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ABSTRACT

The United States Nuclear Regulatory Commission is sponsoring an on-going safety
research program to assess dominant risk events in boiling water reactors. As part
of this program, a sequence event tree for a boiling water reactor anticipated tran-
sient without scram (ATWS) has been developed and quantified. The goal of the
sequence event tree is to provide a logical representation of the systems that must
respond to an ATWS, the required operator response to the event, operator actions
that could be performed in response to multiple failures, and the phenomenological
concerns. The purpose of the sequence event tree is to provide a basis upon which
to perform additional deterministic thermal-hydraulic and core damage analyses in
the most cost effective manner based on the most likely sequence of events that will
lead to containment / core damage. The ATWS sequence event tree is based on the
General Electric Owners Group emergency procedure guidelines and on preliminary

} deterministic thermal-hydraulic analyses performed by EG&G Idaho, Inc. personnel
at the Idaho National Engineering Laboratory under direction of the Severe Accident
Sequence Analysis Program.; ,

i
The ATWS sequence event tree is based on main steam isolation valve (MSIV)

j closure as the initiating event. The ATWS sequence event tree logic is based on three
! means to achieve low power or suberiticality: (a) carly boron injection, (b) level con- *
*

trol to top of active fuel and pressure control without boron injection, or (c) late
boron injection that has been preceded with either level or pressure control.

! Out of s200 potential containment / core damage sequences, additional deterministic

j thermal-hydraulic analyses can now be concentrated on the most likely
containment / core damage sequences allowing results to be obtained quicker and in

i a cost effective manner.
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SUMMARY

Under the Accident Sequence Evaluation Pro- The BWR ATWS sequenec event trec is based on
gram (ASEP), sponsored by the United States main steam isolation valve (MSIV) closure as the.

Nuclear Regulatory Commission (USNRC), the initiating event. The BWR ATWS sequence esent
anticipated transient without scram (ATWS) at a tree logic is based on three means to achieve low
boiling water reactor (BWR) has been identified as power or suberiticality that will be within the heat,

a dominant risk event. Areas of significant uncer- removal capability of the residual heat removal
tainty associated with an ATWS were also iden- (RH R) system heat exchangers. These three means
tified. For example, in an existing probabilistic risk of achieving low power or suberiticality are not only
assessment, it was conservatively assumed that if based on the emergency procedure guidelines but
the power conversion system is not available and are also based on insights gained from preliminary
if the reactor is not made suberitical, then the high deterministic thermal-hydraulic analyses. The three
pressure makeup systems will not be able to keep means of achieving low power or suberiticality are:
the core covered and core damage will occur. To (a) carly boron injection, (b) les ci control to top of
address the ATWS and resolve as many of the active fuel and pressure reduction in a controlled
ur. certainties as necessary, deterministic thermal- manner without boron injection, or (c) late boron
hydraulic and core damage analyses are being per- injection that has been preceded with either lesel
formed under the Severe Accident Sequence or pressure control. The purpose of the thermal-
Analysis (SASA) Program. h>dcaulic analyses is to examine the effects of

failure to scram; therefore, manual rod insertion
Preliminary deterministic thermal-hydraulic is not considered.

analyses have been performed for a loss of the
power consersion system with a failure to scram. The two most likely sequences that result in
From these analyses it became apparent that there containment / core damage as shown on the BWR
are many sequences of events that can lead to a ATWS sequence esent tree (the quantified BWR*

stable plant condition or to containment / core ATWS sequence event tree is shown in Section 4)
damage following an ATWS. Without a structured represent (a) a totally unmitigated transient (no
approach, further deterministic thermal-hydraulic early or late boron injection and no level control,

analyses of the numerous combinations of events or pressure reduction in a controlled manner), and
leading to containment / core damage would be an (b) a high-pressure boiloff transient.
expensive and time consuming process. To provide
a structured approach, a BWR ATWS sequence The action in the emergency procedure guidelines
event tree was deseloped. This sequence esent tree dealing with suppression pool heat capacity tcmper-
logically represents the systems that could respond ature limits was strictly interpreted in the
to an ATWS, the required operator response to this preliminary thermal-hydraulic analyses as a prenure
event, operator actions that could be performed in reduction that follow 5 the suppression pool heat
response to multiple failures, and the phenom- capacity temperature curse instead of the initiation
enological concerns. By quantifying the sequence of a rapid depressurization. In Ihis report, prenure
of events that result in containment / core damage, control (controlled pressure reduction) and
the most likely sequences are identified, and addi- depressurization (e.g., automatic depressurization)
tional Ihermal-hydraulic analyses can be concen- are two separate actions. Since strictly following the
trated on these most likely sequences allowing for suppression pool heat capacity temperature curve
results to be obtained quicker and in a cost effec- is not specifically part of the emergency procedure
tive manner. A review of the most likely sequences guidelines, it was judged that operator training
also establishes the analytical models necessary to would not normally reflect this particular aspect of

* anal' important phenomena and prosides direc- this action. Upon the basis of this and the fact that
tion for expanding calculational capability of the an MSIV closure with a failure ta scram represents
existing thermal hydraulic analysis codes. The BWR a significant challenge to systems and operator
ATWS sequence event tree is based on findings actions due to the relatively short available reaction.

from preliminary thermal hydraulic analyses and time, some of the action, could be difficult to per-
does not reflect any additional findings from form, the simulators are limited in realistic

thermal-hydraulic analyses that were performed responses for extreme accident conditions, and
after the sequence esent tree was descloped. based on' the human error probabilities from

...
, W
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WASil-1400, a best estimate failure probability of additional containment / core damage sequences that
0.9 was assigned to most of the operator errors can be considered as most likely.
shown on the sequence event tree. A sensitivity

, Out of s200 potential containment / core damageanalysis was also performed to determme if there
sequences, additional thermal-hydraulic analyses -

would be any additional most likely can now be concentrated on the four most likely
containmer.t/ core damage sequences if the operator containment / core damage sequences allowingfailure probabilities were varied. First a failure

results to be obtained quicker and for a much more
probabihty of 0.5 was assigned to failure of each .

reasonable cost. Also, analysis of the four most
operator action and the containment / core damage likely rif. secuences indicates the importance ofsequence probabilities were calculated. Then, a

level control and pressure control by the operator
failure probability of 0.1 was assigned to failure of on accident mitigation.
each operator action, and again, the
containment / core damage sequence probabilities The sequence event tree also provides additional
were calculated. In this way, operator failure prob- insights. It helps one visualize what critical plant
abilities span approximately one order o." information an operator requires in order to make
magnitude. The results of the sensitisity analysis a decision under maay plant conditions. Since the
show that if the operator failure probability is sequence esent tree identifies required operator
changed to 0.5, there are tu o additional most likely responses to an accident initiator and the operator
containment / core damage sequences. These two actions that could be performed in response to
additional most likely sequences represent (a) a multiple failures, it can be used as a tool to evaluate
transient in w hich the only major successful action the adequacy of emergency procedures. The
is lesel control, and (b) a transient in which the only sequence event tree may also be used as a basis for
major successful actilia is pressure control. The sen. developing control room staffing criteria based on
sitivity analysis also shows that if the operator the timing and the type of required operator actions
failure probability is changed to 0.I, there are no that may be necessary.

.
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SEVERE ACCIDENT SEQUENCE ANALYSIS (SASA)
PROGRAM SEQUENCE EVENT TREE: BOILING
WATER REACTOR ANTICIPATED TRANSIENT-

WITHOUT SCRAM
.

1, INTRODUCTION

Under the Accident Sequence Evaluation Pro- the need arose to develop a structured approach to

gram (ASEP), existing probabilistic risk assessment the problem. What was necessary was to logically
(PRA) studies of seseral boiling water reactors model the sequences of events that might occur
(llWR4) hase been resiewed. These reviews iden- following an ATWS, and by identifying the most
tified the anticipated transient without scram likely sequences of events that result in
( ATWS) as an important risk contributor. In addi- containment / core damage, proside a basis for per-
tion, a number of areas wcre identified where high forming additional deterministic analyses in a cost
uncertainty exists as to what happens following an effectise manner. To meet this need, an ATWS
ATWS. For example, in an existing PRA, it was sequence event tree w as developed to logically repie-

conservatively assumed that if the power conver- sent the systems that could respond to an ATWS,
sion system were not available and if the reactor the required operator response to the accident ini-
were not made suberitical, then the high pressure tiator, the operator actions that could be performed
makeup systems would not be able to keep the core in response to multiple failures, and the
covered and core damage would occur. Under the phenomenological concerns. Ily quantifying the
Severe Accident Sequence Analysis (SASA) Pro- sequence of events that result in containment / coreo
gram, deterministic thermal-hydraulic and core damage, the most likely risk sequences were iden-
damage analyses are being performed at the Idaho tified providing a basis for limiting the number of
National Engineering Laboratory to describe the additional thermal-hydraulic and core damage

'

physical phenomena associated with the ATWS for analyses required and thus, minimizing analytical
the purpose of resolving as many of the costs. The llWR ATWS sequence event tree is based
uncertainties as possible. on findings from preliminary thermal hydraulic

analyses an es n t r ect any amonal EnWags
Preliminary deterministic thermal hydraulic

* I '' * * I "" "" b'" "I *#'# E#''analyses have been performed for a loss of the
*# " ## '#9"#" #" "## "" #''

power conversion system with a failure to scram.I
From these analyses it became apparent that there
are many ways or sequences of events that can lead The following sections discuss the sequence event
to a stable plant condition or to containment / core tree methodology, the desetopment and quantifica.
damage following an ATWS. Since deterministic tion of the ATW5 sequence event tree, and the
analyses of the many combinations of events leading results and interpretation of the ATWS sequence
to containment / core damage would be expensive, event tree.

2. SEQUENCE EVENT TREE METHODOLOGY

The starting point in the sequence event tree con- The next step is to develop the sequence esent tree
8 struction process is the development of a functional by depicting the systems, operator actions, and

event tree that depicts the complete set of critical phenomenological concerns required to meet the
safety functions that must be performed in response needs of the critical safety functions identified on
to a selected initiating event. The functional event the functional event tree. Iloth emergency pro-,

tree logically defines the potential success and cedures2 and findings from preliminary thermal-
failure paths that can evolve from the accident ini- hydraulic analysesl are used to identify the required
tiator. An example of such a functional event tree systems and the required operator response to the
is shown in Figure 1. accident initiator, the operator actions that could

1

!
|



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

initiating Reactor Reactor Decay heat Long term
event subcritical coolant removal cooldown af ter .

Inventory plant stabilization
maintained

.

.-

INEL 31431
i

f igure 1. Eumple of a functional esent tree. *

be performed in response to multiple failure events, since these already identify the systems that can
and the phenomenological concerns such as primary respond to the accident initiator; however, these
containment integrity. A system esent tree identifies system event trees must be expanded to include the
the specific systems that can operate to satisfy the various operator tasks and the areas of phenom-
critical safety functions shown in the functional enologicat interest. The following section discunes
event tree. System ev ent trees (an example is show n the ATWS sequence event tree.
in Figure 2) from existing PRAs can also be used

3, ATWS SEQUENCE EVENT TREE DEVELOPMENT .

The goal of the ATWS sequence event tree is to enological concerns. The purpose of the ATWS
produce a clear and logical representation of the sequence event tree is to provide a basis to perform *

systems that must respond to an ATWS event, the additional deterministic thermal hydraulic and core
required operator response to the accident initiator, damage analyses in the most cost effective manner
operator actions that could be performed in based on the most likely sequences of events that
response to multiple failure events, and the phenom. will lead to containment / core damage.

2
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s

Small Reactor High Depressur. Low pressure Emergency
LOCA protection pressure Ization injection coolant

iystem injection system system recirculation
systems (2) system.

(1) (3)

.

4

-

1

NOTES:

(1) includes reactor core (2) includes core spray (3) includes core spray,

isolation cooling injection system, low recirculation system,
system, high pressure pressure coolant low pressure coolant
coolant injection injection system, recirculation system;
system, feedwater system condensate pumps requires high prsssure

q service water system.

INEL 31432

Figure 2. Example of a system event tree (for a small !_OCA in a BWR).

2The ATWS sequence event tree is shown in ATWS are based on emergency procedures and on
Figure 3. 'I he sequence event tree is based on main insights gained from preliminary thermal. hydraulic
steam isolation valve (htSIV) closure as the ini. analyses.l Since the purpose of the thermal.
tiating event at the Browns Ferry Nuclear Plant. The hydraulic analyses is to examine a failure to xram,
major portion of the sequence event tree logic is manual rod insertion is not considered,
based on three means to achieve low power or sub.
criticality that will be within the heat removal The action in the emergency procedure guidelines
capability of the residual heat removal (RHR) dealing with suppression pool heat capacitye

system heat exchangers during an ATWS. These temperature limits was strictly interpreted in the
means are: (a) early boron injection, (b) level con. preliminary thermal. hydraulic analysis as a prewure
trol to t!'e top of the active fuct and pressure reduc. reduction Ihat follows the suppression pool heat,

tion in a controlled manner with no boron injection, capacity temperature curve instead of Ihe initiation
or (c) late boron injection that has been preceded of a rapid depressurization. In Ihis repori, pressure
with either level or pressure control. These means control (controlled pressure reduction) and
of achieving low power or suberiticality during an depressurization (e.g., automatic depressuritation)

3
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are two separate actiom. A rapid depreuuritation Failure of the SRVs to close, gisen sucecuful
is only comidered necewary w hen the high prenure opening, is also not comidered in this study, if one
injection sptems fail to operate. or two SRVs stick open, the esisting tramient would>

not be significantly altersd. The sptems neceuary

' " *i ' i 8 ' """' ' " S"V"ipung oren are ihe* SeNuence Event Tree Heeding ,

same systems being used to mitigate the ATWS.
Success Criteria

Recirculation Pump Trip (RPT) AutolManual. ,, ,

| Fach heading on the A1WS sequence esent tree Succcu for this event is both recirculation pumps
I identifies Inc setems and operator actiom required tripping. The signal to initiate the ATWS RPT is

j to mitigate an ATWS and the areas of phenom. high reactor preuure scuel (14PV) preuure. The

; enological concern. The following describes the ini. tripping of the pumps is auumed to immediately
'

Ilating esent and ihe success criteria for caeh ofIhe reduce reactor powcr by s50 to 70%. l'ailure o trip

sequence event tree headings. the recirculation pumps will result in a rapid
prenure inercase that has been comersathcly

i MSIV Closure. The MSIV closure initiating esent auumed to essced the capacity of the SRVs, and
j was chmen primarily because (a) the frequency is it is pouible that a rupture of the primary system

relatisely high 3 (b) the MSIV clmure tramient will occur cau ing a lou-of-coolant accident
,

; results in higher scuci prenures, more: sesere fuel (LOCA). The sequence of esents and comequen6cs
'

duty, and a larger amount of steam dncharged to of failure of RPr are not comidered in this analpis.

| the suppreuion Icol than any other moderately fre-
quent tramient,(c) mmt of the operator actiom to Operator initiates Early Boron injection. Succcu
mitigate the accident are similar to other tramient is defined as early operator recognition that an
esents, and (dlit represents a significant challenge AIWS has occurred and that the operator takes
to sptems and operator respome became of the immediate action Io acth ate the standby liquid con-
relathcly short asailable reaction time. trol sprem (SLCS). Ihc SLCS is not automatically

' ' actuated at the llrowm I crry Nuclear Plant. Sue.
T he MSIV a urc initiated tramient coupled with ceuful St.CS operation requires that a sufficient

a failure to imert control rods is a sescre challenge quantity of boron is injected into the core to effect
to the llWR splems since all the steam produced a smtained subcriticality. It is estimated that reac-

tot shutdow n by carf oron injection can occur inin the reactor is directed to the suppreuion pool and lb
as littie as 30 min. Therefore ether mitigatingmay result in suffleient increase in suppreulon pool

temperature and prenure beyond its design limits sptems must function to emure that the critical
to challenge containment integrity, in addition, functions, RPV water imentory and core and sup.
some acquences may lead to core damage, not prenion pool cooling, are maintained.,

I neccuarily in conjunction with containment failure,
j High Pressure Coolant injection. The high

Control Mode Fail to insert. In this study the preuure coolant injection (llPCI) sptem is sue.
scram and backup wram are defined to have failed ceuful if it rnaintaim adequate core makcup to pro.

,

! leaving all control rods fully withdrawn, llackup side sulficient core cooling, llPCI operates from
j scram comhts of two solenoid valses that actuate sil20 to 150 psig.
~

to sent the air supply to all of the wram valves.
Although sescral scram signals should hase ticen Operator Drope Level to Top of Active Fuel

3

initiated, it is auumed cither its electronic circuitry (TAF). This heading is represented on the sequence

; or mechanical sptems have malfunctioned and esent trec immediately following each coolant injec-
prevented a scrarn, it is aho defined that reemery tion method (IIPCI, reactor core holat;on cooling
actiom causing control rod imertion are either not (RCIC) and control rod drive (CRD) injection, or

, *
} Initiated or are ineffecthe umil ' after plant low preuure sptems). Succcu is defined as the
'

stabill/ation is achieved, operator maintaining the RPV water icvel at the
TAF. Ihen though the emergency procedures

Safety Relief Valves (SRVs) Open. It has been require the operator to inject boron and lower RPV*

anumed that adequate overpreuure protection is water level to TAF, preliminary thermal. hydraulic
as alfable during an MSIV simure from 100% power calculatiom ming RELAPS indicate that if the,

with failure to scram ghen succcuful recirculation operator drops RPV water level to the TAF given'

pump trip. RPT but no boron injection,Ihen reactor power will

$

____- _ - ________- _________ - _ ___-______-_- _________ ___-______ -__________ ___ -
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be reduced to s9% at 1030 psi.I As pre lously hydraulic calculations using RELAPS indicate that
discussed, one of the means identified to achieve by dropping level to TAF and reducing prenure in
low power that will be within the heat removal a controlled manner to s250 psi, the reactor power

Icapability of the RilR heat exchangers is for the le el will be reduced to s3% whether boron inJee- ,

operator to reduce RPV water le ci to the TAF and tioa is initiated or not. This is withh the heat
take pressure control. The effect of prenure con- removal capability of the RilR heat exchangers
trol on reactor power given RPV lesel at TAF, is w hich are capable of removing 1.5 to 3.5% power

,
discussed later in this section, in the RilR mode.

,

HPCI Aveliable. Similar headings (RCIC and Operator Initiates Late Snron injection. Success
CRD Injection Availabic and Low Prenure Spiems is defined as the operator recogniting that previous
Available) are represented on the sequence event actions to achieve and maintain low power have
tree following each coolant injection method. The failed and that now SLCS operation must be ini-
purpose of these headings is to distinguish if coolant tiated. SLCS operation requires hat a sufficient
injection is still available or if the operator has ter- quantity of boron is injected,into the core to efIcet
minated flow by improperly taking level control. a sustained subcriticality. This operator action is
For example, it is necenary to know if IIPCI injec- applicable if the operator waived early boron in-
tion is available and if not, a decision can be made jection, attempted reactor power reduction with
at the RCIC and CRD injection branch,if required. level and pressure control, but was unsuccessfut in
The headings llPCI Asailable, RCIC and CRD adequately reducing ihe power lo el. Due to the time
Injection Available, and Low Prenure Systems it may take for the boron injection to result in a
Available are dummy events for the purpose of reactor shutdown, it has been kuumed that late
removing logic loops in the cent tree. boron injection will not be effective soon enough

: to prn ent containment / core damage if Ihe operator
RCIC and CRO Injection. RCIC and CRD injec. has failed to take both level and pressure control,
tion are succeufulif they are combined with SLCS Late boron injection will be effective if the operator i

to maintain adequate core makeup to provide suf- has successfully controlled either RPV level or
ficient core cooling. If IIPCI fails, RCIC, CRD and pressure.
SLCS injection are suumed to be sufficient to

,

maintain core coverage.I SLCS is discuued under Suppression Pool Subcooled Short Term. Suc.i

'the Early Horon injection heading. ceu under this heading occurs if the pool remains
at least 43'F subcooled during the large energy,

' Operator Depressurines the RCS. Deprenurisa. absorption in the early minutes of the accident,
tion is succcuful if it reduces RCS prenure to below Above 170'F, a potential challenge results from
the point of Ihe low pressure injectiort systems steam breakthrough in the pool due to large local.
shutoff head (s295 psig for the low prenure ited energy absorption. Steam breakthrough even.4

'

coolant injection system and s289 psig for the core tually threatens the containment due to
; spray system). Automatic deprenuritation can be overpressuritation and leads to increased torus
'

actuated by the opening of 6 of the 13 SRVs, or structural loading.3

.

depreuurization can be manually actuated. Depres-

| suritation is required if Ihe high prenure injection Primary Containment Integrity, if the pressurt
'

spiems fail to operate. rise due to low of suppreulon pool subcooling is
imufficient to cause containment damage, primary

i Low Pressure Systems. The low preuure systems containment integrity is achieved. If the suppres-
are succcuful if they maintain adequate core sion pool remains subcooled the heading Primary
makeup to progide sufficient core cooling. The Containment Integrisy is paned through, if the pool
systems asailable for low pressure injection are the has not remained subcooled Ihen the question is e,

low preuure coolant injection (LPCI) sprem and asked whether the primary containment integrity is
the core spray sptem, if both high and low prenure vlotated or not. If the containment has not failed
injection sprems fall, then core damage will occur, then the critical functions, RPV water inventory and ,,

long term heat removal need to be maintained, if
Operator Takee Pressure Control. Succeu In containment is breached, then core damage li
defined as the operator using the SRVs to bring expected to occur due to loss of cooling water injec.
aboat a controlled prenure reduction to obtain a tion which results from either failure of the injec.
RPV prenure of s250 psi. Preliminary thermal. tion sptems to operate under the environmental

6
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a

conditions that they are exposed to as a result of core. Given that low power or suberiticality is main-
containment failure. or from ioss of injection paths tained, it is assumed that the heat generated is
as a result of containment failure, within the heat removal capability of the RilR

system. If the RilR system fails to operate, this will
o Lew Power or Subcriticality Maintained. Sub- esentually result in containment / core damage.

criticality is maintained if insufficient positive reac. Consequences. The consequences are disided into
tivity is inserted during injection of cold water by two categories: core okay and containment / core
either the high or low pressure injection systems. damage it should be understood that some of the

o

or from the possible boron concentration reduction
sequences labeled containment / core damage may

by cai.yoser to the suppression pool or plating out not actually result in damage but in partial failure
on the RPV internals. For the 11WR ATWS potentially leasing an okay core condition,
sequence esent tree, it has been defined that if

floweser, this esent tree modeled binary decision
criticality is achiesed, reactor power will rise to a
lesel that eseceds the heat remosal capacity of the

points (success and failure, and therefore, partial
success is not considered in the consequence col-

RilR system, which in turn results in containment /
umn). The scope of this study does not include the

core damage.
determination of offsite releases or doses. The scope
of this study is to identify the most likely

Long Term Containment Cooling. Long term containment / core damage sequences for additicnal
containment coolir.g is successfulif the RilR system examination using deterministic thermal hydraulic
remoses the heat being generated by the reactor techniques.

4. ATWS SEQUENCE EVENT TREE QUANTIFICATION

The quantified sequence event tree is presented MSlV Closure. Theinitiator frequency for MSIV
in Figure 4. Typically, sequence quantification is closure ($ x 10 l/ year)is from the proposed data,

the process of ccmbining the initiator frequency base for the National Reliability Evaluation
with mitigating system and operator action failure Program (NREP).3
probabilities as prescribed by the sequence ese..t

'

tree logic in order to determine the frequency of any Control Rods Fall to insert. The failure prob.
cont 1inment/ core damage sequence. For this ability for this system (3 x 10'3) is from
sequ *nce esent tree, the sequence probabilities base NUREU-0460.6
been reduced (the MSIV closure frequency and the
pro bability of the controt rods failing to imert have Safety Relief Valves Open. !!rowns Ferry has
not been included in the sequence quantification). 13 SRVs. It is considered unlikely that inadequate
in other words, the sequence probabilities are overpressure protection will esist during an MSIV
relative values not absolute values. Unavailability closure from 100re power with failure to scram
salues or failure rate data for each mitigating system gisen RPT. Seseral events hase been reported on
or operator action depicted on the sequence event failure of SRVs to open at set prenure; howeser,
tree are based on experience data or similar support. n ne of these events have resulted in reactor coolant
ing documentation, engineering judgment, or a pressure boundary oserpressurization.7 Preliminary
combination of these. From this evaluation, the thermal hydraulic calculations assumed that all
most likely sequences leading to containment / core 13 SRVs operate.
damage are identified, providing ihe basis for addl.

F. ilure of the SRVs to close, gisen successfultional thermal and core damage analyses. a

opening,is not cons'dered in this study. If one or
two SRVs stick open, the esisting tramient would

Sequence Event Tree Heading noi be signiricantly altered. The systems necessary
*

Failure Probabilities to mitigate one or two SRVs sticking open are the
same systems being used to mitigate the ATWS.

.

The following discusses the failure probabihiles Recirculation Pump Trip (RPT). The RPT ATWS
assigned to each sequence event tree healing. trip for each pump depends on the operation of

7
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|
!
| pressure sensors to close a contact that energlics a RPV water lesci to the TAF and take prenure con.

coil that opens the circuit breaker to the motor. trol. The effect of pressure control on reactor
generator set. For one pump, failure of the contact powcr, ghen RPV wa:ct level at TAF and no boron
to close, the coil to energize, and the breaker to injection, will be to lower reactor power to within ;

! open is st x 10-3 ased on failure rates from ihe the heat removal capability of the MilR heat 'b
proixned data base for the NREP Guide.3 ailure eschangers,F
of both recirculation pumps to trip is therefore
s2 x 10'3 HPCI Aveliable. This heading and the headings,

RCIC and CRD Injection Available and L.ow !

Operator Initiates Early Boron injection. Prenure Systems Available all serse the same pur.
Reported data on human behasior indicates that the pose: to distingukh if coolant injestion is still I,

i error rate for a task has a relatiomhip to the streu asallable or if the operator has terminated 11ow by I
| lesel perceis ed by the operator.1-ollowing a major imprope:ly taking lesel control. For esample, it is
| accident, human error will be high due to a prob. neccuary to know if IIPCI injection is still available
| able incredulity resp (mse. Since the probability of or not so a dechion can be made at RCIC and CRD
| a major accident is small, for some moments afler injection, if required. In of her words, the headings
j the onset of the accident, a potential operator llPCI Available RCIC and CRD injection
! respon e would be to disbeliese panel indicators. Availabic, and Low Prenure Systems Available are

Under such conditions no action might I e taken at dummy esents; Ihus, a probability value was not
r,ll for at least one min and if any action were taken aufgncd to these headings,
it would likely te inappropriate. WASil 1400
aucued the human error rate to be I.0 for the fitit MCIC and CMD injection. It has been auumed |
min,0.9 fise min after an accident,0.1 after thirty that if IIPCI falk, then RCIC and CRD injection
min, and 0.01 after Sescral hours.8 liased on thh combined with SLCS are required to provide coruj

! information, the probabil:ty of the operator fail. cooling ghen that early boron injection has
ing to initiate early boron injection was chosen as occurred. An unasallability for CRD injection was

'

O.9. not available from the interim Reliability Esalua.
tion Program on the lirowns I erry Nuclear Plant;

High Pressure Coolant injection (HPCil. A how ever, since CR D injection is normally operating
failure probability of 4 x 104 for this system was the probability of CRD injection failing was con.$

| obtained from the Interim Reliability Evaluation sidered to be small when compared to the prob.
Program on the llrowns Ferry Unit 1.9 Even ability of the RCIC failing to operate. Therefore,
though this system is automatically actuated, the only the RCIC unavailability was used in the
operator must manually control llPCI flow later sequence quantification. The RCIC unavailability, i

in the sequence of esents in order to drop the reas. 2 x 10~8,is from the Interim Reliability Evaluation
f or venel w ater les el to TAF. Thus, the probability Program on the litowns Ferry Nuclear Plant PRA.9 !

of 0.9 for failure of the operator to properly drop As divuued under llPCI operation, the probability
lesel to the TAF was also auigned to failure of this of 0.9 for failure of the operator to properly drop <

system as a result of thh operator Interface with lesel to the TAF was also assigned to failure of !
IIPCI operation.

'

RCIC and CRD injection as a result ofIhh operator
interface with system operation.

Operator Drops Level to Top of Active Fuel
. ITAF). A valuc of 0.9 was chosen for failurc of the Operator Depressuelaos the MCS, A value of
| operator to drop the reactor water level to TAF. 0.9 was chosen for failure of the operator to

This value is from WASil.1400 as dhcuned depreuurize the RCS. This value is from
i above.8 WASil.1400 as dkeuwed atxne.8 Depreuurliation

h required if the high preuure !njection systems fail
'

As previously dhcuned, preliminary thermal. to operate.!

h>draulic calculations indicate that if the operator
drops RPV water level to the TAF given RP r but Low Pressure Systems. Low pressure systems
no boron Injection, then rcactor power will be refer to the I.PCI system and the core spray system.

'

reduced to s9% at 10$0 psi. One of the means to The unavailability value of 3 x 10 5 s from thei

| achieve low power that will be within the heat Interim Reliability Evaluation Program on the
| removal capabili y of the RilR heat exchangers in firowns Ferry Nuclear Plant and is for failure oft

! the RilR cooling mode is for the operator to reduce both LPCI and the core spray system.9As dhcuued

.

.
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under llPCI operation, the probability of 0.9 for the ogwrator does not fully rewynite the accident
failure of the operator to properly drop lesel to the that has occurred and that the operator does not
TAI' was aho aufgned to failure of low preuure base control of the plant. If the operator has not
s) stems as a result of Ihis operator interface with taken lesel or preuure control Ihere h aho leu time
system operation. asailable for the operator to make the dechion to

initiate boron injection. l'or this case a value of
The low preuure systems injection salves 0.9 was u ed for failure of the operator to initiate

automatically open on a combination of low reae- late boron injection. Ihis salue is aho from *

tor scuci preuure and high dry well preuure, but WASil 1400.8
there is not automatic cloVng logie. Check sabes
between ihe RPV and the low preuure s) stems pro. Suppression Pool Subcooled Shott Terrn. Sup-
side the last lesel of protection against user. preulon pool subcooled short term is a

'

preuuritation of the low preuure systems on.c the phenomenological concern. Various 5alues for
RPV has been deprenurized. Iloweser, at low failure of the suppreulon pool to remain subcooled

preuures, the RPV h susceptible to sudden power hase been auigned based on a perception of the

spikes and reprenuritation which may result in plant conditions due to the succcu or failure of
inercasing the probability of a LOCA outside preceding mitigating actions,
containment.

I'or the sequences w here early boron injection has
!

Operator Takes Pressure Control. A salue of been initiated, then if the operator has taken lesci'

0.9 was chosen for failure of the operator to take and preuure control, a value of 0.$ was judged to

f reuure control prosided that the operator has not be appropriate for failure of the suppreulon pool

had to deprenurite the RCS to allow for low to remain subcooled. If the operator has only taken

prenure injection. This value is f rom WASil 1400 lesel control and not prenure control, the power

as dhcuued atmc.8 'or the case w here the opetalor lesel will remain high (slo'' or grcater) making itl
'.

has deprenurited the RCS for low preuure injee- more likely that the supprenlon pool will not
tion, it was judged that failure of the operator to remain submoted; thus, a salue of 0.8 was auigned. *

take prenure control would be feu likely than for if the operator has only taken preuure control and

the case w here RCS depreuuritation h not required; not lesel mntrol, a value of 0.7 was judged to be

therefore, a salue of 0.1 was aufgned. appropriate for idlure of the suppreulon pool to e

remain subeooled, if the operator has not taken

As presiously discuned, preliminary thermal- lesci and prenure control, power will remain high
tmtil the boron becomes cffecthe; thus, a salue ofhydraulic calculations indicate that by lowering

RPV water lesel to the TAl' and reducing preuure 0.9 was aulgned,

in a controlled manner to s250 psi, the reactor
l'or the sequences w herc early boron injection has

power lesel will be reduced to N3 'e whether boron not been initiated, then if the operator has taken
injection is initiated or not. This power lesel is

both level and preuure control, a salue of 0.5 was
within the heat removal capability of the RilR heat
eschangers. "'. signed whether the operator initiates late boron

injection or not, if the operator has taken lesel con-
,'

trol and initiated late boron injection, a salue of
Operator Initiates Late Boron injection. .Th.is 0.fi was auigned since the power will remain high
action has been auigned two values based on what g g,.em td umil late Mon becomes cf fee-,

' actions the operator has already talen if the tive, if the operator has only taken preuure con-
operator has taken les el and prenure control, then trol and initimed we Wu injection, men it we
the operator has correctly recognlied the accident judged only slightly len hkely that the suppreulon
and has control of the plant. Aho if the operator pool would not remain subcooled: 0.7,
has taken lesel an6 preuure control of the plant, ,

the operator can safely take more time to decide Primary Containment Integrity. Primary con-
what would be the nest best action. Thus, for this rainment integrity b aho a phenomenological
case a salue of 0.1 was used for failure of the conectn and is coupled to the suppreulon pool

,

operator to initiate late boron injection. T hk value remaining subcooled as well as with other preslous
h from WASil 1400.8 actions,

l'or the case where the operator has failed to take l'or ihe sequences w here the operator has initiated

either lesel or preuure control, ;t h more likely that early boron injection and has taken both level and

10

.
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preuure control, a value of $ x 104 was judged io auigned as preslously discuued. A semitisity I

be appropriate for failure of primary comainment analysis was performed to determine if thste would i
Irtegrity. If the operator has only Initiated early be any additional mmt likely containment / core l

boron injection or early boron injection with lesci damage sequences if the operator failure proba.
or preuure control, then a salue of I s 104 was bilities were saried, l' int a failure probability of 0.5,

aulgned. was auigned to failure of each required operator
action and the containment / core damage sequence <

l'or the sequences w here early boron injection has probabilitics wcre calculated. T hen a failure prob. (,

not been Initiated, then if the operator has taken ability of 0.1 was aulgned to failure of exh
(both lesci and prenure control, a s alue of I i6 104 operator action, and again, the contalnment/ core

was andgned whether the operator initiates late damage sequence probabilitics were calculareA in
boron injection or not, if the operator has taken this way, operator failure probabilitics span appros-

,

either lesst or preuure control and Initiated late imately one order of magnitude. Table I shows the !
boron injection, a value of I s 101 %as auigned. State number, the reduecd sequence probability [

salues from l'igure 4, the reduced sequence prob. :
Low Power or subcriticality Maintained. It was ability salue if cash operator failure probability is s

judged that it boron injection has occurred, then changed to 0.5, and the reduced sequence proba. |4failure to remain suberitical would bc 1 x 10 . If bility salue if each operator failure probability is
the operalor is maintaining low power with les ci and changed to 0.1. l'or example, the reduced sequenec

|prenure contr01 only,ihen it was judged io be much probabilit
7 x 101.y for Sequence 483 from l'igure 4 is ;

more likely that low power could not be maintained; If each operator failure within :
thus, a 5alue of 0.7 was aulgned. Sequence 483 is auigned a salue of 0.3, the reduced !

equence probability is i n Hrl. If cach operator !
Containment Cooling Long Term. Wheneser failure within Sequence 4M3 is aulgned a salue of I

4low. low. low reactor scuci 4ater lesciis indicated, 0.1, the reduced sequence probability is 1 x 10 . [
the RilR syurm automalleally aligm to scuel injee. Table i shows only thme sequences that hase
lion. Succcuful Hilk forus cooling is highly reduced sequence probability salues of 104 or 10 3a

dependent on the operator switch ng the RilR from either l'igure 4 or after the operator failure |
system back to the lotus cooling mode after each probability has been changed to 0.5 or 0 I, 'the !
time low. low. low reactor scuct water lesel is results of the semitivity analysis show that if the,

obtained, Therefore, the probabihty of containment operator failure probability is changed to o.$. there
14long term cooling failing was judged to be I it 10 . are Iwo adlitional mmt likely containment / core ;

damage sequences. T hese sequences are represented i

Sensitivity Analysis by States 463 and a2 on our nWR AlwS sequence
esent tree. The semitivity analysis also shows that .

if the operator failure probability is changed 100,1,
l'or most of the operator aetiom required follow. there are no additional containment / core damage ;

ing an ATWS, a failure probability of 0.9 was sequences that can be comidered as most likely,
,

i

5, RESULTS AND INTERPRETATION '

Under the SASA Program, preliminary deter. are: (a) carly boron injection, (b) lesci control to
ministle thermal. hydraulic analyses have been per. TAl' and preuurc reduction in a controlled man.
formed for a lou of Ihe power comerilon nystem ner without boron injection, or (c) latc boron inJee.
with a failure to scram at a llWR. I' rom these tion that has been preceded with either Icsci or
preliminary thermal h>draulic analysli, Ihree means prenure conerol.

3 of achieving low power or tuberiticality that will
be within the heat remmalcapability of the RHR l' rom the preliminary thermal hydraulle analyws,
heat eschangers were identified. T hese three meam it became apparent that a structured approach was ;

of a;hlesing low power or suberificality are not only needed to logically develop the many sequences ofe

based on the emergency procedure guldclines,2 but esents that lead to containment / core damage. T he
are also based on lmights gained from the llWR ATWS sequence event tree (l'igure 3)
preliminary thermal hydraulle analyses.I The three represents this structmed approach. This sequence |
means of achicsing low power or suberiticality event tree logically depicts the systems that could

11
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Table 1. BWR ATWS sequence event tree sensitivity analysis
- -

Reduced Sequence Reduced Sequence
*l'robability Value l'robability Value

Redueed Sequenec (if cash operator (if cath operator
l'robabihty Value failure probability failure probabihty
_ from ljigure 4) is chany,ed to 0.5) is shantred to,0jjS ucrwe ( e3 _

17N 7 s 10'3 3 s 10'2 il ti 10-4
[

180 7 s 10 2 6s102 9 m 10'4

241 3 s 10 3 I s 10 2 4 s 104
i

339 3 s 10 3 I in 10 2 4ggo4!

465 7 s 102 I s 101 i s 10'2

4M2 7 ii 10 2 I 16 10'l I ti 10 2

4M3 7 x 101 I in 10 3 I s 10 3

347 6x102 3 s 10-2 7 g go'4
,

|

| 54M 716103 3 s 10 2 9 s103

| 549 6 s 10 2 6 x 10 2 9 g go-4

. $$1 7 s101 1 x 101 1 is 10 3 '
1

616 3 s 10 3 I 10'2 4 x 10'4
|

61A 3s10'2 I s 10 2 4ggo4

respond to an AIWS, the operator respome to this could be performed at grcat espeme,11) quantify.
es ent, the operator actions that could be per formed ing the llWR AiWS scquente esent tree, l'igure 4,
in response to multiple failures, and the the most hkely risk sequerwes are identified, and
phenomenological concerm. 'the llWR A1WS as a result, the thermal hydtaulie and core damage
scouense event tree logie is based on the three meam analpes can be concentrated on these mmt hkcly
identified to achiese low power or sutxtiticahty sequences. A resiew of the mmt hkcly sequences
when an A TWS has occurred. The purpow of the also establishes the anal >tleal models neccuary to
thermal h>draulie analpes is to esamine a failure analyse important phenomena and prmides dires.
to scram; therefore, manual rod imettion is not con. tion for espanding calculational capability of the
sidered. 't he llWR AIWS sequence cSent tree is esisting thermal h>draulle analpis codes, 'based on findmys itom preliminary thermal.

Ik nmu kW secen h in I @re 4 mh>draulic analpet and does not tellect any adds- ggg g g g)g g
tionat fir from later thermal hydraulle
analpes. glings uce au dNikd as foHm ,

State 443-MSlY clmure has ceturred, the
l~lgure 3 shows that there are many sequentes control rods have failed to lmert, but the safety

that lead to containment / core damage, and thus, relief salses are prmiding merpreuure protes-
many deterministle thermal hydraulie analyses tion, and recirculation pump trip has reduced

12
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|
!

reactor power by So to 70%. I:arly boron injee. abihty h changed to 0.1. there are no additional
tion has not been initiated.1he operator has containment / core damage wquenas that can be )i ,

i failed to take lesci control, but lipCl opera- comldered as most likely. Statc$ 463 and 4N2 are !

l tion h sueecuful. Since the reactor scucl water nunwis of State 483 and are brtelly dewribed below.
* lesel has not been reduced io the TAF, reastor

power h >9%. Io achicsc a stable plant son. State 465-MSIV closure has occurred, the con-
! dition, the operator mmi take prenure mntrol trol rodi base failed to imert, but the safety reikf

and initiate late boron injation. In thh sahes are prmiding mcrpreuure protntion, andi

sequenec, the operator faih to take preuure recirculation pump trip has reduced reactor power
i control, by 50 to 70%. The opcrator has not initiated early

boron injation but h.n nuncufully dropped the
State $$l-MSIV simure has oautred, the reactor scuct water lesci to the TAl' with use of
controi rosh hase faikd to imers, but the safety the llPCI splem. Ity dropping the reactor stuct
relief sahet are prmiding merpreuure protec- water lesel to the T Al'. Ihe reactor power has been
tion, and recirculation pump trip has reduced reduced to s9% at 10$0 psi, lo reduce power to
reastor power by 50 to 70%. !!arly tvron injee- s)% at 250 psi the operator mmt take preuure
tion hat not been initiated, ||l'C1 ouration h control. or to shutdown the reactor the operator
suncuful; homescr, the operator subicquently mmt initiate late tmron in}cetion, in thk sequence
faih til'Cl by improperly taking Icsci control. of esents, the operator falk to take ptcuure con. !

| A dechion cannot be made at RCIC and CRD trol and falh to initiate late boron injnlion,
in}ntion since carly tvron in)cstion u 45 not ini.

,
flated, in thh sequence, the operator faih to State 4N2-MNIV tlasurc has occurred. the con.

| rnognlie the need to depreuurite the RPV. trol rods have f.uled to imert, but the safety rclief 1

; Ihh wqueme reprewnti a high preuure tmilof f Sahes are prmiding merpreuure protation, and
' csent without tmron injntion. rnirculation pump trip hat reduad reactor power

by $0 to 70% 1:arly boron injntion has not been 1

"
Sina an M$lV closure with a failure to suam inillated. 't he operator hat failed to take les ci con.i

| reprciente a signifkant shalknge to both intems trol but lil'Cl opetal on li nuncuful. Sinre the
l and operator responws due to the relathcly shoti reactor scurl wster 1csci has not been reduced to
I asailable reaction time, some of the a(ilor.i sould the I AP, reactor power h >9%. To schlese a*

be dif fkult to perform, simulators are limited in stable plant mndition, the operator rnutt take
trathik respomes for estreme anident conditiom, prcoure control and initiate late boron injntion,
and based on human error probabihtici from in thk sequena, the operator tuncufully takes
WASil 1400. a best estimate failure probability of prenure control but fills to initiate late boron
0.9 was aulgned to mmt of the operator failurcs injestion.
shown in Iigure 4. A semithily analph was per.
formed to determine if there would be any adds- Out of s200 potentialcontainment/ core damage

,

| tional mmt likely containment / core damage sequences, additional determinhtie thermal.
j wquenwilf the operator failure probabilitkt wcre hydtmulk analpes can now be concentrated on the
i sarled, f irst, a failure probability of 0.5 was four most likely containment / core damage

nulgned to failure of cash operator action and the wquences allowing resul e to be obtained qukker
containment / core damage sequence probabilities and for a mush more resumabk tml. Aho, analph >

were cakulated. 'Then a failure probability of 0.1 of thoe four mmt hkely thk wquenas imikates :

. was aulgned to failure of each operator astion and the imporlance of Irsci conerof and preuure wn. |
l ths containment / core damage wquence proba. trol by thJ olwrator on aaklent mkigation. '

bikiles were cakulated again, in thh way, operator
,

fashne probabihtict ipan approtimilcly one orikt 'Ihe sequente esent tree can aho prmhle addl. -

# of magnitude. Ihe resuht of the wraithity analph tional lmightt. It can Iwlp oae thualise what critkal
bee Sntion 4) show that if the operator failure plant Information an opera or requires in order to
probabilky k changed to 0.$. there are two addl. make a dnblon under many plant cond6tkmt. Nnce i

* tional mmt likely containment /wre damage the wquence rsent tree hientifkt required operator
wquenat. The e wquences are reprocuted by respomet to an ankknt initiator and the operator
Statei 445 and 4f12 in l'igure 4. the wmithily astlom that muhl be performed in response to
analysh aho showi that if Ihe operator fallure ptob. multiple failutet, it can be n$c j at a temi to et aluate

13
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the adequacy of emergency prwedures. The the timing and the ty pe of acquired o wrator actions
sequence esent tree can aho be used as a I aik for and on the potential number of operator actions
descloping control room stafling criteria based on that ruay be ncecuary.

'
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