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FURPOSE OF REVISION

This document is a revision of the report originally published

in January 1981. The revision primarily affects the list of

accident sequences appearing in Table 6-1. Other minor editorial

changes have also been included.

This document contains all the information included in the

original report; therefore, it is recommended that the original

report be destroyed.
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EXECUTIVE SUMMARY

!

This volume represents the'results of the analysis of-Oconee-

Unit 3 nuclear power plant which was performed as part of the

Reactor Safety Study Methodology Applications Program (RSSMAP).

The RSSMAP was conducted to apply the methodology developed in' the'

Recctor Safety Study (RSS) to an additional group of plants with

the following objectives in mind: (1) identification of the risk

dominating accident sequences for a broader group of reactor
;

designs; (2) comparison of these accident seguinces with those'

4

identified in the RSS; and (3) based on this comparison, identifi-
i

cation of design differences which have a significant impact on

i risk.

Significant use of RSS insights and results was made for the

Oconee analysis. -Loss of coolant accidents (LOCAs) and transients

were used as initiating events and the release categories and

human error and component failure data bases were the same as
,

1

those used in the RSS. The transient and LOCA event trees for

'
Oconee differ somewhat from the RSS event trees. This is due'to

1

different systems and interactions among systems at Oconee. In

addition, the RSSMAP transient and LOCA trees are interrelated

in recognition that transient initiating events may ultimately

I lead to LOCA conditions. Unlike the RSS, detailed fault trees

were not used to identify all possible failure modes; rather, a
!
' " survey and analysis" technique was used to identify the most

| likely failure modes of a system. The determination of which
|

accident sequences result in core melt and the subsequent contain-

ment response and release was made by the MARCH and CORRAL codes;

n

l

I
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which are significantly more developed codes than those available

when the RSS was performed. No site specific consequence analysis

was performed.

Results of the Oconee RSSMAP analysis can be summarized in the

histogram below, which depicts the total accident sequence fre-

quency in each of the seven PWR core melt categories used in the RSS.
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Oconee Dominant Accident Sequence (Using RSS Smoothing Technique)

The most sAgnificant sequences contributing to both the core

melt frequency and the risk were one of three types: (1) transient

initiated sequences which involve loss of all feedwater, high pressure

injection, and, in some cases, loss of containment systems, (2) small

LOCAs with failure of emergeacy core cooling in the early or late

recirculation phases, and (3) anticipated transients without SCRAM

sequences.

The total frequency of core melt has been predicted to be similar

for Oconee and Surry (i.e., within a factor of two). The dominant

contributors to the Oconee core melt frequency are significantly

different than those for Surry, however.

iv
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FOREWORD

This report is the second in a series of-four. reports which>

'

present the results of analyses performed in the Reactor Safety Study

Methodolegy Applications Program (RSSMAP). This volume describes the

analysis performed-for the Oconee Unit 3; other volumes describe the

analyses of Grand Gulf, Sequoyah Unit 1 and Calvert Cliffs Unit 2.

The RSSMAP analyses were an attempt to use insights from the relatively.

detailed and elaborate Reactor Safety ~ Study analysis to perform a
4

meaningful plant risk analysis with minimum manpower and economic

impacts. It was also desired that the study of plants with differing

reactor and containment designs would broaden the class of nuclear
,

power plants explicitly analyzed in terms of risk.

The reader should be cautioned to consider these results in their.

proper context. As was true of all the RSSMAP plants studied, the

Oconee analysis was conducted primarily with information availabic in

the Final Safety Analysis-Report ~ (FSAR), Technical Specifications and-

selected plant procedures. This approach does imply some limitations
t

in the depth of the analysis since as-built systems often differ'

from those depicted in FSAR drawings. Also, FSAR analysis and techni-

cal specifications generally indicate more conservative criteria and
!

guidelines than are actually required for system success. It should
,

also be noted that some developments in risk assessment methodology
,

have been employed in the Oconee analysis which were not used in the
;

earlier Sequoyah analysis. Among the most important of these involvei

i
the development of the transient event trees and the treatment of

dominant accident sequences.to include complement events. As a final

:

' v
k

i
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-point, it'is acknowledged that, cubsequent to the completion of the draft

Oconee analysis, some changes in plant hardware or procedures have been

made or are being planned which may have an effect on the probabilities

of dominant accident sequences. _However, due to the development of

major new efforts in plant reliability analysis by both the nuclear

industry and the Nuclear Regulatory Commission, an attempt to analyze the
~

effect of these recent changes was not undertaken in this study,

' Comments on this report and the RSSMAP methodology are invited.

Comments should be sent to:

Chief, Reactor Risk Branch
Division of Risk Analysis

! Office of Nuclear Regulatory Research
]. U. S. Nuclear Regulatory Commission '

'

Washington, DC 20555
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1.0 INTRODUCTION

As a part of determining the public risk due to accidents

in light water reactors (LWR), the Reactor Safety Study (RSS)

(Reference 2) developed a methodology for evaluating risks'

associated with potential accidents at nuclear power plants.

i. A number of organizations and individuals have recommended

that the methodology developed in the RSS be used on a wider

basis to analyze commercial power reactor systems and to assist

in making informed decisions when public risk is a consideration.

; Further, it has also been stated by the Nuclear Regulatory

Commission (NRC)1 that ways should be examined in which the'

RSS methodology can be used to improve the regulatory process.

In light of this, the Probabilistic Analysis Staff (currently the

Division of Risk Analysis) of the NRC initiated a program in,

October of 1975, entitled "The Reactor Safety Study Methodology

Applications Program (RSSMAP)," to provide a broader foundation

for applications of the RSS methodology and engineering insights

into the regulatory safety review process.
1

The RSS addressed two reactors, the Surry and Peach Bottom

plants. For those two reactors, the accident sequences that dom-

inated risk were identified. As a further application of the RSS

methodology, the RSSMAP was conducted with the following objec-

| tives: (1) identify the risk dominating accident sequences for a

broader spectrum of reactor designs, (2) compare these accident

sequences with those identified for the reactors studied in the

1 ee NRC Annual Report to the President, 1975.S

|

|

1.

!

?
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*

RSS, and (3) based on this comparison, identify design differ-

ences between the plants which have a significant impact on

risk.

The Reactor Safety Study Methodology Applications Program

was divided into two principal tasks: systems analysis of

engineered systems, and analysis of the accident processes.
t

Sandia National Laboratories was asked to perform the systems

1 analysis task. This task was performed with the aid of Evalua-

tion Associates, Inc., of Bala Cynwyd, Pennsylvania as a sub-

contractor. Battelle Columbus Laboratories was asked to per-,

form the analysis of accident processes.

The RSSMAP study includes three PWR power plant designs

and one BWR plant design. These designs are significantly

different from those studied in the RSS. Table 1-1 identifies

the RSSMAP plants, the RSS plant used for comparison, and some

key design features.

This volume documents the RSSMAP results for the Oconee
'

#3 unit. It is a 886 MWe Babcock and Wilcox PWR with a dry

containment and is located on Lake Keowee, South Carolina.

Oconee, owned and operated by the Duke Power Company, obtained
,

their construction permit and operating license on November 6,'

1967, and July 19, 1974, respectively. Oconee #3 entered

commercial operation on December 16, 1974. Separate volumes
,

! will describe the RSSMAP results for each of the other plants

studied.

,

f
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Table 1-1

MAJOR CHARACTERISTICS OF RSS AND RSSMAP STUDIED PLANT

RSSMAP PLANT RSS PLANT USED FOR COMPARISON

Sequoyah il PWR Surry PWR
Reactor Vendor - Westinghouse Reactor Vendor - Westinghouse* *

Architectural Engineer - StoneArchitectural Engineer - *

Tennessee Valley Authority and Webster Engineering Corp.
Four Reactor Coolant Loops Three Reactor Coolant Loops**

1148 MWe 775 MWe-

Dry Subatmospheric ContainmentIce Condenser Containment **

Now in low power testing Commercial Operation on 12/72**

Oconee 83 PWR
Reactor Vendor - Babcock-

and Wilcox
Architectural Engineer - Duke*

Power Co. with Assistance
f rom Bechtel Power Corp.

Two Hot Leg Reactor Coolant SURRY PWR*

Loops
Four Cold Leg Reactor
Coolant Loops

886 MWe-

Dry Containment*

Commercial Operation 12/74*

Calvert Cliffs #2 PWR

Reactor Vendor -. Combustion*

Engineering
Architectural Engineer -*

Bechtel Power Corp.
Two Hot Leg Reactor Coolant SURRY PWR*

i Loops
Four Cold Leg Reactor

,

Coolant Locps
850 MWe*

t

Dry Containment|
*

,

Commercial Operation 4/74*

|
|
'

Grand Gulf BWR Peach Bottom BWR
Reactor Vendor - General ElectricReactor Vendor - General --

Electric Co. Co.;

| Architectural Engineer - Architectural Engineer -**

Bechtel Power Corp. Bechtel Power Corp.
BWR/4 De signBWR/6 Design

'

**

1065 MWe1250 MWe -*

Mark I ContainmentMark III Containment **

1-3/-4
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2.0 METHODOLOGY

As stated in Chapter 1, the RSS Methodology Applications

Program consists of two principal tasks: systems analysis and

accident process analysis. This chapter will discuas the basic

methodology utilized in performing these tasks, dif ferences

f rom the methodology presented in the RSS, and important assump-

tions and restrictions used in performing the analyses. De tails

of how the methodology was applied to the analysis of the Oconee

#3 power plant can be found in Chapters 4 and 5.

2.1 Review of RSS Methodology

Before discussing the RSSMAP methodology, a brief review of

the RSS methodology may be usef ul in identifying similarities

and defining dif ferences between the two methodologies. In the

RSS, the methodology consisted essentially of three basic

tasks. These included: (1) a systems analysis task, (2) an

accident process analysis task, and (3) a consequence analysis

task. The first two correspond to RSSMAP tasks. The third

task analyzed the accident sequences in terms of consequences

to public health and property damage. This third task was not

included in this study.

The initial step in the RSS systems analysis task involved

|. the construction of functional event trees. These trees delineated
I

the f unctions which must be performed by plant systems to

mitigate an accident initiated by various loss of coolant

| accidents (LOCAs) or transients. For LOCAs, these functions

!

were reactor subcriticality, emergency core cooling, post accident
i

! radioactivity removal, containment heat removal, and containment

i
!

!

2-1
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t

integrity. For transients, the required functions were reactor sub-

criticality, heat transfer to the environment, reactor coolant system

overpressure protection, and reactor vessel coolant volume control.
'

Then system event trees were constructed by identifying the

plant systems needed to perform the required post-accident

functions. Af ter completing this, the system accident sequences

were delineated and a detailed f ault tree analysis was conducted

on all the systems represented on the event tree to determine

the failure modes and failure probability of these systems.

In some cases, detailed f ault trees were not needed if actual

plant failure probability data existed. The fault trees were'

quantified using a component and human failure data base

compiled as part of the RSS. The system f ailure probability

was expressed in terms of a median value with an associated

error bound. The tolerance bound was due to uncertainties

in the RSS data base.

The final step of the RSS systems analysis task was the

quantification of the accident sequences depicted on the system'

event trees. Any dependencies which existed among the systems

in the sequence, which were not explicitly covered by the

event tree structure, were identified (i.e., a shared system

component) and incorporated into the quantification. System

accident sequences with the highest frequencies were then

analyzed in terms of accident processes.

The accident process analysis was conducted to determine

(1) which of the dominant system accident sequences resulted in

core melt (2), the response of the containment following an

,

)

2-2
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accident, and (3) for those sequences predicted to result in

containment failure, the amount and types of radioactivity

released to the environment. Containment event trees display-

ing potential containment failure modes were created for each

system accident sequence. Probabilities of these failure

modes were then estimated. The complete accident sequences

(defined as a system accident sequence with its appropriate

containment failure mode) were then assigned to one of nine

PdR or one of five BWR radioactive material release categories.

Tne categories were ordered in terms of severity with Category

1 representing the most severe radioactive material release.

The accident sequence frequencies in each category were then

summed in order to assess the release category f requency (per

reactor year). It was recognized that there was an uncertainty

associated with the release category placement of each sequence.

To account for this, the RSS smoothing technique was used: that

is, a probability of 0.1 was assigned to an accident sequence

being in an adjacent release category, and a probability of

.01 was assigned to an accident sequence being two release cate-

gories from the one in which it was placed, etc. Af ter applying

| this technique, the final release category frequency was
!

assessed.

The final RSS task was to analyze the release categories

in terms of consequences to public health and property damace.

This was accomplished through the use of various models depicting
|

!

| items such as metecrology, population evacuation, and population

dose. Through the use of these models, the consequences of
,

!

;

;

!
i

i
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- each release category were determined. Multiplication of the

f requency of the release category and its associated consequence

resulted in a risk. estimate of each category. Summing the o

risk of all the release categories resulted in an estimate of

the total power plant risk.

2.2 RSSMAP Methodology

The RSSMAP methodology is based on that used in the RSS.

To meet, in an efficient manner, the objectives of the program

stated in the introduction, insights and results f rom the RSS

were used when appropriate. However, certain departures f rom

the RSS methodology did occur and are summarized below.

During the development of the RSSMAP event trees it was

found that the RSS functional event trees were basically appli-

cable to the RSSMAP plants. A redefinition of one of these

functions was made, however, for purposes of clarification.

Specifically, the RSS LOCA function, containment heat removal,

was split in the RSSMAP into two functions, namely containment

overpressure protection during the injection phase and containment

overpressure protection during the recirculation phase. Each of

these functions is needed to prevent a containment overpressure

failure; however, using the RSSMAP presentation, the analyst can

more easily distinguish containment overpressures which occur early

in the accident from those that occur late. This distinction is

useful because the time at which the containment fails is important

to accident consequences.
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In addition to the LOCA function redefinition,-two

additional transient functions, which were previously implied

in the RSS results, were defined. From the list 'of PWR transient

sequences in Table V 3-7 of the RSS, it can be seen that conta-

inment systems (e.g., containment spray systems 3 events C and

F) appear as part of the sequence even though they don't expli-

citly appear on the transient event tree. These containment

systems provide the functions of containment overpressure
,

protection and post accident radioactivity removal. In the

RSSM AP, these functions have been explicitly added to the list

of transient functions.

The plant systems required to perform the LOCA and transient

; functions'were sometimes different in the RSSHAP plants. As an.

example, during a LOCA the containment heat removal function at

Surry is performed through heat exchangers located in the

' containment spray recirculation system. At Oconce, this func-

tion is performed with heat exchangers located in the low

pressure recirculation system and/or by the reactor building air

fan cooling system. Further, many dependencies between the

RSSMAP event tree systems were found ta L. olfferent from

those found in the RSS, thus resulting in changes in the event

tree structure.

During the formulation of the event tree, it was decided

that.a single LOCA tree, rather than the three RSS LOCA trees,

was an adequate representation of the plant response to a LOCA

of any given break size. As a result of these differences
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in plant design and analysis, the RSSMAP system event trees

for Oconee dif fer significantly f rom the RSS trees.

One of the insights gained from the RSS was that system

failure probabilities are dominated by only a few failure

modes such as single, double and common mode hardware and human

failures. Because of this insight, elaborate f ault tree models

to identify all possible system failure modes, as was done in the

RSS, were not developed for the RSSMAP. Instead, a " survey and

analysis" technique was used to determine system failure modes.

This technique was, in essence, a systematic approach by which
,

the analyst searched for system failure modes. The search was

done manually and was usually stopped when all double or triple

failure modes were identified. A Boolean equation was s.nen

constructed for each system which represented these failure

modes. These equations were utilized in the accident sequence

analysis described later. (For an example of the " survey and

analysis" technique , see Appendix B. ) It should be noted that

the failure mode search was based largely on systems informa-

tion gained from the plant FSAR, a single visit to the plant,

and some follow up conversations with plant personnel. It is

recognized that this limitation in the study does not provide

assurance that all system failure modes have been identified.

The RSSMAP system unavailabilities were quantified using

the RSS hardware and human error data base, except for those

systems where actual plant failure probability data existed.

Throughout the course of this work, point estimate unavailabil-

ities were used in dete rmining the system f ailure probabilities
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ratner than the median unavailability with its associated

error bound as was used in the RSS. This departure frora

the RSS methodology was made because the additional effort of

estimating error bounds was not judged necessary for risk

comparisons or the identification of dominant accident contrib-

utors.

The final step of the RSSMAP systems analysis task was

the performance of a system accident sequence analysis to

determine those core melt sequences with the highest f requency.

This was done by combining the Boolean equations describing
' the succeeded and f ailed systems for each accident sequence,

performing a Boolean reduction of the equations to produce

sequence cut sets (i.e., the system f ailures which produce an

accident sequence), and quantifying these cut sets using the

data base. The cut sets for each accident sequence were summed

to arrive at a total ~ sequence f requency. The accident sequence

Boolean reduction and cut set quantification was performed

with the aid of the SETS and SEP computer codes (reference 5).

In the RSS, the accident sequence analysis was performed largely

by hand calculations. In some cases, this may have required

| some assumptions concerning interactions between systems in a
!

sequence to make the calculations practicable. Such assumptions'

were unnecessary in the RSSMAP due to the increased analytical
|

| capability af forded by SETS and SEP. (For more details concerning
i

the systems analysis task, see Chapter 4. )

System accident sequences identified with the highest fre-

quencies were then analyzed in terms of accident processes. The
,
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accident process analysis task for the RSSMAP was conducted in

a more detailed manner than was done in the RSS. Use was made

of a new computer code known as MARCH, and an updated version .

of'the CORRAL code (references 6 and 7).

The MARCH code, developed at Battelle Columbus Laboratories,

performs LOCA and transient initiated accident calculations from

the time of the initiatfon of the accident through the stages of

blowdown (LOCA only), core heat up, bolloff, core meltdown,

pressure vessel bottom head melting and failure, debris-water

1 interaction in the reactor cavity, and interaction of the

molten debris with the concrete containment base pad. The mass

and energy additions into the containment building during these

stages are continuouely evaluated and the pressure-temperature

response of the containment with cr without the engineered safety

features is calculated. The MARCH simulation also accounts for
4 metal water reactions, combustion of hydrogen, and heat losses

to structures in the containment. By comparison, the accident

process analysis conducted in the RSS was conducted largely

! with hand calculations, which required several simplifying

assumptions (e.g., small LOCAs and transients were treated

in-a gross manner by comparing them to calculations done for
+ .

large LOCAs).

The updated version of the CORRAL code uses the same basic

analytical models as the RSS version, but has been made more

versatile. The code can now model the transport of the radio -

nuclides within the containment in more detail because of the

increased capability of handling larger problems.
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For each of the dominant system accident sequences, the

codes were used in determining possiale containment failurc

modes, estimating the probabilities of each failure mode, and

placing each sequence into the seven RSS PWR core melt release

categories. The non-melt categories 8 and 9 were found to have

a negligible impact on risk in the RSS and were not included in

the RSSMAP. (For more details concerning the accident process

analysis task see Chapter 5. )

Upon completion of the accident process analysis, the com-

plete accident sequences (defined as the combined system accident

' sequence and containment f ailure mode) were ranked and the

dominant accident sequences identified. The final step in the

RSSMAP was then to compare the expected risk of the Oconee plant

with the RSS PWR. This was done indirectly by comparing the

probability (per reactor year) of the seven PWR core melt release

categories, i.e., the RSSMAP methodology did not include a task

to directly analyze the consequences of each release category.

|
|
|
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3.0 GENERAL PLANT DESCRIPTION AND DIFFERENCES FROM RSS PLANT

The likelihood of certain accident sequences and the factors

which cause an accident sequence to dominate the risk associated

with a plant are . clearly dependent on the plant design. In this

section, significant design differences between the Oconee and Surry

units are summarized. Detailed system descriptions and reliability

estimates are presented in Appendix B.

The Oconee reactor units each have two steam generators and*

'
four steam generator loops designed by Babcock and Wilcox; the

Surry units have three steam generators and three loops designed-

by Westinghouse. Each Oconee reactor unit power is 866 MWe; the

Surry units each develop 775 MWe. Both containments are the dry

type and are of approximately the same volume. The Oconee contain-

ment construction is a prestressed, post tensioned, reinforced con-

crete cylinder and dome with a steel liner. The design pressure is

59 psig. The Surry containment is of reinforced concrete design.

with a steel liner and has a design pressure of 45 psig. The
i

Oconee containment volume is more open than Surry's (i.e., less

internal structure).

It should be noted that the Oconee design analyzed in this

report assumes an AC dependent Auxiliary Feedwater System ( AFWS)

and a High Head Auxiliary Service Water System (HHASWS).

The HHASWS is an add-on system which is intended to be put in scr-

vice in 1981. Also, design changes are being planned which will

remove the AC dependencies from the AFWS.

There are several important dif ferencea in the safety systems

between the plants which perform the LOCA and transient engineered

safety functions (ESP). These differences are the result of
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different systems present at the Oconee plant as well as many dif-

ferences in piping and circuitry configurations, system success cri-

teria, and test and maintenance intervals for systems which appear

at both plants. Some of the more obvious dissimilarities can be

seen in Figures 3-1 and 3-2 WLich depict Oconee and Surry ESF's with

related system components in a simplified manner.

A word of caution should be made about comparing the system

failure probabilities of both plants. The comparison given in the

following descriptive summaries is based on an independent comparison

of the systems. Interdependencies among the various systems at the

plant are not considered at this point. Because of this fact, a

statement such as "Oconee System A has a failure probability five

times greater than Surry System A," has no safety significance

unless the systems being compared are truly independent of other

systems at the plant. For purposes of comparing safety then, the

appropriate place of comparison is the accident sequences since it

is at this point where all system interdependencies are considered.
,

Accident sequences and system interdependencies are discussed in

Chapters 4 and 6.

It should be noted that for some physically identical systems

at Surry and Oconee, there exists differences in the success cri-

teria. These dif ferences generally occur f rom the dif ferent ECCS

requirements and different technical specifications at each plant.

3.1 Oconee ESF Systems Which Do Not Have Comparable Surry ESP Systems

There are two Oconee ESP systems having no comparable Surry ESP

system. A brief description of the purpose and dominant failure modei

of these systems follows:
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3.1.1 Reactor Building Cooling System (RBCS)

The Oconee RBCS acts in conjunction with the Containment Spray

Injection System (CSIb) to depressurize the containment following a

LOCA. The system consists of three independent electric motor driv-

en fans and cooling units. Successful operation requires one of

three fan trains according to Battelle Columbus Laboratories. The

dominant failure mode is a common mode failure caused by a miscali-

bration of the actuation system bistables.

3.1.2 High Head Auxiliary Service Water System (HHASWS)

The function of this system is similar to the auxiliary feed-

water system (AFWS) in that it serves to remove residual heat from

the steam generators following plant trip. The HHASWS consists of

a single electric pump which is capable of delivering emergency

feedwater to all six steam generators located in the three Oconee

units (two steam generators per unit). The system has its own AC

and DC power supply which is independent of the emergency hydro-

power system. The system is currently only intended to be utilized

following a station blackout (i.e., complete loss of offsite and onsite

AC power). In order to start the system, normally closed manual

valves must be opened locally by an operator. Failure to open

these valves was assessed to be the dominant failure mode of the

system.

3.2 Oconee ESF Systems Which Have Comparable Surry ESP Systems

Brief descriptions of the differences between similar Surry and

Oconee systems are given below.

3.2.1 Emergency AC Power System (EPS)

The FPS for Oconee is essentially the same as Surry below the

4160 ESF buses. The sources that supply the 4160 ESF buses are
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considerably different. Surry has three 2.75 MW diesel generators

for two units with one being shared while Oconee can utilize bither

of two 87.5 MW hydro generators to supply emergency power. Oconee

also has backup from one of two combustion turbine generators which

are available for long term operation. Another major difference is

i
that there is a direct connection between the diesel generators and

ESP buses in Surry, whereas several circuit breakers and trLnsform-

ers make the connection in Oconee. Also, emergency loads at Oconee

are applied to the hydro generators in sequence to minimize.the im-

pact of motor starting currents. At Surry emergency loads are ap-

plied simultaneously, which increases the trip probability of.the

diesel generators. This common mode is more probable at Surry than
1

at Oconee. The unavailability of the Oconee EPS was-estimated based

on actual plant test data and expected hydro maintenance outages.

Comparing this unavailability with'Surry yields more than an order
4

of magnitude decrease in the Oconee EPS unavailability.

3.2.2 DC Power System (DCPS) .

The DCPS at both plants include a 125-volt DC power subsystem

for instrumentation, on-site switching, and executive protection

and control as well as separate 125-volt DC power subsystem for

emergency on-site power generation control. The Oconee plant also

includes an additional separate safety related 125-volt DC power

subsystem for high voltage power switching between the alternate-

off-site network supply sources and the emergency on-site AC hydro

power generation source. All of these 125-volt DC power subsystems

are similarly powered by batteries and battery chargers.

i Oconee's design does not require load shedding for the 125-volt

instrumentation'and control subsystem; Surry's design requires load*

,

4

'
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shedding of the main turbine generator bearing and seal oil pumps

af ter the turbine has coasted to a stop. If a loss of all AC power

should occur, the Oconee instrumentation and control subsystem is

designed to supply emergency loads for one hour while Surry's system

is designed for two.

Based on the technique used for estimating DC system unavail-

ability in the RSS, the Oconee and Surry DCPS have a similar unavail-

ability estimate. However, a recent Sandia DC power system study

(reference 3) identified a DC common mcde f ailure not previously

identified in the RSS. This f ailure is at.tributed to the miscalibra-

tion of the battery charger charging rat 9 which causes the batteries

to degrade and f ail upon demand following a loss of of fsite power.

This common mode was assesse6 to be applicable to the Oconee

125V DC subsystem which controls the emergency AC power system.

The unavailability estimate for this subsystem is two orders of

magnitude higher than would have been estimated using the RSS method,

s

3.2.3 Reactor Protection System (RPS)

The RPS for both Surry and Oconee are actuated by interrupting

power to the control rod assemblies (CRA) but the method for doing

so is significantly dif ferent. The Surry RPS accomplishes reactor

trip by deenergizing combinations of 1 out of 2 primary circuit

breakers via the logic channel. The Oconee RPS accomplishes the

trip by deenergizing combinations of two primary and two secondary

circuit breakers and two groups of contactors.

Based on the technique used in estimating RPS unavailability in

the RSS and research made available during the course of the RSSMAP,

the two systems have a similar unavailability estimate.
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3.2.4 Containment Leakage (CL)

Certain differences exist between the Oconee and Surry con-

tainment isolation designs. The Oconee design isolates the reactor

building by closing various penetrations upon receipt of a high con-

tainment pressure signal. The Surry plant does not have a partico-

lar system for containment isolation, but isolation design is achieved

by applying common criteria to penetrations in all interfacing fluid

systems and by using ESF cignals to activate appropriate valves. The

Oconee design also includes the penetration room ventilation systen

(not present in Surry) which routes any leakage from several of the

penetrations through HEPA filters before being discharged to the

environment. The most significant design dif ference between the
|

Oconee and Surry units is that the Oconee containment is at atmos-

pheric pressure while the Surry contaiment is a subatmospheric de-
[

I sign. The CL probability for Oconee has been assessed at approxi-

mately an order of magnitude higher than for Surry, primarily due

to the latter design dif ference.

3.2.5 Core Flooding System (CFS) |

The Oconee CFS and Surry cold leg injection accumulator system

(CLAS) perform the same function, but there are some major design

differences. The Surry design employs three identical trains for
i

delivery into the cold legs of the RCS and Oconee has two identical

trains which deliver directly to the reactor vessel. If a LOCA

occurs in the cold leg, then the Surry system is impaired and mest

dump both of its remaining accumulators to successfully reflood

the core. The Surry system in this case would nave the same success

criteria as Oconee,.which must'also deliver both of its accumulators.
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At Oconee the CFS is required for only the largest LOCA, whereas

the stated LOCA success criteria for Surry requires the accumulators

for the large and intermediate size LOCA. If an isolation valve

in the Surry system is inadvertently left closed, it will be opened

automatically by the safety injection signal. In Oconee this

provision does not exist; instead, valve position is monitored and

alarmed.

An additional important difference is the technical specification

requirement for CFS availability. At Surry, one core flood tank is

allowed to be out of service for 4 hours before the reactor is to be

shut down. At Oconee both core flood tanks must always be available.

This difference adds a significant test and maintenance contribution

to the Surry CLAS unavailability which does not exist at Oconee and

results in a somewhat higher system unavailability for Surry.

3.2.6 Low Pressure Injection System (LPIS)

Both Oconee and Surry employ dual, redundant trains to deliver

borated water to the RCS following a LOCA. The Surry system delivers

water to the RCS cold legs while the Oconee LPIS delivers water

directly to the reactor vessel. The pump trains at both plants

! share a common suction header which has one or more valves in it.

The discharge header at Surry is also common to both trains and

contains a valve. The Oconee discharge headers are separate. The

Surry LPIS therefore has more single failures than Oconee's LPIS.
i

| This latter point causes the unavailability for the Surry system to

be slightly higher than Oconee's.
!

I
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3.2.7 Low Pressure Recirculation System (LPRS)

The Oconee and Surry LPRS are similar in that they employ

dual redundant trains to deliver water to the RCS from the sump

following a LOCA. One difference is that the Oconee LPRS includes

containment heat removal heat exchangers in each pump train while

i Surry's heat exchangers are part of the containment spray recircu-

lation system. Both systems use the same pumps as in their LPIS

and both require operator action to realign the pump suction from

the BWST or RWST to the containment sump at the start of the recir-

culation phase. The Surry system also requires operator action

after 24 hours to realign LPRS flow from RCS cold legs to the hot

'
legs. This later realignment does not apply to the Oconee system.

|Failure to perform any of the above realignments constitutes a
,

common mode f ailure of the system due to human ercor. The Surry

LPRS therefore has a higher contribution to system unavailability

due to common mode failure than does the Oconee LPRS. Due to this

and other contributors, the Surry LPRS has an estimated f actor of

three greater unavailability than the Oconee LPRS.

3.2.8 High Pressure Injection System (HPIS)

The Oconee HPIS is similar to the Surry HPIS in that each

have three high pressure pumps which take suction from a 350000*

gallon boraced water supply. Both systems have a single header

which connects this borated water supply to the high pressure

pumps. The three high pressure pumps discharge paths are intercon-

nected in Surry, whereas at Oconee, one pump train is isolated

from the others by two normally closed manual valves and used as a

backup for either train.

4
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A major difference between the two systems is that the Surry

system has a boron injection tank (BIT) and a borated water supply,

whereas Oconee has only the borated water supply. Addition of the

BIT includes additional failure modes not found at Oconee.

Another major difference is the type of pumps used. The Oconee

HPIS pumps deliver adequate flow at elevated RCS operating pressures to

cool the core if heat removal via the steam generators fails. The

Surry pumps, however, do not deliver adequate flow at elevated RCS pressures

to cool the core. This makes the requirement for heat removal via

the steam generators more critical at the Surry reactor.

In response to a LOCA, the unavailability of the Surry HPIS is

a factor of six higher than the Oconee HPIS due to more single

failures in the pump suction header and the BIT failure modes.

3.2.9 High Pressure Recirculation System (HPRS)

The HPRS at both Oconee and Surry are similar in that each

has three high pressure pumps which take their suction from two

independent flow paths at the discharge of the LPRS pumps. Both

systems require the successful operation of their respective LPRS

and require operator action to valve in the HPRS pump suction to

the LPRS pucp discharge. Failure of the LPRS or of the appropriate

operator action are the main contributors to HPRS unavailability

at both plants.

At the Surry plant, HPRS flow must be realigned from the cold
,

legs to the hot legs within 24 hours. The failure to realign flow

is an additional important contributor to the Surry system availa-

bility which does not apply to the Oconee HPRS. The unavailability,

3-9

- _ ___ __.



- _ .

.

however, of the Oconee system was estimated to be similar to the

Surry HPRS.

!

3.2.10 Engineered Safeguards Protective System (ESPS)

The Oconee ESPS and the equivalent Surry consequence limiting

control system (CLCS) and safety injection control system (SICS)

employ comparable degrees of redundancy in processing sensor data

and initiating engineered safeguards actuation when required.

Both designs actuate similar types of systems and. utilize dual

logic trains which derive their signals from a sensor group common

to both trains. At both plants, the HPIS and LPIS, in addition to

their normal trip signals, receive backup signals from a high

reactor building pressure trip. There are several differences

between the systems, however.

1 One difference between the two designs is that the Oconee

design monitors RCS pressure only, whereas the Surry SICS monitors

RCS pressurizer pressure and level. Another difference is that

the Oconee ESPS employs 3 pressure sensors for generating a HI
4

reactor building pressure signal and 6 pressure switches, arranged

in 2 groups of 3 switches, for generating a HI-HI signal. The Surry

CLCS employs 4 pressure sensors for generating both the HI and HI-HI

signals. The Oconee design employs 2-out-of-3 trip logic while the

Surry design employs 3-out-of-4 trip logic. The Surry CLCS provides ;

for automatically initiating, through. delay circuits, the CSRS with

manual initiating as backup. The Oconee CSRS is initiated when the

operator manually realigns the LPIS for the recirculation mode.
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Based on a qualitative comparison between the two designs, it

was concluded that the unavailability of the Oconee ESPS is similar

to that estimated for the Surry SICS and CLCS.

3.2.11 Containment Spray Injection System (CSIS)

Both systems are similar in that each has redundant CSIS trains

to deliver water to the containment spray nozzles. They are also

susceptable to similar common mode failures. Common mode failure

of either system may be caused by mispositioning of valves after a

pump test and miscalibration of the sensor group. which actuates the

system. There are, however, some differences.

At Surry each train has an independent header connecting the

water tank and the pump suction. At Oconee, however, each train

shares a common header. Because of this, the Oconee CSIS has an

additional single failure that is not applicable to Surry. However, the

CSIS unavailabilities for Surry and Oconee were found to be similar.

'.2.12 Containment Spray Recirculation System (CSRS)s

The CSRS systems for Oconee and Surry are considerably differ-

ent in both design and mode of operation. One important dif ference

is that the Surry CSRS is independent of its CSIS, whereas the

Oconee CSRS uses much the same equipment as its CSIS. The success

criteria for Surry is two of four pumps. The success criteria for

Oconee is one of two pumps.

The Surry CSRS is automatically activated, whereas Oconee is

manually activated when the operator realigns the pump suction

from the BWST to the containment sump. The Oconee system also re-

quires the operator to throttle the pump flow rate to provide an
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adequate net positive suction head so that pump cavitation failure

will not occur. If these operator actio1s are not performed, com-

con mode failure of the Oconee OSRS will result. These important
.

common mode failure mechanisms do not apply to the Surry system and

account for more than an order of magnitu le greater unavailability

for the Oconee CSRS.

3.2.13 Power Conversion System (PCS)

One of the main functions of the PCS at both Oconee and Surry

is to provide feedwater to the steam generators during normal opera-

tion. Following a reactor trip both systems are also capable of de-
.

livering feedwater at a lesser rate to provide the function of decay

heat removal.

One method of successful decay heat removal at Oconee can be

accomplished by delivering steam generator feedwater with one of

; -
two high pressure steam driven feedwater pumps. If these pumps

are lost, an alternate method requires the steam generator pressure

to be reduced by the operator and feedwater delivery provided by a

combination of one of three low pressure electrically driven hotwell

pumps and one of three low pressure electrically driven condensate

booster pumps. In both modes of operation the heat sink is either

the condenser or the secondary steam system safety valves. At Surry

successful PC3 decay heat removal can be accomplished by one of three

low pressure electrically driven condensate pumps delivering to one

of two high pressure electrically driven feedwater pumps. The heat

sink at Surry is also the condenser or secondary safety valves.

The power conversion systems are expected to have similar fail-

ure probabilities in response to reactor shutdowns not associated
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with loss of feedwater. For these transients success requires the

continued operation of the feedwater system. However, in response

to a loss of feedwater transient caused by a hardware problem or a

loss of offsite power (LOP), successful feedwater operation requires

the recovery of the system.

PCS recovery following a LOP requires that offsite power be re-

stored and several operator actions be performed. Discussions with

Oconee plant personnel indicate that it is reasonable to assume that

the PCS would not be restored in most cases following a LOP within

the short term (approximately 30 minutes) . The probability of not

recovering the PCS following a LOP was therefore assumed to be 1.0.

PCS recovery following a hardware problem requires assessment

and correction of the problem. Discussions with plant personnel and

examination of recent plant data suggests that at least 90% of all

feedwater problems at Oconee were corrected within 30 minutes or did

not involve total loss of the PCS. The Oconee data examined reflects

situations where there were problems with the PCS and the Emergency

Feedwater System (EFWS) was available. The true situation, as mod-

eled into the sequences, is one where there is a total loss of feed-

water. In such a case, discussions with plant personnel indicate

that primary emphasis would be placed on restoring the EFWS but that

a somewhat parallel effort to restore the PCS would also be conducted.

PCS nonrecovery after a hardware failure was roughly estimated to be

10-1 for Oconee based on a 90% recovery rate.

(The RSS assumed a PCS nonrecovery probability following a LOP

of .2. This value corresponds to the expected nonrecovery probabil-

ity of offsite power. A value of 10-2 was used for PCS nonrecovery

3-13
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~1
following a hardware problem at Surry (compared to the 10 value

described above) and was derive / rom industry data. It is sus-

pected that the 10~ probability is based on data fornonrecovet,

cases where the emergency feedwater system is successfully

operating. The trae sit ,_vn is one where all feedwater is lost.

For this reason, and due to the fact that plant specific data

existed, a dif ferent PCS nonrecovery probability was used

! for Oconee.

3.2.14 Emergency Feedwater System (EFWS)

The Oconee EFWS and Surry AFWS are similar in that each system

consists of two electric and one turbine driven pump train. Though

many piping dif ferences exist between systems, successful system oper-

ation requires the flow equivalent of one pump to one steam generator

at both plants.;

Given a loss of offsite power the Oconee system requires opera-

tor action to engage important EFWS components to the emergency power

buses. If this is not accomplished, system flow control and opera-

tion of the turbine driven pump will be lost (due to loss of pump

cooling) in a short time. Similar operator actions were not iden-

tified for the Surry AFWS.

Given a loss of all AC power (both normal and emergency) the

Oconee EFWS will fail in a short time due to loss of turbine pump

cooling. The Surry turbine pump was not identified to have this

cooling dependency and could therefore operate given a loss of all

AC power.

3-14
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The HHASWS at Oconee has no comparable Surry system. This

system can provide backup to any EFWS demand and is especially

important following'a total loss of all AC power. Since the

HHASWS has its own power system, . this system is not af fected and

can successfully provide post shutdown cooling.

3.2.15 Low Pressure Service Water System (LPSWS)
;

The CHRS system at Surry and the LPSWS at Oconee both rely

on river water to cool the containment sump recirculating water

and other portions of the operating plant. Major dif ferences
,

i appear in the means by which this water is routed to the CHRS/

LPSWS and the interface of the heat exchangers with the ESP sys-'

tems. At Surry, service water is pumped f rom the James River in-

to the 25-million-gallon intake channel. This water gravity feeds

! the four heat exchangers in the CSRS, then on to the discharge

i channel back into the river. At.Oconee, water is obtained from

the Little River arm at Lake Keowee and is delivered via a si-

phon effect created and maintained by the LPSWS vacuum pumps to

the reactor building cooling system (RBCS) heat exchangers and

the LPIS coolers. Other pumps are employed to overcome friction

j losses. Upon loss of offsite power, the siphon effect is main-
|

( tained by steam ejectors. The unavailability of the Oconee LPSWS

was assessed to be similar to the Surry CHRS.

!
1

I
L
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4.0 SYSTEMS ANALYSIS TASK

This chapter summarizes the work done as part of the

RSSMAP Oconee #3 systems analysiu task. The work was done

by Sandia National Laboratories with the aid of Evaluation

Associates Inc. The objective of this task was to identify

the dominant system accident sequences which are the major

contributors to risk for the Oconee' plant. .These sequences were

identified through the.use of event tree and safety system availability

models. The system availability models are, in essence, a Boolean

equation representation of a simplified fault tree. The event tree

and system availability models utilized are discussed in Sections

4.1 and 4.2, respectively. The dominant system accident

sequences, generated through the use of these models, are

presented in Section 4.3 along with an illustrative example

showing how a typical accident sequence calculation was

performed.

4.1 Event Trees

Event trees are the structures from which accident

sequences are derived. Two event tree types, used in

succession, produce the complete accident sequences. The

System Event Trees, the subject of this section,. interrelate

the initiating event and the engineered safety feature

failure events and result in system accident sequences such

as "ACD." The Containment Event Trees, done as part of the

accident process analysis, relate the possible responses of
!

the containment to the physical situations associated with,

i

|

1
1
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each system accident sequence. The resulting containment

failure modes, designated by terms such as a, p, 5 are added

to the system accident sequences to form the complete accident

sequences such as "ACD-6." Details of the Containment Event

i Trees can be found in Chapter 5.

4.1.1 Initiating Events

The type of initiating events considered were the same

as in the RSS, i.e., LOCAs and transients. The RSS con-

sidered three LOCA size ranges. These were designated

"S2" (1/2" < D < 2"), "S1" (2" < D < 6"), and "A" (D > 6").
,

Three sizes were chosen since the nu:aber of ECCS and

'
other systems required to mitigate a LOCA was dif ferent

j for each LOCA range. The RSS also considered three

types of transients. These were all designated "T" and

included reactor shutdowns initiated by

1) a loss of offsite power,

2) a loss of the main feedwater system caused by

other than a loss of offsite power, and

3) other causes in which the main feedwater system

is initially available.

These transient initiators were assessed to adequately

represent a spectrum of generic PWR transients (RSS, Table Ia

4-9) in terms of their effects on the mitigating systems.

Based on the study of the Oconee FSAR it was determined

that four LOCA sizes chould be cho,sen based on different ECCS

)

4-2
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subsystem requirements (See the Oconee FSAR page 14-57).

These are designated "S " ( D j,4"), "S2" (4" < D j,3

10"), "S1" (10" < D j,13.5), and A (D>l3.5"). The estimated

frequency of these LOCAs is given in Table 4-1. Since the

RSS pipe rupture data is for a generic plant, it was utilized

in arriving at these estimates. (As noted from this table

sooo double counting of RSS LOCA sizes was required due toi

overlap of LOCA size ranges between the RSS and Oconee. )

The same three transients used in the RSS and their

estimated frequency were also used to represent transients

at Oconee. The loss of of fsite power transient is designated

T1 and has a frequency of 0.2/ year. The loss of main feed-4

|

water transient is designated T2 and has a frequency of

3/ year. Other transients with main feedwater initially

available are designated T3 and have a frequency of 4/ year.

4.1.2 LOCA Event Tree

The Oconee LOCA event tree is presented in Figure 4-1.
'

A detailed discussion of this event tree is presented in

Appendix A1. This section will highlight the discussion

given there.i

A single LOCA event tree was judged to be an adequate

representation for the entire spectrum of break sizes.

Except for the removal of the reactor protection system

event K for A and St LOCA initiators, the rest of the tree

headings and structure are identical for all size breaks.

The systems depicted on the tree perform seven plant

functions. The combinations of plant systems which are

i

4-3
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,

required to successfully perform these functions for a

- variety of LOCA sizes are displayed in Tabic 4-2. These

functions were chosen since they are either required to

successfully, mitigate a LOCA or they can af fect the con-

sequences of a core melt if mitigation of the LOCA is

unsuccessful. The. definitions of success for the event

tree headings are given in Table 4-3.

Dependencies incorporated into the LOCA event tree

structure are the following:

1) If containment spray injection fails (event C)

then containment spray recirculation fails (event F),
f

since the systems share most of the same equipment.

2) If the reactor building cooling system fails

during the time interval corresponding to the

ECCS injection phase (event Y), then it fails

during the recirculation phase (event Z) since

the equipment and the success criteria are

exactly the same during both phases .

3) If the emergency coolant injection system fails

(event D), then emergency coolant recirculation<

(event 11) is superfluous, since failure to

provide sufficient injection cooling will result
*

in a core melt regardless of what happens during
i

the recirculation phase. This is consistent with

the RSS treatment.
,

t
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4) Containment overpressure protection during recirculation

(COR) can succeed by either of two methods: Operation

of one reactor building cooling system (RBCS) fan train

or operation of one containment spray system train in

conj unction with the LPRS heat exchanger. Operation of-

the LPRS heat exchanger is represented by event G.

Therefore, if the RBCS succeeds during the recirculation

! phase (event 5'), no success / failure choice is given for-

event G, since COR has succeeded. Also, for sequences

where either the containment spray system (events C or

F) or emergency core cooling systems (events D or !!)

fail, no success / failure choice is given for event C.

It can be noted on the LOCA tree that no event tree

structure was developed following failure of the reactor

protection system, event K. This was done for purposes of

simplification since the event tree structure following <

failure of event K would be identical to the structure

following the success of event K.,

! 4.1.3 Transient Event Tree

The Oconee transient event tree is presented in Figure

| 4-2. A detailed discussion of this event tree is presented
i

in Appendix A2. This section will highlight the discussion

given there.

A single transient event tree was judged to be an

adequate model of the plant response following the three

transient initiating events considered.
,

t
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The systems depicted on the tree perform six plant func-

tions. .The combination of plant systems which are required

to perform these functions for all three transients is

shown in Table 4-4. These functions were chosen since they

are either required to successfully mitigate a transient or ,

they can affect the consequencms of a core melt if mitigation

of the transient is unsuccessful. The definitions of success

for the event tree headings are given in Table 4-5.

Transient sequences with f ailure of event O can be

treated as a small-small LOCA since the systems responding

to these LOCAs are identical to those required for an S3

LOCA. These " transient induced LOCAs" are therefore trans-

ferred to th7 LOCA event tree upon failure of event Q.

Dependencies incorporatea into the transient event tree

structure are the following:

1) If the power conversion system remains in unin-

terrupted operation (R) then the operation of

the emergency feedwater system or high pres-

sure injection system are not required since these

systems perform the same function (only one of these

systems is required for any given sequence).

Exceptions are sequences with failure of the reactor

protection system and power conversion system which

require the operation of the emergency feedwater and

high pressure injection systems.

4-6
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2) If the reactor protection system and power con-

version systems adeceed, then the RCS relief

valves are not demanded since the RCS pressure

would not reac's the relief valve setpoint.

3) For those sequences in which the reactor protection

system or emergency feedwater systems fail, the RCS

relief valves will definitely be demanded.

,) For those sequences involving failures of the

reactor protection system, power conversion
J

system, and emergency feedwater system, the RCS

: relief valves will stay open through core meltdown.

5) If the RCS relief valves fail to open, the valves
!

cannot, logically, fail to reclose. Also, the4

operation of the high pressure injection system

does not matter since core melt'is assumed. This

conservative assumption is justified because the.

(failure ofvery small probability of event P2

S/RVs to open when demanded) is expected to cause

all accident sequences containing that ovent to be

relatively small contributors to risk. (Exception:

Core melt is not assumed if' event P7 occurs in the
!

! sequence where the reactor protection system and
,

emergency feedwater systems succeed, the power
:

conversion system fails and the' RCS relief valves

are required (events R M I Py) because the excess RCS
. .

pressure is not expected to be very great).

o

4
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,

6) If the RCS relief valves fail to reclose the

sequence results in a LOCA .and the sequence (and
,

analysis) .is continued in a LOCA event tree. This

is justified by the fact'that the rate of leakage

of RCS inventory is sufficient to fit the definition

of a LOCA. >

'

7) The operation of the reactor building cooling

system and containment spray systems are considered

only in those sequences which result in core melt

since these systems perform functions which reduce

the consequences of core melt accidents, and they

would not serve any purpose in other transient'

situations. (Exception: Containment Pressure

Reduction (event O) is considered in sequences 6

and 7. For these sequences, which require a " bleed

and feed" operation, core melt is prevented by
,

removing decay heat through the S/RVs and replacing

the coolant with the high pressure injection system.

Ilowever, this will cause a buildup of steam in the

|
containment, which will necessitate containment

pressure reduction to prevent a containment over-,

pressure failure and subsequent core melt).;

.
An explanation is in order concerning the " note 1" on

!

the transient tree. If too much cooling is provided to the

secondary side of the steam generators by the power conversion

system or emergency feedwater systems, a rapid RCS cooldown

,

4-8
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transient'would ensue. Following RCS depressurization, due-to

i the shrink of the RCS coolant, the high pressure injection sys-

tem (HPIS) would be demanded. Opecation of the HPIS would over-

! fill the RCS and cause water to be ejected through the RCS're-
,

lief valves. If these valves do not reclose, a LOCA would ensue,

which would require operation of the LOCA systems discussed in+

the previous section.

,i

; 4.1.4 Interfacino Systems LOCA Event Tree

| The Oconee interfacing system LOCA event tree is presented
;

in Figure 4-3. A detailed discussion of the Oconee interfacing
;

system LOCA is presented in Appendix A3. This secticn will high-

light the discussion given there.
,

'

The event tree shown in Figure 4-3 is identical to the Surry -

i (RSS) LPIS check valve rupture event tree. The initiating event |
' of the tree, event V, assumes failure of a series of two check

valves in one of the low pressure injection system lines and the
:
'

opening of the normally closed isolation motor operated valve

(MOV), which is also in series with the check valves, for_ quar-
,

t

j terly MOV testing. This would allow high pressure coolant water
1

"

j- to enter the low pressure piping outside containment and pipe
t

rupture to occur. The containment engineered safety features !

would be relatively ineffective for this accident, and the low

pressure injection system would also fail due to the LOCA. As

a result, core melt would occur. Since the containment engi-

neered safety features are relatively ineffective, the variations

in consequences are so small among the sequences, which all

4-9
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include the initiating event, only the initiating event V was

evaluated as an-accident sequence.

The frequency of occurrence for this accident is con-

siderably higher for the Oconee design (7.2 x 10-5 vs.

4 x 10-6/R-yr) than for Surry due primarily to the presence

of the normally closed MOV.1 Because of this, the failure

mode caused by both check valves failing to rescat after

a cold shutdown low pressure injection system flow test is

included in the probability assessment. This failure mode
,

was not applicable to the RSS PWR since the comparable MOV

was in the normally open position allowing such a failure

to be detected by the operator during plant startup before

an unsafe condition could develop.

4.1.5 Comparison of Oconee & Surry Event Trees

The Surry LOCA and Transient event trees are displayed

in Figures 4-4 through 4-7. A detailed discussion of the

event tree differences are presented in Appendices Al and

A2. Some of the more important differences are listed below.

LOCA

1) Response to a LOCA was depicted by one event

tree at Oconee and three event trees at Surry.

'

2) Due to plant design differences, events Y and Z

appear only on the Oconee tree and events I and

L appear only on the Surry trees.

1 Duke Power has recently introduced changes which significantly
reduce the frequency of this sequence (i.e., less than or
equal to the freque'ncy of the RSS event V).

4-10
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3) For purposes of simplification, the Oconee

equivalent to the Surry events B and E were

removed f rom Oconee LOCA tree.

4) The event tree structure differs somewhat

between the plants due ta some dif ferent

interdependencies between the systems

represented on the tree.

Transient

1) The Oconee transient event tree explicitly

includes systems related to containment response

(events O and O'). The Surry transient tree did

not include these systems. Success / failure of

these systems were implied, however, in the Surry

accident sequence results.

2) For purposes of simplification, the Oconce equiva-

lent to the Surry events U and W were removed from

the Oconee transient event tree. These events /

systems were required to bring the Surry plant from

hot to cold shutdown and were included in the Surry

analysis for completeness.

3) The Oconee event U represents the " feed and bleed"

core cooling mode of the high pressure injection

system. The Surry event U represents the operation

of the chemical and volume control system to bring

L
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!

the plant from hot to cold shutdown. The RSS

assessed that a " feed and bleed" core cooling

method could not be achieved at Surry.

4) The Surry transient event tree treated transient

induced LOCA sequences directly on the transient

event tree and assumed they were core melts.

On the Oconee tree, these sequences are transferred

to the LOCA tree and treated in a similar manner ,

as other LOCAs.

5) The event tree structure differs somewhat between
the plants due to some different interdependencies

between the systems represented on the tree.

6) The P3 event, which represents a probabilistic
demand of the RCS relief valves, appears only on

the Oconee transient tree. The Surry event tree

assumed that the relief valves either were or were

not demanded with 100% certainty.

4.2 Safety System Reliability Models
,

Each system represented on the event trees, except for

those where plant and/or industry data existed, was reviewed

and analyzed in order to determine system failure modes. An

insight gained from the RSS was that system unavailabilities

are usually dominated by single, double and common mode

hardware and human failures. Because of this insight,
,

4

4

4

h
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elaborate fault tree models to identify all possible system

failure modes were not used. Instead, a " survey and analysis"

technique was used to determine system f ailure modes. This

technique is in essence a systematic approach by which an

analyst searches for system failure modes.

The first step in conducting a typical survey and analysis

was to review all available information pertaining to the

Oconee system. Sources of information available for this study

were the FSAR system description and drawings, the technical

specitications and discussions with plant personnel.

The next step was to review a similar system an alyzed

in the RSS. The purpose of this review was to gain insight

concerning typical types of important system f ailure modes

(e.g., singles, doubles, human error, test, maintenance, and

common mode faults). Based on the Oconee system information

and RSS insight , the analyst manually conducted a failure

mode search. Identification of single and common mode fail-

ures were made first followed by doubles, test, and mainte-

nance. Any interactions that the system being analyzed had

with other systems on the event tree, such as a shared compo-

nent or actuation system, were noted.

The f ailure modes were then quantified using the RSS

hardware and human error data base. In some instances, due

to a lack of detailed subsystem information, subsystem

unavailabilities were taken directly from the similar system

analyzed in the RSS. This was done primarily in obtaining

4-13
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estimates of control circuit unavailabilities for pumps and

valves.

During the course of'the analysis it was generally

found that'most systems which appear on the event trees share

a number of components and support systems. Becausa of this

fact,it was necessary to construct a Boolean equation describ-

ing the system failure modes so that these interdependencies

could be properly treate'd during the accident sequence calcu-

lations. Some systems, however, were ascessed to be independent

or nearly independent of all other event tree systems. A

Boolean equation describing failure modes for independent
'

systems was not necessary since the system unavail' ability.

could be sinply multiplied into the accident sequence

calculation.

A " survey and analysis" for each of 15 Oconee safety

systems can be found in Appendices B1 through B15. Most of

these systems appear as events on the event trees. Some of

these are support systems (e.g., emergency AC and DC power

system, engineered safeguards protective system) which are

common to several event tree systems. Each appendix includes

a derivation of the Boolean equation (s) describing system

failure and an unavailability estimate assuming independence

from all other Oconee systems. In many instances more than

one Boolean equation was derived for a particular system

because some system failure modes were different depending on

the initiating event.

.

% H

#

4-14
, g ';. .

~

~ . .._



_

Tables 4-6 and 4-7 can be used as a key to the contents

of Appendix B. Across the top of each table is a list of the

systems which appear on the LOCA and transient event trees,

respectively. Listed in the first column are the event tree

initiating events studied. The four LOCA's A, S1, S2e S3 and

three transients, T1, T2, T3, have been discussed previously.

The LOCA initiators, T 0, are transient induced LOCA's. Thex

transient initiator Ti(B3) represents a loss of all AC power.

(Tl is a loss of offsite power and (B3) is a failure of the

emergency power system. See Appendix B1 for more details).

The entries in the tables are either an unavailability esti-

mate, the letter "X", an equation number, or blank. The

numerical entries in the Table are unavailability estimates

for the system under consideration. The systems which have

unavailabilities listed were considered to be independent of

all other event tree systems. The columns in the table also

have alphabetic entries. The letter "X" denotes that a single

Boolean equation describes system failure for all initiators,

i.e., the system failure is independent with respect to the

initiator. The eauation numbers reference specific Boolean

equations in the appendices which were used in the calcula-

tion of a particular sequence. The letters "a" and "b" in

parenthesis after some of the equation references indicate

which form of the equation was used. Different initiators

sometime require different equation forms, and are described

in the appendices. A blank entry means that the system is not

used in response to the initiator. For example, HPIS failure
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is modeled by HPIS'Bo'olean equation B8-1, form "a", for all

LOCAs except T (B3). For Ti(B3)O LOCAs, the unavailability isi

assessed to be unity. HPIS failure is modeled by equation B8-1,

form "b", for all transients except T (B3). For T (B3) tran-1 i

sients, HPIS failure is modeled by equation B8-1. These three

HPIS equations can be identified in Appendix B8.

4.3 Accident Sequence Analysis

The final step of the Oconee systems analysis task was

the performance of a system accident sequence analysis to de-

termine those core melt sequences with the highest frequency.

This was done by combining the Boolean equations describing

the succeeded and failed systems for each accident sequence,

performing a Boolean reduction to produce sequence cut sets

(i.e., the minimum combination of system failures which pro-

duce an accident sequence), and quantifying these cut sets

using the data base. The cut sets for each accident sequence

were summed to arrive at a total sequence frequency. The acci-

dent sequence Boolean reduction and cut set quantification was

performed by the SETS and SEP computer codes respectively.

System accident sequences with a frequency >10-8/R-yr were

identified. These sequences were then given to Battelle

Columbus Laboratories and were analyzed in terms of accident

processes (see Chapter 5).

An example which illustrates the procedure utilized in

performing the system accident sequence analysis follows in

Section 4.3.1. Those sequences with a frequency >10-8/R-yr

are presented in Section 4.3.2.
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4.3.1 Generating and Quantifying Accident sequence cut sets -

An Example

The sequence chosen to illustrate the procedure is the

transient induced LOCA T MLO-FH. It is a transient initiated2

(T M) followed by failure to re-by a loss of main feedwater 2

store the main feedwater system and failure of the emergency

feedwater system (L), a failure of the RCS relief valves to

reclose (0) and failure of the containment spray recirculation

and emergency coolant recirculation systems (F and H respec-

tively). It is a combination of transient sequence 12 and

) LOCA sequence 7. The dash in the accident sequence T MLO-FH2

indicates a transient induced LOCA. The events to the left

(T MLO) are events from the transient eventof the dash 2

tree. Those on the right (FM) are the sequence events that

continue on the LOCA event tree.

label T MLO-FH is a convenient identifierThe sequence 2

since it represents all the systems which failed in the se-

quence. This convenient identifier, however, should not be

confused with the Boolean represeatation of the same sequence.

Besides the systems which failed in this sequence, several

systems succeeded. These are the reactor protection system

(E), opening of the RCS relief valves (P2), the containment

spray injection systen (C), the reactor building cooling

system (V and 3), and the emergency coolant in]ection system

(D). The Boolean representation of the sequence depicts both

t-17
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KMLP2 0-the succeeded and failed systems and would be T2

C DFZH. Quantification of this accident sequence requires

the use of the Boolean sequence representation.

A number of the systems / events in the sequence are

independent from'all other systems / events. These are 5, T M,
2

P2, and O. Since they are independent their unavailabilities/

availabilities can be simply multiplied together. The unavaila-

bilities/ availabilities of these systems can be determined

from Table 4-7 as:

P(T M) *32

P(K)'= 1- (2.6 x 10-5) 7

P(P2) = 1 - (2 x 10-5) =1
,

P(0) = 5 x 10-2

Multiplying these together yields 0.15.

The rest of the system / events in the sequence are depen-
,

dent due to sharing of various components and subsystems. In

order to properly treat these dependencies in the accident se-
.

quence calculation a Boolean equation must be written for each

of the remaining system / events. These Boolean equations were

derived in Appendix B and Tables 4-6 and 4-7 can be.used as a

key to determ.ine the necessary equations to perform the

sequence calculation. These equations are:

1) EFWS/PCS Non Recovery Equation B13-1

i

L= [CONSTl + LPSW) * PCSNR

2) CSIS Equation Bll-1(b)

C = A + RBHIHICM + CSISCM + (F + C + CH7) (G + B + CH8)*

*4-18
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3) RBCS Equation B15-1(a)

V = (H1 + CH5) (J1 + CH5 CH6) (K1 + CH6) + LPSW + RBHICM* * *

4) HPIS Equation B8-1(a)

D= (Al + CH1 + D1 * El + Cl) (B1 + CH2) + A + RCSRBCM + RCSLOCM* *

RBHICM + LPSW

5) CSRS Equation B12-1

F= (F + C + CH7 + F' + W) (G + B + CH8 + G' + X) + WXCM + CSRSCM*

6) HPRS Equation B9-1

H = HPRSCM + LPRS + LPISCM

where

LPRS = (B + J + CH4 + E + E' + X) (C + K + CH3 + D + D' + W) + WXCM*

No equation was derived for i because it is assumed that Y implies

I. The terms of these equations are defined in Appendix B. In

general, each term represents a group of system components. These

groups or modules were constructed in order to reduce the number

of terms in the Boolean equations. This greatly simplifies the

accident sequence calculation, i.e., reduces the computer time

required to perform the Boolean reduction. A module was created when

it was assessed that a group of components, such as a pump train

or control circuit actuation train, were independent from all

other plant components or modules.

The six Boolean equations are then "anded" together and

Boolean reduced. This reduction was performed by the SETS
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computer code. Reduction involves the elimination of redundant

P = Q, P + PQ = P,terms by applying the Boolean identities P *

and P P = P. Applying these identities eliminated a large

number of the redundant terms. However, due to the addition of

complement events in ths Boolean equation, several redundant

terms still remain. These redundant terms were eliminated by

removing all complemented events from the remaining terms and

reapplying the second Boolean identity given above. For exam-

ple, after applying the Boolean identities the first time, two

terms in the reduced Boolean equation may be of the form ABC

+ ABD. Since we are interested in the minimum number of com-
'

'ponent/ module failures, or minimal cut sets, which cause an

accident sequence to occur, the events C and D, which repre-

sent component / module success, are not important in the final

results. These two terms can be replaced with the term AB.

Reducing the second time yielded terms which represent the

sequence minimal cut sets.

After obtaining the sequence minimal cut sets, the next

step was to quantify them. This was done by substituting the

module point estimate unavailabilities found in Appendix B in-

to the cut sets and performing the arithmetic. The arithmetic

was performed by the SEP computer code. Those cut sets with

the highest frequency were then identified. These cut sets

are the dominant contributors to the sequence frequency. The

total sequence frequency was calculated by summing all the se-

quence cut sets frequencies. A list of the dominant cut sets

and estimates of the sequence frequency can be found in Table 4-8.
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4.3.2 Identification of the Dominant System Accident Sequences

Using the procedure described in the previous section, each

potential core melt event tree sequence was quantified. Those

sequences with a frequency > 10-8/R-yr are listed in Tables 4-9,

4-10, and 4-11. These sequences were given to Battelle Columbus

Laboratories and analyzed in terms of accident processes. Work

at Battelle resulted in assigning an appropriate containment

failure .. ode probability for those sequences which were found

i to lead to core melt and the placement of the sequences in their

proper PWR release category. (Battelle's work is described in

detail in Chapter 5.)

Based on the estimated sequence frequency and release cate-

gory placement, those accident sequences which are expected to!

dominate the risk at Oconee were identified. These sequences
:

and the most important system failures which cause the sequence,

to occur (i.e., sequence cut sets) are discussed in detail in

Chapter 6.

r
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Table 4-1. RSS and Estimated Oconee LOCA Frecuencies

PSS LOCA RSS IDCA FRFQU,ENCY OCONEE [f)CA ESTIMATED LOCA FREQUENCY

*U =1x 10*3 + 3 x 10'4 = 1.3 x 10~3/yr
S2(1/2"<D<2") 1 x 10~3/yr S( D<4") S

3 2 1

RSS RSS

S (4"<P<10") S +A = 3 x 10-4 + 1 x 10*4 = 4 x 10-4/yr~

S3(2"<D<6") 3 x 10~4/yr 2 ~ 3 RSS RSS
_

~

1x 10-4 = 1 x 10~4/yrA( D)6") 1 x 10-4/yr S (10*<D<13.5") A =
g ~ RSS

1 x 10-4 = 1 x 10 *4/yrA( D>13.5") A =

i

|
r

-
-
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Table 4-2. Alternate Equipment Success Combinations for Functions
Incorporated into the Oconee LOCA Event Tree

injection Phase Recirculation Phase

LOCA Reactor Containment tontainment
Size subcriticality Overpressure Post Accident Emergency Overpressure Post Accident Emergency

*rotection Radioactivity Core Protection Radioactivity Core
IDue to Steam Removal Cooling Due to Steam Removal Cooling

Evolution Evolution

(4" 15 Control Rod [[l~Uontain- 1/2 CSIS 1/3 High 172 Contain- 1/2 CSRS 1/3 High

(g.087 Groups ment Spray Pressure ment Spray Pressure

ft ) Inserted Into Injection Injection Recirc. Recire.

S LOCA Core by the (CSIS) OR (HPIS)3 (CSRS) with (HPRS)2
3

Reactor Pro- 1/3 Reactor the LPRS with

tection System Bldg. Fan heat exchan- Associated
Low(RPS) Coolers ger
Pressure(RBCS OR- Recirc.

1/3 RBCS (LPRS)

4"-10" f/3 HPIS 1/2 LPRS
-AND

(.087 2) gjy gg,.55 ft

S2 IACA
Pressure
Injectton
(LPIS)N'

T6"- 173 TiP1S
-

AND13.5"D
2/2 CPIS

-

(.}5-1.0ft )
S LOCAg

1/3 HPIS(>g.0 and 1/2ft ) LPISD > 13. 5" and
'A' LOCA %s s, 2/2 CFT %/ # *d

Duke Power hasThe ECCS success criteria utilized in this study was taken from the PSAR.
recently proposed an alternate criteria. The Duke criteria is: 1/3 HPIS for 44" breaks,

1/2 LPIS and 2/2 CFT for 10" breaks.
1/3 HPIS and 1/2 LPIS and 2/2 CFT for 4*-10" breaks,this criteria would not change significantly the results of this study.
Utilization of

(the, pump design tempis assumed that the HPRS pumps can operate at greater than 2000F
In some sequences, water temperatures of greater than 2000F may occur

(i.e.,It
is 2000F).success of ECR with the LPRS heat exchangers unavailable),

See Table.4-3 for variation depending on success or f ailure of event K.3
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Table 4-3 Event Definition for
LOCA Event Tree

LOCA - A breach of the pressure boundary of the reactor

coolant system (RCS)'which causes an uncontrollable loss

of water inventory. There are four LOCA categories.

A Large LOCA - a breach of the RCS with a flow area greater

than 1 ft2 (A > 13.5" diameter).

S1 Medium LOCA - a breach of the RCS with a flow area greater

than .55.ft2 and less than or equal to l'ft2

(13.5" > S1 > 10" diameter).

S2 Small LOCA - a breach of the RCS with a flow area greater

than .087 ft2 2and less than or equal to .55 ft

(10" >S2 > 4" diameter).

S3 Small-Small LOCA - a breach of the RCS with a flow area

2less than or equal to .087 ft (4 >3 diameter).3

K Reactor Protection System (RPS) --Failure of' automatic

reactor scram system (Note: Thic event applies only

to S2 and S3 LOCAs. For other LOCAs reactor subcriticality is

assumed due to the effects of blowdown.)

~C Containment Spray Injection System (CSIS) - Failure to

provide flow from at least 1 of 2 reactor building spray

pumps, taking suction from the BWST, through its respec-

tive spray header into the containment atmosphere.
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Table 4-3 Event Definition for LOCA Event Tree (Con't)

Y Reactor Building Cooling System (RBCS) (Injection phase) -

Failure to remove steam (heat)'from the containment

atmoshphere by at:Least 1 out of 3 reactor building

cooling fans.

D Emergency Coolant Injection System (ECIS) - Failure to

provide sufficient water to the core to prevent

melt during the injection phase.

* ECIS for Large (A) LOCA - failure to provide flow to the

RCS from at least 1 of 3 high pressure trains, 1 out of

2 low pressure trains (taking suction from the BWST), and

2 out of 2 core flooding tanks.

* ECIS for Medium (Sy) LOCA - failure to provide flow to the RCS
from at least 1 of 3 hiah pressure trains and 2 of 2 low

pressure trains (taking suction from the BWST).
,

* ECIS for Small (57) LOCA -
_(a) For sequences containing event K - failure to

provide flow to the RCS from at least 1 out of

3 high pressure pumps and 1 out of 2 low pressure

trains (taking suction from the BWST).

(b) For sequences containing event K- failure to

provide flow to t' RCS from 2 out of 3 high

pressure pumps and 1 out of 2 low pressure trains

4-25

. _..- . , - _ , _ ._. __ _. . _ _



_ _ _ _ . .

(

,

Table 4-3 Event Definition for LOCA Event Tree (Con't)

(taking suction from the BWST) and to provide

flow to the secondary side of the steam

generators f rom 1 out of 3 emergency feedwater

trains.

* ECIS for Small-Small (S3) LOCA -
(a) For Sequences containing event K - failure to

provide flow to the RCS from at least 1 out of

3 high pressure trains (taking suction from the

BWST).

(b) For Sequences containing event K- failure to

provide flow to the RCS from 2 out of 3.high

pressure pumps (taking suction from the BWST)

and to provide flow to the secondary side of the

steam generators from 1 out of 3 emergency

feedwater trains.

F Containment Spray Recirculation System (CSRS) - Failure

to provide flow from at least 1 out of 2 reactor building

spray pumps, taking suction from the reactor building

sump, through its respective spray header into the

containment atmosphere.

Z Reactor Building Cooling System (RBCS)

(Recirculation Phase) -

4-26
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Table 4-3 Event Definition for LOCA Event Tree (Con't)

Failare of at least 1 out of 3 reactor building cooling

f ans to continue to remove steam (heat) from the

containment atmosphere.

H Emergency Coolant Recirculation System (ECRS) - Failure

to provide suf ficient water to the core to prevent core

melt in the recirculation phase of a LOCA.

* ECRS for Large, Medium and Small LOCA - f ailure to provide

flow to the RCS from at least 1 out of 2 low pressure

trains (taking suction from the reactor building sump).

* ECRS for Small-Small LOCA - failure to provide flow to

the RCS from at least 1 out of 3 high pressure trains

with its associated low pressure train (taking suction

f rom the reactor building sump) .

G LPRS Heat Exchange (LPRSX) - Failure to provide suffi-

cient cooling of containment sump water by at least one

of two LPRS heat exchangers. This requires that both

LPRS trains or their associated low pressure service water

trains are inoperable.
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Table 4-4. Alternate Equipment Success Combinations for Functions
Incorporated into Oconee Transient Event Tree

Reactor Containment
Coolant Overpressure

System (RCS) Protection Post-Accident
Core Overpressure RCS Due to Steam Radioactivity

Seberaticality coolang Protection Integrity Evolution Removal

> 6 Control Rod Power Conversion 1/3 Safety / All Safety / 1/3 Reactor 1/2 Containment
Broups Inserted System Relief Valves Relief valves Duilding spray System
Into Core by the Open Wnen Reseat Cooling Sys- w/ Recirculation
Reactor Protectioi g Demanded tem Fan Trains
System

( 1/3 Emergency E
! f^eedwater System
| 1/2 Contain-
l

-

ment Sprayor
System w/Re-

| High Head circulation;

I Auxiliary
Service Water
System

0.1.

1/3 High Pressure
Injection System

|

!

|
1
|

|
|
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Table 4-5. Event Definitions for Transient Event Tree

T1, T2, T3 Transient - Any abnormal condition in the plant which

requires that the plant be shut down, but

does not directly breach RCS integrity.

*T1 - Shutdown initiated by a loss of offsite power.

T2 - Shutdown initiated by a loss of main feedwater*

caused by other than a loss of offsite power.

*T3 - Shutdowns with main feedwater initially available.

K Reactor Protection System (RPS) - Failure to insert > 6 con- a
,

trol rod groups into the core.

M Uninterrupted Power Conversion System (PCS) - Failure of the

PCS to remain in uninterrupted operation following a transient.

Since the PCS will be interrupted by a T1 and T2, event M will

always follow these initiators. ,

L Emergency Feedwater System (EFWS), Recovery of the PCS, or High

Head Auxiliary Service Water System (HHASWS) - Failure to pro-

vide steam generator cooling by the use of at least one of

the following methods:

a) Recovery of the PCS

b) Flow from the EFWS turbine drive pump to at,least

one steam generator or from one EFWS motor driven
,

pump to its associated steam generator
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Table 4-5. Event Definitions for Transient Event Tree (Con't)

c) Flow from the HHASWS pump to at least one steam

generator.1

P1 RCS Safety / Relief Valve Demand (SR/ Demand) - Failure to re-

quire the RCS pressure relief function (i.e. - RCS pressure

does not exceed relief setpoint).

P2 Safety / Relief: Valves Open (SR/VO) - Failure of sufficient
S/RVs to open and relieve excess primary system pressure.

.

O Saf ety/ Relief Valves Close (SR/VR) - Failure ' of any S/RVs

which opened to reseat.

U High Pressure Injection System (HPIS) - Failure to establish

flow f rom BWST to the RCS using at least one high pressure

injection pump (for the purpose of a core cooling via 'a

" bleed and feed" operation).

O Reactor Building Cooling System (RBCS) Failure-to prevent

containment overpressure due to steam evolution by the use

of at least one RCBS Fan.

O' containment Spray Iniection-System (CSIS) - Failure to prevent

containment overpressure due to steam evolution or remove radio-

active effluents from the containment atmosphere by the use

of at least one CSIS subsystem.

1The HRASWS would only be ut'ilized following a station blackout (i.e.,
loss of offsite and onsite AC power). Credit is therefore not given

and T transients.for this system for T2 3
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Table 4-6. Information on Oconee Systems Involved in LOCA Event Tree

ECIS ECRS
-- . _ _ ^ W,

CHRS
System RPS CSIS RBCS CFS LPIS HPIS CSRS LPRS HPRS (LPSWS)

LOCA K C Y D D D F H H G
Initiators (App B3) (App Bil) (App B15) (App B5) (App B6) (App B8) (App B12) ( Qp B7) (App B9) (Apo B14)

,

A Eq B11-1(a) Eq B15-1(a) X Eq B6-1 Eq B8-1(a) X X X

S Eq B11-1(a) Eq B15-1(a) Eq B6-2 Eq B8-1(a) X X X
t

10-5 Eq B11-1(a) Eq B15-1(a) Eq B6-1 Eq BB-1(a) X X XS 2.6 x2

2.6 x 10-5 Eq B11-1(a) Eq B15-1(a) Eq B8-1(a) X X X XS 3

T Q, T Q. T Q Eq B11-1(a) Eq B15-1(a) Eq B8-1(a) X X X X
y 2 3

Tg(B3) Q Eq B11-1 Eq B15-1 1.0 X

NOTE:

1. The letter "X" denotes that a single Boolean equation was used to describe the system. Ref'er to the
appropriate appendix.

A
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Table 4-7. Information on oconee Systems Involved in Transient. Event Tree

EFSW/PCS *
Recov-

System Uninter- ery(5) SR/(2I
'ru HHASWS DEMAND SR/VR(2) HP!S RBCS CSISRPSI4) PCSgjyp5) g p ggfvo(3) Q U- 0 O'Transient K

initiators (App B3) M (App B13) (DA A) P2 (DATA) (App 88) (App 815) (Apr Bil)

Tg e 1 Eq B13-3 -10-2 2 x 10-5 5 s 10-2 Eq pa-1(b) Eq B15-1(a) Eq 811-1(a)

T 2.6 x 10-5 1 Eq B13-1 ~10-2 2x 10-5 $ ,3n-2 Eq so-1(b) Eq 815-1(a) Eq B11-1(a)
y

2.6 x 10-5 to-2 Eq B13-2 -10-2 2 x 10-5 '5 x 10-2- Eq 08-1(b) Eq B15-1(a) .Eq B11-1(a)
T3

e 1 Eq B13-4 ~10-2 2a 10-5 5x 10-2 Eq B8-1 Eq B15-1 Eq B11-1Tg(B3)

Notes

1. The uninterrupted PCS failure probability estimate of 10-2 was extracted f rom the RSS.

2. The SR/ DEMAND and SR/VR data is based.on PWR operattnq experience reported in NUREG-0611,0560,0565,636. The
SR/VR data gives credit to the operator to close the PORV block value. However, due to post TMI changes to
the pressurizer PORV actuation set point,it can be reasonably assured that a PORV des.and will also demand
pressuriser safety valves. Since the safety valves do not have block valves, the operator cannot isolate a
safety valve if it should fall to reclose.

3. The SR/VO unavailability was obtained f rom relief value data given in Table !!! 2-1 of the RSS and assuming
that both Oconee pressurizer code safety / relief valves must open.

4. ' The RPS unavailability is epsilon for Tg initiators because the only RPS f ailure mode results f rom stuck rods
since rod holding power is removed by the initiator. Research presented in NUREG-0460 indicates a much great-
er number of stuck rods than the number assumed in the RS$ is necessary to prevent a successful reactor shut- j
down.

5. The long-term ( -2 days) unavailability for PCS recovery, EFWS, and/or HMASWS was assumed to be epsilon. Thisr

( assumption affects the frequency assessed for the TMLOO' sequence only,
i
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Table 4-8. Dominant Cut Sets for - Sequence T MLQ-FH2

!

Cut Set
Cut Set Frequency Description

T *M*0*CONSTl*PCSNR*WXCM 1.1 x 10~0 T M - loss of power conver-2 2
sion system; F(T MI2

3/R-yr=

0 - failure of one pressur- ;

izer safety / relief valve
to close; P(0) = 0.05

CONSTl - failure of emergency
feedwater system due to
primarily hardware fail-
ure of the turbine pump
train and both of'the

electric pump trains;4P(CONSTI) = 2.4 x 10-

PCSNR - failure to restore the
power conversion system;
P(PCSNR) 0.1=

WXCM - failure of the operator
to open the sump valves
at the start of recircu-
lation which are common
to both the spray and
core cooling system;
P(WXCM) = 3 x 10-3

T2 *M*Q*CONSTl*PCSNR*B'W l x 10-10 T2,M,0,CONST1,PCSNR (discussed
above)

B*W - failure of the low pres-
sure/ containment spray
injection Train B tank
suction valves and low
pressure / containment
spray recirculation
Train A sump suction
valves; P(B w) = 2.7 x
10-3

.

T *M*0*CONSTl*PCSNR*C*X 1 x 10-10 T2,M,0,CONST1,PCSNR (discussed2
above)
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Table 4-8. Dominant Cut Sets for Sequence T MLO-Fil (Con't)2

Cut Set
Cut Set Frequency Description

CX- failure of the low
pressure / containment
spray injection Train
A tank suction valves
and low pressure / con-
tainment spray recir-
culation Train B sump
suction valves; P(C*X)
= 2.7 x 10-5

-11T *M*O*CONSTl*PCSNR*W'X 2.6 x 10 T2,M,0,CONST1, PCSNR (discussed2
above)

WX- failure of both low
pres.;ure/ containment
spray recirculation
sump suction valves;

7.2 x 10-5P(W'X) =

F(T MLO-FH)= (Cut Sets) = 1.2 x 10-82
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Table 4-9. LOCA Sequences with Frequencies 210~ /R-yr

^ 8 8 8
1 2 3.

AD 3.6 x 10~ SD 6.7 x 10 S FH 1.3 x-10 SH 1.0 x 10y 2 3
-0 -6

AFH 3.2 x 10~ S Fil 3.0 x 10~ SD 2.0 x 10 S FH 4.2 x 10y 2 3
-7 -6~

AH 8.0 x 10~ S CD 1.2 x 10 S 11 3.0 x 10 SD 1.4 x 10y 2 3
-8

ACD 4.3 x 10~ S DF 7.'O x.10 3 CD 1.7 x 10~ S CD 5.2 x 10y 2 3
-8 -8S YD 1.3 x 10 3 YD 1.2'x 10~ ' S CY 6.6 x 10y 2 3
-8SH 1.0 x 10 g DF 1.0 x 10~ S CH 6.0 x'10y 2 3

-8S YD 3.4 x 10
3s

-8S YH 1.5 x'10
3

-5V 7.4 x 10

,

O

.
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Table 4-10. . Transient Induced LOCA Sequences with Frequencies 2 10 /R-yr

T T Ty 2 3 ,

|

-5
T M O-II. 7.4 x 10~ T MQ-il 1.1 x 10 T MQ-H 1.5 x 10~y 2 3

y(B )MLQ-D 5.0 x 10 T MQ-FH' 5.0 x 10 T MQ-FH- 6.2 x-10T
3 2 3

~7 -6T MQ-Fli 3.2 x 10 T MQ-D 1.5'x 10 T MLQ-YD 4.8 x'10~y 2 3

T MLQ-YD 2.4 x 10~ T MQ-CD 6.0 x 10~ T MQ-D 2.0 x 10y 2 3 {

T MQ-D 1.0 x 10" .T MLQ-YD 3.6 x 10" |y 2

Ty(B3 2Q-D .0 x 10 T MQ-CH. 6.3 x.10

~0 -8T MLQ-l! 5.8 x 10 T MQ-YD. 3.9 x 10y 2
~0 -8

T MQ-CD 4.0 x 10 'T MLQ-H' 2.6 x 10y 2
-8 ~0T MLQ-FH 2.0 x 10 T MQ-Yll 1.5.x 10y 2

~0T MLQ-FII- 1.1 x 102 ,

i

a|'
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Table 4-11. Transient Sequences with Frequencies 2~10~ /R-yr

T T Ty 2 3

-6 -6T EUO 5.4 x_10 T KMU 7.8 x 10 T EUO 1.1 x 10y 2 3

y(B)EU 2.2.x 10 T UO 8.1 x'10 T MLU. 1.5 x 10~T
3 2 3

-6 -6T MLU 2.0:x 10 T MLU 1.2 x 10y 2
-8 -8T MLUO' 5.8 x 10 T MLUO' 3.3 x 10y 2

-8
y(B )MLUOO' 3.0 x 10 T MLUOO' 2.4 x 10.T

3 2
~0.T MLUOO' l.6 x 10y

Ty(B3) UO' 1.0 x 10

.

y 1

1

-j
. . . . . . .

.
. . .

.
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Table 4-12. Footnote to LOCA and Transient Event Trees

Recent preliminary experiments performed at Sandia National

Laboratories which simulate the core melt process suggest that the

RBCS and CSRS may be significantly degraded or fail when operating

in a post core melt environment. The Oconee event trees do not

reflect this potential system / core melt interaction.

The experiments indicate that during the core meltdown process,

large quantities of aerosols are generated which plate out very

well on cooled surfaces. The experiments also indicate that the

plate out material has very. poor heat transfer characteristics

(i.e., very low thermal conductivity) . Therefore, following a core

meltdown, plate out of the aerosols on the RBCS cooling coils may

degrade their heat removal capability to the point of uselessness.

The experiments also indicate that during the core meltdown

. process, millions of solidified metal droplets of various sizes
would be ejected when the molten core interacts with the concrete

in the cavity below the reactor vessel. Following a core meltdown,

it is reasonable to assume that the water in the reactor building

sump would be contaminated with these metal chips. Discussions

with pump experts at Babcock and Wilcox have also revealed that the

containment spray pumps may sieze if the sump water contains small

metal chips.

In the Oconee anclysis, it was assumed that the RBCS and CSRS

would be available post core melt, barring other hardware or actu-

ation failures.
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5.0 ACCIDENT PROCESS ANALYSIS TASK

This chapter summarizes the results of the accident processes

and source term evaluation for hypothesized core meltdown accidents

in the Oconee PWR.

5.1 Scope

The accident processes task is aimed at quantitatively des-

cribing the physical phenomena that are expected to occur during

hypothetical reactor meltdown accidents and at determining the

nature and quantities of fission products that would be expected

to be released from containment during the various accident

sequences. The principal physical processes and accident parameters

of concern are:

a) The time scale of the accident, particularly the times for

the start and completion of core melting.

b) The time required for the molten core to fail the reactor

vessel bottom head.

c) ?ossible energetic interactions when the core debris fall

to the floor of the reactor cavity, including the likelihood

of containment failure due to such interactions,

d) Long-term pressure-time history within the reactor contain-

ment, including the likelihood and time of containment failure

due to overpressure.

e) The probability and consequences of hydrogen burning or

detonation within the containment building,

f) The interaction of the core debris with the concrete foundation.

g) The magnitude and timing of fission product release from the

fuel to the containment atmosphere.

5-1
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b

h) The transport and removal of the various fission product

species in the containment building atmosphere.

1) Time-dependent leak rate from the centainment building,

including the airborne fission products.

The analyses were conducted with the MARCH and CORRAL com-

poter codes. MARCH performs a consistent analysis of the thermal

hydraulics associated with the successive stages of core meltdown

and containment response. It represents a significant improve-

ment over the methods of meltdown analysis used in the RSS. CORRAL

describes fission product transport and deposition within the

containment and determines the leakage to the environment. Much

of the input required by CORRAL is provided by MARCH. The current

version of CORRAL is a modification and generalization of the

CORRAL code develcped during the Reactor Safety Study. The*

general features of these codes are described in References (2, 6, 7) .

5.2 Containment Processes and' Accident Sequence Selection

5.2.1 Containment Event Tree

The containment event tree utilized for the Oconee evaluation-

was identical to that developed in the Reactor Safety Study. This

is shown in Figure 5-1, with the notation given in Table 5-1.

5.2.2 Containment Failure Pressure

The Oconee containment structure consists of a post-tensioned

reinforced concrete cylinder and dome connected to and supported

by a massive reinforced concrete foundation slab. The interior

5-2

-.. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



/

surface of the structure is lined with a 1/4-inch thick welded

steel plate to assure a high degree of leak tightness. In the

post-tensioned concept, the internal ptessure load is balanced

by the application of an opposing external pressure type load

on the structure. Sufficient post-tensioning is used on the

cylinder and dome to more than balance the internal pressure so

that a margin exists beyond that required to resist the design

basis accident pressure. Bonded reinforced steel is also provided

to distribute strains due to shrinkage and temperature changes.

Additional bonded ' reinforcing steel is included around penetrations

and discontinuities to resist local moments and shears. The basic

design criterion is that the integrity of the liner be maintained

under all anticipated load conditions and the structure shall have

an elastic, low-strain response under all design loadings.

Some of the principal design parameters for the containt:ent

building are as follows:

Inside Diameter 116 ft

Inside Height 208.5 ft

Vertical Wall Thickness 3.75 ft

Dome Thickness 3.25 ft

Foundation Slab Thickness 8.5 ft

Liner Thickness 0.25 inch

Free Volume 1910000 f t3

Design Pressure 59 psig

Test Pressure 68 psig

Design Leak Rate 0.1 V/o per day
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In the absence of detailed information on the sizing and

placement of reinforcing in . the structure and given the limited

scope of the study, it was not possible to perform a detailed

nonlinear analysis of the structure to define an expected fail-

ure level. On the basis of available information on the details

of the structure and limited analyses, it was estimated that the

concrete would be loaded in tension and the post-tensioning

tendons in the hoop direction would reach their yield strength at

an internal pressure of about two times _ the design level. The

ultimate strength of the hoop tendons would be approached at abot;t

three times design pressure. Based on these observations, the

nominal failure level for the purposes of this study was selected

to be two times the design pressure, or 133 psia internal pressure.

As utilized here, the failure pressure is not a single discrete

value, but a conrinuous variable with a cumulative probability dis-

tribution. This approach recognizes that the probability of

structural failure .is small at loads slightly above design, but

increases with increasing loading. By definition, the probability

of failure at the nominal failure pressure is 0.5; it approaches

unity as the stresses due to the loading approach the ultimate

strength of the materials. Under this approach, a failure pressure

of 133 + 20 psia has been selected for the purpose of this study.

5.2.3 Oconee PWR Accident Sequences Considered

Accident event trees have been developed by the Systems

#8 **11 88Analysis Team for several LOCAs (A, Sy, S2' 8 )3
T ). Based on the preliminary evaluation oftransients (T , T,

31 2

the event trees and the potential consequences of the various
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sequences, a number of accident sequences were identified as being

potentially important with regard to overall accident risk. This

set of accident sequences identified in Table 5-4 was examined in

more detail; the results of these analyses formed the basis for

the conclusions of this study. A number of these potentially

important sequences were explicitly evaluated by means of MARCH

and CO RAL calculations, othurs were evaluated on the basis of

similarity with sequences previously evaluated, still others were

considered on the basis of insights developed as a result of

related analyses on other reactor designs.

5.3 Analyses of Accident Processes

The MARCH (Meltdown Accident Response Clicracteristics) code

provides the analysis of the various thermal-hydraulic procesees

during reactor meltdown accidents. MARCH contains a number of

interrelated and coupled subroutines, each of which treats a partic-

ular process or phase of the accident. The principal subroutines

are noted below. PRIMP evaluates the primary coolant system response

including pressure history, coolant leakage, effect of secondary

system heat transfer, and emergency core cooling system operation,

if appropriate. These features are essential for the analysis of

small break and transient accident sequences. BOIL is the only

element of MARCH that was available at the time of the Reactor

Safety Study. The initial versions of BOIL described the boiloff

of water from the reactor vessel and the meltdown of the core up to

the point of core support failure; they assumed a large LOCA as the

initiating event. The current version of BOIL provides continuous

transitions for core collapse, grid plate failure, and the dropping

5-5
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of the core debris into the lower head of the reactor vessel; a

number of user selected options are provided for these transitions.

HEAD evaluates failure of the reactor vessel head considering melt-

through as well as the ef fects of pressure stress; the latter.can

have a significant ef fect in small break and transient sequences.

The HOTDROP subroutine describes the interaction of the core debris

with water in the reactor cavity following vessel meltthrough,

including such effects as debris fragmentation, heat transfer, and

chemical reactions. The interaction of the core debris with concrete

is described by the INTER code, Reference (S) ; the latter was written at
Sandia National Laboratories and has been adapted and integrated by BCL

into MARCH. The FPLOSS routine describes the release of the radio-

nuclides f rom the fuel and follows the heat source associated with-

each group of fission products. The MACE routine describes the

containment temperature and pressure history taking into account

nuclear and chemical heat generation, heat losses to structures,

ef fects of containment safegua rds, inte rcompa rtmen t flows, leakage

to the outside, etc. MACE is continuously coupled to the other

subroutines in MARCH. It may be noted that the MACE subroutine in

MARCH provides the essential containment thermal-hydraulic input

required in CORRAL, the fission product transport code to be

discussed later.

5.3.1 Results

The results of the MARCH analyses of the key accident sequences

are summarized in Table 5-2. As can be seen, not:all the accident

sequence-containment failure mode combinations were evaluated. How-

ever, a suf ficient number of cases were evaluated in detail to

!
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develop an overall insight on expected phenomena in the sequences

of interest. Some general observations on the MARCH results are
.

| given below. A description of other oconee sequences is given in
Appendix C.

The accidents initiated by pipe ruptures were broken up in the

Systems Analysis Task into four categories according to the size of

the initiating primary system break. A classification ot this type

was required because the probability of occurrence varies with the

size of the break and also because the specific engineered safety

features required to mitigate the LOCA are a function of the siza

of the break. In terms of the accident response as predicted by

MARCH, the LOCAs initiated by greater than 2-inch diameter breaks

are substantially similar to the large break (A) cases. While the,

,

depressurization and blowdown rates for the Si and S2 cases are
,

different from the A cases, they were sufficiently rapid for these
a

sets of cases so as to lead to very similar times for safety

system actuation, core melting, containment failure, etc. Thus,

from the accident processes viewpoint, the A, S1, and S2 sequences
were treated as equivalent. For LOCAs initiated by breaks of

1

< 2-inch diameter, on the other hand, the predicted accident behavior

was somewhat different. In the evaluation of the accident pro-

cesses, the S3 sequences were characterized by 2-inch breaks.

In these, the primary system depressurization is quite slow, with

core melting in most cases taking place while the primary system

was still at elevated pressure. The latter situation has several

implications, including: reducing the probability of the occurrence

of reactor vessel steam explosions, shortening the incremental

b-1
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time required for reactor vessel f ailure (meltthrough) due to the

addition of significant pressure stress, and delaying the discharge
of accumulator water until af ter substantial core melting or even

after reactor vessel failure. The transient (T) sequences were

typified by extended primary system depressurization times and,

thus, were generally similar in most respects to the S3 sequences

discussed above.

5.3.2 Containment Failure Modes

The containment event tree used for the present analysis is

the same as that developed in the Reactor Safety Study for the

PWR. Some further observations based on the MARCH analyses of a

number of accident sequences will be given here.

The consideration of the possibility of containment rupture

due to steam explosions in the reactor vessel (a) is largely based

on the analyses that were conducted for the Reactor Safety Study,
with some modification to take into account subsequent experimental

work. Based on fuel-coolant interaction work at Argonne National

Laboratory ( ANL) and Sandia, the occurrence of steam explosions in the pre-

sence of a high ambient pressure is believed to be very unlikely. As was

noted above, high primary system pressures during the core melting

phase have been predicted for many of the small breaks (S3) and

transient (T) sequences. In these situations, the probability

of a , the containment failure due to a steam explosion in the

reactor vessel, is taken as 0.0001. In the absence of high

pressure, the a probability is the same as that used in the

Reactor Safety Study, namely 0.01. The differences in design

between Oconee and the Reactor Safety Study PWR are not expected

5-8
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to have any appreciable influence on the effects of a steam

explosion if it does take place.

Containment leakage (J) results from the failure to isolate,

in the event of an accident, containment penetrations that are

normally open. None of the sequences involving containment isola-

tion failure were found to be among the dominant ones in the Reactor, '

Safety Study and the same situation is expected to prevail for the

Oconee design. This is a result of the combination of low probabil-

ity of these sequences together with relatively modest consequences

associated with them. As a result of these considerations, no con-

tainment isolation failure sequences were evaluated.

The potential for containment rupture due to hydrogen burning

(1) depends on a number of.factoss, namely, composition of the

atmosphere, availability of an ignition source, and. incremental
,

pressure rise associated with the burning.

MARCH analyses indicate that for the Oconee core melt sequences

initiated by large and intermediate LOCAs, with' containment safe-

~

guards operating, conditions favorable to hydrogen-burning will be

|
achieved prior to the end of a core melting and are maintained for

the duration of the sequence. In corresponding sequences with no.

containment safeguards,-the high partial pressure of steam that

typically results may preclude hydrogen burning. In very small

break (S3) and transient (T) sequences, the hydrogen is_not released

to the containment as it is generated, but may be retained partially

in the primary system until reactor vessel failure. The potential

. flammability of the atmosphere subsequently may again depend on the

5-9
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status of the containment safeguards. Combinations and intermediate

situations can also be observed in specific cases, e.g., flammable

atmosphere for limited periods of time.

The question of the availability of an ignition source for

hydrogen burning can have several aspects. The hydrogen generated

during the core melting process will generally be at a very high

temperature. If the path from the core to the containment atmos,phere

is short, e.g., for a hot leg break, the hydrogen may be above the

spontaneous ignition temperature upon release to the containment

and no other ignition source will be required to produce burning.
,

If, on the other hand, the hydrogen pasres through a substantial

length of piping before reaching the containment, it may be cooled
to the point where an external ignition source would be required

to produce burning. In several studies of large scale melt-

concrete interactions, hydrogen burning is apparently always ob-

served. Thus, the time of reactor vessel meltthrough and dropping of

! the core debris on concrete may be the most likely point in the accident

sequence for the ignition of hydrogen. Thus, for purposes of deter-'
|

mining containment failure mode probabilities, ignition of hydrogen
,

at the time of vessel meltthrough has been assumed if the composition

of the atmosphere is determined to'be in the flammable region. Some

points of qualification regarding the application of these
1experimental observations to the present analyses should be noted.-

The experiments were conducted in a normal atmosphere'with an

essentially unlimited supply of oxygen (air); this is clearly not

| the case in a closed containment where the quantity of air is

limited and where the partial pressure of steam may be considerable.
,

1

|d

I;

i
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Also, in many of the accident sequences of interest, the dropping

of the core debris is accompanied by large quantities of

water; whether this water could cool the evolved hydrogen suffi-

ciently to avert ignition is unknown.

5.4 Fission Product Release Evaluation

The fission product release model used in the present analyses

is.the same as that used in the Reactor Safety Study. 'The model

consists of four fission product release terms .for each of seven

classes of fission product species; additionally, a fraction of

iodine, one of these species, can be specified as being converted

to organic iodide. The release terms and classes of fission pro-

ducts are noted in the discussion below; the basis for and details

of this model are given in Appendix VII of WASH-1400.

5.4.1 CORRAL Code

The CORRAL (Containment of Radionuclides Released After LOCA)
code models fission product transport and disposition in contain-

ment systems of water cooled reactors. CORRAL II, the version used

here, Reference (7), is a revised and generalized version of the pro-

gram written for the Reactor Safety Study, Reference (2). The contain-

ment is represented by up to fifteen individual compartments connected

to each other in any combination of series or parallel arrangements, f

Radionuclide release into the containment by any of four release

mechanisms for each of eight groups of fission products can be
specified. The four release mechanisms are: gap (cladding rupture)

release, fuel melting, fission product vaporization, and steam

explosion (oxidation) release. The eight groups. of radionuclides

5-11



conside red are: noble gases, molecular iodine, organic iodine,

cesium-rubidium, telluriun, barium-strontium, ruthenium, and lan-

thanum. Radionuclides can be removed from the atmosphere by

particle settling, deposition, spray removal, poci scrubbing,

filte rs , e tc . Input requirements for CORRAL include : descriptions

of the containment system, engineered safeg u.srds parameters , timing

of accident events, thermodynamic conditions as a f unction of time, sh4

intercompartment flows, leakage rates, and fission product release

componen t fractions. The code uses this input to continuously

compute changing properties and fission product removal rates as a

function of tire. These values are used in incremental solutions

to the coupled set of differential equations to obtain the time

dependent fission product concentrations and accumulations in each

compartment of the containment. The principal output consists of

cumulative fractional releases f rom containment with time for each

of the fission product groups.

5.4.2 Results

The results of the CORRAL calculations are summarized in Table

5-3. The results of the specific CORRAL cases presented here were

used to estimate the release f ractions for other similar sequences

that were not evaluated in detail. This is similar to the approach

used in the Reactor Safety Study.

5.5 Summary and Discussion of Results

The combined results of the MARCH and CORRAL analyses of the

Oconee (B&W) PWR key accident sequences are summarized in Table 5.4.
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Given here for each of the previously identified sequences are

applicable containment failure modes and the estimated release

category for each accident sequence-failure mode combination.

Also shown are the estimated probabilities of the varicus contain-

ment failure modes for each sequence. The release categories

assumed here are the same as those defined in the Reactor Safety

Study. It may be noted, however, that in many cases the specific.

fission product release calculated in the present study did not

correspond very closely to the previously defined release cate-

gories. This suggests a need to reevaluate the definition of the

Reactor Safety Study release categories and consider the establish-

ment of alternate, perhaps more generally applicable categories.

5.5.1 Assignment to Release Categories

From Table 5.4 it is seen that all the steam explosion cases

for Oconee are estimated to fall into Release Category 1, even

those in which the sprays are initially operating. In the Reactor

Safety Study the latter were predicted to be in Release Category 3.

The assignment to Category 1 in the present study was due to the

high ruthenium releases calculated. Examination of the details

of the analyses indicates that the higher release fractions currently

calculated for steam explosion cases with sprays initially operating

are a direct result of larger puff releases associated with the

steam explosion itself. The MARCH analyses take into account the

vapor generated by the steam explosion and include this in the

puff release. For steam explosions at low containment pressures,

this results in larger fractional releases than were previously

predicted. The results for steam explosion with no containment
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sprays are consistent with previous results except for the lower

release of iodine. The reasons for this have been discussed

previously.

Sequences involving loss of containment isolation (g) were
found to lead to Category 4 or Category 5 releases, without

and with containment safety features, respectivel,..

Containment failure due to hydrogen burning (y) occurring near the

time of vessel failure was found to lead to Category 2 and 3 releases.

The Category 2 releases are associated with sequences in which the con-

tainment sprays do not operate during core melting. The Category 3
releases are associated with sequences in which the containment sprays

are operational during core melting, but in which rapid hydrogen

burning is still predicted to have some probability of containment

failure. Even if operating, the sprays are assumed to be ineffective

for fission product removal following containment failure.
Some further considerations with regard to the treatment of_the-

hydrogen burning cases are as follows. As noted previously, the

likely time of hydrogen ignition was-judged to be at the timemost

the core debris drops to the floor of the reactor cavity. At this

time, the hydrogen concentrations are generally well into the flam-

mability range, and the' assumption of burning leads to.the prediction

of a significant probability of containment failure even though the
containment sprays and/or coolers.are operating. If it were assumed

that the hydrogen burned as it was generated, or as soon as a flam-

mable composition was achieved, the effective rate of energy input.
into the containment would be lower,.and the time of containment

f ailure would be later than: under the present assumptions, if it

i.
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were predicted at all. This could, in turn, shift the hydrogen

burning cases to lower release categories for the cases with

sprays operating. The latter set of assumptions would . require

the availability of an ignition source other than the melt-concrete

interaction.

Containment overpressurization (6) in the absence of contain-

ment safety features was found to result in Category 2 releases.

In some instances involving limited containment. safety feature

operation, containment overpressure failure was delayed substantially

in time; such sequences were found to lead to Release Category 6.

Containment meltthrougt (f ) was estimated to result in Release

Category 6 or 7. The former is associated with sequences in which

the containment sprays are not available; the latter with sequences

in which the sprays operate.

5.5.2 Quantification of Containment Failure Modes

The quantification of the steam explosion probabilities was

discussed previously. Basically the reference steam explosion

probabilities are unchanged f rom the results of the Reactor Safety
Study. For core melting at high ambient (primary system) pressure,

the probabilities of steam explosions are reduced on the basis of

the results of studies at ANL and Sandia.

The probability of containment isolation failure (s) was estimated

-3in the systems analysis task to be approximately 7 x 10 It was ex-.

pected that sequences involving containment isolation failure would not

significantly contribute to the overall risk. This expectation was

supported by the results of this study.
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The probability of containment. failure due to hydrogen burning

. ( y) was evaluated in light of the previously discussed containment

failure pressure. For many sequences involving complete failure of<

, .

safety features, the partial pressure of steam in.the containment

the containment atmosphere is high enough to preclude hydrogen
1

burning. 'In a number of other sequences the containment pressure at
!

the time of assumed burning, i.e., the time of vessel head fail-

ure, was found to be elevated even with the operation of containment

safety features; in these, the. pressure resulting from rapid hydrogen' .

burning was found to be about equal to the nominal failure pressure.

A failure probability of 0.5 was determined for these sequences. In

i~ another class of sequences, e.g., LOCAs with containment safety features

i -
operating, the assumption of rapid hydrogen burning at the time of head|

failure was found to lead to pressures somewhat below the nominal failure
3 level, but substantially above design levels. These have been

assigned a failure probability of 0.2. As was previously noted,

the prediction of the possibility of containment failure due to
i

hydrogen burning in the presence of containment safety features is
i

closely related to the assumptions of accumulation of the hydrogen

up to the time of and ignition at the time of head failure. Changes
4

in these assumptions could alter the above probabilities.

| The probability of_ containment overpressure failure (6) is
' again evaluated by comparing the predicted containment pressure with.

4

the. failure pressure. In sequences where all the safety functions except

'

ultimate heat removal are. successful, containment overpressurization will

r

4

!
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be inevitabler hence the failure probability of 1. In a number of

sequences, e.g., transients with loss of electric power, the peak

containment pressures are limited by the amount of water that is

in contact with the core debris. In these sequences, the peak

pressures are generally close to the nominal failure level; these

are typified by_ failure levels of 0.5.

Containment failure by base mat meltthrough (+ ) was assumed

to take place in the absence of any other failure modes. This is

consistent with the treatment in the Reactor Safety Study. There

are continuing questions, however, as to the inevitability of con-

tainment meltthrough. It may be possible that in many cases, the

attack of the base mat can be arrested. This is a matter of con-

tinuing study in the core melt research effort.

5.5.3 Interface With Systems Analysis Task

The results shown in Table 5-4 when combined with the'frequen-

cies of' the individual accident sequences as determined in the

systems analysis task, yield the dominant accident sequences for the

B&W PWR. This is discussed in the following chapter.
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Figure 5-1 PWR Containment Event Tree

Table 5-1. Containment Event Tree Notation

Symbol Letter Meaning

CRVSE a Containment rupture due to a
reactor vessel steam explosion-

CL S Containment leakage

CR-B y Containment rupture due to
hydrogen burning

CR-OP 6 Contair. ment rupture by over-
pressurization

CR-MT. c Containment failure by base
mat meltthrcugh

4
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Table 5-2. Summary of MARCl! Results for Event Times

Bu11 ding Containment Start

ECC Cooler Spray Containment Failure Core Core Melt Vessel Concrete
Sequence Start Stop Start Stop Start Stop Time Pressure, psia ifncovery Start End Failure Melt Commente

TMLOD-Y -- 0 5 79 15 79 79 132(II 37 59 79 79 79 H burn at head failure
2

13 hr 35 37 59 79 79 19 CS recirculation at 194 min.TMLOD-( --- 0 5 --- 15 ---

TMLU-Y -- 0 40 202 93 202 202 131 119 140 196 202 267 H burn at head failure -
2

TMLU-( --- 0 40 --- 93 -- 15 hr 35 119 140 196 202 267 CS recirculation at 267 min.

Ty(B3)MLUOO'-d - 0 - 0 -- 0 206- 113( 120 142 195 201 266 Debris fragmentation la
'#'****' **'III

y(B )MLUOO'-( - 0 -- 0 -- 0 15 hr 115(2) 120 142 195 201 266T 3

TMLOO'-0 10 - - 0 -- 0 4225 133 4663 4725 4884 4590 4892 Non-melt if steam generator *
is restored prior to contain-
ment failure

V -- 0 -- 0 - 0 1 15 62 84 117 1 32 133 LOCA la auxiliary building

AYF-d 1 57 -- 0 1 57 1100 133 1171 1224 1267 1313 1313 Coolers and CSR fall

AG-6 1 1514 -- J 1 1514 1514 133 1570 1630 1692 1734 ' 1734 No contslnment heat removal

* All time is in minutes unless otherwise stated.

(1) Pressure fraea complete, adiabatic hydrogen burn at head fatture
(2) Base pad meltthrough 12 hrs after head failure i

.1
I

(3) Containment failure at pressure peak for rapid vaporisation of '

reactor cavity water

(4) Tailure of auulliary building

u
I

t-d
c
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Table 5-3. Summury of CORRAL Results, Final Releases

Fission Product Group
Cnse Xe I Cs Te lia Ru La Comments

'MLUOO'-6 1.0 0.54 0.74 0.64 0.082 0.054 0.0085 Debris fragments (
Ty(B3

I
TMLU-7 1.0 0.035 0.17 0.58 0.0091 0.035 0.0069 With scrubbing

TMLU-y 1.0 0.45 0.74 0.70 0.081 0.056 0.0090 No scrubbing

V 1.0 0.48 0.79 0.44 0.092 0.045 0.0063

AYF-6 1.0 0.23 0.67 0.46 0.076 0.042 0.0063

AG-6 1.0 0.16 0.76 0.71 0.083 0.058 0.0094
5

Total source 1.0 1.0 1.0 1.0 0.11 0.08 0.013 !

I Total source and releasesy
PWR2 0.9 0.7 0.5 0.3 0.06 0.02 0.004 for PWR categories 2 and

3 from WASil-1400

PWR3 0.8 0.2 0.2 0.3 0.02 0.03 0.003 i

)

(1) Containment fails from rapid boiloff of water, in reactor cavity.

(2) Containment fails from hydrogen burn at head failure. Cases show ef fect of containment
spray scrubbing.

'3) Containment fails from hydrogen burn at head failure. Cases show effect of no contain-
ment spray scrubbing.

_ _ _ _ _ _



. .. .. .

Table 5-4. Oconee (B&W) PWR Key Accident Sequences

RELEASE CATEGORY

Sequence 1- 2- 3 4 5 6 7

AD a=.01 y=0.2 8=.0073 c=0.8

Arl! a=.01 y=0.2 8=.0073 c=0.8

A!! a=.01 y=0.2 8=.0073 c=0.C

ACD a=.01 y=0.2 8=.0073 c=0.8

SD a=.01 y=0.2 8=.0073- c=0.8y

S rli a=.01 y=0.2 8=.0073 c=0.8
y

S CD a=.01 'y=0.2 8=.0073 c=0.8y

S Dr a=.01 y=0.2 8=.0073 c=0.8y

S YD a=.01 y=0.2 8=.0073 6=0.8
y

S ll a=.01 y=0.2 8=.0073 c=0.8
y

S rII a=.01 y=0.2 8=.0073 c=0.8
2

SD a=.01 y=0.2 B=.0073 c=0.8
2

S 11 a=.01 y=0.2 8=.0073 c=0,8
2

S CD a=.01 y=0.2 B=.0073 c=0.8
2

S YD a=.01 y=0.2 B=.0073 6=0.8
2

S Dr a=.01 y=0.2 8=.0073 c=0.8
2

SH a=.0001 y=0.5 8=.0073 c=0.5
3

S FH a= . 0 V. i- y=0.5 B=.0073 c=0.5
3

f SD a=.0001 y=0.5- 8=.0073 c=0.5
3w

W
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T Table 5-4. Oconee (B&W) PWR Key Accident Sequences (cont'd)

$

RELFASE CATEGORY

Sequence 1 2 3 4 5 6 7

'

T MODP a=.0001 y=0.5 8=.0073 c=0.5
2

T MQIf a=.0001 y=0.5 8=.0073 c=0.5
3

T MQPli a=.0001 y=0.5 8=.0073 c=0.3
3

T MLQll a=.0001 y=0.5 B=.0073 c=0.5
3

T MLQYD a=.0001 y=0.5 8=.0073 c=0.5
3

T MQD a=.0001 y=0.5 8=.0073 c=0.5
3

T MLU a=.0001 y=0.5 8=.0073 c=0.5y

T MLUO' a=.0001 y=0.5 8=.0073 c=0.5y

T MLDOO' a=.0001 6=0.5 86.0073 c=0.5y

1(B )MLU a=.0001 y=0.5 8=.0073 c=0.5T
3

y(B )MLUOO' a=.0001 6=0.5 8=.0073 c=0.5 ?T 3

1(B )MLUO' a=.0001 y=0.5 8=.0073 c=0.5T
3

T MO a=.0001 y=0.5 8=.0073 c=0.5y

1(B )MLUO a=.0001 y=0.5 8=.0073 c=0.5T
3

T MLP a=.0001 y=0,5 8=.0073 c=0.5y 2

T MLU a=.0001 y=0.5 8=.0073 c=0.5
2

T MLUO' a=.0001 y=0.5 '8=.0073 c=0.5
2

*

T MLUOO' a=.0001 6=0.5 8=.0073 c=0.5
2

T MLUO a=.0001- y=0.5- 8=.0073 c=0.52

T KMU a=.0001 y=0.5 8=.0073 c=0.5
2

|
'
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Table 5-4. Oconee (B&W) PWR Key Accident Sequences (con t '. d )

RELEASE CATEGORY

Sequence 1 2 3 4 5 6 7

T MLP a=.01 y=0.2- 8=.0073 c=0.8
2 2

T MLU a=.0001 y=0.5 S=.0073 c=0.5
3

T O' a=.0001 y=0.5 8=.0073 c=0.5 ,

3

T 0 a=.0001 y=0.5 8=.0073 c=0.5-
3
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6 . O' RESULTS *'
f; --

. 'lwo of the main objectives of this study were to determine
' s 7.-

which accident sequer)ces are the most significant contributors7 ,

to the xia,k associated with the operation of the Oconce plant and
, -

' , . . /to compare the overart risk for this plant with the corrparable RSS

,,,Pd. 'I't)e' cost significant Ocence accident sequences, or " dominant

, _
accident' sequences,," are discussed la detail in Section 6.1.

' '

. ;,

.

These sequ6rY es were.dcrived by considering both the results

,, 'f . of the systems analysis task and accident process analysis task

)
'_ presented in Chapters 4 and 5 respectively. The overall risk of

(' the Oconce PWR was in'directly corpared with the Surry PWR. This
.

,

/,' was done by comparing the frequency assessed for the seven 's'WR

core celt release categories. The comparison is presented in
..

,.

Section 6.5. The ahpropriate conclusions and study. limitations'

7' - , .given in Section 6.3.'are
,

+,, '

.-

b.1 ' Ocons>e . Dominant Accident Seouences
s,.

-

;
'

r

,

Ine plaainant accident sequences identified for the Oconee plant

-', a're given in ' Figure 6-1. A key to the figure nornenclature is'

given in Table C-le
. c

The sol'id lii es cr. the. histogram represent the release category
t

frequencies. These were found by summing, for each release category,

the point estima b f$qUenciis of the dort.inant accident sequences

and leste, important s eqbed egg not presented in the associated matrix
<,.

of accidef.t e.eg c encec- Is . reicase categories. It should be acted
,

that the domina.nt.acDident sequences presented in Figure 6-1
.,

reprecent greatep,t,M n 90 percent of the total release category
-
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frequency for' categories 1, 3, 5, and 7, and greater t~ nan 80% of

categories 2, 4','and 6. The dashed lines represents the release

category frequencies after application of the RSS curve smoothing
,

technique; that 14 , - a probability of 0.1 was assigned to an accident

sequence-Seing in the adjacent release category, and a probability

of 0.'31 was ansigned to an accident sequence being two release
.s

I categories from the one in which it was placed, etc. The curve

smoothing technique reflects the uncertainty associated with the

categorization of each accident sequence. As can be noted from

the figure, the effect of carve smoothing dominates the fraquency

estimates for release' categories 1, 4, and 5.

The dominant aedident sequences will now be discussed in the
,

order'Chey are' displayed in Figure 6-1. Only the most dominant
'

cut sets for each accident sequence are listed. Also, some contain-

ment' failure modes were not'Miscussed for certain sequences. This

was done when sequences were not dominant in a particular category.

The systems and cut set terms used to describe the accident sequences

are discussed in Appendix B.

Sequente T MLU Y , 6, c :2

This sequence is initiated by a loss of the power conversion

(T M) followed by failure to restore the power conversionsystem 2

system and failure of the emergency feedwater system (L), and the

failure of the high pressure injection system (U). Containment

failure is predicted to be one of the following: containment

overpressure due to hydrogen burning (Y ), penetration leakage (6 ),

or base mot melt through (c ) .

-
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This sequence depicts a loss of the systems which provide the

(T M) and emergency (L) means of delivering feedwater to thenormal 2

steam generators. Because of this, secondary decay heat removal via

the steam generators would be lost in a short time due to the boil

off of their inventory. In order to establish decay heat removal,

the operator must open the pressurizer pilot-operated relief valve,

actuate the high pressure injection system, and establish a " feed

and bleed" core cooling operation. If the operator fails to per-

form these actions (U), the PCS inventory would boil of f through

the safety / relief valves leading to uncovering the core and

eventual core melt. Babcock and Wilcox predicts the onset of core

damage would occur within approximately 40 minutes.1

The frequency of this sequence is estimated as:

T MLU = 1.2 x 10-62

The dominant contributors, or cut sets, to this frequency are listed

and described below:

Cut Set
Cut Set Frequency Description

T *M*CONSTl*PCSNR* 1.1 x 10-6 T M - loss of power conversion system;2 2
HPMAN F(T M) = 3/R-yr2

CONSTl - failure of emergency feedwater
system due to primarily hard-
ware failure of the turbine
pump train and both of the
electric pump trains;
P(CONSTI) = 2.4 x 10-4

lit should t'e noted that the time to core damage, predicted by B&W
and Battelle Columbus Laboratories, differs. Battelle predicts
73 minutes (see Appendix C, Section 3.0). Since the B&W computer
codec model primary system response niore accurately than the MARCH
code, the 40-minute estimate was used for the assessment of
recovery probabilities.
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Cut Set ,

-Cut Set Frequency Description

TCSNR - failure to restore the power
conversion system;
P(PCSNR) = .1

IIPMAN - operator fails to start the
high pressure injection system;
P ( hPMAN ) ' = 1. 5 x 10-2

The containment failure mode probabilities and release category

placement were assessed as follows:

P( Y) = 0.5 category 3

P(B) = 0.0073 ; category 5

P(c) = 0.5 ; category 7

Multiplying the sequence frequency by the containment fail-

ure mode probabilities results in the values presented in Figure 6-1.

Sequence T MLU Y, 3, c:
I

This sequence is initiated by a loss of offsite power (T M),I
,

followed by the f ailure to restore the power conversion system

(offsite power must be rectored) and, failure of the emergency

feedwater system (L), and the f ailure of' the high pressure injection
'

system (U). Containment failurc is predicted by one of the following:

containment overpressure due to hydrogen burning (Y), penetration

leakage ( S), or base mat melt through (C).

This sequence is similar to the T MLU transient discussed2

above. If ewe ver, since the initiating event is a loss of offsite

power (T1), the unavailability of the emergency feedwater system is

increased about a factor of three. This is because the turbine
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pump train will nest likely fail, since a critical valve which

must open to allow cooling water to the rum, is load shed following

aT1 In order to open this valve, it nust be loaded en an

en.crgency bus by the operator. Ilcweve r, since there is no valve

position indication or cooling water flow indication, sucecos of

the turbine purcp was deemed to be highly unlikely.

The frequency of this sequence is estimated as:

10-6T MLU = 2.0 x
i

The dominant contributors to this frequency are:
Cut Set

Cut Set Frequency Cescription

-6
7 *M *CONST2* 2.0 x 10 T ti - loss of offsite power; F(T t:) =

1 i i i

lirMAN 0.2/R-yr

CohST2 - failure of the emergency feedwater
system due to failure of both
electric purp trains; P(CONST2) =

6.5 x 10-*

liPMAN - operator fails to start the high
pressure injection s stem;
P(!!PMAN ) = 1.5 x 10~

The containment failure node probabilities and release category

placements were assessed to be:

F(Y) = 0.5 : category 3

P(B) = 0.0073 ; category 5

P(c) = 0.5 ; category 7

Multiplying the sequence frequency with the containment failure

mode probalblities results in the values presented in figure C-1.
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Sequence V:

This. sequence represents failure of the Low Pressure Injection
,

System check valves when the normally closed isolation MOV is

opened for quarterly tests.

The primary coolant system cperates at high pressures and con-

sists of piping designed to withstand these pressures. .There are
i

systems which connect to the primary coolant system which may possess

low pressure piping passing outside of containment, thus offering the

potential for a loss of coolant accident outside the containment and

concurrent damage to systems needed to cope with this accident. These

are discussed in some detail in Appendix A3.

One such system identified is the low pressure injection system.

This sequence assumes failure of a series of two check valves in one

of the low pressure injection system lines and the'crening of the

normally-closed isolation MOV, which is also in series with the check

valves, for quarterly MOV testing. This would allow high pressure

coolant water to enter the low pressure piping outside containment

and pipe rupture to occur. The containrent engineered safety features

would be ineffective for this accident, and the Icw pressure injection

system would also fail due to the LOCA. As a result, core melt would

occur.

Since failure of these valves would lead to a LOCA outside con-
tainment, the status of the containment is a relatively moot question.

The consequences of this sequence correspond to those of release

category PWR 2 according to the accident process analysis task. The

probability of this sequence is the probability of failure of the two

series check valves and the opening of the isolation MOV for quarterly

tests. It should be noted that no provisicn exists to mcnitor the
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status of the check valves before the MOV is opened. Event V is

discussed in Appendix A3 and has a frequency of:

V = 7.4 x 10-5,

I The probability of occurrence for this accident is dominated by

the failure mode caused by both check valves failing to rescat after
.

a cold shutdown flow test of the low pressure injection system. This

f ailure mode comprises 94% of the sequence V probability.1

Sequence Ti(B3)MLU T' 0' C2

(T M),This sequence is initiated by a loss of offsite power I

follcwed by the failure of the emergency AC hydroelectric generators

(E3), followed by the failure to restore the power conversion

system (offsite power must be restored) and failure of the emergency

feedwater and high head auxiliary feedwater systems (L), and the
,

f ailure of the high pressure injection system (U). Containment e

failure is predicted by overpressure due to hydrogen burning (Y ),

penetration leakage (S), or base mat melt through (s).

This sequence is also similar to the T2MLU transient discussed

previously. In this case, h oweve r, a loss of both .the normal and
s

ecergency AC power sources (i.e., station blackout) is assumed to

occur (Ti(D3)). Since the turbine driven emergency feedwater system

purcps require cooling from the AC dependent low pressure service

lit has been recently learned that the normally closed isolation MOV
is no longer opened when the plant is at power. This is an interim
solution to reduce the sequence V frequency. The plant will eventually
install a pressure gauge downstream of the MOV which will be checked
prior to opening the MOV when at power. It is expected that these
design changes will cause the Event V frequency to decrease to approxi-
rately that of the Surry plant, if not 1cwer. Therefore, in Figure
6-1, the value used for Event V was the Surry value, namely, 4.0x10-6,
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water system, it will fail in a short time. The operator still has

the option, however, of initiating steam generator cooling via the

high head auxiliary service water system since it has its own power
~

system. In order to utilize the high pressure injection system

in the " feed'and bleed" core cooling mode, either onsite or offsite

AC power must be restored.

.The frequency of this sequence is estimated as

Ty(B3)MLU = 2.2 x 10-6

The dominant centributors to this frequency are:

Cut Set
Cut Set . Frequency Description

fl *(B3 ) * M * llllMAN * LOPNRC
2 x 10-6 T M - loss of offsite powery

F(TyM) = 0.2/R-yr

(B3) - f ailure of both en.crgency
AC hydroelectric
generators: P((C3)) "

5 x 10-4

lillMAN - operator fails to
manually start the high
head auxiliarly service
water system:
P (IlliMAM ) = 0.1

LOPNRE - offsite or onsite AC
pcwer is not restored
within approximately
40 minutes. This power-
is required to operate
the high pressure
injection _ system:
P(LOPNRE) = C.2

T *(B3 ) * M *IlllMAN * liPMAN 1.5 x 10-7 T (03), M, !!!1 MAN (defined above)y l'

!!PMIO; - operatcr fails to start
the high pressure injection
system given that AC power

.015is restored; P(llPMAN) =

6-8
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The containment failure mode probabilities and release category

placement were assessed to be

P(Y) = 0.5 r. category 3

P(S) = 0.0073 ; category 5

P(c) = 0.5 ; category 7 -

Multiplying the sequence frequency with the containment fail-

ure mode probabilities results in the values presented in Figure 6-1.

Secuence T MC-H Y, 6, E9

This sequence is initiated by a loss of the power conversion

(T M) followed by failure of one pressurizer safety / reliefsystem 2

valve to reclose (C), and failure of -the emergency coolant recircula-

tion system (H). Containment failure is predicted by one of dhe

following: containment overpressure due to hydrogen burning (Y),

penetration-leakage (8), or base mat melt through (c).

This sequence is a transient induced LOCA (T MO) in which2

the emergency core cooling system fails during the recirculation

phase (H).

It is assumed in this sequence that the emergency feedwater

system is successful or the PCS is restored, but their initiation

is-delayed. This delay would cause the RCS pressure to rise causing

a demand of the pressurizer safety / relief valves. Failure of one

of these valves to reclose would constitute a steall-small LOCA.

This sequence assumes th at the LOCA systems perform successfully

during the injection phase (i.e., water source is borated water

storage tank) but the emergency coolant recirculation system (ECRS)
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Ifails during the recirculation phase (i.e., water source is-contain-

ment sump). For a small-small LOCA, the ECRS is composed of the

high pressure recirculation system taking suction from the discharge

of the low pressure recirculation system. This alignment is per-

formed by the operator in the control room.

The frequency of this sequence is estimated as:

T MO-H = 1.1 x 10-52

The dominant contributors to this f requency are:

Cut Set
Cut Set Frequency Description

*M'P *Q*HPRSCM 4.5 x 10-6 T M - loss of power conversion system;T
l 22 F(T M) = 3/R-yr2

P1 - pressurizer safety / relief valves
demanded open; P(P1) = 0.01

0 - failure of any pressurizer safety /
relief valve to reclose;

P(0) = 0.05

HPRSCM - failure of operator to align
suction of high pressure
recirculation system to the
discharge of low pressure
recirculation system;
P(HRPSCM) = 3 x 10-3

T *M*P1'O*LPISCM 4.5 x 10-6 T2, M , P O (discussed above)2 1,

LPISCM - failure of low pressure
recirculation system due to
test valves left in wrong
position; P(LPISCf!) =
3 x 10-3

T2*M*Py*Q'D'E 7.4 x 10-7 T2' M' P1, C (discussed above)

D*E- failure of both Icw pressure
purp trains A and E
P(E D) = 4.9 x 10-4 (dcuble
raintenance removed)
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Cut Set
Cut Set Frequency Description

2'h'E 'O*E*W 3.2 x 10-7 T M, P O (discussed above)T
l 2, y,

E*W - failure of low pressure train
B and sump suction. valves for
low pressure train At
P(E*W) = 2.1 x 10-4 (double
maintenance removed)

2*M*P *O*D*X 3.2 x 10-7 T 2'
M' E , O (discussed above)T

l l

D*X - failure of low pressure train
A and sump suction valves for *

low pressure train B;
P( D* X ) = 2.1 x 10-4 (double
maintenance removed)

The containment failure mode probabilities and release category

placement were as follows:

P(Y) = 0.5 category 3

P(6) = 0.0073 : category 5

P(C) = 0.5 ; category 7

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence S 11 Y, B, C:3

This sequence is initiated by a rupture in the RCS piping in

the range O<D<4" (S3) followed by f ailure of the emergency coolant

recirculation system (ii) . Centainment failure is predicted by

one of the following: containment overpressure due ?.o hydrogen

burning (Y), penetration leakage (6), or base mat treit through (C).

This sequence is similar to the T MC-Il sequence discussed2

earlier. !!cwever in this case, the small-stall LOCA is caused by a
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random rupture in the RCS. piping rather than by a stuck open pressur-

izer safety / relief valve. The systems responding to both types of

LOCAs are identical and the dominant failure contributors of the
emergency coolant recirculation system are also identical.

The frequency of this sequence is estimated as:

SH= 1.0 x 10-53

The dominant contributors to this frequency are:

Cut Set
Cut Set Frequency Description

*HPRSCM 3.9 x 10-6 g
3 - rupture of RCS pig /Ryr O(D14"*

ing,S 3
F(S3) = 1.3 x 10-

HPRSCM - (described previously)

S *LPISCM 3.9 x 10-6 3 LPISCM - (described previously)
3 3,

S *D*E 6.4 x 10-7 S D*E - (described previously)
3 3,

S *E*W 2.7 x 10-7 S E*W - (described previously)
3 3,

S *D*X 2.7 x 10-7 S D*X - (described previously)
3 3,

The containment failure mode probabilities and release category

placement were as follows:

0.5 : category 3P(Y) =

0.0073 : category 5P(S) =

P(E) = 0.5 ; category 7'

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence S D u, Y, 6, E
I

This sequence is initiated by a rupture in the RCS piping in

the range 10" <D113.5" (SI), _ followed by failure of the emergency

coolant injection system (D). Containment failure is predicted
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by one of the following: vessel steam explosion (a), containment

overpressure due to hydrogen burning (Y), penetration leakage (B),

or base mat melt through (C).

This sequence assures an intermediate size LOCA occurs followed

by failure of the emergency core cooling system during the injection

phase. Containment systems would operate as designed to control

containment pressure and to remove radioactivity from the atmosphere,

but failure of the core cooling system would lead to boil of f of the

water covering the core resulting in core melt.

The equipment required for core cooling for this size break is

given in the FSAR as one of three high pressure injection system

pump trains and two of the low pressure injection system pump trains.1

The requirement of both low pressure trains implies that any single

failure in the icw pressure injection system will fail the emergency

coolant injection system. Single failures, therefore, dominate the

accident sequence cut sets.

The frequency of this sequence is estimated as:

S D = 6.7 x 10-61

The dominant contributors to _ this frequency ares-

Cut Set
Cut Set Frequency Description

S *D 2.3 x 10-6 3 iping, 10"<D<13.5";
rupture of RCS g/Ryr

y 1-
F(S1) = 1 x 10-

D - failure of pump Train A discharge valves;
P(D) = 2.3 x 10-2,

I Based on recent discussions with Duke Power, the FSAR criteria used
for this' break size range was found to be conservative. The more
realistic criteria requires 2/2 CFT and one low pressure purp.
Utilizing this criteria would significantly reduce the frequency
of this sequence.
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Cut Set
Cut Set Frequency Description

S *E 2.3 x 10-6 E - failure of pump Train B discharge valves;
y P(E) = 2.3 x 10-2

S *CH3 5 x 10-7 CH3 - f ailure of pump Train A actuation channel;
y

P(CH3) = 5 x 10-3

S * Cif 4 5 x 10-7 CH4 - failure of pump Train B actuation channel;
y

P(CH4) = 5 x 10-3

S *C 3.3 x-10-7 C - failure of T.:mp Train A suction valves;y
P(C) = 3.3 x IO-J

S *B 3.3 x 10-7 B - failure of pum Train B suction valves;y 'P(B) = 3.3 x 10-

S *LPISCM 3 x lO-7 LPISCM - failure to reclose low pressure pump
train test valves; P(LPISCM) = 3 x 10-3y

The containment failure node probabilities and release category

placement were as follows:

P(a) = 0.01 ; category 1

P(Y) = 0.2 ; category.3

P(S) = 0.0073 ; category 5

P(c) = 0.8 ; category 7

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence T MO-FH Y, 8, c:2

This sequence is initiated by a loss of the power conversion

system (T M), failure of one pressurizer safety / relief valve to2

reclose (C), failure of the containment spray recirculation system

(F), and failure of the er.ergency coolant recirculation system (II ) .

Containment failure is predicted by one of the following: containment
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overpressure due to hydrogen burning (Y), penetration-leakage (S),

or base mat melt through (c).

(T MQ). As describedTh is s equence is a transient induced LOCA 2

earlier in the T MO-H sequence, the LOCA is created due to a f ailure2

of a pressurizer relief valve to reclose after being demanded. The

demand of the valve is assumed to occur due to a delay in the inita-

tion of the emergency feedwater and/cr restoration of the power

conversion system. In this sequence, the LOCA systems perform

successfully during the injection phase, but the emergency core

cooling system and containment spray system fail during the recir-

culatien phase.

The frequency of.this sequence is estimated as:

T MC-FH = 5.0 x 10-62

The main contributor to this occurrence is due to a failure of the

operator to correctly follow emergency procedures which instruct

him to open both surep MOV's which are common to both the core cool-

ing and spray systems when the borated water storage tank reaches

94% empty. This cut set, along with other contributors, are listed

below:

Cut Set
Cut Set Frequency Description

*M*P *C'WXCM 4.5 x 10-6 T M - loss of power conversion system;T 2 l 2
F(T t!) = 3/R-yr2

P - pressurizer safety / relief valves1
demanded open P(P1) 0.01

0 - failure of any safety / relief valves
to reclose; P(0) = 0.05
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-Cut Set
Cut Set Frequency

_
Description

_ _ _ _

WXCM - failure of the operator to open
the surp valves at the s tart cf
recirculation which are corron
to both the spray and core cool-
ing system: P(W)CH) = 3 x 10-3

*M*P1'Q*E*W 4.1 x 10-8 T 2, M, F , O (discussed above)T 12

BW- failure of the lcw pressure /
centainment spray injecticn Train
R tank suction valves and low
pressure / containment spray
recirculation Train A surp suction
valves; P(E*U) = 2.7 x 10-5
(double raintenance removed)

T *M*P1'Q*C*X 4.1 x 10-8 T2, M , P Q (discusced above)g 1,

C'X - failure of the 1cw pressure /
containment spray injection Train
A tank suction valves and low
pressure / containment spray recirc-
ulation Train E surp suction
valves; P(C'X) = 2.7 x 10-5
(double maintenance removed)

T *M*P1'Q*W'X 1.3 x 10~7 T M' P O (discussed above)2 2' 1,

W'X - failure of both Icw pressure /
containment spray recirculation
surp suction valves; P(W'X) =

8.8 x 10-5 (double maintenance
removed).

The containrent failure mode probabilities and release category

placements were as follows:

P(Y) = 0.5 ; category 2

P(S) 0.0073 : category 4=

P(t) = 0.5 ; category 6

Multiplying the sequence frequency with the containtcent failure

mode probabilities results in the values preser.ted in Figure 0-1.

.

.
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Sequence S rn Y, S, c:3

This s eque nce is initiated by a rupture in the RCS piping in

the range 0<C14" (S3), followed by failure of the containment

spray recirculation system (F), and erergency coolant recirculation

system (H). Contain r:ent failure is predicted by one of the following:

containment overpressure due to hydrogen burning (Y ), penetration

leakage (S), or base mat melt through (C).

This sequence is initiated by a random rupture of the RCS piping.

In this sequence, the LOCA syctets perform successfully during

injection phase, but the emergency core cooling system and containment

spray systen fail during the recirculation phase.

The frequency of this sequence is estimated as:

S FH = 4.2 x 10-63

The main contributor to this cccurrence is due to a failure of the

cperator to correctly follow emergency procedures which instruct

him to open both sump MOV's which are common to both the core

cooling and spray systems when the borated water storage tank

reaches 94t empty. This cut set, along with other contributors,

are listed belcw

Cut Set
Cut Set Frequency _ Cescription

S3 * WXCt t 3.9 x 10-6 g
3 - rupture of RCS pig /R yr.O < D f

4".ing,

F(S3) = 1.3 x 10-
UXCM - failure of the operator to open

the surnp valves at the start of
recirculation which are common
to both the spray and core cool-
ing systems; P(UXCM) = 3 x 10-3

~7
S *W'X 1.1 x 10 S (discussed above ) .3 3

6-17



Cut Set
Cut Set Frequency Cescription

h**X - failure cf both low pressure /
containment spray recirculaticn
sump sucticn valves; P(W X) =

8.8 x 10-5 (double maintenance
removed).

S *B'W 3.5 x 10-8 33- (discussed above)3

B*W - failure of the low pressure / con-
tainment spray injection Train B
tank suction valves and low
pressure / containment spray re-
circulation Train A sump spction
valves; P(D*W) = 2.7 x 10 -
(double maintenance removed).

S *C'X 3.5 x 10-8 33- (discussed above)3

C X - f ailure of the low pressure / con-
tainment spray injection Train A
tank suction valves and low
pressure / containment spray re-
circulation Train B sump suction
valves; P(C X) = 2.7 x 10-5
(double maintenance removed).

The containn.ent failure rode probabilities and release cate-'

gory placements were as follows:

P(Y) = 0.5 ; category 2

f

P(S) = 0.0073 ; category 4

P(c) = 0.5 ; category 6'

f

Multiplying the sequence frequency with the containment f ailure

mode probabilities results in the values presented in Figure 6-1.

Sequence S FH a, 6, cp

This sequence is initiated by a rupture in the RCS piping in

the range 4"<D<10" (S2), followed by failure of the containment-

i spray recirculation system (F), and emergency coolant recirculation
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system (11) . Containment failure is predicted by one of the following

vessel steam explosion (a), penetration leakage (8), or base mat

relt through (C).

This sequence is similar to the S3FII sequence discussed pre-

viously. The only difference is that for this size LOCA, different

conbinations of eruergency core cooling subsystems are required.

This, hcwever, does not affect the dominant cut sets of the sequence

f requen cy .

The frequency is estimated as:

S FH = 1.3 x 10-62

Cut Set
Cut Set Frecuency Description

S *WXCM 1.2 x 10-6 32 2 - rupture of RCS giping, 4"<D<10";
F(S2) =4x 10~

S *X W 3.5 x 10~8 (WXCM, X*W, B*W, and C*X terms discussed2 in sequence S3FH description)

S *B*W l.1 x 10-82

S *C*X 1.1 x 10-82

The dominant containment f ailure mode probabilities and release

category placements were as follows:

P(a) = 0.01 ; category 1

P(8) = 0.0073 ; category 4

P(C) = 0.8 : category 6

Multiplying the sequence f requency with the containrent failure

rode probabilitics results in the values presented in Figure 6-1.
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Sequence T MLUO Y, 8, c:2

This sequence is initiated by a loss of the power conversion

system (T M), followed by the failure to restore the power conversion2

system and failure of the emergency feedwater system (L), failure

of the high pressure injection system (U), and failure of the reactor

building cooling system (O). Containment failure is predicted by.

overpressure due to hydrogen burning (Y), penetration leakage (6)

or base mat melt through (c).

is similar to the T MLU sequence discussed atThis sequence 2

the beginning of this section, except in this case, the reactor

building cooling system also fails.

The frequency of this sequence is estimated to be:

T MLUO = 8.1 x 10-62

The dominant cut sets are quite dif ferent from the T MLU2

sequence, however, due to the dependence of the systems which

comprise events L, U, and O, on the low pressure service water

system. These cut sets are:

Cut Set
Cut Set Frequency Description

_ _ ,

T *M*PCSNR*Fl*G1 6.0 x 10-6 TM- 1 ss of power conversiong 2
system; F(T M) = 3/R-yr.2

PCSNR - failure to restore
the power conversion
system; P(PCSNR) .1=

Fl* G1 - f ailure of both 110w
pressure service water
pump trains. They supply
cooling water to the
reactor building cooling
system heat exchangers,
high pressure injection
system pumps and emergency

feedwatersystempumgs;
P(Fl*G1) = 2.0 x 10~
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Cut Set
Cut Set Frequency Description

T * M * I'CSN R * Fl * Cli4 2.1 x 10-6 T M, FCGNR (discussed above)2 2,

Fl*CII4 - failure of both low
pressure service water
pump trains. One fails
to continue operation
(FI) and the other
fails to start due to
faults in the actuation
circuit (Cil4 ) ;

P(Fl*CII4) = 7 x 10-6

The containment failure node probabilities and release category

placerents were assessed as follows:

P(Y) = 0.5 : category 3

P(S) .0073 ; category 5=

P(C) = 0.5 ; category 7

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence T MKU Y, B, C:2

This sequence is initiated by a Icss of the power conversion

system (T F1) follcwed by f ailure of the reactor protection system2

(K), and the failure of the high pressure injection system (U).

Centainment failure is predicted by one of the following: contain-

ncnt cverpressure due to hydrogen burning (Y), penetration leakage

(6) or base mat melt thrcugh (C).

This sequence is of the type known as Anticipated Transients

Withcut Scram (ATWS). This type of transient for B&W reactors has

becn studied in depth (NURF.C-04 6 0 ) . This report states that if a

loss of main feedwater is followed by a failure to scram (reactor

protection system failure), RCS peck pressures in the 4000-5000 psi
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range may result. It is _ unkncwn what ef fect this peak pressure

would have on RCS integrity and components. The sequence modeled

here does not address this unknown. It is assuced that the F.CS would

survive the peak pressure.

Following the pressure pulse, the reactor would rest 'likely

equilibrate at a power level which matches the heat reroval capacity

of the emergency feedwater system. In some situations it pay

equilibrate at a higher level. (This is due to competing effects

of a negative temperature reactivity coefficient and a pcsitive

Dcppler coefficient. For more details see' Appendix C.) For these

situations the high pressure injection system must be actuated by

the operator to inject borated water (i.e., negative reactivity) to

successfully shut down the reactor. This sequence assures that the

high pressure injection fails followed by an eventual core melt.

The frequency of this sequence is estimated as:

T KMU = 7.8 x 10-6 ,

2

The dominant cut set is:

Cut Set
Cut Set Frequency

_
Deecription.

T2*K'M*HPMAN 7.8 x 10-6 TM- loss of power conversion2
system; F(T M) = 3/P-yr2

K - failure of the reactor pro-
tection system due to primar-
ily test and r.aintenance
faults; P(K) = 2.6 x 10-5

(1)HPMAN - operator fails to start
the high pressure injec-
tien system; P(HFMAN)
= 0.1

IThe probability of HPMAN for ATWS sequences was assigned a value
of 0.1 rather than the value of 0.015 used in other sequences to
reflect an extremely high stress situation.
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The centainrent f ailure mode probabilities and release category.

placements were assessed as follcws:

0.5 ; category 3P(Y) =

P(S) = 0.0073 ; categot, 5

0.5 ; category 7P(C) =

~

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence 5 D a, Y, 6, C:9

This sequence is initiated by a rupture in the RCS piping in

the range 4"<D<10" (S2), followed by f ailure of the emergency

coolant injection system (D). Containment failure is predicted by

one of the following: vessel steam explcsion (u), ccntainment

overpressure due to hydrogen turning (Y), penetration leakage (S),

or base mat melt through (C).

This sequence is similar to the S D sequence discussed previouelyI

except that a different combination of ECCS subsystems must fail to

cause a core melt. The equipment required for this size LOCA are

defined in the FSAR as one high pressure injection pump train and

one low pressure injection pump train.

8 The frequency of this sequence is estimated as:

*

S D = 2.0 x 10-62

- The dominant contributors to this frequency are:

Cut Set
Cut Set Frequency rescription

*LPISCM 1.2 x 10-6 32 - rupture of RCS piping,_ S2
4"<D<10", F(S2) "4X
10-47R yr

i '
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Cut Set-
Cut Set Frequency Description

____ _ _ _

LPISCM - failure to reclose low
pressure pump train
test valves; P(LPISC?t)
= 3 x 10-3

S *Cl*B1 1.4 x 10-7 Cl*B1, Al'81, CHl*B1 -
2

S * Al * Bl' l.4 x 10-7 Double hardware and/or human
S *CH1*B1 7.2 x 10-8 failures in the high pressure

injection system
3.4 x 10-4P(Cl*B1) =

P(Al*B1) = 3.4 x 10-4
P(CHl*B1) = 1.8 x 10-4

S *E*D 2.0 x 10-7 E*D, B * D, E*C, E*Cfi3, CH4*D -
2

S *B*D 2.5 x 10-8 Double hardware and/or human2
S *E*C 2.5 x 10-8 failures in the low pressure2
S *E*CH3 4.8 x 10-8 injection system2

S *CH4*D 4.8 x 10-8 P(E*D) = 4.9 x 10-42
P(B*D) = 6.3 x 10-5
P(E*C) = 6.3 x 10-5
P(E*CH3) = 1.2 x 10-4
P(CH4*D) = 1.2 x 10-4
(double maintenance removed)

The containment failure mode probabilities and release category

placements were as follows:

P(a) = 0.01 ; category 1

P(Y) = 0.2 ; category 3

P(8) = 0.0073 ; category 5

P(c) = 0.8 ; category 7

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence S D y, S, c:3

This sequence is initiated by a rupture in the RCS piping in

the range 0"<D<4" (S1), followed by f ailure of the emergency

coolant injection system (D). Containment failure is predicted
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by one of the following: containment overpressure due to hydrogen

burning (Y), penetration leakage (S), or base mat melt through (c ) .

This sequence is similar to the S D sequence discussed earlier1

except that a dif ferent combination of ECCS subsystems must fail

to cause a core melt. The equipment required for injection for this

size LOCA is defined in the FSAR as one high pressure pump train.

The frequency of this sequence is estimated as:

SD= 1.4 x 10-6
3

The dominant contributors to this frequency are:

Cut Set
Cut Set Frequency Description

7S *Cl*B1 4.4 x 10~7 S3 - rupture of RCS piping,3
10-37S *Al*B1 4.4 x 10- D(4". F(S3) = 1.3 x

S *CHl B1 2.3 x 10~7 R-yr.

S *Cl*CH2 6.4 x 10-8 Cl*B1, Al*B1, Clll * B1, Cl*CH2,
S *Al*CH2 6.4 x lO-E Al*CH2, CHl * CH2 - double hard-
S *CHl*CH2 3.3 x 10-8 ware and/or human failures in

the high pressure injection
system

3.4 x 10-4P ( CII* B1) =

3.4 x 10-4P(Al*B1) =

1.8 x 10-4P(CHl*B1) =

P(Cl*CH2) = 4.9 x 10-5
P(Al CH2) = 4.9 x 10-5
P(CH1*CH2) = 2.5 x 10-5

10-6 RCSRBCM - Common mode mis-S *RCSRBCM 4.2 x3 calibration of the sensor /
bistables which actuate the
HPIS. The sensor groups are
the RCS low pressure and
Reactor Building fli pressure.
R(RCSRBCM) = 3.2 x 10-5

The containment failure mode probabilities and release category

placements were as follows:
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'

P(Y) = 0.5 : category 3

P(6) = 0.0073 ; category 5

P(c) = 0.5 : category 7

Multiplying the sequence frequency with the centainment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence T MLUO Y, 6, C:
i

.

(T M),This sequence is initiated by a loss of offsite power I

followed by the failure to restore the power conversion system

(offsite power must be restored) and failure of the emergency

feedwater system (L), failure of the high pressure injection system

(U), and failure of the reactor building cooling system (O).

Containment failure is predicted by overpressure due to hydrogen

burning (Y), penetration leakage (6), or base mat melt through (C).

This s equence is identical to the T2MLUO sequence discussed

earlier except that the initiating event is a less of offsite power.

The cut sets are also identical. The probability of failing to

restore the power conversion system is approximately unity for this

sequence as opposed to 10~1 for the T MLUO sequence.2

The frequency of this sequence is estimated to te:

T MLUO = 5.4 x 10-6y

The dominant cut sets are:

Cut Set
Cut Set __ Frequency Descripticn

T 'M * Fl * Cl 4.0 x 10-6 Ty - Less of offsite poacr;i
.2/ reactor-year.F(Tt) =
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Cut Set
Cut Set Trequency Cescription-

M - Interruption of the PCS;
P(M) = 1.0

T *M * Fl * Cil4 1.4 x 10-6 (Terms Fl*G1 and Fl*CIl4 are1
described in T MLUO sequence)2

The containment f ailure pode probabilities and release category

placements were as follows:

P(Y) = 0.5 ; category 3

P(6) = 0.0073 ; category 5

P(c) = 0.5 ; category 7

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.

Sequence T MLUO Y, B, c:3

This sequence is initiated by a reactor trip with the power

conversion systen initially available (T3), foll wed by the failure

of the power conversion systen (M), failure of the emergency feedwater

system (L), f ailure of the high pressure injection system (U), and

failure of the reactor building cooling system (O). Containment

failure is predicted by overpressure due to hydrogen burning (Y),

penetration leakage ( 6), or base mat melt through (C).

This sequence is similar to the T MLUO sequence discussed2

earlier except that the initiating event is a reactor trip with the

power conversion system initially available. In the T MLUO sequence,2

th e PCS is interrupted and must be recovered. Nonrecovery of the

PCS is represented by the term PCSNR and is assessed to be .l. For
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the T MLUO sequence, the PQ is initially available.! Event M repre-3

#
sents interruption of the PCS and is given a value of .01 for this

~" ' '
sequence.

The frequency of this sequence is estimated to be:
,

T MLUO = 1 1 x 10-63

/ ' '
The dominant cut sets are: +

. -

Cut Set -
'

NJ scription I __. __Cut Set Frequency -

T *M*Pl*G1 8.0 x 10~7 T ~- Tr'arisients requiring sh'ut- '

3 3
down with the PCS initially '-

available;-F(T3) " 's" '4/reactcr-year. ..
,

*
' _ri -

M - Interruption of,the PCS;
.P +-P(M) = .01.
-

.

(Terms F1 G1 and Fl*CH4 are'

discussed in sequence T MLUO2 ''

description) ' r.

T *M'Fl*cH4 2.8 x 10-7
~

- -

.

3 ,

4

The containment failure mode probabilities and release category
._

placements were as follows:

-
t

P(Y) = 0.5 ; category 3 '

P(S) = 0.0073 ; category 5 x

P(c) = 0.05 ; category 7
,

Multiplying the sequence frequencies with the containment

failure mode probabilities results in the values presented in Figure 6-1.

Sequence T MO-D Y, 8, C:2

This sequence is initiated by a loss of the power conversion

system (T M) followed by f ailure of one pressurizer safety / relief2

valve to reclose (Q), and failure of the emergency coolant injection

6-28
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, system 4D). Containpent'7f42Ture is predicted by one of the following:
.coht,ainment overpressiire due to hydrogen burning (Y), penetration

leakdge (f4, <nr bast m'at melt through (C).

Th'is sequence is a transienb induced LOCA (T MO) in which the2

emergedcycorepool'ingshstemfailsduringthe injection phase (D).
s ~

It/is assumed in this,segaence that the emergency feedwater

#system is success'Eul or the PCS is restored by their initiation is

a , delayed. This delay would cause the RCS pressure to rise causing
~'

a' dendnd of the pressurizer safety / relief valves. Failure of one
~

of these valves to reclose would constitute a small-small LOCA.*

} . ' The high pressure injection system which is called upon to provide

emergency core cooling in response to the LOCA also fails.

The~ treguency of this sequence is estimated as:
-

~

<

T MO-D = 1.5 x 10-62
.

. .

The dominant cut. sets are identical to those previously,-

7 described in the'S D sequence. The only difference is that this3
.

sequence is a trans,iep.t induced LOCA rather than a pipe rupture.
,

Cut Set
Cut Set Frequency Description

T *M*P *O*Cl*B17 5.1 x 10-7 TM- 1 ss of power conversion2 l 2
system F(T M) = 3/R yr2

~'

P1 - pressurizer safety / relief
valves demanded open;
P(P1) = 0.01

O - failure of one pressurizer
,

safety / relief valve to
reclose; P(0) = 0.05

_

Cl*B1 (described in S D sequence)3

T *M*P *O*Al*B1 5.1 x 10-7 (The rest of the cut set terms2 g
are described in S3D sequence)

,

.-

a N
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Cu's Set
Cut Set -Frequency Description

T *M*I *Q'Cli1*B1 2.7 x 10-7
T *M*P 'Q*Cl*CH2 7.4 x 10-8

9
T 'M*P *Q*Al*CH2 7.4 x 10 8T *M*P * Q * C111 * Cil2 3.8 x 10-

T]*M*P * Q* RCSRBC:1. 4.8 x 10-0

The containment failure mode probabilities and release category

placements were as follows:

P(Y) = 0.5 t category 3

P(S) = 0.0073 ; category 5

P(c) = 0.5 r category 7

Multiplying the sequence frequency with the containment failure

mode probabilities results in the values presented in Figure 6-1.
,

6.2 Comparison With the Dominant Accident Sequences in the Reactor
Safety Study

The Surry sequences which dominated the seven PWR core melt

release categories in the RSS are presented in Figure 6-2. A short

description of these are presented below:

TMLB'-6, Y, c: failure of the feedwater delivery system (power
conversion (M) and auxiliary feedwater systems
(L) given the initiating transient event of
loss of offsite AC power (T) with failure to
recover either onsite or of f site AC power within
about 3 hours, preventing containment ESF mitiga-
tion of accident (B') consequences. Containment
failure due to overpressure, hydrogen burning,
or melt through.

V: interfacing systems LOCA due to failure of the
LPIS check valves.

S C-6: failure of the containment spray injection2
system (C) given a small LOCA (S2) (1/2"<D<2").
Containment failure due to overpressure.
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AD-C: failure of the emergency coolant injection
system (D) given a large LOCA (A) (D16").
Containment failure due to melt through.

AH-C: failure of the emergency coolant recirculation
system (H) given a large LOCA (A) (D16"). Con-

| tainment failure due to melt through.

S D C: f ailure of the emergency coolant injectiont
system (D) given a small LOCA (2"<D<6"). Con-
tainment failure due to melt througE.;

,

'

S H-C: failure of the emergency coolant recirculation1
5 system (H) given a small LOCA (2"<D16") . Con-

tainment failure due to melt through.
,

,

) S D C: failure of the energency coolant injection2
system (D) given a small LOCA (1/2"<D<2").
Containnent failure due to melt through.

3HE failure of the emergency coolant recirculation2
system (H) given a small LOCA (1/2"<D<2"). Con-
tainment failure due to melt through.-

TML C: failure of the feedwater delivery system (power
conversion (M) and auxiliary feedwater (L)) given
a transient initiating event (T). Containment
failure due to melt through.

TKO-ci failure of the reactor protection system (K) to
shutdown the reactor and failure of at least
one pressurizer safety / relief valve to reclose
(0) given a transient initiating event (T).
Containment failure due to melt through.

TKMO-C: failure of the reactor protection system (K) to
shutdown the reactor; failure of power conversion
system (M) and failure of at least one pressur-
izer safety / relief valve to reclose (0) given a
transient initiating event (T). Containment
failure due to melt through.

These Surry sequences doninate the seven PWR release categories

after applying the RSS curve smoothing technique. They should be

compared with the Oconee sequences placed in categories 2, 3, 6 and

7, since they also dominate the seven release categories after

application of curve s moo th ing .
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The equivalent of the Surry TMLB' is the Oconee Ti(B3)MLOOO'.

The core melt frequency of the Oconee sequence is about two orders

of magnitude lower. This is due primarily to the increased

availability of emergency AC power at Oconee.

The V sequence is important at both plants. The Oconee

sequence was estimated to have more than an order of magnitude

greater frequency due primarily to the closed MOV upstream of.the
isolation of check valves.1 This closed valve required the dominant

failura mode, caused by failure of both valves to reseat, to be

includad in the frequency calculation. The equivalent Surry MOV

was in the open position.

T MLU,The Surry TML and the equivalent Oconee sequences T MLU, 2I

and T MLUO, are also important atand Ti(B3)MLU, T MLUO, T MLUO, 32I

both plants. The Oconee sequences have a total frequency estinate

which is a factor of three higher than the comparable Surry sequences.

The reason for the higher frequency estimate for Oconee is primarily

due to a common mode failure of the systems defined by events L, U,

and O. These systems require low pressure service water for component

cooling and will fail if cooling is not provided. The similar

Surry systems do not have a comparable common mode failure.

Several LOCA sequences which involved failure of the emergency

core cooling system, either during the injection or recirculation

S D and S III-phases, were important at Surry (e.g., AD, AH, S H, 2 21

These LOCAs were caused by a random rupture of the RCS piping.

Several LOCA sequences were also important at Oconee. At Oconee,

however, these LOCAs were due to random RCS ruptures, as well as
1

lit has been recently learned that Duke Power has introduced changes
which significantly reduce the frequency of this sequence. Refer
to discussion of Sequence V in Section 6.1.

6-32



-. . . . . . _ . _ - _. _- . ___ __. - _ . _ . . ~. -- . - - . - . . . .

1

!

i

stuck open valves (i.e., transient induced LOCAs). In the
4

) RSS, transient induced LOCAs were conservatively assumed to lead
i

| to core melt and were not analyzed in detail. The overall core melt

i frequency, due to LOCAs, (other than the V LOCA) is similar for

both plants. If one sums the Oconee random and transient induced

LOCA sequence frequencies given in Tables 4-9 and 4-10 of Chapter 4,,
i
' and compares the sum of the Surry LOCA sequences, it can be noted

t

i that there is less than a factor of two difference in the totals.

LOCA sequences involving failure of the CSRS (Event F) and
1

) the ECRS (Event H) were important at Oconee, but not at Surry.

j At Oconee, the failure of both systems is dominated by the common
]

} mode failure of the operator to realign both systems from the

injection to recirculation mode. This common mode failure does
,

not exist at Surry since the operator must manually realign only

the ECRS. At Surry, the CSRS is automatically initiated.
1

Another important cort melt sequence at Surry was S C. Fail-2
,

ure of CSIS prevents the addition of large quantities of borated

'
water to the containment. Since only a small portion of the

reactor coolant system inventory leaks to the sump, sufficient

elevation head is not available and LPRS and CSRS pump cavitation

and core melting will eventually occur. Due to'the presence of

the Oconee reactor building cooling system, which performs a redun-

dant containment overpressure protection function to the containment

spray injection system, the S C sequence does not result in core2

'
melt. The equivalent core melt snquence at Oconee would be S CY.3

This sequence is not as significant a risk contributor for the

| Oconee plant as the equivalent Surry sequence due to its much
-

,

! lower sequence probability.

|-

,

6-33

,

-- -,<.<wr-e-,--.-r +yw,m---+-g'ev- v'-- ***-+,'**w--------~v~~a- -m -**--***------~e---* -M* - " ~ - * ~ ' "' '""T



At Surry, sequences where there is f ailure to achieve reactor

shutdown accompanied with a stuck cpen pressurizer relief valve

(TKQ and TKMC), were assessed to be core melts. As rentioned pre-

viously, transient induced LOCAs, such as these, were not analyzed

in detail in the RSS and were conservatively assured to lead to

core melt. More det:lled research conducted during this study

indicated that these sequences do not lead to core telt at Oconce.

A reanalysis of the Surry TKO and TEMC sequence would most likely

indicate that these sequences are also non core melts.

6.3 Conclusior.s and Limitations

6.3.1 Conclusions

Several insights can be gained by comparing the Surry and

Oconee plants:

Details in such items as operating procedures and systems*

valve status can be very important to the risk associated

with a plant. This is evident upon comparing the frequency

estimate of the interfacing system LOCA, event V, for both

plants. The only significant design difference is that a

motor operated valve is normally closed at Oconee, whereas

the equivalent valve at Surry is normally open.

Several plant systems and design features which are important-

to the public risk are different for the Oconee PhR and the

Surry PWR. Iloweve r , there do exist plant systems, even though

design details may differ, which are important to public risk

for both PhR plants.

The nethods used for determining public risk in the RSS are-

equally applicable to a Babcock and Wilcox PWR.
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Several conclusions can be drawn by comparing the Surry and

Oconee dominant accident sequences:

The frequency of core melt due to LOCAs (other than an inter-*

facing system LOCA) is similar for both plants (i.e., estimated

within a factor of two).

The frequency of an interf acing system LOCA event V, was*

assessed to be much higher at Oconce.1 This frequency could

be reduced to a level comparable with the Surry event V by

simply changing the motor cperated isolated valves from

normally closed to normally open.

The frequency of core melt accidents initiated by transients*

is similar for both plants (i.e., estimated within a f actor

of two).

Containment overpressure failure due to hydrogen burning was*

assessed to be more important at Oconee. The reason for this

is that the Surry accident sequences which. dominated the

release category in which hydrogen burning is usually placed,

failed the containment by overpressure due to steam prior to

core meltdown. Since the hydrogen is produced during the

meltdown, this containment f ailure mode for these accident

sequences is precluded.

The overall frequency of a core melt accident was assessed to*

be similar for both plants (8 x 10-5 for Oconee vs. 5 x 10-5

for Surry).

5 Duke Power has recently introduced changes which significantly
reduce the frequency of this sequence (i.e., less than or equal to
in Section 6.1.
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6.3.2 Limitations
,

The following limitations were identified in the RSSMAP program:

The 'Oconee FS AR, technical specifications and discussions with*

plant personnel during a single plant visit were the primary
I sources of information utilized in this study. A nore rigorous

analysis would require additional information. This upgraded
a

information base should also include as tuilt piping and

instrument diagrams, plant procedures, and direct personnel

contacts at the plant and reactor vendor for purposes of

answering questions.

The transient event tree initiating events chosen in th'is study*

were the same three chosen in the RSS. A more rigorous analysis

should consider more transient initiators.
The majority of the data base utilized in this study was com-*

piled as part of the RSS. This data base was found to be

deficient in several areas. An example of this can be noted
,

t

in the data used in performing the interfacing systems LOCA ,

s ,

frequency calculation. The dominant failure mode is both check

valves failing to reseat. This is a demand failure which occurs
.

; immediately after a low pressure injection system flow test.

The data utilized to calculate this reseat failure probability,

however, is expressed in failures /hr. rather than failures / 3

demand. (For details, see Appendix A3) . Another example is
,

the failure probability of a safety / relief valve to reclose

after being demanded open. All available data sources quote

failure to reclose probabilities after passing steam. On

several of the Oconee transient sequences, however, these valves ;

|

?

-
\
,

I |
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would be passing solid water (e.g. , TMLs, Ths). Since these

valves are not designed to pass solid water, the reclosure fail-

ure probability would te exrected to be much higher. I f, for

instance, the reclosure failure probability is an order of

magnitude greater after passing solid water, the frequency

assessed for several' of the Oconee transient induced LOCAs

would be underestimated by an order of magnitude. A more

thorough analysis should account for these, as well as several'

other data deficiencies.

This study attempted to identify human errors which could

degrade or lead to failure of the safety systems responding

to a LOCA or transient. These human errors were of two basic
1

types. Those errors occurring during routine operation, such

as inadvertantly leaving valves in the wrong position, and

errors which occur during the course of an accident such as

the incorrect termination of the high pressure injection

system by the operator (e.g., an operator error in the TMI

accident). In order to assess operator errors during the

course of an accident, the analyst must be aware of the plant

parameter indications which the operator is relying upon to.
,

make decisions in the control room (e.g., at TMI the operator

terminated the high pressure injection system because of.a

high pressurizer level indication). To gain these types of

insights, it is recommended that future, more complete

analyses, perform corputer simulations of the detailed plant

system dynamics associated with each accident sequence.

G
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Table G-1

SYMBOLS USED IN FIGURE 6-1

Initiating Events

T1 - Loss of Offsite Power Transient
-T2 - Loss of Power Conversion System Transient Caused Ey Other Than

a Loss of Of fsite Power

T3 - Transients with the Power Conversion System Initially Available

S1 - Intermediate LOCA (10"<D113.5")

S2 - Small LOCA (4"<D110")

S3 - Small-Small LOCA (D14")
V - Interf acing Systerns LOCA

System Failures

(D3)-Emergency Power System

D - Emergency Coolant Injection System

F - Containment Eptdy Pecirculation System

H - Emergency Coolant Recirculation System

K - Reactor Protection System

L - Emergency Feedwater System, Recovery of Power Conversion System
and liigh Ilead Auxiliary Feedwater Systen

M - Power Conversion System (1:creal Operation)

C - Reclosure of Pressurizer Safety / Relief Valves

U - Ifigh Pressure Injcction System

i
4

6
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Table 6-1. SYFCOLS USED IN FIGURE 6-1 (Continued)

Containn.ent Failure P.edes

a - Vescel Stean Explosion

3 - Penetration Leakage

Y - Overpressure Due to Hydrogen Burning

c - Base Mat Melt Through

i

.

.

.

i
!

1

5
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RELEASE
CATEGCRY 1 2 3 4 5 6 7

T MLU T 6.0x10~7 88.8x10-9 E 6.0x10-7
2

T MLU T1.0x10-6 #1.5x10-8 1.Ox10-6C
g

Y ve4.0x10-6

Tg(B3)VLU T1.1x10-6 #1.6x10-8 c 1.1x10-6

T MO-H T5.5x10-6 A 8.0x10-8 C 5.5x10-62

SM 75.0x10-6 #7.3x10-0 C 5.0x10-63

SD a6.7 10-8 71.3x10-6 A4.9x10-8 C 5.4x10-63

T MO-n! P 2. 5 x 10-6 A3.7x10-8 C 2.5x10~8
2

S ni F 2.1 x10-6 # 3.1x10-8 t 2.1x10-63

SgTH al.3x10-8 #9.5x10~9 t 1.0x10-6

T MLUO Y4.1x10-6 A5.9x10-8 C 4.1x10-62

T KMU T 3.9x10-6 #5.7x10-8 C 3.9x10-62

SD a2.0x10-8 Y4.0x10~7 #1.5x10-8 t 1.6x10-62

SD F7.0x10~7 $1.0x10-8 c 7.0x10~73

T MLUO F2.7x10-6 #3.9x10-8 C 2.7x10-6
I

T MLUO F 5.5x10~7 A 8.0x10-9 C 5.5x10~73

T MO-D F7.5x10~7 #1.1x10-8 s 7.5x10~72

CA7EGORY
TOTALI 1.1x10~7 1.0x10-5 g,9xto-5 9,7x10-8 4.6x10-7 7.3x10-6 3.5x10-5

1

-310 ,

-410 _

-5 - - - - - - -

10 , ________

_______

________

~~~~~~}-------10 -- - - - - - - - -

10~_
-810 _

1 2 3 4 5 6 7

Release Category

IThis is an unsmoothed total which includes the contribution from all the
nondominant sequences not shown.

Figure 6-1. Oconee Dominant Accident Sequences
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RELEASE
1 2 3 4 5 6 7CATEGORY

DeLB' 4 2x 10'' t 6:10~7
17:10*7

V V4x10-6
_

5C 62:10~62

AD c2m10-6

AH c2:10-6

5D c3x10-63

5H c3:10-6
3

5D (9 10~'
2

5H e6x10-62

?L aEa10''

TIO c3 10-6

c1s10-6TKMQ

-6 -5-6 4. .y g,3o 3, ,3 g94 0-7 g,3 o g,3 o ,,,o.7 ,,

101

10'4_

10-5_

10-'_

10

10-s

Note: The probabilities for each release category are the
summations of values of the dominant accident sequences
plus a 10% contribution from the adjacent release cate-
gory probability. Categories 1, 4, and 5 are totally
dominated by sequences in other categories due to
this smoothing.

Figure 6-2. Surry Dominant Accident Sequences
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1. INTRODUCTION

The Oconee LOCA event tree is shown in Figure Al-1. For

comparison, the Surry LOCA cvent trees are shown in Figures Al-2,

3, and 4. A discussion of the functions the Oconec plant systems

perform following a LOCA and the criteria which defines function

success is discussed in Section 2.1. The Oconee LOCA system event

tree is explained in detail in Section 2.2. Following, in Section 3,

a comparison of the Oconee and Surry LOCA event trees is made.

2.0 OCONEE LOCA EVENT TREES

2.1 Event Tree Functions and Functi.onal Success Criteria

There are four basic functions which the Oconeo safety systems

perform given a LOCA:

1) render reactor subcritical

2) provide emergency core cooling

3) prevent containment overpressure failure due to steam

evolution

4) remove radioactive materials from containment atmosphere

Except for the first function which must be performed immediately

following a LOCA, each of the remaining functions can fail either

during the injection phase (water drawn from BWST) or after the

switch over to the recirculation (water drawn from containment

sump) phase for a sustained protection. This results in seven

functions involving the success or failure of various safety

systems.

Al-3
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The combinations of plant systems which are required to

successfully perform these functions for a variety of LOCA sizes

will now be discussed. Refer to Table Al-1 for a summary of this

di s cus sion.

2.1.1 Reactor Subcriticality Success Criteria

To halt the fission process and thus achieve reactor subcriti-

cality following small LOCAs, the Reactor Protection System (RPS)

is required to insert its control rods into the core. For LOCA

sizes greater than about 6" in diameter, however, the reactor is

automatically rendered suberitical due to core voiding caused by

the LOCA and subsequent core reflood by borated water from the core

flood tanks or emergency core cooling system. These larger LOCAs,

therefore, do not require the RPS.

Based on discussions with designers of the Oconee reactor

RPS, successful reactor suberiticality can be achieved for small

LOCAs by the insertion of at least half of the control rod groups

into the core.

2.1.2 Containment Overpressure Protection From Steam Evolution

Success Criteria

This is stated in 6.2.3 of the FSAR, Design Evaluation of the

Reactor Building Spray System (p. 6-18) as follows: "... redundant

alternative methods to maintain containment pressure at a level

below design pressure. Any of the following combinations of equip-

ment will provide sufficient heat removal capability to accomplish

this:

.-
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a. The reactor building spray system alone.

b. Three cooling units alone.

c. Two cooling units and the reactor building spray system

at one-half capacity (one spray pump train)."

The air cooling units require operation of the Lcw Pressure

Service Water System (LPSWS). The FSAR states (p. 9-32) "The

LPSWS requirement following a loss of coolant accident can also be

supplied by one pump."

This criteria for success has been found in subsequent'research

by Battelle Colum; bus Laboratories to be overly conservative. Their

research has shown that one spray train or one fan cooling unit

will provide adequate pressure control during the injection phase.

Battelle has also shown that one containment spray train operating

in conjunction with one low pressure recirculation train and one

low pressure service water train can provide adequate pressure

control during the recirculation phase (the spray flow is cooled

by mixing with the LPRS flow in the sump). One fan cooling unit

will also provide adequate containment pressure control during the

recirculation phase. This more realistic criteria will therefore

be used. Refer to Section 6.0 in Appendix C.

2.1.3 Post Accident Radioactivity Removal Success Criteria

In addition to its depressurization function, the containment

spray system scrubs the containment atmosphere of radioactive

materials. The operation cf one spray subsystem is adequate to

perform this function during both the injection and recirculation

phases.

Al-5



2.1.4 Emergency Core __ Cooling Success Criteria

The FSAR states on page 14-57:

"The high-pressure injection system, with only one pump

operating, can protect the core for leaks up to 4 in. in

diameter. A combination of one high-pressure and one low-

pressure injection pump will protect the core for leaks up

to 10 in. in diameter, (0.5 ft2) whereas, one high-pressure

and two low-pressure pumps provide protection for leak areas

up to 1 ft2 For larger break areas, the operation of one

high-pressure injection pump, one low-pressure injection

pump, and the core flood tanks provides the coolant necessary

to keep the core protected."

These FSAR criteria constitute the success criteria for
emergency core cooling during the injection phase for the entire

spectrum of reactor coolant system break sizes.

For the smallest break range,during the early recirculation

phase, the operation of one high pressure train, which draws from

the discharge of one low pressure train, provides adequate core

cooling. For the larger breaks, the system depressurize3 to a

low enough level so that the operation of one low pressure train

is all that is required.

2.2 Event Tree Definitiens and Tree Development

The Oconee LOCA event tree is displayed in Figure Al-1. The

systems which perform the seven functions make up the event tree

headings. Dependencies among these systems dictate the event tree

structure. A single LOCA event tree is an adequate representation

Al-6
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for the entire spectrum of break sizes, since the tree structure

and tree headings are identical for all breaks. Ilowe ve r, some of

the tree headings definitions do differ. A discussion of the

heading definitions and tree structure follows.

2.2.1 Events A, S1, S2, S3 - Breaks in the Reactor Coolant
'

System (RCS)

The LOCA initiating events are due to random ruptures of the

RCS, which fall in the.following break size ranges:

LOCA Equivalent Diameter (D)
4

A D)13.5"
,

Si 10"<D<13.5"

S2 4"<D110"

S3 D14"

In addition to random ruptures, LOCAs can be transient

induced. This latter type is caused by the failure of an RCS

relief valve to reclose after being demanded in response to a

transient. This LOCA would fall in the S3 LOCA break size range.

2.2.2 Event K - Reactor Protection System (RPS)

The definition is the same as the reactor suberiticality

function given in Section 2.1.1.

The RPS is given a success / failure choice following S2 and S3
LOCAs. There is no choice following Si and A LOCAs. This is

because the operation of the RPS doesn't matter since the reactor

is already suberitical due to the initiating event.
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2.2.3 Event C - Containment Spray Injection _ System (CSIS)

This system is known as the Reactor Building Spray System at

the Oconee plant. It delivers spray to the containment to remove

radioactive material from the containment atmosphere during the

period af ter the RCS break and can have some af fect on radioactive

material after melt occurs. The spray system provides one means

of reducing containment building pressure buildup eaused by blow-

down energy, protecting against containment failure. The CSIS

consists of dual redundant spray headers and pumps that deliver

cool water from the borated water storage tank (BWST). Successful

CSIS operation requires flow from one of two pump trains.

The success or failure of the CSIS does not depend on the LOCA

size or RPS and thus, a success / failure choice is always given.

2.2.4 Event Y - Reactor Building Cooling System (RBCS) During

Injection Phase

This system draws the containment atmosphere past cooling

coils which are cooled by the low pressure service water system

to remove heat from containment. It is thus a means of reducing

containment building pressure buildup caused by blowdown energy,

protecting against containment failure. The RBCS consists of three

air fans and associated coolers. During normal operation the system

is in a partial use mode for normal building cooling. The system

is automatically turned on full in case of an accident. Successful

operation requires cooling from one of three fan units.

The success or failure of the RBCS does not depend on any

events proceeding it so a success / failure choice is always given.

Al-8
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2.2.5 Event D - Emergency Coolant Injection System (ECIS)

The ECIS is a group of three subsystems that operate in

different combinations to prevent core damage for various break

sizes. These subsystems are the core flood system (CFS), the high

pressure injection system (HPIS), and the low pressure injection

system (LPIS). The CFS consists of two core flooding tanks which

automatically deliver borated water to the reactor vessel when

system pressure is below 600 psig. The LPIS and ilPIS consists

of three pumps each, which deliver water to the vessel from the

BWST. Successful operation of the ECIS as a function of break

size requires the following combinations of subsystems:

LOCA Functional Success

A 2 of 2 CFS
and

1 of 3 II?IS
and

1 of 2 LPIS

Si 1 of 3 HPIS
and

2 of 2 LPIS

S2 1 of 3 HPIS
and

1 of 2 LPIS

S3 1 of 3 HPIS

This combination of equipment is required if the RPS (event K)

succeeds. If RPS does not succeed, the following defines success:

LOCA Functional Success

A Same as before

S1 Same as before

Al-9



LOCA Functional Success (Cont.)

2 of 3 IIPISS2
and

1 of 2 LPIS ,

and
>720 gpm from emergency

feedwater system

2 of 3 HPISS3
and

>720 gpm from emergency
,

feedwater system

The success or failure of the ECIS does not depend on any

events preceeding it, so a success / failure choice is always given.

2.2.6 Event F - Containment Spray Recirculation System (CSRS)

This is the recirculation mode of the containment spray system

and uses most of the same equipment as the CSIS. Its two pump

trains recirculate sump water to the containment spray headers

to provide for long-term containment overpressure protection and

radioactivity removal. Successful CSRS operation requires flow

from one of two pump trains.

Since the CSIS and CSRS share most of the same equipment,

failure of the CSIS precludes success of the CSRS. Therefore, no

success / failure choice is given for event F, given the failure of

event C.

2.2.7 Event Z - RECS During Recirculation Phase

The system and its requirements for success are identical to

event Y previously discussed. No change of system operating state

is the case with the containment spray and emergencyis r eq ui red , as

core cooling systems, which must be realigned from the BWST to the

surp at the start of the recirculation phase. All that is required

(

.

I

i
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is the continued operation of the RBCS. This event is included

in order to discern RBCS failure, which occurs during the recircu-

lation phase. Since the timing of this system's failure can affect

the consequences of an accident s equence , event Z was included.

Since the RBCS is represented by both events Y and Z, failure

of event Y precludes success of event Z. Therefore, no success / failure

choice is given for event Z given the failure of event Y.

2.2.8 Event H - Emergency Coolant Recirculation System (ECRS)

The high pressure recirculation system (HPRS) and low pressure

recirculation system (LPRS) provide for recirculation of coolant

in the RCS following a rupture. For small breaks, recirculation is

accomplished by the LPRS drawing from the sump and delivering to

the suction of the HPRS punps, which in turn deliver to the core.

(It should be noted that the HPRS requires successful LPRS operation.)

For larger breaks, the RCS pressure is low enough so that the HPRS

is not required and thus, the LPRS delivers to the core. The HPRS

and LPRS represent the recirculation modes of the HPIS and LPIS

realigned to take coolant from the sump rather than from the BWST.

Succeas of the ECRS requires the following cornbinations of subsystems

as a function of LOCA size:

LOCA Functional Success

A 1 of 3 LPRS

Si 1 of 2 LPRS

S2 1 of 2 LPRS

S3 1 of 2 LPRS
and

1 of 3 HPRS

Al-ll



Since the HPIS/HPRS and LPIS/LPRS share most of the same

equipment, failure of the HPIS and LPIS precludes success of the

HPRS and LPRS. Therefore, no choice is given for event H given

the failure of event D. (It was assumed, though not entirely

correct, that failure of event D implies failure of event H. It

can be noted by referring to Section 2.2.5, for example, that for

an A LOCA, event D could fail due to failure of the CFS only. If

this event D failure mode occurs, event H would not be precluded.

This assumption was also made in the RSS.)

2.2.9 Event G - LPRS Heat Exchange (LPRSX)

As discussed in Section 2.1.2 of this appendix, there are two

methods of providing containment overpressure protection during the

recirculation phase of a LOCA.

The first method requires successful operation of 1 of 3

Reactor Building Cooling System fan trains. Failure of containment

overpressure protection during recirculation by this method is

represented by Event Z on the LOCA event.

The second method of containment overpressure protection during

recirculation requires successful operation of 1 of 2 CSRS trains
and 1 of 2 LPRS trains and the Low Pressure Service Water System

(LPSWS) train associated with the operating LPRS train. Containment

overpressure protection is achieved since the CSFc will condense
steam in the containment and heat will be removed by the LPRS heat

exchanger and LPSWS.

Event G represents failure of both LPRS trains or their

associated LPSWS trains to provide cooling using the LPPS heat

exchangers. Success / failure choices for Event G are only given

Al-12
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when the RBCS has failed (events Y or Z) and the CSRS and ECRS

have succeeded. This information reflects the fact that if the

RBCS succeeds, containment overpressure protection using the CSRS
,

and LPRS is not required. Also, if the CSRS and ECRS (of which

the LPRS is part of) have both failed (events C, F, D, or H), then

containment overpressure protection as described by the second

method is assured to fail.

3.0 COMPARISON OF OCONEE AND SURRY LOCA EVENT TREES

The RSS constructed three LOCA trees representing plant response

to three different break size ranges for the Surry reactor (see

Figures Al-2, 3, 4). Due to substantial differences in event tree

structure and the event tree headings, a slingle LOCA tree was not

an adequate representation of the plant response and thus, three

trees were created. For the Oconee reactor, as discussed previously,

one tree was an adequate representation.

Due to plant design differences, events Y and Z appear only

on the Oconee event tree. These events represent the RBCS which

is a system not present at Surry. Likewise, the Surry event trees

included an event I, the sodium hydroxide addition system; a corres-

ponding system does not exist at Oconee.

The Surry event trees include an event depicting the loss of

electric power, event H. Since the electric power systems do not,

in themselves, perform a post accident mitigating function, it

was decided to incorporate these systems into a special initiating

event. The Oconee Ti(B3) sequences are those where.offsite power is

lost and the emergency AC sources fail (diesels, hydros, etc). This

serves to simplify the Oconee event tree structure.

Al-13
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The Surry A LOCA tree had an event called emergency cooling,

functionability, event E. This event represented those occasions

when ECIS operates, but the core was uncoolable (e.g., failure of

core supports resulting in an uncoolable geometry, steam binding

from excessive secondary side steam leakage, etc.) This event

was based on conservative assumptions regarding lack of function-

ability. It was .;ot included on the Oconee trees because it is a

relatively small contributor to core cooling failure when compared

with the unavailability of the ECIS itself. If it were included,

the event tree structure subsequent to its success / failure would

be identical to that already represented by the structure subsequent

to event D. Eliminating event E, therefore, simplifies the event

tree structure and was removed on the Oconee tree.

The Surry S2 LOCA tree has an event L which is not present on

the Oconee tree. At Surry for a sr.all LOCA, the RCb must be

depressurized by the Auxiliary Feedwater System (AFWS) so that the

ECIS can operate. At Oconee the ECIS produces an adequate pressure

head such that the AFWS is not r equired.

And finally, the Surry event trees treated LOCAs initiated

by transients (e.g., stuck open RCS relief valves) directly on the

transients event tree and assumed they were core melts. The Oconee

transient event tree treats these sequences as special events (see

Appendix A2). Once that it is determined that the transient has

become a LOCA, the sequence is no longer continued on the transient

tree, but is analyzed as an S3 LOCA on the LOCA tree.

Al-14
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Table Al-1. Alternate Equipment Success Combinations for Functions
Incorporated into the Oconee LOCA Event Tree- s

Injection Phase Recirculat'on Phase

1DCA Reactor Containment Conteinment s

Size Subcriticality Overpressure Post Accident Emergency Overpressure Post Accident Emergency

Protection Radioactivity Core Protectiorn Radioactivity Core
l

Due to Steam Removal Cooling Due to Steam R(*2 ova l Cooling

Evolution Evolution

0-4" 3 Control Rod''i/2 Contain- 1/2 CSIS 1/3 High 172 Conta S 1/2 CSRS 'I73 High
(0 .087 Groups ment Spray Pressure ment. Spray Pressure

3) Inserted Into Injection Injection Recite. Recirc.
ft
S LOCA Core by the (CSIS) OR . (HPIS)3 (CSkS) with (HPRS)2

'-
,

3 Reactor Pro- 1/3 Reactor the LPRS with

tection System Bldg. Fan heat exchan- Associated
LOW(RPS) Coolers ser Pressure !, (RBCS OR~ Recirc. .,- %

1/3 RBCS (LPRS)

f/2 LPRS. s

4"-10" 1/3 HPIS i+

AND(.087-
.55 ft2) 1/2 Low ,

LOCA Pressure s

S2 injection
(LPIS) "~ ~ ' "

.

*'

1/3 HPIS' '10"-
AND13.5"D'

2/2 LTIS
-

(.g5-1.0
ft )
S LOCAg

1/3 HPIS'
_

(ej.O and 1/2
ft ) LPIS0 > 13.5" and

%/ 4' _y |%, %d 2/2 CFT'A' LOCAg

Duke Power hasThe ECCS success criteria utilized in this study was taken from the FSAR.I

recently proposed an alternate criteria. The Duke criteria iss 1/3 HPIS for <4" breaks,

1/2 LPIS and 2/2 CFT for 10" breaks.
1/3 HPIS and 1/2 LPIS and 2/2 CFT for 4"-10" breaks,this criteria would not change significantly the results of this stady.
Utilization of

(the pump design ternp
It is assumed that the HPRS pumps can operate at greater than 2000 fin some sequences, water temperatures of greater than 2000F may occur(i.e.,

is 200oF).success of ECR with the LPRS heat exchangers unavailable).

See Table 4-3 for variation depending on success or failure of event K.3
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Figure Al-1. Oconee LOCA Event Tree

1See discussion given in Table 4-12.
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L* 9e EP CSIS ECl ECF CSRS CHRS LPRS SHA
LOCA SEQUENCE

B C D 'E F G H I4

1. A,

3
2. Al

3 AH,

I 4. AH1

5 AG,AHG,

6. AGl. AHGI'

7. AF, AHF
,

' 8. AFI, AHFI
9. AE,

' 10. AEI
11. AEG,

' 12. AEGI

13. AEFi

' 14. AEFI
15. AD,

' 16. ADI
17. ADG,

' 18. ADG1
19. ADF,

' 20. ADFl
( 21. AC,

' 22. ACI
23. ACH,

' 24. ACHI
25. ACG,ACHG,

a 26. ACGI,
Yn ACHG|

27. ACF. ACHF
, 28. ACE
' 29. ACEI

30. ACEGi

' 31. ACEGI
32. ACEF
33. ACD,

' 34 ACDI
No 35. ACDG,

3 36. ACDGI
37. ACDF
38. A8

Figure Al-2. RSS PWR Large LOCA Event Tree
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1 St,
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' 8 StF I, S tHFi

9 StD-
'

10 SIDI
11 StDG_

>

I 12 SIDGI
12 510Fi

' 14 SIDFl
i 15 SIC
', 16 StCt

17 StCH
18 SiCHt'

19 SICG,

' 20 S CGIt

21 StCF

22 StCD,

' 23 SICDI
24 S tCDG,

' 25 StCDGI
26 StCDF

" 27 StK-
' 28 StKl
1 2'J S1KG' 30 St KGI

31 StKF,

' 32 StKFI
33 StKC

34 S1KCGNo

35 StKCF

36 stb

37 StBK

Figure Al-3. RSS PWR Small (Sy) LOCA Event Tree
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EP RPS CSIS ECl CSRS CHRS ECR SHALOC p

S2 B K L C D F G H I

i 1 S 2'
2 S ''2

i 3 SH2'
4 5 HI2
5 S 0' S HGi 2 2'
6 S OI' 3 HGI2 2
7 S F,S HF

2 2,
'

8 S FI, S HFI2 2
9 SD, 2'

10 S DI2
11 S DG, 2'
12 S DGI2
13 S DFi 2

' 14 5 DFI2

15 SC;. 2
16 S CD2

i 17 S'2'
18 S LI2
19 S LGi 2

'

20 5 LGI2
21 S LF2,

'
Yes 22 S LFI2

23 S LC
J 2

24 SK, 2
"- '

25 S KI2
26 S KO, 2

I 27 S KGl2''
28 S KF

, 2
ijp 29 S KF12

30 S KC2
31 S3No , 2'
32 S BK2

Figure Al-4. RSS PWR Small (S7)-LOCA Event Tree
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1.0 INTRODUCTION

The Oconee transient event tree is shown in

Fig ure A2-1. For comparison, the Surry transient event

tree is shown in Figure A2-2. A discussion of the func-

tions the Oconee plant system perform following a trans-

ient and the criteria which defines f unction success is

discussed in Section 2.1. The Oconee transient system

event tree is explained in detail in Section 2.2. In

Section 3, a comparison of the Oconce and Surry transient

event trees is made.

2.0 OCONLE TRANSIENT EVENT TREES

2.1 Event Tree Functions and Functional Success Criteria

In response to a transient, the Oconee reactor systems

perform the following f unctions during the early phase of

reactor shutdown:

1) render reactor subcritical

2) prevent reactor coolant system (RCS) ove rpress ure

3) provide RCS integrity

4) provide core cooling

Reactor suberiticality must be achieved immediately

following the transient. RCS overpressure protection is

required if a delay is experienced in achieving core cooling.

RCS integrity is required to prevent a small small (S3) LOCA
af ter the successf ul performance of the RCS overpressure

protection function. According to Babcock and Wilcox, core cooling

must be provided within 30-40 minutes to prevent core damage.

,
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The functions stated above are required to bring the |

P ant to a hot shutdown condition. Since Oconee can bel

maintained in a hot shutdown condition without threatening

a core melt for an extended period of time, the above

f unctions are an adequate representation of the important

Oconee PWR transient f unctions.1

If successful mitigation of the transient cannot be

achieved and a core melt ensues, the following plant

f unctions can aid in lessening the consequences of the

accident:

5) radioactivity removal f rom the containment
atmosphere

6) containment overpressure protection from
steam evolution

The combinations of plant systems which are required

to successf ully perform these f unctions for a variety of

transients will now be discussed. Refer to Table A2-1

for a summary of this discussion.

2.1.1 Reactor Subcriticality Success Criteria

To halt the fission process and thus achieve reactor

suberiticality following transients (non-LOCA induced),
the Reactor Protection System (RPS) is required to insert

its control rods into the core.

1. It should be noted that during the feed and bleed method
of core cooling containment overpressure protection from
steam evolution is required.
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Based on discussions with designers of the Oconee

reactor and RPS, successful eactor subcriticality can be

achieved for transients by the insertion of > 6 control

rod groups into the core.

2.1.2 Core Cooling Success Criteria

After achieving reactor suberiticality, post shutdown

decay heat must be removed from the reactor coolant system.

This is normally accomplished by delivering approximately

6 percent of full feedwater flow to the steam generators

and boiling off of this water to the condenser or to the

atmosphere via the secondary safety / relief valves. If,

however, the shutdown involves a loss of the power conversion

system, several backup decay heat removal systems may be

utilized.

The first backup system is the emergency feedwater

system. This system consists of two 100 percent capacity

electric driven pumps and one 200 percent capacity steam

driven pump. Successful emergency feedwater system

operation requires flow from the turbine driven pump to

at least one steam generator or from one motor driven

pump to its associated steam generator.

Another backup system is the high head auxiliary

service water system. Success of this system requires

flow from the single pump to one of two steam generators.

Based on discussions with plant personnel,-this system
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would only be utilized if all onsite and offsite AC power

were unavailable.

If all methods of achieving decay heat removal via

the steam generators are unavailable, decay heat may also

be removed directly from reactor coolant system. This

may be accomplished by establishing a " feed and bleed"

operation. Success of this method requires the flow from

one of three high pressure injection pumps and boiloff

of the reactor coolant system water through the pre. ar-

iter relief valves.

The four methods of core cooling discussed thus far

have assumed that reactor suberiticality was achieved.

If reactor subcriticality is not achieved, and a failure

of the power conversion system also occurs, a RCS pressure

of approximately 4000 psi may occur _(see NUREG 0460).

If the RCS does not rupture, analysis by Battelle Columbus

Laboratories has shown that the core can be successfully

cooled with the operation of one of three high pressure

injection pumps and the emergency feedwater system.

2.1.3 Reactor Coolant System (RCS) Overpressure
Protection Success Criteria

For those reactor shutdowns in which reactor sub-

criticality is achieved immediately and core cooling via

the steam generators is achieved within approximately 15-20

minutes, RCS overpressure protection is r.at required.

|
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For these transients the surge capacity of the pressurizer'

would suffice to accept the transient event with only a

small surge in the pressure occurring. For more severe

transients, such as those involving failure of the RPS to

terminate core power, the operability of the pressurizer

safety / relief valves would be required to prevent a

potential rupture of the RCS.

Two RCS pressurizer safety valves and one solenoid

operated relief valve are provided for the Oconee reactor.

For those anticipated transients where the RPS operates,
<

operation of only one of the two pressurizer safety valves

would limit the RCS overpressure transient to less than

110 percent of RCS design pressure.

For those anticipated transients without scram ( ATWS),

all three valves are needed to limit RCS pressure to less

than 150 percent of the design pressure (Reference 4 ) .

It is not clear whether this requirement can be met

(e.g. NUREG 04 60 quotes peak RCS pressures in the neighbor-

hood of 4000 psi).

2.1.4 RCS Integrity Success Criteria

The RCS pressurizer safety / relief valves that open as

a result of a transient event must all reclose to prevent

a discharge of an excessive quantity of coolant from the

RCS. Otherwise, a valve sticking open following the

transient event of interest would result in a loss of cool-

ant event covered in small small (S ) LOCA sequences.
3
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2.1.5 Containment Overpressure Protection from
Steam Evolution Success Criteria

It is stated in 6.2.3 of the FSAR, Design Evaluation

of the Reactor Building Spray System (p. 6-18), that:

redundant alternative methods exist to maintain containment

pressure at a level below design -pressure. Any of the

following combinations of equipment will provide sufficient

heat removal capability to accomplish this:

a. The reactor bui. :.ng spray system alone.

b. Three cooling units alone.

c. Two cooling units and the reactor building spray

system at one-half capacity (one spray pump train).

The air cooling units require operation of the Low

Pressure Se rvice Water System (LPSWS). The.FSAR states

(p. 9-32) that the LPSWS requirement following a loss of

coolant accident can also be supplied by one pump.

This criterion for success has been found in subsequent

research by Battelle Columbus Laboratories to be conservative.

Their research has shown that one spray subsystem or one

fan cooling unit will provide adequate pressure control

if required following a transient initiating event.

This more realistic criteria will therefore be used.
It should be noted that containment overpressure protection

following a transient is required during the " feed and

bleed" core cooling method or during a core meltdown.

|
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2.1.6 Post Accident Radioactivity Removal Success Criteria

In addition to its depressurization f unction, the

containment spray system scrubs the containment atmosphere

of radioactive materials. The operation of one spray sub-

system is adequate to perform this f unction during the " feed

and bleed" core cooling method or during a core meltdown.

2.2 Event Tree Definitions and Tree Development

The Oconee transient event tree is displayed in

Figure A2-1. The systems which perform the six functions

make up the event tree headings. Dependencies among

these systems dictate the event tree structure. A single

transient event tree was deemed to be an adequate represen-

tation for all transient initiating events considered. A

discussion of the heading definitions and tree ctructure

follows.

2.2.1 Events T11_T2, T3 - Transients Requiring a Rapid
Reactor Shutdown

The same three transients chosen in the RSS were

also chosen to represent a spectrum of transient initiators

at Oconee. These were designated:

T1 - Reactor shutdown initiated by a loss of
of f site power

T2 - Reactor shutdown initiated by a loss of the .

power conversion system caused by other than
a loss of of f site power

T3 - Reactor shutdown ialtiated by other causes in
which the power conversion system is initially
available
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2.2.2 Event K - Reactor Protection System (RPS) .

The definition is the same as the reactor subcriticality function

given in Section 2.1.1.

The RPS is given a success / failure choice following all three

transients.

2.2.3 Event M - Uninterrupted Operation of the Power Conversion
System (PCS)

One of the main functions of the PCS at Oconee is to

provide feedwater to the steam generators during normal

operation. Following a reactor trip the system'is also

capable of delivering feedwater at a lesser rate to provide

the function of decay heat removal. This is accomplished

by throttling the power conversion system feedwater flow

to approximately 6 percent and allowing this water to

boiloff to the condenser or atmosphere.

One method of successful PCS decay heat removal at

Oconee can be accomplished by delivering steam generator

feedwater with one of two high pressure steam driven feed-

water pumps. If these pumps are lost, an alternate method

requires the steam generator pressure to be reduced by the

operator and feedwater delivery provided by a combination

of one of three low pressure electrically driven hotwell

pumps and one of three low pressure electrically driven

condensate booster pumps. In both modes of operation

the heat sink is either the condenser or the secondary

steam system safety valves.

A2-10
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Successful PCS operation following a T transient
3

initially requires the automatic throttling of the feedwater

flow by the Integrated Control System to approximately 6

percent. Once this has been accomplished, all that is

required is the continued operation of the feedwater system.

Continued operation is estimated to fail with a probability

of 10- based on RSS insight.

In response to a loss of feedwater transient caused by

a hardware problem (T2) r a 1 ss of offsite power (Ty),
successful feedwater operation requires the recovery of the

system. (Recovery of the PCS is modeled as part of event L,

but will be described here.) In order to recover following

aT initiator, offsite power must be restored followed byy

several operator actions to regain the PCS. In order to

recover following a T initiator, the problem must be assessed
2

and corrected. Based on discussions with plant personnel,

roughly 90% of the T type transients could be expected to
7

be recovered within 30 minutes. No estimate was given follow-

ing T transients and, thus, no credit was conservatively giveny

for PCS recovery within 30 minutes. (Refer also to the dis-

cussion of the PCS in Chapter 3 of the main report.)

The PCS is given a success / failure choice following

all three transients. However, since the PCS will be inter-

rupted by T and T transients, event M will always followy 2

these initiators.

2.2.4 Event L- Emergency Feedwater System (EFS)/
High Head Auxiliary Service Water System (HHASWS)/
PCS Recovery

In the event of a PCS interruption, decay heat may be

removed via the steam generators by the EPS or HHASWS. The EFS

consists of separate steam generator feed trains supplied by

' A2-ll
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two 100 percent capacity-motor driven pumps and/or one 200

percent capacity turbine driven pump, and a combined suction

source. The HHASWS consists of a single 2250 gpm motor driven

pump which has the capacity of providing adequate shutdown

cooling to the steam generators of all three Oconee units simul- |

taneously. Following a loss of the PCS, the-EFS is initiated

automatically. If the EFS is also unavailable, the operator

may initiate the HHASWS remote manually. Based on discussions

with plant personnel, the HHASWS would only be utilized if all

onsite and offsite AC power was unavailable (i.e., Ty (B )3
transients discussed in Appendix B1, Section 5.1). Credit is

# transientstherefore not given to this system for T1, T2' 3

in which either offsite or onsite AC power is available.

Successful EFS operation requires the attainment of flow

from the turbine driven pump to at least one steam generator

or from one motor driven pump to its associated steam gen-

erator. Successful HHASWS operation requires the delivery
,

of 500 gpm from the single motor driven pump to one of two

steam generators.

If the EFWS and HEASWS are unavailable, the operator will

attempt to restore the PCS. (Refer to discussion of PCS recovery

in event M.)

Uninterrupted operation of the PCS makes operation of

the EFS or HHASWS or recovery of' the PCS unnecessary. Thus,

success / failure choices for the EFS and HHASWS are given only

on sequences involving PCS failure.

2.2.5 Event P - Safety / Relief Valves Demanded (SR/ Demand)y

Prior to the accident at Three Mile Island the pressur-

A2-12
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izer pilot operated relief valve (PORV) was demanded to open

on most reactor trips. Following the accident, the pressur-

izer relief valve actuation setpoints and reactor trip set-

points were changed such that the pressurizer relief valves

(one PORV and two code safeties) are now not meant to be

demanded following a reactor trip if successf ul core cooling

via the steam generators is established within approximately

15 minutes. If core cooling via the steam generators is

delayed past this time the RCS pressure will rise to the

demand setpoint of the pressurizer relief valves (the PORV

being demanded first and closely followed by the demand

of the two code safeties). Besides a core cooling delay,

the relief valves could also be demanded due to a low

miscalibration of the valve setpoints.

Success of " safety / relief valve demand" '(event P1) is

defined as the probabilistic demand of the pressurizer

safety / relief valves given a transient in which successful

core cooling via the steam generators has been established.

This demand probability ( .01/ reactor trip) was rouchly

estimated based on PWR operating experience reported in

NUREG-0611 and NUREG-0635 for Westinghouse and Combustion

Engineering reactors respectively. This was done because

no data exists for B&W reactors following the post TMI

changes to the reactor trip and relief valve actuation

se tpoin ts .
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A success / failure choice only appears on sequences

in which the RPS and EFS/PCS Recovery both succeed. If either

the RPS or EFS/PCS Recovery fail, no choice is given since

the relief valves will definitely be demanded. 'If the RPS

succeeds and the PCS is uninterrupted (KE), Eno choice is given

because it is assumed the relief valves will not be demanded.

2.2.6 Event P - Safety / Relief Valves Open (SR/VO)
2

The definition is the same as the RCS overpressure

protection function given in Section 2.1.3.

Success / failure choices appear in all sequences in

which the pressurizer safety / relief valves are demanded

open (refer to discussion of event P in Section 2.2.5) .
l

2.2.7 Event Q - Safety / Relief Valves Reclose (SR/VR)

The definition is the same as the RCS integrity

function given in Section 2.1.4.

Success / failure choices appear in all sequences in

which the pressurizer safety / relief valves successfully

opened. An exception to this is the accident sequence in

which the reactor protection system and all steam generator

core cooling fails (KML). For.this sequence it is assumed

that the safety / relief valves will remain open through

core meltdown due to the high RCS pressure. It should be

noted that if the pressurizer PORV fails to reclose, it can

be isolated by a block valve in series with this valve. The

pressurizer safety valves do not have block valves.

2.2.8 Event U - High Pressure Injection System (HPIS)

If all methods of achieving decay heat removal via

the steam generators are unavailable (events M and L) core

cooling can be accomplished with the high pressure injection

A2-14
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system. This requires the operator to establish a " feed

and bleed" operation. Success of this mode of core cooling

requires the flow from one of three high pressure injection

pumps and boil off the RCS water through the pressurizer

relief valves.

The " feed and bleed" operation is represented by the

HPIS success / failure choice on the accident sequence in

which the RPS succeeded, PCS failed and EFS failed (events

K, M, a nd L, respectively). If the RPS and PCS 'f ail, the

emergency feedwater system and the high pressure injection

system must both succeed in order to cool the core (refer

to Section 2.1.2). .This is the reason for the HPIS success /
failure choice following events K, M, L.

2.2.9 Event O - Reactor Building Cooling System (RBCS)

This system draws the containment atmosphere past

cooling coils which are cooled by the low pressure service

water system to remove heat from containment. It is thus

a means of reducing containment pressure caused by steam

released into the containment during the " feed and bleed"

core cooling method (refer to Section 2.2.8, event U) or

during a core meltdown.

The RBCS consists of three air f ans and associated

coolers. During normal operation the system is in a partial

use mode for normal building cooling. The system is auto-

natically turned on full in case of an accident. Successful
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operation requires cooling f rom one of three fan cooler

units.

RBCS success / failure choices appear on all transient

sequences leading to a core melt. A choice is also given

on the transient sequences describing the " feed and bleed"

core cooling method (sequences 6, 7, and 8).

2.2.10 Event O' - Containment Spray Injection System

This system is known as the Reactor Building Spray

System at the Oconee plant. It delivers spray to the

containment atmosphere and reduces building pressure causedI

by steam released into the containment during the " feed and

bleed" core cooling method (refer to Section 2.2.8, event U)

or during a core meltdown. It can also have some af fect on

radioactive material release from the containment if a core

melt occurs. The CSIS consists of dual redundant spray

headers and pumps that deliver cool water from the borated

water storage tank (BWST). Successful CSIS operation requires

flow from one of two pump trains.

CSIS success /f ailure choices appear on all transient

sequences leading to a core melt. A choice is also given

on transient sequences describing the " feed and bleed" core

cooling method in which the RBCS has failed.

3.0 COMPARISON OF OCONEE AND SURRY TRANSIENT EVENT TREES

The RSS constructed a single transient event tree which

A2-16
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represented the plant response to a variety of transients for

the Surry reactor (see Figure A2-2). 'As discussed previously,

a single transient event tree'was also chosen to model

a spectrum of Oconee transients.

The Surry transient event tree included events U, the

chemical volume and control system, and event W, the

residual heat removal system. These systems were re]uired

to bring the plant from a hot shutdown to a cold shutdown

condition. Since Surry can remain in a bot shutdown

condition for an extended period of time without threatening

a core melt, these systems were not analyzed in detail

and were included on the event tree for completeness.

Oconee can also remain at hot shutdown for an extended

period. The equivalent Oconce systems were not modeled

on the Oconee transient event tree for purposes of -

simplification.

The Oconee transient event tree explicitly includes

systems related to containment response (event O and O').

The Surry transient tree did. include these systems. Success /

failure of these systems were implied, however, in the Surry

accident sequence results (refer to Table V3-7 of the RSS;

events C and F are t' = containment spray injection system

and containment spray recirculation system respectively) .

The Oconee event U represents the " feed and bleed" core

cooling mode of the high pressure injection system. The

Surry event U represents, as discussed earlier, the operation
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of the chemical and volume control system to bring the plant

from hot to cold. shutdown. The RSS assamed that a " feed

and bleed" core cooling method could not be achieved at Surry.

The Oconee Py event, which represents a probabilistic
demand of the pressurizer safety / relief valves, does not

appear on the Surry tree. The Surry event tree assumed that

the relief valves either were or were not demanded with 100

percent certainty.

And finally, the Surry event trees treated LOCAs

initiated by transients (e.g., stuck open RCS relief valves)

right on the transients event tree and assumed they were core

melts. The Oconee transient event tree treats these se]uences

as special events. Once that it is determined that the trans-

ient has become a LOCA, the sequence is no longer continued

LOCA on theon the transient tree, but is analyzed as an S3

LOCA tree.
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Table A2-1. Alternate Equipment Success Combinations for Functions
Incorporated into Oconee Transient Event Tree

Heactor Containment
Coolant overpressure

System (RCS) Protection Post-Accident

Core overpressure RCs Due to Steam Radioactivity

Sut>c r i t icalit y Cooling Protection Integrity Evolution Removal

_ 6 Control Rod Power Conversion 1/3 Safety / All Safety / 1/3 Reactor 1/2 Containment>

;roups Inserted System Relief Valves Relief Valves Building spray System

into Core by the Open When Reseat Cooling Sys- s/Recirculatior
Reactor Protection g Demanded tem Fan Trains

System
1/3 Emergency Feed- -

or

water System
1/2 Contain-

or ment spray
System w/Re-

Iligh Head circulation
Auxiliary
Service Water
System

E
1/3 iligh Pressure
Injection System

>
N
l

W
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l.C INTRODUCTION

The. systems interfacing'with the Reactos Coolant System

(RCS) in the Oconee Unit 3 plant which, if certain isolation
t,
'- failures occur, provide a flow path leading to an extra-con -

tainment ~LOCA, were reviewed and compared with the interfacing

systems in the similar PWR design (Surry) evaluated in the

Reactor Safety Study (RSS). The important interfacing systems

for both Oconee and Surry are described.and compared in Sections

2'through.4. A point' estimate probability of an Oconee inter-

facing systems LOCA is given in Section 5.

2.G. OCONEE INTERFACING SYSTEMS

2.1- Description

'

Three major' systems, external to the containment, inter-

facing either directly or indirectly with the Oconee RCS

are:

High Pressure Injection and Coolant Makeup System

Low Pressure Injection and Recirculation System'

Coolant Storage and Treatment System,

-- To b'e important to the overall risk, the interfacing system

must be susceptible to an extra-containment LOCA caused

' " by containment isolation failure. Of the above' interfacing
.

1

systems, only the LPIS meets this requirement because of

.its low prescure/ low temperature component design which

- interf aces directly with the high pressure /high temperature
u

RCS. The High Pressure Injection and Coolant Makeup System

is designed to. meet the RCS ' design environment and the

.

.y.

'

.

i-
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Coolant Storage and Treatment System intert' aces indirectly

with the RCS through low pressure / low temperature let-down

and quench tank components located within the containment.

The Oconee LPIS, shown schematically in Figure A3-1

consists of two independent and redundant flow loops containing

heat exchangers, served by three pumps with associated piping,

valving and control instrumentation. The system draws suction
from either the borated water storage tank, the containment

sump or one of the RCS hot legs. The system delivers flow

through the heat exchangers to the pressurizer spray line and

to the two core flooding lines between the core flooding tanks

and the core nozzles.

The LPIS suction line is isolated from the high pressure

RCS hot leg by a series of three electric motor operated valves,
one of which is interlocked with the RCS pressure instrumentation

to prevent inadvertent overpressurization through this line.
The two LPIS core injection lines are isolated from the high

pressure primary system by an electric motor operated isolation
valve and two check valves, one of which is common to the core

flooding system. The auxiliary spray cooling line is isolated

from the pressurizer by a check valve, a manual valve, and one

of the two electric notor operated injection isolation valves.

2.2 System Operation

Figure A3-1 shows the LPIS under normal reactor power

conditions. Automatic activation is initated by either a

RCS pressure of 500 psig or a reactor building pressure of
I

|

|
' A3-4
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4 psig. These signals open the borated water storage tank4

valves and initiate flow of service cooling water through
,

the LpIS heat exchangers. When the borated water storage

tank is approximately 941 empty the system is manually recon-
,

figured from the control room to permit circulation of spilled

water from the reactor building sump,to the core.
!

During normal reactor shutdown for refueling operations;

the LPIS may also be manually reconfigured to circulate reactor
,

coolant from one hot leg thru the heat exchangers to the core

and pressurizer for long term low pressure / low temperature

decay heat removal and pressurizer auxiliary spray cooling.

k System failures during this low pressure long term shutdown

operation, even if coolant spills outside of the containment,

i will present minimum hazards because the leakage can be quickly

i
stopped by closing the isolation valves. The most likely failure

of pump seals will result in small spillage in shielded com-

partments which drain to the waste disposal system.

The failure mode of concern, with primary risk impact,
3
'

is the f ailure of the high pressure isolation valves during

reactor power operation which could lead to rupture of the

low pressure injection system outside of the containment.<

These failures may occur in either one of the two redundant

low pressure injection lines, the single hot leg suction line
'

or the auxiliary spray cooling line which interconnects with

one of the injection lines. A quantitative evaluation of

these potential failure paths is provided in Section 5.

J
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At operating conditions, a quarterly test of the LPIS

injection isolation MOVs (LP-17, LP-18) is performed by

cycling them open and closed. This could provide a leak

status check on the outboard injection check valves ( LP-4 7,

LP-4 8 ) . This derives f rom the f act that during reactor

power operation a core flooding pressure of 600 psig exists
between the two check valves in the injection lines (Figure

A3-1). Should either check valve LP-47 or LP-48 be f ailed

when the isolation MOV is opened, the 600 psig would not

be great enough to fail the LPIS with its protective relief

valves and would serve as notice to operators to repair

this check valve. It has been subsequently learned f rom

plant personnel that prior to opening the isolation MOVs

(LP-17, LP-18) the MOVs upstream from them are closed (LP-12,

LP-14 ) . Since these valves are between the isolation MOVs

and the relief valves, the potential for checking the status

of the outboard check valve is lost.

A final assumption for the analysis was that if the out-

board check valve fails, the 600 psig accumulator pressure

would not f ail the 500 psig lines or valves.

3.0 SURRY INTERFACING SYSTEMS

As in the Oconee design, only one of several interfacing

systems includes a direct low pressure /high pressure RCS
p

interconnection' which would result in an isolation failure
induced extra-containment LOCA. This is the Residual Heat

Removal System (RHRS) aligned for low pressure emergency

coolant injection during reactor power operation. A schematic

.

A3-6 ,
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diagram of the Surry (LPIS) is shown in Figure A3-2. Six

isolation protected pipelines interconnect the LPIS with
1
' the RCS. These lines interconnect with each of the three

hot and three cold legs of the RCS. Based on the number of

valves in series and their normal positions, the cold leg

injection paths (two series check valves) are the greatest

risk contributors.

4.0 COMPARISON BETWEEN OCONEE AND SURRY INTERFACING SYSTEM

The LPIS aligned for cuergency core coolant injection

, during reactor power operation is the only significant

interfacing system in both the Oconce and Surry plants. The

dominant contributors to failure in the Surry LPIS involved

the 3 cold leg injection flow paths to the RCS, each of which

contains 2 check valves in series. The dominant failure

modes for each pair of valves included: 1) rupture-leak

and 2) leak-rupture. Leak-leak was climinated as a possible

failure mode because early detection could be made before any

serious problem arose. The probability of rupture-rupture

was not significant.

The use of a normally closed motor operated valve in

each of the two 10" Oconee LPIS injection lines (along

with two isolation check valves) makes the leak-leak failure
mode more likely because it may exist undetected during

power operation. The rupture-rupture failure probability

was an insignificant contributor to the total event V

probability. (See discussion of Sequence V in saain report. )

A3-7
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Isolation valve failures in the 1-1/2 inch pressurize r

spray header (LPIS interfacing) could also go undetected.
This will not result in loss of the LPIS, however, because

the flow through the 1-1/2" interf acing line is within the

capacity of the LPIS relief valves. Isolation of the primary

system can still be restored by closing a motor operated

valve.

The probability of occurrence for this accident is con-

siderably higher for Oconee d..e primarily to the inclusion
of the leak-leak failure mode in the probability assessment.

This failure mode is detectable at Surry but is not at Oconee and

dominates the Oconee interfacing systems LOCA probability.

5.0 OCONEE INTERFACING SYSTEMS EVALUATION

5.1 Event Tree Interrelationships

The event LPIS valve failure (event V) does not occur

on the LOCA or Transient Event Trees. The event tree, shown

in Figure A3-3 was developed in the RSS explicitly for this
event and applies also to Oconce. All four sequences result

in core melt; valve rupture is assumed to result in core

melt regardless of which other systems operate. The effect

of the other three systems, electric power, reactor protection,

and emergency cooling injection is merely to delay the

melt.

Electric power (event B) is necessary for the operation

of the high pressure injection portion of the eme rgency coolant

inject.: (event D). Operation of the ECI will delay core melt

A3-8
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until the borated water storage tank has been exhausted.

Reactor Portection System operation (event K) will only slightly

delay the melt.

5.2 Determination of Oconee Interfacing Systems LOCA Failure

Probability

Three failura modes have been identified for Oconee which
result in the sequence V (valve failure), extra-containment

LOCA:

A. Failure of two check valves and the isolation valve
in either one of the two independent low pressure

injection lines.

B. Failure of the one check valve, the manual valve and

the icolation valve in the low pressure auxiliary spray

cooling line.

C. Failure of the three isolation valves in the RCS hot

leg low pressure suction line.
.

Failure modes A and C above will result in a large extra-
*

centcinment LOCA because of the large pipe sizes. Failure modes

A and C are also important because they preclude successful LPIS

operation. Failure mode B will be constrained to a small

extra-containment LOCA (S ) by the 1-1/2 " diameter auxiliaryy

spray cooling line.

The dominant failure combinations for the low pressure

injection lines of the Oconee LPIS are described here. There

are three valves which isolate the LPIS from the high RCS

pressure. These include two check valves and a motor operated

valve (normally closed). The three valves are arranged in

A3-9



series as shown in Figure A3-1. The dominant failure mode

for these three valves would be undetected f ailure of both
check valves either by leakage or rupture, combined with

opening of the motor operated valve for quarterly testing.
There are four possible f ailure mode combinations

which dominate event V. For one train they are:

1) CF-14 CV Leaks; LP-4 8 CV Leaks; LP-17 MOV q

opened for Quarterly Test

2) CF-14 CV Leaks; LP-48 CV Ruptures; LP-17 MOV

opened for Quarterly Test

3) CF-14 CV Ruptures; LP-4 8 CV Leaks; LP-17 MOV

opened for Quarterly Test

4) CF-14 CV Ruptures; LP-4 8 CV Ruptures; LP-17 MOV

opened for Quarterly Test

The analysis was based on the following assumptions:

1) The two check valves in each train (i.e., CF-14, LP-48)

fail independently in time rather than sequentially in

time as was done in the RSS. The reasoning behind this

is that each check valve is pressurized by separate

sources (i.e., CF-14 by the RCS, LP-4 8 by the core

floeding tank).

2) Leak failures of concern are those caused by the failure

of the check valves to reseat af ter a semi-annual flow

test of the LPIS. These leaks are assumed to be large

enough to f ail the low pressure piping of the LPIS due

to a subsequent water hammer if both check valves are

subject to this failure and the MOV is opened. Other

|

|
i
i

i
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smaller leaks, are not deemed to fail the LPIS since the

associated flow rates and water hammer would not be severe

ci..agh to rupture the LPIS piping. The time of check valve

reseat leak failure is therefore the LPIS flow test.

3) The following are the failure rates used in the analysis:

g = 3 x 10-7/hr.P (Leak) =A

R = 1 x 10-8/hr.P (Rupture) =A

The assumption is that these failure rates apply equally

to the inboard and outboard check valves even though'they

are subject to a different pressure differential.

4) The check valve leak demand failure probability can be

1approximated by :

Pdg = P( Leak) x (YBS)

where YUS is the time (4380 hours) between LPIS flow

tests (or between shutdowns since this is when the LPIS

is flow tested). The reason for this approach is that

data does not exist for the rescat failure probability

of a check valve.

5) The probability of aequence V per year can be estilaated

by calcula .ing the probability per year of sequence V

banco on a 5 year average ,this approach was also taken

in the RSS). The reason for using this approach is that

1 See "PWR sensitivity to Alterations in the Interf acing System
LOCA," EPRI NP-262, September 1976, pg. 6.

A3-ll
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there appears to be no procedure for testing the integrity

of the check valves.

The failure probability estimate for each of the four

possible failure modes will be discussed separately. These

estimates will then be combined to yield the final assessed

probability of the Oconee interfacing system LOCA.

1) CF-14 CV Leaks; LP-48 CV Leaks; LP-17 MOV Opened for
Quarterly Test

An estimate of the 5 year failure probability for this

failure mode can be given as:

)]* [10(Pd )][10(PdgP(Leak-Leak) = g
_

1.7 x 10-4=

The factors of 10 originate from the fact that there are

10 LPIS flow tests in a 5 year period and therefore 10

opportunities for each check valve to fail to reseat.

It should be noted that in the RSS V assessment for

the Surry plant that leak-leak failures were not considered.

This is because early detection of this failure mode was

possible during RCS heat up due to the fact that the MOV was

in the normally open position and this failure would have been

sensed by instruments in the control room.

2) CF-14 CV Leaks; LP-48 CV Ruptures; LP-17 MOV Opened for
Quarterly Test

An estimate of the 5 year failure probability for this failure

mode can be given as

|
'
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P(Leak - Rupture) = [10 (Pd )]*[Ag g
LP-4 8

5.8 x 10-6=

where

5 = Time of 5 years or 4 3800 hours7

3) CF-14 CV Ruptures; LP-48 CV Leaks; LP-17 MOV Opened
for Quarterly Test

An estimate of the 5 year failure probability is

the same as for the leak-rupture. The re f ore :

P(Rupture-Leak) = 5.8 x 10-6,

4) CF-14 CV Ruptures; LP-48 CV Ruptures; LP-17 MOV
Opened for Quarterly Test

An estimate of the 5 year failure probability is:

. . . .

A 7P(Rupture - Rupture)= R 5 * R 5
CF-14 _ _ LP-4 7 .

= 1.9 x 10~7

The final assessment of the probability of event V

is found by summing the above failure mode probability esti-

mates, multiplying the sum by 2 because there are two MOV-check

valve trains, and dividing the sum by 5 to yield a per

year estimate. This can be stated in equation form as:

- -

P(V) ~ r P(L - L) + P(L - R) + P(R - L) + P(R - R)
3

- .

7.3 x 10-5/ reactor year= .
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1.0 INTRODUCTION

The Oconee Unit 3 Emergency Power System (EPS) was reviewed

and compared with the similar PWR design (Surry) evaluated in the

WASII-1400 study. The EPS designs for Oconee and Surry are described

in Sections 2 and 3 of this report respectively. A comparison of

the two emergency power systems is given in Section 4. EPS event

tree interrelationships are detailed in Section 5. Also included

in Section 5 is a point estimate of the EPS unavailability.

2.0 OCONEE EPS DEGCRIPTION

2.1 System Description

2.1.1 Station Emergency Power Systems

The emergency electric power system for Oconee is designed to

provide sufficient sources of, and feed path arrangements for,

AC power to ensure (1) continuous operability of 4160 volt ES buses

'

and the 600 volt and 208 volt ES auxiliary buses and (2) orderly

control of the reactor following a LOCA and/or loss of of f-site power.

The following power sources are available to supply emergency

power in the event of a LOCA:

(a) 23C kV and/or 500 kV transmission systems

(b) Two 87,500 KVA Keowee hydroelectric generators

(c) 100 kV transmission system from the Lee Steam Station

combustion turbine generators

(d) Either of the other two Oconee units.

The preferred switching order is (1) the 230 kV transmission network

through the unit startup transformers, (2) one Keowee hydro unit

B1-3
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through an underground circuit, and (3) the other Keowee hydro unit

through the overhead 230 kV circuit. Whenever the Keowce underground

circuit is unavailable, a circuit from the 100 kV transmission net-

work can be connected to standby buses and serve as an emergency

power source. A simplified schematic of the Keowee and Lee Steam

Station transmission circuits is shown on Figure B1-1.

The 230kV/500kV system serves as the second off-site circuit by

disconnecting the generator from the main 19 kV bus and energizing

the unit auxiliary transformer by backfeeding through the unit's

main step-up transformer.

Power from the two 87,500 KVA Keowee hydro generators,which have

a start-up time of 23 seconds, is supplied through two separate and

independent circuits. The power generated from one generator is

adequate to power the emergency loads for all three Oconee units

simultaneously. One circuit is a 4000 foot underground 3.8kV cable

feeder to a transformer at the nuclear station which supplies redun-

dant 4160 volt standby power buses. The second circuit is a 230kV

transmission to the 230kV switching station at the nuclear station

which supplies the unit's startup transformer. Each hydrogenerator

is connected to a common 230kV stepup transformer through a 13.8kV

metal-enclosed bus and synchronizing air circuit breaker. The 13.8kV

underground feeder is arranged with double air circuit breakers so

that it can be connected to either 13.8kV generator bus. At the

nuclear station a transformer converts the voltage to 4160 volts.

Both hydro units are served by a common tunnel-penstock. Unwatering

for tunnel or scroll case maintenance will make both units unavailable.

|
1
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This is expected to occur about one day per year plus four days

every tenth year.

The Lee Steam Station provides power to the nuclear station via

a 100kV transmission system to a separate transformer located on the
,

opposite side of the 230kV facilities at the Oconee unit. Located

at the Lee Steam Station are two 44.1 MVA combustion turbines, which

have a startup time of 15 minutes, one of which can be connected to

the 100kV line. This line is isolated from the rest of the system

and supplies the emergency power to Oconee.

1
2.1.2 Station Distribution System

The station distribution system (Figure B1-2) consists of the

various electrical systems designed to provide electrical power

during all modes of station operation and shutdown conditions. The

systems are designed with sufficient power sources, redundant buses,

and required switching to accomplish this. ES equipment for each

unit is arranged onto three load group buses such that the loss of

a single bus section for any reason results in only the loss of

equipment fed from that bus leaving redundant equipment to perform
.

the same function. In general, the equipment related to unit opera-

tion is connected to its respective unit auxiliary electrical buses,

whereas equipment common to and serving all units is distributed

among unit auxiliary electrical buses. Control of power sources

and switching for the unit is from the unit control room.

1. Section 2.1.2 is included for completeness. A-thorough under-
standing of this section is not required to understand the
derivation of the EPS point estimate unavailability. Many readers
may wish to skip this section.
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(a) 4160 Volt Auxiliary System

The 4160 volt auxiliary system unit is arranged into a

double bus - double circuit breaker switching arrangement.- The

three power sources; i.e., (1)- the unit's auxiliary transformer,

(2) the startup transformer and (3) the standby power buses,,

feed each of the main feeder buses by this double circuit

-breaker arrangement. Each of the two redundant main feeder

buses provide power' to each of the three redundant ES switch -

gear bus sections (3TC, 3TD and 3TE).

(b) 600 Volt Auxiliary System

The 600 volt auxiliary syatem is arranged into multiple bus

sections as is the 4160 volt system. Each bus section is fed

from a separate load center transformer which is connected to

one of the'three 4160 volt switchgear bus sections. Various 600

volt motor control centers ~ are located throughout the station

to supply power to equipment within the faulted area. The three

ES load centers and associated MCCs are redundant and are

supplied independently from the three 4160 volt ES load buses.

Each MCC has an alternate feeder with manual transfer to be ,

utilized only for maintenance.

(c) 208 Volt Auxiliary System

The 208 volt auxiliary system is provided to supply instru-

mentation, control and power loads which require unregulated

280/120 AC power. It consists of MCCs, distribution panels, and

transformers fed from redundant 600 volt MCC. The feeder breakers

have mechanical interlocks and manual transfers.
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(d) DC Power Systems

Three separate DC power systems are provided; namelf, a

125 volt DC system provides a source of continuous power for

control and instrumentation for normal operation and orderly

shutdown, a separate 125/250 volt DC system which provides

critical power for switching between alternate of f-site power

or on-sight emergency power from the CPS, and a separate and

independent DC power system for each Keowee hydro units

to assure a source of continuous power for normal and emergency

operation (See Appendix B2 for further discussion of the DC

Power System).

(e) 120 VAC Vital Power Buses

Four redundant 120 volt AC vital instrument power buses

are provided to supply power in a predetermined arrangement

to vital power, instrumentation, and control loads under all

operating conditions. Each bus is supplied separately from a

static inverter connected to one of the four 125 volt DC control

power panelboards. Upon loss of power from a 125 volt DC bus,

the af fected inverter is supplied power from the remaining bus

through its respective DC control power panelboards and trans-

fer diodes. A tie with breakers is provided to each of the 120

volt vital AC buses from the alternate 120 volt AC regulated

bus to provide backup for each vital bus and to permit servicing

of the inverters. Each inverter has the synchronizing capability

to pe rmi t synchronization with the regulated buses.

Each of the four redundant channels of the nuclear instru-

mentation and ~ reactor protective system equipment is supplied

from a separate bus of the four redundant buses. Also, each
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of %he three redundant channels of the' Engineered Safeguards

Protection System is supplied from a separate bus of the four

redundant buses. The two engineered safeguards actuation
|power buses are supplied from separate vital power buses. ;

i

(f) 240/120 VAC Essential Power System

Three essential power systems are provided and include:

1) Integrated Control System (ICS) powe r sys tem - 12 0

volt AC, single phase.

2) Auxiliary Power System ( APS) - 120 volt AC, single

phase.

3) Computer Power System (CPS) - 240/120 volt AC,

single phase.

Each of these three systems consists of a static inverter,

with redundant 125 volt DC supplies from separate 125 volt DC

buses, circuit breakers, and distribution panelboard. Also,

a static transfer switch is provided in each system as a

means for automatic transfer of system loads unavailable.

The output of each inverter is synchronized with the AC

regulated power system through the static switch in order to
minimize transfer time from inverter to the regulated supply.

(g) 240/120 VAC Regulated _'ower System

This system is provided to supply instrumentation, control,

and power loads requiring regulated AC power. It also serves

as an alternate power source to both the vital power panelboards

and to the essential power panelboards. The system consists of
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two distribution panels, two regulators, and two transformers

fed from separate MCCs.

(h) DC and AC Vital Power System Monitoring

Failure and/or misoperatiori of all DC and AC vital power

system equipment is monitored on two local alarm annunciators

located in the equipment room near most of the vital equipment.

Several variables within each piece of redundant group of aquip-

ment are monitored on one of the lucal panels, with one alarm

from each group being taken to alarm panels in the control room.

The control room alarms alert the operator if an alarm condition

occurs on any piece or group of equipment or if power is lost

to the local alarm monitoring equipment.

The DC bus tie breakers, battery breakers and standby

charger breaker position indication contacts, the standby

charger trouble contact, and the computer, ICS and auxiliary

inverter isolating diode trouble contact are monitored directly

in the control room.

The other vital alarms are divided into two separate and

independent monitoring systems. Alarm for equipment which

have battery ICA for their primary source of power are main-

tained physically and electrically separate from battery 1CB

powered equipment. For example, the distribution center,

isolating diodes, breakers, panelboards, inverters and transfer

switches associated wtih battery 1CA are alarmed on local and

remote annunciators which are physically and electrically

separated f rom the annunciators being used for monitoring

battery ICB associated systems.

B1-9
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2.2 System Operation

The normal power supply to the unit's auxiliary loads is pro-

vided through the unit auxiliary transformer connected to the

generator bus. If power is not available from the unit's generator

bus, the generator is disconnected from its main buses and power

to the unit is provided by the 230kV system which is backfed through

the auxiliary transformer from the 230kV/500kV switching station

through the main step-up transformer. If both of these sources

become unavailable the two Keowee hydro units provide station power

via a 13.8kV underground feeder and a 230kV overhead line. In the

event that the Keowee units are unavailable the Lee Steam Station can

provide 100kV from one of the two 44.1 MVA turbines.

2.2.1 Loss of Offsite Power

In the event of a loss of of fsite power, the following actions

take place:

1) Both Keowee hydro units are started immediately (~23 seconds)

and the unit not connected to the 13.8kV underground feeder

is connected automatically to the 230kV switching station

when the 230kV switching station is isolated from the

system network.

2) The 230kV switching station is isolated automatically by

energizing the dual trip coils of the 230kV power circuit
-bre ake rs .

3) The startup transformers (CT1, CT2, a nd CT 3 ) remain

connected to the 230kV switching station.
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4) The 13.8 kV underground circuit from Keowce becomes energized as

the hydro unit to which it is connected is started.

5) In the event both hydro units are unavailable, the Oconee opera-

tor will notify the Lee Steam Station to supply power to the
plant. Upon notification, it takes at least 15 minutes for the

Lee Station to provide power to the plant.

2.2.2 Loss of Coolant Accident

In the event of a LOCA requiring the engineered safeguards,

the following actions take place:

1) Both Keowee hydro units are started immediately (-23

seconds).

The unit not connected to the 13.8kV underground feeder is

run on standby and connected to the 230kV switching station

when the switchyard is isolated.

2) The 13.8kV underground circuit from Keowee becomes energized

as the hydro unit to which it is connected is started.

3) The 4160 volt redundant main feeder buses of the unit

with the accident are switched to the emergency power

sources in the preferential order as described in Section

2.1 of this report.

4) The engineered safeguards of the unit with the accident

are started and the non-essential loads are shed when

power is unavailable from the normal of startup sources.

The initiation of startup is accomplished by control signals,

from the Oconee control room via the Engineered Safeguards Protective

System Logic. Normal startup is by operator action and emergency

startup is automatic via redundant signals for both manual and auto-

matic startup. The loads to be supplied are included below. Non-

essential loads are shed. Loads other than those listed below can

Bl-ll
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be supplied by the EPS at the operator's option, e.g., condenser

circulating pump, air ccmpressor, component cooling pump, etc.

Engineered Safeguards Loads

Description No. & Size

H.P. Injection Pump 3 e 600 hp
L.P. Injection Pump 3 e 400 hp
L.P. Injection Valves 2 9 20 hp
L.P. Se rvice Pump 2 0 600 hp
R.B. Spray Pump 2 9 250 hp

R.B. Cooling Fans 3 9 150 hp
Penetration Room
Vent Fans 2 9 5 hp

MOVs (39) 100 hp

(4778 KVA total)

3.0 SURRY EPS DESCRIPTION

The Surry EPS is configured to provide continuous AC power to

the Engineered Safety Features (ESP) 4160 volt buses (lH & lJ) in

the event of a LOCA. A simplified block diagram and single line

diagram are shown on Figures B1-3, B1-4, and B1-5, res pect ively.

The ESP buses support 4 80 volt AC emergency buses providing power

for a battery charger element of the battery / direct current and

static AC inverter vital buses. Dual vital bus systems are cross

connected (using regulating trancformers) to the 4 80 volt emergency

buses. The DC and AC vital buses permit orderly control of the

reactor during momentary 4160 volt AC interruptions.

The source of emergency AC power for Surry consists of a dedi-

cated diesel generator (one for each of two Surry Units) and a

backup diesel generator shared by the two Surry Units. The dedicated

and shared diesels go on line direct to the 4160 volt ESF buses of

the affected unit in the event of a LOCA/ ESP demand.

B1-12
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The emergency power distribution system consists of two redun-

dant, and basically independent trains, Trains A and B. Each train

consists of a DC network and an AC network. Train A consists of AC

buses which include the letter "H" in their designation and DC buses

with the le tter " A" in their designation. Train B consists of AC

buses with the letter "J" in their designation and DC buses with the

le tter "B" . The train alignment of the buses is as follows:

Train A Train B

4160 V bus lu 4160 V bus lJ

480 V bus lH 480 V bus lJ

480 V MCC IH1-1 480 V MCC IJ1-1

480 V MCC 1H1-2 480 V MCC lJ1-2

125 V DC Dist. 125 V DC Dist.

Cabinet lA Cabinet 1B

(a) 4160V Buses. The 4160 volt buses lH and lJ are the

sources of AC power for Train A and B respectively. Thus, if

either of these buses is lost, all AC power to its associated

train is also lost. Because of the importance of continuity

of service, both these buses are provided with two sources of

power: the offsite power source (the preferred source), and

the onsite power source (the standuy source provided by the

diesel generator). In the event of trouble on the preferred

source, the emergency source will start automatically and

provide power to the affected 4160 volt bus. Each bus has a

capacity of 3000 amperes and serves directly the ESF motors

that are rated above 300 HP, and distributes power to the

B1-13
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lower rated ESP loads via a station service transformer.
These 4160 volt buses are normally isolated f rom each other;

however, this isolation can be violated at cubicle 15H1 on

4160 volt bus 1H. This violation occurs when a normally

removed bus tie breaker is inserted in the empty cubicle 15H1

and the tie breaker is closed. Such deliberate actions occur

only for special maintenance conditions and would not, in them-
selves, cause the loss of 4160 volt power; however, the indepen-

dence of the AC power distribution system would be compromised.

(b) 480V Load Centers. The 480 volt emergency load center

buses lH and lJ are fed from 4160 volt buses lH and lJ via
4160-480 volt station service transformers lH and 1J, re-

spectively. These buses are the main sources of power for

the 480 volt trains; therefore, if either of these buses is

lost, all 480 volt power to its associated train is also

lost. These buses, like the 4160 volt buses, are equipped

with drawout type circuit breakers, and serve directly several

large ESF motors, and distribute power to the 480 volt motor

control centers.

(c) 480V Motor Control Centers (MCC). Motor control centers

MCC lH1-1 and MCC lJ1-1 are energized by 480 volt buses lH and

lJ respectively. These MCCs provide power to motors much

smaller than those served by 480 volt buses 1H and lJ, including

auxiliary components associated with the larger loads served

by 4160 and 480 volt buses 1H and lJ. Typical of the auxiliary

loads served by these buses are cooling water pumps for the

charging pumps and several valves associated with safety
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injection. In addition, each MCC distributes primary power

to a 125 volt DC cabinet via two -feeders, which serve two

battery chargers, and to a 480-120 volt transformer to

serve two 120 volt vital buses. Because the MCCs serve

the relatively small 480 volt loads, they are equipped with

combination starters (i.e. , molded case breakers plus magnetic

contractors) rather than with the larger drawout type circuit

breakers. The combination starters provide overload protect. ion

by the contractors and short circuit protection by the circuit

breakers. Motor control centers MCC 1H1-2 and lJ1-2 are

essentially similar to MCC IH1-1 and lJ1-1. That is, they

are energized by 480 volt buses lH and lJ, respectively, and

distribute power via combination starters to the remaining

480 volt ESF loads. In other words, all the supporting 480

volt ESP loads are supplied by the combined distribution

networks of MCC 1H1-1 and lH1-2 (Train A auxiliary loads),

or lJ1-1 and lJ1-2 (Train B auxiliary loads).

(d) 125VDC System. The main power to the 125-volt DC Distri-

bution Cabinets lA and 1B is normally supplied from the A.C'

power source by four battery chargers, two for each cabinet.

The alignment of service is such that the two battery chargers

that supply cabinet 1B are served by MCC IJ1-1 (Train B).

Under normal conditions, the DC loads are actually served by

the AC systems, and the batteries which are connected to these

buses are on floating charge. Upon the loss of AC power, these

DC buses are energized f rom their respective batteries, lA or 1B.
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The DC buses provide control and primary power to several

ESP loads, including control power to operate the circuit

breakers on 4160 and 480 volt buses lit and lJ, and operating

power for several solenoid valves and two 120 volt vital

buses via inverters. These buses are normally isolated

from each other; however, this isolation can be bypassed by

the closing of a normally open bus tie breaker which places

these two buses in parallel. This bus tie breaker can o'nly'

be closed manually and is under ad.ninistrative control to

permit the sharing of load between buses during certain
maintenance conditions such as repair or replacement of a

,

battery charger.

(e) Protective Systems. The EPS is provided with (1) auto-
,

matic protective devices including differential relays to
.

protect major equipment such as the diesel generator and trans ,.

formers, (2) undervoltage relays to ensure cantinuity of '
~

service by tripping the pref erred source of power upon a low

voltage condition, start the diesel generator, and transfer
the load to the diesel generator, (3) instantaneous overcurrent

relays to protect against short circuits, (4) and time delay
relays (actually inverse time elements wherein the time to

trip is inversely proportional to the fault current) to protect
against a]uipment malf unctions such as a locked rotor condition

or excess friction. The trip settings of the overcurrent

relays are coordinated to minimize the effect of any failure

of the overall power system. In other words, the breaker that
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feeds a faulted circuit would be the first to trip, thereby
confining the loss of power to the af fected feeder. Indicating

devices in the form of' alarms and annunciators are also pro-
vided. Thus, if the automatic devices should f ail, the operator

may be able to take appropriate action via the manual control

devices located at the control rocn or at the breaker panels.

4.0 COMPARISON OF OCONEE AND SUDRY EPS

A comparison of the Oconee and Sorry designs produce the follow-

ing characteristics:

1) The power rating of the Oconec emergency hydro units is

much larger than the Surry emergency diesels (87.5 MW each vs.

2.7 5 MW each) . Because of this, one Oconee hydro can power

all ESF safeguards for all three Oconee units simultaneously,

whereas at Surry, one diesel is dedicated to one train of ESF

safeguards at one Surry unit.

2:) The loading of the Surry diesel generators is such that

they must' assume full load within about 15 seconds after a

LOCA and loss of of fsite rower. The inrush current challenges

both dicsol generators and is a common mode event that could

cause both diesel generators to trip. The Oconee Keowee hydro

units are sequentially loaded to prevent a large inrush current.

3) Oconee systems below the 4160 volt ES switchgear buses are

similar to the Surry Unit 1 systems below the 4160 V ESF

buses.
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4) 'The two diesel generators providing emergency power for

Surry. are connected directly to the 4160V ESF emergency buses,

whereas_the various sources of emergency power for Oconee require-

the use of transformers and functioning 230 kV switchgear/

-transmission line apparatus for preferred-modes of powering

the 4160 volt ES switchgear buses.

5) The EPS.for Surry is onsite at the Surry Station _and as.
. noted in WASH-1400 does not make use of the high voltage switch <

gear (the offsite grid is considered down for the purpose of.

LOCA discussion). In contrast, the emergency power sources for
, ,

Oconee require the use of the. 230/500 kV switchyard equipment

for preferred modes of operation and as described . in the plant
FSAR considers the availability of grid power.

6) The median estimate of insufficient power at LOCA as
determined by the RSS for Surry is 1.0 x 10-5 This number

includes failure of Surry's EPS and the probability of a loss

Lof offsite power at the time of the LOCA.- The similar value
for Oconee would be (5 x 10~4,' failure of Oconee EPS) x

(1.0 x 10~ , LOP at LOCA) = 5 x 10~ .

5.0 OCONEE SYSTEMS EVALUATION

5.1 Event Tree Interrelationships
|

The EPS does not explicitly appear on the LOCA and transient
I

event trees. For all sequences, except for those involving a

loss of of fsite power, AC power is assumed to be available from
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offsite power sources and the EPS is not required. For loss of

offsite power sequences, and on particular LOCA sequences which cause

a loss of offsite power, operation of the EPS is required. In

order to identify station blackout sequences where the EPS fails

after an LOP, an event B vill appear in parenthesis in the acci-
3

dont sequence. Therefore, the accident sequence Ty(B )X is a3

loss of of fsite power followed by a failure of the EPS and system X.

Since either Keowee hydro generator can power all the ESF

safeguards for all three Oconee units, failure of the EPS is

defined as the loss of both hydros.

5.2.2 EPS Unavailability

Sources of emergency power at Oconee are the emergency Keowee
4

hydro generators and the Lee Steam Station. The preferred source of

emergency power, as mentioned previously, originates from the

hydros. Since the Lee Steam Station would not be available for

at least 15 minutes after a startup command from the control room

operator, it is conservatively assumed that it is not available in

the short term as a power source in the event of simultaneous loss

of both Keowee sources. Credit is given, however, to the long-term-

availability of the Lee Steam Statich (i.e., greater than approxi- <

mately 40 minutes).

The estimate of a hydro unit unavailability was derived from a

combination of plant test data and expected maintenance outages.
,

Since 1973, there have been 12 instances in which a single hydro

generator or hydro generator circuit has failed to deliver power to

the plant during a variety of hydro demands. There have been no

instances in which both hydro generator circuits failed. The

unavailability of a single hydro unit, based on this data, can

therefore be estimated as
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(-2000 hydro tests
12 failures -3= 6 x 10 .

The unavailability estimate of a single hydro unit given above

does not include expected maintenance outages. Oconee technical

specifications state that a hydro unit shall not be removed from

service for more than 72 hours, af ter which the reactor will be shut

down. The average maintenance interval used in the RSS is 4.5 months,

which corresponds to a frequency of 0.22 per month. 'From the RSS,

(Table III 5-3) the lognormal maintenance act duration for components

whose range is limited to 72 hours is a mean time of 19 hours. The

unavailability of one hydro Gnit due to maintenance is estimated to

be:

19(.22)- =
-3

5.8 x 10 ,

720

In order to deliver the emergency power to the Oconee plant from

the Keowee hydro station, two DC power systems are also required to

operate. These are the 125-volt DC Keowee station power system

(necessary for start-up and control of hydros) and the 125-volt DC

switching power system (necessary to connect the EPS to the Oconee

plant). A detailed discussion of these systems can be found in

Appendix D2. The unavailability estimate for these DC systems is
~4

taken from that appendix as 4 x 10 and E, respectively

The unavailability of the EPS is therefore estimated as

-4'Q(EPS) = 2(5.8 x 10~ )(6 x 10~ ) + (6 x 10- ) + 4 x 10

~4
= 5 x 10 .

This value represents event B in the Boolean equations.
3

The unavailability of AC power in the short tarm (i.e., less than

approximately 40 minutes) given the loss of both the hydro generators is
dominated by the failure to restore offsite AC power. This is taken

-1from WASH-1400 as 2 x 10 and is known as LOPNRE in the Boolean equations.

The unavailability of AC power in the long term was assessed to be
dominated by the common mode failure of the Oconee operator to notify
Lee Station personnel and manually restore offsite power. This failure
probability is estimated as

Q(AC power with 40 minutes to 3 hours) = 3 x 10-3) (5)
-2

= 1.5 x 10 ,

The value 3 x 10~ is the basic human error of omission. This

value is increased by a factor of 5 to reflect a moderately high
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stress situation (Reference NUREG/CR-1278, Handbook of Haman Reliability

Analysis with Emphasis on Nuclear Power Plant Applications). This

value represents event LOPNRL in the Boolean equations.

It should be noted that failures of electric power system '

components that supply power to particular ESF systems and com-
ponents (e.g. , a particular bus in the plant distribution system)

were not considered. The reasons for taking this approach are the

following:

1) As mentioned previously, it was assumed that AC power was

available to the plant distribution system prior to the

transient or LOCA initiator. By making this assumption, the

probability of losing a particular portion of the plant dis-

tribution system (e.g. , 4160 V bus, etc.) during the first
,

24 hours following the initiator is negligible.

2) Due to the Keowee hydro power and Lee combustion turbine

rating and bus inter-ties at Oconee, either hydro or ccnbustion

turbine can powiar all ESF loads simultaneously. Sic a a parti-

cular hycro-or combustion turbine is not dedicated to parti-

cular ESF loads, both Lydros or combustion turbines can be con-

sidered to operate as a single unit.

,

P
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1.0. INTRODdCTION

The Oconee Unit 3 DC Power System (DCPS) was reviewed

and compared with the similar pWR design (Surry) evaluated

in the WASH-1400 study. The system designs for Oconee and

Surry are described in Sections 2 and 3 of this report,

respectively. A comparison of the two systems is given in

Section 4. LPSWS event tree interrelationships are detailed

in Section 5. Also included in Section 5 is a estimate of

the DCPS unavailac.ility.

2.0 OCONEE DCPS DESCRIPTION

2.1 System Description

The Oconee DC power system is composed of three safety

related DC power subsystems. In all three systems the normal

supply of DC load current is f rom an associated battery

charger which maintains the appropriate floating voltage on

the battery board, supplying the normal and emergency plant

load demand while maintaining the battery in a fully charged

state for potential loss of AC power operation.

The three safety related DC power systems are:

* The 125-volt DC instrumentation and control
(I&C) powe r system

The 125-volt DC switching powe r system*

The 125-volt DC Keowce Station Power System*
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The 125-volt DC I&C power system supplies vital DC

and AC (through inverters) power to reactor instrumenta-

tion and protective control systems and is shown in

Figure B2-1. For each unit, two independent and physi- ;

cally separated 125-volt DC batteries and DC buses are

provided for the vital instrumentation and control

power system. The DC buses are two conductor metalclad

distribution center assemblies. Three battery chargers

are also supplied with two serving as normal supplies to
the bus sections with the associated 125-volt DC battery

floating on the bus. The batteries supply the load

without interruption should the battery chargers or the

AC source fail. Each of the three battery chargers are

supplied from the redundant 600-volt AC engineered safe-

guards motor control centers of each unit. One of these

three battery chargers serves as a standby battery charger

and is provided for servicing and to back up the normal

power supply chargers. A bus tie with normally open

breakers is provided between each pair of DC bus sections
,

I to back up a battery when it is removed for servicing.

Four separate 125-volt DC instrumentation and control

panelboards are also provided for each unit. Each panelboardi

; receives its DC power through an auctioneering network of two

isolating diode assemblies. One assembly is connected to the

unit 3 125-volt distribution system. The functions of the

diode assemblies are to discriminate between the voltage level

|
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of the two DC distribution systems, pass current from the

DC system of higher potential to the instrumentation and

control panelboard connected on the output of the diode

assemblies, and block the flow of current from one DC

distribution system to the other. It was learned from

plant personnel that this intertie requires operator

action.

Each isolating diode assembly is composed of a

series-parallel network of four diodes in each polarity

leg of the DC supply to the panelboard it serves. With

this series-parallel arrangement of diodes, either an

open circuited or short circuited diode can be tolerated

without affecting the operability of the diode assembly.

The individual diodes are sized for a continuous current

of 500 amperes with the maximum panelboard load current

being 304 amps. Each diode is also rated for continuous

operation with a peak inverse voltage of 800-volts.

The 125-volt DC I&C power system batteries are physi-

cally located in separate enclosures to minimize damage

exposure. The battery chargers and associated DC bus sec-

tions and switchgear are also located in separate

rooms and physical separation is maintained between all

redundant equipment and cabling.

The 125-volt DC switching power system is shown in

Figure B2-2 and consists of two 125-volt DC, two conductor,
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metalclad distribution center assemblies, three battery

chargers, and two 125-volt DC batteries. A bus tie with

breakers is provided between the switchgear bus sections

to back~up a battery when it is removed for servicing.

One standby 125-volt DC battery charger is also provided

between the two 125-volt DC batteries for servicing. One

battery supplies power through panelboards for primary

control and protective relaying. Dual feeds from the

redundant panelboards are provided to each Power Circuit

Breaker (PCB) for closing and tripping control. Separate

dual trip coils are provided for each PCB. Isolating

diodes are provided for the redundant power feeds to the

common closing coil circuit. This system provides critical

power for monitoring of the protective relaying, isolating

and switching between alternate off-site net power supply '

systems and the on-site emergency AC power supply system

for all three of the Oconee nuclear units during normal or

emergency operations.

The 125-volt DC Keowee Station Power System, shown in

Figure B2-3, provides the necessary power to automatically

or manually start, control and protect the two Keowee hydro-

electric power units which, although independent power gener-

ation systems, are the primary source of on-site emergency

power for the Oconce nuclear plant. As shown in Figure B2-3

for each Keowee hydro unit a separate 125-volt DC power

B2-6
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system is supplied. Each system ~ consists of one 125-volt

DC power supply battery charger, one 125-volt DC two conduc-

tor, metalclad distribution center assembly and one 125-volt

DC battery. A bus tie with normally open double circuit

breakers is provided between the switchgear bus sections to

back up a battery when it is removed for servicing. One

standby 125-volt DC battery charger is also provided between

the two 125-volt DC batteries for servicing. The batteries,

battery charger and distribution center associated with one

unit are physically separated in separate enclosures f rom

those associated with the other unit.

Each of the above three safety related DC power systems

will provide uninterrupted battery supplied power to its

connected loads in the event of loss of all AC power. The

design of each system is based on redundancy in that a

single failure of any component, passive or active, will not

preclude the system from supplying emergency power when re-

quired.

Test provisions are included in each isolating diode

assembly to allow the in-service checking of the operability

of individual diode monitors, and, in addition, to allow the

out-of-service periodic checking of the peak inverse voltage

capability of each individual diode. The latter test can be

conducted on one isolating diode assembly with the other

diode assembly in the network in operation. Breakers on the
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input and output of each isolating diode assembly are

provided for complete isolation during maintenance and j

|

|
testing of an assembly.

The batteries are given the following tests and

inspection:

a) The voltage and temperature of a pilot cell
in each battery is measured and recorded five
times per week for the Instrument and Control,
Keowee Hydro, and Switching Station batteries,

b) The specific gravity and voltage of each cell
is measured and recorded monthly for the

; Instrument and Control, Keowee Hydro, and
Switching Station batteries.

c) Annually, a one-hour discharge test at the
required maximum safeguards load is made on
the Instrument and Control batteries.

d) Annually, a one-hour discharge test is made
on the Keowee Hydro and Switching Station
batteries.

The operability of the individual diode monitors in the
Instrument and Control and Keowee Station 125 VDC systems

>

!

is verified monthly by imposing a simulated diode failure

signal on the monitor.

I The peak inverse voltage capability of each auction-

eering diode in the Instrument and Control, Switchyard and

Keowee Hydro 125 VDC system is measured and recorded semi-

annually.

The tests specified above are considered satisfactory

if control room indication and/or visual examination demon-
strates that all components have operated properly,

B2-8
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2.2 System operation

The DC power for each of the three. safety related DC

power systems-is supplied by the appropriate battery

charger from its connected 600-volt AC motor control or

480-volt AC switchyard load center during normal plant

power operation. In the event of a loss of all AC power

the connected floating batteries continue to supply un-

interrupted DC and vital AC power (through inverters) to

all connected loads for at least one hour to provide vital

plant instrumentation and control power, switching power

and Keowee start-up and control power for safe reactor

shutdown and implementation of emergency on-site AC power

generation.

All of the safety related DC power system equipment

is monitored and alarmed locally and/or in the main control

room. Specific variables being monitored locally with

composite alarms in the main control room are system ground,

charger operation, circuit breaker positions, diode operation,

and bus voltage. The DC bus tie breakers, battery and standby

I charger circuit breakers and standby charger operation are

monitored directly in the control room.

Continuous monitoring of each diode is provided in the

design of each isolating diode assembly to detect a shorted

or open circuited diode. An alarm relay, connected to an

individual control room annunciator point, is provided in

B2-9
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each isolating diode assembly to advise the operator of

diode trouble in the assembly.

3.0 SURRY DCPS DESCRIPTIO!3

The Surry plant design incorporates two class lE safety

related DC power supply systems plus a series of locally

situated self contained battery-powered emergency lighting

units for remote areas. A separate independent 125-volt DC

power supply system, composed of a battery charger, battery

and distribution system is associated with each of the three
.

diesel generator emergency on-site power generation units.

This critical system provides power for start-up, monitoring,

protection, end control of the on-site emergency AC power

system.

The second safety related system is the 125-volt DC vital

power system, shown in Figure'B2-4 which is composed of two

identical redundant service channels for each nuclear unit,

each channel containing a battery, two parallel static battery

chargers, ungrounded distribution bus and cabling to the remote

DC loads. Each channel supplies 125-volt DC power for high

|
voltage switchgear control, turbine bearing and seal oil pump

|
|

cotors, and solenoid valve operating power during normal plant

power operation. During loss of AC power emergency operation

the pump motor loads are shed and the system supplies un-
'

interrupted battery power for the high voltage switchgear and
!

I

|

|
|

:

!
|
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solenoid valves and picks up emergency lighting for the

reactor containment, turbine room and other selected building

areas and provides power to the vital inverters for supplying

critical AC reactor protection and instrumentation loads to

the associated nuclear unit.

The two vital DC channels for each nuclear unit are

physically and electrically independent from the battery to

each of the remote AC and DC load points. Vital safety loads

are redundant on each channel and a manually controlled tie

breaker provides a load sharing capability between the DC

buses. During normal operation the 125-volt DC load for each

channel is fed from the battery chargers, powered by the 480-

volt AC emergency buses, with the batteries floating on the

system. Upon loss of off-site AC power, the batteries auto-

matically pick up the connected load. The batteries are

designed for two hour continuous operation and successful

operation of any one of the two redundant vital 125-volt DC

systems will insure safe shutdown of the associated nuclear

unit with no accompanying accident or auxiliary feedwater

system failure. Because of the plant diesel generator

sharing design, recovery of AC power by the emergency diesel

generators requires successful operation of two of the three

diesel generator 125-volt DC power supply systems for either

single unit or total plant AC supply.

Both safety related DC systems are fully monitored with
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voltmeters, ammeters and ground detectors and protected by

fuses and circuit breakers which are appropriately displayed

and alarmed in the main control room. A program of regular

inspection and test of all batteries is in effect and auto-

matic starting and loading of the emergency generators is

periodically tested which exercise the related DC power

supply.

4.0 COMPARISON OF OCONEE AND SURRY DCPS

The DCPS at both plants include a 125-volt DC power

subsystem for instrumentation, on-site switching , and

executive protection and control as well as separate 125-

volt DC power subsystems for emergency on-site power gener-

ation control. The Oconee plant also includes an additional

separate safety related 125-volt DC power subsystem for high

voltage power switching among the alternate off-site network

supply sources and the emergency on-site AC hydro power gener-

ation source. All of these 125-volt DC power subsystems are

similarly powered by battery chargers, which are supplied by

the normal AC power source, and maintain a floating charge on

a connected battery for emergency supply of uninterrupted

power in event of a loss of normal AC service.

Oconee's design does not require load shedding for the

125-volt instrumentation and control subsystem; Surry's design

requires shedding of the main turbine generator bearing and

B2-12



seal oil pumps after the turbine has coasted to a stop. If

a loss of all AC power should occur, the Oconee instrumenta-

tion and control subsystem is designed to supply emergency

loads for one hour while Surry is designed for two.

Based on the technique used for estimating DC system

unavailability in the RSS, the Oconee and Surry DCPS have a

similar unavailability estimate. 'However, a recent Sandia
~

National Laboratories DC power system (Reference 3) study

identified a DC common mode failure not previously identified

in the RSS. This f ailure is attributed to the miscalibration

of the battery charger charging rate which causes the

batteries to degrade and f ail upon demand following a

loss of of f-site power. This common mode was judged to

be applicable to the Oconee emergency on-site power

control 125-volt DC subsystem. The unavailability estimate

for this subsystem is greater than two orders of magnitude

higher than would have been estimated using the RSS

method.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The DCPS does not appear as an explicit event on the

LOCA and transient event trees. For loss of off-site

power sequences (T1), the Keowee 125-volt DC subsystem

contributes to the unavailability estimate of the Keowee

B2-13
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emergency AC power system (event (B3)). For all other

sequences DC power is assumed to be available (see Section

5.2, case 1).

5.2 DCPS Unavailability

The point estimates for the unavailability of the Oconee

DCPS were developed for two cases; i.e., 1) AC power available

and 2) AC power unavailable.

Case 1 - AC power available.

With AC power available, both I&C batteries
and/or both I&C battery chargers are capable
of supplying the necessary DC power. The
unavailability of the I&C DCPS for a single
Oconee unit was estimated as

0 (I&C Charger)1 = c2Q(I&C DCPS) = Q(Both I&C batteries).

Case _2 - AC power unavailable.

Following a loss of of f-site power success of
the Keowee DCPS and switching DCPS is required
to connect the Oconee plant to the emergency
AC hydroelectric power system. The unavail-
ability of these DC power systems therefore
contribute to unavailability of the emergency
AC power system. The unavailabilities of
these two DCPS were estimated as:

1The form of this aluation suggests that the batteries and
chargers are independent means of supplying DC power. This
may not be entirely correct. While it is true that a battery
can supply DC power without the successful operation of its
corresponding battery charger, the converse situation may
not be true (i.e. battery chargers are designed for steady
state operation and may not be able to supply DC load
demands which are usually accomodated by the batteries) .
For this assessment, however, it was assumed that a
battery charger could supply DC powar without the success-
ful operation of its corresponding battery.

B2-14
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Q(Keowee DCPS) = Q(Both Keowee batteries) =4 x 10-4/ reactor year

2Q(Switching DCPS) = Q(Both Switching batteries) .0 (Switching Charger)

= E

These unavailabilities were input to the unavailability

estimate of the emergency AC hydroelectric power system

(see Appendix B1) .

The failure of "both Keowee batteries" unavailability

estimate was based on insights gained from a Sandia

National Laboratories DC power system study. The dominant

contributor to the unavailability is due to a common mode

failure. This failure is attributed to the miscalibration

of the charging rate on both Keowee battery chargers. This

human error would cause both batteries to degrade and f ail

upon demand (Re fe rence 3 ) .

It should be noted that an unavailability estimate of

the I&C DCPS was not made for case 2. This is because the

Oconee plant, as analyzed, is AC dependent (e.g. ECCS and

emergency feedwater system require AC power to successf ully

ope ra te ) .
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1.0 INTRODU CTI ON

The Oconee Unit 3 Reactor Protection System (RPS) was reviewed

and compared with the similar PWR design (Surry) evaluated in the

WASH-1400 study. The RPS designs for Oconee and Surry are described

in Section 2 and 3 of this report respectively. A comparison of the

two reactor protection systems is given in Section 4. RPS event

tree interrelationships are detailed in Section 5. Also included
'

in Secticn 5 is a description of the reduced RPS fault tree model

and a point estimate of the system unavailability.

2.0 OCONEE RPS DESCRIPTION

2.1 System Cc cription

The Ep3 consists of control rod assemblies (CRA), circuit

D reake rs , instrumentation and electronic logic. The logic, in re-

sponse to input signals from the instrumentation, shuts down the

reactor by removing power f rom the CRAs which then drop into the

core under the influence of gravity.

There are a total of 69 CRAs, arranged in eight groups in-

.cluding four safety groups, three regulating groups and one axial

power shaping g roup. The rod drive control system includes (1) five

identical, dual channel DC supplies which power the regulating and

axial power shaping groups and (2) two DC holding power supplies
'

which power the safety groups. The DC supplies are fed from Lwo'

480 VAC, 3& sources; i.e., a main bus and a secondary bus. Two

primary breakers (A, B), two secondary breakers ( C, D), and con-

tactors (E, F), interrupt power to the CRA drive motors when a

trip is commanded.

The trip logic includes four identical channels, each con-

!

a B3-3

_



r

sisting of logic circuits and trip relays, which maintain the trip

breakers and contactors energized under nortaal operating conditions.

In response to input signals trom sensors (See Table B3-1), the

channel logic deenergizes associated trip relays which in turn de-

energize the trip breakers and contactors thereby removing power

to the CRAs and causing the regulating and safety CRAs (61) to

drop into the core. The axial power shaping rods do not drop into
,

the core when their associated drive motors are deenergized.

2.1.1 Control Rod Assembly

The CRA includes 16 control rods, mounted in a stainless-steel

spider, and a control rod drive mechanism (CRDM). The CRDM, which

positions the CRA in the reactor core, is a non-rotating translating
n
lead screw coupled to the CRA. The screw is driven by split roller

nut assemblies which are rotated negnetically by a notor stator

located outside the pressure boundry. For rapid insertion, power

is removed frca tue drive taotor causing the nut halves to separate

and release the screw and CRA which then drop into the reactor

core under the influence of gravity.

The CRA are arranged into groups at the control rod drive

control system patch panel. Typically twenty-eight CRA are

assigned to the regulating groups (groups 5, 6, 7, 8) while forty-

one CRA are assigned to the safety rod groups (groups 1, 2, 3, 4).

Group B includes eight axial power shaping rod assemblics which

do not drop into the core when power is removed from their drive

motors during a reactor trip.

The rod drive control system, which is shown in Piyure

B3-1, consists of (1) drive motor DC power supplies, (2)

B3-4
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system control logic, and (3) trip breakers and contactors.

The DC power system includes four group power supplies. Identical

power supplies (redundant half-wave rectifier design) are used for

the regulating groups and the auxiliary power supply. The DC power

supplies are fed from two 480 VAC, 3$ sources; i.e., a main bus

and a secondary bus.

The system logic encompasses those functions which couuand

control rod motion in the manual or autouatic modes of operation,

including CRD sequencing, safety and protection features, and the

manual trip function. 11ajor couponents of the logic system are

the Operator's Control Panel, CRA position indication panels,

automatic sequencer, and relay logic. Switches are provided at

the operators control panel for selection of the aesired rod con-

trol mode. Control modes ares (1) Automatic mode -- where CRA

motion is commandeo by an integrated control system; and (2) Manual
,

mode -- where CRA motion is com:aanded by the operator. Manual

control permite operation of a single CRA or a group of CRA.

Alarm lamps on the RDC panel alert the operator to the systems'

status at all times. The group 8 control rods can only be con-

trolled manually even when the remainder of the system is in

automatic control. The sequence section of the logic system uti-

lizes rod position eignals to generate control interlocks which

regulate group withdrawal and insertion. The sequencer operates

in both automatic and manual modes of reactor control, and

controls the regulating groups only. Analog position signals.

are generated by the reed switch matrix on the CRA, and an

average group position is generated by an averaging network. This

W
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average signal serves as an input to electror.ic grip units which

are activated at approximately 25 and at 75 per cent of group

wi thd rawal . Two bistable units are provided for each regulating

group. Outputs of these bistables actuate " enable" relays which

permit the groups to be commanded in automatic or manual mode.

The automatic sequencer circuit can control only CRA groups 5, 6

and 7. The safety CRA groups, groups 1-4, are controlled manually,

one group at a time. In addition, the operator must select the

safety group to be controlled and transfer it to the auxiliary

power supply before control is possible. The automatic

sequencer cannot affect the operations required to move the

safety CRA. Automatic insertion of rods can only be commanded

by the integrated control system when the control rod drive

system is in the automatic mode.

Positioning of regulating CRA is accomplished by SCR switch-

ing via a motor driven multichannel photo-optic encoder. The

safety CRA are positioned via the auxiliary power supply and

aaintained in the desired position by the holding power supplies.

Trip breakers and contactors are provided for removing power

to the CRDM motors. The AC power feed breakers are of the three-

pole, stored-energy type and are eguipped with instantaneous

undervoltage trip coils. Each AC feed breaker is housed in a

separat6 metal clad enclosure. The secondary trip breakers are

also of the stored-energy type with two parallel-connected in-

stantaneous undervoltage trip coils consisting of two 2-pole

breakers mechanically ganged to interrupt DC busses. All breakers

are motor-driven-reset to provide remote reset capability. Each

B3-6
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uncervultage trip coil is operated from the Reactor Protection |

Systen. The trip breakers are tested monthly.

2.1.2 Trip Logic

The Reactor Protection Logic Systeu conuists 01 four iuentical

channels, each terminating in a trip relay within a rector trip

module. The primary source of AC power far the RPS comes frou

four vital 120 VAC busses, one for each protective channel. In

the normal untripped state, each channel maintains the trip relay

energized via the closed normally open (N/0) contacts of bistables

associated with the various reactor sensors. Should any bistable

become deenergized the trip relay deenergizes. Each trip relay

'has four N/O contacts, each controlling a logic relay in one reactor
trip module. Therefore, each reactor trip module has foar logie

relays controllea by the four channels. The four logic relays

combine to form a 2-out-of-4 coincidence network in each reactor
trip mocule.

Manual trip may be accomplished frow the control console by

a trip switch. This trip is independent of the automatic trip

system. Power from the control rod drive power breakers' under-

voltage coils comes from the RT modules. The manual trip switches

are between the reactor trip module output and the breaker under-

voltage coils. Opening of the switches opens the lines to the

b re a'ke rs , tripping them. There is a separate switch in series

with the output of each reactor trip module. All switches are

actuated through a uechanical linkage from a single pushbutton.

Each channel is provided with two key-operated bypass

switches, a channel bypass switch and a shutuown bypass switch.

B3-7
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The channel bypass switch enables a channel to be bypassed without

initiating a trip. Actuation of the switch initiates a visual alarm
on the main console which remains in effect during any channel by-

pass. The key switch will be used to bypass one protective channel

during on-line testing. Thus, during on-line testing the system

will operate in 2-out-of-3 coincidences. The use of the channel
*

bypass key switch is under administrative control. The shutdown

bypass switch enables the power / imbalance / flow, power /RC pumps,

low pressure, and pressure-temperature trips to be bypassed allow'ing

control rod drive tests to be performed after the reactor has

been shutdown and aepressurized below the low reactor coolant

pressure trip point. Before the bypass may be initiated, a high

pressure trip bistable - which is incorporated in the shutdown

bypass circuitry - must be manually reset. The set point of the

high pressure bistable (associated with shutdown bypass) is set

below the low pressure trip point. If pressure is increased

with the bypass initiated, the channel will trip when the high
pressure bistable (associated with shutdown bypass) trips. The

use of the shutdown bypass key switch is under aduinistrative

Control.

Each of the four channels are physically separate and are

electrically isolated from the regulating instrumentation. The

mocules, logic, and analog equipment associated with a single

protective channel are contained wholly within two Reactor

Protective System cabinets. Within these cabinets, there is a

meter for every analog signal employed by the protective channel,

and a visual inuication of the state ot every logic element.

33-8
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At the top of one cabinet, and visible at all times, is a pro-

tective channel status panel. Lamps on this panel give a quick

visual indication of the trip status of the particular protective

channel and of the RT module associated with it. Additional lamps

on the panel give visual indication of a channel bypass or a tan

failure.

The RPS equipment is designed for continuous operation in

0 0a room environment of 40 F to 110 F and up to 75% relative humidity.

All modules are designed for a 30 F temperature rise inside the

equipment cabinets over the ambient room conditions. Two 100%

capacity central station type chilled water systems, and two 50%

capacity outside air booster fans are provided for environmental
,

control of the equipment area.

2.2 System Operation

The coincidence logic contained in the RPS channel A controls

trip breaker A in the control rod drive system, channel B controls

breaker B, channel C controls breaker C and contactor E, ano

channel D controls breaker D and contactor F. The control rod

drive circuit breaker coubinations that initiate reactor trip

include (1) AB, (2) ADF, (3) BCE, and (4) CDEF. This is a

1-out-of-2 twice logic. When any 2-out-of-4 channels trip, all re-

actor trip modules trip (deenergize) all control rod drive breakers

and contactors. The four RPS channel trip whenever the rcactor

conditions tabulated in Table B3-1 exist.

The use of 2-out-of-4 logic between protective channels

permits a channel to be tested on-line without initiating a

reactor trip. Maintenance to the extent of removing and replacing

B3-9
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any module within a protective channel may also be accouplished

in the on-line state without a reactor trip. Each logic channel

is testea monthly. The RPS sensors are checked during each shift

and are tested monthly. To prevent either the on-line testing'

or maintenance features from creating a means for unintentionally

negating protective action, a system of interlocks initiaten a

protective channel trip whenever a module is placed in the test
mode or is removed from the system. Ilowever, provisions are made

in each protective channel to supply an input signal which leaves

the channel in a non-tripped condition for testing or maintenance.

The test scheme for the reactor protective system is based upon

the use of comparative measurements between like variables in

the four protective channels, and the substitution of externally
introuuced digital and analog signals as requireo, together with

measurements of actual protective function trip points. A digital

voltmeter is provided for making accurate measurements of trip

point and analog signal voltages.

Plant annunciator windows provide the operator with immediate

indications of changes in the status of the reactor protective

system. The following conditions are annunciated for each re-

actor protective system channel:

" a. channel trip

b. fan failure in channel

c. channel on test

d. shutdown bypass initiated

c. manual bypass initiateu

f. dummy bistable installed

B3-10
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Any time a test switch is in other than the operate position,
annunciator (c) will be lit and the associated protection
channel will be tripped. Under this condition, annunciator (a)

will be lit unless anr.unciator (c) is lit (i.e., the channel

is bypassed).

3.0 SURRY RPS DESCRIPTION

l
The RPS is defined to consist of 48 CRAs, their magnetic '

jack assemblies, breakers and motor generator sets that provide

power to the magnetic jacks and the electronic logic that con-

trols the trip circuit break ~ers in response to the monitoring at
certain reactor parameters such as pressurizer pressure or re-

actor coolant temperature (see Figure B3-2). The RSS analysis

did not consider the rod control system, which is used to slowly
raise or lower individual control rods for the " shimming" of
reactor power. Since the entire rod control system gets its

power from the reactor trip breakers, tripping the reactor by
opening the breakers disables *.he rod controls and removes all

power to the magnetic jacks. Without pcwer, all magnetic jacks

will release their hold on the control rods and allow them to
fall into the core unless mechanical damage restrains them. Thus

the rou shim control system has no effect on the success of a trip.

The rods and jacks thus will only be involved in the analysis

as mechanical faults.

The Reactor Protection System or Trip System rapidly drops

the Control Rou Assemblies when conditions exist requiring re-

actor shutdown. Control rods are nornially held in position by

the magnetic jacks. The Control Rod Assemblies are dropped during

B3-ll
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the trip by removal of power to the rod control system through

the opening of either reactor trip breaker 52/RTA or reactor

trip breaker 52/RTD. Breaker 52/RTA is controlled by RPS Train

A and Breaker 52/RTB is controlled by RPS Train B.

The two series connected trip breakers RTA ano RTB control
The twopower from two parallel connected motor generator sets.

motor generators provide isoltaion f rom the 480-volt busses they

are powered f rom and provide power to the magnetic jack controls

with a three-phase non-synchronous voltage which would be dif-

ficult to sustain by shorting to any other source of power in the

plant. Thus the potential fault of trip bus power remaining

present due to shorts to other busses when the trip breakers open

is very unlikely. Since the uotor generator sets receive power

from two 480-volt busses, failure of power on both of these

busses will result in an inadvertent trip.

The two reactor trip breakers are cach bypassed by a special

test breaker of the same type as the trip breakers. These are

called BYA-bypass A, connected across RTA, and BYb connected

across RTd. Both bypass breakers are normally open. BYA is

tripped by reactor Train B and BYB is tripped by Train A. A

typical test use of these breakers would be to close BYA for a

test of breaker RTA. Test signals are sent through Train A

which will trip our RTA. Instruments monitoring RTA will indi-

cate that it tripped properly. After testing, RTA is closed

again and BYA is opened, and the system is left with only the

original closed series connection of RTA and RTB. If during the

test (when RTA, RTb, and BYA were closed) a trip condition would

B3-12
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exist, all three breakers would open and a reactor trip would

occur. The two bypass breakers are interlocked electrically so

that both may not be closed at the same time. The bypass breakers

are also used for repairing of the trip breakers RTA and RTB. If

RTA f ails to trip in the test mode, BYA will be closed and RTA will

be " racked out" and repaired without removing power or scramming

the reactor.

The tripping signals which trip the various breakers come

from two logic trains which are identical in design. Each-is com-

posed of relay logic and has the purpose of combining various

,

transducer bistable signals into a single command to trip the re-
i

actor. The initiating bistable signals are coiabined together

into eight functional signals called RTl thru RT7 and manual trip.

Each of the eight is capable of initiating.a trip by itself. This

relay logic, called trip Trains A and B, consists of all logic

i between the bistable relays of the analog instrumentation and the

trip breakers.

The eight divisions of each train are:

1. RT-1 - Primary System,

2. RT-2 - Primary System and Nuclear Flux Dif ferential,

3. RT-3 - Pressurizer System,

4. RT-4 - Steam Generator Low-Lou Level,

5. RT-4 - Steam Generator Fecd-Flow Mismatch,
.

6. RT-6 - Miscellaneous Trips,

7. RT-7 - Nuclear Flux Instrumentation, and

8. Manual Trip.

B3-13
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Although there are reactor r. rips from many sources, definition

of failure to trip for the small liquid leak LOCA considers only

three of those divisions as the initiating signals atteupting to

provide a trip. They are:

1. RT-3 - The pressurizer signals: low pressure;

2. RT-1 - The primary system: overtemperature; and

3. RT-6 - Trips through SICS initiation: low pressurizer
coincident with low pressurizer level...

On each of these circuits, except for RT6, transcucers provide

analog signals which result in bistable relay signals for each

out of tolerance parameter. Since there are usually three analog

instrumentation channels for each parameter, the relay logic pro-

vides a 2-out-of-3 determination for each parameter. This signal

combined with others generates the RTl and RT3 trips. RT6 on

the other hand is composed of the logical "or" of both output

signals of the SICS. Since the analysis is only concerned with

the small LOCA, it is assumed that the only initiating signals

which will trigger the SICS are pressurizer low pressure and

level. It should be noted that the same six pressure and level

transducers used in the RT3 trips are used for triggering the

SICS; however, dif ferent comparators are used.

4.0 COMPARISON OF OCONEC AND SURRY RPS

The Oconee RPS dif fers significantly from the Surry RPS in

the method of interrupting power to the CRA. The Surry RPS ac-

complishes the reactor trip by oeenergizing combinations of 1-out-

of-2 primary circuit breakers via the logic channels. Tne Oconee

RPS accomplishes the reactor trip by deenergizing combinations of

B3-14
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two primary and two' secondary circuit breakers and two groups of
4

contactors. The primary breakers interrupt power to all CRA

drive motors while the secondary breakers interrupt power to the

safety rod groups and the contactors interrupt power to the

regulating roc groups.
~

The Oconee RPS logic employs 4 logic channels with each

breaker and contactor. The Surry RPS logic employs 3 sensor

logic channels feeding into 2 output trains which, in turn, in-

put to the circuit breakers. The Oconce sensor logic is a 2-out-
!

of-4 system whereas the Surry sensor logic is a 2-out-of-3 system;

i.e., any 2 of the logic channels will trip the reactor when an

abnormal condition occurs.

The point estimates per. reactor year for the Oconee and

Surry RPS failure probability are:

2.6 x 10-5O(RPS, Oconee) =

.A.0 x 10-5Q(RPS, Surry) =

The dominant contributor for octh reactor protection systems

was the test and maintenance contribution which results in a de-

creased system redundancy during the test and maintenance operation.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationshipsj

Failure of the RPS appears as event K on the Oconee LOCA and

transient event trees. For the analysis of large LOCAs, the RPS

event is assumed to succeed since the vessel will quickly blow

down and borated ECCS water will'provent the fission process trow

restarting even if the RPS fails. For all other accidents the

RPS is required to successfully function.
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5.2 Detertaination of RPS Unavailability

A simplified fault tree for the Oconee ItPS is shown in

Figure B3-3. The major contributor was found to be the failure

to retaove power from the rod urive iaotors. Test and maintenance

faults made up 88% of this failure.

As shown in Figure B3-3, the RPS unavailability for Oconce

was estimated to be:

Q(RPS) = 2.6 x 10~ / reactor year .

i

I
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|
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!
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Table B3-1. Reactor Trip Su==ary

** ~
Conditior for TripTrip variable ,

R -

Over-Power 4 Flux Senors 0-100% 107.5% of rated power

Nuclear Over- 4 Two-Section N/A 1.08 times flow minus
Power Based on Flux Sensors reduction due to imbal-
Flow and Im- 8 AP Flow ance
balance

Power /RC 4 Pump Moni- 2 to 4 Loss of one operating
Pumps tors Pumps coolant pump and reactor

neutron power exceeds
55% rated power

Loss of two operating react-
or coolant pump motors in
one loop

2 pumps Loss of one of two operat-
f ing reactor coclant pump

motors in one loop

Reactor Out- 4 Temperature 532-604 F 619 F
2et Tempera- Sensors
ture

Pressure / Tem- 4 Temperature N/A (13.26T -5989)>Pg g _

perature Sensors
4 Pressure
Sensors

Reactor Cool- 4 Pressure 2090-2220 2355 psig - High
ant Pressure Sensors psig 1000 psig - Low

Reactor Build- 4 Pressure O psig 4 psig
ing Pressure Sensors

B3-17
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SUFFICIE NT NO. OF
RODS TU ACHIEVE
SHUT-DnWN NOT IN-
SERTED
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1.0 INTRODUCTION

The Oconee Unit 3 systems and components which are Jesigned

to contain the release of radioactivity from the primary system

in the event of an accident were reviewed and compared with the

analogous system and components of the Surry plant analyzed in

WASH-1400. The probabilities of failure of these systems or com-

ponents define the containment leakage (CL) probability as was

used in the containment event tree. As in WASH-1400, containment

leakage was defined as that leakage which provides a flow path

to the atmosphere equivalent to a 4" diameter hole or greater.

The designs to minimize containment leakage for Oconee and

Surry are described in Section 2 and 3, respectively, of this

Appendix. A comparison of the Oconee and Surry design is given

in Section 4. The use of the 'CL' probability in the containment

event tree is specified in Section 5. Also included in Section

5 is a point estimate of the Oconee 'CL' probability.

2.0 OCONEE CONTAINMENT INTEGRITY SUMMARY

2.1 Description

The Oconee Unit 3 reactor building is a prestressed, post-

tensioned, concrete containment structure with a 1/4" steel

liner. The liner plate, which is designed to maintain its

integrity under all postulated loading conditions, is attached

to the concrete by an angle grid system stitch welded to the

liner plate and embedded in the concrete. The liner plate over

the foundation slab is protected by a concrete cover. The reactor

building, normally at atmospheric pressure, is designed to with-
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stand an internal pressur+ of 59 psig. Under this maximum design

pressure, the leakage rate is designed not to be greater than

.25% containment volume in 24 hours. A schematic.of the reac to r

building ventilation system is shown on Figure B4-1.

There are approximately 60 major piping penetrations into

the containment. Fluid penetrations which are required to be

isolated af ter an accident are classified into four categories:

Type I.- Each line connected directly to the reactor coolant

system has two isolation valves. One valve is in-

side and the other valve is outside the reactor

building. These valves may be either a check valve

and a remotely operated valve, or two remotely opera-

ted valves, depending upon the direction of normal

flow.

| Type II. Each line connected directly to the reactor building

atmosphere has two isolation valves. At least one

valve is outside and the other may be inside or

!.

outside the reactor building. These valves may be

either a check valve and a remotely operated valve
,

or two remotely operated valves, depending upon the

direction of normal flow.

Type III. Each line not directly connected to the reactor cool-

and system or not open to the reactor building atmos-,

phere has at least one valve, either a check valve

>
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or a remotely ope rated valve. This valve is located

outside the reactor building.

Type IV. Lines which penetrate the reactor building and are

connected to either the building or the reactor

coolant system, but which are not normally open dur-

ing reactor operation, may have manual valves with

provisions for locking in a closed position.

'
The design basis for isolation valves on containment pene-

trations is that leakage through all fluid penetrations not

serving accident consequence limiting systems, be minimized by

a double barrier. Thus, no single failure of an active component

will result in loss of containment in teg ri ty. In addition, the

containment -is equipped with 3 '6" X 6'8" double door personnel

hatch, a 30" diameter double door emergency personnel escape

hatch, a 19" diameter single door equipment hatch and a fuel

transfer tube. Both personnel hatches are interlocked and alarmed

to prevent the simultaneous opening of these double doors. All

penetrations, except those listed below are grouped within or

are vented to the penetration room:

(a) main steam lines

.(b) sump drain lines

(c) reactor building equipment drain lines

(d) decay heat removal lines

(e) refueling tube
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Lines (a) through (d) are not likely to be sources of signi-

ficant leakage because they are welded to the liner plate at

points of penetration. The refueling tube is equipped with a

blind flange which is removed only during shutdown to provide a

transfer path for fuel to the spent fuel pool.

Plant technical specifications require local leak tests of

the personnel hatches at least every 12 months. The equipment

hatch and f uel transfer tube seals must be leak tested af ter

each opening or at least every 12 months. Integrated leak tests

of the containment are required at least two times in a ten-year

in te rval .

As indicated above, the Oconee containment is also equipped

with a penetration room in which most of the major containment

penetrations have been grouped or are vented to. The penetration

room has a separate ventilation system which processes post

accident containment leakage to minimize environmental activity

levels.
,

2.2 Ope ra tion

During normal operation, reactor building ventilation and

air cooling is provided by the reactor building ventilation

system. Specifically, the normal function of cooling reactor

building air is performed by the recirculation of containment

air through two of three fan cooling units. The fan cooling

units are cooled by the low pressure service water system. Dur-

ing accident conditions, all three fan cooling units are operated

to provide containment cooling. (This provides a redundant mode
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of cooling to the containment spray system) . The fan cooling

units are entirely within the containment, necessitating a

containment penetration only for the low pressure service

witer. Containment ventilation is provided to the containment

by. purge lines directly linking the ccatainment to the atmos-

phe re . The purge lines are monitored and alarmed to minimize

excess radiation leakage. Each purge line has three isolation

valves in series which receive an ESPS signal to close on high

reactor building pressure (4 psig) or low reactor coolant system

p re s s u re . This same signal also isolates other penetrations

not serving accident mitigation f unctions and starts the penetra-

tion room ventilation system.

3.0 SURRY CONTAINMENT LEAKAGE DESCRIPTION

The containment building is a steel-lined, reinforced con-

crete structure, including foundations, access openings, and

penetrations designed to maintain an essentially leak-tight

barrier against the release of fission products under conditions

up to and including any design basis accioent. Normally, the 60

psia design presure containment ' operates at a subatmospheric

pressure of 9 to 11 psia. The containment system is designed

for a maximum leakage rate of less than 0.1 volume percent per

day at design pressure.

Access to the containment structure is provided by a 7'0" ID

personnel hatch penetration and a 14 '6" ID equipment hatch pene-
~

tration. Other smaller containment structure penetrations include

hot and cold pipes, main steam and feedwater pipes, f uel transfer

B4-7



.

|

|
I

1

l
i

tube, and electrical conductors and containment purge lines.

Figure B4-2 is a cross-section of the containment structure..

The Surry nuclear plant containment isolation is achieved

by applying common criteria to penetrations (e.g., the two barrier

criterion) in all the interfacing fluid systems and by using ESP

signnals to activate appropriate valves. Signals which activate

the safety injection control system (SICS) and the consequence

limiting control system (CLSC) are used to close these isolation

valves.

Depending on the specific application, the two barriers

previously mentioned consist of one of the following valving

a rrangements :

1. Two automatic isolation valves, one on each side of

the containment wall.

2. An automatic isolation valve and a membrane barrier.

3. An administratively controlled, manually operated

valve outside, and a sealed system inside the con-

tainment.

4. Two administratively controlled, manually operated

valves, one on each side of the containment wall.

5. A sump recirculation pipe and valve arrangement, con-

servatively designed and f abricated, and enclosed by

a special valve pit.

A membrane barrier consists of either pipe, tubing, component

wall. An incoming line f rom a centrifugal pump or a surge tank
%

1
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is considered an open line and a check valve is used in incoming

lines instead of an autmatic isolation (auto-trip) valve. lioweve r ,

check valves, single or in pairs, are not used to provide the

only means for isolating a penetrating line.

There are about 50 major piping penetrations through the

con tainment structure. These can be g rouped in five functional

classes according to the implementation of the design bases.

Class I piping is open to the outside atmosphere and is con-

nected to the reactor coolant system, or a connecting system, or

is open to the containment atmosphere. Class II piping is connected

to a closed system outside the containment, and is connected to

the reactor coolant system, or a connecting system, or is open

to the containment atmosphere. Class III piping is connected to

open systens outside the containment and is separated from the

coolant system, or a connecting system, and the containment

atmosphere by a closed valve under administrative control or a

membrane barrier. Class IV piping must remain open af ter a

loss-of-coolant accident. Class V piping is connected to normally

closed systems outside the containment, and is sepa rated from

the reactor coolant system, and connecting systems, and the

containment atmosphere by a closed valve and/or membrane barrier.

4.0 COMPARISON OF OCONEE AND SURRY CL CONTRIBUTORS

As discussed in the main re po r t , insights f rom WASti-1400 were

used wherever possible to evaluate the reliability of each part

of the Oconee design. Thus, on the basis of the WASII-1400 analysis,

and in consideration of the leak tests required by technical speci-

fications, s t ruc t ur-u failure of the containment shell, failure
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of the blind flange on the retueling tube and major leakage through

the equipment hatch were not judged to be dominant contributors

to the CL probability. Further, the probability of a significant

leakage path through the containment spray injection line was

not judged significant because, unlike Surry, Oconee uses the

same line for containment spray recirculation as for injection. - fj
'

Back leakage through the LPIS lines was also judged not significant

because of the numerous check valves in each line.

Conversely, dominant contributors to the Oconee CL ptobability,

which were not present at Surry, developed f rom the dif ference

between Surry's subatmospheric design and Oconee's atmospheric

containment. Specifically, the probability of significant open

penetrations of the containment which go unnoticed for some time

was precluded at Surry because normal operation requires internal

containment pressure to be significantly below atmospheric pressure,

i.e., the containment is constantly leak tested. Ilowever, at

Oconec, where there is no constant leakage monitoring system,

and the containment is kept at atmospheric pressure, a significant

unnoticed leakage path was judged to be more likely.

5.0 GCONEE CL EVALUATION

5.1 Event Tree Relationship

Containment leakage, CL, appears as event 8 on the containment

event tree.
,

5.2 Estimate of CL Probability

As discussed in Section 4.0 of this Appendix, a significant

contributor to the CL probability was judged to be the possibility
-
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The contribution to the 'CL' probability of failure to isolate
*

,

the containment purge lines was also considered. Conversations

with plan t _ personnel indicate that the Oconee Unit 3 containment

- was open via the purge valves approximately two percent of the
,

1/ ~ time the plant was at full. pewer in 1978 (the last year of

available data). Ilowever, plant personnel also indicate the

series purge valves on each line now isolate on redundant signals

(ESPS channels 1 and 2, high containment pressure, low reactor

coolant system level) so that this was judged to be a significantly

smaller contributor to the 'CL' probability than the undetected

open penetration. The f ailure of such passive components as

welds, gaskets, pipe caps, over plates and flanges was assumed*

,

to be slightly greater than for Surry because of the slightly,

greater number of penetrations. In the RSS, the contributions

to the CL probability from f ailure of passive components was,

estimated at approximately 1.0x10-4 per reactor year. A slightly' '
r'

I greater contribution (3.0x10-4 ) for passive failures was assigned

for Oconee. This leads to a total CL probability of

'
y

[
P(CL) = 7. 3 x10 -3 per reactor year.
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1.0 INTRODUCTION

The Oconee Unit 3 Core Flooding System was reviewed and com-

pared with the similar PWR design (Surry) evaluated in the WASH-1400

study. The CFS designs for Oconee and Surry are described in

Sections 2 and 3 of this report respectively. A comparison of the

two core flooding systems is given in Section 4. CFS event tree

interrelationships are detailed in Section 5. Also included in

Section 5 is a description of the model used to incorporate CPS

f ailures into the Oconee accident sequences and a point estimate

of the CFS unavailability assuming independence. from all other

Oconee systems.

2.0 OCONEE CFS DESCRIPTION

2.1 System Description

The CFS along with the High Pressure Injection System and Low

-Pressure Injection System are designed to form collectively on-over-

all Emergency Core Cooling System (ECCS),which is designed to

prevent core damage over the entire spectrum of LOCA break sizes.

Figure B5-1 shows the ECCS for one-reactor unit.

The CFS is a passive self-contained, self-actuating system.

It is designed to flood the reactor core when the reactor coolant

system pressure drops below 600 psig in the event of a large LOCA.

The system consists of two separate and independent trains.

Each train consists of a nitrogen pressurized (core flooding)
,

tank, containing borated water, two check valves and a normally

open motor operated isolation valve in series, and associated

piping. The borated' water is discharged directly into the reactor

B5-3
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vessel under the driving force of the pressurized nitrogen in the-
~

taaks.

~The core flooding tank, constructed of: carbon steel lined with-
stainless steel with a total volume of 1410 ft3, has a normal inven-

|

3tory of 1040 ft of borated water (7000 gallons of H O at 22702

ppm boron). The ta'nk design pressure is 700 psig and its operating

pressure is 600 psig. A relief valve is installed directly on the -

tank to protect against overpressurization.

The two 14 inch series check valves, 'made from type 316 stain-

less steel'and rated at 2500 psig, prevent high pressure coolant

from entering the accumulators during normal plant operation. The

isolation valve at the tank outlet is fully open during normal' plant '

operation and its position is indicated in 'the control' room.
-Each tank includes provisions for adding both borated water

and nitrogen during reactor power operation in order to maintain the

. proper water level and pressure. Redundant pressure and water level

indicators' and alarms are provided in the control- room for each
~

; tank.

!

i 2.2 System Operation

i During normal operation the . reactor coolant system is isolated
I

i from the tanks bythe two series check valves thereby preventing

reactor coolant from entering the accumulators. When the reactor

coolant system pressure drops below 600 psig, due to a LOCA, the,

stored borated water, driven by the pressurized nitrogen, opens the ;
,

_.

two ' series check valves and is injected into the reactor vessel- .

i to flood the core.
I
L

i

i
l'

|

!
I
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To assure that the isolation valves CF-1 and CF-2 will not be

accidently closed during reactor power operation and thus inhibit-

water injection into the core in the event of a LOCA, the follow-

ing provisions are included in the CFS design:

The circuit breaker supplying power to the tank isolation*

valves will be open and tagged out under administrative

control whenever the reactor is at power. Power to the

actuation circuitry comes from this same circuit breaker

through a control transformer and will also be disconnected

when the circuit breaker is open.

* Lights are provided in the control room to in'dicate valve

position (open or closed). These lights have a power supply

separate from the circuit breaker serving the isolation valves

and are operated from limit switches on the valve operator.

* Another limit switch on the valve operator will cause sn

annunciator alarm in the control room anytime an isolation

valve is away from the wide open position. The annunciator

system has a power supply separate from that used to operate

the valve or the indicating lights.

* The unit computer also alarms and documents the position

(open or closed) of the isolation valve. The computer has a

power supply separate from that used to operate the valve or

the indicating lights.

3.0 SURRY CFS DESCRIPTION

The Surry Cold Leg Injection Accumulator System (CLAS) (equiva-

lent to CFS) provides for core protection for intermediate and large

reactor coolant system pipe failurea by automatically flooding the
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core with borated water. The system, which is passive and self-

actuating, includes three independent trains for injecting borated

water into the cold legs of the reactor coolant system (Figure B5-2).

Each train consists of a nitrogen pressurized tank, containing

borated water, two check valves and a normally open, motor operated

isolation valve in series, and the associated piping for inter-

connecting the tank with the cold leg. The tank is pressurized to

650 psig. When the pressure in the cold leg drops below 650 psig,

the check valves will open and the borated water will be forced

into the reactor coolant system. If the isolation valve is closed

and a LOCA occurs, a safety injection control system (SICS) signal
,

will apply power to the motor operator to open the alve.

Water level and N2 pressure in each accumulator is monitored
and alarmed by redundant level and pressure ins trumenta tion. A

relief valve provides overpressure protection for each accumulator.

The accumulators are isolated f rom all other systems and accumulator

support systems by closed valves.

Successful operation of the CLAS in the event of an inter-

mediate or large LOCA requires that the contents of at least 2 of

the 3 accumulators be injected into the reactor coolant system

cold legs. If a LOCA occurs in a cold leg, the contents of the

associated accumulator will be lost out of the break tnereby require-

ing both of the remaining 2 accumulators to successfully discharge

their contents into the reactor coolant system.

4.0 COMPARISON OF OCONEE AND SURRY CFS

Three major design dif ferences between the Oconee CFS and Surry

CLAS designs were disclosed in this analysis. The Surry design

B5-6
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employs three identical trains for delivery of the borated water

to the reactor coolant system whereas the Oconee design employs

two ' identical trains. Surry injects water into the reactor coolant
~

system cold legs whereas, Oconee injects the water directly into

the reactor. vessel. If an isolation valve in the Surry system

is inadvertently leftJclosed,~it will be_ opened via the safety
_

injection signal which will apply power to the valve motor. No

such provisions are present in the Oconee system isolation valves;

instead,1 valve position is monitored and alarmed.

An additional important difference is the technical specif1-

cation requirement for CPS availability. At Surry one core flood

tank is allowed to be out of service for 4 hours before the reactor

- is to be shut down. At Oconee both coreflood tanks must always be

available. This_ difference adds a significant test and maintenance

contribution to the Surry CLAS unavailability _ which does not exist

at Oconee.

The RSS estimated a 9.5 x 10-4 unavailability for .the Surry

accamulator system. This is somewhat higher than-the 6 x 10-4

calculated for Oconee's system.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The CPS is one of a group of three systems which provide

Emergency Coolant Injection (ECI) to prevent core damage for

various break sizes. The remaining two systems include (1) the

High Pressure Injection System and (2) the Low Pressure Injection

System.

B5-7
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Failure of CFS contributes to Event D (ECI) on the large

(breaks >13.5") LOCA event tree. Failure of the CFS to deliver

the contents of both tanks to the reactor core, in the event of a

large LOCA, constitutes system failure.

5.2 CFS Model Description

5.2.1 CFS Boolean Equation

The following ~ Boolean eq uation was developed as the model for

CFS failure:

(H + J) + (I + K) Eq . B5-1CFS (1 of 2 Fail) = .

Table B5-1 relates each term in the above e]uation to the

component in Figure B5-1. Table B5-2 lists botal component

unavailabilities and each of the failures that contribute to the
component unavailability. These failures _ are comprised only of

hardware faults since no important human or test and maintenance

f aults were identified. There is no significant test and main-

tenance contribution since the only testing or maintenance that

is when the system is down for ref ueling or - the RCS isoccurs

below 800 psig, as the technical specification operating require-

ments. No common mode failures were identified.I

5.2.2 CFS Unavailability
,

!

| Using the Boolean equation given in the last section and the
|

term unavailabilities given in Table B5-1, an independent CPS

point estimate unavailability can be calculated. This is found

j to be:

-

s

|

|

| B5-8
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CFS (1 of 2 fail) = 6 x 10 / reactor year .

A quantitative ranking of the Boolean terms for the CFS is

,
given in Table B5-3. As can be noted, each term is a significant

!

contributor to the system unavailability.

The reader should be cautioned that these are unavailabilities

for Oconee's CFS if the system is considered independent of all

o the rs . In general, the CFS unavailability will depend o.a what other

system success or f ailures have occurred, i.e< >;be unavailability

used for the CFS in the sequence analysis calculatices must be aa

conditional unavailability.

B5-9
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Table B5-1. Boolean Equation Term Descriptions

Boolean Term Term Definition Term Unavailability

H CF-2 + CF-13 2 x 10-4

I CF-1 + CF-11 2 x 10-4

1 x 10-4J CF-12

K CF-14 1 x 10-4

1. Refer to Figure B5-1.
b

Table B5-2. Component Unavailabilities

Component Fault
Description Identifiers Contributors O(per component)

CF-ll

Check Valve CF-12

CF-13

CF-14
Hardware 1 x 10-4

0 1 x 10-4

Motor Operated CF-1

Valve CF-2

(Normally Open) Plugged 1 x 10-4

0 1 x 10-4

Table B5-3. Quantitative Ranking of Terms in CFS Boolean Pquation.

2 x 10-4H

I 2 x 10-4

1 x 10-4J

1 x 10-4K

6 x 10-4

B5-10
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1.0 INTRODUCTION

The Oconee Unit' 3 Low Pressure Injection System (LPIS) was

reviewed and compared with the similar PWR design (Surry) evaluated

in the-WASH-1400 study. The LPIS designs for Oconee and Surry are

described in Sections 2 and~3 of this report respectively. A

comparison of the two low pressure . injection systems is given -in

Section 4. LPIS event tree interrelationships are detailed in

Section 5. Also included in Section 5 is a description of the

model used to incorporate LPIS failures into the Oconee accident '

sequences and a point estimate of the LPIS unavailability assuming

independence from all other.Oconee systems.

2.0 OCONEE LPIS DESCRIPTION'

2.1 System Description

.The Emergency Core Cooling System (ECCS), which is designed to

prevent core damage over.the entire _pectrum of RCS break sizes, is-

combined of the LPIS, the High Pressure Injection System (HPIS),,and

the Core Flooding System. Figure B6-1 shows the ECCS for one reactor

unit.

As highlighted in Figure B6-1, the LPIS is a system which pro-

vides two flow paths for delivering borated water to the RCS following
.

a LOCA. Water is drawn through a single suction header from the

BWST, which has a total capacity of 388,000 gallons containing 2200

ppm boron, and pumped directly into the reactor vessel through two -

core flooding nozzles located on the opposite sides of the vessel.

Each flow path delivers the borated-water to the reactor vessel at a

flow rate of 3000 gpm.

..
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The BWST is isolated'from the LPIS pumps during normal plant~

operations by two parallel, normally closed, motor operated valves

(LP-21, LP-22). The LPIS is isolated from the RCS pressure by two

check valves and a normally closed motor operated valve arranged in

series in each flow path. Check valves LP-48 and CF-14 and MOV

LP-17 provide RCS' isolation for one flow path while check valves

LP-47 and CF-12 and MOV-LP-18 provide RCS isolation for

the other flow path. -Note that valves CF-12 and CF-14 also provide

RCS isolation for the core flooding tanks.

The LPIS includes three electric driven pumps, each with a flow

rate of 3000 gpm (LP-PlA, LP-PlB, LP-PlC). Normal. low pressure

injection is accomplished by pumps LP-PlA and LP-PIB with pump LP-PlC

valved out via normally closed MOV's LP-7, LP-8,-LP-9 and LP-10.-

Miniflow by-pass lines are employed to prevent pump overheating

and loss of suction (not shown on Figure). Check valves LP-31,

-LP-33 and LP-35 are included at the output of the' low pressure injec-

tion pumps LP-PlA, B,.and C respectively to prevent back flow of

coolant through idle pumps.

Each flow path includes a shell and tube type heat exchanger.

(LP-ClA, LP-ClB) through which the . borated water is pumped prior to

injection into the reactor vessel. These heat exchangers are employed

during the recirculation mode for cooling water drawn f rom the reactor

building sump.

2.2 System operation

Automatic initiation of the LPIS is initiated by Channels 3 and

4 of the Engineered Safeguards Protective System (ESPS) when the RCS

pressure falls to 500 psig or the reactor building pressure rises to

B6-4
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4 psig. An ESPS signal resulting from either of these conditions

causes:

a) Low pressure injection pumps LP-PlA and LP-PlB to start.

b) Valves LP-17 and LP-18 in the low pressure inlet lines to

open.

c) All low pressure service water pumps to start.

d) Service water valves from low pressure injection coolers to

open (LPSW-4, LPSW-5;.

The injection mode continues until the BWST is approximately

94% empty at which time a low watar level alarm is annunciated in

the control room. Upon receipt of this alarm, the operator must re-

align the LPIS to recirculate water from the reactor building sump

through the heat exchangers and core flooding nozzles into the reactor

vessel.

3.0 SURRY LPIS DESCRIPTION

The LPIS in the Surry Plant (Figure B6-2) consists of

i) Two pumps (3,000 gpm, 600 psig each), each driven by an

electric motor. Each pump shares a common suction header

and discharge header.

ii) Refueling Water Storage Tank (RWST) (350,000 gal. of borated

water, with 1900 PPM boric acid concentration, chilled to

45'F).

iii) 3 discharge lines, one to each of 3 cold legs of RCS.
,

iv) 2 check valves in each of the 3 discharge lines, 1 normally

open motor operated valve in the common feeder to the 3

discharge lines and 2 normally open motor operated valves,

one each in the pump discharge line.

B6-5



v) piping, isolation valves and instrumentation.

All stop valves between the RWST and the RCS are local and/or

remote controlled manual valves and would normally be open. The. check

valves are installed to preclude backflow from the high pressere I

(2000 psig) RCS to the LPIS (600 psig).
|

Pump start-up is initiated by a signal from the Safety Injection |

Control System (SICS) when the pressure in the RCS falls to 600 psig.

Borated water is drawn from the RWST and discharged into each of the

3 RCS cold legs. When the RMST is approximately 93% empty, as indi-

cated by low KWST level alarm, the operator must realign the system

to recirculate water from the containment sump to the RCS cold legs.

The LPIS is designed on the following basis:

a) Either pump will provide sufficient flow to the RCS cold

legs.

b) Acceptable system performance can be achieved with only

one of three cold leg flow paths providing flow into the

RCS.

4.0 COMPARISON OF OCONEE AND SURRY LPIS

Both Oconee and Surry employ redundant LPIS' trains to deliver

borated water to the RCS following a LOCA. Major design dif ferences

that cause Oconee's LPIS unavailability to differ from Surry's ace

f the valve configurations between the BWST and the LPIS pumps and

between the pump discharge and the reactor vessel. Surry's LPIS

suction line contains a manually operated gate valve in series with

a motor-operated valve and check valve before the branchoff point

to the pumps. There is then a single manually operated valve in

|
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each flow line before the pump. The LPIS pump discharge lines at

Surry come together outside containment and branch inside containment

before connecting with the RCS. Oconee's LPIS has one manually

operated valve in the suction line before branching of f to the pumps
and then has two motor-operated valves and a check valve in series

before each pump. Oconee's LPIS discharge lines do not come back

together before connecting with the reactor vessel. These design

dif ferences were outline:1 to show the important fact that Surry has
more LPIS single f ailures than Oconee. This results in a RSS value

of 4. 7 x 10-3 for LPIS failure at Surry compared with a 4.4 x 10~

value for large LOCAs estimated for Oconee.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The LPIS is one of a group of three systems which provide
<

Emergency Coolant Injection (ECl) to prevent core danage for various

break sizes. The other two systems are (1) the High Pressure

Injection System (HPIS) and (2) the Core Flooding System (CFS).

The probability of LPIS failure contributes to Event D (ECI) for

the large LOCA (breaks >l3.5 inches), S LOCA (breaks >10 and <13.5y

inches) and S2 LOCA (breaks 4 to 10 inches). Failure of the LPIS

for large and S2 LOCAs is defined as failure to deliver borated

water to the RCS at a flow rate equal or greater than the design

output of one LPIS pump. Failure of the LPIS for S i LOCAs is
f ailure to deliver borated water at a flow rate equal or greater

than the design outout of two LPIS pumps. These f ailure criteria

are given on page 14-57 of the Oconee FSAR.
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5.2 OCONEE LPIS MODEL DESCRIPTION

5.2.1 LPIS Boolean Equations

Two Boolean equations of the LPIS were developed. One depicts

LPIS failure to provide core flow from at least one loop and is used
LOCAs. The second Booleanin the analysis of the large and S2

equation describes LPIS failure to provide core flow from both LPIS
LOCA analysis.loops and is used in the St

The Boolean equistion representing f ailure of both LPIS loops

is:

LPIS (2 of 2 trains fail) = A + RCS RBCM +

(B + E + J + CH4) (C + D + K + CH3) +*

LPISCM + RCSLOCM * RBH ICM. (Eq. B6-1)

The Boolean equation representing f ailure of one LPIS loop

is:

LPIS (1 of 2 trains fail) = A + RCSRBCM + B + E + J

+ CH4 + C + D + K + CH3 + RCSLOCM RBHICM. ( Eq . B6-2)*

Table B6-1 relate each term in the above equations to the com-

ponents shown in Figure B6-1. Table B6-2 lists total canponent

unavailabilities and each of the contributors to the component

unavailability. Component unavailabilities were comprised of

hardware, human, and maintenance faults.

Testing of LPIS valves was found to negligibly add to the

component unavailability when compared to other contributions and was

therefore not included.
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Only two LPIS pumps were included in the ana]ysis (LP-PlA dnd

LP-PlB). The third pump is manually valved out and was not expccted

to be available. No maintenance contributions were included in the

pump unavailability numbers, however, since it was assumed the third

pump would be realigned to provide the redundant flow path. For

maintenance contributions and unavailability from other system

components, technical specifications state that maintenance is

allowed during power operation on any component which will not

remove more than one train (flow path) of a system from service.

Components shall not be removed from service so that the affected

LPIS train is inoperable for more than 24 consecutive hours. If

one LPIS train is inoperable for more than 24 hours, the reactor

must be shut down. The average maintenance interval used in the.

Reactor Safety Study is 4.5 months, which corresponds to a frequency
of 0.22 per month. From the Reactor Safety Study, (Table III 5-3)

the lognormal maintenance act duration for components whose range is

limited to 24 hours is a mean time of 7 hours. Therefore, the

unavailability of one component due to maintenance is estimated to

be:

7(.22) 2.1 x 10-3=
720

Testing of the LPIS pumps is conducted monthly. The average

outage time for pump test is taken from the RSS as 1.4 hours. The

unavailability of the pump due to test is therefore:

1.4 = 1.9 x 10-3
720

Several common mode f ailures were identified in the LPIS.

Both pump trains can be actuated by a reactor low-low pressure signal

B6-9
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or a reactor building high pressure signal. Reactor low-low pressure

is signaled by sensor group RCSLO (1500 psig trip) employing a 2 out
1

of 3 logic. Similarly, reactor building high pressure is signaled I

by sensor group RBHI employing 2 out of 3 logic. A 1 x 10-3 common

mode unavailability was attributed to sensor groups RCSLO and RBHI

due to a possible human error of miscalibrating two or more sensors

in a g roup. These common mode unavailabilities are designated RCSLOCM

and RBHICM in the Boolean equations. A common mode failure in which

both sensor groups are miscalibrated in a single human error is

represented by the term RCSRBCM. For more details concerning ESPS

actuation f aults and common mode failure , see Appendix B10.

A final common mode failure identified was the possibility of

the three LPIS test line valves connecting both LPIS trains to the

BWST being inadvertently lef t open. If they are, LPIS flow will be

recirculated back to the BWST and thus divert water f rom going into

the core. This common mode is represented by the term LPISCM in the

Boolean equations for the 2 of 2 train failure case. For the case

where only 1 of 2 trains fail, these test line valve f ailures are

incorporated into the Boolean te rms D and E.

5.2.2 LPIS Unavailability

Using the Boolean equations given in the last section and the

term unavailabilities given in Table B6-1, independent LPIS point

estimate unavailabilities per reactor year can be calculated. These

are found to be:

4 . 4 x 10 -3 (2 of 2 trains fail)O (LPIS) =

and

6.6 x 10-2 (1 of 2 trains fail)O (LPIS) =

i

; B6-10
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Double test or maintenance contributions, i.e. components of

both trains being deliberately removed f rom service for maintenance,

were removed from these unavailabilities since this condition is not

allowed by Technical Specifications.

A quantitative ranking of the Boolean terms for the 1 of 2 LPIS

case is given in Table B6-3. As can be noted, approximately 50% of

the system unavailability is due to single failures LPISCM and A.

A quantitative ranking of the Boolean terms for the 2 of 2

LPIS case is given in Table B6-4. As can be noted, approximately

98% of the system unavailability is due to the first six single

failures.

The reader should be cautioned that these are unavailabilities

for Oconee's LPIS if the system is considered independent of all

others. In general, the LPIS unavailability will depend on what

other system successes or failures have occurred.

.
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1
Table B6-1. Boolean Dquation Term Descriptions

Boolean Term Term Definition Term Unavailability

A LP-28 4 x 10-4

B LP-22 + LP-30 3.3 x 10-3

C LP-21 + LP-29 3.3 x 10-3

D LP-5 + LP-PlA+
LP-31 + LP-ll + 2.3 x 10-2
LP-12 + LP-15 +
LP-17 + LP-48 + TEST A

E LP-8 + LP-PlB +
LP-13 + LP-14 + 2.3 x 10-2
LP-16 + LP-18 +
LP-33 + LP-47 + TEST B

J CF - 12 1 x 10-4

K CF - 14 1 x 10-4

CH3 ESPS Actuation Train 5 x 10-32

(Channel 3)

CH4 ESPS Actuation Train 5 x 10-3
(Channel 4)

RCSLOCM Sensor Group RCSLO 1 x 10-32

Common Mode

RBHICM Sensor Group RBHI 1 x 10-3
Common Mode

RCSRBCM Common Mode Failure 3.2 x 10-5
Between RCSLO and RBHI

LPISCM Common Mode Due to 3.0 x 10-3
Incorrect Test
Valve Position
LP TEST

1. Refer to Figure B6-1.
2. Refer to Appendix B10.

B6-12
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Table B6-2. Component Unavailabilities

Component Fault Failure
Description _ Identifiers Contributors O/ Component

Check Valve CF - 12
CF - 14
LP - 29
LP - 30
LP - 31
LP - 33
LP - 47

-4LP - 48 Hardware 1 x 10

~4
Q Total 1 x 10

Pump Ilardware 1 x 10~
-3

LP - PlA Control Circuitry 1.8 x 10~ % \'LP - PlB Test 1.9 x 10

O Total 4.7 x 10~
-

Motor Operated Ilardware 1 x 10_
Valve Plugged 1 x 10

-3(Normally Closed) LP - 18 Control Circuitry 6.4 x 10
-3LP - 17 Maintenance 2.1 x 10

~3
Q Total 9.6 x 10

Motor Operated LP - 5
Valve LP - 8

(Normally Open) LP - 12
LP - 14 Operator Error 1 x 10_3

-

4
LP - 21 Plugged 1 x 10

-3 *

LP - 22 Maintenance 2.1 x 10

-3
0 Total 3.2 x 10

|

| Manual Valve LP - 15
-3

(Normally Closed) LP - 16 Operator Error 1 x 10

0 Total 1 x 10~
-

Manual Valve LP - 11 Plugged 1 x 10_
(Normally Open) LP - 13 Operator Error 1 x 10

~4 '

0 Total 2 x 10

BWST Manual Plugged 1 x 10
Isolation Valve LP - 28 03erator Error 3 x 10

~4
2 Total 4 a 10 /.

Test Lin Valves TEST A
~

Inadvertc.itly Open TEST B Htman Error 1 x 10 ~

,

-3O Total 1 x 10

i
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Table B6-3. Quantitative Ranking of Terms in Two
of Two Trains Fail LPIS Boolean Equation

LPISCM 3.0 x 10-3
ED 5.3 x 10-4

A 4x 10-4
E CH3 1.2 x 10-4

CH4*D 1.2 x 10-4
7.6 x 10-5BD

E*C 7.6 x 10-5
* RCSRECM 3.2 x 10-5

CH4*CH3 2.5 x 10-5
CH4*C 1.7 x 10-5

B CH3 1.7 x 10-5
B*C 1.1 x 10-5
E*K 2 3 x 10-6
JD 2.3 x 10-6

RCSLOCM RBHICM 1 x 10-6
J CH3 5 x 10-'

CH4 K 5 x 10-7
JC 3.3 x 10-7
BK 3.3 x 10-7
JK 1 x 10-8

4.4 x 10-3

Table B6-4. Quantitative Ranking of Terms in One
of Two Trains Fail LPIS Boolean Equation.

E 2.3 x 10-2
D 2.3 x 10-2

CH4 5 x 10-3
CH3 5 x 10-3

B 3.3 x 10-3
C 3.3 x 10-3

LPISCM 3.0 x 10-3
A 4 x 10-4
J 1 x 10-4
K 1 x 10-4

RCSRBCM 3.2 x 10-5
RCSLOCM RBHICM 1 x 10-6

-2
6.6 x 10
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1.0 INTRODUCTION

The Oconee Unit 3 Low Pressure Recirculation System (LPRS) was

reviewed and compared with the similar PWR design (Surry) evaluated

in the WASil-1400 study. The LPRS designs for Oconee and Surry

are described in Sections 2 and 3 of this report, respectively. A

comparison of the two low pressure recirculation systems is giv(n

in Section 4. LPRS event tree interrelationships are detailed in

Sectica 5. Also included in Section 5 is a description of the model

used to incorporate LPRS failures into the Ocence accident sequences

and a point estimate of the LPRS unavailability assuming independence

from all other Oconee systems.

2.0 OCONEE LPRS DESCRIPTION

2.1 System Description

The LPRS (Figure B7-1) is a system which provides two separate

flow paths for recirculating water from the containment sump to the

reactor vessel. Flow enters the reactor vessel through two core

flooding nozzles located on opposite sides of the vessel. Each

flowpath of the LPRS includes an electric pump with 3000 gpn flow

rate, a shell and tube heat exchanger, and asscciated piping and

valves. Comparison of Figure B6-1 and B7-1 reveals that the LPRS

pumps and many valves are shared with the Low Pressure Injection

System.

Long term core cooling by the LPRS is achieved by rejecting

the core decay heat contained within the LPRS water to the Low

Pressure Service Water (LPSW) System via the heat exchangers (see

Appendix B14 for analysis of the LPSW system). A third spare pump,

which is normally valved out, can be put in either flow path as

B7-3
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required. Passive miniflow by-pass lines are employed to prevent

pump overheating and loss of suction.
,

1

2.2 System Operation

As stated in Section 2.1, . the majority of the equipment used

I in the LPRS is first used by the LPIS (see Appendix B6). -When

the borated water storaga tank is approximately 94% empty a low
I water alarm is annunciated in the control room. Upon receipt of

this alarm the operator must realign certain valves to recirculate

water from the reactor building sump to the reactor. Specifically,

the two valves from the sump (LP-19 and LP-20) must be opened and
!

the two valves from the borated water storage tank (LP-21 and LP-22)

must be closed. ,

3.0 SURRY LPRS DESCRIPTIOt;

The LPRS in the Surry plant shown in Figure B7-2 includes the
; containment sump, two pumps in parallel (each capable of delivering

3000 gpm at a 225 fcot head), and associated valves and piping.
,

There are 3 discharge lines, one to each of 3 cold legs of the RCS.
i

Each discharge line has 2 check valves. There is one normally
,

open motor operated valve in the common feeder line to the three

discharge lines and two normally open motor operated valves in

each pump discharge line. When the RWST is approximately 864

empty, as indicated by a low RWST level alarm, the operator must

realign the LPIS to recirculate water frcm the containment sump

to the RCS cold legs. Af ter 2 4 hours for large pipe break accidents,
,

the operator must realign the LPRS to recirculate water to the 3

RCS hot legs. Individual headers provide wa'ter from the containment

-
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sump to each LP pump. Ei''.er pump will provide sufficient flow

into the RCS. Flow through any one cold leg or any one hot leg

(after 24 hours) is sufficient.

4.0 COMPARISON OF OCONEE AND SURRY LPRS

The Oconee and Surry LPRS are similar in that they employ

redundant trains to deliver water to the RCS from the sump following

a LOCA. Both systems use the same pumps as in their LPIS and

both require operator action to realign the pump suction from the

BWST or RWST to the containment sump at the start of the recircula-

tion phase. The Surry system also requires operator action af ter

24 hours to realign LPRS flow from RCS cold legs to the hot legs.

This later realignment is not necessary for the Oconee system.

Failure to perform any of the above realignmeats constitutes a

common mode failure of the system due to human error. The

contribution to system unavailability due to common mode failures

is greater for Surry than for Oconee. This results in an RSS

value of 1.3 x 10-2 for Surry compared to a 4.0 x 10-3 value

estimated for Oconee.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The LPRS is one of two systems providing Emergency Coolant

Recirculation (ECR), event H on the LOCA event trees, to prevent

core damage for various break sizes. The other system is the

High Pressure Recirculation System (HPRS). Successful ECR requires

LOCAs.the operation of one of two LPRS trains for A, S , and S7y

For S3 and transient induced LOCAs, ECR requires one of three HPRS

B7-5
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trains as well as a corresponding LPRS train (see Appendix B9).

5.2 LPRS Model Description

5.2.1 LPRS Boolean Equation

The following Boolean aquetior,was developed to model LPRS

failure:

LPRS = (B + J + CH4 + E + E' + X)*(C + K + CH3 + D + D' + W) + WXCM .

(Eq. B7-1)

Each term in the above equation except for E', X, D', W and

WXCM is described in Section 5.2 of the LPIS Appendix B6. Tables

B7-1 and B7-2 list descriptions of the remaining terms and component

unavailability estimates. These unavailabilities are comprised of

hardware, human, and maintenance faults. Testing of the LPRS valves

was found to negligibly add to the valve unavailability when compared

to other contributions and was therefore not included. It should

be noted that the primed events E' and D' represent failure of

the low pressure pumps during the recirculation phase.

Maintenance unavailabilities previously not discussed in the

LPRS appendix are due to the sump MOVs LP-19 and LP-20. The

technical specifications state that maintenance is allowed during

power operation on any component which will not remove more than

one train (flow path) of a system from service. The component shall

not be removed f rom service so that the af fected train is inoperable

for more than 24 consecutive hours. The average maintenance interval

used in the RSS is 4.5 months, which corresponds to a frequency of

10.22 per month. From the Reactor Safety Study (Table III T-3), the

log normal maintenance act duration for canponents whose range is

B7-6



limited to 24 hours is 7 hours. The unavailability of valves

LP-19 and LP-20 due to a maintenance outage is therefore estimated

to he:

7 ( . 2 2_) = 2.1 x 10-3 ,

720

A common mode failure of the LPRS was identified. When the

bhST is 93% empty a control room alarm notifies the operator to

realign the low pressure pump suction from the BAST to the sump.

To do this, the operator stops the pumps, opens LP-19 and LP-20,

closes LP-21 and LP-22 and restarts the pumps. Failure to realign

to the sump would fail the pumps upon emptying the BWST. This

common mode f ailure due to of arator error was assessed as
3 x 10-3 and is designated WCXM.

5.2.2 LPRS Unavailability

Using the Boolean equation given in the last section and the

term unavailabilities given in Table B6-1 and B7-1 an independent

LPRS point estimate unavailability can be calculated. This is

found to bei

LPRS = 4.0 x 10-3/ reactor year .

" Double" test and maintenance contributions, i.e. a deliberate

action specif ying both trains to be tested or maintenanced

simulataneously, were not included in this unavailability estimate
because such sn action would violate technical specifications.

Further, it can be seen that reduction of the Boolean equation
describing the LPRS results in 37 terms. Examination of these te rms

B7-7



shows that 16 depict " double injection" failures of the LPRS, i.e.

LPRS failura due to f ailure of redundant canponents during low

pressure injection which describe the low pressure injection system.

These failures were not included in the calculations of the
independent LPRS unavailability above since the LPIS must havs

succeeded (at least one train) to demand LPRS.
For calculation of the unava,ilability as used in the accident

sequence analysis, double injection failures and other physically
inconsistent failure contributors were eliminated according to

the Boolean reduction process where the equations describing each

of the systems involved in the sequence were condensed together.

A quantitative ranxing of the Boolean terms is given in Table

B7-3. As cars be noted approximately 75% of the system unavailability

is due to WXCM.

The reader should be cautioned that these are unavailabilities
for Oconee's LFRS if the system is considered independent of all

others. In general, the LPRS unavailability will depend on what

other system successes or failures have occurred, i.e. the

unavailability used for the LPRS in the sequence analysis calcula-
tion must be a conditional unavailability.

.
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Table D7-1: Boolenn Eqantion Tcrm Description

Boolean Term Term Definition Term Unavailability _

D' LP-PlA 3.5 x 10-3

E' LP-P1B 3.5 x 10-3
W LP-19 9.6 x 10-3

X LP-20 9.6 x 10-3
WXCM Common Mode - Due to 3 x 10-3

the failure of the
Operator to realign
for recirculation
(Open LP-19, LP-2C
and close LP-21,
'P-22 and restart
pumps)

Table B7-2: Component Unavailabilities

Component Fault Failure
Description Identifier contributors O/ Component

Pump LP-PIA Hardware
LP-PlB (Fails to restart) 1 x 10-3

Control Circuitry 1.8 x 10-3
Fails to operate
24 hrs (3 x 10-5/hr) 7.2 x 10-4

O Total 3.5 x 10-3

Motor Operated LP-19 Hardware 1 x 10-3
Valve LP-20 Plugged 1 x 10-4
(Normally Closed) Control Circuitry 6.4 x 10-3

Maintenance 2.1 x 10-3

O Total 9.6 x 10-3

B7-9

.- . - - - . - .



( l

S

Table B7-3. Quantitative Ranking in Terms
in LPRS Boolean Equation

G

WXCM 3.0 x 10-3
D*X 2.2 x 10-4
W'E 2.2 x 10-4
W'X 9.2 x 10-5
D'*E S.1 x 10-5
D*E' 8.1 x 10-5
W'CH4 4.8 x 10-5

Cli3 X 4.8 x 10-5
C*X 3.2 x 10-5
WB 3.2 x 10-5
D'*X 3.4 x 10-5
W E' 3.4 x 10-5

D'*CH4 1.8 x 10-5
CII3 * E ' 1.8 x 10-5
D'*E' 1.2 x 10-5
C*E' 1.2 x 10-5
D'*B 1.2 x 10-5

WJ 9.6 x 10-7
K*X 9.6 x 10-7
K*E' 3.5 x 10-7

D'*J 3.5 x 10-7
.

4.0 x 10-3

B7-10
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1.0 INTRODUCTION

The Oconee Unit 3 High Pressure Injection System (HPIS) was

reviewed and compared with the similar PWR design (Surry) evaluated

in the WASH-1400 study. The HPIS designs for Oconee and Surry art

described in Sections 2 and 3 of this report respectively. A

comparison of the two high pressure injection systems is given in

Section 4. HPIS event tree interrelationships are detailed in

Section 5. Also included in Section 5 is a description of the

model used to incorporate HPIS failures into the Oconee accident

sequences and a point estimate of the HPIS unavailability assuming

independence from all other Oconee systems.

2.0 OCONEE HPIS DESCRIPTION

2.1 System Description

The High Pressure Injection System along with the Low Pressure

Injection System (LPIS) and the Core Flooding System (CFS) form

collectively the overall Emergency Core Cooling System (ECCS),

which is designed to prevent core damage over the entire spectrum

of RCS LOCA sizes. Figure B8-1 shows the ECCS for one reactor

unit. High pressure injection is necessary to prevent uncov- B
t

ering of the core for small LOCAs, where high system pressure

is maintained, and to delay uncovering of the core for intermedi-

ate-sized LOCAs. The HPIS can also be used to cool the core .

following a non-LOCA reactor shutdown (e.g., transient). This

mode of HPIS operation would be utilized only if normal and

emergency secondary heat removal via the steam generators cannot

be. achieved.

B8-3
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The HPIS is arranged so that three pumps are available for

emergency use to inject borated water f raa the Borated Water

3torage Tank (BWST) to the RCS. During normal operation, the

HPIS recirculates reactor coolant for purification and for supply

of seal water to the reactor coolant circulating pumps. One of

the three high pressure injection pumps is normally in operation

and a positive static head of water assures that all pipes are

filled with water.

Each high pressure injection pump can deliver 450 gpm at

1700 psig reactor vessel pressure. Water is drawn through a single

suction header from the BWST and pumped through injection lines

which enter the reactor building on opposite sides. Each injec-

tion line splits into two lines inside the reactor building, but

outside the secondary missile shield, to provide four injection

paths to the four RCS cold legs. The four connections to the

RCS are located between the reactor coolant pump discharge and

the reactor inlet nozzles.

Successf ul operation of the HPIS pumps ra]uires lubrication

oil cooling and pump seal cooling. Charging pump cooling is accom-

plished via the Low Pressure Service Water (LPSW) Systes where heat

generated in the pump lubricating oil and seals is removed via

heat exchangers and transferred to the ultimate heat sink.
# Electric power is supplied to the three HPIS pumps by three

independent 4160 V buses.

B8-4



2.2 System Operation

The HPIS is initiated at:

1. a low RCS pressure of 1500 psig or,

2. a reactor building pressure of 4 psig.

Automatic actuation of the valves and pumps by the Engineered

Safeguards Protective System (ESPS) channels 1 and 2 switches

the system from its normal operating mode to the emergency oper-

ating mode to deliver water from the BWST ir.to the reactor vessel

through the reactor coolant inlet lines. The following automatic

actions occur on receipt of an ESPS signal:

a. The isolation valves (HP-3, 4 and 5) in the

purification letdown line and valves (HP-20, 21)

in the seal return lines close (not shown in

Figure B8-1).

b. All high pressure injection pumps start.

c. The inlet valve HP-26 opens.

d. The valves (HP-24, 25) in the lines connecting to

the BWST outlet header open.

After receiving an actuation signal, the HPIS valves'will reach

full open within 6 seconds. Operation of the HPIS in the emergency

mode will continue until system operation is manually terminated.

The pumps are designed so that periodic testing may be performed

to assure operability and ready availability.

The HPIS may also be started manually from the control room.

Tnis mode of HPIS actuation would be used if the system. is

B8-5
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required following a non-LOCA caused reactor shutdown in which

all heat removal capability through the steam generators is

lost. This capability is useful for conditions in which the

RCS is losing inventory, but the RCS pressure is being main-

tained above the low pressure actuation set point.

In this mode of operation the operator could cool the core by

injecting HPI water and allowing it to boil off through the

pressurizer relief valves.

3.0 SURRY HPIS DESCRIPTION

The Surry High Pressure Injection System provides a high

pressure source of, emergency cooling water to the RCS in the

event of of a LOCA. Figure B8-2 is a simplified system diagram

of the HPIS.

The HPIS uses the high pressure charging pumps to draw water

through a single suction header from the Refueling Water Storage

Tank (RWST) and injects the water through a single discharge

header into the cold lega. Another function of the HPIS is to

push the I? weight percent boric acid solution in the 900 gallon
i

Boron Injection Tank (BIT) into the RCS in order to provide fast

! injection of boron to the reactor core for reactivity suppressicn.

The injection of the 12 weight percent boron from the BIT was

concluded not to be a critical requirement for HPIS success in

response to a LOCA.
_

During normal plant operation, one operating charging pump

draws water from the Volume Control Tank (VCT) and discharges it

as makeup to the normal charging line and seal coolant to the pump

seal injection line. Actuation of the Safety Injection Control

B8-6
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System (SICS) will:

a. Open parallel RWST supply valves 1115B and D to provide the

RWST emergency water foe HPIS pump (charging pumpi suction;

b. Start the standy charging pumps;
~

c. Close the VCT isolation valves LCV-lll5C and E (in
series) to prevent draining the VCT;

d. Close the normal charging line isolation valves 1289A

and B (in series);

e. Open the parallel BIT isolation valves 1867A and B, at

the BIT inlet, and 1867C and D at the BIT outlet;

f. Close the boric acid recirculation line trip valves

1884A, B and C, to terminate low pressure recirculation

of 12 weight percent baric acid solution between the

Boric Acid Tanks.(BAT) and the BIT:
g. - Close the charging' system mini-flow valves.

After the SICS changes the HPIS valve positions, all operable

charging pumps will pump water f rom the HNST to discharge header

CH-80, through HPIS line SI-57 through the BIT, and to the RCS

cold legs through lines common with the LPIS. The actuation of

the HPIS for injection is entirely automatic.

The 12 weight percent boric acid solution is normally reciteu-

lated between the Boric Acid Tank (BAT) and the BIT by one of

two redundant boric acid transfer pumps. The boric acid recircu-
i

lation serves.to assure that the BIT is full and to help prevent
.

boron precipitation by keeping the solution mixed.

Boron precipitation in the 12 weight percent boric acid

solution will occur at a temperature below 130'F. The contents of

.

..
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the BIT and those sections of HPIS piping isolated by the BIT

isolation valves are maintained above the precipitation temperature

by strip heaters on the BIT and heat tracing on the piping and

valves, including the boric acid recirculation piping. Temperature

alarms and backup beaters are provided should any of the heaters

or heat tracing circuits fail. Transfer to the backup heaters

for heat tracing is manual. Undetected heat tracing failure will

result in precipitation of boric acid solution within 4 to 5 hours

and will fail the HPIS.

Successf ul longterm operation of the charging pumps requires

lubrication oil cooling and pump seal cooling. Plant personnel

estimate that the charging pumps can operate for 30 to 45 minutes

without lubricating oil or seal cooling.

4.0 COMPARISON OF OCONEE AND SURRY HPIS

The Oconee HPIS is similar to the Surry HPIS in that each

have three high pressure pumps which take suction from a 350,000

gallon borated water supply (~2000 ppm boron). Both systems

have a single header which connects this borated water supply to
,

| the charging pumps.

,

The three high pressure pumps of Surry are all completely
!

| interconnected by normally open motor operated valves, whereas
i

! Oconee has two manually operated normally closed valves in the

pump suction and discharge header.

A design dif ference that gives rise to a change in the

Oconee's HPIS unavailability is the valve. configuration between

the pump discharge and the reactor vessel. The pump discharge

in the Surry HPIS feeds a common header which contains the BIT.

B8- 8
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The operation of Surry's BIT is necessary for successful HPIS

operation. Failure of the BIT due to precipitation of the twelve

12 percent boric acid solution contained in the BlT and its

associated piping can plug the valves or lines of the HPIS.

This failure mode does not apply to the Oconee HPIS since Oconee

has separate discharge headers and does not have the equivalent

of a BIT. The Surry system therefore has more single failures.

Another major dif ference between the systems is the type of

pumps used. The Oconee HPIS pumps deliver adogtate flow at normal

RCS operating pressure to cool the core if heat removal via the

steam generators fails. The Surry pumps, however, do not have

the capability to deliver adequate flow at RCS pressures to cool

the core. This makes the requirement for heat removal via the

steam generators more critical at the Surry reactor.

These differences are reflected in the different system

unavailabilities. The RSS estimated a 8.6 x 10-3 HPIS unavail-

ability for Surry while the Oconee unavailability for LOCAs was

estimated at 1.4 x 10~ .

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The HPIS is one of the three subsystems of the ECCS which .

provide injection of coolant to the core to prevent damage for
!

'

various break sizes. The remaining two subsystems are the

LPIS and the CFS.

Failure of the HPIS contributes to event D (ECI) on the

A (>13.5" break), S (10"-13.5" break), the S2 (4"-10" break),1

B8-9
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the S (0-4" break), and the transient induced LOCA event
3

trees. The HPIS also contributes to event U (Primary System

Makeup) on the transient event trees. Failure to deliver water

to the reactor core at a flow rate of less than the design output

of one high pressure pump at full head constitues HPIS failure.

5.2 HPIS Model Description

5.2.1 HPIS Boolean Equations

The general form of the HPIS Boolean equation representing

failure of the HPIS system considering one of the trains is

required for success is:

HPIS = (Al + CH1 + Dl'El + Cl)+(B1 + CH2) +A

RBHICM + LPSW + HPMAN+ RCSRBCM + RCSLOCM -

+ LOPNRE (Eq. B8-1)

The above equation, except for the last two terms, was used

S S3) and thein the analysis of all LOCA sequences (A, Si, 2,

analysis of transient induced LOCA sequences where AC power is

available (T Q, T 0, and T 0). Equation B8-1 without they 2 3

last two terms is referred to as Eq. B8-1(a) in the main report

chapte rs . Equation B8-1, without the last te rm, was used to analyze

all normal transients except the station blackout transient (Ty(B3))
and is referred to as Equation BB-1(b) in the main report. For

Ti(B3) sequences, all of Eq. B8-1 was used. For T (B3)0 sequences,1

where there is a stuck-open' relief valve and a station blackout,

B8-10
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HPIS failun e is assessed to be unity. This is because, under these

circumstances, core damage is assumed to begin quickly and recovery
of offsite power is not assumed to occur in the short time interval.1

Table B8-1 relates each term in the above equation to the

components shown in Ficure B8-1. Table B8-2 lists total

component unavailabilities and each of the contributors to

the component unavailability.

The unavailabilities. listed in Table BS-2 are comprised of

hardware, human and maintenance faults. Testing of HPIS valves and

pumps was found to negligibly add to the valve and pump unavaila-

bility when compared to other contributions and was therefore net

included.

Two high pressure injection pumps shall be maintained operabic

to provide redundant and independent flow paths. Maintenance shall

be allowed during power operation on any component which will not

remove more than one train (flow path) of a system from service.

Components shall not be removed from service so that the affected

system is inoperable for more than 24 consecutive hours after

which it will be shutdown. *The average maintenance interval

used in the Reactor Safety Study is 4.5 months, which corresponds

to a frequency of 0.22 per month. From the Reactor Safety Study,

Table III 5-3, the log-normal maintenance act duration for components

whose range is limited to 24 hours is a mean tine of 7 hours.

The unavailability of one component due to maintenance is estimated

to be:

7(.22) ~

= 2.1 x 10720

This assumption is consistent with the WASH-1400 treatment of the
S B sequence. A detailed analysis of this sequence may indicate that2
core damage begins at a time significantly later than that assumed.

.B8-11
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Several common mode failures were identified in the llPIS.

Both pump trains can be actuated by a reactor low-low pressure

signal or a reactor building high pressure signal. Reactor low-

low pressure is signaled by sensor group PCSLO employing a 2 out
*

of 3 logic. Similarly, reactor building high pressure is signaled

by sensor group RBill employing 2 out of 3 logic. A 1 x 10-3

connon mode unavailability was attributed to sensor groups RCSLO

and RBHI as the dominant failure contributor due to a possible

human error of miscalibrating two or more sensors in a group.

These common mode unavailabilities are designated RCSLOCM and

RBiiICM in the Boolean equation. A common mode failure in which

both sensor groups are miscalibrated in a single human error is

repreeented by the term RCSRBCM. For more details concerning

ESPS actuation faults and common mode failure, see Appendix BlO.

5.2.2 HPIS Unavailability

Using the Boolean equations given in the last section and

the term unava11 abilities given in table B8-5, independent ilPIS

point estimate unavailabilities can be calculated.

These are found to be

O (HPIS) = 1.4 x 10-3 (Applies to A,
induced LbCAs) and

S S St, ,

transient

Q (IIPIS) = 1.6 x 10~ (Applies to transients with AC
power available)

-10 (IIPIS) = 2.2 x 10 (Applies to transients with no
AC power initially available)

Double maintenance contributions were removed from these

unavailabilities since both trains being out for maintenance

at the same time is not allowed by Technical Specifications.

B8-12
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A quantitative ranking of the Boolean terms for the 1 of 3

1:PIS case in response to LOCAs with AC power available is given

in Table B8-3. As can be noted, approximately 90% of the system

unavailability is due to the first 4 terms. For the case in

which the HPIS is asked to respond to a transient with AC power

available the unavailability is dominated by the

Boolean term HPMAN. For transients without AC power, the unavail-

ability is dominated by the term LOPNRE.

The reader should be cautioned that these are unavailabilities

j for Oconee's HPIS if the system is considered independent of all

others. In general, the HPIS unavailability will depend on what

other system successes or failures have occured. Further, when

calculating sequence probabilities, possible common mode failures

among systems must be considered if the systems are not independent.

An example of this is valve LP-28 which contributea to both HPIS

and LPIS unavailability.

B8-13
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Table B8-1. Boolean Equation Term Descriptions

Boolean Term Term Definitions Term Unavailability

A LP-28 4x 10-4

B1 HP-27 + HP-148 +
HP-ll4 + HP-113 + 3.5 x 10-2
HP-PIC + HP-lll +
HP-102 + HP-25

Al HP-26 + HP-118 9.8 x 10-3

Cl HP-101 + HP-24 9.8 x 10-3

El HP-98 + HP-107 + <

HP-PlB + HP-109 + (running in makeup
HP-110 mode)

DJ HP-lO3 + HP-PlA + 1.6 x 10-2
HP-105 + HP-106

** CHI ESPS Actuation 5 x 10-3
Train (Chaanel 1)

**CH2 ESPS Actuation 5 x 10-3
Train (Channel 2)

**RCSLOCM Sennor Group RCSLO 1 x 10-3
Common Mode

**RBHICM Sensor Gru p RBHI 1 x 10-3
Common Mode

**RCSRBCM Common Mode Failure 3.2 x 10-5
Between RCSLO and
REHI

***LPSW Low Pressure Service 2.7 x 10-5
Water Pump Cooling

HP: TAN Operator Fails to 1.5 x 10-2 (see footnote 4)
Start System (Event
U Only)

LOPNRE Offsite Power Not 2 x 10-1
Restored Within 1/2-
1 Hr. (Applies to
Loss of all AC Power
only)

* Refer to Appendix B1
** Refer to Appendix B10
*** Refer to Appendix B14 x 5; where 10-3 is the basic huiran****1.5 x 10-2 = (3 x 10-3)

error of ccmmission. This value is increased by a factor of 5
to reflect a moderately high stress situation (reference NUREG/
CR-1278, Handbook of Human Reliability Analysis with Emphasis on
Nuclear Power Plant Applications).
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Tabla BC-2. Component Unavailabilities

Component Fault Failure
Description Identifiers Contributors O/ Component

HP-101
HP-102

Check Valve HP-105
HP-ll3 Hardware 1 x 10-4

O Total 1 x 10-4
Pump HP-PlA Hardware 1 x 10-3

HP-Plc Control Circuitry 1.1 x 10-3
Lube Oil to
Viscous 1 x 10-2
Service Water
Not Valved In 1 x 10-3
Maintenance 2.1 x 10-3
Test 1.9 x 10-3

O Total 1.7 x 10-2

Motor Operated HP-26 Hardware 1 x 10-3
Valve HP-27 Plugged 1 x 10-4
(Normally Closed) HP-24 Control Circuitry 6.4 x 10-3

HP-25 Maintenance 2.1 x 10-3

0 Total 9.6 x 10-3

Manual Valve HP-118
(Normally Open) HP-106

HP-103
HP-148 Plugged 1 x 10-4
HP-ll4 Operator Error 1 x 10-4
HP-lll

O Total 2 x 10-4

BWST Manual LP-28 Plugged 1 x 10-4
Isolation Valve Operator Error 3x 10-4

O Total 4 x 10-4

.-
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Table B8-3. Quantitative Ranking of Boolean Equation Terms

A 4 x 10-4

Cl B1 3.4 x 10-4

Al B1 3.4 x 10-4

Cill B1 1.8 x 10-4

Al*CI!2 4.9 x 10-5

C l CIl2 4.9 x 10-5

RCSRBCM 3.2 x 10-5

LPSW 2.7 x 10-5
4

Cill CII2 2.5 x 10-5

RCSLOCM RDllICM 1 x 10-6

D1*El B1 e

'Dl El CI!2

l.4 x 10-3

<

t
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SURVEY AND ANALYSIS

HIGH PRESSURE RECIRCULATION SYSTEM (HPRS) - OCONEE PLANT

TABLE OF CONTENTS

SECTION PAGE

1.0 INTRODUCTION B9-3.......................................

2.0 OCO!.EE HPRS DESCRIPTION ............................ B9-3

2.1 System Description ............................ B9-3

2.2 System Operation .............................. B9-5

3.0 SURRY HPRS DESCRIPTION 39-6.............................

4.0 COMPARISON OF OCONEE AND SURRY HPRS . . . . . . . . . . . . . . . . B9-8

5.0 OCONEE SYSTEM EVALUATION B9-9...........................

5.1 Event Tree Interrelationships ................. B9- 9

5.2 HPRS Model Descriptions ....................... B9-9

5.2.1 HPRS Boolean Equations ................. B9-9

5.2.2 HPRS Unavailability .................... B9-10

1

B9-1/-2

. . - - . .



__

l. INTRODUCTION

The Oconec Unit 3 High Pressure Recirculation System (HPRS)
,

was reviewed and compared with the similar PWR design (Surry)

evaluated in the WASH-1400 study. The HPRS designs for Oconee

and Surry are described in Sections 2 and 3 of this report,

respectively. A comparison of the two high pressure recirculation

systems is given in Section 4. HPRS event tree interrelationships

are detailed in Section 5. Also included in Section 5 is a

description of the model used to incorporate HPRS failures into

the Oconee accident sequences and a point estimate of the HPRS

unavailability assuming independence from all other Oconee

systems.

2.0 OCONEE HPRS DESCRIPTION

2.1 System Description

The HPRS is one of two systems designed for long-term core

cooling following a LOCA. The other system is the Low Pressure

Recirculation System (LPRS). After exhaustion of the BWST, the

LPRS and HPliS are used to recirculate water from the containment
sump to the RCS. If the LOCA is large enough, the RCS will be

at a low enough preesure so that only the LPRS would be re]uired.

If the LOCA is small, however, the RCS will be at a pressure

above the shutoff nead of the LPRS pumps and the HPRS would be

req uired . As can be seen in Figure B9-1. for these LOCAs, the

HPRS and the LPRS are both required, since the HPRS takes its

suction from the discharge of the LPRS.

As discua3ed in Appendix B-7, the LPRS must be realigned

by the operator for sump suction and discharge directly into

B9-3



the reactor vessel. The IIPRS serves the same f unction as the

LPRS, except that it delivers water into the RCS cold legs at

high pressure and takes its suction from the LPRS discharge.

Tne llPRS, highlighted in Figure B9-1, consists of three pumps

and associated pipes all designed for high pressure operation.

Following exhaustion of the BWST, a portion of the LPRS pump

discharge is diverted through the llPRS for recirculation into

the RCS cold legs. (The remaining portion is diverted to the

containment spray headers.) There are two separate flow paths

from the LPRS to the llPRS pump suction header which is common

to all three pumps.
Y

Flow through any one pump is capable of preventing core

damage for those smaller leak sizes which do not allow the RCS

pressure to decrease rapidly enough to the point where only the

LPRS is required. One high precsure line can deliver 450 gpm at

1800 psig reactor vesrel pressure. One of the three high pressure

pumps is normally in operation and a positive static head of water
assures that all pipe lines are filled with coolant. The high

pressure lines contain thermal sleeves at their connections into

the reactor coolant pipint to prevent over stressing the pipe

juncture.

All three pumps have self-contained lubrication systems and

mechanical seal coolant systems tied in with ihre Low Pressure

Service Water System (LPSW). RCS decay heat is removed through

the Low Pressure Injection System coolers to the Condenser Cir-

culating Water System (CCW). Under a loss of AC power situation,

the emergency discharge line will automatically open and the

.

.
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CCW system will continue to operate as an unassisted siphon system

supplying sufficient water to the condenser for decay heat removal

and emergency cooling requirements. One low pressure injection cooler
4

is located in each of the two separate LPRS discharge lines to remove

the decay heat from the circulated reactor coolant.

Electric power is supplied to the three HPIS pumps by three

independent 4160 v buses.

2.2 System Operation

The equipment used in the HPRS operates in three modes:

(1) During normal operation of the RCS, one high pressure

injection pump continuously supplies high pressure

water from the letdown storage tank to the seals of

each of the reactor coolant pumps and to a make-up,

line connected to one of the reactor inlet lines

(Normal Mode) .

(2) Immediately following an accident, the high pressure

pumps deliver water from the borated water storage

tank to the cold legs of the RCS. (Injection mode -

see Appendix B8.)

(3) Following exhaustion of the BWST, water is drawn from

the LPRS discharge for recirculation into the rcd cold

legs (Recirculation Mode).

The high pressure recirculation mode is ir.itiated by the

following operator nations:

B9-5
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(1) BWST supply line values HP-24, HP-25, LP-21 and LP-22

are closed when BWST low level alarm notifies operator.

All high and low pressure ECCS pumps are also shut

off at this point.

(2) Containment sump valves LP-19 and LP-20 are opened and

the low pressure pumps LPPlA and LPPlB are restarted.

3) Valves LP-15 and LP-16 are opened in order to divert a
4

portion of the LPRS flow to the high pressure pumps

which are also restarted.

After initiating the HPRS, the operator continues to control

the system. To aid the operator, the following system conditions

are monitored and displayed in the control room: the reactor
.

building sump level, the temperature of water in the line from

the sump to the low pressure pumps, the low pressure pump discharge

pressure, the flows in the low pressure and high pressure supply

lines to the reactor vessel, the level in the BWST and all motor

operated valve positions.

3.0 SURRY HPRS DESCRIPTION

The primary function of the Surry HPRS serves basically the

same functions as the Oconee HPRS. The HPRS is required to

supply high pressure water to the RCS following a small LOCA

where there is no rapid depressurization of the RCS. The HPRS

can also serve as an alternate discharge path for the LPRS at

low pressures (see Figure B9-2).

The HPRS consists of three charging pumps, each with a 150

gpm capacity at a 2750 psig discharge pressure. The required

B9-6
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flow for successf ul HPRS operation is 150 gpm at full head or the

flow of one charging pump. This includes consideration for the

loss of flow of a rupture in the flow path to a cold leg. The
.

source of water for the HPRS pumps comes from the discharge of

the LPRS pumps through motor operated valves 1863A-B. The LPRS

draws flow from tne containment sump.

Initially, when in the HPIS mode, the system is aligned to

draw water from the Refueling Water Storage Tank (RWST) and

deliver it to the cold legs of the RCS. The HPRS mode is manually

initiated when the level of the RWST reaches 87% empty by the

operator who opens the suction valves from the LPRS discharge,

MOV 1863A and MOV 1863B, and closes the RWST supply valve. It

is assumed that the charging pumps are already operating f rom

the HPIS mode and that the LPRS and sump systems are operable.

The discharge of the HPRS is directed to either the RCS cold

legs or hot legs with initial recirculation passing through the

Boron Injection Tank (BIT) to the cold legs. An alternate path

to the cold legs which bypasses the BIT is available if flow is

found to be deficient. This is done by opening MOV-184 2. During

the first day of operation recirculation is injected to the cold

legs. If necessary, flow is then directed to the hot legs to

prevent the accumulation of boron, residue, and debrrs in the

core which would result from continuous boiling.

It should be noted that all valve manipulations required

for emergency recirculation are directed or remotely operator

controlled. Thus, a valve in the wrong position will not be

activated to the proper position automatically.

-
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Successful charging pump cooling depends on a closed charging

pump cooling watrr system to provide cooling water fo* the pump

seals and a once through charging pump service water system to

cool the lubrication oil coolers and to remove heat from the

charging pump cooling water system through intermediate seal heat

exchangers. The 600 HP charging pump motors also require cooling

by air drawn into the hoods over the motors into the auxiliary

building central air ventilation system. Failure of pump lubri-

cating oil or seal cooling or f ailure of air flow through the

auxiliary building central area ventilation system, which prevents

overheating of the pump motors during HPRS operation, is assumed

to fail the charging pumps.

4.0 COMPARISON OF OCONEE AND SURRY HPRS

The HPRS at both Oconee and Surry are similar in that each

has three high pressure pumps which t6ke their suction from two

independent flow paths at the discharge of the LPRS pumps. Both

systems require the successful cperation of their respective LPRS

~ and require operator action to valve in the HPRS pump discharge.

Failure of the LPRS cr of the appropriate operator action are

the main contributors to HPRS unavailability at both plants.

At the Surry reactor, HPRS flow must be manually realigned

from the cold legs to the hot legs within 24 hours. This

additional important contributor to the Surry system availability

does not apply to the Oconee HPRS.

The HPRS unavailability for Oconee was calculated to be some-

-2
what higher than that calculated for Surry (1.1 x 10 compared to

9.0 x 10~ ).
0

,

B9-8

- - - - - - - . . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



r _.

i

t '

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

Failure of the HPRS contributes the Emergency Coolant Recircu-

lation (ECR) event, Event H, for the S LOCA (breaks < 4") and3

transient induced LOCAs. The ECR event also includes failure of

the LPRS. As stated previously, the HPRS is clearly dependent on

the LPRS because the high pressure pumps take suction from the

low pressure pump discharge during the recirculation mode. This

interaction was accounted for in the sequence analysis by includ-

ing an ECR common mode f ailure in the Boolean equations. Other

common mode failures such as failure to remove heat via the

heat exchangers in the LPRS were also considered. Conside ring

the success criteria stated in the FSAR, Event H for S LOCA
3

sequences is defined as f ailure to recirculate water into the

reactor vessel from at least one of two low pressure pumps and

the corresponding one of three high pressure puraps.

5.2 HPRS Model Description

5.2.1 HPRS Boolean Equations

The following Boolean equation was developed to model HPRS

failure considering one high pressure pump is reluired for

success:

HPRS = HPRSCM + LPRS + LPISCM (Eq. B9-1).

The term LPRS represents the LPRS Boolean e]uation given in

Appendix B7. The term HPRSCM represents the common mode f ailure

of the operator to realign the high pressure pump suction to the

,

5
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i

low pressure pump discharge (f ailure to open valves LP-15 and

LP-16 and close valves IIP-24 and HP-25) . This failure has an

assessed probability of 3 x 10-3 The term LPISCM represents

system f ailure due to the human error of inadvertently leaving

the LPIS test valves in the open position (see also Appendix B6).

If they are left in this position following a test, LPRS flow

will be recirculated back to the BWST an6 thus divert water

from going to the core. This term must be included in the

above equation because the LPIS is not demanded in accident

sequences requiring the HPRS and the fault LPISCM would not

occur until the LPRS was started by the operator. The term

LPISCM was assessed at 3 x 10-3,
,

other terms which model continued operation of the high

pressure pump trains could have been added to the above equation,

bet they are not important conti cu te rs to system f ailure and

were therefore not included.

5.2.2 HPRS Unavailability

The Boolean equation presented in Section 5.2.1 of the LPRS

Appendix B7 models both injection and recirculation failure

modes of the low pressure trains. If the LPRS is to be used

following a success of the LPIS, then double injection failures

must be removed from the unavailability estimate of the LPRS

(refer to discussion in Section 5.2.2 of that appendix). How-

ever, in the case of small LOCAs, the LPIS is not reluired

during the injection phase, since only the HPIS is required.

Since the LPIS is not demanded prior to the start of the recircu-

~

B9-10
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lation phase, the unavailability estimate for- the LPRS following

:small LOCAs must include all injection failure combinations.

Referring to the. Boolean-equation for the LPRS and including

double injection ~ failure yields

LPRS = 5.0 x 10-3 -
'

" Double" test and maintenance contributions, i . e .' , a -

deliberate action specifying both low pressure trains to be

tested or maintenanced simultaneously, were not included in '

- this unavailability estimate because such an action would

violate technical specifications.

Substitution of the term unavailabilities into the HPRS
.

equation yield:

HPR3 = 1.1 x 10'

Forty-six percent of this unavailability is due to LPRS,-

27% is due to HPRSCM and 27% is due to LPISCM.

The reader should be cautioned that this is the unavailability

for Oconee's HPRS if the system is considered independent of all

others. In general, the HPRS unavailability will depend on what

other system successes or failure have occurred, i.e., the

unavailability used for the HPRS in the sequence analysis cal-

culabion must-be a conditional unavailability.

B9-11
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SURVEY AND ANALYSIS

ENGINEERED SAFEGUARDS PROTECTIVE SYSTEM (ESPS)
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l.0 INTRODUCTION

The Oconee Unit 3 Engineered Safeguards- Protective System

(ESPS) was reviewed and compared with the similar PWR design

(Surry) evaluated in the WASH-1400 study. The ESPS designs for

Oconee and Surry are described in Sections 2 and 3 of this report

respectively. A comparison of the two engineered safeguards

protective systems is given in Section 4. ESPS event tree inter-

relationships are detailed in Section 5. Also included in Section

5 is a description of the model and point estimate unavailabilities

used to incorporate ESPS f ailures into *he Oconee accident sequence.

' - 2.0 OCONEE ESPS DESCRIPTION
a

2.1 System Description

The ESPS monitors reactor building pressure and RCS pressure

to detect the failure of the RCS. The_ESPS provides initiation

signals to the nigh and low pressure injection systems, containment

isolation systems, the reactor building cooling system, and the con-

tainment spray injection system. In addition, an ESPS signal is used to

start the eme rgency power system and initiate a transfer to that

system. The conditions that will actuate engineered safeguards

are listed in Table B10-1.

The ESPS is a basic 2-out-of-3 coincidence logic system.

Each pressure input is measured three times, the three redundant

signals terminate in three bistables as shown in Figure B10-1.

Specifically, the system consists of eight 2-out-of-3 coincidence

logic networks for initiating four safeguards actions. The equip- :

ment required for these safeguards actions is initiated by two

.
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2-out-of-3 logic networks, each referred to as an ESPS channel.

Each safeguards system.is therefore actuated by either of two

redundant coincident. logic or protective channels. Refer'to

Table B10-2 for a list 'of ' engineered safeguards actuated devices.

The output of the protective channel coincidence logic is

connected to the channel's unit control (UC) modules There is i

one UC module for every item (pump, valve, etc.) controlled by

the protective channel. A protective' channel's UC modules are-

connected in parallel with the output of the coincidence logic

(e.g., one channel may signal 4 valves or pumps simultaneously).

The_ output of the coincidence logic follows a normally closed

path in each UC module, finally terminating in an. output relay

with each module.

2.2 System Operation

When the RCS pressure falls to 1500 psig following a LOCA,

the three bistable devices associated with this trip set point

will initiate signals which will energize two, redundant, 2 out
i

of 3 logic networks (ESPS channels 1 and 2) fer actuation of the
!

reactor building isolation system (RBIS),IIPIS,and EPS. These net-

works will in turn, energize the output relay in each unit control
l. module associated with safeguard equipment for the RBIS, HPIS and

EPS. Closure of the normally open contacts of the output relay.

energizes the control relay in the controller of the equipment

required to be actuated. A further decrease in RCS pressure to 500

psig result 0 in_the same actions by ESPS channels 3 and 4 for-actu-:

ation of the LPIS and LPSW. ,

Similarly, a reactor building (RB) pressure rise of 4 psig
t

results in actuation of the Reactor Building Cooling System'by ESPS

|-
,
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channels. 5 and 6. This 4 psig signal also provides input to channels

1 and 2 - for actuation of the RBIS, HPIS and LPIS. A further increase

of RB pressure to 10 psig causes two redundant coincident logic net-

works, ESPS channels 7 ar.3 8, to energize, which, in turn, prc,vides

a signal to control electronics for actuation of the CSIS.

Loss of vital bus power to instrument string will, with the

exception of the CSIS, initiate a trip of that portion of the

logic associated with the affected string. Loss of vital bus

power to the system will not initiate system ~ actuation. The

devices actuated by the system are listed in Table B10-2.

-3.0 SURRY ESPS DESCRIPTION

.The Surry ESPS as described in WASH-1400 was split into

'two-systems; namely, the Consequence Limiting Control System

(CLCS) and the Safety Injection Control System (SICS).

3.1 Surry CLCS Description

The Surry CLCS is designed to detect out-of-tolerance con-

ditions within the containment, by measuting containment pressure,

and to initiate operation of equipment and systems designed to -

limit and counteract these conditions (see Figure B10-2).

The devices which are activated by the CLCS are initiated

at one of two pressure levels. A containment pressure rise

to 1.5 psig initiates the "HI" containment pressure phase of

the CLCS. In this phase, the containment vacuum pumps are,

i
'

tripped, certain containment isolation valves are closed and
,

back-up signals are sent to the Safety Injactica Control

|
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System (SICS) which monitors RCS" pressurizer pressure to activate

core cooling systems. A f urther rise in containment pressure to

10.3 psig initiates the "HI-HI" containment pressure phase of the

CLCS. In this phase, the CSIS and the Containment Spray Recircula-

tion System (CSRS) are initiated, the remaining containment isolation
valves are closed, the emergency diesel generators (No. 1 and No.

3) are started, and service water is diverted to the containment

spray heat exchangers by energizing the appropriate motor operated

valves.

The CLCS consists of four independent measurement channels

and two logic trains for each pressure level. Each logic train

trips when 3 of the 4 measurement channels sense a trip pressure.

The logic trains and measurement channels are designed to trip on

loss of power for HI actuation but are prevented from tripping
HI-HI on loss of power (redundant power precludes disablf ag HI-HI

by one failure). Manual initiation of the HI trains is accom-
plished by depressing onc push button while manual initiation of
the HI-HI trains is accomplished by simultaneously depressing

two push buttons.

Placing a measurement in the test mode causes it to send a

trip signal to all four logic trains. Thus, only two of the three

remaining channels must trip to initate the logic trains. A logic

train, which is in test, will be automatically pulled out of test
if the train not being tested trips.'

3.2 Surry SICS Description
-

The Surry actuation system, the Safety Injection Control

System (SICS), provides initiating signals to other systems such

i
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as the LPIS, HPIS, and the Reactor Protection System (RPS) . The

SICS ccasists of two redundant trains, each of which includes

analog instrumentation to energize seven output relay coils

which provide for electrical control of the HPIS, LPIS, accumula-

tors and containment valves. The circuitry in both trains is

identical and redundant. Each train is fed by a separate DC bus

and is located in a separate cabinet. Both trains are fed from

different bistable relays which in turn are fed by the same

compa rato rs , i.e., relay PC 455 in train A and relay PC 455 in

train B are both fed by comparator 455 ( see Fig ure B10-3 ) . Thus,

train redundancy is lost but is replaced by channel redundancy

at this point.

The SICS is automatically activated when any of the following

conditions exists:

a) Low pressurizer pressure coincident with low pressurizer
water level,

b) High containment pressure.

c) High dif ferential pressure between any two steam lines.

d) High steam line flow coincident with low steam line
pressure or low TAVG across the core.

The logic diagram for one channel of the dual channel SICS

appears in Figure B10-3.

4.0 COMPARISON OF OCONEE AND SURRY ESPb

The Oconee and Surry designs employ comparable degrees of

redundancy in processing sensor data and initiating engineered

' safeguards actuation when required. Both designs actuate similari

.

.
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types of s,ystems and utilize dual logic trains which derive their

signals f rom a sensor g roup common to both trains. At both plants

the HPIS and LPIS, in addition to their normal trip signals, receive

backup signals f rom a high reactor building pressure trip. The re

are several dif ferences between the systems, however.

One dif ference between the two designs is that the Oconee

design monitors RCS pressure only, whereas the Surry SIAS monitors

RCS pressurizer pressure and level. Another dif ference is that

the Oconee ESPS employs 3 pressure sensors for generating a HI

reactor building pressure signal and 6 pressure switches, arranged

in 2 groups of 3 switches, for generating a HI-HI signal. The

'Surry CLCS employs 4 pressure sensors for generating both the HI

and HI-HI signals. The Oconee design employs 2-out-of-3 trip

logic while the Surry design employs 3-out-of-4 trip logic. The

Surry CLCS provides for automatically initiating, through delay

circuits, the CSRS with manual initiation as backup. The Oconee

CSRS is initiated when the operator realigns the LPIS to the

r recirculation mode. And finally, the Surty SICS will actuate all

of its associated safeguurd systems whenever any of the required

trip conditions are met. The Oconee design has the capability of

actuating only the HPIS (at RCS pressure of 1500 psig) providing

RCS pressure does not f all to 500 psig or reactor building pressure

does not rise to 4 psig . This is accomplished in the analog channels

which include separate bistables for RCS pressure (1500 psig and

500 psig) ano RB pressure (4 ps ig ) .
*

Based on a qualitative comparison between the two designs,

it was concluded that the unavailability of the Oconee ESPS is

similar to that estimated for the Sorry SICS and CLCS.

B10-8
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5.0 OCONEE SYSTEM EVALUATION
1

5.1 Event Tree Interrelationships

The ESPS does not appear as an explicit event on the event
I

t rees . ' The ESPS, however, does contribute to several events

|
since it actuates many of the plant ESP systems. A list of the

!

systems the ESPS actuates and the corresponding event tree events

is given below.

System Event

1) HPIS LOCA event D. . . . . . . . . . . . .

2) LPIS LOCA event D. . . . . . . . . . . . .

3) LPRS LOCA event H, event G. . . . . . . . . . . . .

4) CSIS LOCA event C. . . . . . . . . . . . .

5) CSRS LOCA event F. . . . . . . . . . . . .

6) RBCS LOCA event Y, event Z,. . . . . . . . . . . . .

Transient event O

7) LPSW LOCA events Y,D,Z,G,. . . . . . . . . . . . .

Transient events L,U,0

5.2 ESPS Model Description

A comparison was made of t'le Surry SIAS and CLCS and the

Oconee ESPS which identified actuation logic trains (or channels)

and sensor groups that perform similar f unctions. The unavaila-

bility of an Oconee channel or sensor group was then assumed to

be the same as the equivalent Surry channel or sensor group.

Common mode f ailures which applied to the Surry actuation system ,

were also assumed to apply to the Oconee system. Results of

this comparison are given in Table B10-3.

.
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The faults depicted in Table B10-3 were substituted into

the LPIS, LPRS, HPIS, CSIS, CSRS, LPSW and RBCS Boolean equa-

tions as appropriate (see Appendices B6, B7, B8, Bil , B12, B14

and B15). These f aults appear in these equations according to

the Boolean identifier given in Table B10-3.

The common modes listed in Table B10-3 are all due to sensor /

comparitor miscalibrations. For instance, the Surry CLCS HI and

HI-HI common mode error assessment was based on the possibility

of repetitive human errors during the containment pressure sensor

comparator calibration and test procedures. This fault could
1
' occur on all comparitors for which similar actions are called

for. If this human error were to occur, both logic trains of

CLCS HI would fail. In the Surry CLCS analysis it was assumed

to be a tightly coupled event where miscalibration of all com-

paritors was assigned the value of 1 x 10~3 The similar sensor-

comparitor group at Oconee is ESPS HI. If 2 of 3 comparitors are

miscalibrated, both channels 5 and 6 would fail. The probability

of this occurrence was also assigned to be 1 x 10-3 pe r reactor

year.

i '
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i

Table B10-1. Engineered Safeguards Actuation Conditions

Channel Steady State
No. Action Trip Condition Normal Value Trip Point

1, 2 High-Pressure Low Reactor Cool- 2120-2250 1500 psig
Injection ant Pressure or psig

High Reactor Atmospheric 4 psig
Building Pressure

3, 4 Low-Pressure Very Low Reactor 2120-2250 500 psig
Injection Coolant Pressure psig

or
High Reactor Atmosphe r ic 4 psig
Building Pressure

5,6 Start Reactor High Reactor Atmospheric 4 psig
Building Cool- Building Pressure
ing

7,8 Reactor Build- High Reactor Atmosphe r ic 10 psig
ing Spray Building Pressure

!
I
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Table B10-2. . Engineered Safeguards Actuated Devices
M; ;

i

Channel 1 Channel 2 Channels 1& 2 Channel 3 Channel 4 Channels 3&4*

IIP-P IC HP-PIB LP-PIA LP-PlB- LPSW-PIC( 3) .HP-PlA ~
~ !!P-24 HP-25 LP-17 LP-18

IIP- 26
H P- 3 ~ H P- 5
HP-4 HP- 21 ' LPSW-4 LPSW-5

'

H P-2 0 KEC'4EE START LPSW-P3B LPSW-P3A
'

, .KEOWEE START- (Channel B)
(Channel-A) LOAD SHED &
LOAD . S!!ED . & STBY. BKR. 2

,

;STBY. BKR. 1 Standby BUS
Standby BUS FEED BKR.24

FEED BKR.1
,

'

Channel 5 Channel 6 . Channels 5&6 Channel 7 Channel 8
.

RC-5 RC-7 LPSW-15 BS-1 BS-2
RC-6 FDW-106 LPSW-6
FDW-105 FDW-108- LPSW- 21
FDW-107 CC-8 RBCU-F1B BS-Pla BS-PIB
CC-7 LPSW-24
LPSW-18 RBCU-FIC
RBCU-FlA CWD-13
CWD-12 LWD-2
LWD-1 CS-6
CS-5 'PR-2
PR-1 .PR-3
PR-6 PR-4
PR-ElA PR-5
PR-7 PR-E15

.PR-9 -PR-3
-PR-10
FDW-103
FDW-104

_ , . - _, _ _ _ . _



Table B10-3. Comparison of Surry and Oconee Actuation Faults

.

Surry Fault Similar Oconee Surry Failure

|
Description Fault Description Contributors 0/ Component

CLCS HI ESPS HI
Containment Pressure Reactor Building Singles, Do ubles 2 x 10-2

i Lcgic Train Pressuce Channels Test, Maintenance 2.1 x 10-3
5 or 6 (CHS, CH6)1

! O Total 2.2 x 10-2
l

CLCS HI-HI ESPS HI-HI
Containment Pressure Reactor Building Singles, Doubles 4. 8 x 10-3
Lcgic Train Pressure Channels Test, Maintenance 2.1 x 10-3

f 7 or 8 (CH7, CH8)1

Q Total 6.9 x 10~3

f SIAS ESPS Singles, Doubles 2.9 x 10-3
} Logic Train Channels 1,2,3 or 4 Test, Maintenance 2.1 x 10-3
i (CHl, CH2, CH3, CH4)1

_

Q Total 5 x 10-3

CLCS HI ESPS HI Reactor
Containment Pressure Building Pressure
Sensor Group Sensor Group 1 x 10-3
Common Mode Common Mode

(RBHICM)1

CLCS HI-HI ESPS HI-HI
Containment Pressure Reactor Building
Sensor Group Sensor Group 1 x 10 ,'
Common Mode Pressure Common Mode

(RBHIHICM)1

SIAS ESPS
Common Mode Channels 1, 2, 3, and 4

Sensor Group 3.2 x 10-5
CommonMoge
(RCSRBCM)

_

l. Term in parenthesis is the Boolean identifier of this fault.

.
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1.0 INTRODUCTION

The Oconce Unit 3 Containment Spray Injection System (CSIS) was

reviewed and compared with the similar PWR design (Surry) evaluated in

the WASH-1400 study. The'CSIS designs for Oconee and Surry are described

in Sections 2 and 3 of this report respectively. A comparison of the
|

two containment spray injection systems is given in Section 4. CSIS

event tree interrelationships are detailed in Section 5. Also included
.

i
I in Section 5 is a description of the model used to incorporate CSIS

f ailures into the Oconee accident sequences and a point estimate of the

CSIS unavailability assuming independence from all other Oconee systems.

2.0 OCONEE CSIS DESCRIPTION

2.1 System Description

The CSIS along with the Reactor Building Cooling System (see

Appendix B15) provide alternative methods of deprescurizing the contain-

ment following a LOCA. In addition, the CSIS sprays provide removal of

released radioactivity from the post accident containment atmosphere.

; The Oconee CSIS consists of two electric motor driven pump trains

which draw water from the Borated Water Storage Tank, via a common

header, and discharge to the spray headers located in the upper area of

the containment. A simplified schematic of the system is shown in Figure

Bll-1. Each pump is designed to deliver 1500 gpm and the system will

6provide a minimum of 240 x 10 Btu /hr cooling capacity with both paths

in operation. Operation of either train is sufficient to depressurize'

the post-accident containment pressure excursion and return the pressure

to atmospheric. As stated above, the operation of the CSIS sprays

also provide removal of core released radioactivity.from the contain-

ment atmosphere.

Bll-3
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2.2 System Operation & Control

The CSIS operation is initiated automatically by a signal from

channels 7 and 8 of the Engineered Safeguards-Protection Systen

at a reactor building pressure of 10 psig. Initiation provides the

following actions:

a) Valves BS-1 and US-2 open

b) Containment spray injection pumps BS-PlA and BS-PIB start.

The injection mode continues until the BWST is approximately 94%

empty at whicn'tiue a low water level alarm is annunciated in the

control room. Upon receipt of this alarm, the operator nust realign
the CSIS to recirculate water from the building sump.

3.0 SURRY CSIS DESCRIPTION

The Surry CSIS, shown in Figure B11-2, consists of two independent
.

spray subsystens, each containing a puup, filter, spray nozzles, isola-
tion valves and associated piping, plumbing, instrumentation and controls

for delivery of 3200 gpm per subsystem of chilled, alkalized borated

water from the Refueling Water Storage Tank (RdST) to the containment

atmosphere. Each puup is driven by a steam turbine - electric motor

dual drive. A mechanical clutch assembly allows only one drive to be

effective at a time. The system is automatically placed in emergency

service by a 10 psig reactor building pressure signal from the conse-

quence limiting control system which starts the pumps and opens the

isolation valves to the containment. Each spray train is designed

to deliver sufficient heat removal capacity to provide for successful

initial containment response (depressurization of initial pressure

excursion and return to sub-atuospheric conditions) until depletion of

Bll-4 g
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the RWST. The addition of sodium hydroxide solution-to the containmentr

!
' spray serves to improve spray removal of radioactive iodine from the

| containment atmosphere.

The Surry CSIS operates in conjunction with the Containment

I -Spray Recirculation System (CSRS) during the initial containment
|
j response period. Since CSIS water is required for the CSMS suction

supply, the systems are dependent. The criterion for containment

spray success therefore requires the successful operation'of either

( CSIS train plus successful operation of two of the four CSRS trains.

|

4.0 COMPARISON OF OCONEE AND SURRY CSIS

Both systems are similar in that each has redundant CSIS trains to

deliver water to the containment spray nozzles. They are also susceptable

to similar common mode failures. Common mode f ailure of either systemj

may be caused by mispositioning of valves after pump test and miscali-

bration of the sensor group which actuates the system. There are,

| however, some differences.
!

At Surry each train has an independent header connecting the

water. tank and the pump suction. At Oconee, however, each train

shares a common header. Because of this, the Oconee CSIS has an

additional single failure that is not possible at Surry.

The unavailability estimates for the two systems are similar.

The estimated value for both Surry and Oconee was approximately

3.3 x 10- for LOCAs.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The Oconee CSIS is one of two systems designed to provide

immediate cooling of the reactor building atmosphere to limit

Bil-5-



.. . . , . -

|

|

4

.the post-accident containment pressure excursian and return the.

!- containment to atuospheric pressure. The other system is the

RBCS which is automatically placed in its emergency operating mode

at a reactor building preature of 4 psig.. The CSIS also provides

the. function of post accident radioactivity removal.

~

Failure of the CSIS is represented by event C on the LOCA event

trees and event O' on the transient e' vent trees. It also contributes

to the probability of containment pressure reduction failure, event O,

on the transient trees. For all cases, failure of the CSIS is defined
,

E as failure to deliver flow to a spray nozzle from at least one pump

This criteria for success dif fers somewhat from the FSAR definition
and its basis is discussed more fully in Section 5.1 of Appendix B15.

5.2 CSIS Model Description

5.2.1 CSIS Boolean Equations

The general form of the Boolean equation used to model the CSIS is

given below

i

CSIS (2 of 2 trains fail) = A + RBHIHICM + CSISCM

+ (F + C + CH7)-(G + B + CH8)'

(Eq. Bil-1)+ LOPNRE*LOPNRL .

Table B11-1 relates of each term in the above equations to the

! components shown in Figure Bil-1. Table B11-2 lists total component

I unavailabilities and each of the contributors to the component unavail-
1

ability. These unavailabilities are comprised of hardware, human,

test and maintenance faults.

The above equation, except for the last term, is referred to as

Eq. Bil-1(a) in Chapter 4 and was used to model CSIS failure for

Bll-6
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j 'LOCAs and transients with AC power available. The entire equation-

was used for cases in which AC power is not initially

available (e.g. loss of offsite power followed by a failure of the;

T (B3)).i emergency hydro AC generators to start, i.

Each spray injection: pump is tested monthly to verify proper

operation. Table III 5-1 in RSS (Page.III 55-56) lists the mean test

I act duration times for pumps as 1.4 hours. The pump test downtime.is

therefore:

1.4 = 1.9 x 10-3 ,

720

Testing of the CSIS valves was found to negligibly add to the cora-

i ponent unavailability when co'7ared to other contributors and was

therefore not included.

Scheduled' pump and valve maintenance is on a one to twelve month

interval with a log normal.mean of 4.5 months. The duration is from*

.5 hours to 24 hours with a log normal mean of 7 hrs. The unavail-

ability of one component due to maintenance is therefore:

7 2.1 x 10-3= .

720 x 4.5
i

i

Several common mode failures were identified in the CSIS. Both,

l-
pump trains are actuated by a reactor building hi-hi pressure signal.

This signal is generated oy sensor group RBHIHI employing a' 2 out of 3

logic. A 1 x 10-3 common mode unavailability was attributed to sensor

group RBHIHI due to a possible human error of miscalibrating two or-

more sensors. This common mode is designated RBUIHICM in the Boolean

equation. (For more detail concerning ESPS actuation faults and common
-

Bil-7
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. mode failure, see Appendix B10.) Another ccamon mode, CSISCM, assessed

at 1 x 10-3 was caused by a human failure to reclose the CSIS valves

BS-IS, BS-13 and BS-21 af ter a syste.a test. If these valves are

left open, CSIS flow will be recirculated back to the BWST and thus-

diverted f ron reaching the spray nozzles.

5.2.2 CSIS Unavailability

Using the Boolean equations given in the last section and the term

unavailabilities given in Table B6-1, independent CSIS point estimate

unavailabilities can be calculated. These are found to be:

CSIS = 3.3 x 10-3 (Applies to LOCAs and transients
with AC power initially available)

and

CSIS = 6 3 x 10-3 (Applies to situations with AC power
initially unavailable) .

Double test or maintenance contributions which would violate

the sjstem technical specification were removed from these unavail-

abilities. For example, simultaneous maintenance of both containment

spray trains were removed from the probability calculations.

A quantitative ranking of the Boolean terms which describe the
failure modes of the CSIS following LOCAs and transients with AC

power available is given in Table B11-3. As can be noted, greater

than 50% of the system unavailability is due to terms CSISCM and

RBHIHICM. For situations with AC power initially lost approximately

44% of ti.e CSIS unavailability is due to the failure to restore off-

site power within 40 minutes and the failure of the operator to notify

the Lee Steam Station.

Bll-8



The reader should be cautioned that these are unavailabilities

for Oconee's CSIS if the system is considered independent of all-

others. In general,_the CSIS unavailability will depend on what

other system successes or failures have occurred, i.e.'the unavail-

ability for the CSIS used-in the sequence calculation nust be.a

conditional unavailability.

Bll-9
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Table Bll-1. Boolean Equation Term Descriptions
.

Boolean Term Term Definition Term Unavailability

A LP-28 4 x 10-4

F Spray Nozzles A + BS-1 2.0 x 10-2
+ BS-12 + BS-11 + BS-PIA
+ BS-3 + BS-5 + BS-14

G Spray Nozzles B + BS-19 2.0 x 10-2
+ BS-2 + BS-17 + BS-16
+ BS-PIB + BS-4 + BS-6

C LP-21 + LP-29 3.3 x 10-3

B LP-22 + LP-30 3.3 x 10-3

CH71 ESPS Actuation Train 6.9 x 10-3
(Channel 7)

CH82 ESPS Actuation Train 6.9 x 10-3
(Channel G)

CSISCM Valves BS-18, BS-13, and 1x 10-3
BS-21 in recirculation line
to RWST inadvertently left
open

RBHIHICMI Senror Group 1x 10-3
RBHIHI Common Mode

LOPNRE2 offsite power not recovered 2 x 10-1
within 1/2-1 hour (applies
to loss of all AC only)

LOPNRL2 Offsite power not recovered 5 x 10-1
within 1-3 hours (applies to
loss of all AC only)

1 Refer to Appendix 910.
2 Refer to Appendix Bl.

Bil-10
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Table B11-2. Cornponent Unavailabilities

Component Fault Failure
Description Identifier Contributors O/ Component

BS-19
BS-14

Check Valve BS-16
BS-11
BS-5
BS-6
LP tv-

t Hardware 1x 10-4

O Total 1 x 10#

Putrp BS-PIA Hardware 1 x 10-3
BS-PlB Control Circuitry 1 x 10-3

Maintenance 2.1 x 10-3
Test 1.9 x 10-3

O Total 6x i?i-T

Motor Operated BS-2
Valve BS-1 Hardware 1 x 10-3
(Normally Closed) Control Circuitry 6.4 x 10-3

Plugged 1x 10-4
| Maintenance 2.1 x 10-3

O Total 9.6 x 10-3

Motor Operated BS-3 Operator Error 1 x 10-3
Valve BS-4 Plugged 1x 10-4
(Normally Open) LP-21 Maintenance 2.1 x 10-3

LP-22
O' Total 3.2 x 109

Manual Valve BS-17 Plugged 1x 10-4
(Normally Open) BS-12 Operator Error 1 x 10-4

O Total 2x 10-1

'BWST Manual LP-28 Plugged 1 x 10-4
Isolation' Valve Operator Error 3 x 10-4

O Total 4 x 10-4
~

Spray Nozzles A
Spray Nozzles B Plugged 1.3 x 10-4

O Total 1.3x1D

i

!

B11-11
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Table Dll-3. Quantitative Ranking of Terms
in CSIS Ecolcan Equation

CSISCM 1.0 x 10-3

RBIIIli1CM 1.0'x 10-3

FG 4.0 x 10-4

A 4.0 x 10-4

F*C118 1.4 x 10-4

CIl7 G . 1.4 x 10-4

FB 6.6 x 10-5

C*G 6.6 x 10-

CII7 Cli8 2.5 x 10-5

C Cli8 2.3 x 10-5

CII7*B 2.3 x 10-5

C*B 1 x 10-5

3.3 x 10-3

Bil-12-
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1.0 INTRODUCTION

The Oconee Unit 3 Containment Spray Recirculaton System (CSRS) was

reviewed.and compared with the similar PWR design (Surry) evaluated in

the WASH-1400 study. The CSRS designs for Oconee and Surry are described

in Sections 2 and 3 of this report respectively. A comparison of the

two containment spray recirculation systems is given in Section 4.

CSRS event tree interrelationships are detailed in Section 5. Also

included in Section 5 is a description of the model used to incorporate

CSRS f ailures into the Oconee accident se]uences and a point estimate

of the CShS unavailability assuming independence from all other Oconee

systems.

2.0 OCONEE CSRS DESCRIPTION

2.1 System Description

The CSRS provides _ for long term cooling of the reactor building

atmosphere to limit the containment system pressure to below the design

limit. It also provides for long term scrubbing of the atmosphere to

remove radioactive materials.

Each of two spray paths includes an electric pump, a spray header

containing 120 nozzles, and associated piping and valves (see Figure

B12-1). The pumps which are located outside the containment, are rated

at 1500 gpm but deliver water at 1000 gpm during the recirculation

mode. This system is initially aligned to draw water f rom the borated

water storage tank. During the recirculation mode, water is drawn from

the reactor building emergency sump. The sump water is cooled by the

LPRS which pumps the water through heat exchangers, for heat removal

via the service water system, prior to injection into the reactor vessel.

B]2-3
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Provisions are included for testing the pumps, spray headers,_and

associated piping and valves. The pumps are tested by drawing water

from the borated water storage tank and discharging it through test

lines. Low press re fog or air is blown through the spray nozzles to

verify that flow paths are open, valve operation and seal integrity in
piping and valves is observed during these tests.

2.2 System Operation

Initially, following a LOCA, the containment spray. system is

aligned to deliver water from the borated water storage tank to the

reactor building at a flow rate of 1500 gpm per pump. Realignment

to take suction f rom the reactor building emergency sump requires

operator action. Specifically, upon receipt of an alarm indicating

low water level in the borated water storage- tank (~ 94% empty), the

operator opens two motor operated valves in the emergency sump suction

lines (LP-19 and LP-20) and closes the two motor operated valves in

the borated water storage tank suction lines' (LP-21 and LP-22).

This action places both the spray system and the LPIS in the recirc-

ulation mode. At this time, the operator also must throttle each of

the spray pumps from the 1500 gpm flow to a 1000 gpm flow in order

to maintain adequate NPSH. Operation in this mode continues until

terminated by operator action.

3.0 SURRY CSRS DESCRIPTION

The CSRS provides for recirculation of the containment sump water

through the heat exchangers of the Containment Heat Removal System (CHRS)

to spray headers inside the containment for pressure control, fission

product removal and long-term energy removal in the-event of a LOCA.

B12-4



The CSRS, which is independent of the CSIS, consists of four

trains, each of which includes a pump, heat exchanger, spray header

and associated piping and valves (see Figure B12-2). Each pump

has a rated flow of 3500 gpm. Two of the pumps are located inside

the containment and have a rated head of 230 feet. The remaining

two pumps, which are located outside the containment, have a rated

head of 249 feet.

All stop valves in the flow path from the containment sump to

the spray headers are normally open. Therefore, init:stion of

flow is accomplished by turning on the fouc pumps (PlA, PlB, P2A

and P2B) via a signal from the Consequence Limiting Control System

(CLCS) when a LOCA occurs. Start-up of the pumps located inside

the containment (PlA and PIB) is delayed for two minutes and start-up

of the pumps located outside the containment (P2A and P20) is

delayed for five minutes after receipt of the CLCS HI-HI signals

by the associated pump control circuits. The motor operated

valves V1,v'V3 and V4 are automatically opened by the CLCS2

s ignals if they are inadvertently left closed. Pumps 2A and 2B

can be manually stopped by the operator action at any time while

pumps lA and IB cannot be stopped until the CLCS is reset following

a return of containment pressure to subatmospheric.

The CSRS is designed on the following basis:

Pumping by two of the four trains during the first

twenty-four hours following a large pipe break accident

and by one of the four pump trains after twenty-four

hours will provide sufficient flow for system success.

B12-5



4.0 COMPARISON OF OCONEE AND SURRY CSRS |

|

The CSRS systems for Oconee and Surry are considerably dif ferent

in both design and mode of operation. One important difference is

that the Surry system is independent of its CSIS whereas the Oconee

CSRS uses much the same equipment as its CSIS. The success criteria

for Surry is two of four pumps. The success criteria for Oconee is

one of two pumps.

The Surry CSRS is automatically activated whereas Oconee must be

manually activated by having the operator realign F.he pump suction

from the BWST to the containment sump. The Oconee system also reIuires

the operator to throttle the pump flow rate to provide an adequate

net positive suction head so that pump cavitation failure will not

occur. If these operator actions are not performed, common mode'

failure of the Oconee CSRS will result. These important common

nodes do not apply to the Surry system. This results in a CSRS

unavailability of 6.9 x 10-3 for Oconee as compared with the RSS

value of 1.0 x 10-4 for Surry.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The CSRS is one of two systems designed to provide long term

cooling of.the reactor building atmosphere to limit containment pressure.

The other system is the reactor building cooling system (see Appendix

B15) which includes three separate cooling units. Either of these

systems provides suf ficient cooling to limit and maintain containment

pressure to below the design pressure. The CSRS also provides for

long term scrubbing of the containment atmosphere to remove radioactive

materials.

,

B12-6
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The prooability of failure of the CSRS is represented by Event F

on the LOCA event trees. Failure of the system requires the f ailure of

both CSRS trains to deliver water to the spray nozzles from the sump at

a flow rate equal or greater than the design output of one pump.

5.2 CSRS Model Description

5.2.1 Boolean Equation

The following Boolean equation wac developed to model CSRS failure:

CSRS = (F + C + CH7 + P' + W ) * (G + B + Cli8 + G' + X) + WACM + CSRSCM .

(Eq. B12-1)

Each term in the above equation except for F', X, G', W, WXCM and

CSRSCM is described in Section 5.2 of the CSIS Appendix Bll. Tables

B12-1 and 312-2 list the remaining terms and component unavaf' ability

estimates. These unavailabilities are coinprised of hardware, human,

and maintenance faults. Testing of the CSRS valves was found to

negligibly add to the valve unavailability when compa red to other

contributions and was therefore not included. It should be noted

that the primed events F' and G' repre sen t failure of the pumps to

operate in the recirculation phase.

Maintenance unavailabilities previously not discussed in the CSIS

appendix are due to the sump MOVs LP-19 and LP-20. The technical

specifications state that maintenance is allowed during power operation

on any component which will not remove more than one train (flow path)

of a system f rom se rvice. The component shall not be removed f rom se r-

vice so that the affected train is inoperable for more than 24 consecu-

tive hours. The ave rage maintenance inte rval used in the RSS is 4.5

B12-7



months, which corresponds to a f requency of 0.22 per month. From the

Reactor Safety Study (Table III S-3), the log normal maintenance act

duration for components whose range is limited to 24 hours is 7-hours.

The unavailability of values LP-19 and LP-20 due to a maintenance

outage is estimated to be:

1

7(.22) 2.1 x 10-3 |=

720 j

Two common mode failures of the CSRS were identif ied . When the

BWST is 93% empty a control room alarm notifies the operator to realign

the low pressure pump suction from the BWST to the sump. To do this,

the operator _ stops the pumps, opens LP-19 and LP-20, closes LP-21 and

LP-22 and restarts the pumps. Failure to realign to the sump would

fail the pumps upon emptying the BWST. This common mode failure due to

operator error has an assessed probability of 3 x 10-3 and is designated

WXCM. After realigning to the sump, the operator is then required to

throttle the system flow rate co that each pump train delivers 1000

gpm. During the injection phase each pump delivers 1500 gpm. Throttle-

ing of the flow is required to ensure an adequate net positive suction

head to prevent pump cavitation failure. This common mode failure due

to operator error has an assessed probability of 3 x 10-3 and is

designated CSRSCM.

5.2.2 CSRS Unavailability

Using the Boolean equation given in the last section and the term

unavailabilities given in Table Bll-1 and B12-1 an independent CSRS

point estimate unavailability can be calculated. This is found to be:

B12-8



CSRS = 6.9 x 10-3 ,

Double test and maintenance contributions, i.e., a deliberate

action specifying both trains to be tested or maintenanced simultan-

eously, were not included in this unavailability estimate because

such an action would violate technical specifications. Further, it

can be seen that reduction of the Boolean equation describing the

CSRS results in 27 terms. "xamination of these tenns shows that

nine depict " double injection" f ailures of the CSRS, i.e., CSRS

f ailure due to failure of redundant components during low-pressure

injection which describe the low pressure injection system. These

failures were not included in che calculations of the independent

CSRS unavailability above, since the CSIS must have succeeded (at

least one train) to demand CSRS.

For calculation of the CSRS unavailability as used in the acci-

r!ent sequence analysis, double injection failures and other physically

inconsistant f ailure contributors were eliminated according to the

Boolean reduction process where the equations describing each of the

systems involved in the sequence were condensed together.

A quantitative ranking of the Boolean terms is given in Table

B12-3. As can be noted, approximately 85% of the system unavailability

is due to CSPSCM and WXCM.

The reader should be cautioned that these are unavailabilities for

Oconee's CSRS if the system is considered independent of all others.

In general, the CSRS unavailability will depend on what other system

successes or failures have occurred; i.e., the unavailability use6 for

the CSRS in the sequence analysis calculation must be a conditional

unavailability.

B12-9
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Table B12-1. Boolean Equation Term Description

Boolean Term Term Definition Term Unayailbilit_y

F' BS-P1A 3.5 x 10-3

G' BS-PIB 3.5 x 10-3

W LP-19 9.6 x 10-3

X LP-20 9.6 x 10-3

WXCM Common Mode Due to 3 x 10-3
the failure of the
Operator to Realign for
Recirculation (open LP-19,
LP-20 and close LP-21,
LP-22 and restart pumps)

CSRSCM Common Mode Due to the 3 x 10-3
Failure of the Operator
to Throttle CSRS Pumps

Table B12-2. Component Unavailabilities

1

Component Fault Failure
Description Identifier Contributors O/ Component

BS-PIA Hardware
Pump BS-PIB (Fails to restart) 1.0 x 10-3

Con' _ Circuit ry 1.8 x 10-3
Fails to Operate
24 hrs (3 x 10-Eh r ) 7.2 x 10-4,

O Total 3.5 x 10-3

Motor Operated LP-19 Hardware 1 x 10-3
Valve LP-20 Plugged 1 x 10-4

(Normally Closed) Control Circuitry 6.4 x 10-3
Maintenance 2.1 x 10-3
C Total 9.6 x 10-3

B12-10
i

e



-_

Table B12-3. ' Quantitative Ranking of Terms in CSRS Boolean Equation

CSESCM 3.0 x 10-3

WXCM 3.0 x 10-3

GW l.9 x 10-4
XF 1.9 x 10-4

XW 9.2 x 10-5

G' F 7.0 x 10-5

G F' 7.0 x 10-5

X CH7 6.6 x 10-5'

CH8 W 6.6 x 10-5

G'W 3.4 x 10-5

XF 3.4 x 10-5

XC 3.2 x 10-5

BW 3.2 x 10-5

G'*CH7 2.4 x 10-5

CH8 F' 2.4 x 10-5
*

G' F 1.2 x 10-5

B F' l.2 x 10-5
G' C 1.2 x 10-5

6.9 x 10-3

B12-ll
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1.0 INTRODUCTION

The Oconee Unit 3 Emergency Feedwater System (CFWS) was

reviewed and compared with the similar PWR Auxiliary Feedwater
:

System ( AFWS) design (Surry) ovaluated in the WASil-1400 study.

The system designs for Oconee and Surry are described in Sections

2 and 3 of this report respectively. Also included is a brief
!
! description of the Oconec liigh Ilead Auxiliary Service Water

Sys tem (tillASWS) . There is no comparable system at Surry. This

system performs a similar function as the EFhs and is used as a
i

backup to the EFWS. A comparison of the two < systems is given ~in

Section 4. EFWS event tree interrelationships ate detailed in

Section 5. Also incuded in Section 5 is a description of the

model used to incorporate EFWS and !!EASWS failures into the

Oconec accident sequences and a paint estimate of the EFWS and

IlliASWS unavailability assuming independence from all other Oconee

systems.

2.0 OCONEE EFWS AND filIASWS DESCRIPTIONS

The purpose of the EFWS is to remove post shutdown decay

heat trora the Reactor Coolant System (RCS) via the steam genera-

tors for those shutdowns in which the main feedwater system is

unavailable. If for some reason the EFWS is unavailable, the !!!IASWS,

which performs a similar function as the EFWS, may also be utilized
~

(based on discussions with plant personnel, the fillAENS is currently

planned to be utilized if all onsite and offsite AC is unavailable).

Successful steam generator cooling can be accomplished by a flow of

500 gpm from either system.

2.1 EFWS Description

A diagram of the Oconee Unit 3 EFWS is presented in

Figure B13-1. The EFWS is capable cf feeding to either or both

.
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steam generators under automatic or manual initiation and control.

The system consists of separate feed trains supplied by two

motor-driven puups and/or one turbine driven punt , and a ;orubinco

suction source.

Two primary reserves of water are continuously available

for EFWS use: The condensor hotwell, a 142,000 gallon tank

normally containing more than 100,000 gallons; and the two compart-

ments of the upper surge tank, UST "A" and UST "B", two 36,000

| gallon tanks which normally contain 25,000 gallons each and
which are cross-connected with norually-open notor operated

valves. Upon loss of main feedwater, the upper surge tanks may

bc. automatically replenished from the condensor hotwell. The

hotwell pumps are normally running. Detection of low suction

flow to the aain feedwater pumps causes hotwell puup discharge

to be recirculated to the upper surge tank come.

The turbine-driven pump takes suction from the upper

surge tank via an 8-inch line containing norwally open valves.<

This pump can also be connected to the condensor hotwell by

opening the norraally-closed motor-operated valve C-391. The

motor-driven pumps have a common suction header which is supplied
|

|
i from both the condensor hotwell and the upper surge tanks.

r

[
Emergency feedwater is supplied to the feed trains by

;-

|
either a turbine-driven emergency feedwater pump, which is rated

l

at 1080 gpm, and/or both motor-driven emergency feedwater puups,

each rated at 500 gpm.
i

|
Recirculation for the motor-driven puups is provided by

i

special check valves (FDN-370 and 380) which operate at low flow

B13-4
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conditions to recirculate less than 10 gpm per puup to the upper

surge tank. A recirculation flow of 100 gpm (nominal) is provided

for the turbine-driven pump by valve FDW-89.

Of importance to system reliability is the 6-inch test

line containing valve FDW-88. This line is used to perfona

periodic tests of the turbine-driven puup and is capable of

diverting full flow of the turbine pump to the upper surge tanks.

Steam is normally supplied to the EFWS turbine f rom either

steam generator via nonaally open notor-operated valves MS-82

and MS-84. An alternate source of steam is the startup and

auxiliary steam header via valve Ab-38. This stema supply is

interconnectea with other Oconce Units.

Steau availability is controlled by a series of valves.

The first in this series is the air-operated steam admission

valve, MS-93. On turbine initiation, a solenoid valve is de-

energized, venting the air supply to MS-93 and causing it to

open. The next valve, MS-94, is a ucchanically operated turbine

overspeed stop valve. This valve trips automatically on turbine

overspeed and uust be reset locally. Turbine speed is controlled

by the final valve, MS-95, the turbine governor. Exhaust from

the turbine is vented directly to the abaosphere.

Figure B13-2 shows the support system dependence of the

EFreS turbine and pump. As indicated in the figure, the turbine

depends on auxiliary systems to circulate and cool oil for bearing

lubrication. Primary oil circulation is provided by a turbine

shaft-driven oil puup. Ilowever, until the turbine reaches a

speed sufricient to drive this pump, the oil is circulated by a

B13-5
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DC motor-operated auxiliary oil pump. The turbine governor

valve is connected to the bearing oil supply and will not admit -

steam to the turbine until a sufficient bearing oil pressure

exists.

Oil cooling is accomplished with an oil cooler through

which water is circulated by an AC motor-operated puup. Because

of the size of the oil reservoir, it is estimatea that the turbine

can be operated without adverse consequences for up to 45 minutes

in the absence of cooling water flow to the oil cooler.

There are no external lube oil dependencies for the motor-

driven pumps ano notors.

Cooling water must be supplied to the cooling jackets of

both the turbine-driver and motor-driven EFWS pumps.
i

Cooling for the turbine-driven puup jacket is shown in

Figure B13-3. Cooling water is supplied from either the Low

Pressure Service Water (LPSW) pumps or by gravity flow f rom the

liigh Pressure Service Water (IIPSW) elevated tank. In either

case, AC operated valve LPSW-137 (or an associated manual valve)

must be opened to permit cooling water flow. It is estimated

that the pump can operate cnly 12 to 15 minutes without cooling

water.

Cooling for the notor-driven pump jackets is shown in

Figure B13-3. Cooling water for these pumps is also supplied by

the LPSW system. This water Llows through normally-open, air-

operated valves downstream of the pump jackets. If these valves

are inadvertently closed prior to an accident, flow would be

1. It should be noted that Duke Power has committed to remove this
turbine pump AC dependency in the near future.

B13-6
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assureu oy valve open signals (to de-oncruiee solencio valves)-

| which accompany iaotor-driven initiation.

j The Low Pressure Service Water (LPSW) puups also supply
I turbine-driven puup lube oil cooler.1 One of thesewater to the,

puups is kept running at all times (see Appenuix B14).

Motor-driven puwps "A" and 'B" normally supply feedwater,

4
'

to steam generators A and B, respectively. The turbine-driven

pump feeds both generators through a common discharge header.

j
_

Two paths are available for the flow of emergency leedwater to

each steam generator from the discharge of the motor-driventpump

fecoing that generator.4

The primary flow path to each generator contains an air-

operated flow control valve, FUW-315 or FUW-316; flow to these*

valves is suppliea via normally-open valves and check valves.

An alternate path for emergency feedwater flow to each

steam generator is availaale usin, part of the normal startup

feedwater flow path. This discharge path is available to the
,

'

motor-driven pumps by opening normally-closea uotor-operated

,
valves FUW-374 or FDW-384. Flow through this alternate path is

i
controlled by DC motor-operated valves FUW-38 or FDW-47.

; Crosstie connections between the motor-driven pumps dis-

| charges contain locked closed uanual valveu (FDW 313 and.314);

i these cross connnections were considered unavailable for the

purposes of this study.

2.2 LFWS Operation

| The EFWS is automatically initiated by either low Main

3
Feedwater (MFU) discharge pressure frou both MFW pumps or pump

I

| 1. It should be noted that Duke Power has committed to remove this
i turbine pump AC dependency in the near future.

I
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trip signals frou both pumps. When either of these conditions

exist the following action takes place:

1) Motor driven puups are both signaled to start.

2) Normally open motor driven pump cooling jacket valves LPSW-516,

LPSW-525 are signaleu open.

3) Steam auuission valve MS-93 is signaled open. Liuit switches

on MS-93 change state, allowing the auxiliary lube oil puup

to start; when sutticient oil pressure is attained, the

turbine governor valve will open starting the turbine puup.

4) Normally closed turbine criven puup cooling Jacket valve

LPSW-137 is signaled open.

5) Turbine driven puup lube oil cooling water n.otor signaled to

start.

6) Steam generator level control is initiated by automatic

control of flow control valves FDW-315 and FDW-316. Steau

generator level control is provided by level control instru-
mentation and analog circuits are on battery-backed power and

which are separate and independert from the Integrated Control

System (ICS).

To aid the operator in uonitoring EFWS operation the following

instrumentation is available in the control room.
EFWS Flow - measured for both discharge paths for both*

feed trains.

Discharge Pressures - for all EFW pumps.*

Cooling Water Flow - to the motor-driven pumps cooling jackets..

,

|
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A loss of offsite power causes the following EFWS components

to be load shed from the emergency power buses: normally closed

turbine cooling water valve LPSW-137; air supply to flow control

valves FDW-315, - 316; normally-open suction valves C-152, -153,

-156, anu -158: normally-closed suction valves C-160 ana -391;

steam valves MS-82, -84, -17, -26, -24 and -23; and-all three

hotweil pump motors. The air supply to the flow control valves

is only expected to last a few minutes'unless the operator loads

the air compressors onto the emergency bus. These valves may

also be uanually valved into a backup nitrogen supply. The

turbine cooling water valve must also be loaded onto emergency

power and opened since the pump will only run about 15 minutes

without cooling.

2.3 HHASWS Description and Operation

The HHASWS is a subsysteu of the Oconce Safe Shutdown System

(SSd). Since the SSS is a system important to plant security, a

detsiled discussion of its design in this document is not appropriate

pursuant to 10CFR 2.790.

The HHASWS provides an alternative means of supplying feedwater

to the steam generators in the event both the normal and emergency feed-

water systems are unavailable (based on discussions with plant personnel,

the HilASWS is currently only planned to be utilized if all onsite and

offsite AC power is unavailable). It consists of a single 2250 gpm motor

driven pump which has the capacity of providing adequate shutdown cooling

to the steam generators of all three Oconee units simultaneously. The

source of AC and DC power required to operate the SSS can be generated

by the SSS power system which does not rely on other power systems

utilized at the Oconee station. Remote manual initiation is required for

.the HHASWS.

1. This a new system which is scheduled to be installed in 1981.
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3.0 SURRY AUXILIARY PEEDWATER SYSTEM

A simplified flow diagram for the Surry AFWS is shown in

Figure B13-4 (reference WAsti 1400 II 5-11). The AFWS consists

of two 350 gpm electric-driven pumps and one 700 gpm turbine-driven

pump along with associated piping, valves, and controls. All

pumps can be started either automatically or t.tanually. The

system delivers fecavater via separate sucti ni lines froa a

110,000 gallon condensate storage tank to the secondary side of

three steam generators through two headers. Each steata generator

can draw from either header.

The electric puups are started automatically when: 1) a

Safety Injection Control System (SICS) signal is present; 2)

loss of oft-site power is detected; 3) main teedwater puinps shut

off; or 4) low water level is detected in a steam generator.

The turbine pump is automatically started for detection of low

water in a steam generator or loss of off-site power.

Af ter about eight hours the condensate storage tank is

exhausted and water must be drawn from the fire main (400000

gallons with 400 gpm replacement) or from another condensate

storage tank (300000 gallons). Switching to these water supplies

requires raanual valve operation. Successful operation requires

flow of the equivalent of one e1ectric driven pump to any one
-

!

steam generator.
f

i

4.0 COMPARISON OF OCONEE EFWS AND lillASWS AND SURRY AFWS

The Oconee EFWS and Surry AFWS are similar in that each system

consists of two electric and one turbine driven pump train. Though'

; many piping differences exist between the systems, successful system

operation requires the flow equivalent of one pump to one steam genera-

tor at both plants.

4
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Given a loss of offsite power the Oconee system requires

operator action to engage important EFWS components to the emergency

power buses. If this is not accompliched, system flow control

and operation of the turbine driven pump will be lost (due to,

i

| loss of pump cooling) in a short time. Similar operator actions

were not identified for the Surry AFWS.
|

| Given a loss of all AC power (both normal and emergency)

the Oconee EFWS will fail in a short time due to loss of turbine

pump cooling. The Surry turbine pump was not identified to have

this cooling dependency and could therefore operate given a-loss

of all AC power.

The HHASWS at Oconee has no comparable Surry system. This

system can provide backup to any EFWS demand and is especially

important following a total loss of all AC power. Since the

l

| HHASWS has its own power system, this system is not affected and

can successfully provide post shutdown cooling.

5.0 OCONEE SYSTEM EVALUATION

5.1 Event Tree Interrelationships

The EFWS and HHASWS provide the function of emergency

secondary heat removal (along with recovery of the main feed-

water system) and therefore appear as part of Event L on the

transient event trees.

Successful EFWS operation requires the attainment of flow

from turbine driven pump to at least one steam generator or

from one motor driven pump to its associated steam generator. For

cases when the main and EFWS are unavailable, the secondary heat

removal must be provided by the single HHASWS pump delivering 500

.
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gpm flow to one of two steam generators. Since the HHASWS is only

expected to be used if all onsit ind offsite power is unavailable

(i.e., Ty(B ) transients disct_;ed in Appendix B1, Section 5.1),
3

credit is not gis n to this system for T , T rT transients in2, 3

which either offsite or- _a AC power is available.

5.2 EFWS and HHASWS Model Description

5.2.1 EFWS and HHASWS Boolean Ecuations

Three Boolean equations were developed to model EFWS failure.

The first depicts system failure following a transient involving
a loss of the main feedwater system caused by other than a loss

of offsite power (T and T transients). The second depicts
2 3

system failure following a loss of offsite power (T transient) ~'

y

induced loss of main feedwater in which the onsite emergency

power is operationable. The third depicts failure of the

system following a loss of offsite power in which the onsite

emergency AC power system also fails (Ty(B ) transients).3

EFWS = [ A3+E3 * (F3+P3) ] *[ B3+G3 - (F3+P3) } + LPSW (Applies to T or T2 3
transients)

EFWS = [ A3+E3 ]-[ B3+G3 } + LPSW (Applies to T transients)y

EFWS = 1.0 (Applies to Ty(B3) transients)

Table 13-1 lists descriptions of each term in the previous

equations. Table 13-2 lists componer.t mypes in the EFWS, fault

identifiers that label specific components and f ailures that

contribute to the component unavailability. These unavailabilities

are comprised of hardware, human, and maintenance faults.

.
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The differences between the first two equations is that for<

T transients the turbine driven pump is assumed to fail (F3y

becomes 0). The turbine pump is assumed to fail due to loss of
i

jacket cooling. This failure has a very high probability since the

i valve which must open to allow cooling to the jacket is load shed

following this transient and there is a loss of valve position and
.

flow indication. To supply turbine jacket cooling requires the

4 operator to open the valve locally. Given a Ty (B )- type transient,3
5

the EFWS will fail due to loss of pump cooling. Pump cooling dependsi

'
on the LPSWS which will fail in this situation since AC power is

required for LPSWS operation.

1 Testing of EFWS pumps and valves were found to negligibly add

to that component's unavailability when compared to other contribu-'

tions and was therefore not included. For example, during test of ,

j the turbine pump, operators are stationed at valves FDW-309 and 310

(closed) and valve FDW-88 (open). In the event the EFWS is required'

| these operators can rapidly return the system to a functional con-

figuration.

h Components shall not be removed.from service so that

the af fected EFWS train is inoperable for more than 72 hours,

after which the reactor will be shutdown. The average

maintenance interval used in the RSS is 4.5 months, which

corresponds to a frequency of 0.22 per month. From the RSS,

(Table III 5-3) the lognormal maintenance act duration for

components whose range is limited to 72 hours is a mean time^

of 19 hours. The unavailability of one component due to
4

maintenance is estimated to be:

.
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;

19(.22) -3
= 5.8 x 10720

: The Boolean equation representing IIHASWS failure is

|
HHASWS = I!!! MAN

The unattailability of the HHASWS is completely dominated by.

' the term HHMAN which represents failure of the operator to start

I the system remote manually.
.

The above Boolean equations can be combined in a formr

which is convenient for use in the accident sequence analysis.

These equations are:

EFWS/PCS Non-Recovery = (CONSTl + LPSW)*PCSNR (Applies to T Eq. B13-14

2
transients)

EFWS = CONSTl + LPSW (Applies to T transients) Eq. B13-2
3

s

EFWS = CONST2 + LPSW (Applies to T transients) Eq..B13-3y

|

HHASWS = HHMAN (Applies to Ty(B ) transients) Eq. B13-4
3

!

These equations represent loss of both the EFWS and IIHASWS and
,

have lumped several Boolean terms which only apply.to the EFWS into

terms CONSTl and CONST2. (See Tables B13-3 and B13-4.) As can be

noted above, the difference between equations B13-1 and B13-2 is the

term PCSNR. This term represents the failure to restore the power

conversion system within '30 minutes following a T transient. Dis-
2

cussions with plant personnel indicate that given a loss of both the

EFWS and PCS, primary emphasis would be placed in restoring the EFWS,

but that a somewhat paralle.t effcrt to restore the PCS would also be

B13-14



conducted. (Recovery of the EFWS is discussed in the following para-

graph.) PCS non-recovery, following a T2. transient, was roughly
estimated to be 10~1, based on Oconee data. Discussions with plant

personnel also indicated that it was reasonable to assume that the
!

PCS would not be restored within 30 minutes, following a T transient.y
! The term PCSNR is therefore not applicable to equations B13-3 and

B13-4. (For more details, refer to the discussion of the PCS in
|
'

Chapter 3 of the main report.)

It should be noted that the EFWS Boolean equations depict fail-
i

| ure to establish core cooling by the EFWS via the normally configured

flow paths. It is recognized that alternate core cooling methods

~(i.e., the HPIS feed and bleed core cooling method described in

Appendix B8), EFWS flow paths, and sources of feedwater different

from that modeled are available. All alternate core cooling methods,

flow paths and sources of feedwater, which include the HPIS core

cooling method, require operator action from either the control room

or remote manually. This analysis assumes that if the EFWS fails to

deliver via its normally configured flow paths, the operator will

utilize one of the following methods of establishing core cooling:

An alternate EFWS flow pLth, inter-tie with the unit one or two EFWS,

initiate HPIS core cooling, or actuate the HHASWS. Credit is only

given to one of these alternatives due to a fairly short time-window

available for recovery of emergency feedwater (~20 minutes). As a

matter of convenience, this analysis has chosen to model the HPIS

core cooling method as the backup means of core cooling if the EFWS

fails to establish core cooling via its normally configured flow

path for T , T and T transients with AC power available. For Ty(B Iy 2 3 3

B13-15
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transients, since AC powcr and the HPIS are unavailable, it is

assumed that the HHASWS will be used as the backup.

5.2.2 EFWS and HHASWS Unavailability

Using the Boolean equations given in the last section
and the term unavailabilities given in Table B13-1, an

independent EFWS and HMASWS point estimate unavailablity

can be calculated. These are found to be:

EFWS = 2.4 x 10 4 (Applies to T2 and T3 transients)

EFWS = 6.5 x 10 4 (Applies to Tt transients)

EFWS = 1.0 (Applies to T (B ) transients)
i 3

HEASWS = 1 x 10-1 (Applies to Ty(B ) transients only)3

" Double" test and maintenance contributions, i.e., a

deliberate action specifying both EFWS trains to be tested

or maintenanced simultaneously, were not included in this

unavailability estimate because such an action would violate

technical specifications. A quantitative ranking of the Boolean

terms for the EFWS is given in Tables B13-3 and B13-4. The

reader should be cautioned that these are unavailabilities
for Oconee's EFWS and HHASWS if the systems are considered

independent of all others. In reality the EFWS shares

the LPSWS with several other systems (see Appendix B14)

so that the unavailability used for the EFWS in the

sequence analysis calculation must be a conditional

unavailability.

.
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Table B13-1. Boolean Equation Term Descriptions

Term
Boolean Term Term Definition Unavailability

A3 FDW-232 +

FDW-317 + 1.3 x 10-2

FDW-315

B3 FDW-233 +

FDW-319 + 1.3 x 10-2

FLW-316

E3 C575 + EFP-A

+ FDW-373 + 1.7 x 10-2

FDW-370 +

FDW-372

G3 C576 + EFP-B

+ FDW-383 + 1.7 x 10-2

FDW-380 + FDW-382

-l
F3 EFP-TD + FDW-88 + C-157 1.1 x 10

+ C-156 + LPSW-137

P3 MS-90 + MS-91 +

MS-93 + MS-94 + 3.6 x 10-2

MS-95 + MS-87

B13-17



Table B13-1 (Continued)

Te na
Boolean Term Term Definition Unavailability

LPSW Low Pressure

Service Water 2.7 x 10-5

Pump Cooling

tillMAN Operator Fails to

Start lillASWS 1 x 10-1

Remote Manually

PCSNR Failure to Restore

the PCS Within 30 ~11 x 10
Minutes Given a T2

Transient

.

1Refer to Appendix B14.
1

I

|
,
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Table B13-2. Component Unavailabilities

Component Fault Failure
Description Identifiers Contributors O/ Component

FDW-232

FDW-317

FDW-233

FDW-319

Check Valve FDW-373

FDW-370

FDW-383 Hardware 1 x 10-4

FDW-380 0 Total 1 x 10-4

MS-91

1

Electric Pump EFP-A Hardware 1 x 10-3

EFP-B Control Circuitry 1.8 x 10-3

Maintenance 5.8 x 10-3

Fails to Run 24 7.2 x 10-4
hrs (3 x 10-5/hr)
O Total 9.3 x 10-3

Air Operated Valve FDW-315 Hardware 3 x 10-4
(Normally Closed) FDW-316 Control Circuitry 6.3 x 10-3

MS-93 Maintenance 5.8 x 10-3

Plugged 1 x 10-4
_

Q Total 1.3 x 10-2

*
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Table B13-2 (Continued)

Component Fault Failure
Description Identifiers Contributors O/ Component

Air Operated Valve MS-87 Operator Error 1 x 10-3

(Normally Open) Plugged 1 x 10-4

Maintenance 5.8 x 10-3

O Total 6.9 x 10~3

Turbine governor MS-95 Plugged 1 x 10-4

Valve DC oil pump fails 1 x 10-3

DC oil pump circuit 2 x 10-3

Maintenance 5.8 x 10-3
i

O Total 8.9 x 10-3

Turbine overspeed MS-94 Plugged 1 x 10-4

stop valve Operator Error 1 x 10-3

Maintenance 5.8 x 10-3

O Total 6.9 x 10-3

Manual Valve MS-90 Operator Error l' x 10-4

C-575 Pldgged 1 x 10-4

i C-576

C-157

O Total 2 x 10-4;

Manual Test Valve FDW-88 Operator Error
(leaves open after 1 x 10-3

4

test)
*

O Total 1 x 10-3

,
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Table B13-2 (Continued)

Component Fault Failure
Description . Identifier Contributors O/ Component

Motor Operated FDW-372 Plugged 1 x 10-4

Valve FDW-382 Operator Error 1 x 10-3

(Normally Open) C-156 Maintenance _ 5.8 x 10~3

O Total 6.9 x 10~3

Motor Operated LPSW-137 Hardware 1 x 10-3

Valve Plugged 1 x 10-4

(Normally Closed) Control Circuitry 6.4 x 10-3

Maintenance 5.8 x 10-3

O Total 1.~ 3 x 10-2

1Turbine Pump EFP-TD Hardware 9.1 x 10-2

Main'tenance 5.8 x 10-3

Fails to Run
(24 hrs 3 x 10-5/hr) 8 x 10-4
O Total 9.8 x 10-2

I
This unavailability is derived from plant test data for this pump
taken from an April 25, 1979 letter from William O. Parker, Jr.
(Duke Power) to Harold Denton (NRC).

1
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Table B13-3. Quattitative Ranking of Terms in EFWS Boolean
Eqtation Following T and T Transients

2 3

A3*B3 1.4 x 10
-5

LPSW 2.7 x 10
i-5

E3*F3*G3 1.7 x 10
-5

A3*G3*F3 1.6 x 10

E3*F3*B3 1.6 x 10~ > [ = CONSTl
E3*P3*G3 5.8 x 10_ l

-6
E3*P3*B3 5.3 x 10

-6
A3*G3*P3 5.3 x 10 j

7
2.4 x 10

Note: Double and triple maintenance contributions have
been removed from these terms.

Table B13-4. Quantitative Ranking of Terms in EFWS Boolean
Equation Following T Transientsy

~4
E3*G3 1.7 x 16

~4 IE3*B3 1.6 x 10
-4 = CONST2

A3*G3 1.6 x 10
~4

A3*B3 1.4 x 10
-5

LPSW 2.7 x 10

~4
6.5 x 10

Note: Double mLintenance contributions have been removed
from these terms.
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1.0 INTRODUCTION

The Oconee Unit 3 Low Pressure Service Water System (LPSWS)

was reviewed and compared with the similar PWR Containment !! eat

Removal System (CHRS) design (Surry) evaluated in the WASli-1400

study. The system designs for Oconee and Scurry are described in

Sections 2 and 3 of this~ report, respectively. A comparison of

the two systems is given in Section 4. LPSWS event tree interrela-

tionships are detailed in Section 5. Also included in Section 5

is a description of the model used to incorporate LPSWS failures

into the Oconee accident sequences and a point estimate of the

LPSWS unavailability assuming independence from all other Oconee

systems.

2.0 OCONEE LPSWS DESCRIPTION

2.1 System Description

The function of the LPSWS is to provide cooling water to

components in the turbine, au xilia ry, and reactor buildings for

normal and emergency services. Engineered Safety Feature components

cooled by the LPSWS include the high pressure injection and emergency

feedwater pumps. Following a LOCA, the LPSW performs the function

of containment heat removal by providing water to cool the reactor

building air and the emergency Reactor Building Cooling System

(RBCS) sump via the fan cooling units and the LPIS coolers. The

LPSWS consists of two 15000 gpm pumps, supply lines and headers,
,

and associated piping, valves, instrumentation and controls (see

Figure.B14-1).
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The source of the cooling water for the LFSW system is the

CCW System which draws its water from the Little River arm of Lake

Keowee and discharges it into the Keowee River arm of Lake Keowee.

Four condenser circulating water pumps, each rated at 177000 gpm,

supply water into a common condenser intake via two ll-foot conduits.
The' water is drawn from the river by a siphon created by plant

|vacuum pumps at start-up and sustained during operation by continuous

priming pumps. The CCW pumps are required only to overcome pipe

and condenser friction losses. A 48-inch emergency discharge line

to the Keowee hydro tailrace is connected to each of the three

condensers of each unit. Under a loss of power conditian, the

emergency discharge line opens automatically while the vacuum for

the siphon is maintained by steam ejectors. The LPSWS pumps take

their suction from a 42-inch crossover line between the condenser

inlet headers. Cooling water to the RDCS units and the LPIS

coolers is provided by the pumps via separate supply lines which

can be isolated by remotely operated isolation valves. The return

lines from these systems are separate to a point beyond a remotely

operated isolation valve. Isolation valves are incorporated in

all LPSW lines penetrating the containment. The LPSW is monitored

and operated from the control room.

The RBCS coolers are supplied by individual lines from the

separate LPSW3 supply headers. Each inlet line is provided with a

motor operated shutoff valve located outsi,de the containment.

Similarly, each discharge line from the coolers is provided with a

motor operated valve located outside the containment. This allows

each cooler to be isolated individually.

-B14-4
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During normal operation,'the cooling requirements are supplied via

one LPSWS pump and flow through the coolers will be throttled for

i containment temperature control by the motor operated throttle

valves on the discharge of each cooler. These valves open auto-

matically upon engineered safeguards signal to provide full emergency

flow through the coolers.

The LPSWS flow to and from each RDCS cooler is measured. The

inlet and outlet flow indications are compared and any excessive

deviations are annunciated as an indication of cooler leakage.

The LPSWS return from the auxiliary building is monitored for

radioactivity. Upon any indication of radioactivity in the effluent,

the component suspected of leaking may be individually isolated.

The LPSWS pumps are connected to the 4160 volt buses which supply

power to engineered safeguards equipment. The emergency power

supply is designed to operate all LPSW pumps upon a loss of off-

site power.

2.2 System Operation

! During normal operation, the component cooling requirements

are supplied by one LPSWS pump. When the reactor coolant system

pressure falls to 500 psig or the reactor building pressure rises

to 4 psig, following a LOCA, the Engineered Safeguards Protective

System (ESPS) provides signals which initiate the following actions:

1) ESPS Channels 3 and 4 start with LPSWS pumps-

(LPSW-P3A and LPSW-P3B) and open the discharge

valves for the LPIS coolers (i.e., closes LPSW-4

and LPSW-5).

B14-5
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2) ESPS Channels 5 and 6 isolate the reactor coolant
pump oil and bearing coolers (LPSW-6 and LPSW-15)

and open the discharge valves for the RB cooling

unit (LPSW-18, LPSW-21, and LPSW-24).
,

,

The low pressure service water is delivered to the RB coolers

and the LPIS coolers at a pressure of 65 psig and a temperature

ranging between 45* F to 76* F.

3.0 SURRY CHRS DESCRIPTION

The function of the Containment Heat Removal System (CHRS ) is

to cool the containment sump water being recirculated through the

Containment Spray Recirculation System (CSRS). The system included

the cooling water source, the secondary side of four heat exchangers

and associated piping and valves (see Figure B14-2).

River water is the source of service for the heat exchangers.

The service water is directed through the secondary side of the

heat exchangers for heat removal and is discharged into the discharge

canal. The water is-supplied from the Circulating Water System

by gravity flow between the high level intake canal and discharge

canal seal pit.

Intake canal water flows under the influence of a 20-foot

gravity head through the heat exchangers when the MOV-SW-103 valves

are opened via the Consequence Limiting Control System (CLCS)

HI-HI signals.

The water flows from the common header through normally open

valves (MOV-SW-104), through the heat exchangers, and then through

another set of normally open valves (MOV-SW-105) into the discharge

B14-6
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canal. The containment sump water is recirculated at a higher

pressure than service water: therefore, leakage would be of sump

water to the discharge cooling water. A sample of discharge water

from each heat exchanger is passed through radiation monitors

(RM-SW-ll4, -115, -116, and -117) which are automatically started

by the CLCS HI-HI signals. If activity is detected in one of the

discharge lines, the plant procedures require the operator to

close the appropriate isolation valves (MOV-SW-105 valves and

MOV-SW-104 valves) to isolate the leaking heat exchanger.

Air vents are located at the high point in each of the service

water supply and discharge lines (eight in total) . Each line is

two inches in diameter and includes a (normally open) manual valve

and a check valve. .The purpose of these vents is' to allow air in

the heat exchanger system to escape, in order not to impede the

start of service water flow.

The level in the intake canal is maintained by eight circulating

water pumps which supply water from the river. These pumps are

powered by offsite power. If'offsite power is lost, water flow

into the intake canal from these pumps is stopped and flow from

the canal to the two condensers in each unit must be stopped to

avoid draining the 25,000,000 gallon intake canal. Upon receipt

of a " loss of electric power" signal coincident with a CLCS HI-HI

signal in Unit 1, the condenser inlet and outlet valves (MOV-SW-106)

and -100) are automatically closed on the Unit 1 condensers. At

the same time one valve in each circulating water line to the Unit

2 condenser is closed (MOV-SW-200B, -200D, -206A, -206C). Since

the accident has directed the swing diesel (No. 3) to Unit 1, only

Bld-7
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the No. 2. diesel is available for Unit 2, and hence only four of

the eight valves on Unit. 2 have power. The operators have the

capability of switching the No. 3 diesel generator to Unit 2, from

the control room, should such a conditice exist.

There are three diesel driven emergency service water pumps

of 15000 gpm each, which can supply water to the intake canal from>

the river.and which start upon loss of station power; these are

only intended to supply the necessary service water under_ the
,

assumption that all condenser main coolant lines are closed.

a. The CHRS is designed on the following basis:

1. Two of the four heat exchangers are required

for the first 24-hours following

an accident, and only one after this period.

2. Sufficient cooling water flow to all_four

heat exchangers can be obtained through

either of two lines from the intake canal

and through any one of the four MOV-SW-103

valves provided that normally open valves

MOV-SW-lO6A and SW-lO6B are open.

4.0 COMPARISON OF OCONEF LPSWS AND SURRY CHRS

The CHRS system at Surry and the LPSWS at Oconee both rely on
.

river water to cool the containment sump recirculating water and
:

other portions of the operating plant. Major differences appear

in the means by which this water is routed to the CHRS/LPSWS and

the interface of the heat exchangers with the ESF systems. At

o
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Sur ry , service water is pumped from the James River into the 25-

million-gallon intake ch'annel. This water gravity feeds the four

heat exchangera in the CSRS then on to the discharge channel back'

into the river. At Oconee, water is obtained from the Little

River arm of Lake Keowee and is delivered via a siphon effect

created and maintained by vacuum pumps to the reactor building

cooling system (RBCS) heat exchangers and the LPIS coolers. Other

pumps are employed to overcome friction losses. Upon loss of

offsite power the siphon effect is maintained by steam ejectors.

The RSS estimated a 8.5 x 10-5 unavailability for Surry's

CHRS. Oconee's LPSWS unavailaoility was estimated in Section

5.2.2 to be 2.7 x 10-5,

5.0 OCONEE SYSTEM EVALUATION;

5.1 Event Tree Interrelationships

The LPSWS provides the containment overpressure protection'

function by extracting reactor decay heat from the containment via

heat exchangers associated with the RBCS units and the LPRS coolers.

The system also provides cooling of critical ESP components such

as the high pressure injection and emergency feedwater pumps.

The LPSWS is required for successful RBCS operation and there-

fore contributes to events Y and Z on the LOCA event trees and

event O on the transient trees. If containment overpressure pro-

tection is not established by the RBCS, it can also be achieved by
,

the operation of the CSRS, LPRS and cooling of the LPRS heat exchangers

by the LPSWS. In this mode of operation,the containment atmosphere

is cooled by mixing CSRS flow with the LPRS flow in the containment

1
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sump. This method of containment overpressure protection is

modeled by event G on the LOCA event trees.

Since the LPSWS is required for high pressure injection pump

cooling, it contributes to event D on the LOCA event tree and

event U on the transient tree. Cooling by the system is also

required by the emergency feedwater pumps. The LPSWS therefore

contributes to event L on the transient trees.

In all situations successful operation of the LPSWS requires

full flow from one of the two pumps.

i 5.2 LPSWS Model Description

5.2.1 LPSWS Boolean Equations

Two Boolean equations were developed to model LPSWS failure.

The first equation models the failure of the normally operating
!
^

train to remain functional and the inability to get the second

LPSW train operational. The equation is:

RBHICM + RCSRBCM).(G1 + CH4 + RCSLOCMLPSW = F1 *-

This equation was input to the Boolean equations describing

failure of the RBCS (Appendix B15), the HPIS (Appendix B8), the

EFWS (Appendix B13), and the Boolean equation describing event G,

failure of containment overpressure protection via the LPIS heat

exchangers. The equation used to model event G is discussed below.

Table B14-1 lists descriptions of each term in the previous

equation. Refer to Figure B14-1 for a simplified diagram of Oconee's

LPSWS.

,
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Table B14-2 lists component types in the LPSWS, fault identi-

fiers that label specific components, and failures that contribute

to the componeni unavailability. These unavailabilities.are com-

prised of hardware, human, and test and maintenance faul'es. Testing

of the LPSWS valves was found to add negligibly to the valve unavail-

ability and was therefore not included.

Testing of the idle LPL',1S pump is conducted monthly. The

average outage time for pump test is taken from the RSS as 1.4

hours. The unavailability of the pump due to test is therefore:

1.4 -3720 = 1.9 x 10 ,

Technical specifications state that maintenance is allowed

during power operation on any component which will not remove more

than one train (flow path) of a system from service. Components-

shall not be removed from service so that the affected system is

inoperable for more than 24 consecutive hours after which it will

be shut down. The average maintenance interval used in the Reactor

Safety Study is 4.5 raonths, which corresponds to a frequency of

0.22 per month. From the Reactor Safety Study (Table III 5-3),

the lognormal maintenance act duration for components whose range

is limited to 24 hours is a mean time of 7 hours. The unavailability

of one component due to maintenance is estimated to ber

7(.22) -3
720 = 2.1 x 10 ,

The Boolean equation used to model event G is given below.

The equation models failure of both LPRS trains or their associated
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LPShS trains to remove heat from the containment using the LPRS

heat exchangers. One LPRS and LPSWS train must operate in con- ;

1

junction with one CSRS train to provide successful containment

overpressure protection during recirculation when the RBCS is

u nava ilable . The equation is

LPCOOL = (B + E + J + CH4 + E' + X + LI) -

(C + D + K + CH3 + D' + W + M1) + LPSW.

Each term in the above equation except for L1, M1 and LPSW

is described in Section 5.2 of the LPIS Appendix B6 or the LPRS

Appendix B7. The term LPSW represents the first Boolean equation

discussed in'this section. The descriptions of the remaining

terms and component unavailability estimates can be found in Tables

B14-1 and B14-2.

5.2.2 LPSWS Unavailability

Using the first Boolean equation given in the last section

and the term unavailabilities given in Table B14-1, an independent

LPSWS point estimate unavailability can be calculated. This is

found to be:

LPSW = '.7 x 10-5/ reactor year.

A quantitative ranking of the Boolean teams for the LPSWS is

given in Table B6-3. As can be noted greater than 99 percent of

the system unavailability is due to the first two tern.s F1 G1

and F1 CH4-

Using the second Doolean equation given in the last section
and the term unavailabilities given in Tables D14-1, D6-1 and

;
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B7-1, an independent LPCOOL point estimate unavailability can be

estimated. This is found to be:

LPCOOL = 1.4 x IO-3/ reactor year.

Referring again to the Boolean equation, it can be noted that

the terms in parenthesis would expand to 49 terms. Ilowever, 36 of

the 49 terms represent combinations of double LPIS, double LPRS,

or double LPIS train A-LPRS train B (or vice versa) failures. For

example, one of these 36 would be D*F which is failure of both

low pressure trains during the injection phase. In order for

LPCOOL to be demanded, LPIS and LPRS must succeed (LPIS and CPRS

success require at least one train operating). Double injection,

double recirculation and double LPIS train A-LPRS train B (or vice

versa) failure terms were therefore removed from the probability

calculation. (During the accident sequence analysis these double
,

terms in the LPCOOL Boolean equation were automatically removed by.

. combining the complemented LPIS and LPRS Boolean equations with

the LPCOOL equation. This is done by applying the Boolean identity

P*P = %.)

A quantitative ranking of the Boolean terms is given in Table

B14-4.

The reader should be cautioned that these are unavailabilities

for Oconee's LPSWS and containment heat removal system via the LP>

coolers (LPCOOL) if the system is considered independent of all

others. In general, these unavailabilities will depend on what

other system successes or failures have occurred; i.e., the unavail-

ability used for the LPSWS and LPCOOL in the sequence analysis

calculation must be a conditional unavailabilty.

B14-13
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Table B14-1. Boolean Equation Term Descriptions-
|

|
!

Boolean Term Term Definition Term Unavailability

F1 LPSW-P3B + VP1 1.4 x 10-3

G1 LPSW-P3A + VP2 1.4 x 10-2

CH41 ESPS Actuation Train 5x 10-3
(Channel 4)

RCSLOCM1 Sensor Group RCSLO 1 x 10-3
Common Mode

RBHICMI Sensor Group RBHI 1 x 10-3
Common Mode

RCSRBCMI Cortraon Mode Failure
Between RCSLO and RBIII 3.2 x 10-5

L1 LPSW-72 + LPSW-78 +
LPSW-5 + LPSW-76 1.3 x 10-2

M1 LPSW-71 + LPSW-77 +
LPSW-4 + LPSW-75 1.3 x 10-2

1. Refer to Appendix BIO.

s

i
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Table B14-2. Component Unavailabilities

%
Fault Fault

Component Description Identifiers Centributors __ _ g Component
_

Check Valve LPSW-75
LPSW-76 Hardware 1 x 10-4

O Total 1 x 10-4

Pump (Normally LPSW-P3B
Operating) (Centrifugal) Fails to Run

VP1 (vacuum) (3 x 10-5/hr for 24 hrs 7.2 x 10-4
C Total 7.2 x 10-4

Pump (Normally Idle) LPSW-P3A Ilardware 1 x 10--3
(Centrifugal) Control Circuitry 1.8 x 10-3
VP2 (vacuum) Test 1.9 x 10-3

Maintenance 2.1 x 10-3
0 Total 6.8 x 10-J

Motor Operated Valve Operator Error 1 x 10-3
or Air Operated Valve LPSW-77 Plugged 1 x 10-4
(Normally Open) LPSW-78 Maintenance 2.1 x 10-3

O Total 3.2 x 10-3

Motor Operated Valve LPSW-5 Hardware 1 x 10-3
(Normally Closed) LPSW-4 Plugged I x 10-*

Control Circuitry 6.4 x 10-3
10-3Maintenance 2.1 x

O Total 9.6 x 10-3

10-4Manual Valve LPSW-72 Plugged 1 x
1x 10-4(Nornally Open) LPSW-71 Operator Error

~ '2 x 10-4O Total
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Table B14-3. Quantitative Ranking of Terms in LFSW Boolean Equation

F1 G1 2 x 10-5

F1 CII4 7 x 10-6

Fl*RCSRBCM 4.5 x 10-8

F1 RCSLOCM RBHICM 1.4 x 10-9

Point Unavailability = 2.7 x 10-5

Table B14-4. Quantitative Ranking of Terms in LPCOOL Boolean Equations

L1 D 2.3 x 10-4

M1 E 2.3 x 10-4

L1 M1 1.7 x 10-4

L1 W l.2 x 10-4

M1 X 1.2 x 10-4

L1 CH3 6.5 x 10-5

M1 CH4 6.5 x 10-5

L1 D' 4.6 x 10-5

M1 E' 4.6 x 10-5

L1-C 4.3 x 10-5

M1 B 4.3 x 10-5

LPSW 2.7 x 10-5

L1 K 1.3 x 10-6

M1 J 1.3 x 10-6

1.4 x 10-3Point Una va ilabi li ty =

B14-16
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1.0 INTRODUCTION

The Oconee Unit 3 Reactor Building Cooling System (RBCS) was

reviewed. Since the WASH-1400 Surry PWR does not have a similar

system, a comparison could not be made. The RBCS design for Oconee

is described in Section 2 of this report. RBCS event tree interrela-

tionships are detailed in Section 5. Also included in Section 5

is a description of the model used to incorporate RBCS failures into

the Oconee accident sequences and a point estimate of the RBCS unavail-

ability assuming independence from all other oconee systems.

2.0 OCONEE RBCS DESCRIPTION
*

2.1 System Description

The RBCS utilizes an independent portion of the normal reactor

building ventilation system to remove heat from the containment atmos-

phere, after an accident, to prevent the building pressure from

exceeding design limitations.

The reactor building ventilation system which is composed of

three independent systems: the RBCS, the reactor building auxiliary

r- fans, and the reactor building purge system. The portion of the

ventilation system utilized for emergency. building cooling is the

RBCS which consists of three independent cooling units (Figure B15-1)

located within the reactor building, but outside of the secondary

shield for missile protection. Each unit consists of a fan, a tube

cooler and associated common ducting to distribute the circulated

building atmosphere to equipment and areas, including the reactor

cavity, within the containment. The fan-cooling units are located

at an elevation above the potential water level in the reactor

.
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building during post-accident conditions to protect them from flood-

ing, and utilize lake supplied low pressure service water as the heat

transfer medium. The service water is supplied to the coolers by two

redundant and independent 15,000 gpm pumps through individual isolation

protected supply and return lines (See Appendix B14).

Electric motor driven axial flow fans force the reactor building

atmosphere through the coolers and ductwork for distribution within the

containment. The ducting incorporates both blowout and fusible drop-

out plates to protect the fan and cooler at the onset of an accident

and to provide unobstructed post-accident circulation.

2.2 System Operation

During normal reactor power operation, the RBCS provides for

removal of normal heat losses f rom equipment and piping in the reactor

building. This is accomplished by operation of two of the three fan-

cooler units at full speed with their coolant flow throttled to 235

gpm/ loop. The equipment, piping, valves and instrumentation, except

for distribution ducting are located either outside the secondary

shield within the reactor building or outside the reactor building

itself. Thus the equipment can be regularly inspected, tested and

maintained during reactor power operation. Cooler performance is
I

individually monitored by inlet and outlet flow meters, thermocouples,

and outlet radiation monitors: all of which are displayed in the main

control room and annunciated in the case of flow leakage or high

radioactivity. Operator control of inlet and outlet flow valves is

provided for flow throttling and isolation.

.
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Upon receipt of an engineered safeguards protective system

signal the system is automatically reconfigured as follows:

e The low pressure service water valves in the cooler discharge,

external to the reactor building, are fully opened to increase

the coolant flow to 1400 gpm/ loop (LPSW-18, LPSW-21, LPSW-24).

e The third fan-cooling unit is started and the speed of all

three f ans is set at half speed to reduce the power requirements

generated by the denser building atmosphere.

e The fusible dropout plates in the cooler discharge duct melt

and drop of f, assuring an unobstructed discharge path.

Depending on the accident severity, the downcomer blowout platese

will be forced of f, attenuating any possible shock waves before

,

they damage the cooling coil and fan.
1

e Closure of the automatic isolation dampers provide shutdown of

the reactor building purge system if it is in operation at the

time of the accident.

The continuous circulation of the pos t-accident reactor building

airstream mixture through the three coolers in this emergency mode

6is designed for removal of a minimum of 240 x 10 Btu /hr which is in

excess of that required to depressurize the containment for Loss of

Coolant Accidents (LOCA) with successful emergency core coolant

injection. It is assumed that tne ccoler coils will not clog up

during a LOCA.

3.0 SURRY RBCS DESCRIPTION

The Surry plant does not have the equivalent to a RBCS.

B15-5
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'4.0 COMPARISON OF OCONEE AND SURRY RBCS

Since the Surry reactor 'does not have' the a]uivalent of a RBCS,

a description and comparison is not possible.

5.0- OCONEE SYSTEM EVALUATION

5 .' l Event Tree' Interrelationships

The RBCS operating in its emergency cooling mode, is une of two'

| independent systems designed to provide immediate and long term cool-

ing of the reactor building atmosphere to depressurize and maintain

- the: containment below rupture pressure following the' post-accident
~

pressure excursion. The second system is the containment spray

j= system which is automatically initiated at a reactor building pressure

of 10 psig and is also designed to provide 100% of 'the design cooling

capability. According-to the definition of containment overpressure

! protection given in the FSAR, : either of these two ' systems operating
i-

alone, at full capacity, or two of the three cooling units in con- ;
,

junction with the spray system- at one-half. capacity will provide :
i~

sufficient post-accident heat removal for successful reactor building

j
pressure control. These criteria for success have _ been found in

subsequent research conducted by Battelle Columbus L&boratories to

be conservative. Their research has shown that one spray sub-system
f

operating with a low pressure recirculation system heat exchanger or
i

$ one -fan cooling unit will provide adequate pressure control. These
1

more realistic criteria have been used in this study.

{
Operation of tce RBCS appears as event Y on the Oconee LOCA

event trees. Continued operation of the RBCS during the time interval
J

corresponding to the . recirculation phase of the emergency coolant i

recirculation system (event H) and containment spray recirculation

i

i

4
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system (event F) is modeled by Event Z. The RBCS is also part of

the containment pressure reduction event (event O) on the transient

'

event tree. In all three events, Y, Z, and O, successful operation

of the RBCS requires the operation or continued operation of I of 3

fan cooler units.

5.2 RBCS Model Description

5.2.1 RBCS Boolean Equations

The general form of the RBCS Bcolean equation used in the acci-

dent sequence analysis is depicted below for one of three RBCS units

required for success:

RBCS = (H1 + CH5) * (J1 + CH5'CH6) *

(K1 + CH6) + LPSW + RBHICM

+ LOPNRE*LOPNRL (Eq. B15-1)

Table B15-1 relates each term in the p evious equation to the

components shown in Figure B15-1. Table 15-2 lists component

unavailabilities and each of the contributors to the component

unavailability. The unavailabilities listed in Table B15-2 are

comprised of hardware, human and maintenance faults.

The above equation, except for the last LOPNRE*LOPNRL term,

was utilized in modeling the RBCS when AC power was available (all

i(B )). Equation B15-1, without the last term,sequences except T 3 ,

is referred to as Eq. B15-1(a) in Chapter 4 of the main report.
.

The entire equation was used to model the system when no AC power is

initially available (e.g., loss of offsite power followed by a

failure of the emergency AC hydro system to start), Tr(B3)*

B15-7
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Testing of the RBCS components was found to negligibly add to

the component unavailability when ccmpared to other contributions )
|

and was therefore not included. |

The unavailability of one RBCS train due to maintenance is

determined by considering the non-routine maintenance performed on
;

the cooling units and the motor operated valves (MOVs). The maximum

outage allowed for the MOVs is 24 hours. Maintenance time ranges

f rom 30 minutes to 24 hours with a log normal mean time of 7 hours.

Non-routine maintenance ranges f rom monthly to yearly with a mean

maintenance interval of 4.5 months or a f requency of .22. pe r month.

The unavailability due to maintenance of two valves is therefore:

7(.22) = 4. 3 x 10-32x ,

720

One reactor building cooling f an and associated cooling unit can be

out of service for 7 days provided both reactor building spray

pumps and associated nozzles are in service at the same time. Main-

tenance time ranges f rom 30 minutes to 7 days with a log normai mean

downtime of 55 hours and a maintenance frequency of .22 pe r month.

i The unavailability due to maintenance of one cooling unit is:

55(.22) = 1.7 x 10 -2 ,

720

Therefore, the mai7tenance contribution per train is 2.1 x 10-3,

A common mode f ailure was identified in the RBCS. The system
i

is actuated by the reactor building high pressure sensor group RBHI

employing 2 out of 3 logic. A 1 x 10-3 common mode unavailability

was attributed to this sensor group due to a possible human error

of miscalibrated two or more sensors in a group. This common mode

.
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is designated RBHICM in the Boolean equation. For more details con-

cerning ESPS actuation faults and common mode failure, see Appendix B10.

5.2.2 RBCS Unavailability

Using the Boolean equations given in the last section and the

term unavailabilities given in Table B15-1, independent RBCS point

estimate unavailabilities can be calculated. These are found

to be:

1. 6 x 10 -3 (Applies to cases with ACQ(RBCS) =

power available)
and

Q(RBCS) = 4.6 x 10~ (Applies to cases with AC
power not initially
available),

It should be noted that the RBCS is unavailable if all AC is lost.

Double maintenance contributions, i.e. components of both

train being in maintenance, were removed f rom these unavailabilities

since this condition was not allowed by technical specifications.

A quantitative ranking of the Boolean terms for the 1 of 3

RBCS case for cases with AC power available is given in Table B15-3.

As can be noted, 93% of the system unavailability is due to actuation

f aults with 63% due to the term RBHICM. For the case in which AC

power is not initially available, the system unavailability is F.ominated

by the failure to recover offsite power within approximately 40 minutes

and failure of the operator to notify the Lee Steam Station AC

power source. This failure is represented by the term LOPNRE*LOPNRL.

The reader should be cautioned that these are unavailabilities for

Oconee's RBCS if the system is considered independent of all others.

In general, the RBCS unavailability will depend on what other system

successes or failures have occurred, i.e., the unavailability used in

the sequence calculations must be a conditional unavailability.

BlE-9
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Table B15-1. Boolean Equation Term Definitions

Boolean Term Term Definition Term Unavailability

H1 LPSW-16 + LPSW-CIA 2.6 x 10~ ,

+ LPSW-18
-2

J1 LPSW-19 + LPSW-ClB 2.6 x 10
+ LPSW-21

K1 LPSW-22 + LPSW-ClC 2.6'x 10~ -
4

+ LPSW-24

CHS ESPS Actuation Train 2.2 x 10~
A (Channel 5)

CH6 ESPS Actuation-Train 2.2 x 10~
B (Channel 6)

1 RBHICM Sensor Group RBHI 1 x 10~
Common Mode

LPSW Low Pressure Service 2.7 x 10~
Water to RBCS Cooling
Coils

4

-1
LOPNRE Offsite Power Not 2 x 10

Restored within Approxi-
,

mately 40 minutes
(Applies to Loss of All

; AC Only)

LOPNRL Operator Fails to Noti- 1.5 x 10~*

fy Lee Steam Station AC:j

Power Source (Applies to
Loss of All AC Only)

t

1. Refer to Appendix Bl.

2. Refer to Appendix B10.
'

3. Refer to Appendix B14.

,

#

4
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Table B15-2. Component Unavailabilities

Component Fault Failure
Description Identifiers Contributors Q/ Component

Fails to Rug /hr.)
24 Hrs.Fan Cooler LPSW-ClA

24 x ( 1x 10- 2.4 x 10-4LPSW-ClB
LPSW-CIC Fails to Change

Speed (start) 3 x 10-4
Control Circuitry 1 x 10-3
Maintenance 1.7 x 10-2

O Total 1.9 x 10-2

Motor Operated LPSW-16 Plugged 1 x 10-4
Valve LPSW-19 Operator Error 1 x 10-3
(Normally Open) LPSW-22 Maintenance 2.1 x 10-3

Q Total 3.2 x 10-3
(

3Motor Operated LPSW-18 Ha rdwa re 1 x 10 4Valve LPSW-21 Plugged 1 x 10 3(No rmally LPSW-24 Control Circuitry 1 x 10-
Throttled) Maintenance 2.1 x 10-3

Q Total 4.2 x 10-3

Table B15-3. Quantitative Ranking of Boolean Equation Terms

RBHICM 1 x 10-3

Cil5 ' Cil6 4.8 x 10-4

l LPSW 2.7 x 10-5

Hl*Jl*K1 1.8 x 10-5

H1*J1*CH6 1.5 x 10-5

CH5'Jl*K1 1.5 x 10-5

1.6 x 10-3

I
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1.0 OCONEE LOCA SEQUENCES (A, Si, S2e S3) D AND TMLOD

The Oconee LOCA cases are dominated by sequences in which the

ECC fails either in the injection (D) or recirculation (H) modes.

Generally, either the containment sprays or building coolers work

in these sequences so that early containment failure due to

excessive steam generation is not likely. Howeve r , the MARCH

calculations indicate the containment will generally contain

flammable hydrogen mixtures shortly af ter the end of the core melt-

down period. If hydrogen burning is delayed until af ter head

failure, when all the hydrogen produced (by reacting 100 percent

of the cladding) is released to the containment, containment over-

pressurization is likely.

For some small break LOCAs in which neither ECC nor contain-

ment safeguards function, there is also a significant probability

of containment overpressurization f ailure due to rapid boilof f of

water f rom the reactor cavity following head failure. Since the

major source of the weter in the reactor cavity is the core flood

tanks, the timing of core flood tank injection is important. The

containment f ailure probability is significant only for those small

LOCA break sizes for which the flood tanks do not inject until

bottom head failure. MARCH calculations for a case in which the

steam generator heat sink is lost indicate the cross-over point for

core flood tank injection is a break size somewhat less than 2.3

inches. With successful ECC injection but failure in the recircula-

tion mode, the cross-over break-size for core flood tank injection

would be reduced. Availability of the steam generators would also

C-3
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affect these results. However, MARCH calculations were not per- -

formed to precisely define these cross-over values.

1.1 Sequence TMLOD

One of the dominant Oconee LOCAs is the transient-induced

small LOCA sequence TMLQD. In this sequence there is no makeup to '
'

the steam generator secondary (ML) or to the primary system (D) .

One safety valve sticks open (Q) producing the equivalent of a

2.3 inch small LOCA. Containment safeguards f unction as designed.

Figures C-1 through C-8 are plots of the MARCH calculations for this case.

The primary system pressure is plotted in Figure C-1. The

pressure decreases below 1300 psia at 25 minutes and then increases

to 1340 psia at 35 minutes due to the degraded steam generator

heat sink. The core uncovers at 37 minutes (see Figure C-2). After

40 minutes, the primary system pressure decreases since the leakage

out the open safety valve exceeds the decreasing boiloff rate. The

pressure decreases to 600 psia at 76 minutes and reaches a minumum

value of 512 psia just prior to core slumping at 78 minutes. Af ter

core slumping into the bottom head, the calculated pressure increases

to about 3000 psia.

It was assumed in these calculations that core flood tank
injection did not occur even though the calculated pressure fell

i below 600 psia. Figure C-3 shows the MARCH calculated blowdown rate.

The MARCH modeling results in a liquid blowdown initially-at a

rate of about 17000 lb/ min. At 17 minutes the surge line uncovers,

and steam blowdown at about 3000 lb/ min. follows. A MARCH calcula-

tion, in which core flood tank injection was assumed to occur at

the 600 psia setpoint, indicated the core was about 70 percent

C-4

- _ . _ - _ - _ _ _ . _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ .



T'

melted at the time of injection (~75 minutes) . Because the core

flood tank injection pressure is just marginally achieved and

because the BOIL core quenching models for such a large core melt

fraction are of uncertain validity, the assumption of no core

flood tank injection is judged to be reasonable. Assuming

no core flood tank injection, complete core meltdown and head

failure occur by 79 minutes.

Figure C-4 shows the core melt fracticn and the fraction cladding
reacted. Core melting starts at 59 minutes and is complete in about

20 minutes. About 35 percent of the cladding was reacted prior to

core slumping into the bottom head.

The containment pressure is plotted in Figure C-5 and the temper-

ature in Figure C-6. A peak containment pressure at 43 psia occurs

at the time of bottom head failure (79 minutes) due to the rapid

release of steam and hydrogen from the primary system. It was

assumed in this MARCH calculation that the core debris did not

fragment and rapidly boil the water out the reactor after head

failure. Comparison with the similar TMLU cast indicates the con-

tainment pressure would have peaked at 70-85 psia if fragmentation

and rapid boiling had been assumed for this case. However, contain-

ment failure would not be likely at these pressures.

Flammable hydrogen mixtures first appear in the containment

towards the end of core meltdown. The mixtures remain flammable

for the remainder of the MARCH calculation. Figure C-7 indicates the

containment pressures that would occur if all the hydrogen present

in the containment rapidly burned. These calculated pressures

assume no prior burn and complete, adiabatic combusion. Containment

4
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failure would be likely if burning were delayed until after head

failure.

Figure C-8 shows plots of the concrete base pad penetration

calculated by subroutine INTER. INTER predicts a vertical pene-

tration rate of about 20 cm/hr for the first 10 hours. After 10

hours, the debris cools to and remains at about the liquid

temperatures of the metal (~ 2450 F) and oxide (~ 2000 F) debris layers

with the penetration rate being controlled by the decay heat. After

10 hours, INTER predicts the concrete decomposition Continues, but

the direction of the penetration becomes largely radial. The

Oconee basepad is about 8.5 feet (259 cm) thick. The INTER cal-

culations indicate the core debris will remain about 1.5 feet short

of penetrating the basepad 2.5 days after meltdown. However, at

the initial penetration rate, basepad meltthrough would have

occurred at about 12 hours. Considering the uncertainties in the

modeling of basepad meltthrough, basepad penetration about 1/2 day
'

after core meltdown would appear to be credible in the Oconee plant.

1.2 Secuence S D (4.0 inch Break)3

'A seiond MARCH calculation was performed to examine the core
~

- flood ank behavior for a larger size break than that discussed

above. MARCH r(sults for a 4.0 inch LOCA with no HPI injection- . '

1,ln'dicated core uncovery to about 4 ft. above the bottom of the core

, at 15 minutec. However, a,few minutes later, the core flood tanks

,

dumped and ree' overed the core. Peak core temperatures remained

below 1200 F during this period. With no HPI makeup, the core

flood tank water ooiled off, and a second core uncovery period

'' began at 40 ministes. The MARCH calculation was stopped at this

,

C-6
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point. However, based on the results of other MARCH calculations,

core melting would have been expected to begin in an additional 20

to 30 minutes. For some large LOCA cases, core melting may begin

as early as 15 minutes. Af ter core melting starts, MARCH would

predict similar results for these cases. Thus, the MARCH results

for LOCAs larger than about 4.0 inches are similar, except for

the timing of the start of core melting. Also, the core flood

tanks will be empty prior to the start of core melting. Conse-

que n tly , flood tank injection into the reactor cavity at head

f ailure does not occur, and the containment pressure spike produced

by rapid vaporization of the reactor cavity water will not be large

enough to threaten the containment. If containment safeguards are

available, hydrogen burning presents the major threat of early con-

tainment failure for LOCA pipe breaks greater than about 4.0

inches.

2.0 OCONEE V SEQUENCE

In the V sequence, the check valve separating the high pressure

primary system f rom the low pressure ECC system f ails. Failure of

the check valve produces a f ailure of low pressure ECC piping in

the penetration room. Failure of this piping is assumed to preclude

pumped ECC injection, and a core meltdown results. The penetration

room is of normal construction and is not designed to withstand

blowdown pressures. Consequently, the penetration room

nearly inmediately af ter check valve f ailure. In this accident,

the containment building is bypassed during blowdown, and there is

a direct leakage path to the atmosphere for the meltdown fission

product releases. Af ter meltthrough of the bottom head of the
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reactor vessel, the core f alls into the reactor cavity. Fission

products released f rom the melt in the reactor cavity will be

partially dispersed in the containment building prior to leaking.

to the atmosphere through the penetration room.

The check valve failure was assumed to produce a small LOCA

(3.25 inch diameter) in the penetration room. The thermal-hydraulics

of the blowdown is similar to that discussed in the section on

Oconee LOCAs. The primary system pressure decreases to the core

flood tank injection pressure (600 psia) at about 25 minutes. The

core flood tank water is assumed to be injected to the vessel and

keeps the core covered until about 62 minutes. Core melting starts

at 84 minutes, and fission products begin to be released to the

atmosphere through the f ailed Penetration Room. The core meltdown

is complete by 117 minutes, and the bottom head fails at 132

minutes. The accident timing for this sequence would be sensitive

to the assumed pipe break size. For a large LOCA, core melt can

start as early as 15 minutes. The earlier start of core melt,

however, would not have a significant effect on the fission pro-

duct releases or consequences.

i
,

,
3.0 OCONEE SEQUENCE TMLU

!

; Sequence TMLU is a transient in which the steam generator is |

lost as a heat sink due to f ailure to provide makeup to the steam

generator secondary (ML) . In addition, the primary makeup or ECC

system fails (U). Containment safeguards are available. MARCH
f

calculations for this sequence predict a core meltdown starting at

about 2 hours. Complete core meltdown and f ailure of the bottom

head are predicted to occur about one hour later. Because of the
,

t

'
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availability of containment cafeguards, early containment over-

pressurization' failure due to excessive steam generation is unlikely.

The most likely mechanism for early containment failure is over-

pressurization resulting from rapid hydrogen burning occurring in

coincidence with the large release of hydrogen from the primary

system to the containment at the time of bottom head failure. MARCH

calculations for the TMLU sequence are discussed below.

Two MARCH calculations were performad to examine the sensitivity
*

of the timing of the initial core uncovery to the quality (water /

steam content) of the leakage through the vent valves and to the

shutdown power trace. In one leak scenario. the liquid leakage is

mainly limited to that required to accommodate primary system liquid

expansion f rom an initia'. temperature of 567 F to a final temperature

of 670 F, correspo,nding to the saturation temperature at the safety
valve setpoint of 2500 psia. A steam bubble is then assumed to

form in the pressurizer. Steam leakage follows at a rate sufficient

to accommodate decay heat boiloff. In the second scenario, the

period of liquid coolant leakage is extended until the surge line

connection (of the pressurizer) to the hotleg uncovers. The latter

scenario is thought to be consistent with the thermal-hydraulic

|

|
conditions observed in the initial stages of the Three Mile Island-2

f

| accident where the pressurizer remained nearly water filled and most
|

| of the voiding occurred in the hotlegs and steam generators (Reference 9),
t

MARCH does not contain models which can predict which of these leak

scenarios is most likely. However, the effects on the accident
j

I timing can be examined. MARCH results are listed in Table C-1. The

second leak scenario is also coupled with a higher shutdown power

i
i

C-9

-
. .

. . . .- - -
/



. . .- -- - -- -

|

trace in which the drop to a decay heat power level is preceded by
'

six full-power-seconds of operation. In the first scenario, an

immediate drop to a decay heat power level is assumed.

For the higher power level, steam generator dryout is predicted

to occur 5 minutes earlier. The combination of higher power level

and the extension of the water leakage period until surge line

uncovery results in the core uncovering 46 minutes earlier. Core

meltdown and head f ailure are predicted ta occur 55 minutes earlier.

The more rapid core uncovery may have an effect on the likelihood

of the reactor operators being able to respond and successf ully

recover from the accident. However, given that the meltdown occurs,

the change in accident timing has little effect on the fission

product releases or accident consequences. In the following dis-

cussion of the TMLU sequence, the accident timing is based on the

slower meltdown corresponding to Case 1 in Table C-1.

Figure C-9 is a plot of the containment pressdre. At the

beginning of the accident, the containment pressure shows little

increase until af ter the steam generators boil dry and the coolant

boilof f rate increases at 40 minutes. Thus, the MARCH calculations

indicate spray actuation is likely in the absence of operator inter-

vention. Three building coolers were assumed to be started at 40

minutes at a containment pressure of 4 psig. Containment spray at

a rate of 2000 gpm was started at a pressure of 10 psig. With

the building coolers on, the spray is not initiated until 93 minctes

or about 26 minutes before the start of core uncovery. With the

coolers on but with no sprays the pressure would have peaked at

about 15 psig at the time of core uncovery. The containment presure

would then have decreased due to the reduced core boilof f rate.

C-10
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At 193 minutes, the core slumps into the water in the bottom

head of the reactor vessel, and at 202 minutes the bottom head f ails.

The containment pressure increases to 42 psia due to the large

release of steam and hydrogen to the containment at this time. In

the MARCH calculations, it was assumed the core slumped into the

bottom head at a core melt f raction of 0.75. Thus, MARCil predicts

for these assumptions, a time interval of only 9 minutes between

a core melt fraction of 0.75 and head failure. The short time

interval to head f ailure is due to the combined effects of head

heating af ter bottom head dryout and the elevated primary system

p re s s ure . The calculated primary system pressure at the time of

vessel failure was 2500 psia.

When the head fails, the molten core debris falls into the

reactor cavtty. The reactor cavity, in this problem, initially

contained 185,400 lbs. of water at a temperature of 134 *F. The

source of this water was 124,800 lbs. from the accumulators, which

were assumed to dump af ter head failure, and the remainder from

overflow of water from the containment floor. The debris is

assumed to fragment into 2.0 inch particles and boil the water out

of the reactor cavity. It is assumed the cavity does not re fill

during the boilof f process due to overflow f rom the containment

floor. The containment pressure peaks at 71 psia at 207 minutes

when the 185,400 lbs. of water boils out of the reactor cavity.

Another MARCH calculation indicates the pressure would have peaked

at 85 psia if only the containment sprays were running. The con-

tainment pressure decreases to about 20 psia following reactor

cavity dryout.

The core debris begins to attack the concrete base pad of the

containment at 267 minutes. The containment pressure slowly builds

C-ll
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up to aboat 31 psia af ter 10 hrs. of concrete attack due to the

buildup of non-condensible gases. It is also assumed in this phase

of the accident that water re-enters the reactor cavity and covers

the top surface of the melt. Boiling of this water begins in about

2 hrs. The containment spray switches to the recirculation mode

at 267 minutes. The containment sump temperature remains below

150*F due to recirculation of the water condensed by the building

coole rs . (The containment sump and reactor cavity are modeled as

separate nodes in MARCH.)

During core meltdown,1928 lbs. of hydrogen are produced cor-

responding to 100 percent reaction of the core zircaloy. MARCH

predicts about half this hydrogen is released to the containment

along with the steam vented from the primary when the molten core

collapses into the bottom head. The remaining ic drogen is released

at head failure. Additional hydrogen is produced during the cca-

crete-attack portion of the accident. Af ter 10 hrs. of concrete

melt, the mass of hydrogen in the containment-increases to 2891 lbs.

Flammable hydrogen mixtures first appear in the containment

towards the end of core meltdown. For about 10 minutes during the

boilof f of water f rom the reactor cavity, flammable mixtures do not

occur because of the large concentration of steam in the containment

atmosphere. Af ter dryout of the reactor cavity at 207 min., the

containment safeguards condense the steam out of the atraosphere

and again bring the mixture into the flammable region. Figure C-9

shows the containment pressures which would occur from a complete,

adiabatic burn of the hydrogen in the containment. Note that the

hydrogen burn pressure shown in Figure C-9 for a given time assumes

no prior burn. If a prior burn occurs, subsequent burns will be

reduced or may not occur due to the decreased availability of

hydrogen and oxygen. Other MARCII calculations indicate. operation

C-12
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of containment safeguards would be expected to reduce the hydrogen

burn pressures about 10 psi for a 3 sec. burn time. For the

fission product release calculations, a MARCH calculation was per-

formed in which containment f ailure was assumed at the hydrogen

burn pressure peak following head failure. MARCH calculates

hydrogen burn pressure in excess of 130 psia following head failure.

Since the nominal containment failure pressure is taken to be about

133 psia, hydrogen burning of the type described has a significant

probability of producing containment failure.

4.0 OCONEE SEQUENCE T11B3)MLUOO'

Sequence Ti(B3)MLUOO' is typified by a complete loss of

electric power (equivalent to Surry TMLB') . Consequently, there

is no makeup to the secondary of the steam generator. The HPI

pumps are not available to provide primary makeup, and there are

l no containment safeguards. Since there is no secondary or primary

makeup, the steam generators boil dry followed by boilof f of the

primary water. Core heatup and meltdown follow. Since there are

no containment safeguards, high steam pressure is produced in the

|
containment by the primary system boilof f. A significant prob-

ability of containment overpressurization failure occurs shortly

af ter bottom head failure due to rapid boilof f of water f rom the

reactor cavity.

The timing of core heatup and meltdown for the T1(B3 ) M LUOO'

sequence is similar to that for the TMLU sequence. As discussed

for the TMLU sequence, the meltdown timing is sensitive to the

the rmal-hydraulics of the leakage out the safety relief valves.

(See Table Cl for the TMLU results.) However, since the accident

consequences are relatively insensitive to this timing, the

T1(B3)MLUOO' calculations were performed only for the slower melt-

C-13
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y(B )MLUOO'down case. Table C-2 lists the MARCH results for the T 3 ,

sequence. Figures C-10 and C--11 are plots of the containment pressures

for the MARCH calculation. In.the MARCH, calculations for these plots,

containment failure was assumed not to occur.
For the MARCH case illustrated in Figure C-10, the core debris

was assumed to fragment and rapidly boil the water-(185,200 lbs.)

out of the reactor cavity following head failure. The major source

of the water in the reactor cavity is the accumulators (124,800 lbs.),

which are assumed to dump into the reactor cavity after head fail-

ure. The accumulators do not dump prior to head failure in the

y (B ) MLUOO ' sequence because of the high primary system pressure.T
3

An additional 60,400 lbs. of water overflows into the reactor cavity

from the containment floor. As seen in Table C-2 and Figure C-10,

rapid vaporization of the reactor cavity water increases the con-

,
tainment pressure from 71 psia at the time of head-failure to 113 psia.

The containment pressure then slowly decreases to 74 psia at 360 minutes

due to condensation of steam from the atmosphere on containment struc-

tures. The pressure begins another increase due to generation of non-

condeasable gases from concrete decomposition and steam from boiloff of

water from the top surface of the debris in the reactor cavity. A pres-

sure of 113 psia is again reached at 810 minutes. The nominal failure

pressure of 133 psia is reached at 1730 minutes. If the core debris

and water in the reactor cavity do not interact, the pressure spike

of 113 psia does not occur. Containment pressures for this case are

shown in Figure C-ll. The nominal failure pressure is not reached

until 1900 minutes.

The 113 psia containment pressure spike produced by the rapid

vaporization of the water in the reactor cavity corresponds to a

C-14
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containment failure probability of 0.16.1 The major portion of the

consequences associated with the Ty(B3)MLUOO' moltdown sequence results
from this pressure spike. CORRAL calculations indicate that if

containment overpressure failure can be delayed several hours after

the end of core meltdown, many of the fission product particulates

and halogens deposit on containment surf aces. Consequently, the

atmospheric releases upon containment failure would be signifi-

cantly reduced if failure is delayed until 1730 - 1900 minutes.

Except for one timestep just prior to head f ailure, MARCH pre-

dicts flammable hydrogen mixtures do not occur in the containment

for the T (B3 ) M LUOO' sequence. The predicted pressure assuming1

burning occurs is 99 psia, corresponding to a 0.04 5 probability

of containment failure. Generally, the mixtures are outside the

flammable region due to the high steam concentrations in the atmos-

phere. Note that the restoration of containment safeguards would

reduce the steam partial pressure and could bring with it the

threat of containment failure due to hydrogen burning.

MARCH calculations performed for the TMLOD sequence were

extended in time to 60 hrs. of base pad meltthrough time. Those

calculations indicated that the core debris penetrated 90 percent

of the base pad thickness in about one half day. Similar behavior

would be expected for the T (B3)MLUOO' sequence. Af ter one half1

day, the containment pressure for the T (B3)MLUOO' sequence wouldi

be in the 100 - 115 psia range, assuming failure did not occur

during the earlier pressure spike to 113 psia due to rapid boilof f

of the water in the reactor cavity. The MARCH calculations indicate

there is a significant probability that base pad meltthrough will

occur prior to overpressurization f ailure.
e

1.- A normal probability distribution with a = 20 psia assumed.

>
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5.0 OCONFE SEQUENCE TMLOO'

The TMLOO' sequence is a transient in which both the main and

I auxiliary feedwater to the steam generator secondary f ail. Conse-

quently, the steam generator boils dry and is lost as a heat sink.
In addition, the containment safeguards are inoperative in the

TMLOO' sequence so there is not containment pressure reduction

function. High pressure ECC injection is available. The Oconee

HP1 pumps have sufficient capacity to provide makeup when pumping'

'

against the safety-valves. The operators are assumed to run the*

HPI pumps at full capacity (not throttled) in this sequence. For

long te rm coolant makeup, the high pressure pumps must be aligned

for recirculation from the sump through the low pressure ECC heat

exchanger. The alignment to the recirculation mode must be made

at about 30 hrs. with one HPI pump running.

MARCH calculations for the TMLOO' sequence indicate that because

of the loss of containment safeguards, eventual over-pressurization
;

failure of the containment occurs. At the time of containment

failure, the ECC pumps are in the recirculation mode taking suction

from the sump. Since the sump temperature is elevated ( 324 * F) , sump

flashing , ECC pump cavitation, and pump failure are likely at the
|

time of containment failure. With failure of the ECC, coolant

boiloff and core meltdown follow.

I Significant events in the TMLOO' sequence are discussed below.
'

The transient begins with the plant at a normal operating power

level of 2567 MW, a primary system pressure of 2250 psia, and an

average primary system temperature of 567*F. Loss of the main and

auxiliary feedwater to the steam generators results in an increase

;
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in primary system pressure. The MARCH calculations assume the

system pressure increases to the 2500 psia setpoint of the safety

relief valves. The pressure remains constant at 2500 psia for the

duration of the transient as HPI water is fed into the primary, and

the safety valves open and close venting excess primary inventory.

In the calculations, the HPI pumps were assumed to have been

started at 10 minutes. An alternative procedure to venting through

the safety valves would be to vent through the pilot operated relief

valve (PORV). The setpoint of the PORV has sufficient capacity to

vent the excess primary inventory with full HPI injection. Thus, a

somewhat lower system pressure could be maintained by venting through

the PORV. However, the course of the accident would not be signifi-

cantly different from that analyzed in the MARCH calculations. Prior

to containment failure, heat removal from the primary system is

accomplished by the flow of HPI water into the cold leg, down the

annulus, up through the core, and out the relief valve. Except for

the 3 - 9 hour period of the accident, the mixed-mean coolant exit

; temperature is subcooled, and boiling in the primary is suppressed.

The temperature of the coolant venting out the safeties decreases

I from 670 F at 10 hours to 520 F at 70 hours. Part of the coolant

flashes to steam in the containment and the remainder falls into

the sump. Figure C-12 shows the containment pressure. Containment

failure (at 133 psia) occurs at 70.4 hours. The containment sump

remains about 200F subcooled prior to containment failure due to the

contribution of the air partial pressure to the total pressure.

Thus, it is assumed the ECC pumps will not have cavitation problems

in the recirculation mode even though the sump temperature increases

C-17



. . .. .

i

to 325'F at 70 hours. ECC pump cavitation and f ailure are assumed

when the containment f ails at 70.4 h rs . Coolant bolloff follows,

and the top of the core uncovers at 77.7 hours. Core melting begins

at 78.8 hours, and meltdown is complete by 81.4 hours. The head

fails at 81.5 hours. When the head fails, the accumulator dumps

125,000 lbs. of water into the reactor cavity. It is assumed in

the MARCH calculations that the debris f ragments in the reactor

cavity and vaporizes all the water in the reactor cavity before
starting melting of the concrete base pad.

As illustrated in Figure C-12, the containment pressurization is

ve ry slow, taking nearly three days to reach the assumed f ailure

pressure of 133 psia. The results in Figure C-12 are for operation

of one HPI pump (at an injection rate of about 1400 lb/ min).

Operation of two HPI pumps would further increase the time to con-

tainment failure. Because of the slow pressurization, there is a

significant probability that the operators would attempt corrective

action. Restoration of steam generator auxiliary feedwater or main

feedwater prior to containment f ailure would lead to a successful

recove ry f rom the transient. Some operator actions cou.'d lead to

earlier core meltdown. For example, containment venting would

result in loss of the air partial pressure in the containment,

initiate sump flashing, and cause ECC ( recirculation mode) pump

cavitation and failure. Thus, containment venting could lead to

earlier meltdown.

6.0 MINIMUM CONTAINMENT SAFEGUARDS

A series of MARCH calculations were performed to determine

the minimum containment safeguards required to prevent long term

C-18
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containment overpressurization. It was assumed in these calcula-

tions that the ECC works and keeps the core covered. In these

cases, there is no question of core meltdown unless containment

failure indirectly leads to failure of the ECC system.

Calculations were performed for an assumed large LOCA in which

containment heat removal was provided by either (1) one building

cooler or (2) the combination of one containment spray and one ECC

heat e:tcha ng e r. In these large LOCA calculations, the MARCH model-

ing assumes that the ECC provides only suf ficient water to the

reactor vessel to compensate for coolant boilof f. The boiloff rate

is on the order of 1000 lb/ min. The low head ECC pumps inject

24,000 lb/ min. The excess of the pump capacity over the boiloff

rate is assumed in the MARCH modeling to be dumped on the contain-

ment floor where it flows to the building sump.

The MARCH calculations for the two large LOCA cases above indi-

cate sufficient long te rm containment cooling. For the first case,

in which one building cooler and the ECC work but the containment

spray and ECC heat exchanger do not work, MARCH predicts that con-

tainment pressures have decreased to about 24 psia at 1800 minutes.

For the second case, in which the coolers do not work but one spray

and the ECC heat exchanger work, containment pressure after blowdown

peak at 40 psia at 300 minutes and decrease to 37 psia by 1800

minutes.

For a small LOCA, the situation is somewhat dif ferent for the

case in which containment heat removal is provided by the ECC

flowing through the ECC heat exchanger. The HARCH modeling for

small LOCA ECC injection assumes perfect mixing (or thermodynamic
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equilibrium) with the water in the reactor vessel . MARCH predicts

the ECC injection is sufficient to suppress boiling in the vessel

at 325 psia after 300 minutes. However, because of the reduced

flow rate of the HPI pumps in comparison with the low head pumps,

the decay removal by ECC heat exchanger is reduced. Consequently,

coolant temperatures remain high and the coolant leaking from the

primary system flashes in the containment. The containment pressure

slowly builds up to 4 2 psia between 20 and 26 hours before begin-

ning a down trend. The MARCH calculations thus also indicate

adequate long term cooling for the small LOCA cases.

7.0 FAILURE OF REACTOR PROTECTION SYSTEM

The Oconee event trees contain a number of sequences with high

probabilities in which the reactor protection system f ails. When

the reactor protection system fails, the reactor power naturally

decreases to a lower power level determined by core physics and

heat transfer parameters. In many of these cases, the main feed-

water to the steam generator is lost. Consequently, moderator

water temperatures increase, and may be accompanied by boiloff of

the coolant. The increase in water temperature and the boiling

produce negative temperature coef ficients which tend to decrease

the core power level. The decrease in core power level from full

power is accompanied by a decrease in f uel rod temperatures. The

decrease in fuel temperatures contributes a positive Doppler com-

ponent to the reactivity and balances the negative moderator

com pone n t s .

C-20

- _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _

Calculations perforned by Babcock and Wilcoxl for Oconee-

type plants indicate that generally the negative temperature

coefficient is sufficient without coolant boiling to balance the
=

positive Dopple r ef fect. Thus, for these cases, no coolant boil-

of f or core uncovery occurs. Hand calculations performed by

Battelle based on the B&W results indicate an additional negative

componen t of reactivity may be required f rom coolant boiling for

a small part of the initial fuel cycle. This occurs because the

Doppler ef fect depends on the number of days at power and the f uel

cycle. If coolant boiloff does occur, core uncovery and melt-
.

down may follow. More definitive calculations are being performed

by other groups.

Based on the present analyses, f ailure to scram sequences will

not generally be core melt cases. However, more definitive calcula-

tions may alter this conclusion.

1

1" Analysis of B&W NSS Response to ATWS Events," BAW-1610,
January, 1980.

.
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Table C-1. MARCH Rasults for TMLU Sequence

Time, min Time, min
case 1 Case 2

Steam Generator Dry 27 22

Core Uncovers 119 73

Start Melt 14 0 92

End of Meltdown 196 14 1

Head Failure 202 14 7

y(B )MLUOO'Table C-2. MARCH Results for Sequence T
3

Containment
Time, Min. Pressure, psia

Steam generator dry 27 15.9

Core uncovers 120 41.5

Start melt 142 42.4

End of meltdown 195 46.9

Head failure 201 71.5

End reactor cavity boilof f 205.6 112.9
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APPENDIX D

GLOSSARY OF ACRONYMS AND ABBREVIATIONS

AFWS Auxiliary Feedwater System

BWR Boiling Water Reactor

BWST Borated Water Storage Tank

CFS Core Flooding System

CHRS Containment Heat Removal System

CL Containment Leakage

CLAS Cold Leg Injection Accumulator System

CSIS Containment Spray Injection System
|

CSRS Containment Spray Recirculation System

CST Condensate Storage Tank

DCPS DC Power System

ECIS Emergency Coolant Injection System

ECRS Emergency Coolant Recirculation System

EFWS Emergency Feedwater System

EPS Emergency Power System

ESF Engineered Safety Features

ESPS Engineered Safeguards Protective System

FSAR Final Safety Analysis Report

HHASWS High Head Auxiliary Service Water System

HPIS High Pressure Injection System

HPRS High Pressure Recirculation System

LOCA Loss of Coolant Accident

LOP Loss of Offsite Power

LPIS Low Pressure Injection System
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LPRS Low Pressure Recirculation System'

LPSWS Low Pressure Service Water System4

LWR Light Water Reactor
ii

PAHR Post Accident Heat Removal

PARR Post Accident Radioactivity Removal

PCS Power Conversion System |

PWR Pressurized Water Reactor

RBCS Reactor Building Cooling System

RCS Reactor Coolant System

RPS Reactor Protection System

RSS Reactor Safety Study

RSSMAP Reactor Safety' Study Methodology Applications Program

S/RV Safety Relief Valves
,

1 T Transient
4

VCT Volume Control Tank
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