nature. 

The survey did not consider all valve malfunctions reported within 

the period of the study since many cases were so ambiguous or uncertain 

that their inclusion was not deemed prudent. Thus, there was some arbi-

trary sample selection. Also, some of the malfunctions occurred during 

preoperational or surveillance tests; but they were largely eliminated, 

again by sample selection. 
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While it appears from the data that the number of valve malfunctions 

per plant year is increasing, other ways of explaining the data may have 

equal justification. For instance, the increase may be explained by 

better reporting or by inclusion of "minor" failures which may have been 

overlooked in reporting of previous years. The fact that the sample 

size is large and that testing failures were deliberately removed from 

the data does give support to the conclusion that the reliability of 

valves may be decreasing. 

For individual plants, a total of 860 valve failures were consid-

ered from the NSIC search. Of these, 515 occurred in BWR's having a 

total of 40.7 plant years of experience; this yields an average failure 

rate of 12.6 per plant year. The corresponding statistic for PWR's was 

7.6 failures per plant year based on 345 failures in 45.3 plant years of 

experience. While the absolute failure rates admittedly are inaccurate, 

the large difference between BWR's and PWR's is significant at the 95% 

confidence level. A breakdown by reactor is presented in Table 8. 

The latest survey agrees with the previous surveys in supporting 

the conclusions that: 

1. Malfunctions have occurred in all plant types and designs. 

2. Valves from many vendors and of all sizes and types were 

found to have failed. 

3. Causes for malfunction cover a broad spectrum. 

4. External errors and failure of valve operators were responsible 
for many of the occurrences. 
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Corrective actions suggested by the survey include: 

1. Repair and/or replacement of malfunctioning components on an 
individual basis. 

2. De^gn modification for service conditions as opposed to 
theoretical conditions. 

3. Increased frequency of surveillance in low radiation zones. 

4. Procedural changes and training in the operation, testing and 
maintenance of valves. 

5. Continual review of the status of valve reliability. 

Some specific recommendations regarding the collection of a body 

of data for this final corrective action are given below. 

It would be advisable to perform a failure mode analysis and 

conduct a program to obtain failure rate data for all plant valves. This 

analysis would serve as a tool to evaluate valve reliability. A table, 

such as shown in Fig. 3, would be useful for keeping this kind of record 

at each plant. The failure mode could be categorized in many ways; 

however, a convenient categorization is: 

Category Subcategory 

Leakage Modes Leakage through disc-seat interface 

Leakage through steam seal, packing 

or pivot pin seal (check valves) 

Leakage through body-to-bonnet joint 

Leakage through wall (porous) 

Leakage through wall (cracks) 
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Improper Operation Modes Failure to open 

Failure to close 

It would also be appropriate to indicate the degree of failure, e.g. 

small leak or partial closing. The stage at which the malfunction was 

introduced would be helpful. This designation has been confused with 

cause of failure in many incident reports. Basically, the stages in-

clude design, fabrication, installation, and operation. The reason for 

specifying the stage is that entirely different methods must be applied 

in the different stages to correct the deficiency. For example, in the 

fabrication stage, quality control could be applied ; but inspection, 

procedure and maintenance come to bear on the problem in the operational 

stage. In the case where a valve fails by several modes, the most 

prevalent failure should be designated and the others indicated as 

secondary in nature. 

The actual cause of failure should be identified as specifically 

as possible. As an example, suppose the failure mode was leakage through 

the wall. The cause of failure could be erosion, corrosion, porous wall 

or rupture. 

Other essential information, such as date of failure, valve identi-

fication, system involved, age of the valve, time required to repair the 

valve, and radiation dose received during repair,should be included. In 

this manner, valve reliability data could be accumulated at individual 

plants for use there and collected for larger studies. If operational 

experience could be specified in a fixed format, it would be easy to 

compile the cumulative records of all plants and compare experience. 
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One would then be able to make definitive conclusions regarding valve 

reliability trends, etc. 

Valve Corrosion 

Corrosion is of special significance in nuclear systems. The 

corrosion products (crud) are activated in the core and transported 

throughout the primary system. 

The most common corrosion for carbon and low alloy steels is 

simple surface oxidation. Factors which affect the corrosion rate are 

pH, oxygen concentration, galvanic coupling, temperature and velocity of 

water.^ As the velocity of water in contact with the valve surface is 

increased, more oxygen is brought in contact with the surface oxide 

layer. Eventually, the oxide layer will be removed, and the erosion 

rate will greatly increase. It is important to maintain low water 

velocities and low oxygen concentrations in order to minimize corrosionv 

It is also important to design carbon steel valves to reduce turbulence, 

eddies, and nozzling effects, in order to prevent local water velocities 

which could greatly exceed average velocities. 

For stainless steel valves, less corrosion occurs due to a "passive" 

filra^ which forms on the stainless steel surface. A "passive" metal 

is a metal high in the electromotive series, but whose electrochemical 

behavior becomes that of an appreciably less active or noble metal. 

Stress corrosion is a potential problem of stainless steel. Stress 

corrosion occurs in conjunction with applied or residual tensile stress^ . 

Stress corrosion can be minimized by controlling oxygen and chloride 

concentrations in circulating water. For alloys of chromium-iron-



nickel, stress corrosion can be nearly eliminated by inclusion of 50?o or 

more nickel1 J . 

In general, stainless steel valves should be used for primary water 

systems. Carbon and low-alloy steels can be used for valves in all 

other systems where the water chemistry can be controlled to restrict 
• (9) corrosion . 

Other Valve Findings 

A careful design analysis should irclude health physics as well as 

the usual engineering considerations. For design purposes, such factors 

as flow resistance, erosion of valve surfaces, cavitation effects, 

vibration, and instability are considered. While some of these are 

important as far as radiation exposure is concerned, there are many 

additional health physics considerations. Attention to health physics 

principles has been lacking in the design of valves for nuclear systems 

in the past. Current generation LWR's are beginning to exhibit component 

isolation for such items as major valves. There are still many instances, 

however, where minor valves are not considered separately from other 

components. Even where the valve itself is not a radiation source, 

workers may be exposed to high levels of radiation; one good example of 

this is the pressurizer spray valve where the pressurizer is the major 

source of exposure. Better placement of valves or isolation of valves 

in shielded cubicles would result in considerable dose reduction. In 

some Westinghouse PWR's, valves are located adjacent to the regenerative 

heat exchangers; this placement problem could be solved by relocation of 

the valves. 
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Design of a nuclear facility for easy removal of components in 

order to facilitate maintenance or replacement should be a primary ALAP 

consideration. With regard to valves, the use of designs which include 

quick removal mechanisms, such as Marman clamps*, should be encouraged. 

These devices have been designed for both high and low pressure systems 

and for systems having stringent release limits; however, few have been 

incorporated into LWR piping systems. 

Other design considerations for maintaining exposures ALAP include 

minimization of crud traps in valve structures, use of valve materials 

which do not activate appreciably, ease of maintenance (including, but 

not limited to, accessibility), ease of assembly and disassembly, avail-

ability of parts, and detailed specification of internals. Some ALAP 

considerations are contrary to the best engineering design. As an example, 

cobalt used in stellite makes it hard and wear resistant but leads to 

high radiation levels from the activation of corrosion products in the 
(9) 

corev . While it may very well be best to continue with the use of 

stellite compounds, health physics considerations should be included in 

the decision-making process.** 

The features of a particular valve and the proper maintenance 

techniques are most effectively conveyed in a valve manual. The manual 

should include all pertinent valve design information, drawings, part 

identification, and spare part recommendations. The need for this type 

of information was expressed repeatedly by operational personnel during 

the site visits, but only a few sites conducted a formal and rigorous 

documentation. In fact, the station should maintain a valve manual for 

every valve design in the plant. 
*Registered trademark of Aeroquip-Marman. 

**A major effort has been at the Douglas Point Power Station of Ontario 
Hydro to remove stellite components following radiation protection 
evaluations(10). 



In addition, a record of maintenance should be kept for each valve 

in order to evaluate its performance. These records help to establish 

the proper intervals for preventive maintenance. Also, specific in-

structions in the form of a procedure should be written for each mainten-

ance operation since a number of valve malfunctions have been due to 

maintenance errors. 

There is an increasing number of valves with replaceable seat 
(91 

rings being used, and this design has become more reliable . In the 

past, the replaceable seats have been the cause of leakage and short 

valve life. From a maintenance viewpoint, replacing a valve seat is 

often easier and quicker than either lapping a valve or replacing it, 

even if more frequent maintenance is required. An example is steam-trap 

service valves, where the internals do not normally last more than a few 

years. 

A majority of valve maintenance is performed to repair leaking 

valves. Of the leaks, most are due to failure of valve seals. Valve 

seals include gaskets, pressure ring seals, o-rings, seal-weld rings, 

and stem seals, such as packing and bellows. A large selection of 

materials is available on the market, and new and improved products arc 

continually becoming available. 

Fexitallic gaskets are finding more and more application, and 

deservedly so. They combine the best features of both metallic and 

nonmetallic gaskets by using a sandwich arrangement of Teflon or as-

bestos trapped between stainless steel layers. The Teflon provides a 

material ductile or soft enough to flow under compression to plug its 
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own leaks, and the stainless steel is hard enough to resist erosion. 

These properties, of course, must be retained at operating temperatures. 

In a number of the plants visited, changes in valve packing had 

been made or were being contemplated. In several instances, the new 

packing has proven decidedly superior to old types. Specifically, the 

use of Grafoil* packing at nuclear stations "B", "D", and "E", has 

dramatically reduced the frequency of repacking for the valves in which 

it was used. 

To be effective, packing frequently must be re-tightened. In 

nuclear applications, this involves additional exposure; thus one should 

select packing that remains resilient and does not require frequent 

tightening. Packing should be self-lubricating in order to 

remain pliable over periods of nonuse and not require seepage of system 

fluid for lubrication. Packing should be inert and not deteriorate 

under environments of high temperature, high pressure, chemical attack, 

or radiation exposure and should not have a large coefficient of thermal 

expansion. 

Stuffing boxes should have space for six or more turns of packing. 

The gain from additional packing diminishes beyond this, because com-

pressive stress occurs in the layer adjacent to the gland follower and 

diminishes through the succeeding layersv . 

In cases where applicable, packingless valves are being substituted 

for packed valves. Valves utilizing bellows seals are rapidly acquiring 

a reputation for being reliable and requiring minimal maintenance. So 

far, the only widely available bellows seal valves are for low pressure 

*Registered trademark of Union Carbide Corporation. 
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systems involving small diameter piping. These valves can serve, for 

example, as replacements for the more conventional sampling station 

valves and thus reduce exposure due to maintenance there. 

Corrosion Product Buildup and Removal 

Radiation exposure from activated corrosion products (crud) con-

tinues to be the most significant source of occupational radiation at 

LWR's^. Among the radionuclides in crud, 50Co appeared to be the most 

abundant in a recent study by Babcock and Wilcox^**^. Also appearing in 

significant quantities were 60Co, 54Mn, 95Zr and 59Fe. 

The Babcock and Wilcox study ^ ^ was initiated to follow the 

buildup of crud as a new nuclear station aged. This study has shown, 

for instance, increasing radiation levels around auxiliary building 

components due to crud deposition. The fission product levels in the 

reactor coolant showed little variation during the same period of time. 

Specific corrosion products were also found to be plating out in the 

liquid radwaste system. This study indicated that GeLi detectors are 

needed to resolve the gamma spectra in many locations. Knowledge of the 

gamma spectrum would not only identify the specific corrosion products 

involved, but also would be extremely helpful in designing shielding, 

either permanent or temporary, in the area of concern. 

During power operation, most of the circulating crud is soluble and 

can be successfully removed with letdown demineralizers. Sizable re-

leases of crud deposits, however, can be induced by rapid power os-

cillations. For example, 95Zr activites have been observed to increase 

greatly following rapid power changes^^. 
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The plant chemistry program of EPRI's Nucluar Power Division includes 

defining the sources of primary system radioactivity and finding pro-

cedures for plant operation and decontamination which best limit in-

plant exposure levels. In 1975, EPRI is to initiate studies on chemical 

cleaning of steam generators and other decontamination techniques for 

the main coolant loop. One specific project involves measuring crud 

levels at 20 sites with a feasibility study already started at station 

"F". 

At Unit I of station "F", radiation levels have increased signi-

ficantly (see Fig. 1). One means of reducing occupational exposure 

there is to partially remove the source of radiation. To this end, the 

station is planning a full scale primary system decontamination which 

has been scheduled for the first half of 1977^i2^. The goals of the 

proposed decontamination project are to: 

1. Reduce radiation levels to improve plant accessibility 

2. Ensure future safe and efficient operation 

3. Develop and prove techniques usable at other reactors 

4. Encourage broad nuclear industry participation. 

A new chemical solvent, developed by Dow Chemical Company, has 

been demonstrated to give high decontamination factors (OF's) without 

adverse effects on reactor materials^12^. With the expected DF of 100, 

2000-4000 Ci of activity, primarily 60Co, would be removed. The cumula-

tive dose associated with the entire operation is consequently very 

large; however, the long term dose reduction that can be realized over-

shadows this one time dose. 
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Conclusions 

It is the considered opinion of the investigators involved with 

this project that occupational exposures could be reduced at operating 

LMt sites. The amount of reduction is conjectural; however, close 

agreement was reached independently by three investigators. He estimate 

that radiation doses could fee reduceJ 10-20% by modification of health 

physics procedures and practices at the station, an additional 10-20** by 

ninor modification of hardware and its arrangement (such as local shield-

ing). and a factor of 2 to 10 if major plant modifications such as 

relocating wajor components were made. 

Some plants are closer to achievement of ALAP condition.* than 

others. At these plants, perhaps only a 20\ overall reduction could be 

accomplished via improved procedures and tsinor plant modifications. 

Other sites, which have not yet given serious consideration to AI.AP, 

could realise a 40% reduction. Specific recommendation to implement 

these reductions will be made. It should be emphasised that corrcctivc 

actions suggested in these categories will have a highly favorable 

benefit to cost ratio since relatively minor capital improvement or 

forced outage would be involved. 

Major plant modifications which will lead to significant reduction 

of radiation dose will also call for significant expenditures. These 

items will bear close scrutiny from a cost-benefit standpoint. A guide-

line of $1,000 per man~rem has been established as a non-occupational 

dose guideline; however, the need for additional effort in the region of 

individual dose near the dose limit has been emphasized by the Interna-
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tional Commission on Radiological Protection J. For the purposes of 

this project, modifications which cost less than $10,000 per man-rem 

will be considered justified. Modifications requiring greater expen-

diture will receive careful consideration and may be justified based 

upon current cost-benefit rationale. This is not to say that the choice 

of this figure is clearly defensible, but that in the absence of a 

definitive figure, this one seems reasonable. 

The ALAP philosophy is still not understood nor practiced by the 

operating staff at a majority of the LWR's studied. Station and utility 

health physicists are committed to controlling radiation exposure and to 

minimizing it whenever possible. This commitment alone is not sufficient; 

one needs the plans, procedures and designs which are the tools for 

accomplishing ALAP. Stations which do not have a formal ALAP plan, 

including implementation, cannot achieve ALAP exposures. Secondly, even 

if the health physicist has the tools at a given station, the results 

still depend upon acceptance by management and plant operating personnel. 

To many, ALAP only means making sure no one exceeds the maximum permis-

sible exposure limit. Definitions and illustrations of ALAP should be 

prepared and distributed throughout the nuclear industry as a purely 

educational project. 

Research is needed to study prevention or minimization of crud 

buildup. Studies on crud buildup such as Babcock 5 Wilcox's study at 

station "I" are necessary prerequisites. Studies being done by EPRI 

should play a significant role also. It would also be advisable to 

conduct additional research on decontamination techniques and procedures. 
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While the primary system decontamination scheduled for station "F" Unit 

1 should shed some light on this problem, much remains to be done in 

this area. 

In order to avoid exposure in high radiation areas, the trend will 

have to be toward greater use of remote handling. To date, automated 

systems and those involving remote operation have experienced a great 

deal of down time which either puts everything back on manual operation 

or halts operation entirely. The resulting maintenance produces as 

much, or more, exposure than that which was to have been saved by the 

system involved. Here then, as in other areas, reliability is of the 

utmost importance. Based upon the valve malfunction study, it is a moot 

question as to whether reliability of nuclear components is improving 

or, in fact, degenerating. 

Few common problems other than those already given could be def-

initely identified. Perhaps this was due to the diversity of the plants 

studied. As a result, a typical exposure for any plant operation has 

not been ascertained. It is our opinion that a "typical" plant does not 

exist at the present time. We were able to observe a spectrum of 

radiation exposure problems and make general conclusions. Perhaps when 

enough of the so-called "standard design" plants become operational, 

such things as the average or typical exposure during refueling will 

have some meaning. Even then, as it is now with the supposedly identical 

Naval reactors, each reactor will have its own personality. ALAP specifi-

cations are a long way from making recommendations of doses for specific 

jobs. 
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Table 1. Site Visits 

Site Reactor 
Type 

Installed 
Capacity 

MWe 

Cumulative 
Power, 

MWh x 10 
Plant Status 
During Visit 

A Unit 1 3WR 1098 5.7 Routine Operation 
Unit 2 BWR 1098 1.2 Power Testing 

B BWR 75 4.3 Planned Outage 

C PWR 185 16.1 Routine Operation 

D Unit 3 PWR 728 8.8 Forced Outage 
Unit 4 PWR 728 7.4 Routine Operation 

F. PWR 450 20.6 Refueling Outage 

F Unit 1 BWR 210 13.8 Extended Outage 
Unit 2 BWR 840 16.3 Refueling Outage 
Unit 3 BWR 838 14.3 Routine Operation 

G Unit 1 PWR 1085 5.5 Routine Operation 
Unit 2 PWR 1085 2.5 Routine Operation 

H PWR 490 14.4 Refueling Outage 

I Unit 1 PWR 911 M . O Routine Operation 
Unit 2 PWR 911 ^2.6 Routine Operation 
Unit 3 PWR 911 ^1.3 Routine Operation 
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Table 2. Radiation Dose During Refueling Outage 
3 at Pilgrim Nuclear Power Station 

Job Dose (man-rem) 

Valve repair 28 

Insulation removal and replacement 20 

Control rod drive removal 8 

Vessel internals inspection 10 

Reactor head removal and replacement 29 

Nondestructive testing inspection 7 

Total for outage 121 
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Table 3. Radiation Dose During Partial Refueling Outage 
at Nuclear Power Station "B" 

Job Dose (man-rem) 

Valve repair 3.7 

Insulation removal and replacement 6.4 

Control rod drive work 2.5 

Reactor head removal and replacement 6.0 

In-service weld inspection 9.0 

Routine refueling 2.1 

In-core probe work 1.2 

Total for outage 50.3 
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Table 4. Radiation Dose During Refueling Outage 
at Nuclear Station "I" Unit 1 

Job Dose (man-rem) 

Valve repair 9.7 

Control rod drive work 39.6 

Reactor head removal and 

replacement 31.6 

Refueling operations 14.3 

Steam generator work 47.2 

Reactor coolant pump work 16.4 

Decontaminat ion 11.5 

Special instrumentation removal 73.7 

Total for outage 317.3 
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Table 5. Measured In-plant Background 
Levels in mrem/hr 

Area 

Radiation Levels (mrem/hr) 
STATION 

B D 

Machine Shop 

Decon Area 

Laundry 

H. P. Office 

Control Room 

Radwaste Building 

Boric Acid Transfer Area 

Gen'l Plant Background 

0 . 2 

0 .06 

1 

1.3 

1 .1 

0.03 

1 .0 

0.03 

0 . 2 

0.05 

0 .20 

0.25 

0.03 

0.05 

0 .2 

0 . 2 

1.9 

4.3 
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Table 6. Radiation Doses Due to Valves During Outages 

Man-rem (Valves)/ % Outage Dose 
Nuclear Station Man-rem (Total) due to Valves 

B 2.4/88 3% 
B 4.8/125 4% 
B 14/78 18% 
B 6/97 6% 

E 46/116 40% 
I Unit 1 10/317 3% 
I Unit 2 0.8/1.2 67% 
I Unit 3 0.3/2.7 11% 

3 Pilgrim 30/121 25% 

Monticello6 20/133 15% 



Table 7. Valve Malfunction 

Category 
Survey 1 

(1967-1971) 
Survey 2 

(1/71-7/72) 
Survey 3 

(5/72-9/72) 
Survey 4 

(9/72-5/75) 

No. of malfunctions 
included in survey. 171 121 

Avg. malfunctions 
per plant per year 2.5 2.8 

Functional type of 
valve involved 

Steam-line isolation 
valves 19 (16%) 

Other steam-service 
valves 12 (10%) 

Regulator valves 6 (5%) 
Safety or relief 
valves 16 (13%) 

Associated system 
Steam service 
Isolation valves 19 (16%) 
Turbine systems 8 (7%) 
HPC1 or RCIC 

systems 7 (6%) 

Emergency Core 
Cooling 37 (22%) 

Reactor Coolant 
and Power 75 (25%) 

Conversion 
Main Cooling 
Shutdown Cooling 
Coolant Purification 
Feedwater 

Auxiliary Cooling 

Secondary Shutdown 

81 

8 . 1 

11 (14%) 

49 (60%) 

715 

10 

123 (17%) 

91 (13%) 

159 (22%) 

214 (30%) 
123 (17%) 

80 (11%) 

145 (20%) 
47 (7%) 
36 (5%) 
24 (3%) 

13 (2%) 

20 (3%) 

Other Engineered 
Safety Features 8 (10%) 
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Table 7. Valve Malfunction (cont.) 

Category 
Survev 1 Survey 2 Survev 3 Survev 4 

(1967-1971) (1/71-7/72) (5/72-9/7 2) (9/72-3/75) 

Cause of failure 
Improper maintenance 
External error1 
Improper design or 
application 

Fabrication and 
Installation errors 
Mechanical2 

Leakage 
Foreign Material 
Obstruction 

Electrical3 
Packing 

44(26%) 
80(47%) 

4^(25%) 

19(11%) 

17(14%) 

41(34%) 
17(14%) 

15(12%) 
15(12%) 
17(14%) 

31(38%) 

26(32%) 

133(19%) 
37(5%) 

100(14%) 

122(17%) 
S4(12%) 
57(8%) 

34(5%) 
69(10%) 

1 Includes operator error, poor procedures 

"Includes worn or damaged drive components; loose parts; valve binding 

"̂ Includes torque limit switch failure, solenoid malfunction and circuit 
problems 
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Table 8. Plant Specific Valve Malfunction Rate 

BWR Plants 

Pilgrim 1 
Quad Cities 1 

Quad Cities 2 

Big Rock Point 

Arnold 

Oyster Creek 

Cooper 

Nine Mile Point 

Millstone I 

Mont icello 

Humboldt Bay 

Peach Bottom 2 

Fitzpatrick 

Browns Ferry 

Vermont Yankee 

La Crosse 

Dresden 1 

Dresden 2 

Dresden 3 

Malfunctions/ 
Operating Years 

46/2.5 
33/2.5 

37/2.5 

16/2.5 

16/1.0 

44/2.5 

17/1.1 

19/2.5 

16/2.5 

39/2.5 

10/2.5 

28/1.5 

7/0.5 

32/1.6 

47/2.5 

10/2.5 

13/2.5 

46/2.5 

39/2.5 

PWR Plants 

Robinson 2 
Conn. Yankee 

Indian Point 1 

Ind.an Point 2 

Palisades 

Oconee 1 

Oconee 2 

Turkey Point 3 

Turkey Point 4 

Maine Yankee 

Prairie Island. 1 

Ft. Calhoun 

Surry I 

Surry 2 

Pt. Beach 1 

Pt. Beach 2 

Kewaunee 

Yankee Rowe 

Ginna I 

San Onofre 

Zion 1 

Zion 2 

Malfunctions/ 
Operating Years 

21/2.5 
24/2.5 

24/2.5 

12/1.8 

3/2.5 

17/1.9 

10/1.3 

12/2.4 

13/1.75 

11/2.4 

17/1.25 

13/1.6 

37/2.5 

18/1.9 

14/2.5 

17/2.5 

11/1.0 

9/2.5 

14/2.5 

4/2.5 

21/1.75 

23/1.25 

515/40.7 = 12.6 345/45.3 =7.6 
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Fig. 3. Failure mode analysis 


