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Describe the Reactor Safety Study a pioneering
risk assessment study that used event trees
and fault trees to generate reactor accident
scenarios and compute the frequency and
consequences of these scenarios
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Reliability modeling techniques
pertinent to nuclear power industry
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Consequence

= Event-tree, fault-tree approach of Reactor Safety Study,
WASH 1400

= Safeguards

— Sabotage
— Theft of Special Nuclear Material (SNM)

www.ftaassociates.com
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The Reactor Safety Study
examined two reactor types

Initiating Event
rrrrrrrrr
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= Boiling water reactor (BWR)

= Pressurized water reactor (PWR)

www.ftaassociates.com
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Two commercial types of
nuclear power plants

Frequency

= The boiling water reactor (BWR) operates on direct cycle steam
supplied to the turbine generator is produced in the reactor

core. This system operates at 1000 psi and 545°F

= The pressurized water reactor (PWR) operates on an indirect
cycle with a “liquid primary system” containing the reactor core
which produces steam in the “secondary system” through the
heat exchanger called the steam generator. The primary side
operates at 2250 psi and 600°F and the secondary system
operates at 1000 psi and 550°F

www.ftaassociates.com




LOSS OF COOLING
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Frequency

MAIN COOLING
PUMP FAILS

PUMP FAILS

BACKUP COOLING
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Pressurized Water Reactor

containment structure steam line

pressure

Indirect Steam cycle

turbine
generator
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Purpose of Reactor Safety
Study (RSS)
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= Estimate risks to public from commercial nuclear

power plants

= Compare these risks to other risks accepted by society

= WASH 1400 did not analyze entire nuclear fuel cycle

www.ftaassociates.com
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= Fatalities
= |[Inesses
= Latent cancers
= Genetic effects

= Property damage

www.ftaassociates.com




& Location of radioactivity at a

........................ o
A A nuclear power plant -
Location Fraction of core inventory
= Core (Most energetic) 1
= Spent fuel storage (average) 1.6 x 1071
= Shipping cask 2.7 x1073
= Waste gas storage tank 2.7 x10™
= Liquid waste storage tank 1.2 x1078
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= Fuel melting (core damage) occurs as the result of imbalance
between the heat generated by the fuel and the heat removed
by the fuel

= Heat imbalances occur in two ways:
1. Transient Events in which power level exceeds the capability to dissipate
it
2. Loss of coolant accident (LOCA) and emergency core cooling systems fail

10 www.ftaassociates.com

10



NNNNNNNNNNN

ccccccccccccc

Engineered safeguard systems are
safety systems used to mitigate the effects of
transients and loss of coolant accidents, LOCAs
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Frequency
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= The purpose of these systems are to:

— Maintain the integrity of the cladding to prevent a fuel
meltdown

— Maintain the integrity of the containment to prevent release

of fission products

— Remove fission products, i.e., 131, in event of a fuel
meltdown

www.ftaassociates.com
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Engineered safeguard system
functions

Frequency

= Reactor trip—to terminate core power generation

= Emergency core cooling—to cool the core, keeping the release

of radioactivity to the containment at low levels

= Post accident radioactivity removal—to remove radioactivity
from the containment atmosphere

= Post accident heat removal—to remove heat from within the
containment, thereby preventing over-pressurization

= Containment integrity—to prevent radioactivity from being
dispersed into the environment

www.ftaassociates.com
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Event trees use in the Reactor
Safety Study

= Top level fault trees were abandoned to generate accident
scenarios

= Used decision tree approach instead

= An event tree is an inductive logic diagram starts with a given
initiating event and proceeds to define the possible outcomes
of such and event considering the success and failure of
engineered safeguards systems

= Applicable to internal events only — did not consider external
events in a meaningful way

www.ftaassociates.com
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Event trees in WASH 1400
accomplished the following

Frequency

= Provided a basis in defining accident scenarios

= Depicting the relationships of success and failure of

safety related systems associated with various accident

consequences

= Provides a means for defining top events to system
fault trees

www.ftaassociates.com
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B Initiating events leading to
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Pipe breaks (three categories by size)
— Large (6” to approximately 3’)

— Intermediate (2” to 6”

— Small (1/2” to 2”)

Reactor pressure vessel ruptures (the more general term is an
excessive LOCA)

Steam generator ruptures

Ruptures between systems interfacing with the reactor coolant
system

= Transient events (e.g., loss of offsite power; turbine trip, etc.)

www.ftaassociates.com
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LOSS OF COOLING

MAIN COOLING
PUMP FAILS

BACKUP COOLING
PUMP FAILS

@
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Simplified Event Trees
for a Large LOCA

Initiating Event
Frequency

Sequence

SystemA [ system B
Frequency

I Consequence

s I x (PR x () Most Favorable

1P,

Py

I x (12 x By Intermediate

1Py
Intermediate

o I X P x (1)
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IE xBx By Worst
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Initiating Event
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Sequence

- Ic.,,.....c
J.L Simplified event tree for a local in a P
N typical nuclear power plant S TR
Pipe Electric ECCS Fission Containment
break power product integrity
removal
. Very small release
Available
Available
- Small release
Fails
Available Small release
Available
Fails
Avadiable Fatls Medium release
Large release
Available
Fails
large release
Fails eyl
Very large release
Fails
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r il 1 accident sequences of the form

Initiating Event
rrrrrrrrr
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Consequence

Accident sequence = Initiating event x System failure x Containment failure mode

AS A B

Probability (AS) = P(A) x P (B|A) x P(C|A'B)

P(B|A) is determined by fault tree analysis (conditional probability of core damage

given the initiating event)

C

www.ftaassociates.com
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lllustration of fault tree

Frequency

Frequency

..........

Power to ESFs

/\

To be developed

Power to ESFs

/\

To be developed

A development
Loss of Electric Power
(EP) to Engineered
Safety Features
(ESFs)
Loss (t,:, l:(s:Fr:ower Loss (:2 I:(S:FF;ower
N
To be developed
Loss of offsite AC Loss of onsite AC
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The Reliability Quantification Techniques —

'i OOOOO of Wash 1400 Centered Around ——E
A A Evaluation of these Sequences e -
P(AS) = P(A) P(BIA) P (CIA‘B

Data On

1) Pipe Breaks Safety Systems (S)| Engineering

2) Catastrophic Unavailability, Judgement On
Rupture of Quantification Of Accident
Pressure Fault Trees Phenomenology

3) Vessel

4) System Interface
Conditions

5) Transient Events

www.ftaassociates.com
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Py
OR OR IE xR xRy Worst

Factors That Could Cause These Safety Systems
To Fail Upon Demand

1)Undetected Failures For Extended Periods of Time
Caused by Human Error or Hardware Faults

2)System Downtime due to Testing or Maintenance

www.ftaassociates.com 21



N Factors that contribute to S
A »m component unavailability g P

The Fault Trees in the Reactor Safety Study Revealed Four Major
Factors that Contributed to the Downtime (i.e. Unavailability) of
the Engineered Safeguard Systems --

1. Random Hardware Failures
2. Periodic Testing
3. Maintenance

4. Human Error

www.ftaassociates.com
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LOSS OF COOLING
Initiating Event | system A [ System B
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== == ourry, Unit One -- Nuclear Power Plant | = -

Refueling Water Storage Tank Power Conversion System

Bualanes of Flant (00F)
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Containment Spray Auxiliary Feedwater

Containment Spray Recirculation System System

Recirculation System )
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Containment Spray and Low
Pressure Injection and
Recirculation Systems
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= To illustrate the calculations the Low Pressure Injection

System (LPIS) and Containment Spray Injection System
(CSIS) is chosen

www.ftaassociates.com

24



— Pressure Injection and Recirculation |-

Containment Spray and Low e
—|~: IE x By x (1-Py)
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- Systems

Spray system

Containment Tast 1iras

structure >
N NN ANANA A AJA .4
V1 _NC \_
Refueling
water storage
tank
V2©°NC
V3,§.NC d
@ V6 Legen
NO 1 g
Va4 'NC Manual Motor
Containment spray valve operated
injection system valve
—Low pressure
injection system
JJno vz

NO

Y__\

Reactor i
_/ vessel V10 N.C.{| e
Containment J’I—_—_*-_—"

sump 1 +dA
—r N\ —

—=— Recirculation Tine
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Hardware Contribution

Frequency

Frequency

_ %
5 = | £
H
= =-'-., = ;‘1 S
g
For o

Point Estimates Based on Log Normal Distribution

Q Pump (Failure to Start) — 10-3/Demand

Q Pump (Failure to Run, Give Start) — 3x 10 /HR.

Q Valve (Motor Operated, Failure to Open or Close) — 10-3/Demand

Q Valve (Inadvertently Opens or Closes AT t>0) — 10-¢/ Per Hour

www.ftaassociates.com
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Maintenance Contribution

Frequency

= Maintenance Performed on LPIS and CSIS

Pumps Ranged From 1 Month to 12 Months, Log
Normal Mean of 4.5 Months — Duration of
Maintenance Act Between 30 Minutes and 24
Hours, LN Mean of 7.1 Hours.

www.ftaassociates.com
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B Maintenance Contribution
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A A (continued)

= M= F(ACTS Per Month X
T (Hours Per Month)

720 (Hours Per Month)

= M =(1/4.5) (7.1)/(720)

= 2.2 X103 (Unavailability due to maintenance)

www.ftaassociates.com
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Testing Contribution

Frequency

= Tech Specs. Require Testing of LPIS and CSIS Pumps at
a Frequency of Once a Month — If Tests Last More Than
4 Hours, Plant Shutdown Required:

= LN Mean= 1.4 HR
T=Ffxt/72
=(1) X (1.4) /720

= 1.9 x 103 (Unavailability due to Testing)

www.ftaassociates.com
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Human Error Contribution

Frequency

= Concept of Coupling Introduced In Quantifying Human Error—

Four Levels of Coupling (i.e. Statistical Dependence)

= 1.) No Coupling e.g., P(A) x P(B)

= 2.) Loose Coupling SQRT[P(A) x P(B) x P(A)]

= 3,) Tight Coupling Min[P(A),P(B)]

= 4.) Complete Coupling e.g., P(A)

www.ftaassociates.com
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AND

MAIN COOLING
PUMP FAILS

BACKUP COOLING
PUMP FAILS
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Containment Spray Injection

Fault Tree

System B Sequence
Frequency

Consequence

IE x(IP) x (FP)  Most Favorable

IE x (1B X By Intermediat

1Py

o T X Py x (1-Py) Intermediate
P
T xR X By Worst

Containment Spray
Injection (CSIS) fails to
inject an adequate
amount of water
when a LOCA occurs

Leg A of CSIS fails
when LOCA occurs

(=

Leg A unavailable
due to testing or
maintenance

Leg B of CSIS fails
when LOCA occurs

No consequence
Limiting signal
received

CSIS fails for other
reasons

Signal initiates A
CSIS action

1. Hardware Related Faults
e.g., pump 1 fails to start,

MOV fails to open

2. Human Error

www.ftaassociates.com
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== == Min Cut Set Listing For CSIS =

= 1. All Sensors in CLCS (Consequence Limiting Control System)
miscalibrated

= 2. Both Manual Valves Left Open After Test

= 3.Leg A Down Due to Maintenance or testing and Leg B Fails
when LOCA Occurs

= 4.Leg B Down Due to Maintenance or Testing and Leg A Fails
When LOCA Occurs

= 5. Leg A Fails and Leg B Fails due to Independent Hardware
Faults or Human Error

www.ftaassociates.com
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Frequency

System Unavailability N

=
)
= | 2
= = | 2
B
>
ERE R ER
=
|
= . &

* Siega = Qa+ My + Ty

Contribution

S=Qa * Qg } Hardware
+Q, (Mg + Tg) + Qg (M + T4 ) } Test and Maintenance

+Qcc

} Common Cause

+ QgNGLES } Singles

www.ftaassociates.com

33



Initiating Event | System A |SystemB | Sequence
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LOSS OF COOLING
ssssssssssssss
™ m me | ey | | | Frequen ey
il L IE x(IP) x (FP)  Most Favorable
1P
- & IE x (1B X By Intermediate
X(1Py) Intermediate
Worst

A A Calculation

. QHARDWARE - (1 8 X 10'2) 2 = 3.2 X 10'4
* Qrest + QuanTenance
=2(1.9x103+22x103) (1.8x102)=1.5x 104

" Qeommon cause = 1 x103+0.9 x 103 = 1.9 x 103
1

> =1.9x103

Both Valves Open Miscalibration
of Sensors
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mém Contributions to System Unavailability
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(SICS)

Q Q for Various Engineered Safeguard Systems| = 1. -
System Hardware Test & Maintenance Human
Low Pressure Recirculation 14% 75%
System (LPR)

Sodium Hydroxide System 75% 18%
(NaOH)

Low Pressure Injection System  51% 20% 53%
(LPIS)

Consequence Limiting Control 91%
System (CLCS)

Containment Leakage (CL) 65%

Reactor Protection (RP) 44% 33%

Safety Injection Control System 51% 38%

www.ftaassociates.com




& Characteristic System Results

MAIN COOLING BACKUP COOLING

B A Unavailability Range
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Contribution of initiating events to mean

annual Core Melt Frequency — o A
A A Surry NUREG 1150 —li
1.80E-06
1.60E-06
m STATION BLACKOUT
6.00E-06
B ATWS
= TRANSIENT
m LOCA
2.00E-06

1.60E-06

2.20E-05

B INTERFACING LOCA
W STGR

Total core melt frequency = 4.0 E-5 per year

www.ftaassociates.com

37



ssss e} Contribution of initiating events to mean '_'E' =
annual Core Melt Frequency — Surry = —E B
A A NUREG 1150 —
1.6E-6
1.6E-6 m STATION BLACKOUT
m LOCA
2.0E-6 B TRANSIENT
=ST6R  TOTAL = 4.0 E-5 YR-1
W ATWS
6.0E-6 W INTERFACING LOCA
2.7E-5
STATION BLACKOUT BREAKDOWN
LOCA BREAKDOWN

m SBO BATT DEPL
M SEAL LOCA SBO
B LARGE SHORT TERM SBO
LOCA
m SMALL
LOCA
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& Conseq Model
BACKUP COOLING u e nce O e "_”—|: o
A Reactor Safety Study -
WEATHER DATA
/
ACCIDENT |—p] ATMOSPHERIC
RELEASE DISPERSION
Y % DOSIMETRY HEALTH
™|  EFFECTS
CLOUD
DEPLET ION !
" > PROPERTY
POPULATION DAMAGE
GROUND
CONTAMINATION T T
EVACUATION RELOCATION
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Magnitude of Release
Following Core Damage

Frequency

= There Must Be a Core Meltdown For A Major Release
Of Radiation. Two Important Factors Contributed To
The Magnitude Of Release After Core Damage

= 1. The Containment Failure Mode

= 2. The time at Which Containment Failure Occurs

www.ftaassociates.com
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Frequency

@ Containment Failure Modes | ——
o = (Fuel In Molten State) RSS =
1. Containment Rupture Due to Steam Explosion a
2. Primary Failure Of Containment, |.E. Containment Fails To
Isolate [3
3. Containment Rupture Due to Hydrogen Combustion Y
4. Containment Rupture Due to Over Pressurization o
5. Containment Rupture By Melt Through ¢

www.ftaassociates.com
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LOSS OF COOLING

AND

Containment Event Tree with

BACKUP COOLING
PUMP FAILS

MAIN COOLING
PUMP FAILS

end state probabilities RSS

PDS

a

B

Y

s}

€

. Containment failure
Plant Damage State " Cc:n':alzme:t . resulting.from. Containment Containment failure Containment vessel
uprure due o8 inadequate isolation failure due to due to overpressure melt-through
reactor vessel of containment hydrogen burning
steam explosion openings and
penetrations

Seq
Name

Pe= (1-Py)(1-P2)(1-P;)(1-Py)

Ps= (1-P4)(1-P2)(1-P;)P,

Pr= (1-P4)(1-P2)P;

Pg=(1-P;)P,

www.ftaassociates.com

42



ccccccccccccc

Consequence Modeling
RSS

Frequency

= 1. Key Sequences were Chosen For The Large LOCA

= 2. Battelle CORRAL Computer Code Determined The Isotopic
Composition and Amount of Radionuclides Released For Various
Accident Chains for These Key Sequences

= 3, Other Small LOCA, Transient and Other Event Tree Sequences
were Grouped with These Key Sequences

= 4. Accident Sequence Were Then Grouped Into Representative
Release Categories, 9 For PWR and 5 for BWR

www.ftaassociates.com
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Consequence Modeling
RSS

Frequency

Frequency

st Favorable
1P

Py

IE x (1B X By Intermediate
1P,

P, TE x By x (1-By) Intermediate
Py

T xR X By Worst

= 5. The Dose to the Population for Each Release
Category was then Determined By Three Models

1. Atmospheric Dispersion Model

2. Population Model

3. Health Effect and Property Damage Model

www.ftaassociates.com
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5 Consequence Modeling RSS

Frequency

= 6. For Overall Risk Assessment, Histogram Were Generated,
Probability of Release Versus Release Category by the Relation;

P (Release Category) = P(Release) x P(Weather) x P (Population)

= 7. Consequences considered were

1. Fatalities

2. Injuries

3. Long-Term Health Effects

4. Property Damage

www.ftaassociates.com
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LOSS OF COOLING

AND

MAIN COOLING
PUMP FAILS

BACKUP COOLING
PUMP FAILS

Table 5-1 Summary of
Accidents Involving Core

Initiating Event
Frequency

I System A Consequence

System B I

Frequency

Py
TE X (FPy) x (FP)
e
Py
TE; x (B X By Intermediate

1Py

TE X Py X (1P,

o XP X (1Py)
P

T xR X By

Intermediate

Worst

Most Favorable

DURATION WARNING ELEVATION m“::é:ﬁm | .

FELEFLSE P‘RDB?;ELITY :}:m[.fmg: REIE:SE B\T’;EEUA;‘!::['EN HE?.ERSE RELEASE FRACTION OF CORE INVENTORY EETLETRASED a — —
CATEGORY Reactor-¥r (Hr) {Hr) fur} {Meters} (10 bBtrusdr) Xe-xr Org. I I Cs-Rb Te-S5b Ba-5r Ru La
PWR 1 9x10" " 2.5 0.5 1.0 25 520 (d) 0.9 6x10”> 0.7 0.4 0.4 0.05 0.4 3x107°
R 2 Bx10"° 2.5 0.5 1.0 0 170 0.9 7x10”> 0.7 0.5 0.3  0.06 0.02 4x10
PWR 3 ax10”® 5.0 1.5 2.0 0 & 0.8 6x107° 0.2 0.2 0.3 0.02 0.03 3x10°
PWR 4 5x10" 2.0 3.0 2.0 0 1 0.6 2x107° 0.09 0.04 0.03 5x107° 3x107> 4x10 °
PWR 5 7x10° 2.0 4.0 1.0 0 0.3 0.3 2x10”2 0.03 9x10™° 5x107° 1x107° &x10 % 7x107°
PWR 6 6x10”° 12.0 10.0 1.0 0 N/ 0.3 2x1072 ex10™? 8x107 1x107° 9x10™° 7x107° 1x107°
PWR 7 4x10 0 10.0  10.0 . 1.0 ) N/A 6x1072 2x107° 2x107° 1x107° 2x107° 1x107° 1x107° 2x1077
PR B 4x10” 0.5 0.5 N/A 0 N/A 2x10™° 5x107% 13107 sx107? 1x107® 107® o 0
PWR S  4x10 0 0.5 0.5 N/A 0 N/A 3x107% 7x107% 1x1077 ex107 1x107° 107t 0 0
BWR 1 1x10~° 2.0 2.0 1.5 25 130 1.0 7x10"2 0.40 0.40 0.70 ©0.05 0.5 5x10 >
BWR.2 6x10"° 30.0 3.0 2.0 0 30 1.0 7x10° p.90 0.50 0.30 ©0.10 ©0.03 4xio>
BWR 3 2x107> 30.0 3.0 2.0 25 20 1.0 7x10 ©0.10 ©0.10 0.30 0.0l 0.02 3x10
BWR 4 2x10°° 5.0 2.0 2.0 25 N/A 0.6 7x10”% 8x107% sx1077 4x10™° ex10”? ex107* 1x107?
BWR 5 1x1074 3.5 5.0 W/A 150 N/A sx10™% 2x107% 6x107M ax10”° ex107? ex1071? 0 0

www.ftaassociates.com
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LOSS OF COOLING

MAIN COOLING
PUMP FAILS

BACKUP COOLING

PUMP FAILS

Table 5-2 PWR Dominant
Accident Sequences vs.

Initiating Event
Frequency

System B Sequence

System A
Frequency

Consequence

[
1E x () x (FP)
ip
P..
IE X (RO X By

1Py

o T X Py x (1-Py)
Py
T xR X By

Most Favorable

Intermediate

Intermediate

Worst

Release Cateqgories

RELEASE CATEGORIES Core Melt | No Core Melt
1 2 3 . s 6 ? 8 9
As-a AB-y AD-a ACD-8 AD-B AB-L AD-¢ A-B8 A
w0 M 1x10”1° 2x10”° im0 2 10"’ 1210"° 2x107% 2x10"7 1x10”¢
Ar-a AB-§ AH-Q AN-B8 AHF-C AH-C
LARGE LOCA 1107 | a0 | 1xa0”® x10”° 1:0°1° | 1107 N
A ACD-a AHF=-Y AF-§ ADF =€
sx10” 1! 2x10” ! 121078 2x1072°
K-a AG-§
ox10” 3} 9x10~°
A Probabilities | 2x10° 1x10”8 1%10” 1x107° ax10”® 10" x10"% 1x10”° 1x10”4
s 1 8 8 8
s.B-a S B-y D-a s, CO- S H- S DF-¢ S.D-¢ s - s
L0 | Yexa07? | Y307 Lot | a0 1310729 | 1301078 | lexr0”? | laxio™!
s Co-a s B-6 . S H-a s.D-8 S B-C S H-C
SMALL LOCA Lao | x| tiae™® lex10"° Lxio™® | taxo
s
1 S . F-a S HF-Y_ s F-§ _ S HF-C_
1300729 | lexa07! | tiaxao”® 1ex10720
S G-a s G-§
130710 1yx1078
§, Probabilities 10>, 2x1078 2x10” 7 10”8 8x10"° 6x10" 7 6x10"° x10~> ax10”4
| — — — — e — - —
s, B-a S_B-Y s,D-a S_DG-B s,D-B _ S_B-C _ s Dt _
210710 2;x10°° 29x1078 21510712 23x10°° 2gx10"° 29x107%
s.r-a S HF-y_ S H-a _ S H-B _ s.co-c_. | S M-t _
21:10 . 22:}0 10 26:10 s 21:)0 e 22x10 s 26110 ¢
SYALL 0Ch s,oo-a_ o | 5,8 o s,F-6 S HF-C_
s, 2x10 ax10 1x10 1x10
s.G-a s.c-6
29x1071° 22x1078
s.Cca s.G-6
20108 29x10°°
] s, provavilities 121077 x10”7 10”8 10”7 x10”7 2x10°° 2x10™°>
L==__————————'————————- e el P D
1 %

47



LOSS OF COOLING

MAIN COOLING
PUMP FAILS

BACKUP COOLING
PUMP FAILS
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Table 5-2 PWR Dominant

Accident Sequences vs.

Release Categories continued

Initiating Event
Frequency

Sequence

System A
Frequency

syemB l

1-Py.
1E x (1'Py) x (FP)
[N
v
16 x (1) X By

1Py

N TE x By x (1-By)
Py
IE xBy X By

Most Favorable

Intermediate

Worst

dia

te

Release Category 1 2 3 4 5 6 7 8 9
% [
RC-Q RC-Y R=a R-E _
2x10” 22 m0 M 121077 1x10
REACTOR VESSEL RF=6 |
RUPTURE - R 1x10 =~
RC-&
1x10” 12
- - - - - - -7
R Probabilities | 2x10 :! 1x10710 110”2 2x10"1° 1x10”? 1x10”8 1x10
INTERFACING v
SYSTEMS LOCA lxlD-e
(CHECY. VALVE) - V
- - =7 -8
V Probabilities | 4xl0 7 4x10 6 4x10 4x10
TMLE'-a THLB "~y THML=-Q 8 THL-8 -10 ‘I'KI.B'-E THML=-E€ -6
Ix1o ° Tx10" 6x10 Ix10 6x10 6x10
TRANSIENT ™LB'-§ ™A TRO-3 -10 TRQ-E _
"EVENT = T 2x107 3x10 Ix10 g Ix10
TW-G_B 'I.'K.H'.J-E_s
1x10 1x10
- - - -8 -7 : -6 -5
T Probabilities 310"’ w1078 ax10”’ 7x10 2410 2x10 1210
It] SUMMATION OF ALL ACCIDENT SEQUEMCES FER RELEASE CATEGORY
MEDIAN - - - . _ - -
(500 VALUE) 9x10”" ex10° ax107® sx10”) 7x10 ex10”® ax107° | ex10 4x10
LOWER BOUND - . - - -5 -6 -5
(5% VALUE) ex10”? ax10”’ ex10”" ax10”® 2110”7 2x1078 1x10 ax10 4x10
UPPER BOUND - - - -5 -4 -4 -3
(950 VALUE) 10~ #x10"> ax10”? sx107® ax10°® 2x10 2x10 4x10 axio

i

Mots: The probabilities for each release category for each event tree and the I for all accident sequences are the median
values of the dominant accident sequences summed by Monte Carleo simulation plus a 10% contribution from the adjacen
release category probabiliry,
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Key to PWR Accident
Sequence Symbols

Frequency

= A —Intermediate to Large LOCA.

B — Failure of Electric Power to ESFs.

B’ — Failure to recover either onsite or offsite electric power
within about 1 to 3 hours following an initiating transient which
is a loss of offsite AC power.

C — Failure of the containment spray injection system.

D - Failure of the emergency core cooling injection system.

F — Failure of the containment heat removal system.

www.ftaassociates.com
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Key to PWR Accident Sequence
Symbols Continued

Frequency

G — Failure of the containment heat removal system.

H — Failure of the emergency corer cooling recirculation system.

K — Failure of the reactor protection system.

L — Failure of the secondary system steam relief valves and the
auxiliary feedwater system.

M — Failure of the secondary system steam relief valves and the
power conversion system.

www.ftaassociates.com
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Loss o cootme . e e e e
—2__Key to PWR Accident Sequence — T
A A Symbols Continued LT

= Q — Failure of the primary system safety relief valves to reclose
after opening.

= R — Massive rupture of the reactor vessel (also called excessive
LOCA).

= S, — A small LOCA with an equivalent diameter of about 2to 6
inches.

= S, — A small LOCA with an equivalent diameter of about % to
2 inches.

= T—Transient event.

www.ftaassociates.com
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Key to PWR Accident Sequence
Symbols Continued

= \/ — LPIS check valve failure.

= o - Containment rupture due to a reactor vessel steam
explosion.

= 3 - Containment failure resulting from inadequate isolation of
containment openings and penetrations.

= Y - Containment failure due to hydrogen burning.

= 0 - Containment failure due to overpressure.

= ¢ - Containment vessel melt-through.

www.ftaassociates.com
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Initiating Event | System A | System
Frequency
Py
1 x (1) x (H
e
Py
IE x (P X By
1Py
—|: o
Py
TE xBx By

IE
Py

Figure 6-1 Frequency of Man-
Caused Events Involving Fatalities
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Frequency of Natural Events
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n~ |Involving Property Damage
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WEO:QW Review Group (chaired by Prof. Harold==ET=—1—=

MAIN COOLING
PUMP FAILS
f OR !

== Lewis) findings and recommendations| —

WASH-1400 methodology is sound and both can and should be used

by NRC to make regulatory process more rational and to more
effectively align its resources to risk.

Do not believe that fires, earthquake and human accident initiation
contribute insignificantly to the overall risk

Doubt the completeness of the analysis

Unable to assess the accuracy of the absolute probabilities but
believe that uncertainties are understated — use of invented
statistical techniques

Report is inscrutable impairing both its usefulness and quality of peer
review

Executive Summary is a poor description of report
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@ Commission response to peer
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TP Most Favorable
1P
Py )
IE, TE; x (1FR) Xy Intermediate
1Py
P T X Py x (1-Py) Intermediate
Py
IE xBy x P, Worst

MAIN COOLING
PUMP FAILS
f OR !

ey review findings

= The following are excerpts from the NRC statement of
January 18, 1979:

— “... the Commission has reexamined its views regarding the study in
light of the Review Group critique.”
— “The Commission withdraws any explicit or implicit part endorsement of

the Executive Summary.”
— “... the Commission does not regard as reliable the Reactor Safety
Study’s numerical estimates of the overall risk of reactor accidents.”
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