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ABSTRACT

An assessment has been made of the impact on societal risk of

Class 3-8 accident secuences as defined by Appendix D to 10 CFR50. The

present analysis concentrates on a pressurized water reactor and utilizes

realistic assumptions when practical. Conclusions are drawn as to the

relative improtance of the analyzed accidents and their impact on the

development of a complete societal risk curve.
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1.0 JNTRODUCTION
-

,

I

This report describes the results of an investigation of the risk to the

public from Class 3-8 accidents in a pressurized water reactor. Brookhaven

National Laboratory (BNL) perfonned the investigation for the Probabilisite

Analysis Staff of the U.S. Nuclear Regulatory Commission. Science Applica-

tions Incorporated (SAI) and Battelle-Columbus Laboratories (BCL) assisted BNL

in the area of probabilistic analysis and in the area of accident conse-

quences respectively.

A classification of reactor accidents is provided in Title 10 of the Code'

of Federal Regulations Part 50, which is used by applican;s in the preparation

of Environmental Reports for nuclear power plants. Accidents in Classes 1

through 8 in this categorization fall within the review of the NRC in the

licensing of plants. Class 9 accidents, which involve a number of concurrent

or successive failures, could involve more severe consequences than the lower

classes of accidents. Applicants are not required to analyze these accideqts,

however, because of their low likelihood of occurrence. The analyses per-

formed for the Reactor Safety Study, WASH-1400(1), concentrated on Class 9

accidents involving core meltdown because they appeared to provide the

greatest contribution to public risk. The purpose of the present study is to

evaluate the risk from the lower classes of accidents, in a manner consistent

with WASH-1400, but in greater depth. Table 1.1 identifies the Class 1-8

accidents which are analyzed in Environmental Reports. Classes 1 and 2 which
'relate to Trivial Incidents and Small Releases Outside Containment were not

evaluated in this investigation because of the minor nature of the associated

consequences. These classes can be considered to be included in routine

releases.

-1-
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TABLE 1.1

ACCIDENT CLASSIFICATION FOR ENVIRONMENTAL REPORTS

1.0~ Trivial incidents
- 2.0 Small releases outside containment
3.0 Radwaste. system failures

3.1 Equipment leakage or malfunction |

3.2 Release of waste gas storage tank contents
3.2 Release of liquid waste storage tank contents'

4.0 Fission products to primary system (BWR)
4.1 Fuel cladding defects
4.2 Off-design transients that induce fuel failures above those expected

5.0 Fission products to primary and secondary systems (PWR)
5.1 ' Fuel cladding defects and steam generator leaks
5.2 Off-design transients that induce fuel failure above those expected

and steam generator leak

5.3 Steam generator tube rupture
6.0 Refueling accidents

6.1 Fuel bundle drop
6.2 Heavy object drop onto fuel in core

7.0 Spent fuel handling accident
7.1 Fuel assembly drop in fuel storage pool
7.2 Heavy object drop onto fuel rack
7.3 Fuel cask drop

;

8.0 Accident initiation events considered in design basis evaluations in the
i safety analysis report

8.1 Loss of coolant accidents
8.la Break in instrument line from primary systen that penetrates the

'

containment
8.2a Rod ejection accident (PWR)

8.2b Rod drop accident (BWR)

8.3a Steamline breaks (PWRs outside containnent)

8~.3b Steamline breaks (BWR)

-2-
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The approach, which was taken in estimating the risk to the public from

Class 3-8 accidents, is similar to the methodology of WASH-1400. More recent

data have been used in the present study. In general the evaluation of Class

3-8 accidents is able to rely more on actuarial data and less on detailed en-

gineering analyses of accident probabilities than WASH-1400 because the fre-

quency of the former accidents is higher. WASH-1400 used event trees with a

binary, fail or success, outcome. This study extends the possible outcomes to

a continuous spectrum. The methodology, which has been developed, is called

" partial failure analysis." Although conservative analyses of Class 3-8 ac-

cidents have been performed for many years, methods of obtaining realistic as-

sessments of the consequences of these accidents were not available for some

accident sequences. So it has been necessary to develop special methods of

analysi s.

In Section 2 of this report an actuarial approach to determining the risk

of Class 3-8 accidents is described which is based on an analysis of Licensee

Event Reports. In Section 3 engineering analyses are repor.ed which extend

the evaluation of risk to lower probabilities and higher consequences. A

complementary study based on sources of radioactivity within the plant is des-

cribed in Section 4. The Results and Conclusions are presented in Sections 5

and 6. Additional details of the analysis of specific accident sequences are

in the Appendices.

i

1.1 LIMITATIONS OF THE STUDY'

The analyses and conclusions provided in this report must be considered

prel iminary. The objective of the program, to estimate the risk of a broad

-3-
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class of accidents, is a difficult one and within the scope of this program

only insights can be expected. A claim of completeness is not made for this

study. Two approaches were taken to identify accident sequences. In the

first approach, the accident sequences previously identified in Classes 3-8

were generalized by the use of event trees. Two workshops were held in which

the project team members and NRC staff attempted to identify accident ini-

tiators or possible sequence branches for consideration. A large number of

potential sequences were obtained in this review. These were reduced to a

manageable number by discriminating according to probability or consequences

based upon a crude assessment of each sequence. In the other approach, the

various sources of radioactivity were identified within the plant and the

potential paths for release to the environment were then examined. Neither

approach was pursued, however, to the point where a definitive statement about

completeness can be made. Indeed the completeness question for Class 3-8

acidents may be more difficult than for Class 9 accidents because of the

variety of ways in which a small release can occur.

In this study sequences have been evaluated in different levels of detail.

A compromise was made between the desire to look at all sequences in detail

and the funds available. Frequently, as a specific sequence was studied more

closely, conservatisms in the analysis would be removed, and the sequence

would drop in significance. Furthermore, in developing the methods of partial

failure analysis, somewhat different approaches were tried for the sequences

in searching for the most effective approach. Fault trees were developed for

only a few sequences.

The actuarial analysis based upon Licensee Event Report data is generic in

that is applied to a number of different PWR's. Most of the engineering

-4-
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analyses, on the otherhand, used the Surry power plant design and operational

procedures as available to the project team. In some cases inferences about

the design or operational procedures have been made which could not be checked

with Virginia Electric and Power Company, (VEPC0), personnel.

A risk curve must be interpreted within the context of uncertainty bounds.

In this study, the uncertainty bounds for some of the accident sequences have

been examined to provide general insights as to the magnitudes of these

bounds. No attempt has been made to develop uncertainty bounds for the en-

velope of accident risks, however.

1.2 WEIGHTING FACTORS FOR RADIONUCLIDES

In the analysis of Class 3-8 accidents several radionuclides, which are

predicted to be released to the environment, have potential health conse-

quences. In the regulatory review of these accidents the principal radio-

nuclide of interest has been I-131. In order to account for other iodine

isotopes a measure of " effective I-131" is frequently used which weights the

other iodine isotopes in terms of their equivalent health effects. In the,

realistic assessment of Class 3-8 accidents, however, noble gas releases can

be just as important or of greater significance than iodine. In order to be

able to compare the consequences of accidents involving different mixtures of

radionuclides an effort was undertaken to develop weighting factors for the

radionuclides of importance.

/

-5-
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Before describing the approach used, we should discuss some limitations of

any weighting method for radionuclide releases which is based on an attempt to

duplicate the health effects that could result from an actual accident. In

general these weighting factors will not be independent of the assumed

meteorology, population distribution, accident conditions, level of release or

public response to the accident. Recognizing these limitations, however, it

was felt that approximate weighting factors could be obtained that would be

representative of the relative contribution of radionuclides to health effects

within the uncertainty bands associated with the releases.
.

Two groups of radionuclides were identified for which weighting factors

are required. The first group consists of the xenon, krypton and iodine iso-

topes that would be released in Class 3-8 accidents. The second group repre-

sents the principal radionuclides released in a meltdown accident. Weighting

factors for the second group are only required so that a comparison between th

consequences of Class 9 accidents and Class 3-8 accidents could be made.

The resulting weighting factors are based upon results obtained with the

CRAC code (2) wa developed for the WASH-1400 study. For the Class 3-8

accidents a small,1 Ci, release of each radionuclide was made. The assumed

conditions were: release at time zero, release at 2 m elevation, zero

enthalpy of release, uniform population distribution to 500 miles, wind speed

of 3 m/sec and Pasquill D meteorology. The measure of consequence used was

total latent fatalities including ten percent thyroid cancer incidence. This

scaling factor for thyroid cancers is consistent with WASH-1400.III The

health effect per curie released was then normalized to unity for I-131.

A similar approach was used for the meltdown accident except that

-6-



variations were made about a reference release. The conditions for the re-

ference case were those of the PWR2 category of WASH-1400. The same meteoro-

logy and population distribution were used as for the Class 3-8 releases. In

order to find the marginal effect of each radionuclide, the source term for |

the radionuclide was increased so that there was approximately a 10 percent

increase in latent fatalities above the reference case. The increase in la- j
tent fatalities (including ten ;orcent of thyroid cancer incidence) was then

divided by the incremental change in the source term for that radionuclide at

the time of release. The models for interdiction and decontamination intro-

duce nonlinearities so the weight of a radionuclide at a low level of release

is greater than for a large release in the CRAC analyses. Thus the marginal

weights for the radionuclides obtained in the above manner will not reproduce

the consequences of the reference case when multiplied by the reference

inventories of all the radionuclides. In order to be able to reconstruct the

consequences of the PWR2 release, the marginal weights were increased by a

common factor (approximately a factor of two). These weights were then

nonnalized to the effect of a 1 curie release of I-131.

The normalized weighting factors are shown in Table 1.2 for the two types

of releases. Because the CRAC code does not treat organic iodine, an indirect

approach was taken to infer the weighting factors for the organic iodine

radionuclides from the results for noble gases. In CRAC the noble gases con-

tribute to the irradiation of organs in the body as an external source of gam-

ma rays. Since the calculations for the gamma source depend only on the

source strength and average gamma energy, the health effects per curie of

noble gas in the passing cloud are directly proportional to the photon-dose

conversion factors tabulated in Table VI C-1 in WASH-1400.(1) Based on the

-7-
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TABLE L 2

WEIGHTING FACTORS FOR RADIONUCLIDES

Inventory Released at WF Normalized
Radionuclide (C1) Failure (C1) Consequence (#/Ci) WF

Kr85 1 1 2.89(-11) 2.89(-11) 2.9(-5)
Kr85M 1 1 1.49(-13) 1.49(-10) 1.5(-4)
Kr87 1 1 3.70(-10) 3.7C(-10) 3.7(-4)
Kr88 1 1 1.58(-9) 1.58(-9) '1.6(-3)
1-131 1 1 9.99(-7) 9.99(-7) 1.0

I-133 1 1 6.71(-8) 6.71(-8) 6.7(-2)
I-135 1 1 1.72(-8) 1.72(-8) 1.7(-2)

3.5(-3)01-131 --- --- --- ---

1.7(-3)01-133 --- --- -- ---

2.3(-3)01-135 --- --- --- ---

Xe-133 1 1 3.27(-10) 3.27(710) 3.3(-4)
Xe-135 1 1 3.39(-10) 3.39(-10) 3.4(-4)
Sr90 2.75(7) 1.43(6) 58.4 8.03(-6) 8.0

Ru-106 4.09(8) 7.68(6) 70.0 4.43(-6) 4.3

Tel-32 4.8(8) 1.06(8) 63.5 2.02(-7) 2.0(-1)
1-131 6.02(8) 3.59(8) 70.5 9.77(-8) 9.8(-2)
I-133 2.21(9) 1.32(9) 88.9 5.37(-8) 5.4(-2)
Cs-134 5.2 (7) 2.23(7) 79.2 2.33(-6) 2.3

! Cs-137 8.32(6) 1.81(6) 59.9 7.96(-6) 8.0

Ba-140 1.19(9) 6.15(7) 58.1 1.77(-7) 1.9(-1);

I Ce-144 6.17(8) 2.13(6) 54.7 2.00(-6) 2.0
|

|
a. Meltdown releases

b. Organic iodine WF is inferred from Figure 1.
c. WF has been multiplied by 1.95 in order that the sum of weighted released

,

'

yield the base case consequence of 52.5.
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whole body conversion factors in this table, weighting factors for the organic

iodines were determined. However, because the half-lives of the noble gases

and iodines of interest are on the order of the transit time of the cloud

through the population studied, it was necessary to account for the decay of

the radionuclides. A smooth curve may be drawn through the data points given
,

in Table 1.2, this curve aproaches a constant of proportionality for radio-

nuclides with long half-lives. Weighting factors were obtained for organic

I-131 and organic .-133 by picking the correction factor from the curve at the

appropriate half-life and multiplying by the wholc body dose conversion

factor. It should be recognized that this procedure may underestimate

weighting factors of organic iodine since some conversion to inorganic foms

could occur in the environment. The results of the accident analysis did not

identify a need for further refinement.

Uncertainties and Variations in Weighting Factors

An analysis was performed with other meteorological conditions-to evaluate

the effect on the weighting factors. The meteorological conditions for the

second case were a wind velocity of 0.5 m/s and a fifty-fifty combination of

Pasquill C and F stability categories. The reference accident conditions were

the same as for the PWR2 accident category. For radionuclides with half-lives

greater than a day the nomalized weight factors were in good agreement with

those obtained using the reference meteorology. The greatest variation for

these radionuclides was less than a factor of two. Variations in the weight

factors for I-133 were slightly greater than a factor of two. The weighting

factors for radionuclides with short half-lives can be sensitive to the wind

velocity.

-9-



2. ANALYSIS OF DATA FROM OPERATING EXPERIENCE

We have currently accumulated some 200 reactor years of operating exper-

ience for commercial pressurized water reactors in the United States. Based

upon this experience, it should be possible to estimate through data analy-

sis the risk of accidental releases of radioactivity for events with a like-

lihood of approximately 10-2 or greater. Because the operating experiences

have been obtained in reactors of different design, the measure of risk that

is obtained through data analysis is generic, applying to tte types of re-

actors included in the population studied.

Of the available data sources which relate to systen failures and acci-

dents (Licensee Event Reports, Nuclear Plant Reliability Data System, Non-

Compliance Citations, and utility records), the most ustful for examining the

history of radioactivity releases is the Licensee Event Report (LER)

fil e.(3) As will be shown, however, this system is frequently deficient in

providing some of the specific detail required for these analyses.

The purpose of the effort described in this section of the report is to

perform a survey of the LER file for releases from operating PWR's and through

data analysis to develop an estimate of the risk of Class 3-8 accidents in the

region of small consequences and high probabilities. Another objective is to

examine the causes and character of radioactivity releases in ordar to l'etter

understand the nature of Class 3-8 accidents providing thereby a guide for the

performance of engineering analyses to be used in estimating the level of risk

for less likely accidents.

In addition, a significant effort was directed toward fitting the LER data

to general distributions, specifically the Weibull distribution. Curve

- 10 -
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fitting of these data can provide a number of benefits. It can help to iden-

tify outliers or nonuniformities in the data that should be examined in

greater depth. It can be used in developing uncertainty bands for the data.

Finally, the expressions which are obtained can be extrapolated to extend the

risk curve beyond the region in which the data were obtained. However,

because of the scope of the current program limitations in this type of

extrapolation was not possible. The results obtained by curve fitting the

data are shown in Appendix A. Appendix B contains a description of the

computer code used in the curve fitting.

2.1 Description of the LER File

The Licensee Event Report (LER)(3) file was established by the Atomic

Energy Commission in 1973 and is currently maintained by the Nuclear Regu-

latory Commission. The file provides a centralized source of data on off-

nonnal events occurring in the nuclear industry. The file consists of

abstracts of more complete reports submitted by the licensee. Reporting

requirements for licensed facilities are delineated in Table 10, " Energy Code

of Federal Regulations" (10CFR) and also in Technical Specifications and4

Licensee Provisions. The requirements may vary from facility to facility and

may also be changed with time. Some pertinent factors are recorded expli-

citly in the entry for a report. For example, the system involved in the

release, the form of release, a content code, a component code, and a cause

code are all identified. It should be noted, however, that the LER file was

not constructed as a quantitative source of data. The statistical inferences

made from the LER file are limited by the following:

1. Not all information is available for each incideht.

- 11 -



ii. The quantities of radionuclides released are not reported in a uniform

manner. For example, on one occasion it may be specified that 10 Ci

of I-131 is released while in another case the release might be an un-

specified amount of halogens or noble gases,

iii. The accuracy of the reported releases probably varies significantly

from report to report.

A search was made of the file for those reportable occurrences in which an

unscheduled release of radioactivity occurred. The dates of the occurrences
! range from February,1971 to November 1978; one release was in 1969. The ex-

tract from the LER file thus spans 7.8 years and 40 plants. Table 2.1 sum-

marizes the number of events for each calendar year. The LER file is probably

complete between its inception in 1973 and about October 1978. The NSIC file

was used by the NRC as a source for the LER file prior to 1973. Table 2.24

shows the breakdown of the events among the plants.

The LER data file described here has been computerized to pennit easy

access. Each of the factors described earlier has been tabulated together

I with the date and quantity of release. The data base management scheme used
'

is System 2000.(4) This is a versatile package which allows convenient

organization and access of the information. Simple mathematical operations

may be performed directly. In addition, a report writer feature can be used

to output selected data in a fonnat suitable for "nput to Fortran programs

which perform more complex calculations.

2.2 Discussion of the Releases

The time period covered in the extract of the LER files corresponds to 177

| reactor years. For each reactor, time is measured from the date of commercial
;
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operation and ine'ds down time as well as periods of operation. Two hundred

sixty-six accidental releases are reported of which thirteen occurred before

the state of commercial operation. Using the time span 1-1-71 to 10-1-78, the

frequency of release is 1.4 per reactor year. The quantity of radio-

activity released is reported in about three quarters of the occurrences.
.

Events in which the quantity was not reported have not been considered in

obtaining a nomalized density function for the probability of release versus

release magnitude. The overall probability of release, however, includes all

events. The magnitude of the releases varies form 10-9 Ci to 3085 Ci.

Sixteen additional events were included in the LER output but have not been

included in the present sample because they did not describe short-tem

accidental releases of radioactivity. Some of these events reported that the

total release of effluents during a quarter exceeded technical specifications;

other events reported that local samples, for example of the river, exceeded

technical specifications.

The frequency of occurrence of an accidental release varies markedly in

different plants as shown in Table 2.2. Besides the random statistical varia-

tion in the number of releases at a given plant, there may also be systematic

trends related to the particular design of the plant. Some of the more

significant factors may be the age of the plant, the size of the plant, the

reactor vendor, or architect-engineer. In addition, as mentioned in 2.1, the

reporting requirements may differ from one plant to another. Because of the

small size of the sample it is not possible to perfom a statistical analysis

of all the factors which may be pertinent. In the present study, we have

selected one factor, the age of the plant, for further study. Age effects

occur in both reliability engineering and human factors engineering. In both

- 13 -
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cases the failure rate versus age follows a ' bath tub' curve. There is an

initial ' wear in' period where failure rates decrease with time, this period

is called the learning phase in human factors analysis. Following this stage

there is a plateau of steady failure rate and 71nally a ' wear out' stage where

failure rates increase. The results for accidental releases of radioactivity

are shown in Figure 2.1 together with estimated error bounds. The curve is

terminated at 8 years because the statistics are poor for older reactors. It

appears that there is a trend for the number of releases to decrease after the

first two years. It should, however, be emphasized that the sampling is

biased towards the smaller, older plants.

2.3 Dependence of the Releases on Various Factors and the Variation Between
Systems

Pressurized water reactors are manufactured by three vendors with eleven

architect engineering fims participating in the construction of the balance

of the plant. This has resulted in considerable variation in the balance of

plant design that is for these systems outside the main steam supply system.

Thus the data represent an aggregation of events rather than a sample from a

conventional statistical population and conclusions based on the LER data

should be used with caution when applied to an individual plant. For example,

an event, which has occurred at plant A, could not occur at plant B because of

the differences of the design of plants A and B. However, it is possible to

subdivide a plant into different systems which perform similar functions in

each plant although the actual design of a system may differ greatly in two

different plants. For example, all plants have a system for containing and

processing the gaseous radioactive wastes, but of 17 units operating prior to

1975 only 3 had a recombiner to handle the high volumes of hydrogen present in

the extracted gases.
- 14 -
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Several factors which influence the release have been examined and will be

discussed in the following sections. The first criterion for subdividing'the

data is based on the system primarily involvet in the release. In some

instances only one system is involved, in other instances several systems may

be involved in the sequence of events which result in a release to the en-

vironment. For example, the radioactive material may originate in one system,

the faults causing the incident may occur in a second systen and the pathway

for the release may be via a third system. Thus there is some ambiguity in

ascribing a system to each release. The probability of a release is initially

determined by the faults causing the release. So it was decided to ascribe

each incident to that system in which the major fault occurred which caused

the incident. In addition the actual component involved in this fault is also

speci fied. The magnitude of a release is limited by the quantity of radioac-

tive material at the source of the pathway to the environment. So another

subdivision of the data has been made based on the source of the radioactiv-

ity. Besides the primary and secondary loops other major sources of radio-

activity are tanks in the waste management and reactor coolant purification

systems. Table 2.3 lists the major tanks containing radioactive liquids or

gases in Surry. The detailed analysis of the releases is made difficult

because in other plants the list would be different, both in the nomenclature,

and size of the tanks; there may also be some tanks ditch are not present in

Surry or conversely.

2.3.1 System

Each release is ascribed to the specific system primarily responsible for

the release in the sense that the system is the site of the faulty condition
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faulty condition or the pathway to the environment. The choice is not always

unambiguous but consistent guidelines were followed. For example, several re-

leases occurred because of leaky tubes in the steam generator. These releases

are included under the heading secondary coolant system since the pathway to

the enviroment was via the secondary coolant system. Thus it is the charac-

teristics of the secondary system which determine what fraction of the avail-

able radioactivity reaches the environment. Table 2.4 and Ft3ure 2.2a shows

the major systems involved in the releases. About 10 percent of the releases

involve the primary loop in which the letdown heat exchangers and demineral-

izers were included. Since the concentraticn of fission products is high in

the primary coolant these accidents could potentially lead to large releases.

However, most incidents result in a release within containment. Figure 2.2b

and 2.2c shows the complementary cumulative distribution functions (CCF) for

the releases from the six major systems. The releases from the primary loop,

the Chemical and Volume Control and Boron Recovery systems, (CVCS/BRS), and

Gas Waste Management System tend to be larger. This is also shown in Table

2.4 where the median release is given. In the following subsections the

effect of other factors on the releases is discussed and the influence of the

system involved in the release on these factors is discussed.

2.3.2 Reactor Status

Figure 2.3 shows the status of the facility, when the release occurred.

About half the releases occurred while the facility was producing power either

at steady state operation or during load changes. Thirteen incidents occurred

prior to the start of commercial operation. Table 2.5a shows the breakdown of

the releases by reactor status.
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2.3.3 Cause

For each incident a.cause code may be specified. There are five possible

categories:

1. personnel error

11. design or fabrication error

111. external cause, such as tornado

iv. defective procedures

v. component failure

The incidents are almost evenly divided between human error, categories I

and III, and mechanical failure, categories II and V, as shown in Figure 2.4a.

Only about 20 percent of the incidents led to a pennansnt change at the plant,
'

either a change in procedures or a change in the design or choice of a com-

ponent. The remaining incidents were due to personnel error, in that the

procedures or accepted practice were not followed, or were due to a component

mal function. Table 2.5b shows the breakdown of the cause code among the dif-

ferent systems. Human Error occurs less frequently than on the average in the

Primary Coolant System and tiu CVCS/BRS. In these systems there are fewer

routine operations which require human intervention. Figure 2.4b shows the

complementary cumulative distribution for the different cause codes. The

shape of the distribution function does not appear to be sensitive to the

cause of the release.

2.3.4 Component
,

Figure 2.5a shows the major components involved in the releases. In 10

percent of the releases the component involved is not identified. Valves

occur most frequently. The reasons for releases from valves may be
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echanical, as in leaking seals, or can involve human error, as in the failurem

to close the proper valve. Table 2.6 shows the breakdown by cause co'de for

the major components.

Several of the pipe incidents are attributed to welds leaking. Most of

the heat exchanger incidents were due to tube leaks, including 16 incidents

involving the steam generator. Among the components involved in only a few

incidents were:

Control Rod Drive Mechanism 1

Demineralizers 3'

Drain or Drain Trap 3

Elect-ical Components 5

Filters 3

Vessel 5

In addition, 6 incidents involved the overflow of a tank, in 8 instances no

sample was taken and in 2 instances calculations were incorrect.

Table 2.5c shows the breakdown of the component involved for the major

plant systems. Most of the releases frun the secondary system involved the

leakage of primary coolant through the steam generator tubes and the

subsequent escape of the radioactive noble gases through the air ejector.

Several of these incidents were so severe that the plant was shut down. In

j Figure 2.5b nonnalized complementary cumulative distribution functions are

| plotted for each basic component. No clear trends are indicated by this

figure. As expected, the nature of a release is more sensitive to the system

involved and its associated inventory of radioactivity than to the various

components which are present in each system.
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2.3.5 Fom of Release

The releases are in the fom of gases, liquids and solids. Figure 2.6a

shows the breakdown of release by form for all the releases. Gaseous releases

occur about twice as frequent as liquid releases. Table 2.5d shows the fonn

of the releases fra the different systems. One release fra the gas waste

management system is described as a mixture, the remainder are gaseous. The

water in the primary coolant system and the CVCS/BRS contains dissolved

radioactive gases. In the case of a spill from these systems, the water will

usually 5e collected in the contaiment or auxiliary building sumps and

directed to the liquid waste management system for processing. So in most of

these releases it is the gaseous products which may reach the environment. In

the case of the liquid waste management system, liquid is released directly to

the environment in two thirds of the releases. Figure 2.6b capares nomal-

ized complementary cumulative distributions for liquid and gas releases. The

gaseous releases are clearly shifted to higher releases on a curie basis. The

median gaseous release is 2.4 Ci and the median liquid release is 3.9 x 10-2

Ci. Frm the viewpoint of relative health effects, it would be necessary to

examine the content of gaseous and liquid releases as well as their pathways

to man to cement on the relative importance of these two foms of release.

In WASH-1400, airborne release pathways were emphasized for hypothetical core

meltdown accidents because they were expected to be the most important path-

ways. In Class 3-8 accidents, where the hazards borne by a large population

are of a statistical nature, the nature of the hazard fra airborne and liquid
pathways may be more similar. In the present study we have considered only
the gaseous releases in detail .
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2.3.6 Release Content

The principal types of radionuclides released in Class 3-8 accidents are

noble gases, halogens, particulates and tritium. Although there are a number '

of isotopes of the noble gases released, KR-85, Xe-133 and Xe-135 are pre-

dominant. Similarly, I-131 and I-133 dominate the release of halogens. /1-

though tritium can be released as either a gas or liquid, it is normally in

the fonn of tritiated water. Some release of tritium would accompany virtual-

ly all other types of release. This breakdown is illustrated in Figere 2.7a.

The majority of releases are seen to consist of noble gases. In Figure 2.7b

normalized complementary cumulative distribution functions are shown for noble
a

gas, mixture, particulate and halogen content. It should be noted that the

distribution curve for the release of noble gases is seen to be shifted to

4higher releases by approximately 10 Ci relative to the release of halogens

on a per curie basis. To a degree this shift is offset by the higher health

effects of the halogen isotopes. The relative significance of halogen and

noble gas releases in Class 3-8 accidents will be discussed further in Sec-

tion 5. The differences between the major systems are shown in Table 2.5e.

2.3.7 Monitor Failure

In 17 events a radiation monitor failed. Some of the causes were elec-

trical or mechanical, in other instances after testing tha conitor was not

correctly reset. The system involved in the release was the containment in 4

instances, the secondary coolant in 4 instances and the gaseous and liquid

waste management systems in 8 and 1 instance respectively.

.
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2.4 Sources of Radioactivity Released in the LER Incidents

The number of curies released in an incident depends on the radioactive

inventory present at the source of the release pathway, and also on the 'de-

contamination factor' for the pathway. In later sections of this_ report these

two quantities are calculated for several specific accident scenarios. In con-

trast, the LER cata represent the results of a statistical sample of a large

number of different pathways. In order to extend the range of the results

deduced from the LER data we need to consider the variation in the inventory

available for release at the source of the pathway. In this section we show

some theoretical results and some of the results from the data. The present

discussion of sources of radioactivity released is not intended to be compre-

hensive, but only sufficient for the data analysis. The completeness of the

study is addressed in Section 4. In the following Section 2.5, we shall apply

the results to a particular example namely, the gas waste management system.

2.4.1 Theoretical Radioactive Inventories for Surry

The major resevoir of radioactivity in the plant is in the core. The

radioactivity in the fuel rods can only be released in the event of a core

melt which is outside the scope of the present stud . Other major resevoirs

are the spent fuel pool, the primary coolant and some of the tanks listed in

Table 2.3. Appendices D, E, and F present calculations, specific to Surry, of

the radioactive inventories in the gas decay tanks, the liquid waste tanks and

the volume control tanks. Figure 2.8a shows the complementary cumulative dis-

tribution function for the amount of Xe-133 which may be in the primary cool-

ant, the volume control tank or the gas decay tank. The amount of Xe-133

,
which accumulates in the gas decay tank depends on the operating strategy as

!
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discussed further in Section 2.5. Figure 2.8a shows the CCF for a tank which

is being continuously filled and also for a tank which has been isolated and

allowed to decay for 20 days. Figure 2.8b shows the CCF for I-131 for the gas

decay tank and the volume control tank. The figure also shows the maximum.

amount of I-131 in the primary coolant and an estimated upper bound for the

I-131 which could be released in the vapor form in the event of a spill of

primary coolant. Figure 2.8c shows the total number of Curies in the liquid

waste processing system tanks, and for comparison, in the core and in spent

fuel.
|

|

2.4.2 LER Data on the Releases Related to the Source of the Activity

In contrast to the preceding section the following discussion is generic

in that data from 40 plants have been combined. Since the designs of the

plants vary considerably it is necessary to collect under one heading tanks

which have essentially the same function. Engineering judgment must be

applied in this selection. Table 2.7 lists the major sources f0" the releases

which have occurred. Figure 2.9a, b, and c show the CCF for the majer;

sources. The larger releases originate from the primary coolant, the volume

control tank and the gas decay tanks. The content of most of these releases

is primarily Xe-133. Smaller releases may originate from the secondary system

or as liquid effluent. The latter are included because regulations were vio-

lated during a routine release of liquid effluent. In some instances the

release rate was too fast, in other releases the monitors were not funr.tioning

or a sample was not taken.

|
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2.5 Gas Waste Management System

A low level of activity is maintained in the primary coolant system be-

cause the coolant is continuously let.down and fission products are extracted.

These operations are performed in the CVCS/BRS and waste management systems.

In addition, any primary coolant which has leaked and all samples from the

letdown systems are transferred te the waste management systems. The CVCS/BRS

and the waste management systems are so complex and there are so many inter-

connections that there are a very large number of conceivable accident ini-

tiators which could lead to a release. So it is not practical to analyze all

the possible accident scenarios as has been done in Section 3 for important

scenarios involving the primary and secondary systems. An alternative ap-

proach has been adopted. In the present chapter, the systems have been looked

at from the viewpoint of the data and this study is complemented by a system

survey in Section 4. We will discuss, in detail, in this section only the gas

waste management system.

2.5.1 Description of the Gas Waste Management System

The gas waste management system processes and stores the radioactive gases

produced during the operation of the reactor, both the high activity gases

stripped from the reactor coolant and low activity gases arising from plant

shut down, pressurizer relief tank discharge, etc.

In Surry, fission gases are stripped from the reactor coolaat in the Boron

recovery system and pumped to the waste gas system. In other PWR's the gases

are stripped by a continuous purge of the volume control tank.

The following is a description of the Surry gas waste management system

taken from the FSAR. A simplified block diagram of the waste gas system is

shown in Figure 2.10. There are two waste gas decay storage tanks which are
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used for long tenn storage of the fission gases. This allows the activity of

all gases other than KR-85 to decay to a fraction of the activity collected.

Because the incoming gases may contain H , provision is made to remove the2

H2 by passing the gases through a recombiner. Ninety-dne percent of the

hydrogen is removed in the recombiner se the volume of gas is reduced to ten

percent of the original volume from the gas stripper. The bleed stream from

the recombiner is pumped from a small surge tank to the buried decay tanks by

a diaphragm compressor.

There are two double walled gas decay tanks. The design parameters for

the decay tanks and the surge tank are shown in Table 2.8. The tanks are

buried for tornado protection. Sampling connections are provided for the tank

contents and for leakoff in the annular intercept space between the tanks.

The tanks are protected against over pressure by bellows sealed relief valves

followed by rupture disc assemblies. The relief valves exit to the process

vent system upstream of the filters and process vent blewers. The tanks are

drained to the liquid waste processing system.

The gas waste processing system is connected to several other systems in

the plant so the gas waste system may provide a pathway for the release of

radioactivity from another system, or conversely radioactivity in the gas de-
'

cay tanks may be released via another system. The principal connections to

tho gas waste system are:

e Gas stripper in the Boron Recovery System

o Volume control tank

e Containment vacuum system

o Safety injection system

o Reactor coolant drain tank

- 24 -
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e Pressurizer relief tank

e Boron evaporator and holdup tanks

e Liquid high level waste drain tank and evaporator

e Vent and drain system

o Steam generator blowdown

e Air ejector from condensers

e Lakeup water tank

Radioactive gases from these components may be stored in the decay gas tanks

or may be discharged directly through the process vent. In addition, relief

valves from several systems, eg. boron recovery system, CVCS, exit to the

process vent down stream of the blowers and filters. There are several plant

operations which must be performed from time to time and during which a re-

lease may occur, for example venting or draining of tanks and flushing resins.

Gaseous effluents are discharged through the process vent. The decay tank

contents are sampled prior to a release. The effluents are diluted with air

and the dilution ratio is chosen so that the mixture is never in the hydrogen

flammability regime. The discharge stream is monitored for flow rate, pres-

sure, temperature, and particulate and gaseous activity. There are two redun-

dant charcoal filters and two process vent blowers of 300 cfm capacity. A

slight vacuum is maintained in the charcoal filters to prevent out leakage.

The process vent terminates about 10 feet above the top of the containment and

the minimum exit velocity of the gas stream is about 100 fps. The monitor

channel continuously withdraws a 10 scf in sample and passes the sample

through a moving filter paper. The deposited activity is continuously scanned

by a beta scintillation counter. The gas sample is then drawn through a

sealed system to a shielded sampler enclosing a beta scintillation detector.
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The radiation monitoring system is not redundant. If the activity of the

effluent stream exceeds the setting of the monitors, the release from the

decay tanks is automatically tenninated and containment is automatically

isolated. An alarm is also in the control room.

2.5.2 Observed Releases Involving the Gas Waste Management System

The gas waste management system may feature ir, cc accidental release
|

|
either because it contains the source of the radioactivity released or because

| it serves as a pathway for the release of activity from another system. The

major connections to the gas waste system are listed in the preceding section.I

The sources of the releases involving the gas waste system are listed in Table

2.9. It can be seen that the gas waste management system provides a pathway

to the environment for a release from a large number of disparate sources.

Several of the incidents were reported because technical specifications were

violated during the release of effluent. For example, a scmple was not taken

before release or the monitors were not working. The most important source of

! radioactivity is the gas decay tanks.

The inventory of fission products which may be present in the decay tanks

of Surry is discussed in Appendix C. Because the tanks may contain as much as

104 Ci of Xe-133 we shall discuss the releases from the decay tanks in more

detail and attempt to extrapolate the curves using the theoretical inven-

tories. Table 2.10 summarizes some of the factors involved in the observed

releases which originated in the decay tanks. There is a total of 19 inci-

dents in which all or a portion of the contents of a decay tank is released.

j The CCF for the releases is shown in Figure 2.9a. In order to use the data to
| draw theoretical curves certain assumptions must be made concerning the
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applicability of the generic data to a specific plant such as Surry. The de-

sign of the waste gas system does vary greatly from plant to plant, eg. as

mentioned in Section 2.3 only 3 out of 17 older units have a recombiner. In

addition, Surry is exceptional in that 09t of 25 units whose FSAR's were re-

viewed, Surry is the only unit with only 2 decay tanks; all the other units

have 3 or more decay tanks. Since it has not been possible to visit Surry or

to obtain first hand infomation about the actual operational practices used

at Surry for gas waste management, conservative bounding curves were con-

structed for accidental releases from the gas decay tanks.

The expected inventory in the decay tank will depend on whether the tank

is being continuously supplied with stripped gases, whether it is isolated,

being discharged or being used during the purging of, for example, th'e volume

control tank. The Surry FSAR describes two operating strategies; one cycle is

based on alternate use of the two decay tanks with a 30 day fill, 20 day

decay,10 day bleed cycle; the other cycle assumes that the recombiner is oper-

ating and so the fill period can extend over 300 days. The inventories in the

tank have been estimated in Appendix C for both these cycles. In order to

construct theoretical risk cures we shall conservatively assume that the decay

tank which is being filled has the equilibrium inventory, this is a good ap-

proximation for most of the fill cycle. To obtain a lower bound a curve based

on the inventory at the end of a 20 day decay period was constructed. The CCF

of the amount of XE-133 in the tank for these two assumptions are shown in

Figure 2.8a.

In order to determine the probability of a release, all the 19 incidents

involving a decay tank were examined in detail . Several of these incidents

occurred during some operation, such as purging the volume control tank.
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During such an operation the reserve gas decay tank is expected to be in use.

Several other incidents could also be eliminated. This lef t 10 incidents in

which a release occurred frm either the tank in service or on standby. This

gives a probability of .03 per reactor year of a release from a tank which is

being used to store the gases on a fill cycle. This is a very conservative

estimate since it assumes that for all the incidents which occurred at severali

l,
different plants a similar incident could also have taken place at Surry, des-

pite the difference in detailed design. The /olume of gas released varied in

the different incidents ranging from the entire contents of the tank to 10

percent of the contents. The average release was about 0.5 of the contents of
;

the tank. Based on these assumptions, Figure 2.11 sh:ws the theoretical risk

curve for a release of XE-133 from the gas decay tanks and for comparison the

curve from the LER data. It is noticeable that the curve for Surry is dis-

placed to higher releases compared to the generic curve. This reflects the

fact that Surry has only 2 decay tanks. The actual operating strategy used

concerning the decay tanks will also have an effect on the curves. Since the

potential releases from a gas decay tank are relatively large, further inves-

tigation of the different designs and possible operating strategies may be

| warranted.
!

2.6 Results of Data Analysis

The objective of the analysis of operational data has been to estimate the

risk to the public in the low consequence, high probability portion of the

risk spectrum. Figure 2.12 illustrates the complementary cumulative distri-

bution functions for the LER data. Also shown on the figure for comparison is

the curve obtained in WASH-1400 for core meltdown accidents. Because a curie
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of Kr85 has a different potential significance to health than a curie of I-131

or of Cs137, a better measure than curies is required for comparing the risk I

of different accidents. In Figure 2.12 weighting factors from Table 1.2 were

applied to the different releases to obtain a more meaningful comparison.

Also shown are the two bounding curves for the estimated risk due to a release

from a waste gas decay tank. In addition to the development of the high pro-

bability portion of the risk spectrum, data analysis has been used to identify

important release forms, radionuclides, accident causes and systems for consi-

deration in the engineering analyses described in the following section.
,

u

,

I
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TABLE 2.1

EVENTS REPORTED IN THE LER FILE
i

Number of Number of
Year _ Events PWR's On Line ' Reactor Years :

1978 28 40 39.1

1977 46 38 35.0

1976 38 32 30.1

1975 67 29 26.7

1974* 58 26 19.5

1973 14 18 13.2

1972 6 11 8.3

1971 9 8 6.8

1970 0 6 4.5

1969 1 4 4.0

1954 - 1978 267 41 203.0

* Indian Point I was shut down on October 31. 1974.

i
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TABLE 2.2
<

RELEASES REPORTED IN THE LER FILE

Capacity Commercial Age of plant No. ofPlant Name MWE Operation on 10/1/78 Releases Maximum (C1)

Yankee- 175 07/01/61 17.263 14 130.000000000
Indian Point 1 265 10/01/62 16.011 8 5.700000000
San Onofre 436 01/01/68 10.756 1 0.000002700
Haddam Neck 575 01/01/68 10.756 16 266.870000000
Robert E. Ginna 490 07/01/70 8.258 10 228.000000000-
Point Beach 1 497 12/21/70 7.784 20 3085.000000000' H.B. Robinson 665 03/07/71 7.575 8 0.379290000

IS Palisades 700 12/31/71 6.756 16 16.400000000'
Point Beach 2 497 10/01/72 6.003 2 0.006060000
Surry 1 775 12/22/72 5.778 19 319,700000000
Maine Yankee 790 12/28/72 5.762 3 0.810000000
Surry 2 775 05/01/73 5.422 2 0.350000000
Oconee 1 871 07/15/73 5.216 13 157.000000000
Indian Point 2 873 08/01/73 5.170- 8 60.400000000
Turkey 4 666 09/07/73 5.068 5 2.100000000
Fort Calhoun 1 457 09/26/73 5.016 18 1046.000000000
Prairie Island 1 520 12/16/73 4.795 3 0.770000000
Zion 1 1100 12/31/73 4.753 13 172.000000000
Kewaur.ee 535 06/01/74 4.337 5

Three Mile Island 1 792 09/02/74 4.082 25 60.000000000
Oconee 2 871 09/09/74 4.063 6 104.000000000

I
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TABLE 2.2 (Cont'd)

RELEASES REPORTED IN THE LER FILE

Capacity Cannercial Age of plant No. of ,

Plant Name MWE Operation on 10/1/78 Releases Maximum (Cl)

Zion 2 1100 09/17/74 4.041 3 31.800000000

Turkey 3 666 12/14/74 3.800 1

Oconee 3 871 12/16/74 3.795 1 0.079000000

Arkansas 1 836 12/19/74 3.786 1 0.262000000

Prairie Island 2 520 12/21/74 '3.781 0

Rancho Seco 913 04/17/75 3.460 1 8.990000000,

g; Calvett Cliffs 1 850 05/08/75 3.403 9 46.000000000-

Donald C. Cook 1 1054 08/27/75 3.099 5 4.320000000

Millstone 2 828 12/26/75 2.767 1 0.100000000

Trojan 1130 05/20/76 2.367 2 62.500000000

Indian Point 3 965 08/30/76 2.088 3 12.680000000

St. Lucie 1 802 12/21/76 1.778 2 114.000000000

Crystal River 3 825 03/13/77 1.553 16 1851000000000

Calvert Cliffs 2 850 04/01/77 1.501 0

Beaver Valley 1 852 04/01/77 1.501 1 3.400000000

Salem 1090 06/30/77 1.255 1 0.000001397

Davis-Besse 1 906 11/20/77 .863 0

J. Farley 1 860 12/01/77 .833- 4 0.262000000

N. Anna 1 934 06/06/78 .321- 1 0.000525000

Donald C. Cook 2 1100 07/01/78 .252 0

|

|
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TABLE 2.3

MAJOR TANKS IN THE PURIFICATION
AND MASTE PROCESSING SYSTEMS *

System Tank Number Vol (gal)

3Gas Waste Management Waste gas decay tanks 2 434(ft)
Waste gas surge tank 1 15.7 "

Liquid Waste High level waste drain tanks 2 2,390
Management Waste disposal evaporator

accumulator 1 290
Waste disposal evaporator

test tanks 2 548
Low level waste drain tanks 2 2,874
Contaminated drains col-

lection tanks 2 1,230
Contaminated drains filter

back wash tanks 1 250
Spent resin catch tank 1 2,019
Spent resin dewatering tank 1 619

Vent and Drain Prinary drain transfer tanks 2 600
Primary vent pets 2 20
Valve pit leak off pots 2 5

3Chemical and Volume control tank 1 300(ft)
Volume Control Chemical mixing 1 5

Batching 1 800
Boric acid 3 7,500

. Resin fill 1 635

Boron Recovery Primary drain 1 5,000
Gas stripper 1 1,248
Gas stripper surge 1 525
Boron recovery 3 120,000
Boron evaporator 2 2,900
Distillate accumulator 2 550
Test tank 2 30,000
Primary grade water storage 2 180,000
Boron evap. bottoms 1 4,000

*Taken from the Surry FSAR.
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TABLE 2.4

i

| SYSTEM INVOLVED IN THE RELEASE

i

System Number of Releases Median Release (Ci)

I i

f Gas Waste Management 61 3 :

| Liquid Waste Management 53 0.1

i Chemical Volume Control /
Boron Recovery 42 1.

Primary Loop 30 4

; Secondary Loop 25 0.5

Containment 18 0.6

Spent Fuel Pool 9 .03
'

Demineralized Water 7 .2

! Sampling 5 .9

Component Cooling Water 4 1

Miscellaneous or Unspecified 13

All Systems 266 .84

.

l
!
,

,

r
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TABLE 2.Sa

BREAK 00WN OF THE PERCENTAGE OF RELEASE>

FROM EACH MAJOR SYSTEM BY REACTOR STATUS

Le PRE R S SDN SS SUP Unspecified Total
'

CVCS/BRS 2.4 2.4 2.4 16.7 2.4 61.9 7.1- 4.7 42

i

Gas Waste
Management 4.9 1.6 1.6 14.7 4.9 60.6 0 11.7 61

Liq. Waste
Management 7.5 7.5 5.7 11.3 0 41.5 7.5 19 15 3

4

i

Primary
Coolant 3.3 6.7 10 20 0 36.7 6.7 16.6 30

Secondary
Coolant 4 0 8 24 0 56 4 4 25

Containment 0 0 11.1 11.1 5.5 61.2 0 11.1 18,
,

All systems 3.7 3 7.8 16.5 2.2 49.2 4.5 13.1

- 35 -
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TABLE 2.5b

BREAKDOWN OF THE RELEASES FOR.
EACH MAJOR SYSTEM BY CAUSE CODE

System % Component % Personnel % Defective
Cause Code Failure Error Procedure % Design Total No.

j' CVCS 61.9 7.2 7.1 23.8 42

Gas Waste
Management 47.5 31.1 11.5 4.9 61

Liq. Waste
Management 32 41.5 17 4 53

Primary
Coolant 46.7 36.7 13.3 3.4 30

Secondary
Coolant 76 12 11 25

Containment 33.3 44.5 16.7 18

All Systems 47.7 29.5 12.7 6.7

;

. - 36 -
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TABLE 2.5c

BREAK 00WN OF THE RELEASES FROM
EACH MAJOR SYSTEM BY COPP0NENT CODE

System % Heat
Component Code Exchanger % Instrumentation 1 Pipe % Valve Total No.

CVCS 30.9 45.2 42

Gas Waste
Management 6.6 9.8 19.7 29.5 61

Liq. Waste
Management 3.8 11.3 11.3 26.4 53

.

Primary
Co01 ant 3.3 3.3 13.3 36.7 30

Secondary
Coolant 64 12 4 8 25

Containment 22.2 44.5 18

All Systems 10.4 8.2 14.2 31

- 37 -
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TABLE'2.5d
9

BREAKDOWN OF THE RELEASE FOR
EACH MAJOR SYSTEM BY FORM.

System Form % Gas % Liquid % Mixture. % Solid Total' No.~

'

CVCS -69 16.7 12 2.3 42

Gas Waste,

Management 98.4 0 1.6 0 61=

1,

Liq. Waste
,

Management 26.4 69.8- 3.8 0 53,

;

'Primary.

] ' Coolant 86.7 10 3.3 0 30.

Secondary
Coolant 48 40 12 0 25

,

All Systems 65.0 29.5 4.8 0.7

i

;

]

.!

!

i
;

.

4

'
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TABLE 2.5e

BREAKDOWN OF THE RELEASES FROM
EACH MAIOR SYSTEM BY CONTENT CODE

System
Content Code % Halogen % Mixture % Noble +% Particulate Total No.

CVCS 4.8 23.8 59.5 2.4 42

,

Gas Waste
Management 8.2 16.4 68.8 1.6 61

Liq. Waste -

Management 3.8 39.6 20.7 13.2 53;

Primary
Coolant 10 20 53.3 6.7 30

Secondary
Coolant 64 16 25

Containment 5.6 16.7 4.4 16.7 18

,

All Systems 4.8 24.6 39.5 5.2

.
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TABLE 2.6

BREAKDOWN OF THE RELEASES BY
CAUSE CODE FOR EACH MAJOR COMPONENT

Cause Code % Component % Personnel % Procedural
Component % Design Failure Error Error Total No.

Valve 3.6 52 31 13 83

Pipe 18.5 50 21 11 38

Heat
Exchanger 3.5 93 0 3.5 28

Instrumentation 0 50 41 4.5 22

Pump 11.8 65 6 18 17

All Components 7 53 27 11
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TABLE 2.7

MAJOR SOURCES OF RADI0 ACTIVITY
RELEASED IN THE LER INCIDENTS

Primary Coolant 44
,

Liquid Effluent 22

Charging Pump 21

Decay Tank 20
_ ;

Containment 18

Makeup Water Tank 15

Volume Control Tank- 13 <

Secondary Coolant 13

Boron Recovery Tank 11

High Level Waste Tank 8

Refueling Water Storage Tank 5

Primary Drain Tank 5

Low Level Waste Tank 3

i

- 41 -
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. TABLE 2.8

DATA ON THE GAS WASTE MANAGEMENT SYSTEM
TAKEN FROM THE SURRY FSAR

Waste Gas Decay Tanks

Number 2

Capacity Each, ft3 434

Design Pressure Outer Tank Inner Tank

From 30 -in. Hg ' From 30 in. Hg
vacuum to 150 psig vacuum to 150 psig

Design Temperature, F 200 200

Operating Pressure, psig Atmospheric 115

Operating Temperature, F 120 14 0

Material Carbon Stainless Steel
Type 304L

Design Code ASME VIII' ASME III C.

Earthquake Design Complies with Class I Requirenents

Waste Gas Surge Tank

Number 1

Capacity, ft3 15.7

Design Pressure From 30 in. Hg vacuum to 30 psig

Design Temperature, F .300

Operating Pressure rtig 15

Operating _ Temperature, 'F 120

Material Stainless Steel Type 304

Design Code ASME III C

l

)

!
:
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TABLE 2.9

GAS WASTE SYSTEM: RELEASES

i Internal Source External Source

Decay Tank 17 Gas Stripper-- 2

Effluent Release 6 Makeup Water Tank 3
,

Compressor' 3 Vent Header 3-

Surge Tank 2 Waste Evaporator 3

H-0 Analyzer 1 CVCS Holdup Tank- 3

High Level Waste Tank 2

Primary Coclant 2
'

Containment 2

Boric Acid Tank 1

,

Pressurizer Relief Tank 1

:
;

i

.

!

t
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TABLE 2.10
,

DECAY TANK: RELEASES

; Reactor Status

Steady State 10
LLoad Changes 2

Shutdown 2

( Refueling
_

3.

i.
' Operations

! Vent or Fill Vessel (R) 2
Purge or Drain VCT 2
Cover Gas to Holdup Tank 1

Drain Decay Tank 1
,

i
!

Cause

Failure 11
Personnel 5
Design 2
Procedural 1

i

component

Valve 9
Pipe 4
Instrumental 3
Drain, Drain Trap 3
Heat Exchanger 1

Releases of Stored Tank

Rupture Disc Failed 3
Valve Failed Open 2

l Over Pressurization 2
Wrong Tank Relea:ed 1

- 44 -
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3.0 ENGINEERING ANALYSES FOR CLASS 3-8 ACCIDENTS

In the previous section an actuarial approach was taken to quantify re-

actor risk in the low consequence-high probability portion of the risk spec-

trum. For accidents of_ lower probability, it is not possible to estimate risk

directly from operational experience. In this region of the risk spectrum it

becomes necessary to apply methods of engineering analysis to infer the risk

as was done in WASH-1400 for Class 9 accidents. Although the risk that is

determined in this manner does not involve the direct use of accident data, it

is based upon the use of operational data to estimate the frequency of acci-

dent initiating events and the availability of systems. The methods of engi-

neering analysis are used to combine.these probabilities and to associate them

with appropriate accident consequences.

The methods of engineering analysis used in this program are an extension

of the metbds developed in WASH-1400. Event trees are used to tabulate the

large varitsy of accident sequences that can potentially succeed an initiating

event. The probabilities of the branches on the event tree are determined by

fault tree analysis or from the operational experience of components. An es-

timate of the consequences must then be made for each sequence. In WASH-1400

the branches on the event trees were treated in a binomial manner. A system

was assumed to either operate or to fail. In general, this assumption is only

an approximation to a range of potential operational modes. For example, a

valve may fail to close upon demand and remain in the fully open position as

in the binomial assumption or it may partially close with a spectrum of pos-

sible leak rates. In the analysis of Class 3-8 accidents it was found useful

to develop a method of partial failure analysis which could be applied to
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systems which are better represented by a spectrum of perfonnance modes.

Lecause of the large number of accident sequences identified, it was

necessary in this study to select only a limited subset for analysis. This

was done by discriminating according to either sequence probability or con-

sequence. Since the frequency of core meltdown accidents was estimated in

SASH-1400 to be in the neighborhood of 5 x 10-5 per reactor year, it is

clear that any Class 3-8 accident which is estimated to have a lower probabil-s

ity would have a negligible effect on the risk curve because of the much

smaller releases of radionuclides in these accidents. A discrimination level

of 1 x 10-5 per reactor year has been used. Similarly, to select the

sequence to be analyzed, accidents involving the. release of less than 1 Ci of

radionuclides are not of particular interest because this part of the risk

spectrum appears to be adequately characterized by actuarial data.

In order to help identify the accidents to be investigated in some detail,

two week-long workshops were conducted. It should be emphasized that no claim

of completeness is made in this study. It is believed that some of the most

important accident sequences have been examined and that a better insight into

the contribution of Class 3-8 accidents to accident risk has been obtained as

a result. In Section 4 the results of a complementary survey of the plant are

described which provide some degree of assurance that most key accident se-

quences have been identified.

In this section of the report, engineering analyses will be described for

a number of accident sequences. The accident sequences are organized ac-

cording to the Class 1-9 categorization of 10CFR50. No accidents which would

be categorized Class 1 or Class 2 are considered by defini' tion cf the scope of

the effort. In addition, the transient initiated by a loss of feedwater is
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briefly described in order to estimate roughly the frequency of the events. j

Class 3 accidents were treated in Section 2 of this report using actuarial

data from the LER files. The calculations of the consequences of accident

sequences are based primarily on data given in the Surry FSAR, the Gale

Report,7 and occasionally on RESAR-3S,8 if the relevant information for

Surry is not available.

3.1 PARTIAL FAILURE ANALYSIS

The analysis in WASH-1400 used fault and event trees in which there were

two potential outcomes for each event. In this report a special technique

termed " Partial Failure Analysis" has been developed to treat accidents in

which each event is better characterized by a spectrum of operational modes.

The course of a specific accident at a given time and place is deterministic.

However, the outcome of the accident will depend on the local conditions.

Thus the predicted consequences of a hypothetical accident scenario cover a

spectrum of possibilities. It is useful to distinguish between the variation

which is inherent in the problem and that which is due to our ignorance of the

physical processes involved. The fonner uncertainty is random in that dif-

ferent states could be encountered depending on the specific timing or cir-

cumstances of the accident. The latter uncertainty is systematic and may be
i

expressed as a degree of confidence in the results of our calculation, that is
i
' as error bands. Examples of partial failure analysis are presented in Ap-

pendix I for the case of a fuel handling accident in the spent fuel storage

| pool and in Appendix J for the case of loss of cooling for the spent fuel
!

l storage pool.

The general approach involves the following steps:
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1. Develop a simple relationship between the consequences of an accident

and the variables or parameters describing the system, e.g.

C = f(x1) g(x2) h(x3)-

2. Identify the sources of uncertainty. We will use the term ' variables'

for those sources regarded as random and the tenn ' parameters' for

those sources regarded as systematic.

3. Develop probability density functions for those variables that are

random in nature.

4. For the remaining parameters, quantify the systematic uncertainty

interval that exists as the result of ignorance. Typically, 90 per-

cent confidence intervals are used, although in some cases subjective

judgment must be applied. Parameterize the probability density func-

tion for each parameter in such a manner that the range of systematic

uncertainty is spanned by varying the parameters. This probability

should be interpreted in a Bayesian sense.(5)

5. Randomly select a set of parameters that characterize all of the

density functions. For this chosen set develop a complementary cumula-

tive distribution function for accident consequences. If the density

functions and the relationship between the variables and the con-

sequences are sufficiently simple, this can be done analytically. In

general, the CCF can be obtained by Monte Carlo (6) analysis.

7. Perform a large number of calculations in the manner described in the

previous step. The shape and centrality of each of the CCF's obtained

in Step 5 above are defined by the variables which exhibit random

variation. From the group of CCF's obtained in Step 6 an average or

expected curve can be obtained and error bands can be calculated which

describe the uncertainty which arises from ignorance.

- 65 -

_ _



'O

3.2 FISSION PRODUCTS TO PRIMARY AND SECONDARY SYSTEMS (Class 5).

Three' subcategories of Class 5 accidents are defined in the 10CFR50

classification scheme:
,

1. Fuel cladding defects and steam generator leaks

2. Off-design transients that induce fuel failure above those expected

and steam generato' *eak

3. Steain generator tube rupture.

Since fuel cladding defects and steam generator leaks are encountered routine-

ly in operation, the first of these subcategories can be considered as belong-

ing to routine releases as opposed' to accidental releases. In addition to the

second subcategory, this study includes transient events which do not induce

major fuel failure. Accidents initiated by the rupture of a steam generator

tube are evaluated in this class of accidents. The possibility of steam

generator tube ruptures resulting from the loads induced by steam line breaks

or loss-of-coolant accidents are considered as Class 8 accidents. In view of

the importance of transients initiated by loss of feedwater, the event trees

for these accidents are discussed separately in Section 3.6.

3.2.1 Transients

A number of transient accident events, such as loss of flow from a primary

system pump, are analyzed in safety analysis reports to demonstrate that de-

parture from nucleate boiling and associated fuel failures will r.ot result.

If an orderly plant shutdown follows these events, some release of radioactiv-

ity will occur from the condenser air ejector but the release will be within

the limits of nonnal releases.
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Some transient events can be hypothesized which would induce fuel failures

such as the development of flow blockages or core power maldistributions. Ac-

cidents of this type are analyzed in environmental reports under the 'assump-

tion that 0.12 percent of the core inventory of noble gas and halogens is

released to the primary coolant. This release would correspond approximately

to the gap inventory of 1 percent of the core or one to two assemblies. In

canparison to the doses calculated for other Class 3-8 accidents, the doses
,

from this type of accident are found to be relatively small. These accidents

have not been considered further in this study. Of course some possibility

exists for the compounding of accidents which induce fuel fai. lures with other

independent events which could lead to larger releases. Since operating his-

tory indicates that accidents which lead to fuel failure are infrequent, the

canbined probability of these accidents with other failures should be less

than the 10-Syr-1 discrimination level used in this study.

One type of transient initiator, loss-of-offsite power, which occurs with

relatively high frequency, simultaneously leads to the disabling of systems

that nonnally control the release of radionuclides to the environnent. Fige:e

3.1 illustrates an event tree for three potential subsequences that could re-

sult from a loss-of-offsite power. The a subsequence is the most probable

outcome of the accident and is the one analyzed in this Section. The 8 sub-

sequence involves a failure in the secondary systen subsequent to loss-of-

offsite power. The example that has been considered is the failure of a pres-'

sure relief valve to reseat. The release of radioactivity in this subsequence

could be greater than for the a subsequence but the probability is a factor of

10-2 smaller.(1) The y subsequence is the anticipated transient without

1
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Figure 3.1. Event tree for loss of offsite power
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scram accident which has been evaluated in some detail in other references and

thus, will not be further pursued at this level. The principal question about

the y accident is whether or not meltdown of the core ensues. If meltdown

does not occur, the probability of this accident is too small to be of

interest as a Class 3-8 event.

3.2.1.1 Loss-of-Offsite Power with No Compounding Failures

In this accident sequence it is assumed that the reactor is operating at

full power at the time of loss-of-offsite power. Turbine trip rapidly follows

the loss of load from the generator. The condenser circulating water pumps,

which are driven by offsite power, shut down. Steam bypass from the common

steam header to the condensers is prevented to protect the condensers from
i

damage. Excess steam pressure in the secondary coolant system is relieved to>

the atmosphere by a controlled steam dump via the main steam safety valves.

After approximately 1/2 hour, sensible and nuclear heat in excess of plant

auxiliary requirements is released to the atmosphere by the decay heat release

control valve operated from the main control room. Steam flow is control' 2d

as function of the reactor coolant temperature and is reduced as rapidly as

the reactor control system can reduce core power. Folloring the initial auto-

matic period of the steam dump during power cutback, the decay heat release

control valve is adjusted to provide control over the longer term heat balance

requirements.

The amount of radioactivity released following a loss-of-offsite power

will vary primarily as a function of the percent of failed fuel during oper-

ation, the primary to secondary coolant system leak rate, the repair time for

the return to offsite power and the time since the previous shutdown, which
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affects iodine spiking if the previous shutdown was recent. A partial failure

analysis was performed for this accident in which each of these factors was

treated probabilistically. The probab'lity density functions were developed

as follows:

1. Failed fuel distribution. Based upon the GALE report (7) a median

value of 0.12 percent failed fuel was obtained. The distribution was
i

assumed to be log nonnal with a 95 percent probability of less than 1

percent failed fuel.
;

2. Primary to secondary leak rate. Figure 3.2 shows the conplementary

cumulative distribution for leak rate which was obtained from the GALE

report.(7) The probability of a finite leak size is taken as 0.36

from the same repoi con.'traint of less than 10 gpm was placed on

the distribution, based on Surry Tech Spec leak rate limits.

3. Repair tine for offsite power. The cumulative distribution for repair

time illustrated in Figure 3.3 was taken from WASH-1400.(1)

4. Time since last shutdown (t). It was assumed that events leading to

iodine spiking occur with a frequency of = 10-3hr-1 which is

approximately the rate at which turbine trips have experienced. The
i

density function for the time since last shutdown equals A e-ST ).s -

A computer code was written to perform the partial failure analysis for

the loss-of-offsite power accident. The mathematical analysis is described in

detail in Appendix F. The following steps were performed in the analysis.

1. Random selection was made of a leak rate.

2. Random selection was made of a failed fuel percentage.

3. Secondary activity was calculated assuming direct proportionality with

leak rate and failed fuel percentage. The proportionality constant
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was based upon data in RESAR 3S analysis (8). A limit of sci total

secondary inventory was assumed.

4. Random selection was made of the time since last shutdown.

5. Random selection was made of the repair time for loss-of-offsite

power.

6. The mass of steam released to the atmosphere was calculated using the

repair time and Figure 3.4 which describes cumulative release of steam

versus time. This figure was developed from data in RESAR 3S(8),
i

7. The quantity of radionuclides released was calculated according to

Q = Ms SSP (3.1)a

where

Ms = mass of steam released

as = secondary concentration

S = spiking multiple'

P = partition factor

Q = quantity released.
|

The spiking factor, which is a function of the time since last shut-

down, was determined according to Spiking Model A described in Ap-

pendix F. A partition factor of 0.1 was assumed for iodine.
|

| 8. A histogram of release was developed by placing the result of each of
,

the 10,000 Monte Carlo histories which were run into a bin according

to the magnitude of the release.

9. A complementary cumulative distribution curve was developed from the

histogram.'

I In the partial failure analysis perfonned for this accident sequence, un-

certainty bands associated with systematic error were not developed, since the

final results indicate that this accident scenario is relatively unimportant.
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Resul ts

The complementary cumulative distribution curves for the release of I-131

is illustrated in Figure 3.5. In some respects the distribution curve for

loss-of-offsite power is generic in that the frequencies of loss of power and

of the repair time are not plant specific but represent previous U.S. ex-

perience. In Figure 3.6 the weighted risk of all iodine nuclides for loss-

of-offsite power is compared with the results of LER analysis at the low

consequence end and with Class 9 accidents at the high consequence end of the

risk curve. It can be seen that the loss-of-offsite power curve falls within

the region defined by available data.

3.2.2 Steam Generator Tube Rupture

In this class of accidents the rupture of a steam generator tube will be

considered as an initiating event. Usually this accident is assumed to occur

spontaneously while the reactor is operating at full power, although it should

be recognized that the event may be as likely to occur as the result of trans-
:

ient loads during a change in power. The consequences of the accident being

initiated under transient conditions could be less than from full power oper-
'ation or could be greater due to iodine spiking. Since tube degradation and

even through-wall cracking of tubes have been common in reactor experience,

the potential for a tube rupture does exist. Whether or not a crack will leak

or run depends on its length. Some discussion of the mechanics of tube
,

'

rupture is presented in Appendix M in regards to the loads imposed in steam

line breaks. For the purposes of this study the probability of a steam
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g:nerator tube rupture has been taken as 10-2yr-1 based upon a very large

leak that occurred at Point Beach in 1975. Whether or not this leak qualifies

as a tubt rupture is somewhat questionable, however, and the probability is

b211eved to be conservative.

In Figure 3.7 an event tree is presented for the steam generator tube rup-

ture accident in which three possible compounding failures are evaluated:

Subsequence a has not been evaluated because it would be expected to have

relatively small consequences. In this accident the radioactivity would be

released through the air ejector of the condenser. The release of iodine is

limited by the relatively small partition coefficient for iodine at the tem-

perature of the condensate.

Sequence 8 involves compounding failures in the secondary system and may

be significant because they could lead to greater releases. Possible

secondary failures considered are:

1. Turbine bypass valve fails to open

2. Water level in faulty steam generator rises into main steam line

leading to pipe failure.

3. A relief or safety valve opens on the secondary side and fails to

close.

Sequence, Y, is analyzed in this section of the report. The failure rate

of the electric power grid upon challenge is estimated to be 10-3 in WASH-

1400.(1) In the event of loss-of-offsite power, steam can no longer be

directed to the condenser and the secondary pressure relief valves will lift

leading to a direct release of radioactivity.

Sequence 6 involves failure of the reactor to shut down following the rup-,

ture. Since the failure rate of reactor trip (RT) is quite low, estima'ted as
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10-4 in WASH-1400, the probability of this subsequence is small enough to be

ignored in this study.

The consequences of each of these possible failures would be larger than

for the a sequence. The turbine bypass valve failure (10-3 - 10-4) is

sufficiently improbable that conbined uith the initiating event it was felt

that this sequence could be ignored. The consequences of a tube mpture with

subsequent failure of a steam line wculd be very similar to the consequences

of t 2 case where the initiating event is a steam line break and the com-

pounding failure is a steam generator tube rupture. This accident is analyzed

in Section 3.5.3.1. The likelihood of the failure of a steam line following a

tube mpture is difficult to assess because it involves the ability of the

operator to diagnose and adequately control the affected steam generator prior-

to overflow of secondary water into the steam line. The response of the steam

line in the event of overflow has not been analyzed in this study. Since the'

probability of the accident evaluated in Section 3.5.3.1 is relatively high,

it was not considered necessary to consider this possible subsequence in de-

tail. he probability of the failure of a relief valve to rescat adequately

following operation was evaluated in WASH-1400(1) as being relatively high,

10-2 per operation. It is not expected that the valves would operate, how-

ever, if the response to the accident is as anticipated. The consequences of

this sequence would be similar to but potentially greater than the accident

with loss-of-offsite power.

,
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Steam Gener' tor Tube P,upture Compounded With Loss-of-Offsite Power3.2.2.1 a

In the event of a tube rupture in a steam generator, primary system fluid

will flow into the secondary side of the affected steun generator. It is

claimed in the Safety Analysis Report for Surry that the operator can recog-

nize the type of accident, identify the faulty steam generator and isolate it

within 30 minutes. The Surry plant is actually not typical of PWRs in re-

sponse to this accident in that it has isolation valves in the primary loops

which can be used to isolate the affected steam generator on the primary side.

In the more typical case, the primary system prL5sure must be reduced below

the secondary so that the steam line can be closed on the damaged steam

generator. This operation would take longer than for the Surry-type of con-

figuration.

With the compounding failure of loss-of-offsite power the condenser cool-

ing pumps would shut down and steam flow to the condenser would be stopped to

prevent damage to the condenser. The pressure in the secondary would rise to

the set point of the relief valves. Atmospheric release of radioactivity

would therefore occur until the affected steam generator is isolated.

Engineering analyser nave been performed for this sequence which have,

!
'

involved a limited partial failure analysis. Two of the variables which af-

fect the consequences of the accident have been treated probabilistically:

the fraction of clad defects in the core and the time which has elapsed since

i the previous shutdown. Some evaluation has also been made of the possible

systematic error arising from uncertainties in the retention of iodine in the

steam generator. A bounding analysis was perfonned in which all of the iodine
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transported through the nJptured tube was assuned to be released to the en-

vironment.

The probability density functions were defined as follows:

1. Failed fuel distribution. Based upon the PWR-GALE report (7) a

piecewise constant' probability density function for clad defect level

was developed. The density function is tabulated in Table 3.1.

2. Time since last shutdown (T). It was assumed that events leading to

iodine spiking occur with frequency As = 10-3 r-1 The densityh

function for T is A e s'.s

Because of the simple nature of these density functions, it was possible

to develop a closed fonn expression for the den'.ity function for radionuclide

release which could be solved numberically without resorting to Monte Carlo

sampling. The mathematical analysis is described in detail in Appendix G.

The steps taken in the analysis follow:

1. The concentration of radionuclides in the primary systen is assumed to

be directly proportional to the clad defect level. For the radio-

nuclides analyzed, the constants of proportionality were obtained from

the GALE report.(7)

2. The primary concentration of iodine is modified by the factor Z which

is a function of time since the last shutdown. The functional form of

Z is described in Appendix F according to spiking model B.-

3. The flow rate from the primary system to the secondary system is de-

scribed in Figure 3.8 which was developed fran data in RESAR-3S.(8)

The concentration of radoactivity in the primary system is assumed

constant over the 30 mirate; during which flow occurs.

4. The radionuclide concentration in the secondary system is well mixed.
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TABLE 3.1

FAILED FUEL PROBABILITY DENSITY FUNCTION

11.06For 0 f fcd < .035, gcd =

4.08For .035 1 fcd <- .065, gcd =

34For .065 f fcd < .125, gcd "

i

.875For .125 1 fed < .245, gcd =

.344For .245 I fcd < .515, gcd =

. 2', oFor .515 1 fcd < .755, gcd =

i

failed fuel fractionfcd =

; gcd probability density function for fed=
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| Figure 3.8. Flowrate from primary to secot.dary system
versus time after the SGTR
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5. The mass flow rate frun the faulty steam generator is assumed constant

at 42,600 kg/hr over the duration of release.

6. The equations for the concentration of radionuclides in the secondary

and the release to the environment can be integrated to obtain

AR = K fed Z, (3.2)

where

AR = total radioactivity releas'ed

fcd = fraction of clad defect

Z = spiking correction.

The constant K is defined in Appendix F. A partition factor of 0.1

was assumed for iodine.

7. Knowing the density functions for fcd and Z, the density function

for AR is

9R(A)= gZ(Z)gcd dZ (3.3).

This integral can be evaluated numerically. The conplementary cumula-

tive function can be further obtained by numerical. integration of the

density function. The calculation of the density function for the no-
,

ble gases is somewhat simpler because the release is not affected by

the spiking phenonenon. In this case Equation (3) reduces to

SR(A) = .f gcd (3.4).

Results

The CCFs for I-131 and Xe-133 are illustrated in Figure 3.9. Because of

uncertainties relating to iodine transport and retention in the secondary, a

bounding calculation was also performed in which all of the iodine flowing
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through the break was assumed to be released to the atmosphere.

In Figure 3.10 the weighted CCF for the steam generator tube rupture with

loss-of-offsite power is shown with the LER data at low consequences and with

Class 9 accidents. Also shown is the bounding calculation. This accident

does not appear to be a major contributor to the risk curve because of the ex-

pected low probability of occurrence.

3.3 REFUELING ACCIDENTS (Class 6)

Two types of refueling accidents are included in the 10CFR50 classifica-

tion scheme:

1. Fuel bundle drop

2. Heavy coject drop onto fuel in core.

In this study we have expanded the subcategories of potential refueling

accidents to include:

1. Inadvertent criticality during refueling

2. Dropping the reactor vessel head onto the open reactor vessel

3. Dropping the upper core barrel assembly into an open reactor vessel

4. Dropping a fuel assembly within contaiment.

Each of these potential accidents occurs within containment but at a time

when the containment is being purged through the contaiment venting system.

|
The consequences of a number of these accidents are quite sensitive to the

time required to isolate the containment. Containment isolation therefore ap-

pears on each of the event trees.
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3.3.1 Inadvertent Criticality During Refueling

Inadvertent criticality with the reactor vessel head off is judged to be

less likely than with the head in place. During refueling the reactor cavity

is filled with borated water. While the reactor vessel head is being raised

from the reactor vessel, the reactor cavity is being filled with borated

water, with the water level being kept just below the reactor vessel head. In

order for criticality to occur, it would be necessary to dilute the boron in

the water. Due to the large volume of water involved, unobserved dilution of

the borated water is quite unlikely.

With the head in place but with the head studs and nuts renoved, or the

head nuts loosened, boron dilution could occur in the Surry plant by opening
,

of the primary water makeup control valve. The technical specifications re- 'I

quire that a minimum boron concentration of 2000 ppm be maintained in any por-

tion of the Reactor Coolant System when the reactor vessel head is unbolted,

and that the boron concentration shall be checked by sampling every eight

hours. At 2000 ppm in boron concentration the reactor is approximately 10

( percent subcritical. The technical specifications require that at les st one
|

| source range neutron detector shall be in service at all times and at least

| two whenever core geometry or coolant geometry is being changed. If the boron

concentration is diluted to 1500 ppm, the reactor is about 5 percent subcriti-

| cal and the neutron detector count rate is doubled. It takes about one hour
|

| to dilute the boron from 2000 ppm to 1000 opm, at which the reactor would go

critical.

Estimating the probability of inadvertent opening of a valve which causes

boron dilution to be 10-2 per refueling (probably pessimistic considering

|

| - 84 -

- ._. _ _ _ _ _ _ ___ _ _



the number of years of operating history) and estimating that this could occur

with the reactor head unbclted 10 percent of the time, one obtains a probabil-

ity of 10-3 that the boron dilution ir.cident is initiated while the reactor

head is unbolted. An estimate of 10-3 per incident of failing to recover

either by recognizing the increase in neutron count rate or by measuring the

boron concentration seems conservative. The estimate of the probability of a

criticality accident is therefore 10-6 per refueling or per reactor year.

3.3.2 Dropping the Reactor Vessel Head . ..

According to the analysis by Westinghouse (8), dropping of the vessel

head onto the open reactor vessel does not affect fuel integrity.

3.3.3 Dropping the Upper Core Barrel

If the upper core barrel assembly were dropped into an open reactor vessel

sane fuel rod failures could occur (9). The environmental release of radio-

nuclides in this accident is very sensitive to whether the containment can be

isolated before significant release occurs and whether the release is dis-

charged through filter banks. In Figure 3.11 the event tree for this accident

identifies pathways associated with containment isolation and filtration oper-

ation. Of course, partial isolation is also possible.

Taking an upper bound estimate of 1/2 hour of crane operation for moving

the upper core barrel per refueling and a probability of 3 x 10-6/hr for

| crane failures (l) op obtains a probability of 2 x 10-6/yr for dropping
|

the upper core barrel into an open reactor. It should be noted, however, that
,
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CORE BARREL ! CONTAINMENT ! FILTRATION
DROP ISOLATION j
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- A

y

Figure 3-11. Event tree for core barrel drop
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at the R.E. Ginna Unit I reactor, the reactor core barrel and internals were

dropped 6 feet onto a storage rack as the result of failure of the crane's

electromagnetic brake; the mechanical brake was not installed at the time of

the occurrence which was prior to initial criticality. The incident could be

an indication that 2 x 10-6 yr-1 is too low for this type of accident ~.

The relative probabilities of the different branches on the event tree are

quite dependent on plant design. For example, if a push-pull-type or exhaust

only sweep ventilation system is in operation over the refueling canal the re-

leased activity would be routed immediately to the purge exhaust. Although

containment high radiation levels and high airborne activity levels would be

detected by containment radiation monitors which would automatically stop and

isolate the containment purge system, it is not clear that the containment

could be isolated sufficiently rapidly to reduce the release to the atmosphere'

appreciably.

The exhaust air fran the contaiment discharges through the ventilation

vent and may be bypassed through the common auxili ary building roughing,,

particulate, and iodine filter banks. However, it is not clear that the

containment exhaust air is routinely bypassed through the auxiliary building

filters during refueling. In the analysis of the core barrel drop accident

only the worst sequence, in which no credit is taken for isolation or filter-
' in3, has been evaluated.
i

b 3.3.3.1 Upper Core Barrel Drop Without Isolation or Filtration

Only a scoping analysis has been undertaken for this sequence which did

not include consideration of r>artial failures. The following assumptions have

been made in the analysis.
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1. The cladding of all rods in one assembly is damaged in the accident.

This assumption is not supported but is taken as a representative ex-

ample. It is recognized that a greater number of pins could actually

be damaged.

2. A radial power factor of unity is assumed.

3.- The accident occurs 90 hours after shutdown which is approximately the

time at which the upper core support is renoved fran the vessel.

The quantity of radionuclides releastd is

Q=hxRFxIxeAT (3.5)

where

GF = gap fraction

RF = release fraction

I = inventory per assembly (C1)

DF = decontamination factor

x = decay constant (hr-1)

= tine after shutdown (hr).x

Results

I

The results of Equation (3.5) are shown for the most important radio-

| nuclides in Table 3.2. In Figure 3.12 the weighted releases are shown for an
,

accident which damages a single assembly at a frequency of 2 x 10-6 yr-1 e

,

The figure shows the risk attributed to only the iodine isotopes along with

the total risk. Appendix H provides more details on the analysis of the Upper

Core Barrel Drop Accident.
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TABLE 3.2

'u

RELEASES FOR THE UPPER CORE

'
BARREL DROP ACCIDENT

Radionuclide Estiaated Release (C1)

Kr-85 2.3(2)

Xe-133 1.6(4)

Xe-135 6.1(-1).

1-131 3.2(-1)

. . . . . .

O L E.R
,

T
2 - -

h *

g-4- q WASH 1400 -

i
5 .s_ _

y yIODINE ONLY

|
-10 !ii i , , .
-4 2 0 2 4 6 8 10

log (I-131 EQUlv RELEASED (Cl)} l

Figure 3.12. The weighted risk calculated for core barrel
drop compared to the LER data and the results reported in

. ASH-1400W

I
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3.3.4 Dropping a Fuel Assembly

In the NSIC file of the ORNL RECON infonnation retrieval system 16 feel

handling errors within containment have been identified. It is not certain,

however, that our list of incidents is canplete. None of the incidents were

noted as resulting in cladding failure. There are, on the other hand,

recorded incidents (10) in which fuel damage has been identified during

inspection that may have resulted from handling.

On the basis that no incidents have been reported which have released gap

activity as the result of a handling error but that fuel handling incidents do

occur with some regularity (.05/ reactor-year), a frequency of one event per

300 years of operation is assumed for an incident in which clad failure would

occur. The 300 reactor years relates to the current level of operating ex-

perience.

The event tree for a fuel drop accident is identical to the one for a core

barrel drop as illustrated in Figure 3.11. As for the core barrel drop acci-

dent, only the sequence with the highest assumed release has been analyzed.

3.3.4.1 Fuel Assembly Drop Without Isolation or Filtration

The probability of 3 x 10-3 reactor-year corresponds to the dropping of/

a fuel assembly which results in some degree of fuel damage. It is assumed in

this analysis that when damage does occur 50 percent of the time only one row

of fuel pins will be affected and that 50 percent of the time the entire as-

sembly is damaged. Little basis exists for this assumption other than engi-

neering judgment.
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Results

The consequences of a fuel assembly drop can be inferred fran the analysis

for the dropped core barrel. The consequences of the failure of an entire ~ s-a

sembly were presented in Figure 3.12. The associated frequency is 1.5 x

10-3 reactor-year. The consequences of failing a single row of 15 pins is/,

merely 15 of the values for an entire assembly. Again the associated
204

frequency is 1.5 x 10-3 reactor-year./

The results of this simple analysis are plotted in Figure 3.13 in com-

parison with actuarial data and Class 9 accidents. This accident sequence ap-

pears to be a significant contributor to the risk curve and deserves further

consideration and analysis. Also shown on'this figure are the results for the

core barrel drop accident which were obtained using similar assumptions. Even-

though there is some uncertainty as to how many assemblies might be damaged by

the core barrel, the fuel assembly drop accident appears to be controlling

from a probability viewpoint.

3.4 SPENT FUEL HANDLING ACCIDENT (Class 7)

In the 10CFR50 categorization of Class 7 three sequences are considered.

1. Fuel assembly drop in fuel storage pool

2. Heavy object drop onto fuel rack

3. Fuel cask drop.

In this study an additional potential sequence is evaluated:

4. Loss of water / loss of cooling in spent fuel storage pool.
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3.4.1 Fuel Assembly Drop in Fuel Storage Pool

A partial failure analysis has been perfomed for the case of a fuel as-

sembly drop accident in the fuel storage pool. All fuel handling takes place
,

under water. Thbs, any gaseous fission products that are released from the
'

fuel rod gap must bubble up through the water. During this process some

iodine will be removed from the bubble and will go into solution in the stor-

age pool water. Not all the iodine in the gap of the cladding is in gaseous

fom so that only a fraction will be released in the bubble.

There is some possibility that a percentage of the iodine that is dis-

solved in the storage pool water will be converted into methyl-iodine and

other organic forms which would be released from the pocl. The iodine

potentially available for conversion to methyl-iodine includes all of the

iodine in the gap which could go into solution, not just the iodine in vapor

fom. The release of iodine from the auxiliary building in this accident will

depend on whether or not the auxiliary building filter is working. An event

tree could therefore be drawn which identified filter failure as a subsequence

of this accident. In the analysis that has been performed, however, the pos-

sibility of filter failure has been included probabilistically. The dis-

tribution function that has been calculated therefore includes both possible

branches on the tree.

Many of the variables on which the release depends behave randomly. In

order to perfom the partial failure analysis described here for iodine re-

lease a Monte Carlo computer code, RADREL, was written. RADREL is described

in more detail in Appendix I which describes the analysis of this accident.
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The release of elemental or inorganic iodine from the pool can be expres-

sed as

Qi = a x NR x GI.x RF x e- x DF[ x X n (3.6)i

where

= 0 or 1 depending on whether an incident leading to fuel hasa
occurred

N = nunber of rods suffering clad damage
R

GI'= gap inventory (C1)
*

.

RF = release fraction

A = decay constant

t = time of drop after shutdown

DFw = decontamination factor of water

( 1 if auxiliary filter fails
X" L (DF )-1 if auxiliary filter functionsA

DFA = decontamination factor of auxiliary building filter.

Density functions are assumed for the following variables:

1. a - The conditional probability of at least one pin failing (a = 1) in

a drop accident is P,1 In Appendix I the probability density func-

tion for Pal is developed based upon six drop accidents in which no

failures were observed.

p(pal) = 7(1 - pal)6 (3.7)

The expection value of p3 is 0.125 which was used in the base case.

2. NR - The conditi mc .bility distribution for NR isa

pi {NR ' 10 | =1|=P1
(3.8)

pr{NR = 204 j a =1}=1-pl
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where p1 is unifonnly distributed betveen 0.2 and 0.8.

For the bast case p1 = 0.5. There is little basis for the assumed

distribution other than engineering judgment.

3. Gap inventory, GI. Two power levels per assembly were considered, 20

Mwt and 15 Mwt. The higher power assemblies are moved prior to lower

power assemblies, so a time-dependent relationship was used for the

probability of picking a high power assembly, PHI-

PHI = 1.1 - 0.004 t (3.9)

where t is a randon variable unifonnly distributed between 100 and 200

hours. The probability of picking a. low power assembly is 1 - PHI-

Thus at t = 100 hr it is assumed that the assembly which has been mis-

handled has power 20 Mwt with probability 0.7, while if the accident

occurs when t = 200 hr, the assembly power is 20 Nt with probability

'O.3.

4. Accident time, T. The factor e AT accounts for decay of the

radionuclide from the time of shutdown (t = 0) until the time t of the

accident. The random variable r was taken to be unifonnly distributed

between 100 hr and 200 hr(ll).

5. Decontaminatien factor for pool water, DF .w

DFw = 73 exp { 0.313 t /D } (3.10)B

where

tB = rise time of bubble (sec)

0 = effective bubble diameter (cm).

The effective bubble diameter was treated as a randan variable with a

unifonn distribution between 0.5 cm and 2.0 cm. This is slightly con-

servative based on data in Reference 12. The bubble rise time was
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related to the haight below the surface of the water at which the

failure occurred by introducing a bubble rise velocity. The velocity
~

was taken as 149 cm/sec(12) corresponding to the release pressure

of1200 psi in the fuel rod gap at the end of life. The height bel'ow

the surface of the water at which the accident occurs was taken as

either 26 feet or 40 feet, depending on whether the accident occurred

at the top of the fuel bundle storage array or at the bottom of the

pool. The probability of occurrence at the 26-foot level or 40-foot

level was assigned the probability pg and (1 -pH) respectively.

pH was taken as uniformly distributed between 0.25 and 0.75. For

the base case pH = 0.5.

X n - This factor accounts for the possibility of failure or bypass6. i

of the filters in the auxiliary building. If the filter works X n =i

DF b If filter fails X n = 1. The probability of failurei

pr { X n = 1 } = 0.01 based on discussions with NRC staff. The valuei

of DFA was chosen as 100 based on an assessment by BCL.

| The release of organic iodine can be written as
|

Qorg = a NR GI e- Forg Xorg (3.11)
where

Forg = fraction of iodine converted to organic form in pool water.

X rg = 1 auxiliary filter fails (DF org)-1 auxiliary filtero A

| functions

DF org = filter decontamination factor for organic iodine.A

is set to unity forEquations (3.6) and (3.11) differ in that the DFw

organic iodine. Forg was taken as 1 percent; it is considered to be highly

|

:

I
;
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uncertain. Data fran experiments or incidents in which iodine has been re-
.

leased at very low concentration in pools have indicated relatively high con-

ver.. ;on to organic iodine (as high as 10 percent). A mechanism by which this

extent of conversion could take place in aqueous solution is not known, other

than by radiolysis. The level of radiation in the pool is not nearly as high

in the pool as in a reactor, however. It is assumed that all of the iodine in

the gap of a failed fuel pin is available to be dissolved and potentially con-

verted to organic iodine.

Results

The best estimate of the canplementary cumulative distribution function

was obtained by performing a Monte Carlo analysis of the releases described by

Equations (6) and (11) with a = 1. The results are then multiplied by the

probability per reactor-year that an accidental drop will occur and by the

probability that, if a fuel hand ing accident has occurred, at least one rod

fails. Base case values were used for the parameterized density iunctions for

N , GI, H, and X n-R i

Each Monte Carlo run was divided into 30 experiments consisting of 1000

histories (trials). The results of each trial were then grouped into a number

of bins according to the quantity of iodine released. The conplementary

| cumulative distribution was obtained by summing bins. By dividing tha total

nunber of trials into 30 separate experiments a statistical variation in the

distribution function could be determined. The RADREL code which was used to

perfonn the Monte Carlo analysis is described in more detail in Appendix I.
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In order to develop an understanding of the magnitude of the uncertainty

band about the CCF which arises from ignorance as to the true magnitude or

variation in variables, the parameters describing the density functions for

fig, GI, a, H, and X n themselves treated as variables. Five hundredi

RADREL runs using random values of the parameters were perfonned. The five

hundred values of the CCDF corresponding to a particular release were then

ordered. From this 50 percent confidence limits were found.

The CCFs for inorganic and organic iodine releases are illustrated in

Figures 3.14 and 3.15 with the associated 50 percent confidence bounds.

Figure 3.16 shows the CCF for weighted releases of organic, inorganic and no-

ble gases for the fuel handling accident in comparison with the Class 9 acci-

dents and actuarial data.

3.4.2 Heavy Object Drop Onto Fuel Rack

The likelihood of dropping a fuel assenbly onto the fuel rack appears to

be much higher than for arty other heavy object which could cc.ise fuel damage

because of physical restraints and administrative controls in the use of

cranes in this area. The fuel assembly drop accident was considered in the

previous section.

1
l
i 3.4.3 Fuel Cask Drop

In the Surry facility a fuel cask cannot be dropped greater than 30 feet.

In the licensing of spent fuel shipping casks, anal 3ses and model experiments

I are performed which show that the cask will survive a 30-foot drop intact. |
1

I
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Shipping casks are not moved over fuel in the fuel storage rack in the spent

fuel storage pool. The likelihood of release in a cask drop accident is

therefore small.

3.4.4 Loss of Water / Loss of Cooling in Spent Fuel Storage Pool

The most secious failure in the spent fuel pit system would be the com-

plete loss of water. This type of failure would result in the loss of cooling

and removal of radiation shielding of the spent fuel and could result in the

subsequent release of gaseous airborne radioactivity to the environment. The

water in the spent fuel pit could be lost by the water being pumped, siphoned,

leaked, or vaporized out of the pit. However, the water would most likely be

lost due to a conbination of these factors. The fuel building itself has only

a limited capability to contain the water and vapor lost from the pit.

Therefore, radioactivity would also be transferred to the external envirorment

through the loss of water and steam escaping from the fuel building following
|

[ the loss of cooling incident. The amount of radioactivity released will

increase as a function of the rise in the temperature of the spent fuel

assemblies, the amount of water and steam and other gases that escape the fuel

building, and the length of time that these assemblies are exposed to the

envi ronment.

The probability of a complete loss of water from the spent fue' pit by

failures involving the pit cooling system is estimated to be orders of mag-

nitude below accidents initiated by external events such as earthquakes. Am-

| pie sources of make-up water are available to mitigate this type of accident.
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The more likely accident sequences that could result in release of radio-

activity to the environnent involve loss of spent fuel pool cooling, sub-

sequent heat-up of the spent fuel pit water, and the pool boiling which will

result in the release of radioactivity. The probability versus release magni-

tude are estimated in this analysis for accident sequences involving loss of

spent fuel pit cooling.

Prior to the transfer of spent fuel fran the reactor to the spent fuel

storage. pool, water will enter the cladding of those pins which have ex-

perienced failure in operation. If, during the heatup of the pool, boiling

occurs in the gap of these failed pins, it is likely that a release of

radioiodine will occur to the pool water analogous to the spike that occurs at
'

the tine of reactor startup after a short shutdown period. The mechanisms of

spiking are not adequately understood to accurately predict the size of the

spike that would occur. General Electric (13), estimates that startup spikes

are typically half as large as deconpression spikes. This appears to be con-

sistent. with PWR behavior in which the inventory of iodine available for re-

lease is noticeably depleted by the occurrence of a spike such that subsequent

spiking conditions within the period of 1 to 2 days lead to smaller

spikes (14).

The quantity of radiciodine release in a spiking sequence in an operating

reactor can be estimated fran data tabulated by Pasedag(15) as a function of

failed fuel fraction.

The quantity of inorganic iodine released fran the pool, assuming 1/3 of a
4

core is affected, is then

Q=WBx x e- Atl x FC x DF x DFAxtR (3.12)w
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where

WB = steam mass generation rate from boiling pool

SR = spike release of I-131 per percent clad defected in operating

reactor-

M = mass of water in pool
.,

A = decay constant

.t1 = time since last shutdown

tR = repair time

FC = percentage of clad defects

DFw = decontamination factor for pool

DFA = decontamination factor for filter.
A fraction of the iodine released to the pool will be in the form of

volatile organic iodine or will be converted to_ organic iodine. In experi-

ments and incidents in which iodine has been released to pools, the fraction
'

of organic iodine has varied inversely with concentration. At very low

concentrations such as in the storage pool, the percentage of organic iodine

could be as high as 10 percent. Organic _ iodine was not included in the p'ar-

tial failure analysis, however, because the results for inorganic iodine

indicated that this accident is not a major contributor to the risk of Class

3-8 accidents.

The analysis methodology was designed to account for the large number of

dependencies among the factors affecting the probability versus release mag-

! nitude estimate. Most of these factors are, however, dependent upon the time

after refueling at which the accident (loss of pit cooling) occurs. For i n-

stance, the time after refueling (t ) at which the accident occurs affects:i
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e The radioactive inventory of the fuel rods

The heat load to the pool, which in turn affects the time required toe

raise the fuel pit to boiling (t ), and the boil-off rate.2

o By virtue of t2 above, the probability of the pit reaching boiling

By virtue of the boil-off rate, the rate at which I-131 is released toe

the atmosphere.

Therefore, the analysis methodology was structured around the dep5ndencies

inherent in the time after refueling at which time the accident occurs. If it

is assumed that the accident occurs on a given day after refueling, the re-

lationships between the various factors affecting probability versus release

magnitude can be defined and incorporated into the methodology. This suggests

a partition of the sample space by day after last refueling, which was the

approach taken. The probabilities versus release magnitude are estimated

given that the accident occurs on each of the specified days after refueling,

and the results are summed using the law of the total probability to obtain

the probability versus release magnitude for the accident sequence.

Aj = the event that cooling is lost on the ith day af ter re-

fueling, and the accident results in pit boiling

Rj = a specified release magnitude of size Rj.

By the law of total probability, the probability of the specified release

magnitude greater than Rj, from this accident sequence is

n

{ P R /A P AP R =
j g j (3.13)

i=k
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where

"
- refers to the summation over the n days between refuelings,

i,= k
starting with the kth day (k = 5 for the analysis reported

herein)

For the ith day after refueling, the model estimates the conditional proba-

bility of release greater than Rj given that loss of cooling occurs on the

ith day (P[Rj/Aj]), and the marginal probability that loss of cooling
.

occurs on the ith day (P[Aj]). These two probabilities are estimated by

different techniques. The conditional probability is estimated by a partial

failure ardpis from a consideration of the factors that define the state of

the system at the time of the accident, e.g., failed fuel percent, time

required to repair the cooling system or mitigate the accident, etc. The

marginal probability is estimated fraa a fault tree analysis of the fuel pit

cooling system as described in Appendix J.

Both the marginal and conditional probability estimates are uncertain by

virtue of the systematic error in the paraneters upon which these estimates

depend. The marginal probability estimate, P[Aj], is uncertain due to the

uncertainty in the failure rates of conponent failures _ leading to the event
!

"the fuel pit begins to boil ." The conditional probability, P[RjAj], is

uncertain due to uncertainty in several physics and engineering parameters,
i
'

namely the iodine partition factor, and filter efficiencies in the hot, humid

| conditions that would result from a boiling spent fuel pit. Thus, both the

marginal and conditional probabilities are more correctly thougnt of as dis-

tributions of possible probabilities for the accident sequence. These dis-

tributions reflect the best estimates of the systematic error in the para-

meters that are used to estimate the probabilities.
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The probability.of a specified release magnitude greater than Rj,

P[Rj], is thus also a distribution, since P[Rj] is the sun, of products of

the conditional and marginal probabilities, both of which are distributions.

To estimate the distribution'of P[Rj], the model propagates the distribe-

tions of P[Rj/Aj], and P[Aj] to PCRj], using Equation 3.13. The modelt

perfonns this error propagation for several specified values of Rj. The-

medians of the distributions for P[Rj] define the centrality and shape of

the probability versus release magnitude curve for the boiling fuel pit acci- <

dent. The five and ninety-five percent confidence levels of the distributions

for P[Rj] serve to bound the probability versus release magnitude. The end

product of the modeling effort is a complementary cumulative curve for proba-

bility versus release magnitude, and confidence bounds on the curve.

In Table 3.3 the sources of variation and their treatment in the partial

failure analysis are described. In Table 3.4 the rources of uncertainty in

the release magnitudes that result from ignorance are identified and their

treatment is described.

The bounds of the probability of a release greater than Rj of a given

size are obtained by estimating the distribution of the probability of release

greater than Rj. The distribution of P[Rj] is obtained by a straight-

forward error propagation using the SAMPLE code. From Equation 3.13 the

distributions of P[Rj/Aj] and P[Aj] are propagated to obtain the

distribution of P[Rj].

Results

The model was evaluated for the Surry spent fuel pit for the case where
4

the pit was filled with three full cores, the results of nine refuelings,
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TABLE 3.3

SOURCES OF VARIATION THAT

INFLUENCE RELEASE MAGNITUDE

Assumed
Statistical

Source of Variation Affects Characterization

1.. Time after refueling- Pool heatup rate; Unifonn distribution
I-131 spike between refuelings

2. Previously stored Pool heatup rate Detenninistic
core sections

,

3. Initial pool Time to boil Normal distribution
tsnperature between 70 and 120 F.

4. Failed fuel percent I-131 spike Lognonnal distri-
bution between .12%
and 1%

5. 1-131 spike given I-131 in water Empirical distribu-
' ailed fuel percent after spike tion from reactor

spikes, modified for
spent fuel pool
accident

6. Cooling system repair Amount I-131 released; Empirical distribu-
time probability of a tion from WASH 1400,

boiling pit Appendix III

TABLE 3.4

SOURCES OF IGNORANCE .THAT INFLUENCE ESTIMATION

OF PROBABILITY VERSUS RELEASE MAGNITUDE

Assumed
Statistical

Source of Ignorance A_ffects Characterization

1. 1-131 partition I-131 releases Lognormal distri-
factor rate bution between

.0016 and .16

2. Filter I-131 released For elemental 1-131,
efficiency to atmosphere lognonnal distribu-

tion between 99 and
99.99 percent. For
organic I-131, log-
nonnal distribution
between 10 and 90
percent.
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conducted a half year- apart. The risk per reactor year was evaluated for the

period after the ninth refueling.

Figure 3.17 shows the conplementary cumulative curve for the release of

this accident in the context of actuarial data and the WASH-1400 results for

meltdown accidents.

Two aspects of the probability versus release magnitude for this accident

sequence are apparent:

The release magnitudes and probabilities for the accident are both lowe

conpaced to other Class 3-8 accidents.

The error bounds on the estimated probability of stated release mag-e

nitudes are large - greater than a factor of 10.
.

The bounds on estimated probabilities are large due primarily to the un-

certainty with which the partition factor is known. However, even the upper-

95 percent bound on the probability versus release magnitude curve indicates a

relatively low probability for moderate releases. Appendix J provides a de-

scription of the analysis carried out for this accident.

3.5 ACCIDENT INITIATING EVENTS CONSIDERED IN DESIGN BASIS EVALUATION IN THE
SAFETY ANALYSIS REPORT (Class 8)

The design basis accidents, particularly the loss-of-coolant accident,

have in the past received more attention from a regulatory and safety research

viewpoint than other accidents. However, these accidents do not necessarily

involve the greatest releases of radionuclides nor do they necessarily rep-

resent a significant contribution to risk. In the 10CFR50 classification

scheme, three Class 8 accidents are identified for PWR's.

- 107 -
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.1. Loss-of-coolant accidents

2. Rod ejection accident |

3. Steamline break outside contaiment.
1

In the consideration of steamline breaks in this study, the possibility of a -

break within contaiment is also evaluated as well as the potential for a

steam generator tube to rupture as a result of loads imposed by a steamline

break.

3.5.1 Loss-of-Coolant Accidents

Loss-of-coolant accidents were considered explicitly in WASH-1400.(1)

PWR release categories 8 and 9 correspond to large pipe-break accidents in

which the contaiment fails to isolate and isolates respectively. The release

estimates in WASH-1400(1) are very conservative, however. It was assumed in

those calculations that the WASH-1400(1) gap inventory would be released

from all fuel rods in the accident. Not only do realistic analyses of fuel

cladding temperatures indicate that only the highest power rods will fail,

experiments at ORNL(16) have shown that the release of iodine. in this type

of temperature transient is approximately two orders of magnitude lower than

the WASH-1400(1) release.

Because the contaiment is so effective in containing radioactivity re-

leases from the primary system, ways in which the containment could be by-

passed in a LOCA have been evaluated. The types of faults investigated were

sampling and test valves left open following maintenance, valve and pump

leaks, sump pump failures, and the reverse flow of radioactive fluids into

vented storage containers. Since the probability of a large LOCA is

10-4 reactor year according to WASH-1400, the likelihood of any of these/

- 108 -
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compounding faults would have to be near unity to represent a significant con-
^

tributor to Class 3 to 8 accident risk. The system evaluation performed for

these potential release pathwe,s is presented in Appendix K. None of the

pathways appeared to be a significant contributor to risk.

3.5.2 Rod Ejection Accident

The rod ejection accident is similar in nature to a loss-of-coolant acci-
1

dent since it involves a break in the primary systen in addition to a power

transient. The probability of a rod ejection accident is expected to be quite

small and was thus defined out of the program's scope. As a result, this

accident has not been investigated in this program.

4

3.5.3 Steamline Break

The location of a steamline break in Surry can have a major influence an

the probabilities and consequences of the accident. Three possible locations

were considered for the break:

1. Inside of containnent - Zone 1

2. Outside of containnent and upstream of the isolation valves -

Zone 2

3. Downstream of the isolation valves and upstream of the turbine -
,

Zone 3.

These locations are indicated in Figure 3.18. Utilizing the Surry FSAR,

approximate total pipe lengths for each zone have been dev' loped. The proba-

bility of having a large bore pipe rupture in a nuclear p. ant is discussed in
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Appendix L. It_ is concluded that, at this time, there' exist major discrepan-

cies in current literature regarding pipe rupture.. In this report a range of
steamline break probabilities is t. an as

10-2/yr i P(SLB) i 10-4/yr.
.

It is recognized, however, that_ the probability could be lower.

The forces imposed on stean generator tubes in a steamline break could

lead to tube failure if the tubes are sufficiently degraded. In' Appendix M

the conditional probability was estimated
'

P(SGTR/SLB) = 5 x 10-2

The uncertainty in this probability. is quite large.

2

Zone 1

.

The steamline break within containment requires an additional failure,

, that of breach of containnent, to release radionuclides to the biosphere. Two
i

mechanisms have been evaluated that could lead to such a break. The first

involves failure to isolate main feedwater with the potential to overpres-

surize containment. A fault tree was developed for the failure to isolate

main feedwater which resulted in a probability of 10-4 The combined

probability of the steamline break with failure to isolate main feedwater is

therefore quite small. In addition, the accident would probably not result in

containnent failure.
.

The other potential breach mechanism would te a leak in the ECC systen in

the recirculation mode following a conpouncing steam generator tube rupture.

The conbined probability for these events is too small to affect the risk

Curve.

!
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Zone 2

The second zone is of most concern t=cause a pipe rupture in this region

will result in a release outside of containaent which, in general, cannot be

isolated by the closure of valves. It should be noted that the Surry plant

has isolation valves in the primary loops that can bring this sequence to a

conclusion comparatively rapidly. The analysis presented here does not take

credit for this isolation capability because it is not typical of PWR's. In

Figure 3.19, an event tree for a steamline break is shown which shows the

potential for conpounding by a stean, uanerator tube rupture. If a tube rup-

ture does not occur, the consequences of the accident are limited by the

radionuclide inventory of the secondary system. The consequences in the event

of the tube rupture could be much greater. For this reason this branch of the

tree has been analyzed in this study,

f

Zone 3

|

The last section of the steamline break analysis will not be discussed in

detail since the occurrence probabilities and anticipated releases for these

sequences are low. In order to obtain releases canparable to those in the

second zone, it would be necessary to have main steam isolation valve failure

in addition to a steam generator tube rupture.

3.5.3.1 Steamline Break With Steam Generator Tube Rupture

| The assumed sequence of events in this accident is as follows:
i

1. A steamline fails in the region outside containnent where it cannot bej
isolated. - 112 -
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2. The affected steam generator blows down to the atmosphere in a short

period of time.

3. A tube rupture in the affected steam generator.

4. The reactor trips.

5. The ECCS is activated.

6. The primary system is cooled down and depressurizes.
,

7. Feedwater flow to the affected steam generator is stopped.

A partial failure analysis was not performed for this accident sequence.

The quantity of a radionuclide released in the accident is given by

Q = AP WT S/DF- (3.14)
where

Q = quantity released

AP = primary coolant inventory

WT = total amount of primary fluid vented to the environment

DF = decontamination factor in the affected steam generator

S = spiking multiples to account for iodine buildup in the accident

Results

In calculating the consequences of this accident, average or expected

values of the variables affecting the release were assumed as follows:

1. Primary System Fluid Vented (WT). The modified Burnell critical flow
,

model(17) was used to estimate the amount of primary system fluid

vented to the secondary using a primary system pressure and tem-

perature time history modified from results presented by Fontecilla

and Grimes (18) with the secondary system at atmosphere pressure.

|
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:2. Decontamination Factor (DF). The assumption is made that none of the

primary system fluid is retained in the secondary but rather is all

vented to the enviroment. This implies that the decontamination

factor for this venting process is unity for the iodine as well as the

noble gases.

3. Radionuclide Inventory (AP). The assumed inventory of r6Jionuclides

in the primary coolant -is that given in Table 1 from the PWR GALE .re-

port (7),

4. Spiking Multiplier (S) (Iodine Isotopes Only). Iodine spiking can

contribute to an accident sequence either as the result or a prior

shutdown or due to spiking during the accident itself. Since an ac-

cident would have to occur within a few days of a spike for the iodine

concentration to be elevated, the probability of occurring within such

a time window is relatively small. We have only_ considered the con-

tribution from the accident itself in this analysis. Based on a spik-

ing time of 6 hours and the average of the distribution for spike mag-

nitude in Appendix F, a spiking multiplier of 3.3 was obtained.

The predicted releases of important radionuclides are presented in Table

3.5. The complementary cumulative distribution functions for weighted re-

leases are illustrated in Figure 3.20. The assumed probability of the ac-

cident as shown in the plot is

P=PSLB P(SGTR/SLB)

= (10-3) (5 x 10-2)

= 5 x 10-5

An increase in the probability by two orders of magnitude would still not

impact the total risk of Classes 3 to 8 accidents significantly.
.
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TABLE 3.5

RELEASES FOR STEAMLINE BREAK WITH

STEAM GENERATOR TUBE' RUPTURE

Radionuclide Estimated Release (C1)
.

Xe-133 1800

1-131 89

I-132 33

1-133 125
i

!-134 16

I-135 63

i
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3.6 ESTIMATION OF FREQUENCY OF VARIOUS EVENT SEQUENCES IN LOSS OF FEEDWATER
(LOF) TRANSIENT

Recent events have shown tht a loss of feedwater, together with several

compounding failures, may have serious consequences. The loss of feedwater

transient is a routine operational occurrence, on average about three times a

year, and usually does not lead to any untoward consequences. The transient

is not analyzed in detail in this study. The work presented here is a first

cut probabilistic assessment of various event sequences in a loss of feedwater
;

transient for a Pressurized Water Reactor of Westinghouse design. The fre-!

quency of various end events are evaluated as point estimates with no error

propagation.

!
-

3.6.1 Event Trees for the Loss of Feedwater Transient

A detailed LOF event tree, pruned and scoped to include events in the

prirrary side is shown in Figure 3.21. The following symbols are used in the

loss of main feedoter event tree:

TM: Interruption of main feedwater system

K: Reactor Protection system does not operate
,

L: Auxiliary Feedwater systes does not operate
,

P: Pressurizer relief valve does not open on transient demand1

Q1: Pressurizer relief valve does not reclose

P: Pressurizer safety valve does not open on transient demand2

Q2: Pressurizer safety valve does not reclose

A comparison of the LOF event tree adapted from the generic transient

event tree in WASH-1400(1), shown in Figure 3.22, and the loss of feedwater

- 116 -



transient event tree in this study shown in Figure 3.21 indicates the fol-

lowing differences:

In WASH-1430 the pressurizer relief valves and safety valves opening one

transient demand were lumped together as a single event, designated as

P ., The event tree used in the present study distinguishes between the

pressurizer relief valves and safety valves opening on transient de-

mand. Thus, there are two separate events in tree, designated as P1

and P . The probability of failure of the relief or the safety valve2

- to open on transient demand is quite different. Thus, it is more real-

istic and therefore necessary to separate the two events.

e Given a LOF transient without scram and the auxiliary feedwater not

being avaliable, the event tree in this study does not take into

account the event whether the pressurizer safety and/or relief valves

open on transient demand. in contrast the WASH-1400 tree considers the

above mentioned event. The inclusion of the above mentioned event is

not necessary since irrespective of 'he outcome of this event the

transient could lead to core melt.

3.6.2 Estimation of the Probability of the Events in the Transient Initiated
by a loss of Feedwater

The calculated probabilities of each sequence is shown in Table 3.6, and

the individual frequencies are discussed as follows.

3.6.2.1 Frequency of Loss of Feedwater Event (TM):

According to WASH-1400(1) there could possibly be three main feedwater

interruptions per reactor year of which two per 10 reactor-years can be
- 117 -
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accounted for by loss of offsite power. Data collected by Electric Power

Research Institute indicates that there have been eight cases of total loss of

main feedwater (all loops) in 101 reactor-years of operation.(19) The lar-

gest number of loss of feedwater events occurs during the first year of opera-

tion. Six LOF events occurred during the first year of operation for 23

plants.

*

.. Mean Frequency of LOF event = 0.08/ reactor year (EPRI estimate).

The above mean frequency is an underestimate since it does not include the

loss of all electrically driven main feedwater pumps that results from loss of

station power. The Surry power plant, which has been chosen for this study,

has electrically driven main feedwater pumps. Data (19) shows that there has

been 32 cases of loss of station power over a period of 101 reactor-years.

Thus, the amended estimate is

Amended mean frequency of LOF event = 0.40/ reactor year.

The loss of all condensate pumps would also lead to loss of all main feed-

water but the EPRI data (2) shows that there has been no incident of loss of

all condensate pumps.

The above estimate is not utilized in this study since no extensive data

evaluation was done for the other events. Thus, to be conservative in lieu of

the uncertainty existing in tha other event frequencies the WASH-1400 LOF

event frequency of 3/ reactor-year is chosen.
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TABLE 3.6

FREQUENCY OF VARIOUS EVENT SEQUENCES -,

IN LOSS OF FEEDWATER TRANSIENTS

. Frequency of Events
per Reactor Year

Event Expression Point Estimate -

I 3
TM

2 P P 4.2 x 10~4TM g

3 P PP 4.2 x 10-6
npu a es requencies

TM L g
-64 -P PP 4.2 x 10TM g g PTM = 3/ reactor-year
-8

5 P PP P 4.2 x 10TM g g 0
1 2 P = 3.6 x 10-5/D

' '

6 P 1.3 x 10-7
g

TM L P
4'

i P PP P 1.3 x 10-9 l'4 x 10
TM p 0 L =

2 1 0.04/D for end event 19-
8 P P 8.8 x 10-6TM L p

-8 - P = 2.1 x 10 /D9 P PP P 8.8 x 10 g
TM p g

10 P P P 2.6 x 10-9 P = 3 x'10 /D-4
TM L p p 2

11 P P l'.1 x 10TM g g , 0 = 10 /D
2

12 P PP l'l x l0TM g 0
2

~0
13 P 1.1 x 10

TM K Q 1

14 P P
TM K Q Q

'

i 2 -0
15 P PP 3.2 x 10TM g p

2 -616 P P 2.3 x 10'

TM K p
-8

17 P PP P 2.3 x 10TM g p g
-1018 P P P 6.8 x 10TM K p p
~0

19 P PP 2.3 x 10TM g t

i
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3.6.2.2 Probability of Failure of the Reactor Protection System (RPS) per !

demand: event (K): |

Failure of the RPS is failure to scram. The injection of boron by the

Chemical and Volume Control System to make the reactor subcritical is not suf-

ficiently rapid to shutdown the reactor for the LOF transient. The probabil-

ity of failure to scram is chosen in this study as 3.6 x 10-5/ demand as per

WASH-1400.

| 3.6.2.3 Unavailability of Auxiliary Feedwater System (AWFS): event (L):
|

The AFWS unavailability has been assessed in WASH-1400(1) for three

separate initiating events, (1) a small pipe break, (ii) loss of offsite

power, and (iii) high energy break. For the first two events the. system un-

availability were estimated for the first eight hours following the incident

and from eight hours to twenty-four hours following the transient. The un-

! availability of AFWS used in this study combines the probability of failure

for the first two initiating events in the time frame of 0-8 hours following

the incident. The value chosen here is 1.4 x 10-4/ demand with an error
1

factor of 20. For the LOF event followed by a scram only 1 of 3 auxiliary

feedwater trains are necessary. However, for the LOF event not followed by a
|

| scram it is assumed that all three auxiliary feedwater trains are necessary.

Thus, failure of one or more auxiliary feedwater trains would be tenned as

AWFS failure.

If p is the probability of failure per demand of one auxiliary train and )
if it is assumed that the probability of failure is equal for all three

|

|
auxiliary feedwater trains then the probability of AFWS failure is equal to

!
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3

p(1-p)3-1 1 (1_p)3 (3.15)
I{ ,

i=1

From Reference 20 the probability that one train of AFWS is lost is given

to 0.04. This is interpreted as one of three AFW trains failing. Therefore p

is 0.014.

:

3.6.2.4 Probability of Failure of a Relief Valve from Opening: event (P ):1

The probability of failure to open for a relief valve from Reference 21 is

1.075 x 10-2/ demand. There are two relief valves connected to the pressuri-

zer. Therefore, the probability that one out of two valves failing to open is

given by

2p(1-p) = 2.1 x 10-2/ demand

where p = 1.075 x 10-2/D.

3.6.2.5 Probability of Failure of Safety Valves from Opening: event (P ):2

The failure probability of safety valves from opening is given in Refer-

ence 22 as 3 x 10-5/D. A study of the testing schedule of safety valves as

given in Reference 6 indicates that the number of test demands accumulated

upto this date does not support the above estimate. Therefore, the above es-

timate was increased by a factor of 10 in this work.
,

|

I
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,

3.6.2.6 Failure Probability of the Relief and Safety Valves to Reclose:
Events (Qi,Q2)

The failure probability derived in Reference 23 from PWR operating experi-

ence is 10-2/ demand. It is assumed that the failure probability to reclose
.

is the same for the relief valve as well as the safety valve. This is a con-

servative assumption since typically safety valves are more likely to reclose

than relief valves.

!

;

|
>

;

I
(

| |

I
:
?

!

!
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4.0 RADIONUCLIDE INVENTORY SURVEY

This chapter describes the survey performed to assure that no major

sources of radioactivity have been overlooked in the Class 3-8 accident analy-

sis of pressurized water reactors. The objective of this assessment was to

complement the analysis of specific Class 3-8 accident scenarios described in

Section 3 and the analysis of operating experience described in Section 2.

Figure 4.1 shows a plot plan of the Surry nuclear power plant. From this

plan, the following buildings and tanks were defined that could contain radio-

active components:

e Reactor Containment e Primary Water Storage Tanks

e Auxiliary Building e Condensate Storage Tanks (100,000 gal)

e Turbine Building e Refueling Water Storage Tanks

e Fuel Building e Waste Gas Decay Tanks

e Decontamination Building e Low Level Waste Storage Pad

e Boron Recovery Tanks e Other Condensate Storage Tanks

e Waste Drum Storage and Spent Filter Storage Area

The survey was conducted by listing all components that could be radioac-

tive sources for each of the above buildings or tanks. The range of activity )

|

levels available for release were estimated for each component (sometimes on a

comparative basis as being either larser or smaller than some other

O O O v"

p nv c'%
nt

/' "''"2'7^""'~'u''''a"' vi C ''T"'''''"o'" ''a' TO v''' '|k ;%#'h%." vt': 2"e" """"' ''""''

Figure 4.1. Schematic plot plan for Surry

iv
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component). The initial set of sources in a building was pruned to a smaller

set by considering only those components with potential radioactive levels

such that they might be significant contributors to the risk curve if all of

the activity were released. A further pruning of the subset was achieved by

eliminating those components that might be significant sources, but for which

multiple barriers to direct release exist. Examples of such barriers could

be, for liquid releases, sumps nomally drained to the liquid waste treatment

system or, for gaseous releases, building filters that would normally be in

operation. Only those potential radioactive sources where the barriers could

reasonably be bypassed or defeated remained after the barrier analysis. Com-

ponents in this category were analyzed in more detail.

4.1 PLANT SURVEY AND RELEASE MECHANISMS

A brief description is given here of those components and release mecha-

nisms which were deemed to merit further study. Appendix N gives a detailed

description of the parts of the plant considered and of the barrier analysis

for each component.

1. Pressurizer relief tank. The purpose of this tank is to condense arty

steam discharges from the pressurizer safety / relief valves. Failure

of the rupture discs would discharge steam within contaiment.

2. Regenerative heat exchanger. Tube leaks would allow charging water to

mix with the letdown flow.

3. Excess letdown heat exchanger. Tube leaks would contaminate the com-

Iponent cooling water. This would be detected by radiation monitors or
!

by the temperature change. !

:
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4. Primary drain transfer tank subsysten. Leak. age from tanks, piping,

etc., would collect in the containment sump.

5. Residual heat removal systen heat exchangers. Tube leaks would con-

taminate the component cooling water system. This would be detected

by radiation monitors. Leakage from piping, valves, etc., would col-

lect in the containment sump.
,

6. Neutron shield tank. This tank experiences a high neutron flux since

it surrounds the reactor vessel. Leakage would collect in the con-

tainnent sump.

7. Volume control tank. Rupture of the tank would release the contents

within the auxiliary building. The relief valves vent to the gas

waste processing system.

8. Mixed bed and cation demineralizers. Rupture of the tanks would re-

lease the contents within a concrete vault. During the flushing of

spent resins, a spill would drain to the auxiliary building sump.

9. CVCS filters. If leaks develop, the filter vessels can be bypassed.

10. Non-regenerative heat exchanger and seal water heat exchanger. Tube
,

leaks would contaminate the component cooling water. This would be

detected by radiation monitors.

, 11. Gas stripper surge tank. Leakage from the tank would be within the

auxiliary building.

12. Boron recovery tanks. Leakage from the tanks could release noble

gases directly to the atmosphere.

13. Boron test tanks. These tanks are smaller than the Boron recovery

tanks and do not contain significant amounts of noble gases.

i
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14. Evaporator bottoms in liquid waste processing system. There are two

valves which, if inadvertently open, woulo release evaporator bottoms.

However, the liquid would drain to the Vent and Drain system thence

back to the Liquid Waste Processing system.

15. Hydrogen Recombiner. Two redundant H analyzers maintain the hydrogen

concentration below the flammability limit. The gas stream is auto-

matically diluted with nitrogen if the hydrogen concentration rises.

16. Steam Generator blowdown tank. This tank receives blowdown from the

secondary side of tt: steam generators. The tank is open to the

atmosphere and norm. 'y drained to the circulating water system.

17. Turbine building. Lst fission and corrosion products plate out in

the condenser, moisture separator and reheater. The total activity

plated out is relatively insignificant.

18. Tritium releases. The spent fuel storage pool, the refueling water

storage tank, and the primary water storage tank may contain signifi-

cant amounts of tritium. Liquid pathways have not been examined in de-

tail in this report. In the spent fuel pool loss of cooling accident

analyzed in Chapter 3 the affects of tritium vapor were not calcu-
,

,

lated.

19. Decontamination building. Any liquid spills would drain into the

sumps, thence to the liquid waste processing system. The ventilation

vent contains a radiation monitor which can divert the flow through
|

charcoal filters. A possible accident scenario is a rupture of the

fluid waste treatment tank during transport of a spent resin cask.

l
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4.2 RESULTS OF SURVEY

No major new accident scenarios were identified during the detailed ex-

amination of the plant drawings in the FSAR. Most components containing re-

latively high amounts of radioactivity were protected by multiple barriers

from an accidental release to the environment. The following scenarios are ,

among the more significant of those identified.
'

1. Failure of rupture discs in the pressurizer relief tank and failure to

isolate containnent.

2. Spill of spent resins during flushing.
~

3. Leakage of Boron recovery tanks when the gas stripper is being bypas-

sed.

4. Tritium releases ~ .n the spent fuel pool.

5. Rupture of fluid waste treatment tank during transport of a spent fuel

cask.

On the basis of a very conservative preliminary analysis, the risk from

these events is in Section 3. If a more realistic less conservative analysis

were made, one could expect a significant reduction in the risk estimates.

Those major sources identified by this radionuclide inventory survey were then

subjected to a boundary analysis. This was accomplished by applying broad

probabilities to the failure of each boundary that prevented the release of

the inventory to the biosphere. If a high failure probability, and a high
G

radioactive inventory were simultaneously found, the sequence was analyzed in

greater detail and appears up in Sections 2 and 3 of this report.

f

l
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5.0 RESULTS

In Figure 5.1 the weighted complementary cumulative distribution functions

for each of the sequences analyzed are plotted with LER releases and compared

to the results of WASH-1400 for meltdown accidents. Table 5.1 describes each

specific sequence shown. Although there are some uncertainties associated
|

with the treatment of the LER data, related to the accuracy with which re-

leases are reported and the applicability of the past performance of reactors

to the prediction of future perfonnance under changing licensing conditions,

these data do represent actual experience. Larger uncertainties are asso-

ciated with the extrapolation of actuarial data to larger consequences and

smaller probabilities. Although it is difficult to set an absolute upper

Sound on the consequences of Class 3 to 8 accidents it is interesting to ex-

amine two limiting inventories: the maximum primary coolant activity and the

maximum waste decay tank inventory. At a 1% clad defect level the total in-

ventory of 1-131 in the primary system (without spiking) is 70 Ci. The maxi-

|
mum inventory of Xe-133 in a waste decay tank is 43,800 Ci which when weighted

corresponds to 14 Ci of I-131 equivalent. Thus the probability of Class 3 to

8 accidents with consequences greater than 100 curies of equivalent I-131 is

expected to be exceedingly small . The accidental risk spectrum can therefore

be broken down into three regions: the region corresponds to less than 1 Ci

or 1-131 equivalent, which is covered by data; the region from 1 Ci to 10 or

100 Ci of I-131 equivalent, which is controlled by Class 3 to 8 accidents but

which must be examined by the extrapolation of actuarial data or by engi-

neering analyses of specified accident sequences; and the region greater than

10 or 100 Ci of I-131 equivalent, which is controlled by Class 9 accidents and

which is examined by engineering analyses.
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Figure 5.1. The weighted risk calculated for accident scenarios
compared to the LER data and the results reported in WASH-1400.
The curves for the accident scenario are: (1) loss of offsite
power, (2) fuel assembly drop within containment, (3) fuel

,

assembly drop in spent fuel storage pool, (4) steam line
break, (5) core barrel drop, (6) steam generator tube
rupture, (7) LoSP of cooling in spent fuel storage pool,
(8) decay tank

TABLE 5.1
4

PWI ACCIDENT SCENARIO RANKING

Index (Expected
Equivalent I-131 Release Figure 5.1

Accident -Ci/ Reactor Yr) Notations

Gas decay tank 3(-2 ), 2(-3 ) 8

Fuel' handling within
containment 9(-3) 2

SLB with SGTR 5(-3) 4

Fuel handling within SFP 2(-3) 3

Loss of offsite power 1(-4 ) 1

Core barrel drop 1(-5) 5

SGTR with LOP 9(-6) 6

- SFP loss of cooling 2(-6) 7
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In Taole 5.1 the distribution fmctions for each cf tre specified reidant

seqArres have been integrated to cttain the espected release ;er year. The

sequences hrre been rarited in importance recrcirgly. Frm ins;ectic cf

Figure 5.1 it c:es not a;; ear that enoc;n s;ecific accident segwcces have

been analy ed to cbtain an erwelece ta fill in tre risit ccne in tre re;io : cf

1 to 100 C1. It is ccecle'.ed that the use of s;ecific a:cicent seexece an-

alyses, based ca engiruerirs calculations, is cet ;ractical in this intermedi-

ate area. The rz:ncer of evaluatices reeded to even tc;e to icentify sna11 sec-

tiens cf tre rist erwelcee in tre ran;e c' I to ICC Ci is large cd re;uires a

ran;cuer irwestment, beyced the s:c;e cf tnis ; reg-as, with re ;uarantee cf

results. InsteE it spears that an extra:clatien cf t.*e rtuarial, LE% cata

will produ:e a usable c;;er ber4. It is interestin; to ewri e the ;ctectial

inpact co rist of varicas extra:clatices cf tre rtuarial da:a ter:ugn tais

regico. In Fiscre 5.2 three ;cssible extra;clatices are s*c., rib insolve

varf rg degrees cf cc servatism. The Cerve 1 ass:s; tion :nat tre ;rct.aoilityi

does r:ot decrease in this re;ica is clearly an ;;;er tou-d. In Table 5.2 v e

results cf integratirg the cifferent re: ices cf tre rist cene are trulate:.

- Also s.%=n fer carparatise pur;cses is the eignted an cal release cf racio-

activity frar an nerage 77. frm ncntal :ceratices. Exce:t for t~e iery cce-

servative extra;olation of Class 3 : 5 data in Curve 1, t*+ ex;ected release

frm Class 3 to 5 a:cidents as defired in nis recort is small in carr;arison

to ncrsal operational releases ard very snail in ccur:arisce to Class 9 acci- i

dents. For a detailed ciscussion cf all cecclusicts cf trnis ris.t assessserar, |

i reference Section 5 cf this re:crt.

l
|

|
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Figure 5.2. Extrapolation of the weighted risk curves in'the regime
intermediate between the LER data and WASH-1400

. , .

. TABLE 5.2

COMPARIS0N OF THE EXPECTED EQUIVALENT

I-131 RELEASE FOR PWRs

Expected Equivalent I-131
Release (Ci/ Reactor Yr)

Class 3-8 accidents

Actuarial (<2.5 Ci) .04

Extrapolated (2.5-100 Ci) .14

Curve 1* .06

Curve 2* .05

Curve 3*

Class 9 accidents (> 100 C1) 540

Normal PWR. operational releases ** 1.7

*From Figure 5.2

**" Radioactive Material Released from Nuclear Power Plants .in 1974," Nuclear
'

Safety, Volume 18, No. 1, 1977.
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6.0 CONCLUSIONS

o

The risk from Class 3 to 8 accidents in a pressurized water reactor have

been investigated using methods similar to those used in WASH-1400. The re-

sults of the study must be considered preliminary since it was not possible

within the prescribed scope of the effort to examine accident sequences or

actuarial data to the extent that would be necessary to make definitive state-

ments on risk. In particular, the uncertainty bounds associated with the

estimated risk curve have not been determined although some insights into

their magnitude have been explored. The results that have been obtained, how-

ever, do strongly suggest the following conclusions.

1. Class 3 to 8 accidents, as reviewed in this report, provide a small '

contribution to risk in comparisen with Class 9 accidents and normal plant

releases. This conclusion is shown clearly in Table 5.2 and is relatively

insensitive to uncertainties in the risk estimates. Some important inferences

to reactor safety research and reactor regulation can be drawn from this con-

clusion.

i. The development of improved systems to reduce the consequences of

Class 3 to 8 accidents is probably unwarranted. If it were felt that

the risk of these accidents were unacceptable, efforts should first be
,

directed at reducing normal releases or in reducing the risk of Class

9 accidents.

ii. The importance of Class 3 to 8 accidents to the regulatory and licens-

ing process is not derived from any significant risk to the public
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from the consequences of these accidents. In evaluating the response

of the plant to Class 3 to 8 ac'cidents the focas of concern should be

on the margin that exists between a controlled accident and degenera-

tion of, the acc,ident into a Class 9 accident with core damage above

that as considered in this report.

2. LER data can.be used to examine a major part of the risk cf Class 3 to

3 accidents. The use of the LER data for estimating risk was hampered con-

siderably by lack of uniformity in reporting releases. More effort is war-

ranted in evaluating the accuracy of the data and in the use of the data to

extrapolate to lower probabilities in combination with engineering analyses

than could be undertaken in this project. A major portion of the risk curve

for. Class 3 to 8 accidents was developed from these data, however.

3. Partial failure analysis is a useful extension of WASH-1400 risk

methodology. The binomial characterization of failures is not adequate for

the analysis of all accident events. The methods of partial failure analysis

were found to be a practical means of analyzing events which have a spectrum

of potential outcomes. By separating the variation in parameters frm the un-

certianty associated with ignorance, it was possible to develop uncertainty

bounds for the risk curves which were developed through this method of an-

alysis.

46 Noble gases are as important as halogens to the consequences of Class

3 to 8 accidents. In general the analysis of Class 3 to 8 accidents in safety

analysis reports is very conservative. This is usually particularly true for

iodine releases. Although models developed in this study indicated iodine

I spiking to be a major contributor to iodine release, in most accidents the

amount of iodine which would be expected to escape on a realistic basis is

| smal l .
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5. The 10CFR50 accident classification schcme is reasonably representa-

tive. Although considerable effort was' devoted to identifying new accident

sequences or variations of old accident sequences, only a few new sequences

were identified of potential significance.

6. Weighting of radionuclides is essential to the interpretation of risk.

Although tha factors used for weighting the importance of radionuclides can-

not be detennined precisely, they do add perspective to the results. In many
z

accidents organic iodine was found to dominate the release on a curie basis

but when weighted became camparatively insignificant. The importance of noble

gases is also over emphasized on a curie basis. The significance of Class 9

accidents to the risk of nuclear power reactors becones even more apparent,

however, when the releases are weighted as demonstrated in Table 5.2.

. .

;

)
!

,
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APPENDIX A

RESULTS FROM WEIBULL CURVE
FITTING 0F LER DATA

V

A.1 The Weibull Distribution

In order to use the data in further studies, it is convenient to describe

it in tenns of a paraletric distribution with a small nunber of parameters.

It may then be possible to relate these parameters to basic factors which

affect the releases (24). A code WBFIT has been developed to fit the data to

a Weibull distribution. The code and statistical techniques are described in

Appendix B. Here we shall briefly describe the procedures adopted.

The observed data, the number of curies released in the reportable in::1-

dents, spans several orders of magnitude, is always positive and is char-

acterized by a distribution with a long tail. A priori, any theoretical

distribution with these characteristics _could be examined, eg. log nonnal,"

ganina cr Weibull. At present the Weibull distribution has been selected,

since it has many convenient features and is characterized by a flexible dis-

tribution shape. We will test the Weibull assumption with statistical hypo-

thesis tests. The Weibull distribution involves two parameters,6, a shape

parameter, and 6 , a scale parameter. It does not seem necessary, at present,

to use the three parameter Weibull distribution. The probability density,

f(x), for the Weibull distribution is

(f / \[ /f(x)=
(|)exp

( A.1)
-

;
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and the complementary cumulative distribution is

F(x) = exp (xj6)8 (A.2)-

Several estimators for the parameters 8 and 6 have been suggested. The

maximum likelihood estimator has small mean square error, is asymptotically ef-

ficient(25), and tables are available to correct for the bias in small

samples, so this method has been selected. Code WBFIT solves the implicit'

equations for 8 and 6 by the Newton-Raphson method. Tables (26) are

incorporated in the code to correct for bias and to calculate the 5 percent

and 10 porcent upper and lower confidence limits for 8 and 6.

WBFIT performs several tests on the goodness of the fit between the ob-

served data and the distribution based on the estimated parameters. The data

and theoretical curves are also plotted in order that a visual judgement may

be made concerning the choice of the theoretical distribution. The Chi Square

test is applicable to a camposite hypothesis, that is a distribution function

which involves estimated parameters. The data are grouped into intervals and

the observed number of data points in each interval is cmpared with the

nuirber predicted on the basis of the theoretical distribution. The test

requires sample sizes larger than about 15. Since many of the samples are

small, an additional test is required for samples smaller than 16. Mann et

al(27) constructed a test specifically for t|.e Weibull distribution. The

code uses the tables published by Mann et al(27). The significance level

based on the Kolmogorov-Smirnov(25) diitance is calculated. This test is a

classical test for a completely specified distribution and may be used if the

Weibull parameters are preassigned. Further details are given in the report

onWBFIT(28),
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A.2 Comparison of Data with a Weibull Distribution

The code WBFIT has been used to calculate the parameters of a Weibull dis-

tribution and to check the adequacy of the fit for the data on all of the re-
,

leases and for the data broken down among the specified categories used. More

details of the code are given in. Appendix B. For brevity, we shall give only

a selection of the results here, the complete set of tables is available upon

request. WBFIT produces two different plots to provide a visual estimate of

the appropriateness of the choice of a Weibull distribution. Th'e first. plot

used Weibull probability paper, with the y axis in(In(1/F)) and the x axis

in(activity). Under this transformation, a Weibull distribution becomes a

straight line. Any marked departures of the underlying distribution from the

general shape of a Weibull distribution will show up, e.g., the data may tend

to follow a curve or may break into subsets rather than lying along one line.

This plot is also useful in detecting outliers. The second plot consists of

F(x) versus x = log (activity). This plot allows one to assess how well the

theoretical distribution describes the observed data in different ranges. The

infonnation fran the plots couplements the results of the statistical goodness

of fit tests described in this section. These. statistical tests assess quant-

itatively the overall adequacy of the hypothetical distribution to describe

the data, but do not give any clues as to why the fit may be poor.

Figure Al .shows the two plots for all the releases. The fit of the hypo-

thetical distribution is better than the 20% significance level using the Chi
Square test. Figure Ala is the plot on Weibull paper. Apart fran the 5

largest releases, the other data points lie close to the straight line. The 4

largest of these 5 releases are included in the data sample since they are

reported in the LER file. However, these releases are cumulative releases

- 139 -
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over a quarter in contrast to the other releases which occur over a time span

of at most a few hours. Including these releases causes the theoretical dis-

tribution to be chosen so that it has a longer tail than if those 4 events

were excluded from the study.

Table A1, shows, for the major systems, the estimated parameters a and 6,

together with the 95% confidence range for these parameters, and also the

significance level of the goodness of fit tests. The fit is reasonable in

most cases. For the primary coolant system the fit is significant at the 9%

level and for the liquid radwaste system at the 6% level. Figure A2 shows the

plotted curves for the gas radwaste system. There is some scatter of the

points but the general description is adequate over the central part of the

- range as is borne out by Table A1. Figure A3 shows the plotted curves for the

liquid radwaste system. Table Al indicates that the overall fit is poor. In

Figure A3a, the data would be better described by drawing two lines, one

through the points with activities less that 10-lpC1, the other line through

the remaining points. This suggests that the distribution may be better des-

cribed as some other distribution or as a composite of two Weibull distribu-

tions rather than in terms of one distribution. In the high level drains the

concentrations of fission products are typically of the order of 10-lpCi/cc

and in the low level drains typical concentrations are 10-3pCi/cc. This

bimodal distribution of the inventory in the systen will affect the shape of

the distribution of the releases.

The remaining figures were chosen to illustrate the effect of breaking the

data down into finer categories. Figure A4a shows the difference between the

liquid and gaseous releases from the liquid waste systen. Figure A4b shows

the influence of the cause code on the releases from the gas waste system.
|

l
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TABLE Al

STATISTICAL WEIBULL FIT

Fit (% significance-
Parameters level

no. J__ range 8 6 range 6- Chi Mann

All 206- .28 .25 .30 3.2 2.0-4.9 6

Systems '

P

Cont. 14 . .28 .17 .37 2.2 .34-15 14
'

-CVCS 30 .26 .20 .32 4.6 1.3-16 13

Gas Waste
Management 48 .35 .28 .41 8.4 4.1-18 34

Liquid Waste
Management 42 .26 .20 .30 .52 .18-1.6 16

Primary
Coolant 23 .40 .29 .51 9.1 3.5-24 6

Secondary
Coolant 17 .20 .13 .25 - 2.9 .28-32 6

,

149 --

:

i

n -v- w--., y - - - ~g ,n-,._e -,--.ny-,,y, ,--m,, ,-v- - - , . , ,e n , , ,-- . - - - . m--_ w- - - .-_



!

APPENDIX B+

.

.

4

'
CODE DESCRIPTION - WBFIT; A CODE TO

FIT A WEIBULL DISTRIBUTION TO DATA POINTS

:

A code, WBFIT, has been written to assist in the collation and statistical

analysis of data cn releases of fission products. The code plots a histogram

of the observed data, calculates the paraneters of a theoretical Weibull dis-

tribution and performs several statistical tests.

1. Data Plotting - Each set of data may be plotted separately, or, several

different sets of data may be plotted on the saae diagram. Two _different plots

are available, either or both may be selected.

a. Complementary Cumulative Distribution, F. This is defined as 1 minus

the conventional cumulative distribution function so that F(x) =
,

(probability that X > x). Several estimators have been suggested for -

F(x). The bias and mean squared error resulting from some commonly

used estimators are given in Table 5.5, p. 216 of Reference 25. The es-

timator currently used in the code is
.

F(i n) = (1 - 1/2)/n (B.1)

.

The first plot is a histogram of F(i.n) versus log (xj), where xj

is the i'th order statistic of a sample of size n. j

j

b. Weibull Plot. Weibull probability paper is designed so that a Weibull
,
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distribution is a straight line. This is equivalent to plotting.

In[In(1/1 -F(x))) vs In(x). The slope of the line is equal to 8 and

the intercept to 81n(6). The observed data, xt, and estimate F(i n) e

are transformed as above and plotted, in order to assess visually the ,

appropriateness of the hypothesis of Weibull distribution and also to

display outliers. This plot is particularly useful to detect any major

deviations fran a Weibull fonn.

2. Plots of Theoretical Distributions - In either of the above two plots a

curve corresponding to a theoretical distribution may be superimposed on the

data.

3. Confidence Bands for the Distribution Function - For an unknown con-

tinous distribution function, the Kolmogorov-Smirnov statistic Dn may be

inverted to give a confidence band for the distribution function.
,

P F (x) - D (a) 1 F(x) 1 F (x) + D (a) =1-a (B.2 )n n n n

Tables of the.Kolmogorov distance D ( ) have been taken from the Handbook ofn

2Probability & Statistics 9 The confidence band given by equation B2 nay be

plotted.

4. The Weibull Distribution - The two parameter Weibull distribution involves

two parameters, 8, a shape paraneter, and 6, a scale parameter. The proba-

bility density, f(x), for the Weibull distribution is

( { y B-1
~

g~

f(x) = l - 6B)! xI--- X I
| exp -|

( j(6 j 6j (B.3)
. .

and the conplementary cumulative distribution is
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F(x) = exp - (x/6)0 (B.4)

5. Estimation of the Parameters of the Weibull Distribution - Because of the

versatility of the Weibull distribution, there is an extensive literature on

i various methods of estimation of the parameters and different applications of
,

the distribution. Harter & Moore (30) have shown that the maximum likelihood,

best linear invariant and best linear unbiased estimators have nearly equal

mean square error. Also it can be shown(24) that all these estimators are

asymptotically efficient amd asymptotically normal and hence asymptotically

tend to their respective Cramer-Rao bounds. Mann(31) has shown that moment

estimators are less efficient. The calculation of linear estimators involves

the extensive use of tables (24), which are available only for certain sample

sizes. So the method of maximum likelihood has been selected in this code.

The maximum likelihood equations for 8 and 6 are

-
-

(n in { y f
| E *g inx )i | E

*g)
l i l i 1 -| 1/s - I1nx \j n=0 (B.5)

(1 j/ (1 j ( j ( j/,

-
-

0 =!I x0 (B.6)6 n
(g'

>

Equation BS is an implicit equation for s and is solved by the f;ewton-Raphson

method. The iteration is stopped when the (n + 1)th approximation S +1n

satisfges
8

(8 +1 -O}/Onic (B.7)n n
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where. accuracy c is specified .in the input., 3. is then found fran equajion
(B6). In orderho start the iteration a first guess is required for s. This

may be supplied as input, alterna' ively,-if the approximate _ valve of g is not
-

t

known, the code _ will automatically generate an initial estimate of 8. -The code -

calculates this es,timate by a procedure equivalent to using Weibul'1 probability
,

,

paper wherein 6 is equal to the slope of the fitted straight'line. [In most 'of

= the cases considered less that 5 iterations are required for a fractional ac-

curacy, c , of .0001. -

.

'

The asymptotic covariance matrix of 6 & h is26

2
1 1 - .6088 .2576; 2 2 (B.8)n .2576 1.1096 fg

,

^

so s/8 is asymptotically normal with a mean 1 and variance .608/n & 81n(3/6) is
^

asymptotically nonnal with mean 0 and variance _1.109/n.. Thoman et a126 have

investigated the rate of convergence to the asymptotic distributions.- For ex-
'

ample the 5% confidence limits for 8 based on the asymptotic expression' agree

with the true values within 1% for sampl,es of size , greater than 120. Thoman et
2al 6 have calculated the exact confidence intervals and the unbiasing factor

for 8 for small sample sizes using a Monte Carlo method. The tables given by

these authors have been incorporated in the code. The code automatically cor-

rects for the bias in the maximum likelihood estimator of 8 and calculates the
1 5% & 10%, upper and lower confidence limits for 8 and 6.

6. Tests for Goodness of Fit to the Weibull Distribution

a. Graphical Test. The theoretical curves-may be superimposed on plots of

the observed data. This permits a visual inspection of the adequacy of ,

the theoretical distribution. The second plot on "Weibull paper"
'

.
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would show up any large departures from linearity, and also is useful

in detecting outliers.

I b. Kolmogorov-Smirnov Test. The Kolmogorov-Smirnov test is a classical

test, which applies to testing the assumption that the data belongs to

a completely specified distribution, i.e. one for which all the para-

meters as well as the form of the distribution are known. Analogs of
,

the classical tests may be justified in certain circumstances (24)

when the theoretical distribution involves estimated parameters. The

statistic used in this test is

D = max ij-h(x$) (B.9)

where Fj is an estimate of the distribution function and h(xj) is

the value of the assumed distribution at the point xj. The table of

the critical values of D at different significance levels is taken from

the Handbook of Probability & Statistics (29),

c. Chi Square Test. This test can be applied to a caposite hypothesis,

that is a distribution function which involves estimated parameters.

However the data must be grouped so some information is lost. The sam-

ple space is divided into a number of intervals and the statistic

W=I (04 - e )2/e (B.10)9 j

is calculated where Oj is the number of data points in the i'th

internal and ej is the expected number predicted on the basis of the |

postulated distribution. The exact value for W depends on the choice
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of intervals, a systematic procedure (35) is to choose the intervals

so that all the ej are equal. As a general rule the subdivision

should be such that most ej 2 5. The code uses a maximum number of

intervals which is common with these two conditions. The distribution

of W is x2with 1-m-1 degrees of freedan where 1 is the number of inter-

vals and m the number of estimated parameters. A subroutine (GFIT) in
'

the IMSL library is called to perfonn the Chi Square test. This test

is best for larger sample sizes and is not applicable for samples smal-

ler than 15.

d. Mann Test. Mann et al(27) have developed a goodness of fit test

specific to the Weibull distribution. For brevity, we shall here refer

to this as the Mann test. Mann et al(27) have shown that the Mann

test is more powerful than the analog of the Kolmogorov-Smirnov test

and several other tests, against the hypothesis of a log normal or

three parameter Weibull distribution. The test statistic S is
!

l

[ {n-1
) (n-1 )! S=- l 1 (B.11)1 $ 1 9

k=n/2+1i 1
.

where

j = (T +1 - T )/(E(Zgy) - F(Z ))l i $ j

T5 = in x1 ,

Zj = 8(in x$ - In 6)
,

and xj is the i'th order statistic. The asymptotic distribution of S

is a beta distribution with parameters [(n-1)/2] and [n/2]. Mann et

al(27) have calculated the percentiles of the distribution of S using
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a Monte Carlo method. The caputed values agree to 10% with those based

on a beta distribution for n > 16. The code uses tables of the dis-

tribution for S and tables for (E(Zj+1) - E(Zj)) .to calculate a

significance level for the theoretical distribution.

!

o

.
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APPENDIX C

WASTE GAS DECAY TANK Ib, VENT 0RY

As indicated in the Surry SAR, the combined volume of the two Surry waste

gas decay tanks is sized to process gas from the estimated annual average -

letdown flow of 17 gpm to the Boron Recovery System gas strippers. The
~

average letdown flow is based on simultaneous operation of the two reactor

units. The average gas stripping rate is proportional to the average letdown

flow rate. This average flow rate depends on the ' plan of operation for the
>

i reactor plant. As indicated in Section 9.2 of the Surry SAR, the Boron

Recovery System can accommodate letdown flow due to daily load following and

weekend Icad reductions on both units to. nearly the end of core life with the

daily load follow cycle basis consisting of 12 hr. at full power, a unifonn 3

hr. ramp reduction to 50 percent power, 6 hr. at 50 percent power, and a uni-

form 3 hr. ramp increase to full power. On this basis, the average annual

letdown flow for the two units is 17 gpm. The gas decay tanks are sized.so

that a 17 gpm letdown rate with the recombiner not operating gives an average

gas holdup time equivalent to approximately 5 half-lives of Xe-133 or 30 days.

The volumetric flow of gas stripped from the primary coolant can be esti-

mated as follows. At a 17 gpm (64.351/ min) letdown flow rate to the Baron

Recovery System, assuming a water density of Ig/cc, the mass flow rate is 64.4

kg/ min. The concentration of hydrogen in the primary coolant is assumed to be

35 cc/kg and is 90 percent by volume of the gas in the coolant. If we assume

all the gases are stripped in the gas strippers, then the gas stripping rate,

QSR, is given by

OSR " NLF x C /I (C.1)H H
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1

where

.WLF = letdown mass flow rate, kg/ min

CH = hydrogen concentration in primary coolant, cc/kg

fH = hydrogen fraction of gases in primary coolant.

For the parameters given above, the average annual gas stripping rate'is given

as

QSR = 2500 cc/ min = 0.088 scfm

In Table 11.2.1 of the Surry SAR, the waste gas decay tank volume is given'

as 434 ft3 and the operating pressure is given as 115 psig. Assuming the

waste gas i- initially at atmospheric pressure, the time to fill a tank is

given by

tF = Pop VDT/1440 PATM QSR (C.2)
'

where

tF = time to fill one decay tank, days

POP = tank operating pressure, 130 psia

3VOT = gas decay tank volume, 434 ft

PATM = atmospheric pressure, 15 psia, and

QSR is defined above.

Using the above defined parameters, the time to fill one tank, assuming

the recombiners are not operating, is about 30 days.
,

The Surry SAR states that if the gas recombiners are operating, the gas
|
|

volume to the waste gas decay tanks is reduced 90 percent by the recombiners.

I In this case, the number of days to fill the waste gas decay tanks would

increase by a factor of 10 to about 300 days.

The buildup of activity in the waste gas decay tanks can be estimated as

follows. Assume that waste gas is fed to the waste gas decay tank at a
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constant rate, Q, with constant concentrations of various radionuclides, .aj.

In the tank each nuclide decays at a rate proportional to its decay constant,

Aj. The following differential equation describes the buildup of activity,

Aj, in the tank:

dA;
= Qa - A A (C.3)dt j jj

where

Aj(0) = 0
(C.4)

Solving for Aj(t), the tank activity at any time t,

Qa IA (t) = (1 - e-A t) '(C.5)j i
i ,

The equilibrium activity is reached when Aj does not change with time and is

given by

^i " 081 1 (C.6)

In using this approach, we have neglected the buildup o' activity due to

daughter isotopes.

Table El provides the equilibrium activity in the waste gas decay tank for

various noble gas and iodine isotopes for a clad defect level of 0.12 percent.

The equilibrium primary coolant activity concentrations are base'd on values

estimated from the PWR-GALE report. The waste gas activities are based on a

17 gpm average annual letdown flow to the gas strippers where 100 percent of

the noble gases and 0.1 percent of the iodines are removed from the primary

coolant. The recombiners are assumed to be operating. Thus, the feed cycle

is 300 days in duration.

,
During the course of reactor operations, radioactive gases in the vapor

space of the Volume Control Tank (VCT) and gases resulting from the
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degasification of the primary coolant prior to cold or refueling shutdowns

would also be directed to the waste gas decay tanks for holdup prior to re-

lease. The inventory of gases in the primary coolant which would be directed

to the waste gas decay tanks in the event of a cold shutdown can be estimated

fran the equilibrium coolant activities given in Table C1 and the mass of the

8primary coolant, estimated to be 1.78 x 10 9 The next-to-the-last column

of Table C1 tabulates the noble gas and iodine activity which may be directed

to the waste gas decay tanks after degasification of the primary coolant.

This tabulation assumes 100 percent of the noble gases and 0.1 percent of the

iodines are degasified. The radionuclide inventories within the vapor space

of the VCT have been estimated in Appendix D. These are tabulated in

the last column of Toble C1.

Since the primary coolant is degasified and the vapor space of the VCT

vented on cold or refueling shutdowns, it was of interest to estimate the

number of cold shutdowns per reactor-year. In Appendix V of the Reactor

Safety Study (l) it was estimated that there were cold shutdowns, but three

of the ten were orderly, slow shutdowns for maintenance, leaks, and so forth.

These three could be considered cold shutdowns. An EPRI report (32) discus-

sing sources of radiciodine at pressurized water reactors (PWR) provided shut-
I

ldown information for three PWR's. Based on this information, the number of
,

1

cold shutdowns was estimated to be three per reactor year, or for the two

Surry reactors, a total of six cold shutdowns per year. It is assumed that

two of these shutdowns are refueling shutdowns which would occur at a known

time. The other four shutdowns could be assumed to occur randomly within the

operating cycles of the two reactors.
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YABLE C1

WASTE GAS ACTIVITY BUILDUP

Equilibrium (l) Decay Waste Gas Tank Activity ' Activity Re- Vol. Control
Isotope- Coolant Activity Constant,1 Decay Tank After 20 Day sulting from Tank Vapor

4 (min)- Actjyity, Decay Ci Primary Cool- Space Acti-
uCi/9 A

Aj l 1 Ci ant Degasift- vity Ci

cation Ci

Kr-85 0.013 1.23(-7) 352(3) 350.8 2.3 1.6

Kr-85m 0.11 2.63(-3) 2.68 0" 19.5 5.5

Kr-87 0.062 9.12(-3) 0.44 0 11.0 1.3

Kr-88 0.20 4.14(-3) 3.1 0 35.5
^

7.4

8 Xe-131m 0.029 4.03 (-5 ) 46.1 14.4 3.9 ~ 1.9

Xe-133 7.5 9.13(-5) 5257 379.1 1331 487
%

Xe-133m 0.13 2.13(-4 ) 39.1 8.5(-2) 23.1 8.1
,

:

Xe-135 0.33 1.26(-3) 16.8 0i 58.6 15.9

Xe-135m 0.014 4.42 (-2 ) 0.02 0 2.5 0.064

Xe-138 0.046 4.88(-2) 0.06 0 8.2 0.20

1-131 0.25 5.97(-5) 0.27 0.05 0.045 , ----

I-132 0.10 5.06(-3) 1.26(-3) 0 0.02 ----

I-133 0.36 5.55(-4 ) 0.04 0 0.064 ----

I-134 0.05 1.33(-2) 2.41(-4) 0 8.9(-3) ----

I-135 0.19 1.73(-3 ) 7.03(-3) 0 0.034 ----
,

(1) Activity modified for Surry using adjustment factors s'pecified in PWR-GALE' report.

(2) Activity assuming a 64.4 kg/ min average annual letdown flow with 100 percent
of noble gases and 0.1 percent of iodines removed in gas stripper.

(3) The activity for Kr-85 is the maximum value ~ based on a 300 day feed cycle.



TABLE C2

CONSTANTS OF PROPORTIONALITY FOR USE IN
DETERMINING THE PROBABILITY DENSITY

FUNCTION FOR RADIONUCLIDES IN S E
WASTE GAS DECAY TANK

Isotope Waste Gas Decay Constant of
-Tank Inventory, Aj Proportionality, Bj

C1 Ci/% Failed Fuel

Kr-85 352 ---

Kr-85m 2.68 22.3

Kr-87 0.44 3.7

Kr-88: 3.1 25.8

Xe-131m 46.1 384.2

Xe-133 5257 4.38(4)

Xe-133m 39.1 325.8

Xe-135 16.8 140.0

Xe-135A 0.02 0.17

Xe-138 0.06 0.54

I-131 0.27 2.25

I-132 1.26(-3) 0.011

I-133 0.04 0.33

I I-134 - 2.41 (-4 ) 2.01(-3)
l

( I-135 7.03(-3) 0.059

:

|

|

|
!
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In the event of a cold shutdown, the waste gas decay tank activity would ;

b: increased by the gases vented from the VCT vapor space and the gases re-

sulting fran primary coolant degasification. For the noble gas of primary,

interest, Xe-133, the tank activity would be increased by about 35 percent by

the activity fran these sources. We think this variation would be within the

uncertainty of the activity within the waste gas decay tank and would ignore

it in estimating the waste gas decay tank radionuclide inventory.

For the majority of the radionuclides under consideration here, equili-

brium is established in the waste gas decay tank in a time period on the order

of several days. Thus the radionuclide concentration in the decay tank can be

assumed to be directly proportional to the instantaneous clad defect level in

the core. Equation C.7 expresses this relationship.

Aj = Bj x fcd (C.7)
where

Bj = constant of proportionality

fcd = percent of fuel cladding defected.

The values of Bj are presented in Table C2. Since the probability density

function for clad defect level, 9cd, is known, the density function,

gj(Aj), for the concentration of each radionuclide in the waste gas decay

tank is:
A

g (A ) = k g d ( B ) (C.8)j $ c
1 i

For the longer lived radionuclides such as Kr-85, a statistical treatment

of the inventories would be more difficult because a relationship has not been

derived between defect level and time in a cycle.

6
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Since the activity of Xe-133 in the Waste Gas Decay Tank is an order of

magnitude greater than the maximum activity of Kr-85 and because the health

effects per curie of Xe-133 are greater than for Kr-85, it should be accept-

able to limit consideration to Xe-133 in the analysis of an accident in the

Waste Gas Decay Tank. Tb; more difficult problem of deriving a density func-'

tion for Kr-85 inventory does not have to be resolved, therefore, another

i argunent for ignoring the release of Kr-85 in this accident is that it would

all be eventually released anyway.
.

i

|

,
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APPENDIX D
,

VOLUME CONTROL TANK VAPOR SPACE ACTIVITY ~

D.1 Source Term Calculations

The. Volume Control Tank (VCT) is part of the chemical and volume control

systen (CVCS) in the Surry Plant. The CVCS provides a variety of functions to

the plant including the following:

1. Injection of negative reactivity in the form of boric' acid solution

2. Chemical additions for corrosion control

3. Reactor coolant cleanup and degasification

4. Addition of Reactor Coolant System (RCS) makeup water

5. Seal rater injection to the reactor coolant pump seals
.

6. High pressure flow to the Safety Injection System (SIS)

7. RCS filling

8. RCS draining to the Primary Drain System (PDS) is ^ accomplished through

the excess letdown flow path of the CVCS.

Figure D1 is a graphic representation of the Surry Volume Control . Tank.

.,

The vapor space of the VCT, which contains primarily hydrogen and water

vapor, is automatically supplied hydrogen as detennined by pressure control.

The hydrogen in the VCT is the supply source for the reactor coolant. Fission
~

gases are periodically renoved fran the systen by venting the VCT to the vent

and drain system (VDS) or by diverting the letdown stream to the gas stripper

in the Boron Recovery System (BRS) prior to a cold or refueling shutdown. The

( following model is used to estimate the activity of noble gases in the vapor
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space of the volume control tank. Referring to Figure D2, a . liquid stream of
_

volume flow Q with a concentration of species i given by Cj is sprayed into

the volume control tank. The stripping fraction for the spray process is

given by a. A liquid steam of volume flow Q leaves the volume control tank.

The rate of change of activity of species i in the gas space and liquid space

of the vdume control tank is governed by the following equations:

dG

QC a - A G$$-TGW " dt$
*

dL

QC (1-a) - A L$ 9_+ TGW ~ Ol I dt
"

g i *

where

Q = liquid volume flow
'

Ci = concentration of species i in incoming volume flow

Aj = decay constant for species i

Gj = activity of species i in the gas space

Li = activity of species i in the liquid space

V = volume of the liquid space in the volume control tank

TGW = rate of transfer of activity from the vapor to the liquid<

a = stripping fraction for the spray process.

Summing Equations D.1 and D.2, the following equation is obtained.1

dA.
QC9-AAj 9 - QL /V = dt (D.3)$

where

Aj = Gj + Li (D.4)
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a

If we assume that' species i in the liquid and vapor spaces are in
,

equilibrium, then

Gj/VG = k l /V ( D. 5) ~-ii

where
-

VG = volume of the vapor space in the volume control tank

k J = partition coefficient for species ! between the liquid and vapor.

Combining Equations D.3,-D.4, and D.5 to eliminate Aj and Lj from 'l

Equation D.3, we get

dG

(1 + V/k V ) dtgG i - i(1 + V/k V /V))G (D.6)"
jG g

-(Q(1 + V/k V )/V(1 + k V /V))Ggg gg $

,

OF dg

= QC /(1 + V/k V ) ~ A Gi 4 - (Q/V(1 + k V /V))G (D.7)dt j 9G gg 4

.

Assuming that Gj(0) = 0, the solution to Equation D.7 is
*-

* -A t
G9 = (QC /(1 + V/k V )A ) (1 - e j)

v

g gg 4 (0.8)

where

.

j + Q/V(1 + k V /V) (D.9)
A =A jg

This model will be used to estimate the maximum noble gas activities in the

Surry Plant volume control tank vapor space. In order to carry out the cal-

culations, the partition coefficients, kj, for the noble gases of interest,
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krypton and xenon, must be. estimated. This estimate is carried out in Section

D.2. Table D1 presents the parameters used in det'ermining the maximum noble

gas activities in the volume control tank vapor space. Table D2 presents the

calculated activities and, for comparison purposes, presents the maximum
.

activities as detennined fran the vapor space noble gas activity concentra-

tions given in Surry SAR Table 9.1 - 6.

We believe that the equilibrium inventories given in Table D2 which are

based on the PWR Gale report (7) modified fission product activities rep-

resent the best estimate of the activity in the vapor space of the Volume

Control Tank. In lieu of actual operating data, we would use this inventory

as the best estimate of activity which might be released fran the VCT vapor

space.

Because equilibrium is established in the vapor space of the volume con-

trol tank within a day for all radionuclides, the concentration in the vapor

space can be assumed to be directly proportional to the instantaneous clad de-

fect level in the core.

Gj = Bj x fcd '(D.10)

where Bj = constant of proportionality

| fcd = Percent of fuel cladding defected.

Values of Bj are presented in Table D3.
*

I

| Since the probability density function for clad defect level, gcd, is |

known, the density function, gj(Gj), for the concentration of each radio-

! nuclide in the vapor space of the volume control tank is:
!
I
'

G
9i(Gj) =

9cd( )B
| i 1

|

i
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TABLE D1

. PARAMETERS USED IN CALCULATING MAXIMUM N0BLE GAS*~

ACTIVITIES IN VOLUME-CONTROL TANK VAPOR SPACE

Q =.120 gpm* = 16.04 cfm (maximum) Surry SAR Table 9.1-2

V = 120 ft3 Surry SAR Table 9.1-5

3Vg = 180 ft Surry SAR Table 9.1-5-

k r = 24.0 Appendix AKj

k e = 13.1 Appendix AX

,

*The volumetric flow rate is based on water at 130 F and 2365 psia
3(o = 62 lb,/ft ).

1
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TABLE D2

VOLUME CONTROL TANK VAPOR SPACE NOBLE GAS ACTIVITY INVENTORY

Primary PWR-GALE PWR-GALE
Coolant SAR Modified Primary Modified

Decay Concentration (1) Vapor Spp p Vapor Spap Coolant -Vapor Spa
Inventory \p1 Inventory \ Concentratiod4) IriventoruCi/ccConstang Aj

Isotope (mi n)- Ci Ci Ci/cc U Ci
'

Kr-85 1.23(-7) 2.42(peak) NA 9.4 0.01 1.6

Kr-85m 2.63 (-3 ) 1.14 109.1 185 0.081 5.5

Kr-87 9.12(-3) 0.78 36.6 37.2 0.046 1.3

Kr-88 4.14 (-3 ) 2.81 216.3 19 6.7 0.15 7.4

h Xe-133 9.13(-5) 188 16723 15393 5.5 487

U Xe-133m 2.13 (-4 ) 1.87 162.8 167.2 0.10 8.1
' Xe-135 1.26(-3) 5.2 392.5 345.6 0.24 15.9

Xe-135m 4.42(-2 ) 0.13 1.5 1.1 0.010 0.064

Xe-138 4.88(-2) 0.35 3.7 3.7 0.034 0.19

..

(1) Taken from Surry SAR Table 9.1-5.

(2) Calculated using the model . presented here.

(3) Obtained by multiplying vapor space concentrations given in Surry SAR Table 9.1-6 by the
volume of the vapor space in the volume control tank.

(4) As detennined in Appendix B.

(5) Calculated using nodel presented here with nonnal letdown flow (60 gpm) and the PWR-GALE'
modified prinary coolant concentrations given here.
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TABLE D3
.

CONSTANTS OF PROPORTIONALITY FOR USE IN DETERMINING THE
PROBABILITY DENSITY FUNCTION FOR THE RADIONUCLlDES

IN THE VAPOR SPACE OF THE VOLUME CONTROL TANK

Volume Control Tank Constant of
i Vapor Space Proportionality
; Isotope Activities, Gj Ci B Ci/% Failed Fuel

Kr-85 1.6 13.3

Kr-85m 5.5 45.8 -

Kr-87 1.3 10.8i

Kr-88 7.4 61.7

Xe-133 487 4058.3

Xe-133m 8.1 67.5

Xe-135 15.9 132.5
'

Xe-135m 0.064 0.53

Xe-138 0.19 ~ 1.6

!

!
i

|
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D.2 Estimation of Patition Coefficients for Krypton and Xenon

From the Handbook of Chemistry and Physics,(33) Henry's Law Constants,

7Kj, for krypton and xenon at 55 C are estimated to be 2.55 x 10 mm
7Hg/((mole Kr)/(mole water)) and 1.39 x 10 aim Hg/((mole Xe)/ (mole water)) l

respectively. At 55 C, one mole of gas occupies 25.1 liters at one

atmosphere. The partition coefficient, kj, is given by
|

nun Hg atm mole gas
ki=Ki (mole gas / mole water) 760 mm Hg 25.1 L-atmX X

Xy (D.12)X1000cc mole ter
_

For krypton, k = 24.0Kr
for xenon, k = 13.1

Xe

0.3 Primary Coolant Noble Gas Concentrations

The PWR-GALE (7) report provides a method for estimating the primary
I

coolant noble gas concentrations, taking into account Surry plant conditions.

The report gives the primary coolant noble gas concentrations for a reference

PWR with U-tube steam generators as given in Table D 4. Since design para-

! meters for the Surry plant are outside the ranges specified in the PWR-GALE

report, the concentrations must be adjusted using the Surry design parameters.

The adjustment factor used to acceplish this for the noble gases is given by
1
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TABLE D4

i

!

! PWR GALE REPORT REACTOR COOLANT CONCENTRATIONS f
Sy

(2) (3) (4) (5) D
Activity ModifiedActivity (1) 1 (hr)'I f

4 j for Surry Conditions Activity
Isotope u C1/g uCi/g (uC1/cc) '

! Kr-85 0.15 7.37E-6 .089- 0.013 0.01

KR 85m- 0.11 0.1575 0.994 0.11 0.081

Kr 87 0.06 0.5472 1.04 0.062 0.046

Kr 88 0.20 0.2484 .~1.02 0.20 0.15

Xe 133 18 5.48E-3 0.414 7.5 5.5 ,.

Xe 133m 0.22 0 0128 0.613 0.13 0.10
,

Xe 135 0.35 0.0756 0.935. 0.33 0.24 g,

"Xe,135m 0.013 2.649 1.052 0.014 0.0 0,

Xe 138 0.044 2.929 1.053 0.046 0.034
,

(1) From Table 2-2, p. 2.3 PWR GALE Report
(2) Isotopic half-life

-(3) Ccolant inventory adjustment factor for Surry conditions
' (4) Activities modified for Surry using adjustment factors specified in

PWR-GALE Report
(5) Activity converted to pC1/cc by multiplying by water density at 2250 psia

and 560 Fi

J

p = 46.2 lbm/ft3 = 0.74 g/cc
,

'

I
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_ 162 (0.0009+A[ (D.13)4

f - WP (R+Ai g

.s.
where

fj = adjustment factor for the i-th isotope,

:

P = Reactor thennal power, MWt

WB = Weight of water in the reactor coolant system excluding pressurizer,

lbm

A = Decay constant of the i-th isotope, (hr)-1.

and

R = (FB + FD Y)/WP, (D.14)

where

FB = Reactor coolant letdown flow (yearly average for boron control),
;

1b /hrm

FD = Reactor coolant letdown flow (purification), lb /hrm

; Y = Ratio of total amount of noble gases routed to gaseous radwaste from

the purification system to the total amount routed from the primary
'

coolant to the purification system (not including the boron recovery
,

:

system).
!

For the Surry Plant,

5WP = 3.91 x 10 1bm at primary system pressure and temperature -

3FB = 4.23 x 101b lb (8.5 gpm) )m

4FD = 2.98 x 101b /hr (60 gpm) Table 9.1-4-Surry SARi m

.Y=0

P = 2546 MWt. Table 9.1-4-Surry SAR
1
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For the Surry design conditions,
.

-R = 0.0108,

4 and
0.0009 + A

fi = 1.055 0.0108 + A i

The concentrations of each of the noble gases are then multiplied by the-

appropriate adjustnent factor, fj. Table D4 gives the resulting noble. gas

concentrations based on S!:rry co9ditions. In Table D4 concentrations are also

given in the units (pCi/cc) which allow a direct comparison to the concentra-

l tions presented in Table D2 of this write-up.

!.

/

,

*
r

2

- 177 -

4

. _ _ _



APPENDIX E ,

ESTIMATED ACTIVITY LEVELS IN VARIOUS
WASTE DISPOSAL SYSTEM TAHKS

Radioactive liquid wastes from various sources are processed in the liquid

waste disposal system (LWDS). In the Surry Plant, the LWDS is common to both

units and designed to accanmodate wastes from both units simultaneously. In

carrying out its functions of separating, treating, and disposing of liquid

wastes, the LWDS makes use of the following basic processes:

1) Filtration for removal of particulate matter

2) Evaporation for concentration of radioactive constituents into

liquid and vapor phase separation

3) Demineralization for removal of dissolved material

4) Retention for promoting radioactive decay

5) Dilution for concentration reduction.

Liquid wastes originate in the Reactor Coolant System, the auxiliary and

emergency systems, the Waste Disposal Systen, and as a result of operational

and maintenance procedures. These wastes can enter the LWDS directly from

their source or via the Vent and Drain System (VDS). The VDS classifies

process liquids either for re-use or disposal. As a result, only a small

fraction of the VDS throughput is directed to the LWDS.

A series of three holding tank subsystems make up the waste collection

portion of the LWDS in the Surry Plant with the influents from the VDS dis-

charged to the various holding tanks according to their activity levels.

These tanks include the high level and low level waste drain tanks and the

contaminated drain tanks. The high levei waste drain tanks receive 1.iquid
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waste from a variety of sources including the Boron Recovery System (BRS),

boron recovery tank sumps, laboratory drains, Chemical and Volume Control Sys-

tem, waste disposal evaporation test tanks, contaminated drains tanks, and if

n:cessary, the low level waste drain tanks. The low level waste drain tanks

can receive liquid waste from-the BRS test tanks, the VDS, the decontamination

tanks, and if of sufficiently low activity, the high level waste decay tanks.

The contaminated drain tanks receive liquid wastes from the laundry drains and

th2 PCA shower and lavatory drains.

As indicated in the Surry SAR, the high level waste drain tank contents,

which may have activity levels on the order of 10-lpCi/cc, are processed by

evaporation in the waste disposal evaporator to reduce the activity levels in

theevaporatordistillatetonogreaterthan10-%C1/cc. The distillate is

pumped to the Waste Disposal Test Tanks (WDTT) for sampling to detennine the

resultant radioactivity level and the chemical composition. If still con-

taminated, the test tank contents may be further purified by circulating the

contents through a mixed-bed demineralizer and filter or by recirculating the

contents through the evaporator. If the tank contents are below some speci-

fied maximum activity level, they are discharged directly through the liquid

waste radioactivity monitoring and flow control stations. If the activity

level of the contents of the high level waste drain tanks is such that evap-

oration is not required, these contents can be transferred to the low level

waste drain tanks via a drain line under administrative control. Conte

both the low level waste drain tanks and the contaminated drains tanks are

both filtered and monitored prior to discharge to the circulating water dis-

charge canal. The contents of these tanks can be pumped to the high level

.
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waste drain tanks for evaporation if the liquid activity level exceeds about

10-3pCi/cc.

Sources of PWR liquid wastes, along with their estimated annual ficw rates

and activity levels, are identified in the Surry SAR and in the PWR-GALE

Report (7). Tables El and E2 tabulate the infonnation available there concern-

ing these liquid waste sources.

In order to estimate the act.?lty levels in the Waste Disposal Test Tanks,

we will identify the possible influents to these tanks and the processing they

have received in the Liquid Waste Disposal Systen. As indicated earlier, the

WDTT's collect distillate from the waste disposal evaporator and hold this

liquid to detennine if further processing is needed or release to the envi-

ronment is possible. Liquid entering the waste disposal evaporator is pumped

fran the High Level Waste Drain Tanks. These tanks can receive effluents from

a variety of sources, including the following:

1) The Primary Drain Tank (PDT)

i 2) The Boron Recovery Tank (BRT) sump
#

3) Liquid fran the Catalytic Reconbiner Moisture Separator in the Gas

Waste Disposal System

4) Waste Disposal Evaporator bottoms

5) Waste Disposal Evaporator distillate

6) Contaminated Drains Tanks

7) Laboratory Drains

8) Low Level Waste Drain Tanks

In order to identify possible sources of liquid waste for the High Level

Waste Drain Tanks, we have examined, in addition to the Surry SAR, the SAR's

for Salem, McGuire, Ginna, Oconee, Fort Calhoun, and Sequoyah. Liquid waste

,
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TABLE El

PWR LIQUID WASTES (TWO UNITS)(1)

. Fraction of
Flow Rate (2) Primary Coolant

Waste Source gpd Activity

Laundry Drains 855 1.71(-6)

Sampling Sinks (Turbine
and Aux. B1dg.) 315 1.0

Boron Recovery
System Letdown 4210 1.0

Spent Rasin Flush 110 14.5(3)

Laboratory Wastes 140 2.852(-3)

Reactor Coolant
System Leakage 11 1.0

(1) Based on information presented in Figure 11A-1, Surry SAR
(2) Assuming 292 days / year operation

(3) For the following radionuclides only: Mn-54, Mn-56, Co-58, Co-60, Fe-59.
For all others, activity is zero.
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TABLE E2

PWR LIQUID WASTES (l)

.

Fraction of -

Flow Rate . Primary Coolant -

Waste Source gpd Activity

Containment Bldg. Sump 40- 1.0

Aux. bldg. Floor Drains 200 0.1

Laboratory Drains 400 0.002

Sampling Drain; 35 1.0

Miscellaneous 700 0.01

Turbine Bldg. Floor Drains 7200 Main Steam Activity

Detergent Wastes
(laundry, personnel, equipment,
and cask cleaning drains) 450 Table 3(3)

Condensate Demineralizer
Regenerant Wastes 3400 (4)

(1)- Based on infonnation presented in PWR-GALE report.
'(2) Assuming 292 days / year operation
(3) . Table 6.3 is Table 2-20, PWR-GALE report
(4) Main steam activity to demineralizers. All nuclides removed from second-

ary by demineralizer are removed from resins during regeneration. i
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| TABLE E3

? |

. -i
CALCULATED ANNUAL RELEASE OF RADI0 ACTIVE MATERIALS

IN UNTREATED DETERGENT WASTE FOR PWR

,

Nuclide Ci/yr

1

Mn-54 0.001
>

Co-58 0.004

|' Co-60 0.009

Zr-95 0.0014 )

Nb-95 0.002
4

j Ru-103 0.00014

Ru-106 0.0024

Ag-110m 0.00044
'

I-131
. 0.0006

Cs-134 0.013.

! Cs-137 0.024
i Ce-144 0.005
t.
; Total -0.06

!

,

o
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sources and volumes identified in the various SAR's are tabulated here in

Table E4. We will use the information presented in this table to identify the

likely source of liquid waste in the Surry Plant and to estimate the volume of

waste associated with each source. We will provide a basis for selecting the

liquid waste source and the estimated quantity of liquid waste associated with

each source.

Letdown fluid fran the Boron Recovery Systen is a major source of liquid

6waste. In the Surry SAR, the quantity is estimated to be 1.23 x 10 gpy,

which is 15 percent of the total letdown fluid. The total amount of letdown

appears to be based on an estimated annual average letdown flow of 17 gpm,

which assumes a load-following cycle as indicated in the Surry SAR. For the

other plants surveyed, the letdown flow is about one-half of that given for

Surry and appears to be based on the assumption the plant is base-loaded

rather than load-following. On this basis a more reasonable estimate for the
~

5amount of letdown flow liquid waste for the Surry plant would be 6 x 10

gpy. This fluid is assumed to be letdown primary coolant which has been i

denineralized in the CVCS mixed-bed demineralizer and then held up in the

Boron Receovery tanks for processing by the Boron Recovery System evaporators.

.

The distilled effluent from the evaporators is condensed and pumped to the BRS
|

,

test tanks for sampling. Since this liquid is not required for re-use, it is
1

pumped to the Liquid Waste Disposal Systen and in particular to the Low Level
i

|
[ Waste Drain Tanks. The activity of this liquid waste is assumed to be primary

coolant activity reduced by the decontamination factors (DF) associated with

the mixed bed demineralizer and the Boron Recovery evaporator. The DF for the
,

denineralizer is assumed to be 10 except for cesium and rubidium, for which

the DF is assumed to be 2 as given in the PWR-GALE report (7),

- 184 -
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TABLE E4

ESTIMATED LIQUID WASTE VOLUMES (SAR DATA)
(292 DAYS / YEAR OPERATION)

Reactor Plant
McGuire Oconee- Fort

Waste Source (2 units) Ginna Sa g.n (3 units) _Calhoun Surry

Reactor Coolant System 604,400 288,000 9.03(5) 253,900
. .1.23(6)

---

Tritium Control
(BRS Letdown)

: Sampling & Laboratory 35,000 7,500 59,850 92,000--- ---

- Drains
3 (Sampling.

Sinks only)
'

Demineralizer Sluice 11,220 --- --- 4,200 1,900 32,000

Misc. System Leakage 70,000 70,000 23,200 3,200--- ---

Laundry & Showers 262,000 46,900 64,000 262,000 128,700 250,060-

Laboratories 7,800 15,600 --- --- 41,000---

Equipment Drains, Leaks 109,200' 81,000--- --- --- ---

Decontamination 25,000 16,700 3,700---
--- ---

Demineralizer Regeneration 18,000 44,000 56,850 5,100 ---
---

Floor Drains --- --- --- 59,850 --- ---

.
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3 for all - nu-The DF for' the Boron Recovery evaporator is assumed to be 10

2is 10 , as per the PWR-GALE re-. clides except iodine, for which the DF -
-

port (7). In ,,sumary, the fraction of primary coolant activity associated
with the letkown' fluid is given in Table E5. It is 'also possible to take

| fluid from the Primary Drain Tank to the High Level Waste Drain Tanks. This

indicates that primary coolant, with its attendant higher activity than that

. identified in Table ES, could end up in High Level Wa'ste Drain Tank.
i

i Sampling liquids from the Auxiliary Building and the Turbine Building are
* another source of liquid waste. In the Surry SAR, the volume of sampling

waste fran both sources is estimated to be 92,000 gpy. - This estimate is con-

servative relative to the 36 samples per week at 5 gallons per sample estimate

for the three-unit Oconee plant or the 24 samples per day at 5 gallons' per

anple estimate for the'two-unit McGuire plant. ' The estimated volume of sam-;

pling wastes we would use is based on the PWR-GALE Report (7) estimate,

20,500 gpy. gThis represents Reactor Coolant System Fluid samples and its
'

maximum activity would equal the primary coolant activity. A more reasonable >

{ estimate of the sampling activity would account for the fact that each sample

volume most likely consists of the liquid sample plus rinse liquid. Based on

Sequoyah SAR infonnation, each sample is approximately one-third sample liquid

and two-thirds rinse liquid. If the sample liquid is primary coolant, the ac-

tivity of the liquid waste fran sampling would be one-third of the primary'

;

coolant activity. The Auxiliary Building Sampling sinks discharge to the

Auxiliary Building sump which can be pumped to the High Level, or Low Level'

Waste Drain Tanks.,

J

Sampling wastes fran the Turbine Building would be of lower activity

since-here the samples would have activities representative of secondary

- 186.-
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steam. We will assume that the volume of Turbine Building sampling waste is

equal to that for the Auxiliary Building. Its activity is _ assumed to be

one-third of the secondary steam activity. The Turbine Sampling sinks
discharge to floor drains.

Equipment leaks and drains present another source of liquid waste. We

will estimate this miscellaneous system leakage at 10 gph or 70,000 gpy. This

value was used as the basis for estimates'made in the McGuire and Oconee
SAR's. This is also consistent with the 200 gpd estimate of liquid waste from

the Auxiliary Builiing floor drains given in the PWR-GALE report. As in-

dicated in that report, the activity of this waste is assumed to be 10 per-

cent of the primary coolant activity. As indicated previously, the Auxiliary

Building sump can be pumped to the High Level or Low Level Waste Drain Tanks

depending on the waste activity level.

Laboratory drains are also a source of liquid waste. The volune of waste

associated with lab drains is estimated to be 41,000 gpy as given in the Surry

SAR. This waste is pumped to the High Level Waste Drain Tanks. Its activity

is estimated to be 0.3 percent of the primary coolant activity.

Reactor coolant leak-off from pump seals and valve stems can represent a

source of liquid waste. We estimate the leak-off at 40 gpd per reactor or

23,400 gpy. This estimate corresponds to leak-off estimates provided in the

Fort Calhoun SAR. This waste fluid drains to the Primary Drain Tanks and is

processed in the Boron Recovery System prior to disposal. The activity level

associated with this fluid is estimated in Table E5.

Drainage to the containment sump is a source of liquid waste. The PWR-

GALE report estimates the volume associated with this source to be 40 gpd per

reactor or for the Surry Plant, 23,400 gpy. We will assume the activity of
>

this waste is equivalent to primary coolant activity.
.
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Detergent wastes and decontamination wastes represent sources of liquid

drained to the LWDS. In the PWR-GALE report,(7) these are estimated to

total 450 gpd per reactor with the yearly activity released given in Table E3.

We have chosen to separate this estimated flow as applied to Surry since i~n

Surry the laundry wastes are pumped to the contaminated drains tanks while the

decontamination tanks drain to the low level waste drain tanks. The total

detergent and decontamination waste yearly total of 250,000 gallons consists

of 230,000 gallons of detergent waste and 20,000 gallons of decontamination

wastes. The bases for the decontamination waste estimate are waste volume

estimates given in the Salem and Ginna SAR's.

As indicated in the PWR-GALE report,(7) turbine building floor drains

are also a major source of liquid wastes. The estimated leakage rate of 7,200

upd per reactor is derived from experience at Yankee Rowe. For the Surry

Plant, the total liquid waste from turbine building drains would be 4.2 x

106 This waste source would have an activity level equivalent to thatgpy.

of 2,econdary steam. This waste would be directed to the Vent and Drain System

and then to the high level or low level waste drain tanks depending on its

activity level. Table E6 summarizes these estimated waste volumes and their

associated activity levels.

Based on the Surry Vent and Drain System classification scheme, we would
!

anticipate that all wastes having an activity arising from primary coolant ;

would be directed to the high level waste drain tanks. The wastes involving

secondary steam activity and decontamination wastes would be directed to the

low level waste drain tanks, and the laundry wastes would be directed to the

contaminated drains tanks.
.

Based on Table E6 estimates, the total daily effluent te the two high

! level waste drain tanks is 2,665 gallons, which is slightly larger than the'
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TABLE ES

Estimated Fraction of Primary Coolant Activity
For Various Nuclides in Boron Letdown Stream

Nuclide Fraction PCA
-

,

Iodine 0.001

Cesium, Rubidium 0.0005

All Others 0.0001

TABLE E6,

ESTIMATED ANNUAL LIQUID WASTE VOLUMES
AND ASSOCIATED ACTIVITY LEVELS

Volume
Source (gal) Activity Level

Boron Recovery System
Letdown Fluid 600,000 See Table 5

Sampling Drains, Auxil-
tary Building 20,500 0.33 of Primary Coolant Activity

! Sampling Drains, Turbine
Building. 20,500 0.33 of Secondary Steam Activity

'

Equipment Leaks and
Drains, Auxiliary1

'

Building Drains 70,000 0.10 of Primary Coolant Activity
.

Laboratory Drains 41,000 0.003 of Primary Coolant Activity

Reactor Coolant Leakoffs 23,400 See Table 5

Containment Building
Sump 23,400 Primary Coolant Activity

Detergent Wastes 230,000 Table 2-19 PWR-GALE Report
|

| Decontamination Wastes 20,000 Table 2.-19 PWR-GALE Report

Turbine Building Drains 4,200,000 Secondary Steam Activity

:
i
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single tank capacity of 2,390 gallons. .This waste is then pumped to the waste

dispo::ai evaporator, where it is evaporated and the distillate pumped

eventually to the waste disposal evaporator test tanks. The decontamination

4 for all nuclides exceptfactor for the evaporator is assumed to be 10

3iodine, for which it is 10 . The feed to concentrate volume reduction

associated with the evaporator is 40 to 1.

The volume of waste in the various tanks at any time and its associated

activity would depend on the specific delivery cycle for each waste effluent.

We have no infonnation on this. We will assume a unifonn delivery of wastes

and thus will estimate an average activity level for the liquid waste entering

the waste disposal evaporator fran the high level c' rain tanks. This average

activity is determined as follows:

A = IQ A /rQj (E.1)$j

where K = the average activity for the waste entering the waste disposal

evaporator

Q = the waste flows entering the high level waste drain tanks
4

A = activity associated with Qj.
4

For the high level waste drain tanks, the average activity is estimated to

be 5 percent of the primary coolant. Slightly larger activity levels are pre-

dicted for iodine nuclides, and have been accounted for in this estimate. Ap-

plying the waste disposal evaporator decontamination factor to the estimated

influent given above, we estimate the volume of waste pumped to the waste dis-

posal evaporator test tanks is 2600 gpd, accounting for the evaporator volume

reduction with an activity level of 5 x 10-6 times the primary coolant ac-

tivity for all nuclides except iodine which has an activity level estimated to

be a factor of ten larger.
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The waste volunes and activity levels for the low level waste drain tanks

can be estimated in a similar fashion. The total daily flow to these tanks,

based on the estimates provided in Table E6 is estimated to be 14,500 gallons.

The activity ast,ociated with this flow is essentially the secondary steam ac-

tivity, since t he turbine building drain flow daainates our flow estimate.

The estimated waste influent to the contaminated drain tanks can be ob-

tained directly fran Table E6 since only laundry wastes are direi:ted to these

tanks. The associated activities are given in Table E3.

Primary coolant and secondary steam activities have been estimated using

PWR-GALE report information. Activities for the various nuclides are tabu-

lated in Table E7. For the nuclides of interest (as per Section lla of

Chapter 11 of the Surry SAR) the total primary coolant activity at equilibrium

is 1.11 uC1/9 The total secondary steam activity at equilibrium is 4.9 x

10-7 41/g. -Since the operating conditions for these tanks are atmospheric

pressure and 120 F, on a volumetric basis, these activities are 1.11 pCi/cc

and 4.9 x 10-7 pCi/cc, respectively.

As Table E7 shows, the bulk of the activity is contributed by the iodine

nuclides (approximately 85 percent of the primary coolant activity and 90 per-

cent of the secondary steam activity). Since these nuclides have relatively

short half-lives, radioactive decay during liquid waste holdup can have some

effect on the amount of activity released. Although we have not cetimated a

likely hold-up tine for decay in the system, we have considered the effect of

a 12 hour hold-up and found that the waste activity could be reduced by a fac-

tor of about two.

We will now estimate the activities in the high level waste drain tanks,

the waste evaporator test tanks, and the low level waste drain tanks based on
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the estimated waste volumes and associated activities presented here. The

high level waste drain tanks receive an estimated daily influent of 2,665 gal-

l ons. The activity of this waste is estimated to be 5 percent of the primary

coolant activity, or 0.056 uCi/cc. The total activity in the ta. ;, based on a

tank volune of 2390 gallons, is 0.5 Ci. In the evaporator waste test tank,

the activity level is reduced by the waste disposal evaporator decontamination

factor of 104 for all nuclides except iodine, for which the activity is re-

duced by the factor 10 . In the test tank, the activity level of the f odine3

nuclides is 9.5 x 10-4 9 Ci/cc and for the other nuclides the activity level

is 1.6 x 10-5 pCi/cc for a total activity of 9.7 x 10-4 pCi/cc. If we

assume the test tank is full (capacity 548 gal), the tank activity is 0.002

Ci. The two low level waste drain tanks each have a volume of 2,874 gallons.

If a tank is full of liquid waste of the activity level estimated here for

secondary steam, the~ tank activity is 5.4 x 10-6 Ci. The two contaminated

drain tanks have a volume of 1,230' each. If a tank is filled with laundry and

decontamination waste with the activity level based on Table E3 activities,

the tank would hold about 3 x 10-4 Ci.

The estimated tank activities presented here are based on our interpreta-

tion of the operation of the Surry Plant Liquid Waste Disposal System, using

Surry SAR information as the basis. In carrying out these estimates, it was

quite apparent that large variations in the various tank activity levels were

possible depending on the assumptions made concerning the disposition of the

liquid wastes. For example, the system piping can accommodate the transfer of

primary coolant from the Primary Drain Tank to the High Level Waste Drain

IJnks, although this does not appear to be a nonnal or typical operation.

_
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-TABLE E7

PRIMARY COOLANT AND SECONDARY STEAM ACTIVITIES OBTAINED
USING PWR-GALE REPORI ADJUSTMENT FACTORS

PWR-GALE Mod. PWR-GALE PWR-GALE Mod. PWR-GALE
Pri. Coolant Decay Pri. Coolant Sec. Steam Sec. Steam
Activity Hal f-li fe Constant f' Activity f Activity ActivitysecIsotope u Ci/g days x, hr Ci/g u Ci/g u Ci/g-

Mn-54 3.1(-4) 3.121(2) 9.25(-5) .905 2.8(-4) 4.66 2(-11) 9.3(-11)

Co-58 1.6 (-2 ) 7.161(1) 4.03(-4) .905 1.4 (-2 ) 4.66 8(-10) 3.7(-9)
Fe-59 1.0(-3) 4.506(1)' 6.41(-4) .905 9.1(-4) 4.66 6(-11) 2.8(-10)
Co-60 2.0(-3 ) 1.919(3) 1.51(-5) .905 1.80(-3) 4.66 9(-11) 4.2(-10)
S r-89 3.5(-4) 5.109(1) 5.65(-4) .905 3.2(-4) 4.66 2(-12) 9.3(-12)

Sn-90 1.0(-5) 1.044(4) 2.77(-5) .905 9.1(-6) 4.66 4(-13) 1.9(-12)-

Sn-91 6.5(-4) 4.051(-1) 7.13(-2) .98 6.4(-4) 3.26 2(-11) 6.5(-11)

Y-90 1.2(-6) 2.665 1.08(-2 ) .92 1.1(-6) 4.28 8(-14) 3.4(-13)
Y-91 6.4(-5) 5.898 4.9(-3) .91 5.9(-5) 4.46 3(-12) 1.2(-11)

Zr-95 6.0(-5) 6.521(1) 4.43(-4) .905 5.4(-5) 4.66 4(-12) 1.9(-11)

Nb-95 5.0(-5) 3.503(1) 8.24(-4) .905 4.5(-5) 4.66 4(-12) 1.9(-11)1

Mo-99 8.4(-2) 2.795 1.03(-2) .92 7.8(-2) 4.3 4(-9) 1.7(-8)
1-131 2.7(-1) 8.061 3.58(-3) .912 2.5(-1) 2.04. 6.8(-8) 1.4(-7)
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TABLE E7 (Cont'd)

PRIMARY COOLANT AND SECONDARY STEAM ACTIVITIES OBTAINED
USING PWR-GALE REPORT ADJUSTMENT FACTORS

PWR-GALE Mod. PWR-GALE PWR-GALE Mod. PWR-GALE

Pri. Coolant Decay Pri. Coolant. Sec. Steam Sec. Steam
Activity Hal f-li fe Constant f' Activity f Activity Activitysec

uCi/g uCi/g UCi/gIsotope uC1/g aays A. hr -

1-132 1.0(-1) 9.583(-2 ) 3.035(-1) 1.027 1.03(-1) 2.02 1.9(-8) 3.8(-8)

i 1-133 3.8(-1) 8.747(-1) 3.3(-2) .953 3.6(-1) 2.08 8.9(-8) 1.9(-7)

1-134 4.', (-2 ) 3.646(-2) 7.952(-1) 1.043 4.9(-2) 1.93 3.8(-9) 7.3(-9)
'

I-135 1.9(-1) 2.795(-1) 1.035(-1) .994 1.9(-1) 2.09 3.8(-8) 7.9(-8)

Te-132 2.7(-2) 3.247 8.89(-3) .92 2.5(-2) 4.35 1(-9) 4.4(-9)

Cs-134 2.5(-2) 7.567(2) 3.82(-6) .83 2.1(-2) 4.82 1.3(-9) 6.3(-9)

Cs-136 1.3(-2 ) 1.3 2.22(-2) .903 1.2 (-2 ) 4.15 6.7(-10) 2.8(-9)

Cs-137 1.8(-2) 1.088(4) 2.65(-6) .83 1.83(-4) 4.82 9.4(-10) 4.5(-9)

Ba-140 2.2 (-4 ) 1.279(1) 2.26(-3) .91 2.0(-4) 4.58 1(-11) 4.6(-11)

La-140 1.5(-4) 1.674 1.73(-2). .93 1.4(-4) 4.11 7(-12) 2.9(-11)

Ce-144 3.3(-5) 2.854(2) 1.01(-4) .905 3.0(-5), 4.66 2(-12) 9.3(-12)

.
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I- - It is our feeling that infonnation should be obtained fran the Surry Plant
i

on the typical activity levels in the various Liquid Waste Disposal System

tanks and also on the, actual mode of operation of the Waste Disposal- Systen.
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APPENDIX F

MODELS FOR I0 DINE SPIKING AND
I-131 RELEASES DURING A LOSS
OF 0FFSITE POWER SHUTDOWN

F.1 Introduction
'

This Appendix gives a model for the calculation of I-131 releases to the

atmosphere during a shutdown following by loss of offsite power (LOSP). The

release depends (amongst other parameters) on:

1. The duration T of the LOSP event.

2. The " clad defect level," fed, defined as the fraction of core power

generated by fuel rods with clad defects.
'I

3. The magnitude Qg (lbs/hr) of the primary-to-secondary leak in the

steam generators.

The time interval, t , between the onset of the LOSP event and the4. l

time of the immediately preceding reactor startup.

fcd Og, t ) is a random variable.Each of the variables mentioned (T, i

Appropriate distributions for these parameters will be defined.

The I-131 release is affected by the so-called " iodine spiking"(14,15,34,35)

phenmienon. This phenomenon refers to the observed increase in the release

rate of iodine from fuel to primary coolant, which occurs during power
,

1

reductions, and is discussed in the following section. Iodine spiking can

affect the I-131 atmospheric release in a LOSP event in two ways. First of

all, iodine spiking caused by the LOSP shutdown itself will affect the I-131

release, especially if the shutdown is sufficiently prolonged so that the

radioiodine concentration in the primary coolant increases appreciably; this
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in turn increases the radioiodine concentration on the secondary side of the

steam generators. Secondly, depending on the time interval ti between the

LOSP event and the startup immediately preceding the LOSP event, the I-131

activities in the primary and secondary coolants may, at the onset of the LOSP

shutdown, be much higher than their steady-state values; this is a consequence

of the iodine spiking caused by the shutdown preceding the L0dP incident.

Thus,'for certain ranges in the value of t , the release of I-131 to thei

atmosphere will be appreciably larger than would be the case if t1 were so

large that the steady-state values of I-131 activity were attained in the

primary and secondary coolant.

The radiciodine release which occurs during a LOSP event occ Jrs through

the steam generator safety and relief valves. It will be terminated when the

LOSP event is tenninated, since the main condenser may be used for heat rejec-

tion when offsite power is restored. Moreover, after a time period on the
1

order of 6 hours, heat removal fran the primary system can be accanplished by

the Residual Heat Removal System, without venting steam to the atmosphere.

Thus, the radioiodine release to the atmosphere will be terminated after about

6 houra, even if the LOSP event extends beyond this period of time.

I

1
'

F.2 Irdine Spiking

A well known observation is that the activity of certain nuclides in the

reactor coolant increases when there is a power reduction in a reactor which

has operated with cladding defects for some time.(14,15,34,35) The increase

in activity has also been observed during power increase and primary system

depressurizations. In particular, radiciodir.e isotopes exhibit this behavior

and this phenomenon has come to be kriown as " iodine spiking." In this report
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iodine spiking has been considered in the analysis of a number of accidents

due to its potential for increasing the radiciodine ' release to the environ-

ment. Operating data (15) show that the rel' ease rate of iodine from fuel to

coolant can temporarily increase by as much as three orders of magnitude (over

the steady-state release rate) on reactor shutdown. The experimental data on

iodine (1-131 only) spiking has been utilized in two ways in this report,

designated as Models A and B. Since in some applications the variation of the

primary coolant activity with tine is required, Model A, whereas in other

applications only the total amount of Iodine released in the spike is re-

quired, Model B. The ensuing discussion shows the relationship between these

two models, the data and also the models used by other authors. p

lodine Spiking M ,dels:

Model A

Following each reactor shutdown, the release rate of iodine fran fuel to

the primary coolant increases by a factor of a over the steady-state release

rate for a period at, and then drops down to the steady-state release rate.

During the course of the spike, i.e. , a tine period of at, the primary coolant

activity can be expressed by

A (t) = nR - A A (t) 0 1 t i at (F.1)
j dt p g pp

The initial condition is that at t = 0, A (0) = R / Ap. It is assumed thatp o

the iodine renoval constant A renains the same during the spiked and un-p

spiked conditions, and

A (t) = primary coolant activity in pCi,p

= spiking factor assumed constant within the spike duration intervala
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o equilibrium release rate of iodine from fuel to primary coolantR =

during steady-state full power operation in pC1/sec,

a t = spike duration time,

A = total removal rate of iodine,
p

"Ad+Apu

Ad = radioactive decay constant

=F(1-h)/Mp = purification constantA
pu

F = purification mass flow rate,

DF = decontamination factor associated with the purification process,

and

Mp = mass of the primary coolant.

The solution of Equation F.1 is

A(t)'[R
-

-A t-

a - (a-1) e P 0 < t < at (F.2)p
P

_ _

The primary co31 ant activity concentration during spiking is

a (t) = a a - (a-1) e P 0 < t < at (F.3)p gg
. .

where

po = Ro/(A M ) = equilibrium primary coolant activity concentrationa pp

in pCi/gm

The total amount of iodine released during the spike, Q(Ci) is

6Q = 10 aR at (F.4)g

The numerical values for the model parameters chosen are:

a = 500 (from NRC Standard Review Plan, Sec.15.1.5),

at = 2 hours (from Fontecilla and Grimes (17), and
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A -1
p= 1 1- +Ad = 0.07 hr

F = 4670 g/sec,

M = 2.5 x 108 g,

DF is assumed to be infinity, and

d = 9.96 x 10-7 sec-1A

These values imply that Ro = 4900 apo.

According to Neeb and Schuster,(30) the iodine spike in a PWR results in a

maximum value of the primary I-131 activity equal to between 50 and 100 times
|
'

the equilibrium value; moreover, this maximum value occurs between 60 to 90

minutes after the beginning of the spike. Thus, according to Reference (30),

a t is between I hour and 1.5 hours. The NRC spiking model (i .e. , a = 500, t=2

hours) yields a maximum value of 66, as shown below, for the primary coolant

activity concentration at the end of spike duration at in comparison with the

equilibrium primary concentt ation.

500-499e(0.07)(2)h#p l= 66 (F.5)-

=
a

pg ( j
Therefore, the NRC model in c,omparison to that of Neeb and Schuster,(30)

which gives the above ratio to be 50 to 100, appears not to be conservative,

but rather, in the neighborhood of the best estimate values.

Model B

An empirical correlation between the total activity release to the primary

j coolant during a spiking sequence and the equilibrium release rate obtained by

a straight line fit to the data tabulated by Pasedag(15) is given by

Q = e .70 1 1.05 R (F.6)
0

o
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where

Q = total release of I-131 in a spiking sequence (C1),

R = equilibrium release rate observed prior to spiking sequence (pCi/sec).g

This has been defined earlier in relation to Equation F.1.

e .7011.05 = proportionality constant (ci-sec/ C1). The variation in the exponent0

represents the distribution of observed spikes.

Comparison cf Model A and Model B

The two models may be compared by using Equations F.4 and F.6 for the

quantity of I released during the spike.

Eliminating Ro gives

(3.6x10-3)aathrs 0= e .70 1 1.05 (F.7)

By substituting at = 2 hours, the value chosen in Model A, the range of a

which reflects the variation in the exponent in the R.H.S. of Equation F.7 is

For at = 2 hours:

a = 98 for e0.70-1.05 -> Lower bound

0 (F.8)a = 280 for e .70 -> Central value

a = 799 for e0.70+1.05 -> Upper bound

For a = 500 and at = 2 hours, values chosen in Modei A, Equation F.4 can be

alternatively written in the same fonn as Equation F.6 of Model B to give

Q = e .28 R (F.9)
l

g

From the above discussion, it is apparent that choosing a = 500 and at = 2

hours, provides a correlation between Q and Ro which is somewhere between the

central value and the upper bound obtained in Model B. In parenthesis, it
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might be noted that a bounding correlation given by Pasedag(15) is

= e .30 R (p,10)
2

Q = 10 Rg g

Figure F.1 shows spiking data from Paseday(15) and compares Model A and

Model B. The figure shows to what extent NRC's spiking nodel is valid in

light of data tabulated in Reference 41. Pasedag's bounding line given by

Equation F.10 is also shown as a conparison.
,

F.3 Calculational Model for I-131 Release
!

The time * at which the LOSP reactcc trip occurs is denoted by t . Thei

time t = 0 denotes the time of the reactor startup immediately preceding the

LOSP trips. At the time t = 0 the reactor has reached full power. During the

shutdown imnediately preceding this startup, there has been, according to our

iodine spiking nodel A, an increase (by a factor a) in the release rate of

I-131 from the fuel to the primary coolant for a period at, with the release

rate then dropping back to its steady-state value. At the end of this time

period a t the primary coolant I-131 activity will have attained its maximum

! value, and it will then decrease. The rate of this decrease will depend on
t

whether or not offsite power is available during the shutdown. If offsite

power is not available, there is no removal of iodine by purification flow of

primary coolant through demineralizers, and the removal of I-131 activity will

i decrease at the relatively slow rate dictated by the 8.05 dqy startup will be
,

assumed to be caused by some event *iu e than loss of offsite power; out of

some 10 reactor trips per year only about .2/yr are caused by LOSP (Reactor

Safety Study data),(1) so this is a good assumption. (The results are not

* Times of interest are defined in Table F1, as well as in the text, for the
' reader's convenience.
,

- 202 -

!



__ _ .- _- --

5

-

'u[ 109 , ,, , ,

| /*o

Y a f~f'
'

a'*

h #?/
'

'
<

' ~ 4, $

f' . jo'
'

s ei
'* / ''

, o

' *
got ,*

_

g ,j
' MODEL 8

' MODEL A
,'q ,

N

N 10' ' '

o 10' 108 310 10'
'

I-ISI EQUILIBRIUM RELEASE RATE (pCl/sec)

Figure Fl. Experimental data on iodine spiking compared with
several theoretical models

TABLE F1

TIMES OF INTEREST

t = to: Onset of reactor shutdown immediately preceding LOSP
shutdown; iodine spike begins here.

t = 0: Reactor is brought up to power after shutdown initiated at<

t = to.
t=t: LOSP trip occurs; atmospheric release begins, iodinei

spike due to LOSP trip begins.

t = t1 + t: Spike ends,

t =.t1+ : Atmospheric release teminates, either by restoration of
offsite power or by use of Residual Heat Removal System.

i
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sensitive to this assumption anyway). The I-131 activity in the primary cool-

ant at t = 0 will be assumed to be that at the end of the spike, without

taking into account the facts that if the shutdown were fairly extended some

of this activity would have a change to be removed by the purification flow.

Results are not sensitive to this assumption.

In order to calculate the iodine activities in the primary and secondary

coolant, we shall use Model A which has been described in the last section.

The value of a at the tinw of startup, t = 0, is the value obtained fromp

Equation F.3 for t -to = at, since we are considering a spike of duration

at. Thus

a (o) = (1 + 8)a (F.11)
p

where

1 + 8 = a - (a-1)e-A at (F.12)'

p

The value of the specific activity of I-131 in the secondary coolant,

a (o), is required. At the time to of the shutdown immediately precedings

the LOSP shutdown, the secondary coolant activity is assumed to be at its

equilibrium level; any transients prior to the time t = to are neglected.

During the time interval to < t < o the secondary coolant activit,y satisfies
,

|

I

dA (F.13)s "Oa -AAdt tp s3
1

where A is the rate constant for removal of I-131 from the secondary coolant,
s

I

|
and Q is the primary-to-secondary leak rate (in lbs/hr). The rate constant A

g s

is given by

I
i b
' A =p +A

3 d
s

- 204 -

_ _



where Fb is the blowdown flow rate (to the blowdown flash tank). By divi-

ding Equation F.13 through by M , the mass of the water on the secondarys

side of the steam generators, one obtains

da Q
= a -Aa 'dt p ss '

where ' '

A
sa =

3

is the specific activity of I-131 in the water on the secondary side of the i

steam generator. During the time interval to f t 1.o the quantity ap is
given by Equation F.3. Inserting the expression for ap from Equation F.3
into Equation F.14 one obtains -

.

da Q

-a-(a-1)e-A(t-t)= adt pg p g ,

_

The solution of this equation is

-A (t-t ) + a a[1-e-A(t-t)}a = a e s g s gs gg
\ / (F.16)

l 8 [e-A(t-t)e-A(t-t)+ a p g- s gso -

p s \

| where the initial condition that as=aso at t = t used. This meanso

that at the start of the spike the secondary coolant activity .is at its

equilibrium level. (The tine to, it is to be recalled, refers to the onset

of the spike caused by the shutdown before the LOSP shutdown). In addition,

in order to obtain Equation F.16, a was eliminated by incans of the re-po

lationship
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(F.17)a =
gg

s s

.

This relationship is easily derived by a steady-state activity balance on

the secondary side of the steam generator. The amount of activity flowing

into the secondary under steady-state conditions is Qg po, while the amounta

Equating these two quantities one obtains.being removed is A M a3 so.

Equation F.17. Differences in the value of Ms from full load to no load

conditions are neglected.
,

It is now necessary to calculate the values of a (t) and a (t) in thep s

tine intervals (o, t ) between the time the reactor has been brought up tol

power at t = o to the time of the LOSP trip at time t = t . During thisi

period the release rate of I-131 from the fuel to the primary coolant is the

duri ngunspiked steady state value of Ro. The primary coolant activity Ap

the time interval (o, t ) therefore satisfiesl

dA
R -AA (F.18)P- =

g pp

Solving Equation F.18, one obtains for the specific activity ap =

| A /M the valuep p

R R
-A t (p,19)a = + (a (o) - e p

p 3 p p"ppP

or using Equation F.11

-A t -(F.20)
a =a +8a e p

p pg gg
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We now calculate a (t) during the time interval (o, t ). During thiss i

-time interval a (t) satisfies the differential Equation H.14 with ap given3

by Equation F.20. Thus

da Qa
(1 + se-A t) _Aa (F.21)* p ssdt M

s
.

The solution of Equation F.21 is
,

O O"po - t + ce-A t0a = 1 a + L e p s
3 pg N IA -A }AMss s s p

where c is a constant to be determined by the initial condition at t = 0.

Making use _ of Equation F.17 to relate apo to aso, and using the initial

condition one can write Equation F.22 in the fonn

A - t ta (t) = a + sa (e p -e s ) + (a (o) - aso)es (F.23)s so so A A ss- p

Here a (o) is obtained from Equation F.17; since the spike duration is at.s

By evaluating Equation F.23 at t = t1 one obtains a (t ), the secondarys i

coolant specific I-131 activity at-the start of the LOSP incident.

We now calculate the quantities a (t) and a (t) during the time inter-p s

val (t , t , + t): this time interval corresponds to the time duringl i

which the atmospheric radioactivity release occurs, since ti is the time at

which the LOSP trip occurs, and T is the duration of the LOSP event. (The

time t1 + r corresponds to the time at which the atmospheric release is ter-

minated, residual heat removal system). At the time ti a spike in the re-

lease rate of I-131 from the fuel to the primary coolant occurs; this spike,

like the spike that occurred in the time interval (t , 0), is assumed too

last -for a time at, and to correspond to an increase in the release rate by a
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factor of a over the steady state release rate. This transient, unlike the

turbine trip type'of transient assumed at time to, _is a LOSP transient;

since offsite power is.not available there is no purification flow through the

demineralizers. Thus the rate constant for removal of I-131 is simply that

corresponding to the radioactive decay half life of 8.05 days. This time con- -

stant is long compared to the duration at of the spike and to the duration t of

the offsite power event. Thus it is possible to neglect the removal processes

for_ I-131 from the primary coolant during the time of the LOSP event. Then

a satisfiesp
da aR

(F.24)"
dt M

P

during the time interval (t , t1 + at). The solution of this equation isi

a = o (t - t ) + a (t ) (F.25)p i p y
P

or
)pg p (t - t ) + a (t ) .Aa = aa y p yp

In Equation F.25, a (t ) is given by Equation F.20, evaluated for t=t .p i i

During this same time interval (t , t1 + at) it is also a good approx-l

imation to neglect removal processes for I-131 from the secondary system.

Then
da Q

dt
_ t (F.27)s

a
MsP

cr using Equation F.25,

da Q
= aa A (t - t ) + a (t ) (F.28)

i p idt pg p
J
r

'|
i
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Th2 solution of Equation F.28 is

pg p (t - t )2 + a (t ) (t-t ) + a (t ) (F.29)
~

a (t) = 1/2 aa As y p l l s y

H:re a (t ) is given by Equation F.23, evaluated for t = t .s i i

Equation F.29 gives a (t) from the time t1 of the onset of .the LOSPs

event to the time t1 + At. For LOSP events so prolonged in time that i > At

it is necessary to calculate the values of a (t) and a (t) in the timep s

interval (t1 + A t, t1 + r ). During this tine interval the atmospheric

release is still continuing but the release rate of iodine fra fuel to

primary coolant has dropped back to its unspiked value (i.e. , it is back to

the steady state release rate. During the time . interval (tl + A t, tl+T)-

the quantities a and a satisfy (again neglecting I-131 removal processesp s

fra the primary and secondary coolants):

da R

dt [*Aa M"

p pg
P

da O

dt
_

g (F.31)s g
M Ps

The solution of Equation F.30 is

p pg (t - t ) + a (t ) (F.32)a =Aa
2 p 2p

where t2=t1 + At, and a (t ) is obtained by evaluating Equation F.25p 2

for t = t . The value of a (t) is then obtained by inserting Equation2 s

F.32 into Equation F.31 and solving for a (t). One obtainss

.

h
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where a (t ) is obtained by evaluating Equation F.29 for t ='t . It iss 2 2
~

possible, by algebraic manipulations not to be presented here, to express

a (t) in the time interval .(t , tl + r ) in a fonn different than givens 2

in Equation F.33. This form-is

=a() -a(} (F.34)a
s s s

,

where a (l)(t) is given by Equation F.29 ands

a() gg p (t - t )2 (F.35)1/2 (a-1)a A=
2s

9

Once a (t) is known during the time of the LOSP event [i.e., in thes

inteval (t , t1 + t )] it is possible to calculate the I-131 activity re-l

leased to the atmosphere during the LOSP event from

t +T (F.36)l

R " #p,I f Ost(t)a(t)dtA
s

t y

Here f ,1 is the steam / water partition factor given the ratio of con-p

centration of iodine in the steam released to the concentration of iodine in

the liquid water in the steam generator. The quantity Qst(t) gives the rate

of release of steam (mass flow rate) fran the steam generators as a function
i

j of time,

l

| If Qst is approximated as piecewise constant, then the integral in

Equation F.36 can be easily calculated, since Equations F.29 and F.33 show
1

that a (t) is a polynonial in t. The integral in Equation F.36 will be ;s
I

explicitly evaluated here only for the special case in which Qst may be l

j approximated as equal to one constant value in the time interval (t , t ,l i

+ A t) (i.e. , during the tine of the iodien spike) and by another constant
!
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4

value for;t in (t1 + At, t1 + r )' (i.e., after the spike in the release

rate of iodine from fuel to primary coolant has ended). Let
,

()
Q ,ty<t<ty + Atst

! (F.37)gt
_

d
s

()
Q ,ty + At < t < ty+Tst,

Ocfine the function G(t) by_

+f a (t )t + a (t )ti (F.38)G(t) = aa At p y . s ypg p

where a (t ) and a (t ) are given by Equations F.20 and F.23, with tp i s i

. replaced by ti in these equations. Then, evaluation- of the integral in Equa .
|
| tion F.36 yields, for. r < A t:

.

AR"fp,I st G(r) ' (F.300

If T > A t one obtains'

t + At t +-T- '

O 8 (t)dt + f Q a (t)dtAR" p,I st s p,7 st s (F.40).j

| t ty + Aty
,

=f Q (1) G(At) + f Q (}~ ( ~"
y p}y St

where-

H=f (a - 1) agg.ip(T - At) (F.41)
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In obtaining Equation F.40, use was made of the fonn of a (t) given ins

Equations F.34 and F.35, in the time interval-(t1 + at, t1 + T )-

F.4 Specification of Model Parameters and Distribution Functions

The spiking Model A uses a = 500 and at = 2 hrs. It should be pointed out

that the NRC iodine spiking model (as applied in licensing calculations)

superimposes the effects of an iodine spike from a given transient with the

-maximum I-131 concentration from a previous transient. Our analysis treats

this superposition more realistically since the time ti is treated as a

random variable, and the LOSP transient is not assumed to occur at the worst

possible time. A comparison of the model parameters with the data is given in

Section F.2.

The equilibrium level of the primary coolant I-131 specific activity,

apo, is a random variable which depends on the clad defect level fcd. The

value of a is proportional to the clad defect level fcd, since valuespo

reported for fcd are actually inferred from measured primary coolant activ-

ity concentrations on the basis of a model which assumes proportionality (see

Reference 50, page 4-1 ff). (The quantity fed should more properly be cal-
,

led the apparent clad defect level). The distribution of clad defect levels

's given in the PWR - GALE report (7). The constant of proportionality be-i

tween clad defect level and equilibrium primary coolant concentration may be

obtained from table 11.1-6 of RESAR-35.(8) One obtains

| a , = 2.33 fed *

p

i

,

,
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where fcd is the clad defect level in percentage and 'apo -is the equilibr-
- ium primary coolant concentration in pCi/gm. The failed fuel distribution was

developed assuming a log nonnal distribution with .12 percent and 1 percent

designated as the failed fuel at 'the median and 95 percent bound respectively.

Thus, for fcd = .12 ' percent, apo = .28 pCi/gm.
C.

The magnitude Q of the primary-to-secondary leak rate is a random vari-

able. Table 2-13 of the PWR -GALE report,(7) which is reproduced as Table
-

F2, gives monthly average primary-to-secondary leakages for various PWR's.

The probability of a leak of any size was estimated to be 36. We assume that

the months that the plant was shutdown can be ignored and that peak rates

occurring within each month for each plant are independent. Figure 2.2 shows

the calculated CCF for the magnitude of the primary to secondary leak rate

based on Table F2.

The time ti between the last startup and the LOSP trip is also a

randon variable. If reactor trips are assumed to be a Poisson process, then

the probability density function for ti is

-A tfy (t ) = A e ly py y

where A is the rate at which reactor trips occur. According to the Reactor

Safety Study (l) (Appendix V, page 36) there are about a total of ten

shutdowns per reactor year; one of these would be a refueling shutdown. Thus,

there are some nine shutdowns per reactor year where iodine spiking would be

of concern. Thus

Ag = 9/yr = .001/hr (F.44)

,
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TABLE F2
,

AVERAGE DAILY LEAK RATE DATA

'

1970 1971

PLANT J F M A M J J '- A S 0 N D J F M A M J J A 'S 0 N D

San Onofre 4 4 4 4 3 9 11 8 14 S** S 0 0 0 0 0 0' 0 0 0 0 0 0 0

Conn. Yankee 0 10 0 S 0 0 20 10 20 0 0 0 0 30 15 0 0 10 20 20 15 40 ' 40 40

R.E. Ginna 0 0 0 0 0 0 0 0 0 0 0 0 0 0 S S 0 0 0 0 0 0 0 0

H.B. Robinson 0 0 0 0 0 0 S S S S S S 0 50 55 20

3 Pt. Beach 1 0 0 0 0 0 10 90 100 53 30. 20 20 20 20
U
s~

i 1972 1973

PLANT J F M A M J J A S 0 N O J F M A M J Average gal / day

San Onofre S 0 0 0 0 0 22 0 10 30 4 31 3 3 0 0 0 0 3.9

Conn. Yankee 40 40 40 40 40 S 0 0 0 0 0 0 0 0 0 0 10 S 12-

R.E.'Ginna 0 0 0 S S 0 0 0 0 S 0 0 0 0 0 0 0. 0 0

H.B. Robinson 60 60 -60 60 3 0 0 0 0 0 0 0 0 0 0 S 0 0 17

Pt. Beach 1 40 50 55 55 55 55 55 '55 55 S S S S S 0 0 0' 0 26

12.

* Average (excluding first-year operating data).
**S - Shutdown.
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In order to obtain the probability per reactor year of a given release

due -to a LOSP trip, the expected frequency of LOSP. trips is required. This is

I = .2/yr
LOSP (F.45)

according to Reactor Safety Study data.

The LOSP outage time r is a random variable; the repair time distribution

for LOSP is given in the Reactor Safety Study for the Bonneville Power Admini-.

strative grid, and was used in our study. The CCF.for the outage time is-

shown in Figure 2.3.

The steam blowdown rate versus time curve shown in Figure 2.4 was taken

from Table 15.2-5 of RESAR-3S,(8) page 15.2-79. . The rate at which the steam

was released was developed using this blowout versus time curve. The steam-

blowdown rate during the first two hours was calculated to be 231,500 lb/hr and

after two hours to be 182,500 lb/hr.

F.5 The Computer Model

A computer model was developed that builds a cumulative frequency

histogram of radioactive releases to the atmosphere. The computer model de-

veloped considers the parameters of the problem as well as the regulations

placed on nonnal plant operations to construct a conditional cumulative fre-

quency histogram of radioactive releases (I-131) to the atmosphere. The con-

tinuous parameters of the problem considered are failed-fuel percentage, leak

rate from primary to secondary, the time to restore off-site power, and time

since last turbine trip--which is important for modeling iodine spiking. The

| constraints imposed on the system by NRC regulations are a primary to
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secondary system leak rate of not more than 10 gal / min and a maximum radio-

activity of 9 Ci I-131 in the secondary coolant loop.

The release magnitudes and their respective frequencies, representative

of expected releases during normal operation due to loss of off-site power are

estimated by the model using stochastic sampling of the continuous parameters

while incorporating the constraints on leak rates and steam generator loQp

activity. The model output provides a histogram of the release magnitude ver-

sus frequency of occurrence. The probability of a release via this scenario

is obtained by multiplying the probability of LOSP by the probability of a

tube leak. This condition specifies an event with probability of occurrence

equal to .072. The event as described will occur approximately 72 out of

every 1,000 reactor years, and will result in 1-131 release to the atmosphere

due to cracks in the heat exchangers and LOSP.

A conditional probability density function for release magnitudes was

developed by many iterations of the model, each iteration selected randomly,

based upon current available data, values for the following: ,

e failed-fuel percentage;

e leak rates from primary to secondary;

e duration of loss of off-site power;

e time since last turbine trip.

The model then calculates primary coolant activity based upon the ran-

domly selected f.siled-fuel percentage, and the secondary activity based upon

the randomly c.c'4ected leak rate and the randomly selected failed-fuel percen-

tage. These values were then used as input into the iodine spiking model.

The iodine spiking nodel calculates the number of curies of I-131 re-

leased to the atmosphere for respective inputs as previously described. The

equations used are sunnarized in Table F3 and F4. On each iteration these
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release magnitudes are stored in appropriate bins. Upon completion of the

number of requested samples, the relative frequencies of occurrence are cal-

culated for each magnitude of I-131 released. This calculation divides the

nuriber of iterations into the number of events that fell into each bin repre-

senting a- given range of release magnitudes. This density function has not

yet considered the probability of LOSP and the probability of a leak from the

primary coolant system to the secondary coolant system. This calculation

requires that each cell in the Monte Carlo developed probability density func-

tion be multiplied by .072, which is the probability that LOSP and a leak

occur simultaneously.

A flow diagram of the partial failure computer model, which includes the

model inputs, the basic logic of the model and the model output's, is shown in

Figure F2. The inputs to the model are the number of samples, a distribution

percentage of failed-fuel distribution, frequency of primary to secondary leak

rate distribution, and duration of loss of off-site power distribution. The

number of iterations was arbitrarily set at 10,000 to provide sufficient

iterations to assure a smooth output function.
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TABLE F3 |

r + a (t )t2 + a (t )tA =fp,g-QSTEAM1 A **po jp p jg

where ;

A = number of curies of I-131 released to the atmosphere
R

f = I-131 liquid to gas partition factor = .1p,g

Q = Rate of steam release for LOSP in (0-2) hours =STEAM 1

Q = Primary to secondary leak rate = randomly sampledleak
5

M = Total mass o* steam = 3.5 x 10 lbs
s

= .07/hrA =
p

a = Spike factor = 500

a = Primary activity at the time of LOSP = calculated as
PO previously discussed

t = Duration of loss of off-site power = randomly sampled

t) = Time since last turbine trip = randomly sampled

(Atrip = 10-3/hr)

~A t)a (t ) =a + sa e pp j pg

where'

s = a - (a-1)e~A atp

,-A t) _ g-A t)\f
a (t ) =a + (asi-ago)e s 1 + sa A-A

p sgg ,s j so

where
\

! a = Secondary coolant activity at the time of LOSP =so calculated as previously discussed -

at + a(1-e~A at) , (a-1)A f -A at , g-A ata,) =a e s s s e p sso A -A 5 )p s
s -

= .09/hr -A "

where

at = 2 hours
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TABLE F4

Iodine Spiking Model Equations, t > 2 hours

G(2 hrs) + f Q G(t) - G (2 hrs) - AA'AR " #p * 0STEAM 1 p,y STEAM 2 g

where

'A = number of curies of I-131 released to the atmosphere
R

f .= I-131 liquid to gas partition factor .1p,y

Q = Rate of steam release 'm LOSP in (O'- 2) hours =STEAf11

Q " Rate of steam release for ! 25P in (2 - =) hours =STEAM 2 -

0 O
,

h
ak 3, ak a (t )t2+a (t )rG(t) = , j y

- .

where

Q =_ Primary to secondary leak rate = randomly sampledleak
5

M = Total mass of steam = 3.5 x 10 lbs
s

= .07/hrA =
p

a = Spike factor = 500

a = Primary attivity at the time of LOSP = calculated as
PO previously discussed

t = Duration of loss of off-site power = randomly sampled

t) = time since last turbine trip = randomly sampled

(Atrip = 10-3/hr)
O1 leak

AA "fp,I*0 STEAM 2 * I M A (a-1)a ,(T-2)3R
s p p

.

|
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APPENDIX G

-STEAM GENERATOR TUBE RUPTURE -
WITH LOSS OF OFFSITE POWER

.

G.1 Introduction

The release of I-131 and Xe-133 in the SGTR with LOP sequence. depends on

the concentrations of these isotopes in the primary coolant. This, in turn,

depends on the fraction of core-power coming from fuel rods with clad

defects. The radioiodine release will also depend on the " iodine _ spiking"

phenomenon. It has been observed that .the radiof odine concentration can

-increase markedly in the primary coolant of a pressurized water reactor after. a

sufficiently great power reduction. This phenomenon is described in detail in

Appendix F.

Two models have been proposed for the calculation of I-131 release. In one

model, the primary coolant flowing through the break is assumed to mix uni-
,

fonnly with the water on the secondary side of the steam generator. However,

the possibility of non-uniform mixing is taken into account by using a

steam / water partition factor of .1, instead of a steam / water partition factor'

of about 1/200, which would be the case (34, 36) if there were uniform mixing.

This model is considered to be our best estimate model. A second, more con-

servative model, is also used. Postma and Tam (37) suggest the possibility of

a mechanism for the release of most of the iodine in the primary coolant flow-

ing through the SGTR. In this model the liquid primary coolant flowing through

the SGTR atomizes into drops with a dianeter of about 2 microns. These drops

rise to the surface of the water within steam bubbles (with a maximum diameter

'
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of 3.6 cm). Because of the fineness of the drops they are essentially carried

along with the steam and are released to the atmosphere. A second bounding

calculation of the release of radioiodine fran the steam generator was

performed in which all of the iodine flowing through the SGTR is released to

the atmosphere.

G.2 Activity Release Calculation
:

We first consider the I-131 atmospheric release as calculated by the best

estimate model . Iodine spiking from the shutdown initiated by the SGTR itself

is not included. The reason for this is that according to Eikelposch, Seepolt

and Hock (38), a relatively small fraction of the radiciodine released from

the fuel rod to the primary coolant during iodine spiking occurs during the

first hour af ter shutdown. (In their full paper, presented at the June 1978

Meeting of the American Nuclear Society, they estimate about 10 Ci of I-131

released during the first 'aur after shutdown, from each defective rod, and 80

Ci during the first 24 hours.) We are interested in the first half-hour after

shutdown, since we assume that the release fran the faulty generator is

terminated at the end of thirty minutes, as is consistent with the RESAR-3SA

description of the accident.
i

i Initially, when a double-ended guillotine SGTR occurs, the flow through the

break is relatively large. As the pressure in the primary system is decreased,

the break flow decreases, and ceases when the primary coolant pressure is equal

to the pressure on the secondary side of the steam generator. According to the

RESAR-3S description, the primary and secondary side pressures are equalized in

the faulty steam generator at the end of thirty minutes.
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Take the origin of. time t=0 at the time of the SGTR. The break mass flow

rate Qb is assumed constant at Qo for o < t < t , and is then assumed too

ramp down linearly to zero, reaching the value zero at t1 = 30 min. The

-value of Qo used was 2,180 kgm/ min (4800 lbm/ min), from Reference 39, and the

value of t was chosen so that the total integrated mass flow through theo

break is 56,800 kgm (125,000 lbm), the value given in RESAR-3S(8). A value

of to = 22 minutes is obtained. ,

The mass flow rate of i{st steam from the faulty steam generator was as-

sumed constant over the 30 minute period, and such that the total amount of

steam released over the 30 minute period is 21,300 kgm (47,000 lbm), the

RESAR-3S value.

The I-131 activity released from the faulty steam generator is given

by

t>

-1
A *I a (t')dt' (G.1)

'

R p,I st s
o

-,

where

f ,I = steam / water partition factor for radioiodine in the faulty steamp
generator.

,

a (t)= specific activity of radioiodine in the water on the secondary sides
of the faulty steam generator.

The quantity a (t) is computed froms

t
a

a (t) = Q (t')dt' + a (G.2)s b so

- 223 -



where a is the specific activity in the secondary side water of the faultyso

steam generator at the start of the accident; Ms is the water mass (assumed

time independent) on the secondary side of the faulty steam generator, and ap

is the primary coolant specific activity (of I-131), assumed constant through-

out the thirty minutes duration of the release. Equation G2 assunes that all

the activity which pours into the secondary side through the break mixes
'

unifonnly with the secondary side water, and neglects the radioiodine removal

processes from the secondary side in computing the buildup of secondary side

activity. This is a good approximation since the half-life of I-131 is 8.05

days, so that removal by radioactive decay is negligible. Moreover, removal by

release through the safety valves does not appreciably affect the radiciodine

buildup on the secondary side of the faulty steam generator since only a small

fraction of the radiciodine in the faulty steam generator is released through

the safety valves.

The specific activity of I-131 in the primary coolant, ip, depends on the

clad defect level and on the time after the last reactor startup, because of

the iodine spiking phenmenon. An expression for i is developed in Sectionsp

F2 and F3, we quote the resulting Equation F20
|

a =a (1 + 6e- AT) (G.3)
p pg

where

= tine interval from the last startup to the SGTRr

a = equilibrium I-131 concentration in primary coolant

x = .07 hr-1 total I removal rate

s = 65 I spiking factor

|

|
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After perfonning the two integrations in Equations G1 and G2, the estimated

I-131 released from the steam generator is

2
A '" f O a t - (t -t )2 (g 4)R p,I st p i l o

. For the more conservative model in which essentially all of the I-131

activity in the primary coolant flowing through the ruptured steam generator

tube is released to the. atmosphere,

t

R" O (t)dt (G.5)3A
p b

o

For Xe-133, the model is very simple; the primary coolant specific activity

for Xe-133 is its equilibrium value and is proportional to the clad defect

level. All of the Xe-133 flowing through the rupture in the steam generator

tube is released to the atmosphere.

6.3 Probability Distribution Function for the Activity Releases

The I-131 activity release depends on T, the time interval between the last

start up and the SGTR and also through a on the clad defect level.po
,

Equations G3 and G4 or G5 can be combined to show this dependence explicitly:
.

A =kf z (G.6)g ed
-.

where k depends on which of the two models is used for estimating the releases;

fcd is the clad defect level, and
-A T

z = 1 + se T (G.7)

f
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Both the quantities fed and_ z are random variables. It is convenient to

consider the quantity A' = fcdz. The probability density function (pdf) for

A', 9A*(A'), can be written in tenns of the pdf for fcd> 9cd(fcd), and

the pdf for z, gz(z) in the fann

1+8

9 (A') = g (z) g d dz (G.8)A z c
1

Once 9A'(A') is obtained, the complementary cumulative distribution function

for A' is obtained by numerical integration. The conplementary distribution

for A' is then obtained easily, since A=kA'.

The pdf for fed ' is obtained fran data given in the PE-GALE report (7),

Table 2-10 of this report gives the clad defect level and associated burnup

times for various PWs. Fran-these data, an approximate, piecewise constant,

pdf was obtained. This pdf is:

For 0 sfcd < .035, gcd = 11.06

For .035 i cd < .065, gcd = 4.08f

For .065 f1 cd < .125, gcd = 3.4

S cd < .245, 9cd = .875For .125 f

For .245 S cd < .515, gcd = .344f

| For .515 $ ed < .755, gcd = .275f

! 4

The pdf for z can be obtained fran the pdf for x , since z is a function of |

T, as given by Equation G7. The quantity r is the time between the SGTR and

the last startup, and is assumed to be exponentially distributed. Nine reactor

trips per year which can lead to iodine spiking are assumed. Then the pdf for

t is

89,(t) = A e (G.9)s
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3

h

where A is the mean . time-'between trips (A ~.001/hr).s s

'It follows that
t

-A-. g y'-

9 (z) = g7(T) _s
z xg| . s g,g ,=

z-l

where y = (A -A )/A
_ T s T-

The distribution function calculation -for the Xe-133 release is simpler,.'

'
.

since the Xe-133 release is simply proportional to the clad defect level. De;

. ' note .the constant of proportionality by kXe so that-
|
4

; A =k f (G.11)R Xe cd
,

e

The

pr A >A pr. fcd > (G.12)
=

R g

a

j

4

t

!
,
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APPENDIX H

CORE BARREL DROP ANALYSIS

The following provides the details to our analysis of the-probability and

consequences of a Core Barrel Drop into an open reactor vessel.

According to Reference 9, dropping the upper core barrel assembly into -an

open reactor vessel can lead to some fuel rod failures. Taking an upper bound

estimate of 1/2 hour of crane operation per refueling during which the accident

might take place, and a probability of 3 x 10-6/hr for crane failures (see

reference 45 for crane failure probability) one obtains a probability of 2 x

10-6/yr for dropping the upper core barrel into the open reactor vessel.

The estimate of the probability of a core barrel drop may have to be re-

fined later. It should be noted that at the Robert E. Ginna Unit 1 reactor,

the reactor core barrel and internals were dropped 6 feet onto a storage rack

as a result of failure of the crane's electromagnetic brake; the mechanical

brake was not installed at the tine of the occurrence. The incident occurred

on July 18, 1969, before initial criticality. In the light of this incident,

it may be optimistic to assume a probability of 2 x 10-6 per refueling for a

core barrel drop into the reactor vessel.

For orientation purposes, let us assune that in this accident the fuel rods

in one assembly (204 rods) fail and release their activity to the reactor ves-

sel water. Let us further assume that:

(1) The inventory of I-131 in the reactor is .85 x 108 Ci.

(2) The accident occurred in an assenbly with a radial power factor of
uni ty.
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(3) The accident occurred 90 hours after shutdcwn; this is roughly the
time at which the upper core support is removed from the reactor ves-
sel.

(4) About 5% of the I-131 core inventory is in the fuel rod gap region.
This is the release fraction given in Table VII-1 of reference 45.

The I-131 inventory in (1) above is valid for a typical four-loop Westing-

house pWR with a power rating of 3200 MWt. The value came from Table VI 3-1 of

theReactorSafetyStudy.(1)

There are 193 assemblies in a typical 4 loop Westinghouse pWR. The I-131

activity in the gap region of the fuel rods in an assembly with a radial peak-'

ing factor of unity is therefore:

8G = .05 x .85 x 10 /193 Ci = 2.2 x 104 Ci.
t The half life of I-131 is 8.05 days. Hence, 90 hours after shutdown
'

the 1-131 activity has decayed by a factor

exp (- At) = exp -(In 2) (90) / (8.05 x 24) = .724
Thus, ninety hours after shutdown the gap activity in the 204 rods of
one assembly is

G' = e'A$ = 1.6 x 104 Ci

Not all of the I-131 activity in the gap is in vapor form; only about 2%<

would be in vapor fom at refueling temperatures. Moreover, all of the gap

activity released to the reactor vessel water is not released to the contain-

ment atmosphere. Reference 40 states that there is experimental evidence of a

decontamination factor of 1000 for the reactor vessel water. Hence the release

to the contaiment atmosphere is

.02 x 10-3 x G' = .32 Ci

The release from the containment depends on whether the containment

isolates, and on how much activity is released before containnent isolation oc-

curs. It also depends on whether the containment exhaust is filtered.

'A docunent was mailed anonymously to the Union of Concerned Scientists and
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included as an enclosure in a letter,(41) from the U.S. Nuclear Regulatory

Commission to various utilities; the letter requested an analysis of a fuel I

handling accident within containment. This docunent states in part; "W is not
I

aware of the NRC bases for not addressing a fuel handling accident inside

containment, the bases may include:

(1) The assumption that the containment will be isolated during refueling
operations;

(2) that the containment could be isolated quickly enough to limit off-
site consequences; or

(3) that filtration capability comparable to that in fuel storage building
exhausts exists in the containment purge exhaust.

Therefore we conservatively assuaed that the entire 0.32 curies of I-131

would be released to the environment.

The other iodine isotopes were similarily treated to obtain the curie

quantities in which they were released. They resulted in negligible contri-

butions as compared to the I-131.

The noble gas releases from the core barrel drop ac'cident was also calcu-

lated via the same method. The entire gap inventory of the noble gases is
,

released to the environment, with no reduction taken for decontamination

factors or liquid fractions.

The noble gase releases proved to be the primary weighted risk to the
!
l public in this accident.

6

!
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!- APPENDIX I-

SPENT FUEL HANDLING ACCIDENT IN
THE SPENT FUEL STORAGE P0OL

,

I.1 Uncertainty Analysis

To provide an estimate of the accuracy of the calculated distribution

function, an uncertainty analysis was performed fcr the iodine releases. The,

iodine release was chosen for this because of the muc.S greater uncertainty

relative to the noble gas releases.

In this uncertainty analysis some of the parameters describing the various

probability distributions entering into the analysis were themselves treated

6s random variables. The probability distribution for these parameters were

chosen for the most part in a subjective fashion; the uncertainties obtained
~

are best interpreted in a Bayesian sense.

The quantity Nr has the probability distribution>

pr f Nr = 15 a = I f = pl (I.1)

pr f Nr = 204 a = I f = 1-p1 (I.2)
where p1 is unifonnly distributed between .2 and .8. (For the base case,
p1 =.5).

;

The distance of release H below the surface of the SFSP water is 26 feet

or 40 feet with probability p2 and 1-p2 respectively, W1ere p2 is uni-
formly distributed between .25 and .75. (For the base case, p2 = .5)..

The probability the auxiliary building filter is failed (i.e., pr{Xin = 1}
is 10 5-p where p4 is uniformly distributed between 2 and 3. (For theg

base ~ case, p4 = 2.5).
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The probability p5 that at least one rod fails, given that a fuel hand-

ling accident has occurred, is distributed with the probability density func-

tion (p.d.f.) given by

f(p5/0) = 7(1-p5)6 (I.3)

This probability density function is derived as follows:

Let p denote the probability that a fuel assembly drop in the spent fuel

pool results in at least one rod failure. Then, since no ;..'ormation is

available relating to this probability, we take its "a priori" distribution

function, h(p), to be uniform in the range O f p i 1. The conditional proba-

bility, g(0/p), that no rod fails in six drops, given p, is

g(0/p) = (1-p)6 (y,4)

The Bayesian fomula

g(0/p)h(p)
f(p/0)= (I.5)

g(0/p)h(p)dp '

then yeilds for the "a posteriori" distribtuion of p, given no failures in six

drops,

II-P) =7(1-p)6f(p/0) = (I.6) l
3(1-p)6dp

since h(p) = const. The expectation value of p is found by straightforward

integration:
1 1

[p(1-p)6E(p) = pf(p/0)dp = 7 dp = 0.125 (I.7)
o o

'
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The RADREL code calculates the complementary cumulative distribution

functions CCF for the I-131 organic and inorganic activity releases by

the Monte Carlo method, given that a' fuel handling accident with _at least one

rod failure has occurred. The results are then multiplied by the probability

per reactor-year that an accidental drop will occur and then by the probabil-

ity that, if a fuel handling accident has occurred, at least one rod fails..

This yeilds the probability per reactor-year of a release exceeding a given

number of Curies.

Each Monte Carlo run was divided into 30 experiments each consisting of

1000 histories (trials), so that there were 30,000 histories in all. There

were 30 output bins for the number of I-131 Curies released, the upper and

lower limits of the i th bin being 10(i/2-10) Ci and 10(1/2-9.5) C1,

respectively. Fr . istory both the organic I-131 release and the

inorganic I-131 release were calculated.
1
'

The Monte Carlo calculation of the distribution function for I-131 re-

lease, given a fuel handling accident with cladding failure has occurred, was

for the most part a direct simulation of the accident, where, for each random

variable, sampling from the appropriate distribution was performed. However,

in order to reduce the statistical error from the finite number of histories

used, two non-analogue Monte Carlo devices were used. The first was strati-

ficd sampling on the variable N . Instead of picking the values NR = 15R

and NR = 204 with the appropriate probabilities on each trial, the Monte

Carlo run was arranged so that (for the base case where pr { NR = 15 | a = 1 }

= ~.5) exactly half of the trial (in each experiment) had NR = 15 and the

other half had NR = 204.
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The second Monte . Carlo' device used was associated with the aux'iliary buil-

ding filter. Each history has associated with it two inorganic Curie releases.

and two organic Curie releases. One of the two inorganic Curie releases cor-

responds to the release that would occur if the auxiliary building filter is

f ail ed. The counts in the appropriate bin on each history. is augmented not by

unity but by 1-pAF, where pAF is the probability the auxiliary building
i

^

filter is not failed. The other inorganic release (for each history) cor-

! responded to the release if the auxiliary building filter coerates. The counts

i in the appropriate bin are here augmented by pAF. The method may be viewed

as br2aking up f(C), the probability density for I-131 releases (say inorganic
,

release to be specific) into
<

j f(C) = f(C aux b1dg filter fails) (1-pAF)
!

+ f(C | aux bldg filter works) pAF
i

and estimating botn of the conditional density functions on the right hand
i
' side of this equation by the same Monte Carlo histories.
i

,

As mentioned earlier, each Monte Carlo run was broken up into 30 ex-
,

periments. The reason for this was to assess the statistical error arising

fran the use of the finite number of histories. By seeing how much the counts

; in each bin fluctuate from one experiment to another an estimate of the

statistical error can be obtained. The estimates of the probability density

| function (p.d.f.) obtained from each of the 30 experiments can be combined to
i

give an overall estimate. Statistical errors both in the p.d.f. and the com-

plementory c.d.f. were found. The precise procedure was as follows.

In the case of each of the 30 experiments, the total number of counts in

each bin and its square were found. These were combined to give the total
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counts in each bin and its variance. In addition, the sample estimate of

prcbability of obtaining a value in a particular bin as well as its relative

variance was detennined, this producing the probability density function

(p.d.f.) in histogram fonn. The CCF of the Curies released for each ex-

periment was obtained by sunming the probabilities in the appropriate bins.
4

The corresponding quantity for the 30 experinents was found by averaging.

Finally, the relative variance of the CCF found. The fonnulas used in the

above statistical analysis follows.

Let xjj denote the number of counts corresponding to a given bin in the

ith history of the jth experiment. Then the total number of counts in the

jth experiment, yj, is
1000

{ x (I.8)y =

i=1

while the total number of counts in 30 experinents, z, is

30 (I.9):" y
j

The variance of z, fran C.9,'is given by
30

var (z) = E var (yd)j=1 (I.10)

30

= { svar (y )j
j=1

where svar (yj) denotes the sample variance of yj as obtained from the 30

experiments. We have, by definition,

30 *

(Yi~E) (I 11)svar (y ) = i
j'

29,

where 30

Ey j
y. 1 (I.12)

30
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Substituting I.12 into I.11, we get
30 g30 230 Ey 2,! g yj j
I"Isvar (y ) = *

j 30x29

which is independent of J.

Hence, from I.10 and I.13, for the standard deviation std(z) ,

std(z)= var (z)

=g30 var (y3) (I 14)
,

330
2 230 Ey Ey- jj

1 1" ~

29

To convert z and std(z) to apply to estimated probabilities we need only

divide by 30,000, the total number of histories in the 30 experiments.- The

relative standard deviation rstd(z) is simply'

rstd(z)=std(z) (I.15)

provided z / 0. If z = 0, we take estd(z) = 0.
l

All of the above analysis refers to any one particular bin. To find the

| conplementary cumulative distribution, we sum the counts in bin #1 (i=1,..,30)

| to bin #30 in each experiment, thereby obtaining the counts in the range
1

10(1/2-10) to 10 5 curies for each experiment. (The upper limit of this5

range,10 5 curies, is effectively infinite, since the maximum po:,sible5

release is less than 10 5 curies). Summing the count in this range over5

the 30 experiments yields the total number of counts in the range 10(1/2-10)
,

to infinity. Dividing by 30,000 then gives the probability that the release'
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exceeds 10(1/2-10). The relative ste Mard deviation of this quantity is

found from fonnulas analogous to I.14 and I.15.

In order to perform the uncertainty analysis, the paraneters describing

the probability distribution functions were themselves treated as randon vari-

ables, as discussed earlier. Five hundred RADREL runs using random values of
,

th2 parameters were perfonned. The five hundred values of the CCF corres-

ponding to a particular radioactivity release were then ordered From this,'

th: 50% confidence limits were found.

i I.2 Noble Gas Release Calculations
i

The noble gas release from this accident was calculated to obtain a more

canplete estimate of the total risk than obtained from the analysis of only

halogen releases. From the analysis of the core barrel drop accident it was

clear that the Xe-133 isotope was the major contributor to the dose to the

public.

The Xe-133 gap inventory in the 15 Nt and the 20 Mwt fuel assembly r~ods

was calculated to be 42.5 and 138.0 Curies respectively. To simplify calcu-

lations made by hand, it was assumed that the probability of handling a high

power assembly was 0.5 at all times in the 100 to 200 hour refueling interval.

The probability density function describing the nunber of fuel rods that

fail and the decay time to handling were used as described in the iodine re-

lease calculation. A decontamination factor of 1.0 was used for Xe-133.

Table 1-1 shows the results of this noble gas release calculation.

Af ter weighting the noble gas release, and the iodine releases (both

inorganic and organic) it is seen that the noble gas dominates the risk to the

public.
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TABLE 11

PR08 ABILITY OF EXCEEDING X CURIES OF Xe-133
RELEASED IN A FUEL HANDLING ACCIDENT IN THE SPENT FUEL POOL

Probability Quantity Released
(per reactor year) -(X C1)

2.5(-3) 1.0(2)

1.9(-3) 2.0(2)

1.9(-3) 3.0(2)

1.4(-3) 5.0(2)

1.25(-3 ) 7.5(2)

1.25(-3 ) 1.0(3)

8.13(-4) 2.0(3)

6.25(-4 ) 3.0(3)

6.25(-6) 6.0(3)
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APPENDIX J

SPENT FUEL POOL LOSS OF
COOLING ACCIDENT ANALYSIS

J.1 Engineering Physics Calculations

In the event of a loss-of-cooling incident in the spent fuel. storage pool

and subsequent failure to identify the problem or. inability to correct the

problem in required tine period, 'it is possible .for boiling to be initiated in

th2 pool due to the heat load fron the spent fuel elements stored in the pool.

In order to analyze the consequences of this incident, the values of several

parameters of major importance must be established. These include the heat

loading to the pool, the iodine release from the stored fuel pins during pool

boiling, the decontamination factor for the pool during boiling, and filter

efficiencies for radiciodine removal under high humidity conditions. The

nethods presented here provide a general neans for establishing typical values

| for these parameters over a range of expected operating conditions.

. The heat loading to ths pool is the decay heat generated by the spent fuel

stored in the pool. The tission product decay heat is related to the operating

power of the fuel while it was in the reactor. The decay heat release rate

after shutdcvi is typically expressed as a fraction of the steady operating

power, P , prior- to shutdown. For the hypothetical case of infinite reactoro

! operating tine, the fraction of operating power, P/Po, attributable to fis-

"1on products decay power is given by.

.

1
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P/Pg(=,t)=A(t)t (J.1)
s 3 s

where P = power at time ts

Po = steady operating power prior to shutdown

to = reactor operating time prior to shutdown, seconds
,

ts = cooling time, seconds

A and a are given in Table J1.

To account for a finite reactor operating time (to < =), the fraction of

operating power due to fission product decay is given by the foll'owing cor-

rection to the infinite time operation curve.

P/P (t , t ) = P/P (=, t ) - P/P (=, t +t)g o s g s g g s (J.2)

or

P/P (t , t ) = A(t )t -a(ts) - A(t + t ) (t + t )-a(to + ts) (J.3)
g o s s s o s g s

|

where to = reactor operating time prior to shrt down, sec.

and A(t ), A(to + ts) and a(ts), a(to + ts) are detennined froms

Table J1.

The above analytical expressions represent the ANS draft Standard (42) for
'

decay energy release rates fol, lowing reactor shutdown.

For n-core sections stored in the spent fuel pool, each having an operating

power Poj when in the core, an operating period in the core of toj and a

cooling time in the SFSP of tsi, the total heat load to the pool, P, is given .

by
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=

. s.

;

.

.

i

,

~ TABLE J1
.

:
,-

ts,TimeInterval(sec)-
A a

_
* _

10-l'- 101
0.0603 0.0639

f 101 - 1.5 x-102
-0.0766 0.181I 2l'5 x 10 _ 4 -x 106 ;

.

0.130- 0.283-

'4 x 106 - 2 x 108
0.266 0.335

.

TABL5J2
'

,

:

POOL HEAT LOAD SUMMARY-
,

s

| Core Section i t39(sec) (tog + t34) (sec) Poj(Btu /hr) P,(Btu /hr)'
t 'l 6.05(5 9.52(7) 2.78(9). 6.78(6)2 '1.58(7 11.06(7) 2.78(9) 1.37(6)~

,

; ' 3 3.16(7 .12.64(7)- 2.78(9) 0.84 6)
'

4 4.74 14.22(7)- 2.78(9): 0.61 6)-5 6.32
;

! 15.8 (7
17.387)- 2.78(9 0.48 66

i 7.90
18.96j7)) 2.78(9 0.39 67 9.48

] 8 11.06(7) 20.54(7) 2.78(9 0.28(6)
2.78(9 0.33(6

*,

] 9 12.64(7) 22.12(7) 2.78(9) 0.24(6)
; Total 3-cores
: 11.32(6) = P<

,

r'
)

f
I. !
;

i s

i

i

J
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,

n n

{P4= {P A(tsi)tsi -a(tsi)P= gj
i=1 i=1

(J.4)

(tgj + tsi)-A(tgj + tsi)(tgj + tsi)

:

,

where P = pool heat load, Btu /hr

Pj = power of the 1-th core section in the pool, Btu /hr

P j = operating power of the i-th core section, 6tu/hro

n = number of core sections in the pool

toj = reactor operating time for the 1-th core section, sec.

tsi = cooling time interval for the i-th core section, sec.

A(tsi),A(tsi + tgg) = coefficients from Table J1 at cooling times
tsi and toj + tsi respectively

a(tsi),a(tsi + tgg) = exponents from Table J1 at cooling times
tsi and toj + tsi respectively.

To obtain an estimate of the Surry pool heat loading, the following as-

sumptions have been made:

(1) 1/3 of a core is placed in the pool at each refueling and the two Sur-

ry reactors are alternately refueled on a six month schedule.

(2) Each core section piaced in the pool had an operating period of three

years. (t j = 9.46 x 107sec)o

(3) The total core operating power was 2441 MWT. One-third of the core

9 Btu /hrP j = 2.78 x 10generates 1/3 of the power. o
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(4) The loss of pool cooling occurs seven days after the last refueling

shutdown.

(5) The pool holds three full cores or nine 1/3-core sections. The Surry

pool holds 464 fuel assemblies per the FSAR. This is approximately
'

three cores (157 assemblies per core).

(6) Since (toj + tsi) is always greater then 4 x 106 sec, A(t j +o
i tsi) = 0.266 and a(toi + tsi) = 0.335, for all i.

Table J2 summarizes the contribution of each core section to the pool heat

load.

The pool heatup rate, AT, is given by

AT = P/C V (J.5)p

AT = pool heatup rate, F/hr

P = pool heat load, Btu /hri

'

C = specific heat of water, Btu /lbm-Fp

p = pool density, Ib /ft3m

! V = pool volume, ft3

This assumes no heat loss from the pool, Mich maximizes the heatup rate.

The time to heat the pool from any temperature, T, to 212*F, is given by

at = C V(212 - T)/P (J.6)p

where at = pool heatup time, hr.

For pool water, Cp = 1 Btu /lbm-F. Over the range of pool temperatures
*

anticipated in a boiling incident, 70 to 212*F, the density varies from 62.3 to

3 359.8 lb /f t . Assume an average density of 60.9 lb /ft ,m m
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The initial or ambient pool temperature, T, must be known to estimate the

time required to heat the pool to 212'F. The design basis for the fuel pit

cooling systen is to maintain the fuel pit water below 140*F when 1/3 of the

core is placed in the pit 150 hours after shutdown and to mt.intain the fuel pit

temperature below 170"F when 1-2/3 cores are placed in the pit 150 hours after

shutdown (Surry SAR p. 9.5-1). The fuel pit coolers (43) have a design duty

of 34475 x 106 Btu /hr each (Surry SAR p. 9.5-3).

Johnson (43) cities pool temperatures in the range of 70 to 120*F.

3The Surry spent fuel pool is approximately 76000 ft . This volume is

decreased by the fuel in the pool and the storage racks. The volume associated

with the fuel assemblies is estimated as follows. Fran the Surry SAR (p.

3.32-3)

Fuel Weight (UO ) 175,600 lbm2

Zircaloy Weight 36,300 lbm

Total Weight Fuel Assemblies 226,200 lbm p. 3.5-2

Assume the difference in weight is for the stainless steel in the core. Assume

the fuel density is 91 percent of the theoretical density. The volume of

UO , Zircaloy, and stainless steel are obtained by dividing the weights by2

I densities.

U0 Volume = 175,600 lb /.91 x 685 lb ,/ft3 = 282 ft32 m

3 3Zr Volume = 36,300 lb /410 lb /ft = 89 ft
m m

3 3
SS Volume = 14,300 lb /490 lb /ft = 30 ft

m m

3Total Volume per core = 401 ft
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3For three cores the volume displaced is 1200 ft . Assume the racks displace

an equivalent volume. The spent fuel pool water volume is estimated to be

76,000 ft3

-1,200 ft3 fuel volume

-1,200 ft3 storage rack volume

73,600 ft3,

In estimating the time for the pool to heat up to 212 F, we can consider a

range of initial pool temperatures between 70 and 120*F and a pool volume .of

3 673,600 ft . Using the pool heat loading of 11.3 x 10 . Btu /hr estimated

earlier, the time to heat up the pool to 212*F is estimated to.be 56.2 to 36.4

hr for this range of initial pool temperatures.. At the maximum pool _ tempera-

ture allowed by Tech Specs (170 F) the tine to heat the pool to 212 F is 16.6

h r.

The pool boiloff rate can be estimated using the following expression.

WB = P/hf9 Q.7)
where

WB = Pool boiloff rate, Ib /hrm

hfg = heat of vaporization, Btu /lbm

| P = Pool heat load, Btu /hr

| For the case considered here, P = 11.32 x 106 Btu /hr and hfg = 970.3
,

Btu /lbm for 212 F saturation temperature

6WB = 11.32 x 10 /970 = 11,700 lb /hr.m

Prior to the transfer of spent fuel fran the reactor to the spent fuel

storage pool, water will enter the cladding of those pins which have experi-

enced failure in operation. If, during the heatup of the pool, boiling oc-

curs in the gap of these failed pins, it is likely that a release of radio-

iodine will occur to the pool water analogous to the spike that occurs at the
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5 time of reactor startup after a short shutdown period. The mechanisms of

spiking are not adequately understood to ' accurately predict the size of the ,

spike that would occur. General Electric (13), estimates that startup spikes

are typically half as large as decompression spikes. This appears to be con-

sistent with PW1 behavior in which the inventory of iodine available for

release is noticeably depleted by the occurrence of a spike such that subse-

quent spiking conditions within the period of 1 to 2 days lead to smaller

spikes (14).

The quantity of radiciodine release in a spiking sequence in ar. operating

reactor can be estimated fran data tabulated by Pasedag(15), (see Appendix F)

by fitting the data for total release as a function of iodine release rate.

t

Q = e0.70 + 1.05 RI (J.8)

where Q = total release of 1131 in spiking sequence (C1)

RI = equilibrium release rate of iodine (uCi/sec) observed prior to spik-
ing sequence

The variation in the exponent represents the distribution of observed spikes.

The equilibrium concentration of iodine is related to the release rate as:

(f+A)YRI = CI
d

(J.9)
= 4900 CI

where

CI = equilibrium concentration (uCi/g)

F = _ purification flow rate = 4670 g/s

8V = primary system mass = 2.5 x 10 g

d = decay rate = 9.96 x 10-7 sec-1A

|
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Relating' iodine release rate to failed fuel fraction;(assuming .12% failed fuel

is equivalent to a .27 pCi/ gram of I-131 activity level in the primary cool-

ant),

Q = 1.1 x 104 e0.70 1 1.05 FF (J.10)

where FF = percentage of failed fuel (%).

If the fraction of failed fuel is assumed proportional to burnup, for a

burnup of 33,000 mwd /MT the failed fuel fraction would be 0.40%.I7) An upper

bound of 1% and a lower bound of 0.12% can be assumed.

It is only necessary to consider the release of iodine from the last one ,

third section of the core to be placed in the SFSP. Reducing the iodine re-

lease by a factor of 2 to account for the smaller release in startup spikes and

accounting for 1131 decay since shutdown, the spike release Q is given by

e .70 1 1.05 x FC x FF x e (J.11)0 -3.58 x 103
Q = 5.5 x 10

where

FC = fraction of core (usually 1/3)
4 FF = percentage of failed fuel (%)

At = time from shutdown to start of boiling (br).

It will be assumed that some fraction of the iodine released to the pool is

in the fonn of volatile organic iodine. At the present time there is no good

basis for estimating the fractional amount. Discussions with A. Postma indi-

cated that he feels as high as 10 percent of the iodine can be converted to

metiyl iodide.t

For organic iodine, the decontamination factor in the SFSP has been taken
'

as unity. For inorganic iodine, as the pool boils the iodine will be parti-

tioned between the liquid and the vapor. The- partition coefficient, PC, for

this process is defined as -
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Concentration of iodine in liquid (J.12)PC = Concentration of iodine in vapor

Based on experimental data presented by Styrikovich, et al.(44), a minimum

value of 104 is expected for the partition coefficient. The corresponding

decontamination factor, DF, is given by

DF = (p /p )/PC
g g (J.13)

where (p /pg) = the density ratio at the boiling pool conditions. At a satura-
g

tion temperature of 212*F, p /p = 1600. This results in a decontaminationg g

factor of 0.16.

In the event of an increase in radiation levels in the fuel building which

contains the spent fuel pit, the fuel building ventilation exhaust can be

diverted from the ventilation vent to roughing, particulate, and activated

charcoal filters for radioactivity removal (Surry SAR p. 9.13.4-2). These

i filter banks are designed to remove 99.97 percent of solid particles down to

0.3 microns in size and 99.9 percent of any methyl iodide or iodine vapor en- ;

trained in the ventilation exhaust (Surry SAR p.13.2-1).

In a boiling pool incident., diversion of the fuel building exhaust to the

filter banks for radic activity removal will place a high humidity load on the

filter banks. The adsorption efficiency of a charcoal filter is a function of

the temperature and humidity of the gas steam, passing through the filter.

Information available in ORNL-NSIC-65(45) and the Nuclear Air Cleaning
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Handbook (46) provides the following sunmary on the efficiencies of nuclear

grade charcoal. The efficiencies are based on 1-inch bed depth for elemental

ioaine efficiency and 2-inch bed depth for methyl iodide efficiency.

(1) Nonimpregnated charcoals: Efficiency for elemental iodine is

satisfactory (over 99%) even after extended operation in high-

temperature (260 to 280 F) environnent containing steam and water

droplets. Efficiency for methyl iodide is satisfactory at relative

humidities less than 70% but nil at high (over 80%) humidity.

(2) Impregnated charcoals: Efficiency for elemental iodine is satisfac-

tory (over 99%) under all temperature and humidity conditions, up to

270*F and 100% relative humidity. Single-pass efficiency with 0.2

sec residence time is given in Table J3. Flooding of the carbon due

to free water may reduce efficiency to as low as 20%.

The long term performance of charcoal filters in removing radioiodine in

ventilation exhaust air in a reactor plant has been investigated in an EPRI-

sponsoredstudy.(47) The study indicated that the charcoal filters showed no

reduction in retention efficiency for elemental and inorganic fonas of iodine

over a three year period of continuous use. For organic iodine, the retention

efficiency was found to decrease with time. After three years of use, the

filter efficiency was approximately one-half of the efficiency observed after

the first year of use.

Based on the above information, best estimates for filter efficiencies at

the high humidity conditions considered here are 99.9 percent for elemental

iodine with a range of 99 to 99.99 percent and 30 percent for organic iodine

with a range of 10 to 90 percent.
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TABLE J3-

RECOMENDED DESIGN VALUES FOR SINGLE-PASS
ETHYL IODIDE EFFICIENCY FULL-SCALE ADSORBERS

CONTAINING IMPREGNATED ACTIVATED CARBON

Percent Efficiency for
) Relative Radioiodine as

Humidity Methyl Iodide'

(1) 70'F 270'F,

!

85 or less 95 98

90 90 90

4

95 80 701

98 70 30
,

t'

i

2-in. bed depth, 0.2 sec residence time, 3 mg radioiodine as methyl iodide per
gram of carbon

I

4
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! .J .2 Spent Fuel Pit Probabilistic Analysis

The estimation of risk for the spent fuel pit loss of cooling accident

sequence requires incorporating the factors defined in the previous subsection

into an analysis methodology. The objective of this methodology is to esti-

mate probability versus release magnitude for this sequence, and bound this

estimate based on the uncertainty in the parameters upon which the estimate:

! depends. All relevant factors that could affect the probability or release-

magnitude are to be included. ,

The results presented here are estimated from the distributions defined in

the previous section. In sone cases the upper bounds of distributions were

used to obtain conservative results in a timely manner. However, for those ,,

factors that appeared to have the largest affect on the probability versus re-

lease magnitude curve, the entire distribution of possibilities was incor-

porated into the analysis. The partial failure analysis technique was chosen

to incorporate the statistical aspects of the problem into an estimate of

probability versus release magnitude.

The analysis methodology was structured to account for the large number of

[. dependencies among the factors affecting the probability versus release mag-
!

nitude estimate. Most of these factors are, however, dependent upon the time

after refueling at which the accident (loss of pit cooling) occurs. For in-

stance, the time after refueling (ti) at which the accident occurs affects:

e The radioactive inventory of the fuel rods

e The heat load to the pool, which in turn affects the time required
to raise the fuel pit to boiling (t ), and the boiloff rate2

e By virtue of t2 above, the probability of the pit reaching boiling

e By virtue of the boil-off rate, the rate at which I-131 is released
to the atmosphere.
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Therefore, the analysis methodology was structured around the dependencies

inherent in the time after refueling at which the accident occurs. If it is

assumed that the accident occurs on a given day after refueling, the

relationships between the various factors affecting probability versus release

magnitude can be defined and incorporated into the methodology. This suggests

a partition of the sample space by day after last refueling, which was the

approach taken. The probabilities versus relecse magnitude are estimated

given that the accident occurs on each of the pecified days after refueling,

and the results are summed using the law of total probability to obtain the

probability versus release magnitude for the accident sequence. Other aspects

of the problem treated by the analysis include:

o Pashing accident sequences involving binomial (failed /not failed)
failures and continuous random variables that affect the probability
and release magnitude (e.g., time after refueling when the accident
occurs; percent failed fuel; tire required to repair failed pumps or
val ves) .

e Separation of the uncertainty in the parameters affecting probability
or release magnitude into randora (variation) and systematic (ig-
norance) components. The parameters exhibiting random error, or
variation, are used to define the shape and centrality of the
probability versus release magnitude curve. The parameters ex-
hibiting systematic error, or ignorance, are used to estimate the
bounds on the probability versus release magnitude curve.

Concerning the second item above, parameters exhibiting random ceror, or

variation, generally represent possible states of the system at tre. time of

accident. If one were to sample a random reactor at a random tioe, one would
'

find a state of the system defined by a certain time after refueling, a cer-

tain failed fuel percent, etc. On the other hand, parameters exhibiting sys-

tematic error, or ignorance, have only one value for all reactors (e.g., the

true value of the partition factor), but we are ignorant of this true value,

and have instead a distribution of possible values.
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Succeeding sections treat the model development, and results, in more de-

tail.

A partial failure model was constructed to estimate the probability versus

release manitude for the fuel pit loss of cooling accident. Figure J1 shows a

flow diagram illustrating the major events required to release radioactivity

in this accident. Referring to Figure J1, the probability of loss of pit

cooling was estimated from a fault tree analysis of the Surry spent fuel pit

cooling system. The other factors in Figure J1 were included in a partial

failure analysis, since the release magnitude cepends on a number of contin-

uous random variables, e.g., failed fuel percent, activity level of the spike

following boiling, duration of boiling, boiling rate, etc.

The model partitions the sample space by time after refueling at which

cooling is lost. Define the events:

Ai = The event that cooling is lost on the ith day after refueling,
and the accident results in pit boiling ,

RJ = A specified release magnitude of size Rj

By the law of total probability, the probability of the specified release. mag-

nitude greater than Rj, from this accident sequence is:
n

P'R'= {P ~R /A P A (J.14)
' '~

- 3- i=k
- 3 $ $

- ~~

where: n refers to the summation over the n days between refuelings,

starting with'the kth day (k=5 for the analysis reported
1=k

herin)

For the ith day after refueling, the model esti4ates the conditional

probability of release greater than Rj given that loss of cooling occurs on

the ith day (P[Rj/Aj]), and the marginal probability.that loss of cool-

ing occurs on the ith day (P[Aj]). These two probabilities are estimated
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by different techniques. The conditional probability is estimated by a par-

tial failure analysis from a consideration of the factors that define the

state of the system at the time of the accident, e.g., failed fuel percent,
!

! time required to repair the cooling system or mitigate the accident, etc. The.

marginal probability is estimated from a fault tree analysis of the fuel pit
:
! cooling system.

Both the marginal and conditional probability estimates are pncertain by

virtue of the systematic error in the parameters upon which these estimates -
' depend. The marginal probability estimate, P[Aj], is uncertain due to the

uncertainty ';a the failure rates of component failures leading to the event

"the fuel pit begins to boil." The conditional probability, P[Rj/Aj], is

uncertain due to uncertainty in several physics and engineering parameters,

namely the 1-131 partition factor, and filter efficiencies in the hot, humid

conditions that would result from a boiling spent fuel pit. Thus, both the

marginal and conditional probabilities are more correctly thoaght of as dis-

tributions of possible probabilities for the accident sequence. These dis-

tributions reflect the best estimates of the systematic error in the para-

meters that are used to estimate the probabilities..

The probability of a specified release magnitude greater than Rj,

P[Rj], is thus also a distribution, since P[Rj] is the sum or products of

the conditional and marginal probabilities, both of which are distributions.;

To estimate the distribution of P[Rj], the model propagates the distri-

butions of P[Rj/Aj], and P[Aj] to P[Rj] using equation (3-1). The

model performs this error propagation for several specified values of Rj.

The medians of the distributions for P[Rj] define the cdntrality and shape

of the probability versus release magnitude curve for the boiling fuel pit
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:

i accident. The five and ninety-five percent confidence levels of the distri-

butions for P[Rj] serve to bound the probability versus release magnitude.

The end product of the modeling effort is a complementary cumulative curve for

probability versus release magnitude, and confidence bounds on the curve. .

:

The detailed methodology employed by tha model to estimate the distri- |
,

~

! butions for P[Rj/Aj] and P[Aj] is presentea next.

The distribution for the marginal probability, P[Aj], is estimated using

| a fault tree analysis of the spent fuel pit cooling system. An analysis of

the cooling system and associated piping indicated that the most'likely acci-*

) dent sequences leading to a boiling spent fuel pit were those associated with

a failure of the spent fuel pit cooling systen and subsequent heatup of the

spent -fuel pit water to boiling. Section J.3 contains a description of this

; scoping analysis. Section J.3 also contains a schematic diagram of the Surry

spent fuel pit cooling system, upon which the fault tree analysis was per-
$

! fonned, and a detailed description of each fault considered. The fault tree

analysis performed to assess the distribution of P[Aj] is identical to the

! example analysis in Section J.3, with the following modification: .

t
The initiating event for the example analysis of Section J.3 for| e
cooling system failure is cooling pump fails to run. The probability1

of the initiating event in Section J.3 was computed over a period of
one year, so that the results appear as probability of spent fuel pit
boiling per reactor year. The time span for the initiating event for
the model results reported herein was taken as the time between re-
fueling of two reactors which is assumed to be approximately one half
year (150 days).

i

The surveillance probabilities of the example analysis of S'ection J.3*
were computed for one assumption concerning time after refueling at
which the accident occurred (four days), and a conservative estimate
of initial fuel pit water temperature of 170*F. Thus, the time be-
tween initiating event and pit boiling is conservatively small, and
the probability of surveillance failure is conservatively large.
Realistic values were used to generate the model results reported
herei n.
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Possible repair of equipment during the interval between the initiat-*

ing event and the on-set of boiling was not considered in the example
analysis of Section D.3. This was considered, however, for the model
results reported herein.

Otherwise, the fault tree upon which the distribution of P[Aj] was evaluated

was the same as the fault tree shown in Section J.3.

Figure J2 shows a top level fault tree identifying the major classes of

cooling system failures leading to spent fuel pit boiling. Figure J2 details

sp:cific pump and valve failures that would fail the backup system. The

initiating event for the accident is failure of a cooling pump sometime within

a span of time of interest (e.g., time between refuelings). The evaluation of

the fault tree depends on the time between the initiating event and the onset

of boiling (t ), since this affects both the probability of failure of human2

surveillance, and the probability of failure to repair the cooling pump or

backup system. The time t2 depends on the heat load to the spent fuel pool,

which in turn depends on the time after refueling at which the cooling pump

fails. Thus, it is necessary to multiply the probability of the initiating

event occurring in a given time span (e.g., time between refueling) by the

probability that the initiating event occurs on exactly the ith day after

refueling. Therefore, the distribution of marginal probabilities obtained

from a quantification of the fault tree is multiplied by I/N, where N is the

number of days between refuelings (N=150 days for the results presented here).

The probability of failure of human surveillance was estimated based on

the following assumptions:

If the accident occurred such that the accident and boiling were both*

initiated over a weekend, it was assumed that insufficient personnel
would be available to detect the accident before boiling occurred;
i.e. , personnel are not in the fuel pit area over the weekend.

1
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If the accident occurred such that the accident or boiling were
initiated during the week, the accident would be detected by person-
nel in the fuel pit area.

Thus, a " window" is defit.ed such that if the accident occurs in this window,

it is not detected. The probability of no human surveillance in the window is

computed as:
(63-t)2 (J.15)P[S] per demand=

168

where P[S] = probability o ~ absense of human surveillance
.

63 = number of hours in the weekend

168 = number of hours in a full week

t2 = time between initiating event and the ori-set of boiling.

The expression for P[5] is a function of t , sich in turn is a function of2

the time after refueling when the accident occurs.

The probability that the system is not repaired before the onset of boil-

ing was estimated from the pump repair time distribution preserted in WASH

1400,(1) Appendix III. This distribution is presented as Figure J4, for con-

venience. The probability is also a function of t , and was evaluated from2

a polynomial fit to Figure J4.

The distribution of P[Aj] was evaluated over a range of values for t2

using the SAMPLE conputer program. The range of t2 was chosen to reasonably
j

! span the values of t2 that would be required to evaluate probability versus

release magnitude for the spent fuel pit loss of coolir.g accident. Figures J5

and J6 show the median and error factor for the distribution of P[Aj] over

the range of t . These c.rves were piecewise fit to polynomial expressions ;2
!
'

and used in the model to evaluate the distribution for P[Aj] for each

required time af ter refueling, t . Thus, the distribution for P[Aj] wasi

retrieved when required by the model.

|

- 260 -

|
|

_
_ _ -



_.

I
\

, , , , , , , , , , ,...m, v.:,,,,,,

s0 - -

U 08- -

9
| 06- -

O
g 04- -

0.2 -
-

' '''"'' ' ' '''''' ' ' ' ' ' ' ' ' 'O
10 IOO 8000

HOURS TO REPAIR

Figure J4. Probability distribution for repair time of pumps

' ' ' ' ' ' ' ' '6 s10'*
o

_ _

g 4 10*-
c

-

*
2 s t O*- -g

E i a lO-*- -

SL

$ 8 s10-5 - -

>-

k 6:10'S- -

4

h 4:10'S- k -

* Ny2 10'S- -

t i i t 1 1 I I I

y 10 20 30 40 50 60 70 80 90 00 0

HOURS BETWEEN INITI ATING EV'ENT AND BOILING TIME (t I
2

Figure J5. Median probability of pit boiling

i i , , , , , , , i

e5- -

14- -

e
S i3- -

< u
O I2 -

-

t;
8 il - -

10 - -

9 -
-

t I t I t I 1 I I i

O 20 30 40 50 60 70 80 90 100

HOURS BETWEEN INITIATING EVENT ANO BOILING TIME (t,)

Figure J6. Error factor for probability of pit boiling

261 --
{

_ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ - _ - _



By expressing the distribution of P[Aj] in terms of a median and error

factor, the implicit assumption is that this distribution is log-normal. This

assumption is a reasonably good one for the cases at hand. The error factor

for a given value of t2 can be estimated as the ninety-fifth percentile of

the distribution divided by the median, or as the median divided by the fifth

percentile of the distribution. For a log-nonnal distribution, these

calculations yield the same error factor. For the cases evaluated in this

problem, the estimates did not differ by more than 30 percent. The error

factor estimated by the ninety-fifth percentile divided by the median was used

to approximate the upper bound of the probability versus release magnitude

Curve.

|

I
!

!

!
,

- 262 -

.
_



;
-

-.

-J.3' Spent' Fuel Pit Fault Tree Analysis

The description and data' used are taken from the Surry FSAR. The fuel pit

cooling systen consists of two full size coolers and two full size circulating.
_

pumps that are cross-connected to provide 100 percent backup for-both cooling
,

and circulation requirements. One cooler and one pump are nonnally used as

backup systems and are cut out of the cooling loop by pneumatically operated

valves. By opening nonnally closed valves and closing nonnally open valves,

either of the two coolers or the two pumps may be interchanged, in the event:-

of cooler or pump failure, or due to maintenance requirements. The purifica-

tion loo.c inlet is connected to the nutlet-line of one of the coolers. This

' loop feeds the fuel pit ion exchanger and the fuel pit filter, either of.which

may be removed from the loop. Dual pumps are connected into the loop to pro-

vide 100 percent redundancy. The skinner loop consists of two independent
i

| pumps and skinner filters that also provides 100 percent redundancy except at
i

the pit return line which has a common segment of pipe before feeding back
.

into the pit through multiple nozzles. Table J4 lists the fuel pit cooling'

2

i. system characteristics.

The location of pipes and fuel assesnblies within the spent fuel pit as |

well as the relationships between the spent fuel pit, the pump roans, the

stairwell and hoist areas, and the new fuel entrance door are dimensionally

illustrated in Figure J7. The spent fuel pit is constructed of reinforced

cencrete 3 to 6 feet deep within 1/2 inch butt-welded stainless steel (304 SS)

plate liners and designed to withstand Class I Design Basis Earthquake speci-

fications. The top of the pit is open to permit access and the water is

purified and skimmed to allow clear inspection of the pit and its contents.

The normal water. level in the pit is approximately 167 in, from the fuel top
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TABLE J4

. SPENT FUEL PIT COOLING SYSTEM CHARACTERISTICS

FUEL PIT'

Construction Boron Water-filled open top pit '(2500 ppm Boron)
.

Seismic category classDesign -

570,000 gallons (407,800 gallons water with full'Capacity -

spent-fuel inventory
Structure - 3 to 6 feet thick reinforced concrete
Liner. - 1/4" butt welded 304 stainless steel plat.e
Depth - 462 inches

COOLING LOOP

Capacity - 2007. (Two pumps and two coolers independent and
crossconnected)

Maximum Operating Temp. - f170*F
34.75 x 106 Btu /hr (per cooler)Heat Transfer .-

Flow - 4200 gpm
(perpump)

62 feetHead -

12 inchesMin. Pipe Size -

Max. Drain Size .1 inch (2-1/2" through Purification Loop)

PURIFICATION LOOP

150 gpmF1ow -

Head - 198 feet
i

2-1/2 inches -|Min. Pipe Size -

Max. Drain Size - 2-1/2 inches

SKIMMER LOOP

Flow - 10 gpm

Head 30 feet
Min. Pipe Size - 3/4 inch
Max. Drain Size - 3/4 inch

Ref: FSAR Table 9.5-1
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295 in, from the pit floor. The Surry FSAR states that the lowest level .of

pipe penetrations through the fuel pit structure is 20 feet or 240 in above

the top of the stored fuel elements.

The projection of the cooling, purification, and the skimming pipes below

this level is not specified; however, the 16 in. cooling return line is shown

on the fuel pit system functional diagram to extend downward after penetrating

the structure. The pumps, coolers, and filters are located in the pump roon

on a level with the bottom of the pit. The ceiling of this room is approxi-

mately 248 in, above the floor with a stairwell and hoist creas located in one

end of the fuel building with the pit taking up the other end of the building.

The spent fuel pit water level and temperature are both monitored on event

recorders in the power plant control room. The water level event recorder

flags both high and low water levels and the temperature recorder flags a "Hi

Temp" as well as a "Hi Hi Temp" spent fuel pit water temperature. An alarm is

also provided on the pool to sound at a level loss of approximately 1/2 ft.

Slow leakage of water from any power in the piping or components or the cool-

ing or purification systems can be stopped by valves mounted close to the pool

penetrations. Further, the FSAR states "large piping system leak can reduce

the water level in the pool to only 4 ft below nonnal since at this elevation i,

I

the water level is below pipe penetration in the pool wall."* However, the

cooling loop return is shown on the system functional diagrams as penetrating

| the pool below this level. Although this return pipe no doubt has antisiphon

holes, should these holes become plugged for some reason it is possible that

the pit water could be siphoned down to the level of the bottom of this pipe.

*Neither the FSAR drawings or specifications indicate the presence of ventila-
tion directed across the surface of the pool.
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The most likely cause of loss _of spent fuel pit water is vaporization due

to loss of cooling. Loss of cooling may result from either leakdown of the

water to below the cooling system inlet or due to malfunction within the cool-

ing system with the subsequent vaporization of pit water. Although siphoning

will not be ruled out in this analysis, siphoning below the pipe inlet appears

unlikely cased on current infonnation derived from the FSAR.
'

Water escaping from the spent fuel pit, other than by vaporization,-is ex-

pccted. to drain into the pump room; until the water level rises to the new I

fuel service door ramp level. How much water will drain out of the pit de-

pends on the nature of the leak and/or the depth that the cooling loop return

pipe extends into the pit water if and when the pit is being siphoned.

Additional water escaping from the pit can then drain through the doorway when

the door is open or water escaping fran the pit can build up in the stairway

and hoist areas until the water levels in the pit and these areas stabilize.

The pump roon volune below the new fuel service door ramp level is esti-

mated to be approximately 194,500 gallons. _ The spent fuel pit is estimated to

contain approximately 263,800 gallons above the level of the new fuel service

door ramp. Therefore approximately 69,300 gallons of spent fuel pit water

! could flow out of the fuel building through this door. Should the new fuel

service door be closed, the water could possibly build up in the hoist and

stairwell area at a rate of approximately 294 gallons per inch of rise in

water level which would result in a stabilized water level between th+ water

in the spent fuel pit and lost water of approximately 45 in. ar,ove the new

fucl service door ramp level. The amount of water released ts he environnent

with the new fuel service door first open and then closed is suninarized in

Table J5 along with the radiation shield remaining after the leakdown

stabilizes.
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The elapsed time between the occurrence of a fault event that will result

in the loss of spent fuel pit water and the exposure of the top of the spent

fuel assemblies has been calculated for five cabinations of leakdown, siphon-

ing and vaporization. The detailed schedule calculations are presented in

Table d6 with the results of these calculations summarized in Table J7.

The calculations for vaporization assume an initial fuel pit temperature

of 170*F and a heat loading equal to the heat renoval capacity of the fuel pit

cooling system. Thus, these calculations are conservative and probabilities

estimated fra these nunbers will tend to be larger than realism would sug-

gest. However, the nunbers are sufficient for cmparison purposes, to indi-

cate the fault sequences that doninate the analysis. This is exactly what

they have been used for, in an example analysis.

The data in Table J7 illustrates that although there is an order of mag-

nitude difference in leakdown elapsed tine between a 3/4 in. and a 2-1/2 in.
i

leak this difference contributes only approximately 20 percent to the total

difference in elapsed time. The difference in the time required to heat up

the spent fuel pit water fra 170*F to 212 F, as well as the differences in

the vaporization times, reflects the difference in the amount of water that

must be heated for each fault subevent case.

The primary means of losing spent fuel pit water have been identified as

cooling system leakage, cooling system siphoning and vaporization due to loss

of cooling. Other means of losing spent fuel pit water that were considered

and detennined not to be significant factors are the fuel building drain, the

fuel transfer canal and natural and operational disasters.

The fuel building drain sump is located in the pump rom floor. Drains

from the fuel pit coolers overflow from the spent resin dewatering tank, and
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; TABLE J5

t

i

WATER' RELEASED BY LEAKDOWN
1

{ Remaining
Radiation Shield*

New Fuel Water Released,

j Service Door in, gal.- to environment (gal.)
I
i

! Open 80 99,500 69,300
i-
1- Closed '125 154,400 -0-i
i

k

',

k

!

1-

i
a

1

I

i

.

f

.g-
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TABLE J6

ELAPSED TDiE SCHEDULES FOR THE LOSS OF SPENT FUEL PIT COOLING
WATER DUE TO LEAKDOWN, SIPHON AND VAPORIZATION

Water 2% inch Leak /5iphon foulvalent 3/4 Inch Leak / Siphon Equivalent
Height - (ft) Level

Evapora- in Pump Elapsed Elapsed
Mean Voltme- - tion ilme- Room- Head- T ime - Elapsed Time (hrs) T ime - Elipsed Time (hrs)

Primary Top- Head- (gal x 10 ) (hrs) (ft) ' (ft) Flow (hrs) Temy Flow (hrs) Temp3

Events H, H AY t H AH (gps) T (OF) T T (gps)
T($ (OF) i i

g g y 2 g3 g$y gy t$y y

@ 01 @ @ @ @ @ @ @ O @ O O O O O O
Normal Level 38.50 !?O 170

36.22 67.4 15.6 3.59 32.64 10.52 1.8 1.8 1.8 0.96 19.5 19.5 19.5

Pump Inlet 33.94 170 3. 4 "* 170 3. 4 ** *

I 32.87 31.8 7.4 8.R6 24.01 9.02 1.0 1.0 7.4 0.82 10.8 (212) 6.4 7.4
31.79 182

bJ 30. 72 31.8 7.4 12.24 18.48 7.92 1.1 1.1 7. 4 0.72 12.3 4.6 7.4
N 29.64 197
O 28.58 31.8 7.4 15.62 12.96 6.63 1.3 (217)** 1.3 7.4 0.60 14.7 4.9 7.4

27.50g
26.43 31.8 7.4 19.00 7.43 5.02 1.8 1.4 7.4 0.46 19.2 5.3 7. 4''

Pump R , Tilled 25.34 *

2.1 8.0 0.31 31.0 6.4 8.024.09 34.6 8.0 20.67 3.42 3.41 2.8
23.01

21.75 34.6 8.0 20.67 1.08 1,91 5.0 3.1 8.0 0.17 56.5 7.0 8.0
,,

Il 53.0**** 2 3. 0* " * -0-
'

2 3.0* * ** 23.0****15.03 99.5 23.0 20.67 -0- -0- = =

Top of Fuel 13.94

Time to Expose Fuel Assemblies w/o 8ack Flow 84.2 34.8 13.8 77.1 91.5

Time to Expose Fuel Assem6 lies with 8ack Flow 84.2 49.4 88.4 91.7 106.1

* Total Pit Water Volume =407.800 gallons. Water Volume above Fuel =363.300 gallons.
0** 212 F 9 Total Elapsed Time =4.9 hrs.

*** Time to heat up to bolllag.
**** Assumes no back flow from pump room into spent fuel pit. With back flow both these vaportrailon elapsed times and the

total cununulative elapsed times would be increased by approximately 14.6 hrs.
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TABLE J7

~

SUMMARY TABLE OF THE TIME TO LOSE COOLING WATER'FROM THE SPENT FUEL PIT

. N
\ Fault Water Escaping From Pit

Event (Drain Valve Left Open During Maintenance)

's' Loss of Cooling
Without Siphon With Siphon * (Pump Failure, Pump

Loss or Cooler Transfer
Mechanisms 3/4" Leak 1" Leak 2" Leak 2 " Leak 3/4" Leak 2h" Leak Valve Failure)

.

1. Leakdown Until
Below Cooling
Inlet - t 19.5 11.0 2.7 1.8 19.5 1.8 0.0t

I

h
02. Heatup (170 to |

2120F - t 3.4 3.4 3.4 3.4 '3.4 3.1 4.1, H

3. Vaporize Water
Level Down to
Spent Fuel - t 83.2 83.2 83.2 83.2 68.8- 44.5 84.2y

.- _.

' TOTAL ELAPSED

TIME - T( ) (HRS) 106.1 97. t, 3.3 88.4 91.7 49.4 88.3
,

RELATIVE RANK ** 1.20 1.11 1.01 1.00 1.04 0.56 1.00
*
This column shows the maximum effect of siphon when siphon is assumed to start when water level
drops below cooling inlet, and to continue until fuel is exposed.

** ' '

Using Loss of Cooling as Base Case. s
- ;

,

4.



the fuel building floor and pit drains feed into this sump. Two pumps with a .

rated capacity of 25 gpm at 74 ft head are located in this sump to discharge

the drainage through either the high level liquid waste drain filter into the

high level liquid waste drain tank or through the low level liquid waste drain

filter into the low level liquid waste drain filter into the low level liquiti

waste drain tank. The flow capacity of this drainage system is not large

enough to significantly change the resultant water level or the rate of dis-

charge when the pit is drained by a large leak into the pump room.

Spent fuel pit water also could escape from the fuel building through the

fuel transfer canal into one of the rea,ctor containment buildings. However,

this fault cor.dition is highly unlikely because the gate valycs that close the

transfer tubes are manually operated and only used during Juel transfer when

the system is visually monitored by multiple operators. The additional

factors that also tend to reduce this probability are first, the gate valve is

backed up by a gate on the pit end of the transfer tube, and second, the

capability of the containment building to accept leaked water is limited by

the capacity of the building sump, the refueling water storage tank, and the

waste water storage tank which is not large enough to significantly change the

resultant water level or the rate of discharge when the pit is drained by a

large leak into containment.

The plant is designed to comply with earthquake seismic category I en-

gineering standards, therefore, an earthquake or other natural or operational

disaster of considerable magnitude would be required to apply the force neces-

sary to crack the pit wall and liner to allow spent fuel pit water to be re-

leased other than through the cooling system. The earthquake would also be

required to open an earth fissure or provide other means to permit run-off of
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. _ _. - - . . - - - .



!

!

! th2 escaping water' before the pit area could bc' drained below the' door ramp.

level which is still approximately 6-3/4 ft above the top of the stored spent .
.

fuel assembly. . Risk assessment of earthquake induced faults affect the over-
I-

all plant -and, therefore, are beyond the scope of this= analysis.

- A fault tree' analysis of the spent' fuel pit was performed to identify. the
'

-dominant accident sequences, and as a basis for assessing the probability that

- an accident sequence would result in the pit beginning .to boil. This fault- 1;
,

|- . tree ' analysis is regarded as a scoping analysis-since:
~

. - 1

0 Only human errors and pump and value faults were considered in the
:

analysis. The reliability of the pit coolers was not included on the

fault tree, as this would have necessitated a ~ fault tree analysis of-

these components.

8 Human faults associated with failure; of visual surveillance were es-

timated by assuming that no visual surveillance occurs over the

L weekend, and that the . visual surveillance during the week is perfect.
i

i A better estimation of this fault would require the stockastic nature:
I

j of visual inspection of the spent fuel pit, which was not readily
I available for the scoping analysis.

j 0 The spent fuel pit level and tenperature sensor failure proba-
i

bilities were estimated on the assumption that these components are-

| _

calibrated on a regular basis, such that conmon mode failure of- both

! sensor systems may be possible. The human common model componcnts
1

| of failure were used ~as- the probability of failure of both sensors.
J

| 4 'Several valves are shown off 3/4" lines in the normally open position
|

| in the FSAR one line diagram. No indication is given as to the func-
!

! tion of these valves, or where they connect to other systems. These
!

valves and their connecting systems were not . evaluated.
,

|
,
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Further, the possibility of siphon enhancing the leakdown rates was not as-

sessed, since the probability of siphon should be small in a system that is

designed with anti-siphon features.-

Figure J8 shows~ a simplified one-line diagram of the spent fuel pit pip-

ing. The pit cooling systems, ion exchanger system, and filter system are

shown in the top diagram; the skimmer system is shown in the bottom diagram.<

The fault tree analysis was perfonned on the top diagram only, since-no cred-

ible failure modes were identified involving the skimmer system that would re-

sult in pit boiling.

Figure J9 shows the fault tree developed from Figure J8. Figure J9a is

the top level tree, indicating the major failure modes that result in pit

boiling. Five major tailure modes are identified, along with pit sensor

f ail ures. The five major failure modes correspond to five different types of

initiating events for pit boiling:

9 direct loss of pit cooling

e leakdown of pit water to below the cooling system inlet, and sub-

sequent loss of cooling.

The probability of the top event will depend on the times between the

initiating event fa'!ures and subsequent pit boiling, since these times are i

used to estimate both the probability of failure of visual surveillance of the

pit, and the probability that component repair is not cmpleted in time to

mitigate the accident. The times between the initiating events involving

siphon and subsequent pit boiling were presented in Table J7. These times are

a function of the heat loading of the pit, which in turn is a function of the

time af ter ref ueli ng , t . Thus, the probability of pit boiling will vary
l

according to the time after refueling.
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Figure J8. Schematic of Surry spent fuel pit cooling system
.
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TABLE J8

FAILURE DATA - SPENT FUEL PIT FAULT TREE EVALUATION

Fault
Duration Probability Error

System / Component Failure Mode Failure Rate Tfme of Failure Factor Remarks

Temperature Sensor Falls to Operate 1 x 10' /d 1 x 10*2 3 Based on miscalibration
of sensor

Human Surveillance Falls 8.2 x 10-2/d 8.2 x 10 10 Computed from time window
when there is no pft
survetilance If

Pump P2 Fatts to Run 3 x 10 /hr 8640 hrs 2.6 x 10'I/yr 10 Initiatino event-5
~4 3 x 10*4 3

Pneumatic Valve V4 Falls to Open 3 x 10 /d
~4 ~4

Check Valve V3 Falls to Open 1 < 10 /d 1 x 10 3

1 x 10*3 3
Pump P1 Fails to Start 1 x 10*3/d

3 x 10'4 3
Pneumatic Valve V2 Fails to Open 3 x 10~4/d

Pneumatic Valve VI Fails to Open 3 x 10-4/d 3a 10-4 3

Pneumatic Valve V5 Fatis to Open 3 x 10-4/d 3 x 10'4 3

* x 10'4 3
Pneumatic Valve V8 Falls to Open 3 x 10'4/d*

~4 I x 10'4 3
Pneumatic Valve V15 Plugged I x 10 /d

~4
Level and Temp- Fall 3 x 10'#/d 3 x 10 3 Assessed as lognormal

mean between tightly
erature Sensors coupled, and independent,

calibration errors,

-2
Valve V11 Left Open (Human) 1 x 10'2/act 2.7 acts /yr 2.7 x 10 3 Initiattne event

e x 10-2 10 Computed from time window8 x 10-2/dHuman Surveillance Fatts when there is no pit
(H2) surveillance 2/

Valve V12 Left Open (Human) 1 x 10-2/act 2.7 acts /yr 2.7 x 10~2 3 Initiattna event

Valve V10 Left Open (Human) 1 x 10-2/act 2.7 acts /yr 2.7 x 10-2 3 Initiatino event
-2 7.9 x 10-2 10 Computed from time window-

Human Surveillance Falls 7.9 x 10 /d when there is no pit
(H3) surveillance 3/

1/ Time required for pit to begin boiling on loss of coo 11.g is 4.1 hrs. Acsume 63 hours over weakend when pit is not under
human surveillance. Probablitty of failure in this time window computed as: P = (63 - 4.1)/720.

2filme required for pit to begin bolling due to fault VII left open is 5.2 hrs, hobability of human survelliance failure
couputed as: P = (63 - S.2)/720.

Probability of human surveillance
63 - 6.1 /g due to faults V12 or V10 left open is 6.1 hrs.aln boll n3fTine required te ett to

/20.fatture computed s: P=
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TABLEJ8(CONT'D)

FAILURE DATA - SPENT FUEL PIT FAULT TREE EVALUATION

fault
Duration Probability Error

!ystem/Congonent Failure fede Failure Rate Time of Failure Factor Remarks

Valve V13 Left Open (Human) 1 x 10-2/act 2.7 acts /yr 2.7 x 10-2 3 Initiating event

Valve V6 Left Open (Human) 1 x 10-2/act 2.7 acts /yr 2.7 x 10-2 3 Initiatino event
Valve V7 Lef t Open (Human) 1 x 10-2/d 1 x 10-2 3 Initiating event

4
3 Pump P2 Falls to Run 3 x 10 /hr 3240 hrs 9.7 x 10-2 10 Initiating event; falls

to run in time betweeny maintenance acts
Human Surveillance Falls 6.8 x 10-2 ,d 6.8 x 10-2 10 Computed from time

N
/

I interval when there is
no pit surveillance 1]

Valve V14 Left Open (Human) 1 x 10~3/act 12 acts /yr 1.2 x 10-2 3 Initiating event'; human
error with recovery

Valve V9 Left Open (Human) 1 x 10'3/act 12 acts /yr 1.2 x 10 3 Initiating event; human-2
error with recovery

Human Surveillance Fails 5.6 x 10-2/d 5.6 x 10-2 10 Computer from time
interval when there is
no pit surveillance 2f

]/ Time required for pit to begin bolling due to initiating events is 14.3 hrs. Probability of human surveillance failure
computed as: P = (63 - 14.3)/720.

2/ Time required for pit to begin telling due to initiating events is 22.9 hrs. . Probability of hwnan s'urveillance failure
computed as: P = (63 - 22.9)/720.
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to An
i
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3.5 x 10'3
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FI ure'J9. (Continued)E
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Figure JP. (Continued)
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Figure J9. (Continued)
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The example quantification uses the conservatively estimated times for
,

the water to heat to boiling, given an initiating event. Based on this

example, it is apparent that the sequences involving siphoning will not

contribute to the distribution of the top event, since they are at least two

orders of magnitude less probable than sequences involving direct loss of pit

cooling. Thus, the model uses only Figure J9b to evaluate the probability of

pit boiling. The example quantification is based on a yearly assessment of

accident probability.

Details of the example quantification are shown in Table J8. The failure

rates and error factors of Table J8 were obtained from WASH-1400,(1)

Appendix III, except as otherwise noted in this table. -

Point estimate evaluations are displayed on the fault tree, Figure J9,

along with the error factors for the basic data. Most of these data are

self-explanatory, with a few exceptions:

8 In Figure J9b, the top level fault tree, the failure of the pit

sensor systems was assumed as the lognormal median between an as-

sumption of complete coupling between calibration of the level and

temperature sensors (1x10-2), and independence of these

calibrations (1x10-2) (1x10-2) = 1x10-4 Thus,

P = ((1x10-2) (1x10-4))1/2

= 1x10-3

with error factor ten.

6 In Figure J9b no credit was given for repair or pumps or valves in

the four hours between the mutual failure sequence and pit boiling.

The WASH-1400 data on repair times for pumps and valves indicates

. that the probability of not completing repair is greater than 0.8 for

these caponents.
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1

0' In Figures J9c through J9e, the probability of an initiating event

was calculated as the basic probability of a fault given an act times
i

the number of acts per year. For instance, the probability of leav-

ing valve VII open after maintenance is estimated to be 1x10-2,

There were estimated to be 2.7 maintenance acts per year (from the

average time between maintenance acts of 4.5 months given in. Appendix

III of WASH-1400). So the probability of an initiating event due to

this fault was estimated to be:

! P =-(2.7 acts / year) (1x10-2 act)/
= 2.7x10-2/ year.

8 As discussed in Table J8, the probability of failure of human visual

surveillunce was estimated on the basis of a time window in which

visual surveillance was assumed not to occur.- An error factor of 10

was assigned to account for the large degree of uncertainty in this

estimate.
,

.

! i
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APPENDIX X

RELEASES FROM THE PRIMARY SYSTEM,

INITIATING EVENT OF LOCA (DBA) LIQUID PATHWAYS

The purpose of this Appendix is to access the potential for radioactive

release during one class 8 accident at a PWR using the VEPC0 Surry Power -

Station as the typical plant. The analysis identified potential sources of .

radioactive releases and estimates the rates of release associated with each

potential source. This section also assesses the capability cf the waste

disposal systems to adequately contain and process the released materials.

One Class 8 accident is defined as a Design Basis Accident (DBA) involving

a double-ended displacement pipe rupture where all Engineered Safeguard and -

Containment Systems function properly. The radioactive release conditions

investigated are those associated with excess leakage that does not constitute

an engineered safeguard or containment system failure.

When a loss of coolant accident occurs, the reactor coolant flows from the

pipe rupture into the containment area where it drains into the containment

sump. Within seconds following the accident, Safety Injection System (SIS)

water fran the accumulators and the refueling water storage tank is injected

into the Reactor Coolant System to rapidly make up water loss in the reactor

core. The boron content of the initial charge of make up water fran the

refueling water storage tank is increased to aid in controlling reactivity by

injecting water through the boron injection tank.

The Containment Spray System, which is designed to control the buildup of

containnent pressure by spraying chilled water within containment, is activated

|
l
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by an increase in containment pressure due to the release- of the primary cool-

ant. Containment spray water also collects in the containment sump along with

the spilt primary coolant. Long-tena cooling is accomplished by swftching to a

recirculation mode where the accumulated water in the containment sump is re-

injected into the Reactor Cooling System by the SIS to rool the core. Some of

the water from the containment sump is also cooled and recirculated through the

recirculation spray headers.

Leakage from any of the Coolant Circulation Systems within the confines of

ccntainment does not constitute an increase in the risk of radioactive release.

Therefore, this analysis has concentrated on identifying increases in'the flow
,

of radioactive fluid drainage that could result during the functioning of the
~

Engineered Safeguard Systems in a Class 8 accident that would constitute an.

increase in-radioactive release in the non-containnent areas of the ' plant. The

types of faults investigated were sampling and test valves left open following

maintenance, valve and pump leaks, sump pump failures, and the reverse flow of

radioactive fluids.into vented storage containers. iSe' seriousness of the

I failure is identified in tenas of the amount, or the rate, or radioactive fluid

accumulation in the non-confinement areas of the plant.

i
.

Open Sampling Valve

First, a review of open sampling valves was conducted to determine if there

are any sampling valves that would only be charged when the SIS was either

operational, or under test, and therefore could possibly be left open undetect-

ed during nonnal operations of the power plant. In order to assure that all of

the sampling valve candidates were identified, the numerous sampling systems

were investigated to determine.where they originated, their routing, and where

1
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they terminated. Sanpling valves in the reactor coolant, auxiliary and ener-

g:ncy systems that are used to monitor primary and secondary system process

fluids and gases were studied. Most of these samplings which are used to pro-

vide data from which the performance of the station, equipment and systems are

detennined are taken in the auxiliary building sampling room. However, a few

samples are taken in the turbine building Unit No. I and Unit No. 2.

Sampling lines originating in containment but tenninating in the auxiliary

building may be directed to either a purge line or to the auxiliary building,

sampling sink. Sampling lines from points outside the contairment but inside

the auxiliary building also discharge into the auxiliary building sampling sink

with the exception of the liquid waste evaporation sample which requires heat

tracing and is, therefore, taken at the source. Turbine building sampling

lines discharge into one of the building sampling sinks. High tenpercture

samples also pass through sampling coolers and are manually throttled and can

be directed to either a purge line or to the sanpling sink. Samples entering

the sampling sinks are directed into their respective floor drains and building

sumps where they combine with other waste fluids.

This preliminary analysis conducted using the functional diagrams and

drawings contained in the VEPC0 Surry Power Station FSAR did not identify any i

sampling valves that were not charged during normal power plant operation. For;

example, if the local sample valve in the pump test line for the low head
i

| safety injection pump was left open it would drain off the refueling water
1
'

storage tank water and activate the lower water indicator and 41 ann. There-

fore, should any of these sampling valves in the SIS be inadverr.ently left

open, a continuous flow would be observed in the sampling roans, or at the sam-

pling valve for those cases where the valve is located at the equipment as well

as activate low water indicators and alanns. |
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However, the boron injection tank does present some potential for a sam-

pling valve to be inadvertently left open. The factor that contributes to this

accident potential is that the boron injection tank is isolated fran the SIS by

parallel valves on each end of the tank so that the boron injection tank con-

tents can be recirculated and maintained at a temperature greater than

1300F.*

Valves in the boron injection tank recirculation systen are controlled by

the safety injection signal. Under normal plant operations these valves are

held open. When safety injection is called for these valve close. They also

fail closed. Should the boron recirculation valves fail closed or if the

safety injection signal is lost, the boron injection tank would be lef t unpres-

surized. Under these conditions, it is possible that one of the two sampling

valves located at the boron injection tank could inadvertently be left open

rcruiting in a high pressure discharge when the safety injection charging pump

cones on during a Class 8 accident. Therefore, should a LOCA occur there is

the possibility that as much as 385 gallons per minute of charging fluid would

be discharged frau an open 3/4" sampling valve. Should the safety injection

charging pumps be turned off the low head safety injection pumps would provide

sufficient pressure to maintain a discharge of waste fluid of as much as 165

gallons per minute. However, based on engineerin9 Judgment the probability for

both of the valves to fail at the same time is expected to be extrenely low.**

Valve Leaks

Next, valve leakages were reviewed. All valve stems are provided with

drain lines and designed to provide maximum leakage of less than 1 cc per hour

*FSAR 6.2.2-17
** Refer to Table K2, for flow data.
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per inch ' of sten diameter *. These leak-offs are in turn directed to the Waste
~

'. Disposal System through their respective building sumps. Should there be a

. catastrophic seal failure in one of the nonnally closed SIS valves, when the

v'alve is actuated during a DBA the charging fluid could be discharged through '

the volve stem leak-off. It is possible that the flow of charging fluid though

tha leak-off into the building sump' following a catastrophic seal failure may

exceed the discharge capability of-the building sump pump. The flow rate .for a

one-half inch leak (shown in Table K2) indicates the maximum excess flow ex-

p cted should this type of failure occur. During recirculation with the low

head safety injection pumps operating the flow would be reduced to less than

one-nalf of the maximum flow.

' A Cumulative of Waste Fluids

Waste fluids entering building sumps are transfered by sump pumps to

either the high level waste or low level waste drain tanks depending on the re-

activity level of the waste fluid. Approximately 4000 gallons of high level

waste 'and 6000 gallons of low level . waste can be stored prior to processing and

disposal. The rated capacity of the various sump pumps and the time which it

would take each pump operating at rated capacity to fill the waste drain tanks

is.shown in Table Kl.**

.The auxiliary building pump is-the collector for the largest potential

volume of waste fluids of the six building sump areus shown in Table Kl. This
|
'

sump. has- a rated capacity to handk up to 50 gallons of waste fluids per

minute. . -Should the flow of waste fluids into the sump exceed 50 gallons per
" -*FSAR 6.2.2-23.

*(FSAR Section 9.7 and 11.2
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TABLE K1

SUMP PUMP CAPACITY *

Area Capacity Time to fill-. i

l
'

GPM (Hours)'

< Auxiliary Bullding 50 3-1/2 |

Fuel Building 25- 7

Safeguard Area 25 7

Compor.ent Cooling Heat Exchange 25 7

Reactor Containcent 25 7
,

. Incore Instrument Room ** 10 N/A

*FSAR Table 9.7-7
**The incore ip',trument room sump pump feeds into the reactor containment sump

,

O
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cinute, excess waste fluids will accumulate in the sump. The' rate at which

waste fluids could escape from the SIS into the building sump will vary as a

fur.:: lion of the size of the leak, and the pressure and temperatare of contained

fluid.

Sump Pump Failure

All sump pumps in the reactor containment sump, the safeguard,s area sump,

and the auxiliary and fuel building sumps are dual redundant. These float-

activated pumps operate on an alternating cycle where the off-cycle pump is

also activated by a backup float switch in case the on-cycle pump should fail

to start. Containment sump pumps are also operated in conjunction with the

opening of [notor-operated isolation valves in the drain lines when these pumps

and valves are removed from ser: ice should a containment overpressure condition

arise. Should the auxiliary or fuel building sump pumps both fail, the below

grade areas in these buildings would be gradually flooded. The probability of

both sump pumps failing would be approximately 10-6,*

SIS Pump Characteristics

In order to evaluate the magnitude of potential radioactive leakage from
' the SIS in the recirculation mode, a review of basic pump characteristics was

made. The SIS uses centrifugal pumps for the generation of pressure head as

well as the moving of liquids. The pressure head produced by these pumps is a

primary parameter in detennining'the leakage rate for particular effective leak

size independent of this type of leak. The three parallel safety injection

charging pumps are an example of pumps designed to operate against a large

pressure head. These pumps may be used singularly, in pairs, or three at a

* WASH-14001
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time (according to demand) to inject a high boron concentration fluid into the

primary coolant- system to control increases in radioactivity and to make up for

small break loss of coolant fluid Icsses. The two parallel low head safety

injection pumps _ operated singularly or as a pair are an example of pumps

designed primarily to move a relatively .large volume of fluid. These pumps are

used to make up for large coolant losses in a large break LOC accident when the

Primary Coolant System has been depressurized.
.

The Safety Injection Charging Pumps are designed to produce large pressure

heads generally operate at higher speeds and are subject to relatively large

pressure head variation as a function of flow demand. For example, although
I

the head at 50 percent of rated capacity may be up to twice the rated head, a

25 percent increase in demand capacity may reduce the discharge head to less
'

than 50 percent of rated head.

Although the VEPC0 Surry Power Plant FSAR does not specify pump speed, the

pump parameters specified in Table 6.2.2.2-3 of the FSAR do indicate scoping '

parameters for the safety injection charging pumps. These parame.ters are:
1

2750 psi (discharge)' Design pressure -

5800 feetDesign head -

| Design flow rate - 150 gpm
Max. flow rate 600 gpm-

The following assumptions have beeri made:
,

0 The maximum flow rate specified in this table is assumed to be the flow

rate that would occur with a guillotine rupture of the discharge pipe con-

nection at the pump.

8 The design pressure of the pump at 2750 psi is 515 psi greater that the

operating pressure. of the primary coolant system. The design flow rate of

| the pump is assumed to be the discharge' flow rate of the charging fluid
[
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'into the' primary coolant system forismall break LOC accident when the LOC

iflow rate is not' large enough to reduce the. operating pressure of the -prim -
-

~

ary coolant.systen below its specified operating 1 pressure of 2235 psi.
.

't

The/perfonnance estimating .teciinique introduced in this -analysis uses basic

.' pump characteristic relationships to roughly' estimate the effect of pump capac-

ity on discharse pressure. These estimated pump characteristics are then used

to estimate fluid. flow in the' safety injection charging pump system and there-
t ,

fore derive a more precise estimate of the leakage rate' fran leaks in the ECCS
'

system.

- Although.the head-capacity characteristics for a centrifugal pump can vary

greatly as a function of- pump design, all the various characteristics have one

- feature 11n conmon, the pressure head will decrease with an increase in demand -

capacity after the design conditior.s are exceeded. The two pump design data

i
. points specified in the FS R are shown plotted on Figure Kl. These data points.

are the design flow rate of 150 gpm at a design pressure of 2750 psi and a max-.

| imum flow ' rate of 600 gpm at a discharge pressure ' assumed to be zero psi. For.

this initiial calculation, a simplified pump head curve was constructed using

these -points and is shown in Figure Kl. Because of the lack of more explicit
,

data, these data points were connected by a straight line rn reflect the |

inverse relationship between' discharge pressure and pump capacity for pump
!

'

| ; capacities greater than the design flow rate-

- .
.

The draw-down- characteristics shown in this figure provide a basis for,_

-evaluating the' combined effect of injection fluid flow and leakage on discharge

pressure...

i
,

~
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Figure Kl. Estimated characteristics of Surry safety injection pumps '
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'

TABLE K2-

i
!

!- Dif ferential* Fluid Flow (gpm)
Pressure (psi)
To Primary To - To Primary 3/8" 1/?." 3/4"

Coolant Sun p Coolant Leak Leak Leak

- 51,5 2750* 150*
|

150 -2385- .81 128

4. 2239 13 220

-0- 2235 -0-
|
! 0 1350 0 385
| .-
!-
|

||
|
i.-

I

I
I
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' The Low Head Safety Injection Pumps designed to produce relatively large

-f1cw rates generally operate at lower speeds. Therefore, these pumps are less

subject to large pressure head' variation as a function of flow demand. For ex-

ample,- the head-at less than rated capacity may rise only slightly above

tha head'at rated capacity and a 25 percent increase in demand capacity

may reduce the discharge head less than 20 percent. However, the maximum flow

rate will probably be sharply curtailed to some level dependent on the internal

capacity of the pump (i.e., size of the pump's displacement).

The VEPC0 Surry Power Plant FSAR also does not specify pump speed as part

of the pump parameters listed in Table 6.2.2.2-3 for the low head safety injec-

tion pumps. The parameters listed are:

Design pressure - 300 psi (discharge)
Design head - 225 feet
Design flow rate - 3000 gpm
Max. flow ratt - 4000 gpm

These data illustrate the relationship between the relatively low design

pressure and the re!6tively large design flow rate of pumps designed to move

liquids.

Leakage Rates in Small Break LOC \ccidents

| For the small break Loss of Colant accident case, the fluid from the
!

Safety Injection charging pump flows through a parallel path: Either into the

primary coolant system, or into the auxiliary building sump through the_ para-

meterized leak. The flow rate of the charging fluid into either of these sys-
,

tems is'deternined by the differential pressure between the charging pump dis- |
~

charge pressure and the pressure existing in the primary coolant system or at

thn auxiliary building sump. Without a leak, the charging fluid is assumed to
i

flow 'at the _" design flow rate" into the primary coolant system. When a leak
|
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occurs, the discharge pressure of the SICS charging pump is reduced inversely

proportionate to the leak flow rate as described in Figure Kl. As the size of

the leak is increased and its flow rate is increased, the fluid flow through

the lead will " draw down" the discharge pressure until the discharge pressure

and the pump capacity reach an equi. ibrium as defined by the data presented in

Figure 10.

The flow rate of the injection fluid is calculated using Bernoulli's equa-

tion: 2

h=fh k
where

h = pressure head, feet
f = friction coefficient
L = length of pipe, feet
d = diameter of pipe, feet
v = flow velocity, gpm
g = gravitational acceleration

assuming for simplicity

constant (k)f s
d2g

then
2 515h = kv and k = = .0229

(150)2

where
h = 515 psig |
v = 150 gpm (design flow). (

The flow rate of the leakage is calculated using the potential mass flow

rate for estimating critical flow in short pipes, nozzles, and orifices for

saturated water flow.(48)

The reduced charging pump discharge pressure, in turn, affects the flow

rate of the charging fluid leaking from the charging system. When ~h, di s-

charge pressure of the SIS charging pump drops below the operating pressure of
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th primary coolant. system, flow into.this system halts !a ch'eck valve blocks

. rsverse ' fl ow). An eitimate of the potential waste fluid flow in a small break

LOC -accident- for single pump operation is shown .in Table K2. The differential

pr:ssure estimated for both of the parallel paths is included in the Table for

each leak condition.

It is concluded that the sampling and _ test valves in the ECCS system are

prcssurized and cannot be left inadvertently open without drainage of either

tha refueling water _ storage tank or the boron storage tanks. Draw down.on'

either of these tanks will . activate indicators and alanns. Therefore, the

probability of this type of release occurring should be very low. In addition,

the SIS valves are designed 'o very close tolerances and valve stem leakage is

normally expected to be minimal. However, a catastrophic seal failure .in one

of the nonnally closed SIS valves when it is activated during an emergency.

could pressurize the valve stem leak-offs and cause flows of up to 220 gallons

per minute when the SIS charging pump is activated and approximately 100

gallons per minute when the low-head SIS pumps are activated. The sump pumps

do not have the capacity to drain off all the fluids that may be released

should an SIS valve seal catastrophically fail during safety injection.

Therefere, during the recirculation mode radioactive fluid could build up in
,

the auxiliary building at a rate of approximately 50 gallons per minute.

It should be noted that the catastrophic scenario discussed above pre-

supposes a LOCA event. Given the probability of a large LOCA at 10-4/ reactor.

year, taken from WASH 1400, it can be- concluded that-the risk involving a

significant radioactive release.from the SIS in c' circulation will be small

when compared to the Class 9 accidents, due to its relatively low prcbability

and low release tenns.
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APPENDIX L
I

LARGE BORE PIPE RUPTURE PROBABILITIES
AS APPLIED TO A STEAM LINE BREAK

L.1 Introduction

The stean line break downstream of containment and upstream of the main
~

isolation valve, in a PWR is of special interest in the BNL-LWR Risk Assessnent

Program because of the current problems with degraded steam generator tube and

possible ruptures. 'This section will explore the probability of a steam line

break with the thought of applying it to the scenario of STGR/SLB. This ap-

pendix will also outline the problem of large bore pipe rupture, and give de-

tails of 4 contributing accidents. Of specific interest will be the steam pip-

ing outside of the containment between the steam generators and the main steam

isolation valve. The conditional probability of a steam generator tube rupture

initiated by a steam line break or safety valve failure in this section of line

will also be briefly discussed.

l
i

!L.2 Literature Search

A review of the literature reveals nothing on the specific section of pip-

ing of a PWR, but many dissartations on the general topics of piping and steam

line fail.<re probabilities. These can be divided into two major groups. Those
,

based on actual experience and those based on other papers and on data supplied

by others.

Table L1 gives a summary of the probabilities .given for large pipe ruptures

based on experience most used by other authors. Note that WASH-1400 can be the
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s urce of various estimates (and is used by different authors _to come up with

various probabilities.) The values . fall in the range of 10-4 to 10-5

cv:nts per reactor year, for catastrophic failures in large bore steam pipes.

Failure rates which include smaller sizes and noncatastrophic failures (leaks

or-small cracks) are given in the range of 10-2 to 10-4 failures per plant

y:ar by the same sour sc. .

Table L2 gives a surmiary of probabilities cited in papers based on analysis
,

of other papers,_ including some strictly theoretical analyses. They result in

probabilities of the order of 10-6 events per plant year but are generally

| less realistic because 'my fail to include all failure mechanisms in their
| . .

Iri particular,
'

*

i discussion (i.e. operator error, corrosion, errosion, etc.)
i

Reference 49 deals strictly with undetected flaws and their consequent growth
' to failure by stress and thennal cycling.

Some papers (50), dealing with specific sections of piping such as the re-

actor coolant system, cite probabilities in the order of 10-8, but these are

strictly theoretical treatises using fracture mechanics to predict failure at

specific welds. They ignore all other modes of failure at other locations or

components.

In all papers addressing the probability of large bore rupture in nuclear

prin.ary systems one will find the statement made that there have been no catas-

trophic failures to date in land based stations during power operation. Some,

' References 49 & 1, will also include military experience. These papers will

g:nnrally conclude that based on one event per 200 plant years (approximately,

depending on when paper was written), the " upper bound" for the event of inter-

est is =less than or equal to 10-2 events per plant year.

The ~ literature is therefore of limited value in supporting any conclusion
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TABLE L1

PROBABILITIES OF LARGE BORE PIPE RUPTURES
' BASED ON ACTUAL. EXPERIENCE

Non Events per
Source _- Ref. Nuc. Nuc. Plant Year Connent

-4
. WASH-1400 1 X- 1 x 10 From table III 6-9 (pipe > 6")

LOCA initiating median (range

10-3 to 10-5)

WASH-1400 1 X (8.8 x 10-7) (Events per section year)
given in table III 2-1 (pipe.
> 3") used in ref. 20 to arrive

at estimate of 1.5 x 10-5 per
plant year, for primary circuit.

GEAP 4574 52 X 1 x 10-4 U.S. Fossil plant piping
experience using data from
WASH 1400

-PHILLIPS & -5WARWICK 53 X 2 x 10 U.K. Vessel experience

TABLE L2

PROBABILITIES OF LARGE BORE PIPE RUPTURES
BASED ON ANALYSIS

Non Events per
Source Ref. Nuc. Nuc. Plant Year Coninent

1.INDACKERS &
-6ST0EBEL 54 X 1.7 x 10 Based on German pressure

vessel experience

HARKiS &
-6FUL 'idOD 49 X 2 x 10 Prediction for first 10-yrs

after initial UT or RT
HARRIS &

FULLWOOD 49 X 3.6 x 10-6 Based on World Nuclear
Experience
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since the range 10-2. to 10-6 for this particular event is too wide. The

only consistancy found in the references that should be noted is that the

stverity factor, (i.e., the ratio of catastrophic failures to all failures),

s: ems to be consistant for both pipe and pressure vessels (less than 5% in both

R:ferences 52 & 53). This ratio is based.on non-nuclear experience. - In addi-

tion, a cursory review of one LER file-(component failures during test)

rtveals only one near-catastrophicTfailure in 27, Miich tends. to confirm this

ratio.

Other failure data (52, 53) however, tends to show that there are more>

pipe failures of varying severity in nuclear plants than-in conventional steam

plants.- Since much of the piping in nuclear plants is of higher quality,

undergoes more frequent inspection, and is subject to lower temperatures and

pressures than most modern fossil fuel central station plants, one would expect

the reverse to be true. The apparent discrepancy can be explained by the fact

that in nuclear practice, all events which have a potential for affecting safe

operation must be reported, consequently the LER files (3) contain 1" and

smaller line failures (particularly at weldments to larger pipe). These pipes

are not subject to any stricter inspection than in normal steam plant practice.

In commercial central station plants, only those failures which affect the

plants insurance are likely to be reported and so the data base is missing many

" nuisance" failures when cmpared to nuclear plant experience. In sumary,

there are'certain shortcomings in applying data from other industries except in

a f' supportive" role.
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L.3 Presently used Value for Steam Line Break

Sununarizing the -previous erk done on the general subject of -large bore

steam pipe nJpture, one can say that the consensus failure rate is in the range

of 10-4 to l'0-6 failures per plant year. If you take a weighted average of

these values, the. rate will be of the order at 10-5 failures per year. (This

is similar to conclusion of table 15 in Reference 49). If one adheres strict--

ly to nuclear experience, however, we are guided to the more conservative

i 10-4 per plant year by References 55 & 1. The following ..alysis is based on

the data given in References 55 & 1.

There are three main factors which enter into the assessment of failure

rate of pipes fran surveys of pipe failures an nuclear power plants (NPPs):

1. The period over which the survey was conducted.
I

2. The number of plants included in the survey. -

3. The number and type of fc ilures recorded.

Bush (55) and WASH-1400(1) provide the two most recent assessments of

nuclear experience data on the probability of pipe failure.

The WASH-1400(1) study restricted itself to failures of pipes in plants

| which operated one complete' year, (1972), and included 17 nuclear power plants

of Wiich 8 were PWR's and 9 BWR's. The number of failures were 3 and 8 in

PWR's and BWR's respectively. An inspection of type and nature of pipe fail-

ures- (WASH-1400,(1) Appendices III and IV, p.111-24) shows that all of them

were innocuous failures, (none were double guillotine rupture or catastrophic).

Bush's(55) survey of pipe failure data was fran 1970-1975. It included
i

126 failures from the pre-operat. 11 and operational phase of which 69 were in

| PWRs and 57 in BWRs. The number of reactor-years over which the failures ac-

crued were 250 (reactor-years) approximately divided between BWRs and PWRs. Of

- 302 -



"
~

,
.s.

'

. ;- c r

thitot 1 -126f ailures,. engineering judgment Jexercised by Bush showed .8 off

them,E4 --in PWRs :and'4 in BWRs, had substantial safetyisignificance.

1The < failure data-in the aforementioned' surveys ~ were of the ' time censored'

' form. / Assuming that major failures occurred randomly in time and followed a

; Poisson proci A,L maximum' likelihood' estimates 'of the failure rate,
'

|A2 (failures / reactor- year) and A2. (failures /f t-year) _ are presented in Table L3.

In' this' computation :it is assumed that the average length _of piping in a PWR cr
. ~ -. .

a BWR is 35,000ft. A comparison of the estimates of the failure rate, A
2'

derived' frw the two' surveys. shows- certain interesting features. If all types

of failures in Bush's(55) survey are included in the. cmputation.of failure

rates then the results in cmparison to WASH-1400 are of the same order of~

magnitude '10-5(failures /ft-year). The fact that Bush's(55) survey spanned

- fran 1970 to 1975 while WASH-1400 had only 1972 failure data, and yet A is of
2

the same order of magnitude lends some validity:to this'~ number. ' A caparison

of " safety significant." or '_' catastrophic" f ailure rate cannot be done since
~

none of the failures in WASH-1400(1) falls into this category.

For the BNL-LWR risk assessment program large breaks |.. the three divisicris

|of the' steam line of PWR-is of special interest. For the purpose of this BNL
'

program, we may be't epted-to use A2 = 9.1 x 10-7 (failure /ft * vr), fra-

Table L3, as an interim value subject to modification. The failure rate per'

| ' year for the thr_ee divisions of the steam line are shown in Table L4. The-

lineal footages as shown in this table'are approximate values for Surry Unit 1.
'

When theLvalues-given in: Table L4 -are used in this risk assessment for a
~

steam line break._inside of containment, or downstream of the isolation valve,

-- ths:other probabilities involved are controlling, and the end result of the
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|

-TABLE L3

|

! FAILURE DATA AND FAILURE RATE ASSESSMENT
OF PIPE FAILURES NNPs

|:
PWR BWR Combined

.

'

Ref 51 125 125 250

; Reactor-Years *

.Ref 1 8 9 17 j

Ref 55 69 57 126 |

4* 4* 8*

Number of Failures
Ref 1 3 8 11

.

Ref 55 5.5 x 10-1 4.6 x 10 5.0 x 10-1-1

Failure Rate -)A 3.2 x 10-2 3.2 x 10-2 3.2 x 10-2
3

failures
| reactor-year Ref 1 3.8 x 10-1 8.9 x 10-1 6.5 x 10-1

Ref 55 1.6 x 10-5 1.3 x 10-5 4 x 10-5

Failure Rate--) A -7* 9.1 x 10-7* 9.1 x 10-7*2 9.1 x-10
failures
ft-year

Ref 1 1.1 x 10 2.5 x 10-5 1.8 x 10-5-5

* Catastrophic or near-catastrophic failures
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' ';

TABLE L4
,

FAILURE RATE PER YEAR FOR THREE DIVISIONS
OF STEAM LINE OF A PWR

Approximate Failure / plant year =
Division of Steam Line (Estimated)[ft) 9.1 x 10-7 xL

1. Steam Line Inside
Containment - ~ 325 3.0 x 10-4

. 2. Downstream of Centain-
'

ment and upto Isolation -
Valve - 120 1.1 x 10-4

3. Downstream of the Main
-4Steam Isolation 'falve - 180 1.6 x 10

!
? .
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sequence calculations is of the order of 10-9 events per year or lower. In

these cases the effect of the present inaccuracy of the steam line break

probability is acceptable.

When used in the specific case of the steam line break downstream of

containment and upstream of steam isolation valve, zone 2, given a dependent

probability of steam generator tube nJpture, it becomes dominant and must oe

examined more closely. In .this sequence, where the probability of the steam

generator tube rupture is initially estimated as 10-2, based on engineering -

judgment, the sequence probability will be of the order of 10-6 to 10-4 per
Ireactor year for a primary system blowdown outside of containment.

It should be noted that initial thennal hydraulic calculations show that within |

a short period of time after the initial event, the pressure of the primary can

be reduced and the release brought under control. For an evaluation of ex-

pected releases see section 3.5.3 of this report.

L3.1 Failures per Foot

It should be noted that the use of "per foot" failure rates as applied here

can lead to error. The major objections to this kind of averaging are as fol-

lows:

1. Failures in piping are more likely to occur at discontinuities (welds, '

joints, etc.) than in the pipe wall (see Table L5).

A more representative rate would be one per component,. with a component

being defined -as anything which caused a discontinuity, but the true

rate would be one which also included the effect of pipe length between

discontinuities.
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'2. The 'per foot' rate for an entire plant-does not take into account the

different design and specifications of pipe such as ASME class.

3. Errors can be introduced because the lengths cited are estimates, not

actually measured.

4. . The fact that certain systems having comparable pile lengths are more

prone to failure than ott ers is completely masked by this gross averag-

ing. For instance reference 2 shows that for PWR's the charging sys-

tems have a greater proportion of failures, while in BWR's the

feedwater system is the 'leaderd ,' ,[ -

~

-

5. When the "per foot" number is used, the probability of failure for any

specific section is arrived at,by dividing ths f'octage in that section

by the total plant footage. ' The latter is so large compared to the3

section footage that the resultant is insensitive to erro.rs in the
:.

footage, chosen for the section.
~

$

In summary, while a 'per foot' nember may be used to show relat'ive. rates
~

for simila_r design plants and systems based on size of plant (assuming that in

a similar design, the number of components is proportional to t.he length of

pipe), it should not be used to derive failure rates for any particular section

of any given plant. It is used here by BNL only to illustrate the problems

with its use.

L.4. Selected Large Bore Pipe Ruptures Cases

This section describes four selected accidents involving large bore pipes

as an example'of reported major failures. The accidents considered may not be

the only ones sich have happened in commercial nuclear power plants as a com-

plete search of Licensee Event Report (LER) files has not yet been completed.
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TABLE L5

!

! PROPORTION OF FAILURES AT VARIOUS LOCATIONS'
! IN PIPING SYSTEMS (PERCENTAGE OF TOTAL FAILURES)
|

Failures at Failures in
-Weld or Other Specific Failures in

| Heat Affected Locations Pipe Wall
Source Zones (Discontinuities) Between Joints

GEAP 'o74 38 18 44
(all failures)
GEAP 4574 55 20 25
(ruptures)

EPRI NP-438 54 6 40

LERData(1) 63 12 24
(Oct. 4. 1978)

1.

I
:
i
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- L.4.;1 -Plant: :H.B.~ Robinson | Unit No.- 2 (Carolina Power and Light Co.)-

Occurrence: 1 April '28, -1970'

-Plant Status: There was no fuellin the reactor. Hot functional _ tests
,

: were- going on and lift pressures of safety valves were being checked. .
<

; Eight . safety.ivalves in main steam lines- A and B had been tested

satisfactorily.' 'The main steam line isolation and steam bypass valves

. were closed. . The ' secondary side was maintained at a pressure of 900 psi-

- and a ' temperature of 530*F. The/ valve SVI 4-C Wps'being checked for lift

pressure by means 'of a pneumatic device and the air pressure was being
'

'

' increased when'the incident occurred. ~The set point of this valve-sup-
J,. p

plied by the vendor was 1140 psi. <

' ^

Incident Description: There was initial break below the weld in the

tapered zone (schedule 40) of the 6" diameter branch line connecting the

valve.to the 24" diameter main steam line. This.is,IllustratedinFigure
'

,

L1. The emitted steam for a brief period of time fonned a fan jet with a
> .

fan angle of 80* wide and was directed 45" up;from the horizontal. This
'

was followed by a 360* circumferential break almost n the horizontal

} plane. Bending and tearing of the valve assembly occurYed about an axis

perpendicular to the exhaust pipe. The safety valve apparently rotated as

the pipe tore across'its section. Thistgave rise to a vertical column of

steam which . rose -an estimated 150 ft. - The force of the steam jet caused

| the:expulsten of the whole valve assembl'y which first struck the supports i

of. the: steam line, rebounded, and caused damage to auxiliary boiler
i
; stacks and.its-support before coming to rest.in the turbine building.

:Seven men suffered- staam burns.
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Component-History: Prior to the incident the weld and the pipe had .

undergone a satisfactory " cold hydro" test at 1356 psi. Subsequently for

a' period of. nine days before the incident the secondary side had been

operated in the pressure and tepperature ranges of 800-1000 psi,

520-540*F, respectively. Post incident inspection of the eight tested
'

valves in the tapered zone revea' led no deformation or snrface marks.

-However, a strain of several percent is needed- to break the surface scale
:

of the hot rolled pipe. The other eight safety valves tested in steam

lines A and B had demonstrated , arying degrees of valve seat lift from a

'" simmer" or " weeping" to a deOnite " pop."

Design Code: USAS B 31.1.10

Probable Cause: All areas of the fracture surface showed plastic de-
3

fonnation and it was determined that the fracture was initiated by a

ductile shear rupture. Since np significant uterial deficiences were

found with respect to chemical analysis, micro structure, pre-existing
,

defects or mechanical properties coupled with the fracture appearance

indicates that the fracture was caused by overloading. This caused

stresses greater than the ultinkte stress. However, analysis was unable

I to account for the overload. '

t

A seemingly reasonable overload condition might be postulated by as-

suming the valve " popped" and the sudden rush of steam up the exhaust

pipe exerted a reaction force producing a moment about the valve axis.

This explanation is reinforced by the fact that the fracture initiated at

a. quadrant diametrically opposite to.the exhaust pipe. However, there is

no conclusive evidence that the valve actually " popped" since there was

fresh grease on the disc which showed no trace of having been exposed to

hot steam.
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L.4.2 Plant: Turkey Point Station, Unit 3 (Florida Power and Light Co.)

Date of 0ccurrence: December 2, 1971

Plant Status: There was no fuel in the rnctor. The plant was un fer-

going hot functional tests and the thermal hydraulic condition was

stable, with the secondary systen pressure maintained at 990 psig. The

main steam line isolation valves and bypass valves and other branch line

isolation valves were closed. The 3A steam line was completely isolated;

atmospheric steam dump valves in main steam lines 3B and 3C were control-'

ling in the automatic modc. . Feedwater was being added to the 3C steam

generator via auxiliary feedwater control valves from Unit 2. Concur- I

rently a test procedure of boration of the reactor coolant was in pro-

gress when the incident occurred.-

Incident Description: Three of the four safety valves in the header con-
-

nected to the main steam line 3A had blown off. The north header had

split open. The escaping steam and the valves carricd away the stile and
i

' access platforms of the safety valves and main steam isolation valves,

motor operator of the auxiliary feedwater pumps, pressure transmitters.

The blowdown pip 1ng for the steam geaerators and ductwork for the main

; steam lines were defonned and damaged. Though there were no personnel on

the steam line platform the blast and the falling debris caused minor

injuries to sixteen men.

Component History: The twelve safety valve lift pressure checks were

completed about eleven days prior to the incident. After the tests

were completed within a week, RV-3-1401, -1406 and -1411 were gagged due

to excessive " weeping" and set pressure had to be adjusted again for

RV-3-1410.
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Design Code: ASA'8_31.1'(1955) and ASME B&PV VIII

Probable Cause: Rupture of the 6" on 12" weldolet due to cverloading.

The:cause of overloading is not known except that one or more safety

valves might have opened below their set pressure. No fabrication or

material deficiences were found. Failure due to .thennal fatigue and all

types of weld related cracking was dismissed.
' '

,

It is hypothesized that safety valve with lowest set pressure (1085

psii, RV-3-1400, prematurely opened producing reaction forces, which

resulted in rupture at the weldolet.. The header was unable to withstand

this reaction load thus opening the north header. The failure of the

north header. triggered the failure of the valves in the south header.

L.4.3 Plant: Indian' Point Station Unit No. 1 (Consolidated Edison Co. of New
York)

Date of Occurrence: Discovered in May 20, 1972

Plant Status: The reactor was shut down within hours, after it had come

on line after a two month refueling outage, to locate and plug tube leaks

in steam generators No. 12 and No. 14. During the course of tube plug-

ging operations fragments of the thennal cleeve were found in the primary
!

i side of the water box.
|

Incident Description: The fragments were parts of thennal sleeve in the

4" primary. system make-up water line where it enters the No.12 24" prim-

ary coolant- pipe. A sectional view is shown in Figure L2. The sleeve

was construced of 1/8" thick type 304SS rolled and longitudinaly welded

into a cyclinder and circumferentially welded to a nozzle in the make-up

line. The sleeve parted a?ong both the longitudinal and circumferential

welds into four pieces.
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Figure L2. Schematic of original nozzle and thermal sleeve

1
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Liquid. penetration test on the .inside surface' of the primary coolant pipe

revealed. forty cracks.in either_ side of the pipe approximately downstream

tot the coolant flow.
,

Design Code: ASME Section III for thermal cycles and stresses
,

.

j Probabl e . Cause: - The mass flow; difference between the letdown flow to the

purification system and the make-up flow cause a variation in temperature

between 120-400'F of the make-up water. Flow changes take place during
. ,

-startup, shutdown and in normal constant load operation, albeit, less

frequently in the latter case.- The temperature difference between the

priciary coolant and the make-up water varies between 110-390 F and in the
.

ab'sence of well developed mixing causes a sharp thermal gradient within

the sleeve which lead to the building up thermal stress cycles ultimately

causing failure of the sleeve by fatigue.

The cracks in the primary coolant pipe re:ulted from the deflection of"

the denser cold water to the walls of the primary pipe in a wavering

plume causing thermal stresses.
i

L.4.4 Plant: Surry Power Station Unit 1 (Virginia lectric and Power Co.)

Date of Occurrence: July 27, 1972
,

Plant Status: The plant was shutdown for zero power physics testing and.

maintenance the day before the incident after it had operated at 35 per-

cent power. Decay heat was being .rsnoved by using two condenser steam
:

dump valves TCV-MS-107B and 108B out of four, the other two valves in

bank "B", TCV-MS-105B and 106B were stuck closed. The four condenser
a

steam valves in bank "A" were unavailable as the whole bank was isolated

due to steam leakage in one valve, TCV-MS-105A. Later bank "B" was tag-

ged out of service and the decay heat was attempted to be removed by use
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of three, atmospheric steam dump valves RV-MS-101A, l'01B,101C which were:

i ' ' noperative. . Subsequently the decay heat release valve, HCV-MS-104, wasi,

* - attempted to be opened by imposing a 10% demand signal when the incident
'

7

: . . .

; occurred.

' Incident Description: The decay heat release valve exhaust pipe (4"dia.)

had backed.out its vent' sleeve (8"dia.) in the ceiling of the safeguard ;
'

}. building,. releasing steam in the upper level of- the building instead of
i

out through the vent.. There was no rupture' of the decay heat releasej.

valve,' piping, or structural failure of its restraints.
1

! Two men died from steam burns.
!
I ' Component History: The decay heat release ~ valve which is installed with
1

i. its stem'in the horizontal position was inspected internally after hot
,

,

[ - functional tests in February 1972 and it was detennined from wear on the

stem that it had been sticking in the bushing during hot functional
!

'. tests. The stem was replaced and proper valve operation was demonstrated
I

'

[ un' der cold shutdown condition. The decay heat release system had.

L functioned satisfactorily on approximately twenty occassions prior to the
-

,

' |
E incident.
1 ,

Design Code: ANSI'B31.1(1955) l
. l

: Probable Cause: It has been estimated that there is a steady state j
1

: .. ,

330,000 lbs/hr at 1085! thrust of 7800 lbs at the maximum design flow of

: ' psig and.556*F. Such a thrust is unable to back up the discharge'end of
:

the- decay heat line. For the line to disengage an estimated thrust of

:8900 lbs or greater must be imposed on the pipe.

-It .is' hypothesized that the valve installed horizontally with its unsup-4

ported actuator mechanism and its 'past propensity of stem binding' might -

:
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have responded erratically, resulting in a sudden steam flow exceeding

than that corresponding to the 10% demand signal and producing a thrust

greater than 8900 lbs. The decay heat exhaust piping support system was

not designed for dynamic loads imparted to the pipe under the

aforementioned scenario.

L.4.5 Summary of Discussed Incidents:

From the description of accidents discussed in this section, three import-

ant observations can be made:

(i) Steam line ruptures occurred in Turkey Point 3 and H.B. Robinson 2

in the section downstream of the containment and upstream of the

main steam isolation valve. Steam escaping from a rupture in this

zone goes directly to the atmosphere and prc 'fus a mechanism of

uncontrolled radioactive release proportional to the activity level

in the secondary side assuming that the steam generator tubes are

intact. However, a more safety significant scenario may be en-

visaged. The sudden uncontrolled release of steam causes a fast

depressurization of the secondary side of steam generators (SG).

The SG tubes, especially the degraded and wasted ones, are now ex-

posed to steep increase in pressure difference. Such a condition

is conducive to SG tube failures. In addition, it should be noted

that the secondary side pressures were lower than the lift pres-

sures of the safety valves in both the cases.

(ii) The above two failures and the Surry 1 incident are very similar.

The valve connections were incapable of handling dyna:aic reaction

forces imparted by the sudden opening of the valves. However, in

the case of H.B. Robinson 2 there is no evidence that the valve

actually " popped."
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(iii) Catastrophic pipe failures can and have occurred in a highly de-

- signed system, such as a nuclear power plant. The incorporation of

such events into the operational data base is essential since they

represent vulnerable areas that have, in the past, failed. If

either design reevaluation or testing had not picked up the failure,

the events could have occurred during operation. It is this

probability that is needed before these pipe failures can be cor-

rectly utilized

L.5 Preoperation Date Application:

If these failures are included as data points, one might conclude that the
i

steam line break probability is of the order 10-2 events per reactor year.
I

This is far worse than any other prediction and is of the same order of a mag-

nitude as the worst predition based on no data.

The first objection to using these data points is that they occurred during

pre-op testing and were design faults which have a high probability of de-
|

'

tection before plant operation. This probability of detection is another

factor that is difficult. to calculate either by a survey of literature or data

| derived frm experience. To il% strate, Reference 56 gives " factors of
!
| improvement" from 9 to 8100 depending on number of inspections and schedule.

What is interesting in regards to these findings is that several References (56

! and 49) conclude that preoperational proof test (pressure test) has a negligible

| effect on failure probability or conversely, pre-op proof tests have a very low

! efficiency or factor of improvenent.
!

|- For the failures citea here, .this is obviously not true. Pre-op testing
I

and the steps required to come up to proof (including checking relief and
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safety valve settings), has aihigh . probability of screening out " design

failures" of the type experienced at Turkey Point and H.B. Robinson. At any

rate, searching for a test efficiency factor to apply to these two incidents

yields the same results as before - Too wide a range of values. For the be-
~

nsfit' of this interim report a testing factor of .01 is utilized. This factor.

is based solely on engineering judgment.

As a minimum, a mora realistic nunber for a general large bo.re pipe rupture
;

should be developed for use.in the future risk assessment, and a specific tes-
!

ting efficiency should be developed for the section of piping of interest.

At the present time there is nothing to contradict a probability as

! high as 10-4 events per year for the sequen- of a steam l'ine break between
:

.

containment and the main steam isolation ves coupled with steam generator

tube rupture. This is based on using a probability of 10-2 for large bore

steam line break in the section of interest using the data cited (worst case),,

and an " engineering" calculation of 10-2 for the probability of steam,

generator tube ruptures given a steam line break.
4

'

.

'

L.6 Steam Generator Tube Rupture:

i As mentioned at the beginning of this discussion, there is enough data

presently on steam generator tube rupture, to support a general conditional

failure rate of 5.x 10-2 failure per reactor year given a steam line break,

see Appendix M.

The mechanism for failure is the resultant ' higher than design' pressure

differential _across the tube. In addition the failure rate depends on a number

of factors such as the following:-

a. Time _ since last inspection
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b. Nature of pressure transient (shock, rate of decrease, amount of
decrease etc)

c. Chemistry and currosion history of tubing

d. Integral of power level and time with prediction of errosion.

These and other factors affect both the general failure rate and the con-

ditional probability. Additional work on the conditional probability of the

steam generator tube rupture is required.

L.7 Summary:

In conclusion, this exercise has demonstrated that there exists a unac-

ceptably wide range of probabilities predicting large bore pipe ruptures. By

utilizing a literature search, data evaluation, and engineering judgment the

failure rate (per year) has been detennined to be:

10-4 < P(Pipe Rupture) < 10-2
.

for zone 2 of this analysis. In the attempt to perform a realistic evaluation

of the analysis of the steam line break this resulting probability range is

utilized in place of the more conventional values.
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APPENDIX M

ESTIMATE OF THE LIKELIH0OD OF A STEAM GENERATOR
. TUBE RUPTURE IN THE EVENT OF A MAIN STEAM LINE BREAK

_

M,1 Probability Cal'culation

Steam generator (SG) tube degradation has been a problem drawing ir::reas-
~

ing attention because of its widespread occurrence in operating PWR's and be-

cause of the potential for high costs associated with the purchase of replace-

ment power and the repair of the affected steam generators. Fran a safety

standpoint, two events are of concern which can result in abnormal pressure

forces on possibly degraded tubing. These events are the loss-of-coolant

accident, which could result in a:n overpressure or collapse force on the SG

tubing, and the steam line break, (SLB) which could result in a burst force on

the tubing. Here we are concerned with the likelihood of tube rupture as a

result of a steam line break and its associated burst forces.

Degraded tubes, including leaking tubes, have been commonly observed, with

tubes plugged in 25 of 68 nuclear plailts covered in a 1976 survey.(57)

' Based on recent surveys (57, 58, 59) of operating plants, the major causes_of

SG tube degradation appear to be wastage, corrosion, stress-corrosion crack-

.ing, and denting. A change in secondary water chemistry control from high-

phosphate addition to all-volatile treatment has appeared to bring the wastage

problem under control with a noticeable drop in failures due to this cause

since 1974. Denting, which 'i' the circumferential ~ constriction of' tubes bys

' tube support plates, was the major cause of tube failures in 1976.
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As' a result of the widespread SG tube degradation problem, inservice

inspection of SG tubes using eddy current test (ECT) methods has been imple-

mented as a means for reducing the probability of SG tube failures. NRC'

Regulatory Guide 1.83(60) describes an acceptable method for inservice

inspection of PW SG tubes. Criteria have also been developed to establish

the degree of tube degradation, as identified by inservice inspection, beyond

which defective tubes should be renoved fran service by plugging. Regulatory

Guide 1.121(61) describes acceptable methods for establishing these' cri-

teria. A typical plugging criterion is ECT-indicated through-wall defects of

30 to 50 percent with a 40 percent defect limit indicated for most U.S.
|

plants.(57)
|

In order to estimate the likelihood of a tube f ilure, the degree of de-

gradation required for tube bursting must be identified.

Tests have been perfonned by the Pacific Northwest Laboratory (PNL) on

artificially defected tubes to relate tube burst pressure to degree of wall

degradation and defect length for different types of defects.(62)

At differential pressures in the range of 2400 psi (the maximum pressure

differential of interest for the SLB is closer to 2000 psi), tube rupture

would be expected to occur if the tube degradation is in the range of 75 to 90

percent, depending on the type of defect based on these data. Section M.2

provides thc PNL curve' fit equations for these data and shows how this degree

of degradation is detednined. These limits represent minimum degrees of wall

degradation required for bursting which are based on values of burst pressure

for defect lengths exceeding approximately an inch. For shorter defect

lengths, higher degrees of wall degradation are required at this pressure dif-

ferential. In calculations carried out at BCL, based on the assumption that

failure occurs when'the tube attains a stress equal to the ultimate strength
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of the tube material, it was estimated that at a pressure of 2400 psi, the

tube wall could be thinned to. about 25 percent of its original thickness (cor-

r?.sponding to 75 percent wall penetration) before failure would occur.

- Having determined the extent of degradation required for tube rupture, it

rcmains to estimate the likelihood of having a steam generator tube with this

d2 gree of degradation which has not been plugged. Three approaches to esti-

mating the likelihood of a tube being in a sufficiently degraded.c6 Kiition to

rupture in the event of a steamline break have been explored. The first is !

based on detennining degradation rates for tubes. The second examines the un-

certainties a.sociated with eddy-current testing. The third approach uses

data on the frequency with which tube leaks have been experienced, the size of

the resulting leaks and assumptions about the duration of time over which a

potentially large leaker was in an incipient state.-

Z

Approach 1. Degradation Rates

There does not appear to be any direct infonnation available on SG tube

degradation rates. The fact that tube leaks have been known to occur even

- shortly after resumption of operation following a shutdown for inservice

inspection of SG tubes might suggest that a very high degradation rate exists.

Another possibility is that activities carried out in conjunction with inser-

vice inspection, such as lancing of the buildup of sludge deposits resting on

the tube sheet, may lead to additional tube leaks.

The infonnation presented in recent SG tube failure survey articles (57,

58,59) does not lead to a direct estimate of degradation rate. Information

is not presented on the amount of degradation observed at the.various inser-

vice inspections. .The information which is presented does indicate that,
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typically at each inservice inspectior, tubes continue to be idcr.tified which

require plugging based on a 40-50 percent ECT-indicated wa'l defect plugging

criterion. As indicated previously, the survey infonnation also indicates

that leaks occur even shortly after an inservice inspection and resulting tube

pl ugging.

Development of ar, estimate of the likelihood of an SG tube rupture given a

steam line break using SG tube degradation rates as a basis does not appear

likely at this time. The data necessary to accomplish this do not appear to

be available in the literature, although utilities probably have the necessary

data in their records. Furthermore, any degradation rate estimate will be

influenced by the uncertainties associated with the eddy current test (ECT)

method, a topic which will be discussed below.

Approach E. ECT Reliability

Steam generator tube information' suggests that the ECT method may not be

completely reliable in identifying the degree of tube degradation. For ex-

ample, tubes have been known to leak upon resumption of operation following an

inservice inspection for leaks. Leaks also co1tinue to develop in spite of

plugging at 40 percent ECT-indicated wall defects. That the ECT method is not

completely reliable in identifying the degree of tube degradation is consis-

tent with observations made in the PWR Steam Generator Tube Integrity Program

being conducted at PNL. In tests conducted there on artifically defected

tubes, significant error was found in the eddy current estimates of defect-

depth. Eddy current signals from nearly identical flaw geometries produced

- very different signal patterns and flaw depth indications. For electrical

discharge machining (EDM) slots, which simulate cracks in the tubing wall .
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considerable difference was found N '.ueen the ECT-indicated flaw depth and the

actual flaw depth. The ECT methou indicated less degradation than actually

- exi s ted. For unifonnly thinned defect simulations, . . ECT method tended to

ovsrpredict the amount of A..I degradation. For artificial defects simulating

elliptical wastage, the ECT method tended to underpredict.the degree of tube

wall degradation as the amount of actual degradation increased. Figures M1

through M3, excerpted fran Reference 62, conpare ECT-indicated and actual flaw

depths in tenns of wall thickness degraded for EDM slot defects, uniform thin-

ning defects, and elliptical wastage defects. The data presented in these

figures provide a means for estimating the actual tube wall flaw depth, or
i

degree of wall degradation, given an indicated degree of wall degradation as

detennined from eddy current testing.

The PNL test data indicate that the reliability of the ECT method varies

depending on the type of defect. It appears to be laast reliable for those

defects associated with the renoval of small material volunes, such as cracks

and pits, and most reliable for defects associated with large material volumes

removed, such as unifonn thinning and wastage. During inservice inspections,

it-does not appear possible to characterize the type of flaw identified.

Since tabulations of the PNL data presented in Figures M1 through M3 were

not available to us, we have estimated the values of indicated and actual flaw

depths fran these figures. We then applied a linear regression to the entire

data set shown on these figures to obtain both a point estimate of the actual

degree of. degradation and an interval estimate in which the actual degradation

level is almost certain to'be-(a confidence level can be assigned to the

interval estimate). If _ the interval estimate is extended on the 75 percent

minimum degrada; ion level at which tube rupture will occur at 2400 psi, then
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- one-half-of the canplement of the confidence level associated with the

interval estimate can be considered to be the probability of the actual value

. falling above the' interval .

Since SG tubes are typically plugged when ECT-indicated wall degradation

exceeds about 40 percent, we looked at the interval estimates associated with

indicated defect levels of 40, .50, and 60 percent and confidence levels of 95,

99, and 99.9 ' percent. This would result in probabilities for the estimated
'

actual. value lying outside the' upper boun'd of the intervsl estimates of 2.5,

0.5, and 0.05 percent. Table M1 suninarizes the estimated actual value, the

interval estimate, and the level of confidence associated with the interval

estimate. ' '
= -

The results presented in Table M1 present interesting information.pertaia-

ing to the likelihood of exceeding an actual defect level of 75 percent, dich

is the minimum required for tube bursting under steam line break conditions.

Typically, tubes are plugged at indicated defect levels of 40 percent or
greater. If we could be certain that tubes were plugged at an indicated 40

percent defect level, the results of Table M1 suggest an extremely small

likelihood' that the actual; defect level could be as large as 75 percent.

Table M1 would suggest the probability is-between 0.005 and 0.0005. If the
;

tubes were actually being plugged at an indicated defect level of 50 percent,

than the probability that the actual defect level is as large as 75 percent is

on the order of 0.025. For. plugging at an indicated defect level of 60 per-
;

cent, the probability that the actual de'fect level is as large as 75 percent
is_ greater than 0.1.

Unfortunately, we do not know the actual defect level at which tubes are

being plugged. All we know is that the defects are greater than 40 percent.
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TABLE M1
. i

SUP9tARY OF INTERVAL ESTIMATES FOR VARIOUS INDICATED
DEFECT LEVELS AND CONFIDENCE LEVELS 1

'

Interval Probability of
Estimate Being Outside the

~

,

Indicated Best Estimate interval Confidence Upper Bound of the
Defect Level.%- Defect Level.% Estimate.% Level,% Interval Estiaate

i 40 32.7 3.5 - 61.9 95 0.025
'

40- 32.5 < 0 - 71.1 99 0.005

40 32.3 . < 0 - 81.8 99.9 0.0005

50 46.8 17.6 - 76.0 95 0.025

50| 46.7 8.2 - 85.2 99 0.005'

,

50 46.6 < 0 - 96.0 99.9 0.0005

'60 60.8 - 41,8 - 79.8 80 0.1
.

60 60.8 31.6 - 90.0 95 0.025

60 60.8- 22.3 - 99.3 99 0.005

60 - 60.9 49.3 - >100. 99.9 0.0005<

-

T

$

4
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If-we assume that, at plugging, indicated defects as high as 60 percent are

observed, then the number of SG tube' failures that could be expected to occuE
~~

if a steam line break were to occur just prior to shutdown for tube ins'pecti6n
~

would be estimated to be greater than~ 0.1-times the number of SG tubes bEing

' plugged p' inspection at 60 percent defect. The SG tube failure' survey

. information presented in_ References 1 through 3 indicated that lirge riumbers
|

of SG tubes.are being plugged (1840 in 1974-and 1510 in' 1975 in' steam genera-

tors having approximately 220,000 tubes, and over 3450 in 1976 in steam

gsnerators having almost 280,000 tubes) or about one percent of the tubes are

plugged per year. - Using the Surry plant with its approximately 10,000 SG

tube's as a bas.s, the numer of SG tube failures, assuming that the indicated

dafect level for plugged tubes.is 60 percent is estimated to be greater than
_

10_ tubes per plant if the steamline break were to occur just prior to shutdown

for tube inspection. If the indicated defect levels-at plugging are closer to

50 percent, the expected number of tube failures would drop to 2.5 per plant.

Wa think that the indicated defect levels at plugging are probably below 50

percent, although data are not 'available to us to ascertain this. Averaged

over a year, the number of tubes with greater than a 75 percent defect level

would be less than just before shutdown.
1

The above analysis ~is based on the probability that the ECT method will

fail to identify a crack greater than a critical value under laboratory con-

ditions.. It must be recognized that under field conditions other factors will

also contribute to 2he failure rate of ECT to detect flaws. An-important

factor is human error. In performing repetitive processes such as the testing

' of a' large number.of Ltubes even skilled technicians will make mistiakes. In

addition, under field cond' tions cracks may occur in locations that arei
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,

' difficult.to access or in which the ECT signal is masked by other features.

- An ' indicator of the fallibility of ECT is the occurrence of steam generator

tube leaks during operation. Of-the total numer of tubes plugged only a re-

latively small number were actually leaking (19 leaking tubes in 1974, 24 in

1975, and about 80 in 1976). The survey information indicates tvpically only

one or two tube leaks occur per plant per year, although in 197t the Surry and

Turkey Point Plants (both Units 1 and 2) indicated significantly higher

numbers of tube leaks.

Approach 3. Tube Leaks .

If we assume that a leaking tube or an incipient leaker is likely to rup-

ture given a steamline break, we would be forced to conclude that the proba-
'

bility of a tube rupture.given a steamline break is high, since we know that

leaks occur periodically, as indicated above, and that plants can and do f

operate with SG tube leaks. (Surry Technical Specifications allow operation

with leaks up to 10 gom.)

Examination of available information on leak rates associated with several

SG tube leak incidents suggested that the leak openings were very small and

the question arose as to whether small leak openings would actually lead to a

tube. rupture in the event of a steam line break or would only continue to

leak. We examined the results of a plastic instability failure analysis of

axial defects in pipes._ We were interested in obtaining an estimate of the

critical flaw: length for a through-wall flaw, as a leak would be, beyond which

the. analysis would indicate a rupture rather than continued leaking under

steam line break differential pressure conditions. The analye's was carried

out for an Inconel 600 tube with an outer diameter of 0.875 inches and a wall
'
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thickness of 0.05 inches. The yield and assuming annealed material at 600 F.

Figure M4 present the results of +.hn analysis. Basically, the analysis indi-

cates for a given flaw length and flaw depth to wall thickness ratio, the

stress at which a surface flaw would develop into a through wall flaw. The

analysis also indicates for a through wall flaw and a given stress level, the

axial flaw length beyond which' rupture rather than continued leaking is pre-

dicted. Based on this analysis, at nonnal operating conditions,. flaws of

depth less than about 70 percent of the wall thickness would not develop into

through wall flaws independant of the flaw length. Thrnugh wall flaws less

than about 0.7 inches in length would leak at operating conditions.. For flaw

lengths above about 0.7 inches, rupture would be predicted. For the condi-

tions of interest here, that is, for through wall flaws subjected to a stress

resulting frmi a steam line break, flaws less than 0.5 inches in length.would

be expected to continue leaking whereas those greater than 0.5 inches in

length would be expected to rupture.

Essentially no information is available on the flaw geometries for the-

various SG tube leaks for which we have been able to .obtain leak rate infonna-

tion. Table M2 provides a sumaary of leak rate information we have been able

| to find. The methodology used in calculating the flaw area given in Table M2
~

is presented in Section M3.

Since the plastic imtobility failure analysis presented earlier requires

knowledge of the flaw length c'o predict whether leaking will continue or rup-

ture will occur-in the event.of a steam line break with an existing tube leak,

we will attempt to estimate flaw lengths for the various tube leak incidents

cited in Table M2. The Surry 2 tube leak of.9/29/76 had a leak rate of 80 gpm

from a 4.25-inch long crack. Based on calculations presented in Section M3,
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TABLE M2

SG TUBE LEAK RATE SUMMARY

Calculated Flaw Length
Leak Rate Calculated Flow Based on 3 mil

- . Plant' Date GPM ~ Leak Geometry ~ Area (in. ) Crack Width-(in.)

Point Beach 1(1) 1972 0.018 Not Specified 1.75 x 10-5 5.8 x 10-3
Shippingport 2(1)~ 0.026 Not Specified 2.53 x 10-5 8.4'x 10-3---

Point Beach 2(1) 1976 0.76 Not Spei.lfied 7.4 x 10-4 - 0.25

~ Point Beach 1 (SGA)(2) -- 0.017 Not Specified 1.65 x 10-5 5.5 x 10-3
Point Beach 1 (SGB)(2). 0.025 Not Specified 2.43 x 10-5 8.1 x 10-3--

Ginna (SGB)(3) 5/24/76 0.06 (Cal.) Not Specified 5.84 x 10-5 0.02
w (measured)

Oconee 3 (SG3B)(3) 8/5/7o 1.25 (Cal .) .04 in. dia. 1.26 x 10-3 ----

'
. San Onofre 1(3) 8/25/76 1.5 Not- Speci fied 1.45 x 10-3 0.48

i Surry 2 (SGA)(4) 9/29/76 80 4.25 in long crack ' 7.78 x 10-2- 4.25
(measured)

Palisades (SGB)(5) 4/18/76 0.012 ,Not Specified 1.17 x 10-5 3.9 x 10-3
Point Beach l'(SGB)(5) 3/8/75 125 (Max.) Not Specified 0.12 40

Surry Tech Specs (6) --- 10 'Not Specified 9.73 x 10-3 3.24

ANS Standard N 237(7) --- 0.01 (100 Not Specified 9.73 x 10-6 3.2 x 10-3
lb/ day)

(1) . Nuclear Safety 16 3, 1975
(2) WCAP 8215
(3) ORNL/NUREG/NSIC-138
(4) ANS TRANS 30 11/78, P. 166
(5) ORNL/NUREG/NSIC-127
(6) Surry Tech. Specs.
(7) NUREG - 0017

J-
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the minimum crack width is estimated to be' O.018 ' inches or 18 mils. In his

discussion of the PWR Steam Generator Tube Integrity Program results at the '

recent Water Reactor Safe.y'Information Meeting (62) M. Vagins of PNL indi-

cated that a tight stress corrosion crack was probably less than 3 mils wide.

Since we are interested in estimating maximum crack lengths, we will use the 3

mil value for a typical crack width. Table 12 presents the calculated crack

lengths based on a 3 mil crack width. Of the eleven tube leak incidents

cited, three have calculated flaw lengths exceeding the 0.5,in. critical flaw,

f length, as detennined from the critical failure analysis carried out, beyond>

which rupture would be expected to occur in the event of a steam line break.

It is interesting to note that the leak rate allowed by the Surry Technical

Specifications would also result in a flaw length greater than the critical

value predicted by the plastic instability failure analysis. If we assumed

that a typical crack width were closer to the 18 mils calculated for the Surry

leak of 9/29/76, we would still estimate that in two of the leak incidents,

the calculated flaw lengths would exceed the critical flaw length for rupture.

It should be pointed out that for both the Surry leak of 9/29/76, and the

Point Beach 1~ leak of 3/8/75, the plant was forced to undergo a shutdown as a

result of the SG tube leak.

Of the approximately 125 total tube leaks cited in the Steam Generator

! Tube Failure survey articles, our analyses have therefore indicated that the

flaw length in three leakers exceeded the critical length for the flaw to run.

! Obviously if the leak is sufficiently large at the time of penetration to
1

- force a plant shutdown it does not represent a risk as a potential rupture in

: the event of a steamline break. The question then becones one of how long a ,

preleaker is in an incipient failure condition prior to leaking in which it
.
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would have ruptured in the event of a steamline break. For these analyses we

assume the preleaker is in an incipient failure condition for one year (one

. cycle)priortopenetration. Presumably the prior inspection would have pick-
'

ed up the defective tube if it were in an incipient failure condition. Since

wi anticipate 2 tube leaks per plant per year,' there are at any given time 2

incipient tube leaks. Of these, If5 w uld lead to rupture in the event of a

steamline break. On this basis the conditional probability is estimated to be

P(SGTR/SLB) = 0.05

M.2 Determination of Defect Level Required for Tube Bursting Based on PNL
Burst Test-Data

Assume the tubes are typical of those in the Surry steam generators, and

that we would like to know the defect level required to burst the tubes at a

pressure differential typical of tnat expected in a main steam line break

(2400 psi). The following curve fit equations, developed from the PNL burst

test data, will be used to determine defect levels required for bursting.

For EDM slots

AP/aP = 1-h/t + (h/t)e-0.373L/ M (M.1)g

For uniform thinning

AP/aP =(1-h/t)l-e (M.2)g

For elliptical wastage

-AP/aP =(1-h/t)0.604g
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where-

'AP/aP = ratio .of defected to undefected burst pressure
g

R = tube inner radius, in,

t'= wall thickness, in,
~

h = flaw depth, inc.

L = _ flaw length, in.

For Surry -type steam generator tubes,

R = 0.3875 in.

i t = 0.050 i n.

Based on the PNL burst pressure data, the undefected burst pressure is about.

9400 psi. Thus, AP/aPo is 0.255, assuming that the undefected pressure is

2400 psi.

Since we are interested in the minimum defect level as given by the ratio

of (h/t), we can solve Equations M.1 and M.2 for h/t assuming an infinite

defect length or L = =. Carrying out the required calculations, the minimum

defect levels, as given by (h/t), required for bursting are as follows: |
|

For EDM slots h/t = 0.745;<

For Uniform thinning h/t = 0.745;'

For Elliptical wastage h/t = 0.896.

We can use this information to establish the degree of degradation re-

quired for tube bursting. What is still needed is an estimate of the likeli-
|
'

hood of reaching this degree of degradation, knowing that inservice inspec-

tions are carried out regularly and tubes are plugged when they exceed a

specified degradation limit, as identified by eddy current examination.

-

- 336 -



_

W

M.3 Estimation of Leak Area from Leak ~Flcw Rate' '

- Two methods have been used to estimate the leak areas for the various SG

' tube leak flow rates cited in' Table M2. 'In the first method, the flow rat'e

'dnd area are related by the following expression: '

Q = 448.8 C A / 288g oP/p (M.4)D c

where

- Q =~ Volumetric flow rate, gpm

CD = Discharge coefficient, assumed to be 0.6

A = Leak area, ft2

9c = 32.2 ft-lbm/lb -sec2f
.

AP =-Primary to secondary pressure differential-assumed to be 1465 psi,

p = Primary fluid density, 45 lb /ft3m at 2250 psia.

Solving for the leak area A in' (inches)2,

A = 9.73 x 10-4Q (M.5) ,

In the second method, we used an average mass flux, G, based on Moody's model

and the modified Burnell model. The v.olumetric flow rate, Q, is given by

Q'= GA/o (M.6)

where

Q = Volumetric flow rate, gpm

-A = leak area, ft2

p =, Primary fluid density, 45 lbm/ft at 2250 psia

2G = Mass flux, assumed to be 22,000 lbm/ft -sec.

A = p Q/G
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Solving for the leak area A ir. (inches)2,
.

A = 6.56 x 10-4Q (M.7)

In calculating the leak areas presented in Table M2, we have used Equation M.5

since it will give the larger leak area.
I

F

!

L

!

|
!
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APPENDIX N

SURVEY OF SOURCES OF RADI0 ACTIVITY IN .
THE PLANT AND BARRIER ANALYSIS

|
|

N.1 Introduction

All the systems and buildings of the plant were surveyed to detennine the

major repositories of radioactivity. The worst hypothetical accident scena-

rio, which might conceivably invcive each cmponent, was consiaered. If the

resulting release of radioactivity from a conponent was relatively insignif t-

cant, that caponent was eliminated fran further consideration. A barrier .
'

analysis was perfonned for the remaining componerts to determine which addi-

tional failures would be necessary to allow the escape of radioactivity to the

environment. The following sections describe the more significant components

and the hypothetical release mechanisms and barriers to a release. This

analysis was perfonned independent of the main systems / data oriented task of

the main report. By reviewing the scope of the main analysis in this way, we

were able to identify outlyers that were then added to the main analysis.

| This approach gave the risk assessment two redundant scoping programs to bet-

ter guarantee that those sequences of importance were reviewed. Again, it

i must be stated that due to the number of Class 3-8 accidents possible no cm-

pleteness statements can be made.

N.2 Reactor Containment Building

_

The cmponents inside the containment building of Surry Power Station were

identified from architectural drawings in the Surry FSAR: (Fig.15.1-3,15.1-4,
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15.1-5,15.1.6,15.1-7,15.1-9). Following identification, the caponents

were grouped on the basis of their primary system affiliation. Possibilities

of release to the environment fra postulated accidents due to malfunction of

the components were examined to uncover any additional release mechanisms that

had not already been considered. It must be noted that the components and

systems-within the containment are designed to meet stringent code require-

ments, undergo an extensive quality assurance program, and are inspected and j

tested according to well defined exacting schedules. The containment itself |

acts as a second barrier to the release of radioactivity, that might be pres-

ent u the building, to the environment. For the Surry Power Station the con-

tainment is maintained at subatmospheric pressure. Thus, any leahge would be

inwards. Gaseous and liquid waste orginating in the containment building are

sent to the Waste Processing Systems prior to discharge to the environment.

The containment can be isolated since all penetrations are protected by isola-

tion valves.

N,2.1 Reactor Coolant System (RCS)'

The principal components of the RCS are the following:

1. Three Steam Generators (SG)

2. One Pressurizer

3. One Pressurizer Relief Tank (PRT)
.

4. Reactor Vessel

A cmpleteness check of liquid pathways frm the primary indicates no new

accident scenario other than those analyzed in Chapter 3 of this report. The

primary function of the PRT is to condense steam discharges fra the three

pressurizer safety valves and two power relief valves. The PRT is partially
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filled with water at or near containment ambient temperature. The cover gas

is nitrogen.

r

Rslease Likelihood

A postulated rupture of the PRT is deemed unlikely since the design pressure

is twice the estimated pressure following maximum discharge of the safety-

val ves. In addition, the PRT is protected fran overpressure by rupture discs.

A rupture of these discs would discharge steam contaminated with fission pro-

} duct gases inside the contairinent. If the radioactivity level exceeds tne set
i

point value, containment isolation signal will be initiated. The PRT drains

to the Primary Drain Transfer Tank Subsysten. Release likelihood fran the

Drain Transfer Tank will be examined in Section 4.2.3.

N.2.2 Chemical and Volume Control System (CVCS)

Nearly all the major conponents of the CVCS are located in the Auxiliary

Building except for the following:

1. Regenerative Heat Exchanger (REHX)

2. Excess Letdown Heat Exchanger (ELHX)

The risk implications of other conponents of the CVCS are analyzed in the

f review of the Auxiliary building in Section N.3.1.
|

. .Rolease Likelihood

The letdown flow fran the reactor coolant systen passes through the shell

side of the REHX where it is cooled by the chargin_ flow in the tube side.

Th2 design pressure of the tube side is 2735 psig conpared to 2485 psig in the

shell side. If tube leaks are postulated then charging water would leak and

mix with the letdown flow, providing no conceivable pathways of activity
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leakage to the envirorvaent. The REHX is designed to withstand thennal stres-

ses produced by step changes in temperature of the letdown flow. On detection

of a faulty REHX the nonnal letdown flow can be diverted through the ELHX.

The ELHX is designed to cool "ufficient letdown flow necessary for injec-

tion to the reactor coolant pump labyrinth seals. The letdown stream flows

through the tube side and is cooled by the conponent cooling water in the

shell side. Since the shell side operating pressure is well below the tube.

side pressure, possibility of contamination of canponent cooling water exists

if tube leaks are postulated. In this situation the temperature and activity

level of the conponent cooling water would increase. The temperature rise of

the caponent cooling water'would be indicated in the Main Control Roan and

the valve connecting the conponent cooling surge tank to the process vent,

both located in the Auxiliary Building, would be closed. Inleakage of cmpo-

nent cooling water would cause the liquid level to rise in the component

cooling surge tank and may cause spillage fran the tank'. The spill would

eventually be collected in the Auxiliary Building sump. The ELHA can be iso-

lated by closing valves. In addition, the valves fail closed. The ELHX is

also designed to accommodate temperature changes of the letdown flow.

N.2.3 Primary Drain Transfer Tank Subsystem (PDTTS)

The PDTTS fonns part of the Wnt and Drain System and caprises of the

fo110wir.9 principal canponents.

1. One Primary Drain Cooler
2. One Primary Drain Transfer Tank
3. Two Primary Drain Transfer Pumps.;

The PDTTS collects drain liquids originating fra each primary loop, pres-

: surizer relief tank, leakoff liquids fran valve stems and reactor coolant
I

!
,
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pumps. The collected liquid flows through the tube side of the primary drain

cooler where it is cooled by the incoming component-cooling water. The cooled

liquid enters the primary drain transfer tank. An alana is initiated if the

temperature of the liquid entering the tank is high. On reaching a set liquid

level in the tank the pump starts automatically, transferring the liquid out-

side the containment to the primary drain tank in the Boron Recovery System.

One pump is on line and the other is on standby. Containnent isolation valves

provided in the piping penetrating the containment are interlocked with the

pump controllers. These valves open and close on pump start and stop. Con-

tainment isolation signal, when initiated, overrides the pump start signal and

keeps the isolation valves closed.

Release Likelihood

The activity concentration of the liquid in the p0TTS is essentially the

same as the reactor coolant activity. Since the tube side of the primary

drain cooler operates at 50 psig, lower than the shell shide (100 psig), con-

tamination of the component cooling water is eliminated in case of tube leaks.

Furthermore, the primary drain cooler can be isolated by closing valves at the

| entry and exit points.
,

The capacity of the primary drain transfer tank is 600 gal and it operates

at atmosphere pressure and at a temperature of 150 F. Leakage of contents
,

from the tank and the piping would collect in the containment sump. Any fis-

sion product gases arising from the drain liquid which could over pressure the

tank is transferred out of the containment to the auxiliary building. Here it
~

go:s to the volume control tank or through the primary drain tank vent chiller

condenser, in the Boron Recovery System, to the Gaseous Waste system. In
|

addition, the tank is provided with relief valve with a pressure setting of
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150 psig.about 50 psig . lower than the design presure of the Tank. This valve

relieves to'a header in the Residual Heat Removal System.

' The possibility of leakage fran pumps is reduced since they are canned.

'In. addition, a faulty pump can be isolated by valves while the standby one can

be brought on line.

N.2.4 Residual Heat Removal System (RHRS)

The RHRS consists of the following principal components:

1. Two Residual Heat Removal Pumps (RHRP)
2. Two Residual Heat Exchangers (RHX)

The major function of the RHRS is to cool the reactor during plant shut-

down and refueling operations. The RHRS comes on-line in the second phase of

reactor cooldown. An additional function of the RHRS is to transfer refueling

. water fran the Refueling Water Storage Tank (RWST) to the refueling cavity at

the onset and at the end of refueling operations.

During the second phase of unit cooldown, reactor coolant enters the RHRS

between the main loop outlet isolation valve and the core. The coolant flows

through two motor operated gate valves in series to the suction side of two

RHRPs. These two valves are interlocked with the Reactor Coolant System pres-

sure and as such, do not open if the pressure is high. In addition there is

interlocking with the RHRP/RWST isolation valve, if it is open the RHRS inlet

valves remain closed. The reactor coolant is pumped by two RHRPs through the

tube side of the RHXs and returns to the cold legs of the Reactor Coolant

loops via low head safety injection header. The shell side of RHX contains

component cooling water. Ati the end' of refueling operations the two RHRPs are

' utilized to pump water _ fran the reactor back to the RWST. This

_
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acconplished b;y closing the outlet line of the RHRS and opening the inlet

:is31ation valve to RWST.

Release Likelihood

If there are tube leaks in RHX, possibility of contamination of component

cooling water exists because the shell side operates at a lower pressure than

tho tube side. Tube leaks Light actuate high radiation alarm and/or show high

temperature of the component cooling water. These two signals would close the

control valve in the vent line from the couponent cooling surge tank to the

process vent which are located in the Auxiliary Building. Tube or shell rup-

ture of the RHX is an unlikely event since the design pressures are well below
i- the operating pressures. The whole RHRS is protected from overpressurization

i

by a relief valve at the piping connected to the discharge side of RHRPs and

the pressurizer relief tank. Thus rupture of casings of the pumps, valves and |

piping are unlikely events. However, leakage from these components can be
'

I

considered credible. In the event of a leak the reactor coolant spill would. |

collect in the containment sump for eventual radwaste treatment.

All the components of the RHRS are located inside the containment except

the lines connqct'ing to -and fran the RWST. During reactor cooldown phase the>

line connecting the RWST at the suction side of the RHRPs are protected by a

check valve and isolation valves. Thus the possibility of backflow of the re-

actor coolant' to the RWST is very unlikely. Similarly, breach of multiple

barriers is necessary for the reactor coolant to-enter the RWST in the line

connecting the RWST and the discharge side of the RHRPs.

._
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N.2.5 LNeutron Shield Tank and its Cooling Subsystem

The neutron shield tank (NST) fonns part of the primary shielding. The

cooling subsystem is provided to cool the water in the NST. The principal

components are:

1. One neutron shield tank
2. One neutron shield tank surge tank
3. Two neutron shield tank coolers
4. One corrosion control tank

The NST .is made of carbon steel and fonns an annular cylinder surrounding

the reactor vessel . It has a radial dimension of approximately 3 feet and is

approximately 22 feet in height. From architectural drawings, the volume of

the tank has been estimated to be approximately 27,000 gal. The NST contains

water which is heated by neutron and gamma radiation. The heated water rises

by natural convection in the tank and flows through one of the coolers where

it is cooled by the Component Cooling Water Subsystem. The other cooler is on

standby. The surge tank accanmodates the thennal expansion of NST water. A

level indicator in the surge tank is used to add water from the Component

Cooling Subsystem on a low level signal. The cooled water fran the cooler

re-enters the NST at the bottom. A corrosion inhibitor is added manually from

the corrosion control tank when the reactor is not operating.

Release Likelihood

The activity inside the tank would result from activation of impurities in

water and the steel tank material . The contribution from these two mechanisms

would be very small. The amount of tritium formed from deuterium is small
t

since ~it fonns one part in 7,000 in natural water and the cross-section is

about 6 mb for thennal neutrons. Radioactive isotopes of nitrogen, N16 and

N17, fonned by fast neutron irradiation of 016 and 017 pose no real
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hazard since the amount formed is negligible and furthennore, their half lives

t are of the order of seconds [T 1/2-(N16) . 7,4 secs, T 1/2 (N17) = 4.1

secs]. The amount of'Cl4 fonned fran 017(n, a )Cl4 is estimated to be

approximately 10-3[Ci/yr] assuming a thermal neutron flux of 10 #n's/9

cm2-sec. and the weight of water in the tank,'approximately 1.05(5) Kg.

From the above analysis it can be inferred that the tank has a very small

inventory of _ activity. However, even if tank leak is postulated.all the-

liquid would collect in the containment sump. Gases fonned by radiolysis of.

water which could conceivably overpressure the systen collect in the gas space
'

in the surge tank and are processed by the Vent and Drain System. Any like--

lihood of contamination of canponent cooling water by the NST water in the

cooler as a result of leaking tubes is averted because the shell side operates

at 3.3 higher pressure than the tube side.

N.3 Auxiliary Building

The auxiliary building is the most complex inventory volume in the plant,

containing hundreds of conponents divided amongst various systens. In order

to insure completeness, a list of equipment and building features such as

sumps, drains, and vents was generated. The list was divided into major

systen categories as follows:

.1 Chemical and volume control system

.2 Boron recovery system

.3 Contaminated waste handling systens including vents and drains.

Equipnent such as the steam blowdown tanks which does not fit in major

categories were assigned on' the~ basis of proximity to major systen conponents.

In all cases, flow paths into and ou of the Auxiliary building were traced
,
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using the FSAR drawings, to insure consideration of all possible sources of

radioactivity within the Auxiliary building.

In the present work it was not possible to calculate radioactivity levels

in all components or pieces of equipment. Appendices C, D, and E present re-

sults for certain important components. The FSAR gives technical speci fica-

tion allowances based on one percent failed fuel ratio for a few selected com-

ponents. So, limited conclusions can be drawn based on the relative magni-

tudes of the source terms.

Liquid Releases

All camponents containing contaminated liquid (including evaporator

bottons fluid) are located below grade and within radiation shields (concrete

walls). A spill fran any single component or group of conponents such as the

Boron Recovery evaporators, would be contained within the building and routed

to the contaminated waste handling system. This would result in possible

over-exposure to personnel in the immediate vicinity (within the concrete en-

closure) of a spill, but no release of liquid out of plant.<

| The Boron Recovery System hold-up tanks and test tanks, provide liquid

: paths out of the building. These are discussed under the Baron Recovery Sys-
I

tem. Other paths are the Steam Generator Blowdown tank drain discussed under

CVCS, and the Auxiliary Steam Drain Receiver.

Gaseous Releases
|

. While it was not possible in the tine frame of this report to calculate

actual activity levels in all of the gaseous volumes and traps within the

Auxilia&y building, there was no potential source greater than the waste gas

decay tanks which are specifically treated in Section 2.5. The Auxiliary
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building ventillation " exhaust is monitored and can be:by^ passed through'. char-

coal filter ' banks' (from ' control room) if such a ' release ~ is experienced. The'

tinie -' required for reaction and switching is not given.

.

N.3.1 Chemical: and Voluire Control System (CVCS)

The functions of the CVCS are described in Appendix D and Figure D2 which..

is a schematic' of the system. During normal operation, reactor coolant from

the discharge side of the reactor coolant pump in loop 1 enters the letdown

line. The purification flow goes through the shell side of the regenerative

heat exchanger where it is cooled. This is followed by a pressure reduction

at the letdown orifice. After the first stage of temperature and pressure re-

duction the purification flow leaves the containment building and enters the

auxiliary building. Here the flow . passes through the tube side of the non-

regenerative heat exchanger for further temperature reduction. This is fol-

' lowed by a second stage of pressure reduction at the low pressure letdown

val ve. From there it passes through the letdown filter to the mixed bed de-

mineralizers where anionic and cationic impurities are removed. The cation

bed denineralizer downstream of the mixed bed demineralizer is used about 10
!

percent of the tinie to control the cesium and lithium activity. After its!

|

passage through the demineralizers it passes through the reactor coolant

filter and enters the volume control tank via a three-way modulating valve.

From the volume control tank the purification flow goes to the charging pumps

where the pressure is increased above the' primary systen pressure. Then the

flow leaves the auxiliary building and^ enters the containment building where

is passes through the tube side of the regenerative heat exchanger. The

purifica+1on flow ~ re-enters the primary system at the discharge side of the

reactor coolant pump in loop 2.
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A-portion of the diarging flow goes through seal water injection filters

; located in the' auxiliary building and passes to the containnent where it

enters the reactor coolant pump providing shaf t seal water. Part of this flow

re-enters the auxiliary building and goes back to the discharge side of the

volume control tank through a seal water filter and seal water heat exchanger.

The following are the principal components of the CVCS for .one unit of Surry

in the Auxiliary Building:
,

1
1. Volume Control Tank |

|

2. Mixed Bed and Cation Bed Demineralizers

3. Non Regenerative Heat Exchanger

4. Seal Water Heat Exch. anger

5. Letdown Filter

6. Reactor Coolant Filter

7. Seal Water Filter

8. Charging Pumps

N.3.1.1 Volume Control Tank

After passing through mixed bed demineralizer and the reactor ccclant
1

filter, the letdown flow enters the VCT through a spray nozzle located inside |
|

the tank. The vapor space in the tank contains primarily hydrogen and water

vapor. The activity in the volume control tank is estimated in Appendix D.

Release Likelihood fran the VCT Rupture Event

If the level of liquid in the VCT rises above the operating set point the

cover gas pressure would rise. Two redundant channels monitor the level of

' liquid in the VCT. If the level rises a signal from one channel is sent to a
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. proportional ' controller aligned with a three-way valve located upstream of the

VCT.and downstream of the Reactor Coolant Filter (Surry FSAR Figure 9.1-2).

This valve splits the letdown flow accordingly, a part to the Boron Recovery -

System, and a part to the VCT. This operation isLalso followed in the

' dilution' mode. If one channel fails then the back-up channel cones on line

automatically to divert the flow and initiates a 'high level' alarm in the

Main Control Roon. In addition, the VCT is also provided with a relief valve.-

This valve relieves to the Boron Recovery System fran whence it goes to the

Gaseous Waste Processing Systen.

The two VCTs are protected from the rest of the Auxiliary Building by con-

cre'.e walls about 3 feet thick and the tanks are isolated fran each other by a

concrete wall (Surry FSAR Figure 15.1-12). Thus the possibility of a tank

damage from impact by missiles or monorail related accidents can be ruled out.

The possible conmon node rupture event of one tank produced by shock waves

generated from'a postulated rupture of the other tank is improbable since the

tanks are isolated from each other.

In actuality, if the postulated rupture occurred, all of the liquid would

be contained within the auxiliary building and eventually find its way, via -

sumps and drain lines, to the liquid waste system. The radiciodine gases re-

leased would at first pass out through Auxiliary Building ventilation system,

and after initiation of high radiation alarm, would be diverted through

charcoal filters before release to the atmosphere.

4.3.1.2 Mixed Bed and Cation Bed Demineralizers

There are two mixed bed and one cation bed demineralizer in the CVCS for

each unit of Surry. One of the mixed bed demineralizer is on standby status.

1
'
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.Under nomaEoperating conditions Lthe cation. bed.demineralizer operates about

! ten percentLof the time. L.The demineralizers may contain'a rather.large

inventory of radioactivity. The solid. waste, consisting of filter sludge.

' resins and evaporator. bottoms is, an average for. PWR's, 670 'C1/yr.(63) The

major. isotopes are CoS8, C060, Cs134,'and Cs137. According to the surry FSAR,

resins are: replaced when the decontamination factor falls below a certain
..

'value or the *.xternal dose rate exceeds' a setpoint. In addition, the resins .|

in.a demineralizer will contain comparable amounts of I isotopes and other

short-lived isotopes-

Release Likelihood

The demineralizers- are positioned in concrete vaults below grade with con-

crete plugs over the vaults in the Auxiliary Building (Surry FSAR Figure
~

15.1-11). So, even if rupture of the demineralizer tank is postulated the

contents would still' be contained within the vault. In addition an energy
,

source, i.e. an explosion of sorts- is needed to cause dispersal of the post -,

ulated spillage. The operating conditions of the demineralizers in comparison

to the design specifications.makes the rupture event very unlikely.

The-operation of transferring spent resins to the spent resin catch tank

in the decontamination . facility building was investigated for possible path-

ways to the. environment. Water from the primary water storage tank (located

.outside the Auxiliary Building) is added to the spent resins to create a

slurry before it-enters the spent resin tank (Surry FSAR Figure 11.2.3-3).

The inlet (of primary water is through pumps and a number of check valves

- (Surry FSAR Figures .11.2.3-3 and 9.2-3). Hence the' contamination of -the
~

. primary ' water storage . tank water. from backflow of the ' slurry is improbable.
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' A postulated break in the pipe and other-components involved in flushing of

. spent resins ~would spill the liquid in the Auxiliary Building sump to be

collected by the Vent and Drain System for subsequent processing. Thus the

risk implications to the general public from the postulated spill is

inconsequential . Canpleteness review of the spent resin catch tank is per-

formed in Section 4.6.

N.3.1.3 Other Components in the CVCS

The letdown, reactor coolant, seal water, and seal water injection

filters have disposable synthetic filter elements. The filter vessels are

made of austenitic stainless stcel and have connections for venting and

draining. Thus, failure due to corrosion or rupture fran overpressurization
*

of the filter vassel is averted. The filter vesse' can be isolated by means

of closing va',ves at the inlet and at the outlet. ' bypass line with a valve

(normally closed)iis provided in parallel across eac > filter vessel. If leaks

develop in the filter _ vessels they can be isolated and i.he flow diverted

through the bypass line. Thus, the amount of leakage, if it occurs, eli be

kept to a minimum and the process continued through the bypass line. The risk

implications fran the postulated leakage is inconsequential to the ge seral

public. tiowever, occupational exposures might result during the oper. tion of

replacing spent filter elements since they contain entrapped radioact1<e

particulates.

The nonregenerative heat exchanger (NRHX) cools the purification flow to

the operating temperature of the demineralizer located downstream of the NRHX.

"he reactor coolant . flows through the tube side while canponent cooling water

flows through the shell sida. The design pressure of the tube and shell side
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of the tRHX are 600 psig and 150 psig respectively. Although operating pres-

sures are not precisely known the tube side is maintained at a higher pressure

than the shell side. If tube leaks are postulated contamination of component

cooling water (CCW) would occur. The consequences of this possible contamina-

tion will be essentially the sanie as in the Excess letdown taat exchanger

which has been analyzed earlier in Section 4.2.2. 5

The Seal Water Heat Exchanger (SWHX) cools the reactor coolant from the

reactor' pump seals, excess letdown heat exchanger and the bypass flow

originating from the charging pumps before entering the discharge line of the

volume control tank. Similar to the NRHX the reactor coolant flows through

the tube side and CCW in the shell side. The design pressure of the shell and

tube side of the SWHX are the same, 150 psig. Although operating pressures

are not known infonnation fran Surry FSAR Section 9.1.2.5 indicates that the

operating pressures of the tube and shell side are nearly the same. Thus, if

tube leaks are postulated leakage could occur in either direction. However,

the tubes are welded to the tube sheet to reduce leakage. A bypass line with

a valve (nonnally closed) is provided in parallel to the SWHX so that it can

be isolated, and with the bypass line normally closed valve open the fluid has

a pathway to the discharge line of the volume control tank. As in this prev-

ious case of the NRHX possibility of contamination of CCW exists. The train

of events which follow tube leaks and the consequences thereof are similar to

that described in Section N.2.2 for the Excess Letdown Heat Exchanger. Sur-

faces in contact with the reactor coolant in both these heat exchangers, NRHX

and SWHX, are made of austenitic stainless steel thereby reducing tube

failures due to corrosion.
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Th'ree~ single spe d horizontal centrifugal charging pumps operate on-two '

distinct modes: 1. charging of reactor coolant and, 2. safety injection.

To minimize leakage of. reactor coolant to the Auxiliary Building atmosphere

the pumps are provided with a mechanical seal 'and auxiliary gland bushing, and

a leak off connection between them. .The leakoff is transferred to the primary

drain _ header. Each pump is provided with two seal vents and two casing vents

to reduce pressure buildup. The pumps are protected from blockec) discharge

-during testing and too low charging flow by maintaining a bypass recircula--

tion. Charging pumps can be isolated by closing motor operated valves located

at the suction and the- discharge side. Activity measurements (EPRI 274-1) in

exhaust air fran the ventilation of the charging pump roans of three plants

during power operation accounted for 6 to 15 percent of I-131, and 6 to 38

percent of tritium of the total I-131 and tritium releases fran the Auxiliary

Building. Following hot shui.down conditions releases increased to 7 to 18
'

percent of I-131, and 4 to 54 percent of tritium. Most of the I-131 release

is in the organic form. The increase of I-131 release may be due to ' iodine

spiking' occurring in the primary coolant following shutdown.

N.3.2 Baron Recovery System

'The Boron Recovery System (BRS) is sized for, and common to, both units

one and two at the Surry plant. The BRS receives primary coolant let-down

from the CVCS system via piping in the drain system. It provide for the de-

gasf fication (using the gas-stripper) and storage of the torated radioactive

water (outside of the Auxiliary building) in three 120,000 901.~ Boron Recovery

' Tanks. These tanks and the system are sized to accept let-down flow fran two
~

cold shutdowns from full power and one cold shutdowns from full power from the
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.second unit in seven days with a boron concentration equal to 100 ppm in the

first unit and one month out of phase in the second unit. The Boron Recovery

Tanks are assumed to be 10 percent full at the beginning and the Baron

Evaporators:are 75 percent available during the 7 days. The gas stripper.is

capable of removing gases from both units at maximum let-down flow.

The de-gased, borated water is fed back to the Auxiliary building to the

evaporators where distillate and boric acid is produced. The distillate is-

again directed.out of the Auxiliary building to the Test Tanks (2 of 30,000

gal , ea). Here the water is sampled and if acceptable, it is routed back to

the Auxiliary building for a final stage of demineralization, through the

Boron Clean-up lon Exchangers, and then out again to the Primary Water Storage

Tanks. The concentrated boric acid solution is collected in the Evaporator :

I
Bottoms Tank, and after sampling, is either routed to the CSCS (Boric Acid

Tanks) for re-use, or the Liquid Waste Disposal System for disposal.

The major caponents in the BRS are listed in Table N1 Other com-
'

ponents, including pumps, valves, and heat exchangers were not treated as

sources of radioactivity in this survey, although they are considered as pos-

sible points of system failure.

N.3.2.1 Release Likelihood for BRS Components within the Auxiliary Building

There is no fluid path in the Boron Recovery System leading directly to

the atmosphere. Liquid is taken from the CVCS system and distillate is

directed back to the CVCS ' system. All gases are vented or driven to the waste

gas system. Contaminated liquid wastes such as high radioactivity evaporator

bottoms are directed to the liquid waste handling system. A rupture of any

component in the system involving liquid spill will be contained within the
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TABLE N1

i

BORON RECOVERY SYSTEM MAJOR COMPONENTS

Inside the Auxiliary Building
'

1. Primary Drain Tank (1)

2. Gas Stripper (1)

3. Gas Stripper Su'ge Tank (1).

4. Cesium Removal Ion Exchanger (2)

5. Boron Evaporator (2)
6. Distillate Accumulator (2)
7. Evaporator Bottoms Tank (1)
8. Boron Clean-up lon Exchangers (2)

Outside the Auxiliary Building

1. Baron Recovery Tanks (3)
2. Test Tanks (2)

!

|
|

|
!
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Auxiliary building and eventually,-via sumps and drains, end up in the liquid j

waste treatnent system. Gaseous releases are possible via the Auxiliary buil-

ding ventilation system in event of. rupture. The worst case would be the rup-
~

ture of the gas surge tank which can contain as much as 500 SCFM of contami-

.nated gases. Most of this volume consists of nitrogen, oxygen and hydrogen.

Even if it were c.ompletely full of noble gases with the same proportion of

I-131 as in the gas decay tanks, the maximum release would be below that of

the gaseous decay tanks which is treated in detail in Chapter 2 of this

report. There is also an additional barrier not present in the case of the

gas decay tanks, the Auxiliary building ventilation system monitors and

fil ters. Upon detecting high activity, this gas release (mixed with Auxiliary

building air) would be exhausted through the Auxiliary building filters.

Therefore, catastrophic rupture ,of any conponent of the Boron Recovery System,

within the Auxiliary building would not result in any significant expsure to

! personnel except aqyone caught within the concrete shielding of the component
|

I at the time of the incident. I

! J

l

N.3.2.2 Release Likelihood for BRS Components Outside of the Auxiliary
,

Buil di ng'

|

The Boron Recovery System is connected to two sets of tanks located out-
|

|
side the building. The first set is the Boron Recovery Tanks (3 of 120,000

gal capacity each). They nonnally contain primary ,colant which has been

processed through the gas stripper and the cesium removal ion-exchanger. The

line feeding thess tanks are one 4" diameter with a nonnal flow rate of 240"

| gpm. The_ tanks are not pressurized, and vents lead to the gaseous waste sys-

ten. The line feeding the evaporators is 2" in diameter with a flow of 150

gpm (pumps located near tanks). The tanks are equipped with level sensors,-
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and are. individually ~._ diked so that any le' k or rupture can .be collected anda
.

transferred 'to one of the other tanks'as volune becomes available. Line rup-

tures can be detected by level changes, and small line leaks should be de-

tectable by inspection of the line trenches. If these lines'are not run in

trer.ches, .they should be examined periodically for leakage (more frequently

than the AStE code requirements of once every 10 years). These tanks are de-

tailed because there is one possible sequence that could lead to a significant
release.

The gas-stripper can be bypassed in case of malfunction or inoperability,

and therefore the Boron Recovery tanks can be full of liquid with as high a

concentration of noble gases as is produced in the primary coolart. If a tank

were to rupture at this time, there would be a release of noble gases direc. y

to the atmosphere. The magnitude of this release would depend on the fol-
lowi ng . factors:

.1 Original concentration

.2 Atmospheric temperature

.3 Location of tank rupture (tanks are vented to gaseous waste removal
system)

.4 Fluid temperature in tank.

Since the probability of a tank rupture occurring under these circum-

stances is of the order of 10-6 events per tank year, the actual potential

release has not been calculated. A combination of the worst possible factors

could result in a release in order of magnitude equal to that of the gas decay
tanks (See Appendix-C).

The second set of tanks is the Boron test tanks (2 of 30,000 gal. each),

located at grade level on the outside of the Auxiliary building along its west
wall. They contain primary. grade coolant that has been stripped of gases,
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filtered and processed by the evaporators. These tanks, both because of their

size and location in the Boron Recovery Cycle, present a negligable risk com-

pared to the Recovery tanks.- They 'would not contain significant amounts of

-noble gases since they can only be filled from the boron distillate accumu-

lators.

N.3.3 Liquid Disposal System

The liquid waste disposal system processes liquid radioactive wastes re-

ceived fran a variety of sources. The basic processes used to remove and con-

trol radioactive effluents are filtration,.to remove particulate matter;

evaporation, to concentrate radioactive constituents into smaller liquid
I

volume and to separate liquid and gaseous phases; demineralization, to remove l
I

dissolved material; natural decay of radioactive isotopes, by holdup; and

dilution, to reduce the concentration of radioactive liquids. A detailed

discussion of the liquid waste sy5 .a and an estimate of the inventories "

various tanks is given in Appendix E.

Release Likelihood

Analysis of the Surry liquid waste disposal system indicates that re-

quirements for inadvertently releasing liquid waste are either due to a leak

or rupture of -a canponent in the liquid waste system, or the human error of
'

incorectly valving the waste to another system. Also, there are large dif-

ferences in radioactive concentrations, depending on where a conponent may be

located in the system. The components associated with transfer of the

evaporator bottoms will contain the largest concentrations of radioactivity.

The next largest concentrations of radioactivity would be contained in the
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caponents in the~' system prior to the evaporator (<10-1 pCf/cc). C mponents

in the system following' the evaporator see distillate which should have con-

centrations at'least three orders of magnitude less than canponents prior to

the' evaporator. It is noted that leak or nJpture of any of these components

would result in radioactive liquid.of some concentration flowing to an auxili-

ary building sump, and then being transferred to the vent and drain system._

Liquid waste in the vent and drain system, however, flows back to the liquid

waste system for processing if the radioactive level exceeds a predetermined

maximum. Therefore, in order to release concentrated radioactivity to the en-

vironment it would be necessary to postulate a fault in the vent and drain

systen, in addition to the fault in the liquid waste systen.

To examine the consequences of human error resulting in an inad'ertent

transfer of liquid waste to other systems, the diagram of the piping and as-

sociated canponents for transfer of evaporator bottoms to the drumming station

was analyzed. Two nonnally closed valves, designated VI and V2, were identi- )

fied that, if opened inadvertently, would cause release of evaporator bottom

effluent to other systems. No valves or conponents were identified that could

result in direct evaporator bottom release to the environment. If V1 were

inadvertently opened, evaporator bottoms would be transferred to the vent and

drain system. However, this transfer occurs in an area of the vent and drain

systen that would result in the effluent being recycled to the liquid waste

system. Thus, this accident sequence requires a fault in the vent and drain

system concurrently with the inadvertent valve opening. A similar situation

holds for the inadvertent opening of sample valve V2. The evaporator bottoms

. effluent.would flow into a sample sink and then to the vent and drain system,

whnre the effluent would be recycled to the liquid waste system. The
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conclusion is, in order for evaporator bottoms to be released to the environ-

ment, at least two faults must occur, one in the liquid waste system to re-

route the effluent; and at least one in the vent and drain-systen, to release

the effluent to the environment. No valves were found which, M left in the

wrong position, could drain unprocessed effluent directly to th environment.

The conclusion is that the protection offered by the closed loop paths be-

tween the liquid waste system and vent and drain system require at least a

double system failure to result in release of radioactivity to the environ-

ment.

N.3.4 Gaseous Waste Processing System

During nomal operation, gaseous fission products are stripped from the

reactor coolant. In addition, radioactive gases. are evolved during leaks

within the containnent, when purging or venting vessels containing reactor

coolant and when taking samples. These radioactive effluents are processed in

the gas waste processing system. High level gaseous wastes may be stored in

order to allow for decay before they are released. The gas waste system is

described in detail in Chapter 2. In order to cmplement the earlier discus- |

sion of the gas waste processing system, in this chapter we will discuss the

recombiner package.

The gases which are stripped frm the reactor coolant in the gas stripper

consist primarily of hydrogen, nitrogen and fission gases. The purpose of the

recmbiner package is to remove the hydrogen, so that the volume of gas which

must be stored in the decay tanks is reduced. The recombiner system is de-

signed according to Section III-C of the ASME Code. The incming gas stream,

which contains hydroge, is mixed with the required amount of oxygen and
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nitrogen so that the resultant hydrogen concentration is less than 3%. This

is below the lower hydrogen flammability limit of 4.4%. Hydrogen analyzers on

tha recombiner feed stream shut two valves if the hydrogen concentration ex-

creds 4%. Simulataneously nitrogen purge lines 9 pen to dilute the gas stream.

Th3 mixture is pumped to a preheater, thence to the reconbiner. Ninety-nine

percent of the hydrogen and oxygen is catalytically reacted to produce water

vapor. The effluent gas fran the recanbiner is cooled in the after cooler,

and then flows to the moisture separator. The water vapor condenses and is

drained to the liquid waste disposal system. Oxygen analyzers on the effluent

gas stream reset the oxygen addition controller disposal system. The gas

stream is recycled through the reconbiner or may be bled off to the waste gas

surge tank. The bleed stream is regulated by a pcessure control valve. The

hydrogen analyzers on the effluent stream shut the ;1ve in the event of a

high hydrogen concentration.

Release Likelihood

The hydrogen concentration in the gas stream is maintained below the flam-

mability level. There are two redundant hydrogen analyzers on the influent

stream, so there is a low probability of both analyzers failing low and caus-

'ing the flammability level to be exceeded. The system is protectea dgainst
|

ov rpressure by a relief valve which vents to the process vent upstream of the

filters and process vent blowers. The recombiner is connected to the liquid

processing system via the drain in the moisture separator. The conceivable

mechanisms by which a release could occur from the recombiner would be due to

a leak in some conponent or a failure through these valved connections.
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N.3.5 Miscellaneous Components

!

N.3.5.1 Auxiliary Steam Drain Receiver

There are no flows or volumes given in the FSAR, and this component would
1

not contain any radioactivity except in case of heat exchanger leakage. Since

it is vented to atmosphere, the vent should be monitored so that leakage can

be detected.

N.3.5.2 Steam Generator Blowdown Tank

The Steam Generator Blowdown Subsystem (SGBS) fonns part of the Secondary

Vent and Drain System of Surry. The SGBS is identical but separate for Units

1 and 2. The steam generator (SG) blowdown may become contaminated due to

primary-to-secondary leakage and the flashed fraction of the blowdown is

discharged directly to the atmosphere without any intervening purification.

The blowdown rate for each SG is controlled by a manually operated needle-

type flow control valve. Blowdown lines,1" diameter, steming from each SG |

penetrates the containment and passes into the Auxiliary Building to a header.
;

The blowdor passes from the header into the blowdown tank. A part of the

blowdown flashes into steam and is vented directly to the atmosphere through a

18" diameter vent pipe situated at the roof of the Auxiliary Building. The'

condensate in the tank is normally gravity drained to the circulating water

discharge tunnel.

There are two radiation monitoring channels (gamma scintillation detec-

tors) per unit, and one of them continuously measure the activity level of the

liquid phase of the SGs, of a composite blowdown sample, taken fran a point

ahead of each flow control valve. If the activity level is lower than the set

point, 3.5 x 10-3 uC1.cc-1, of the radiation monitor, blowdown is allowed.
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If the contamination exceeds the set point an alann is initiated in the Main

Control Room. Then, the operator shuts off all blowdown from the affected

. unit and _ diverts the liquid in the blowdown tank to the Vent and Drain System.

In this situation, a valving arrangement permits sampling of each SG liquid to

detennine which SG is leaking by one of the radiation monitors. The other

detector measures the activity of the combined blowdown from the other two;_

! steam generators. There is another radiation monitor on the blowdown tank

| 'v:nt pipe which measures the vapor phase activity of blowdown escaping to the
i
'

atmosphere. Information relating to the set point of this monitor and its con-

trol function is not available from the Surry FSAR. Loss of power does not

1-nterfere with radiation monitoring, SG blowdown and alarm initiation. Trip

-valves on each side of the containment wall on all three of the blowdown lines
I close on a containment isolation signal.

Release Likelihood -

The maximum amount of radioactivity from two units that could be released,

under nonnal operating condition, from blowdown in the vapor phase to the

atmosphere and in the liquid phase to the circulating water discharge tunnel

has been estimated in to be 62 Ci and 186 Ci respectively. Bounding estimates

of nonnal I-131 releases are:

a. Blowdown Tank Vent '

Pipe Release of I-131 1.08(-1) to 1.78(-3)Ci/yr_

b. Blowdown Tank Condensate
Release of I-131 6.50(0) to 3.62(-1) Ci/yr
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'N.4 Turbine Building

The Turbine' Building houses 'a portion cf.the_ main steam system, . turbine

generators,' and associated systems. . The' primary pathway for_ radioactivity to

enter. the Turbine. Building-is through . leakage in the steam generator tubes,-

" allowing ~ primary cooling water to enter the main steam systen Thus, activity.

= concentrations in the Turbine Building will . depend on the magnitude of steam

generator tube leakage. ' Radioactive isotopes of concern include the Iodine

} species in solid liquid' and gaseous form, noble gases, and particulates inclu-

. ding Cesium and Cobalt. In many cases, only information on the Iodine species-

f' was available.. The system.with components in the Turbine Building are.

e Main Steam Sys' tem

h *e Turbine Generator

e Condensate and Feedwater System
: |

: e Condenser
:
l' e Lubricating 011 Systen

h e Bearing Cooling Water, System

i e Auxiliary Steam System |
3

|- e Circulating Water System
.

; e Secondary Vent and Drain Systen.
;

-

.

Of the above, the Lubricating Oil System, Bearing Cooling Water System,

and Circulating' Water System were dismissed as systems that could contain
;f

..

significant quantities of radioactivity. The Secondary Vent and-Drain System
,

could potentially contain someLactivity, but this system is in the category of-

a barrier to radioactive release to the environment. The grain systen col-
*

lects potantially radioactive liquids 'and dischanjes. them to the Liquid Waste
!-

Disposal System or.to the Boron Recovery System for processing. Secondary

t. ,
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. plant piping generally ~ drains to the condenser. The air ejector vents through -

a' radiation monitor, and can be diverted to Primary Containment in case of

high activity level . This diversion is perfonned automatically. There.are.no
1

. gaseous filters in the Turbine Building itself, and normal gaseous emissions

ara released directly to the enviroment. The caponents of interest for the

analysis were identified from the Surry heat balance diagram and from the Tur-
j

~ bine Building architeccural drawings contained in the FSAR.

Rclease Likelihood

No data on radioactivity levels in the cmponents of interest in Surry was

available. So the following discussion is based on coolent loops and a set of

measurements (64) of the activity of effluent streams in the secondary side

of the Point Beach power. The activity level in the steam is about'four times

higher than the activity level in the feed water. The implication is that

about 70 ~ percent of the activity (principally Iodine species) is plated out in

components between the steam and feedwater, since if no plate-out occurs, the

activity in the feedwater is expected to be at the same level as the activity

in the steam. Analysis of samples from a variety of places in the steam and

feedwater systens indicated that the most likely cmponents to have high

activity levels due to plate-out were the condenser, moisture separator, and
|

rehnater. '

|

For the Point Beach reactor, the implication from the measurements is that
I

the cabined deposition rate in the condenser, moisture separator, and re-

haater is 0.079 pci/hr.. Point Beach had a combined steam generator tube leak-

ag3 of 0.8 gal / min when the measurements were taken, which is fairly substan-
I

tial but within Tech Spec lim.ts (Tech Specs allow operation with up to
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10 gal / min tube leakage). At the deposition ^ rate derived from measurements at

Point Beach,. assuming that this represents the accumulated curie increase rate

and the couponents are not cleaned, a maximum of 0.02 ci of Iodine species

would be deposited during a'30-year plant life. This represents the maximum

activity that could be released from these conponents. This maximum activity

is small compared to release magnit" des of other accident sequences analyzed,

even those with fairly high probabilities.

Surry was designed with the capability of diverting the feedwater through

a demi, aralizer and filters, whereas Point Beach does not have this option.

Initially, it was speculated that these Surry components might represent re-

positories for significant quantities of radiation. However, if the Point

Beach experience is representative, the demineralizer and filters at Surry

would not be expected to contain large inventories of activity, since a large

fractir, of the activity is apparently plated-out in components ahead of the

fil ters.

The conclusion is that potential radioactive sources in the Turbine Build-

ing, while possibly important for occupational exposure considerations, almost

certainly do not involve dominant accident sequences that impact the risk to

the public.

N.5 Fuel Building and Primary and Refueling Water Storage Tanks

The fuel building is shown in Surry FSAR Figures 15.1-14 and 15.1-15.

Sources of radioactivity have been treated in Section 3.3 and Appendices I and

J. Only I-131 releases from the Spent Fuel Pool (SFP) due to loss of cooling

or refueling accidents have been considered. The release of tritium has not

been examined. Tritium releases in the form of tritiated water vapor are
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1

cxpected for the loss; of--SFP cooling accident. -Nonnal releases in the fonn of

T 0 and HTO occur from evaporation of SFP water but the consequences are2

negligible to the general public.
'

The trit'um concentration in the SFP can be considered to be approxi .

mately equal to the concentration 'in the Refueling Water Storage Tank (RWST)

I as the RWST furnishes make-up water to SFP. during normal plant operation. The
!

|
. origin of tritium in. the RWST is from the primary. reactor coolant. At the

| start of refueling operations the refueling reactor cavity and the refueling
l

canal are flooded with water fran the RWST. The tritium rich primary coolant

mixes with the RWST water lowering the concentration of the primary coolant.

However, at the end of refueling operations tritium enriched water is pumped

back to the RWST.. In addition, a significant amount of tritium inventory

rcsides in the Primary Water Storage Tanks (PWST). The origin of tritium in

thase tanks is from the periodic bleed process of the primary coolant for

deboration and purification. The RWSTs and PWSTs are located in the yard area

of Surry and not in the fuel building. These tanks are mentioned in this sec-

tion as they share a conmon denominator - significant inventories of tritium.

Tritium concentration measurements in R.E. Ginna(64) have confirmed the

presence of large inventories of tritium in the aforementioned tanks. A real-

istic estimate of_ tritium release based only on these measured concentrations,

|
'

levels cannot be perfonned since the concentration is a sensitive function of

th2 precentage of ternary fission diff sion, cumulative effective full power

dqys of operation and the tritium release management. followed in a particular

plant. Three tritium release management policies have been identified:

1. Zero Release Model, 2. Batch Release Model, 3. Continuous Release Model .
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The radiological hazard fron; tritium as an external radiation is of neg-

ligible consequence since tritium. decays by emission of a low energy beta

particle (E max = 0.0186 MeV). Its effective half life is approximately 12

days and it does not accumulate in a particular organ, unlike iodine in thy-

roid glands. The health effects are prinarily frm inhalation and skin

absorption, and ingestion of tritiated dr inking water and contaminated food.

A preliminary analysis based on results obtained fra the Tritium Man-Rem Con-

sequence Model (TREM) code (65) which estimated the environmental effects of

nonnal and off-nonnal releases of tritium frm Controlled Thennonuclear Re-

actor Systems show that the consequences resulting from the SFP Miling wculd

not be very severe.

N.6 Decontamination Facility Building

The primary purpose of the decontamination facility is to eliminate sur-

face contamination frm equipment without releasing activity to the environ-

ment. The building is made of poured concrete and concrete blocks. In Surry

Power Station it is located adjacent to containnent building (Unit 2) and the

fuel building but separated frem them to allow independent movement in the

event of an earthquake. A 125 ton trolley used for transporting spent fuel

cask and spent resin cask runs over the roof of the building. The root has

several hatches to provide access to the casks.

- At present detailed infonnation relating to the expected activity level of

the caponents operational procedure and operating conditions are not avail-

able. The available information indicates the following principal cmponents

inside the decontamination building:

1. Spent Resin Catch Tank

9
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2. Spent Resin Dewatering Tank

3. Dewatering Tank Pump:

4. Fluid Waste Treatment Tank
.,

5. Fluid Waste Treatment Tank Pump
,

6. Spent Rdsin Casks

7. Spent Fuel Casks

Release Likelihood

All of the liquid inventory in the building is treated by the Liquid Wa:,te

Processing System before discharge to the environment. The tanks in.this

facility operate at low pressure, near or about atmospheric. Therefore, rup-

ture of tanks or pump casings are highly unlikely. However, leakage from

pumps and tanks are credible. The building is provided with an extensive net-

work of sumps so any spillage would be contained within the building. The

liquid in the sumps is pumped to the Liquid Waste Processing Systen for even-

tual r'elease.

The building is maintained at a subatmospheric pressure. Thus any release

of airborne activity is contained within the building for eventual controlled

i discharge. The ventilation vent is provided with a radiation monitor. Any
l

increase in airborne activity level diverts the exhaust air through charcoal

filters.

Based on the Surry FSAR Figure 9.14-1 the following accident scenario

could be envisaged. The spent resin shipping container and cask sit very

close (approximately 3 feet) to the Fluid Waste Treatment Tank. During trans-

port 'of the ' spent resin cask a swing of the cask would impact the tank and

possibly cause rupture. Since the roof hatch is open during this operation,

'
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any airborne activity contained in the tank would find a direct pathway to the

atmosphere. At the present time the radioactive inventory is not known. The-

risk implications from this accident should be further investigated. The

spent resin catch tank is also close by. However, since this tank has a con-

crete wall around it, a common cause failure of the spent resin catch tank

under the above mentioned scenario is not considered to be credible.

\

e-.
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