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ABSTRACT

An evaluation of the risk to the H. B. Robinson Unit 2 nuclear power plant (HBR-2) due
to pressurized thermal shock (PTS) has been completed by Oak Ridge National Labora-
tory (ORNL) with the assistance of several other organizations. This evaluation was part
of a Nuclear Regulatory Commission program designed to study the PTS risk to three
nuclear plants, the other two plants being Oconee Unit 1 and Calvert Cliffs Unit 1. The
specific objectives of the program were to (1) provide a best estimate of the frequency of a
through-the-wall crack (TWC) in the pressure vessel at each of the three plants, together
with the uncertainty in the estimated frequency and its sensitivity to the variables used in
the evaluation; (2) determine the dominant overcooling sequences contributing to the
estimated frequency and the associated failures in the plant systems or in operator actions;
and (3) evaluate the effectiveness .of potential corrective measures. In the study for HBR-
2, thousands of hypothetical overcooling events were constructed and quantified using
computer-generated event trees and quantified branch points. All scenarios with a fre-
quency greater than 10~7 per reactor year were considered explicitly, and those having
lower frequencies were assigned to 12 "residual” groups to ensure that their contributions
to the TWC frequency were included in the study. Idaho National Engineering Labora-
tory (INEL) performed thermal-hydraulics analyses for all the identified scenarios, using
detailed models for a few of them and simpler models for the remaining ones. The INEL
models and results were reviewed by Brookhaven National Laboratory, and, in addition,
mixing calculations pertinent to some of the scenarios were performed at Purdue Univer-
sity. Probabilistic fracture-mechanics calculations were performed by ORNL to determine
the conditional TWC probability for each scenario, and it was found that, except in
extreme cases, the probabilities for the HBR-2 vessel were too low to permit an appropri-
ate illustration of the fracture-mechanics analysis method. Therefore, a hypothetical vessel
(designated as HBR-HYPO) which had higher concentrations of the contaminants copper
and nickel and a higher initial nil-ductility reference temperature was utilized in the
fracture-mechanics analysis. The fracture-mechanics results were then integrated with the
sequence frequencies to obtain the TWC frequency. The best estimate for the HBR-
HYPO vessel was determined to be approximately 1.3 X 1078 per year at a nil-ductility
temperature of 270°F. An uncertainty analysis indicated that a factor of about 1000 is an
appropriate 95% confidence interval, assuming a log-normal uncertainty distribution.
Steam-line breaks involving the blowdown of more than one steam generator were found to
be the most significant contributors to the PTS risk, and the uncertainty in the flaw den-
sity in the pressure vessel was found to be the most important contributor to the overall
uncertainty in the risk. The most important operator actions for negating pressurized ther-
mal shock at HBR-2 are the closure of the main steam isolation valves (MSIVs) following
a small or medium-sized steam-line break downstream of the MSIVs and the isolation of
auxiliary feedwater to low-pressure steam generators following a steam-line break. This
study considered some system interactions but no external events such as fires, floods, or
seismic events.
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APPENDIX A. SUPPORT SYSTEM INTERACTION ANALYSIS FOR
H. B. ROBINSON UNIT 2

A.l. Introduction

This appendix describes the response of key H. B. Robinson Unit 2 (HBR-2) plant systems
to failures of required support systems in identified overcooling sequences. Support system .
failures can be important since single support system failures can result in multiple failures
of the systems comprising the pressurized thermal shock (PTS) event sequences.

The electric power, instrument air, component cooling water, and service water systems
were identified as the support systems that could most impact the plant systems and asso-
ciated control instrumentation comprising the HBR-2 PTS event tree sequences. In addi-
tion, the necessity of the plant’s heating, ventilating and air conditioning (HVAC) systems
for continued plant operation was recognized. However, the effect of HVAC failures on
equipment performance is expected to be long-term with respect to the effects of failures
of the other identified support systems. In general, the effect of HVAC failures and
severe equipment operating environments is considered to be beyond the scope of this anal-
ysis.

In Section A.2, the methodology used to identify and analyze the response of plant systems
and components to support systems failures is described. Section A.3 provides a brief
description of the support systems considered in the analysis. Section A.4 details the data
base of components considered in the analysis and their failure modes in response to sup-
port system failures. The response of the key plant systems and components comprising
PTS event sequences to postulated support system failures is provided in Section A.5, and
finally the major results of the support system failure are summarized in Section A.6.

The identification of support system failures which could lead to adverse PTS sequences is
the first step in evaluating their impact. Although not assessed in this analysis, the fre-
quency of each support system failure and associated events (including the effects of opera-
tor intervention) must be calculated and compared to the frequencies of equivalent
sequences occurring independently to evaluate the overall impact of support system failures
on the PTS sequences. This type of evaluation is presented in Chapter 3.

A.2. Methodology
The objective of this study is to identify common cause failures which result from failures
in the electric power, instrument air, component cooling water or service water systems and

affect PTS sequence quantification.

The methodology used in this study is outlined below:

1. Identify plant systems and components potentially affecting the PTS event
sequences.
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2. Identify support system components, including controls, potentially affecting
the plant system components.

3. Identify the specific failure modes of individual systems and components in
response to electric power, instrument air, component cooling water, and serv-
ice water system failures.

4. Determine the combined impact on the plant systems and components poten-
tially affecting PTS from postulated failures of the support systems. '

5. Identify the failures which could be "PTS adverse" (i.c., make the pressure-
temperature response of the reactor coolant system (RCS) more severe from a
PTS standpoint).

6. Determine which support system failures (from Step 5) could initiate PTS
sequences of concern.

Using the methodology outlined above, the effects of support system failures on PTS
sequences can be evaluated. It should be noted that the results are not necessarily applica-
ble to non-PTS accident sequences and that the effects of common-cause initiators, such as
operator errors, severe operating environments, severe natural phenomena or sabotage,
have not been considered.

A.3. Support System Descriptions

This section provides a brief description of the support systems considered in this study.
The plant-level systems and components that impact PTS sequences are described in detail
in Chapter 2 and are described in terms of their pertinent failure modes in Section A.5.

AJ3.1. Electric Power Distribution System

The HBR-2 ac-dc electric power distribution is shown in a simplified schematic diagram in
Figure A.l. The unit generator and the 115KV switchyard are the primary sources of
electrical power during on-line operation of the plant. Power from the unit generator is
supplied to plant systems through the 22/4.16KV unit auxiliary transformer (UAT). Elec-
tric power is supplied from the 115KV switchyard via the 115 /4.16KV startup transformer
(SUT).

The 4160V buses supply the 480V buses through 4160V /480V station service transform-
ers. In particular, 4160V bus 1 supplies 480V buses 2A and 2B; 4160V bus 2 supplies
480V buses 1 and-El; 4160V bus 3 supplies 480V buses 3, E2, and DS; and 4160V bus 4
supplies 480V bus 4. Tie breakers are provided between 480V buses 1, and 2A, 2B and 3,
and E1 and E2. Buses El and E2 can also be supplied from emergency diesel generators
A and B, respectively. The designated shutdown diesel generator DS can supply power to
the 480V bus DS.

The 480V buses supply the 12 motor control centers (MCCs). Figure A.1 details which
480V buses supply the individual MCCs. In addition, MCC-5 has an alternate feed from
480V bus DS.
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Plant dc loads are supplied by 125V dc buses A and B. Each dc bus is fed by its associ-
ated battery charger. The two 125V dc battery chargers, A and B, are fed by 480V ac
MCC-5 and MCC-6, respectively.

The 120V instrument power supply is split into eight buses. Buses 1, 2, 3, and 4 each have
a normal and an alternate power supply. Instrument buses 2 and 3 are normally fed from
125V dc bus A and bus B, respectively, via inverters. Instrument buses 1 and 4 are nor-
mally fed from 480V MCC-5 and MCC-6, respectively. The alternate power supply for
instrument buses 1, 2, 3, and 4 is 120/208V MCC-8. Instrument buses 6, 7, 8, and 9 are
fed from instrument buses 1, 2, 3, and 4, respectively.

Instrument buses 1, 2, 3, and 4 supply control power to process instrumentation via the
analog instrument racks. Some of this instrumentation includes pressurizer pressure
transmitters, turbine overspeed channels (TROTS), steam dump instrumentation, pressur-
izer level control, charging line flow control, residual heat removal (RHR) flow control,
feedwater (FW) flow control, and bistables for safety injection and auxiliary feedwater
(AFW) initiation.

A.3.2. Instrument Air System

The HBR-2 instrument air system consists of multiple trains of air compressors, after-
coolers, dryers and air receivers which provide air to the instrument air headers.
Instrument air headers are located in the Turbine Building, Reactor Containment Building,
Reactor Auxiliary Building, and Corridor and Fuel Handling Area.

Nominal instrument air header conditions are 100 to 110 psig and 85°F. Air flow
demands may fluctuate with peak demands between 200 and 400 scfm. A 516-scfm pri-
mary air compressor normally supplies the instrument air requirements through the plant.
The compressor controller regulates the compressor cylinder load to maintain pressure in
its 427-ft? air receiver.

Two 200-scfm instrument air compressors, A and B, normally provide intermittent air flow
to meet peak air flow demands. These instrument air trains are in parallel and are nor-
mally auto-aligned to provide an on-line backup to the primary air train. Aligned in the
auto-mode, the compressors automatically start and stop to maintain pressure in a single
shared 150-ft> air receiver.

In addition, a 400-scfm station air compressor is used as a manual backup instrument air
supply when the primary air and instrument air systems are unavailable. This compressor
is normally operating on its own header but can be manually valved in when needed. The
station air is not of instrument air quality, but it is available if required.

Power to the primary air compressor is supplied from 480V bus 2A; instrument air
compressors A and B are supplied from 480V MCC-5 and MCC-6, respectively. The
compressors are cooled by the service water system.

Instrument air is required by the following components: the pressurizer power-operated
relief valves (PZR PORVs), the main steam isolation valves (MSIVs), steam-side power-
operated relief valves (STM PORYVs), FW control and bypass valves, the charging pump
and AFW pump lube oil cooling valves, the letdown isolation and charging flow control
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valves, the charging pump and AFW turbine pump speed control valves, and RHR system
valves.

A.3.3. Component Cooling Water System

The component cooling water (CCW) system is a closed loop system with three centrifugal
CCW pumps and two CCW heat exchangers cooled by service water. The three CCW
pumps discharge into a common header that feeds the heat exchangers. The heat
exchangers discharge into another common header and out to the various plant loads.
Normally, one pump and one heat exchanger have sufficient capacity to remove the heat
loads during full power operation. During normal operation the CCW system provides
cooling water to the reactor coolant and charging pumps. Two CCW pumps and heat
exchangers are utilized for removing residual heat and pump heat during normal plant
shutdown.

Power to CCW pumps A, B, and C is supplied from 480V buses DS, El, and E2, respec-
tively. CCW pumps B and C are actuated by safety injection (SI) trains A and B, respec-
tively. The pump motor circuit breakers have undervoltage trips which open upon loss of
power.

A.4.4. Service Water System

The service water (SW) system is an open loop system taking its suction from Lake Robin-
son. The SWS is a two-train system, with each train supplying cooling water to one of
two or three redundant items of plant equipment. '

There are four service water pumps with three pumps normally operating. Complete train
separation is possible at the discharge header from the four pumps, which then discharge
into the two 30-in. train headers.

The SW system provides heat removal from the following components: main feedwater
(MFW) pumps; motor- and steam-driven AFW pumps; CCW heat exchangers; primary,
station, and instrument air compressors; isolated phase bus heat exchanger; and the SI
pumps.

The service water pumps are supplied motive power from the following 480V buses:
pumps A and B from 480V bus E1, and pumps C and D from 480V bus E2.

A.4. Systems and Components Affecting PTS Sequences

In this analysis, a data base associated with the plant components important in determin-
ing potential impacts on PTS sequences was developed. The data base identifies the sys-
tems and components considered, their interfaces with support systems, and their failure
modes in response to failure of required support systems. With this information the effect
of postulated support system failures on aspects of the plant state potentially important to
PTS sequences could be assessed. That assessment is provided in Section A.5. This sec-
tion describes the data base developed.
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A.4.1. Selection of Systems and Components

Identification of the plant systems and components that could impact PTS sequences is the
first step in performing the PTS support system interaction analysis. The specific purpose
of performing the support system interaction analysis is to determine whether one or more
individual "branch events" of the PTS event sequences may occur owing to a failure of the
support systems. The principal sources of information to select the systems and com-
ponents affecting PTS sequences are the PTS event trees and the branch failure modes.

The systems and components identified from the PTS sequences, and potentially important
failure modes, are listed in Table A.1. Each of the key components was evaluated to
determine whether a potential failure due to a support system failure was possible.

For those key systems and components that could be impacted by support system failures,
additional components that would be required for proper functioning were identified. For
example, the additional components for the AFW pumps included specific pump discharge
and control valves, the flow controllers for the turbine-driven pump and motor-driven
pump trains, the turbine pump steam supply valves, and the steam generator (SG)
bistables that can initiate AFW. Support system components required for proper function-
ing of plant-level or "front-line" components were then similarly identified. Table A.2 pro-
vides a complete list of the front-line and support system components selected and subse-
quently considered in this analysis.

A.4.2. Support System Interfaces

The support system interfaces for the components considered in the analysis were esta-
blished (see Table A.2 for a listing of these components). A complete summary of the
interfaces between these components and the electric power, instrument air, CCW, and
SW systems is provided in Table A.3. The table lists all components considered in the
study according to which support systems they require.

A4.3. Descﬁption of System and Component Failure Modes in
Response to Support System Failures

Once the systems and components that could impact PTS sequences were identified, their
failure modes were determined. This was done based on available design documentation
and from specific information provided by Carolina Power and Light Company. Failure
modes on loss of electric power, instrument air, CCW, and SW were determined for each
component requiring these support systems.

Failure modes determined for applicable components on loss of instrument air, CCW, and
SW are provided in Table A.4. Component failure modes that would occur on loss of elec-
tric power supply are included in Table A.5 for the components requiring motive power
and/or control power. Also included in the table is the source of motive and/or control
power for the components.

Tables A.4 and A.5 (with Table A.2) complete the data base required to assess the impact
of postulated support system failures on aspects of the plant state potentially important to

PTS sequences.
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Table A.1. Summary of potential support system impact on key
PTS event tree systems and components

Key Systems and Components

Failure Modes
of Interest

Component Response
Impacted by Support
System Failures

Reactor Coolant System
a. Pressurizer Relief Valves

b. Safety Valves

c. Reactor Coolant Pumps
d. Piping

e. Steam Generator Tubes

Main Steam System
a. Turbine Trip Systems

b. Steam-Side Power-Operated

Relief Valves
c. Steam Dump Valves

d. Main Steam Isolation Valves
e. Main Steam Bypass Valves

f. Main Safety Valves

g. Piping

Main Feedwater System
Feedwater Pumps
Feedwater Control Valves

Ao o

Feedwater Bypass Valves

Chemical Volume and Control
System

a. Charging Pumps

b. Letdown Isolation Valves

Emergency Core Cooling System
a. Safeguards Actuation System

b. High Pressure Safety Injection

c. Low Pressure Safety Injection

Auxiliary Feedwater System

a. AFW Electric-Motor-Driven

Pumps

b. AFW Steam-Driven Pump

c. AFW valves

Reactor Protection System

Feedwater Isolation Valves

Inadvertently open or
fail to close on demand
Fail to close on demand
Seal Failure (LOCA)
Piping Failure (LOCA)
Tube Rupture (LOCA)

Fail to trip on demand
Inadvertently open or
fail to close on demand
Inadvertently open or
fail to close on demand
Fail to close on demand
Inadvertently open or
fail to close on demand
Inadvertently open or
fail to close on demand
Steam line breaks

Overfeed or fail to isolate

Overfeed or fail to runback

Fail to isolate
Inadvertently open or fail
to close on demand

Overfeed or loss of flow
Fail to isolate on demand

Inadvertent actuation or
fails to actuate

Inadvertent overfeed or
failure

Fails on demand

Inadvertent actuation or
failure to actuate

Inadvertent actuation,
overfeed or failure

Fail to close on demand

Reactor Trip

Yes
No
Yes

No
No

Yes
Yes

Yes

Yes
Yes

No

Yes
Yes
Yes
Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
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Table A.2. Components considered in PTS interaction study by system

Systems

Components

1. Reactor Coolant System

2. Turbine Protection System

3. Main Steam System

4. Main Feedwater System

Front Line Systems

RCP A

RCP B

RCP C

PZR Control Heaters

PZR Backup Heaters A

PZR Backup Heaters B

PZR Pressure Transmitter PT-445
PZR Pressure Transmitter PT-444
PORYV RC-456

PORYV RC-455C

PORYV Block Valve RC-535
PORYV Block Valve RC-536

Turbine Auto Trip Logic
and Solenoid (20-AST)
Turbine Emergency Trip
Logic and Solenoid (20-ET)
Governor /Intercept Trip Logic
and Solenoids (20-1, 20-2)
Governor Control Cabinet
EH System Logic

EH Oil Pump A

EH Oil Pump B

TROTS Channel 1

TROTS Channel 2

TROTS Channel 3

Steam-Side PORV RV1
Steam-Side PORV RV2
Steam-Side PORV RV3
Steam Dump PORV 1324A-1
Steam Dump PORV 1324B-1
Steam Dump PORYV 1324B-2
Steam Dump PORYV 1324A-2
Steam Dump PORV 1324B-3
Steam Dump Controller T-408
Steam Dump Pressure Controller P-464
High T, Output Logic
Steam Dump Loss-Load
Pressure Monitor PM-447
MSIV VI1-3A

MSIV V1-3B

MSIV V1-3C

V1-3A Bypass Valve

V1-3B Bypass Valve

V1-3C Bypass Valve

FW Pump A

FW Pump B

MFIV V2-6A

MFIV V2-6B

MFIV V2-6C

FW Control Valve FCV-478
FW Control Valve FCV-488
FW Control Valve FCV-498
FW Bypass Valve FCV-479
FW Bypass Valve FCV-489
FW Bypass Valve FCV-499
FW Valve Controller Loop 1
FW Valve Controller Loop 2
FW Valve Controller Loop 3
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Table A.2 (Continued)

Systems

Components

5.

Auxiliary Feedwater System

6. Chemical and Volume

Control System

7. Safety Injection System

Support Systems (Cont’d)

Motor-driven AFW Pump A
Motor-driven AFW Pump B
Steam-driven AFW Pump Controller
Pump A Train Controller

Pump B Train Controller

Pump Train A Control Valve, 45
Pump Train B Control Valve, 46
MAFW Disch VLV V2-16A
MAFW Disch VLV V2-16B
MAFW Disch VLV V2-16C
SAFW Disch VLV V2-14A
SAFW Disch VLV V2-14B
SAFW Disch VLV V2-14C
SAFW Supply VLV V1.8A
SAFW Supply VLV V1-8B
SAFW Supply VLV V1-8C

SG 1 Level LC-474A String

SG 1 Level LC-475A String

SG 1 Level LC-476A String

SG 2 Level LC-484A String

SG 2 Level LC-485A String

SG 2 Level LC-486A String

SG 3 Level LC-494A String

SG 3 Level LC-495A String

SG 3 Level LC-496A String

Charging Pump A

Charging Pump B

Charging Pump C

PZR Level Controller LC-459F

Charging Pump Suction Valve LCV-115C
Charging Pump Suction Valve LCV-115B
Boric Acid Valve MOV-350

Loop 1 Cold Leg Inlet Valve CVC-310A
Loop 2 Cold Leg Inlet Valve CVC-310B
Aux Spray Valve CVC-311

Letdown Stop Valve LCV-460A

Letdown Stop Valve LCV-460B

Letdown Isolation Valve CVC-200A
Letdown Isolation Valve CVC-200B
Letdown Isolation Valve CVC-200C
Letdown Isolation Valve CVC-204A
Letdown Isolation Valve CVC-204B
Charging Line FCV HCV-121

SI Pump A

SI Pump B

SI Pump C

ACC Nitrogen Supply SI-855
ACC Drain Valve SI-852A
ACC Drain Valve SI-852B
ACC Drain Valve SI-852C
ACC Vent Valve SI-853A
ACC Vent Valve SI-853B
ACC Vent Valve SI-853C
ACC Disch Valve SI-865A
ACC Disch Valve SI-865B
ACC Disch Valve SI-865C
Cold Leg Injection VLV SI-870A

375



Table A.2 (Continued)

Systems

Components

10.

11.

12.

Front Line Systems (Cont’d)

Residual Heat Removal System

Safeguards System

Reactor Protection System

Cold Leg Injection VLV SI-870B

BIT Inlet VLV SI-867A

BIT Inlet VLV SI-867B

Inlet Valve to Loop 3 Hot Leg SI-866A
Inlet Valve to Loop 2 Hot Leg SI-866B
Isolation Valve to Hot Legs SI-869

RHR Pump A

RHR Pump B

RHR Suction Valve SI-862A

RHR Suction Valve SI-862B

RHR Disch Valve HCV-758

RHR Disch Valve FCV-605

Cold Leg Injection Valve RHR-744A
Cold Leg Injection Valve RHR-744B

Safeguards Train A Logic
Safeguards Train B Logic
PZR Pressure PC-455E String
PZR Pressure PC-456D String
PZR Pressure PC-457D String

Control Rod Drive MG Set A
Control Rod Drive MG Set B

RCP Undervoltage TRP Relay UV-1
RCP Undervoltage TRP Relay UV-2
RCP Undervoltage TRP Relay UV-3
Reactor Protection Train A Logic
Reactor Protection Train B Logic

Support Systems

Component Cooling Water System

Service Water System

Component Cooling Pump A

Component Cooling Pump B

Component Cooling Pump C

Component Cooling Heat Exchangers

CCW Disch Valve TCV-659A. from Charging Pump
CCW Disch Valve TCV-659B from Charging Pump
CCW Disch Valve TCV-659C from Charging Pump
Header Supply Valve to RCP CC-716A

Header Supply Valve to RCP CC-716B

RCP Motor Qil Cooler Valve CC-730

RCP Thermal Barrier Cooling

Coil Valve FCV-626

Service Water Pump A

Service Water Pump B

Service Water Pump C

Service Water Pump D

SW Disch Valve V6-12B

SW Disch Valve V6-12C

SW Isolation Valve V6-16A

SW Isolation Valve V6-16B

Steam-Driven AFW Pump SW Valve TCV-1902
Motor-Driven AFW Pump SW Valve TCV-1903A
Motor-Driven AFW Pump SW Valve TCV-1903B
SW Disch Valve

TCV-1629A from IA Compressor A

SW Disch Valve

TCV-1629B from IA Compressor B
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Table A.2 (Continued)
Systems Components

Front Line Systems (Cont’d)

13. Instrument Air System * Primary Air Compressor
¢ Instrument Air Compressor A
Instrument Air Compressor B

Diesel Generators A, B, and DS
Startup Transformer

Unit Auxiliary Transformer
125V dc buses

4160V ac buses

480V ac buses

120/208V ac buses

14. Electric Power System

The component failure modes determined are discussed further, by key system and/or
component, in Sections A.4.3.1 through A.4.3.15.

A.4.3.1. Reactor Coolant Pumps

The three reactor coolant pumps (RCPs) require 4160V ac motive power and 125V dc
breaker control power to operate. Seal injection water is supplied to the RCPs from the
charging pumps, and cooling water for the bearing lube oil coolers and thermal barrier
cooling coil is supplied from the CCW system.

Loss of dc control power to the RCP breakers will prevent operating pumps from being
tripped. Loss of charging flow could lead to RCP seal failure unless the pumps are
tripped.

A.4.3.2. Pressurizer Power Operated Relief Valves

The two PZR PORYVs are designed to open on high pressurizer pressure to prevent or min-
imize the lifting of pressurizer code safety valves. They are opened by energizing solenoid
valves powered from 125V dc auxiliary panels DC and GC. The solenoids supply open-
ing air to the PZR PORVs. The pressurizer pressure transmitters, PT-445 and 444, which
are powered from instrument buses 3 and 4, respectively, open the PZR PORYVs on high
pressure.

Loss of instrument air, failure of the 125V dc auxiliary panels, or loss of power on the
respective instrument buses will result in the PZR PORVs closing or remaining closed.
A.4.3.3. Turbine Protection System

Turbine protection by turbine trip is accomplished by depressurizing the hydraulic fluid

system which normally holds the governor, reheat, intercept, and stop valves to the turbine
open. Hydraulic pressure release is accomplished by opening any of three solenoid-
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Table A.3. Summary of interfaces between components and support systems considered

Systems

Components Requiring
Instrument Air

Components
Requiring CCW

Components
Requiring SWS

Components Requiring
Electric Power

Reactor Coolant
System

Turbine Protection
System

Main Steam System

Main Feedwater
System

Auxiliary Feedwater
System

+ PORVs
RC-456
RC-455C

e MSIVs

* Steam-Side PORVs

¢ Feedwater Control Valves
¢ Feedwater Bypass Valves

¢ Turbine Drive Pump

Speed Control

Front Line Systems

RCP (bearings and thermal
barrier cooling coil)

Feedwater Pumps
A and B (oil cooler)

Motor-Driven and
Turbine-Driven AFW
Pumps (Bearings)

RCPs A, B,and C

PZR Heaters

PZR Pressure Transmitters
PZR PORYVs

PORY Block Valves

Turbine Auto Stop

Trip System and Solenoid 20-AST
Turbine Emergency Trip
System and Solenoid 20-ET
Gov/Intercept Trip

System and Solenoids

20-1, 20-2

Governor Control Cabinet
EH System

EH Oil Pumps

TROTS

MSIVs

Steam Dump Valves
Steam-Side PORVs

Steam Dump Controllers
Main Steam Bypass Valves

Feedwater Pumps
Feedwater Control Valves
Feedwater Bypass Valves
Feedwater Isolation Valves
Feedwater Valve Controllers

Motor-Driven AFW Pumps
Turbine-Driven AFW Pump Controller
Motor-Driven Pump Train Controllers
Motor-Driven AFW Pump Discharge
Valves V2-16A, B, and C
Motor-Driven AFW Pump

Control Valves 45 and 46
Turbine-Driven AFW Pump



Table A.3 (Continued)

Systems

Components Requiring
Instrument Air

Components
Requiring CCW

Components
Requiring SWS

Components Requiring
Electric Power

6LE

6. Chemical and Volume
Control System

7. Safety Injection System

Isolation Valves to RCS:
CVC-310A, B
CVC-311
Charging Line FCV
Letdown Isolation Valves
Pump Suction Valve from
RWST
Charging Pump Speed Control

N, Supply Valve to
Accumulators

SI-855
Accumulator Drain and
Vent Valves

Front Line Systems (Cont’d)

Charging Pumps (Lube Oil
Cooling)

SI pumps (seal water
heat exchanger)

SI pumps (thrust
bearing cooling)

Discharge Valves V2-14A, B, and C

Turbine-Driven AFW Steam
Supply Valves V1-8A, B, and C
Steam Generator Low-Low
Level Instr. Strings
SG1 LC-474A, 475A, 476A
SG2 LC-484A, 485A, 486A
SG3 LC-494A, 495A, 496A

Charging Pumps
Pumps Suction Valves

LCV-115C, LCV-115B, MOV-350

Isolation Valves to RCS
CVC-310A and B, CVC-311
Charging Line FCV, HCV-121

Letdown Isolation Valves
LCV-460A and B

Letdown Orifice Valves
CVC-200A, B and C

Letdown Isolation Stops
CVC-204A and B

PZR Level Controller, LC-459F

SI Pumps

N, Supply Valve to

Accumulators SI-855

Accumulator Drain and

Vent Valves

Accumulator Discharge Valves

Cold Leg Injection Valves
SI-870A and B

Boron Injection Tank Inlet

Valves SI-867A and B

RWST Outlet Valves
SI-864A and B
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Table A.3 (Continued)

Components Requiring
Systems Instrument Air

Components Components
Requiring CCW Requiring SWS

Components Requiring
Electric Power

10.

11.

Residual Heat * Discharge Valves
Removal System FCV-605
HCV-758

Safeguards System

Reactor Protection

System
Component Cooling ¢ CCW Discharge Valves
Water System from Charging Pumps

TCV-659A, B, and C

Front Line Systems (Cont’d)

RHR pump (seal water
heat exchanger)

Support Systems

e CCW heat exchangers
Aand B

Hot Leg Injection Valves
SI-869, 866A and B

Low PZR Pressure Bistables
PC-455E, 456D, 457D

RHR Pumps

Pump Suction Valves from RWST
SI-862A and B

Cold Leg Inlet Valves
RHR-744A and B

RHR Discharge Valve FCV-605

Safeguards Trains A and B
Pressurizer Pressure Instrument
Strings PC-455E, 456D and 457D

Control Rod Drive Motor
Generator Sets A and B

RCP Under Voltage
Relays UV-1, 2, and 3

Reactor Protection Trains A and B

CCW Pumps

RCP Supply Valves
CC-716A and B

RCP Lube Oil Coolers

CCW valve CC-730

RCP Thermal Barrier

Cooling Coils CCW Valve
FCV-626
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Table A.3 (Continued)

Systems

Components Requiring
Instrument Air

Components
Requiring CCW

Components
Requiring SWS

Components Requiring
Electric Power

12. Service Water System

13. Instrument Air
System

14. Electric Power System

Suction Control Valves to
AFW Pumps A, B, and Turbine
TCV-1902
TCV-1903A
TCV-1903B
Discharge Control Valves from
Air Compressors A and B
TCV-1629A and B

Support Systems (Cont’d)

Primary Air
Compressor
Instrument Air

Compressors A and B

Diesel generator
cooling

SW Pumps
SW Discharge Cross-Tie Valves
V6-12B and C
SW Supply Train Isolation
Valves V6-16A and B
SW Control Valve to AFW
Turbine-Driven Pump TCV-1092
SW Control Valve to AFW
Motor-Driven Pumps TCV-1903A and B

Primary Air Compressor
Instrument Air
Compressors A and B

Diesel Generators A and B




Table A.4. Component failure modes on loss of instrument air, component cooling water and service water

Failure Mode on Loss of

Component Requiring
Support System Normal Position/Mode Instrument Air CCwW SWS

Front Line Systems
1. Reactor Coolant System

RCP A, B,and C Operating N/A Eventual failure due to N/A
bearing failure or thermal
barrier cooling coil
failure, unless tripped.
Seal injection degraded
by loss of CCW to charging

pumps.
PORYV RC-456 Closed Closed N/A N/A
RC-455C
2. Turbine Protection System Operable N/A N/A N/A
3. Main Steam System
Steam-Side PORVs RV1 Closed Closed N/A N/A
RV2
RV3
MSIVs Open Closed N/A N/A
4. Main Feedwater System
FW Pumps A and B Operating N/A N/A Eventual failure,
unless tripped.
FW Control Valves Open Closed N/A N/A
FW Bypass Valves Closed Closed N/A N/A
5. Auxiliary Feedwater System
Motor-Driven AFW
Pumps A and B Standby N/A N/A Pumps fail
(bearing failure).
Steam-Driven AFW Pump Standby Full Speed N/A Pumps fail
(bearing failure).
6. Chemical and Volume Control System
Charging Pumps Operating (1 pump Full speed Pumps fail (loss of N/A
on auto-control, 2 lube oil cooling).
on standby)
Charging Line Isolation
Valves CVC-310A Closed Open N/A N/A
CVC-310B Open Open N/A N/A
Auxiliary Spray Isolation
Valves CVC-311 Closed Closed N/A N/A
Charging Line FCV
HCV-121 Open Open N/A N/A
Letdown Stop
Valves LCV-460A Open Closed N/A N/A
LCV-460B Open Closed N/A N/A
Letdown Orifice Isolation
Valves CVC-200A Closed Closed N/A N/A
CVC-200B Closed Closed N/A N/A
CVC-200C Open Closed N/A N/A
Letdown Isolation Stop
Valves CVC-204A Open Closed N/A N/A
CVC-204B Open Closed N/A N/A
Charging Pump Suction
Valve from RWST LVC-115B Closed Closed N/A N/A
7. Safety Injection System
SI Pumps A, B, and C Operable N/A Eventual failure Eventual bearing
of pump seals. failure.
N> Supply Valve to
Accumulators
SI-855 Closed Closed N/A N/A
Accumulator Drain Valves
SI-852 A, B, and C Closed Closed N/A N/A
Accumulator Vent Valves
SI-853 A, B, and C Closed Closed N/A N/A
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Table A.4 (Continued)

Component Requiring

Normal Position/Mode

Failure Mode on Loss of

Support System " Instrument Air CCwW SWS
Front Line Systems Cont’d
8. Residual Heat Removal System
RHR Pumps A and B Standby N/A Eventual pump N/A
seal failure.
RHR Discharge Valves
FCV-605 Closed Closed N/A N/A
HCV-758 Closed Closed N/A N/A
9. Safeguards Systems Standby N/A N/A N/A
10. Reactor Protection System Standby N/A N/A N/A
Support Systems
11. Component Cooling Water System
Charging Pump Discharge
Valves TCV-659 A, B, and C  Open Open N/A N/A
CCW Heat Exchangers Operating N/A N/A Loss of cooling
capacity
12. Service Water System
SWS Control Valves to
AFW Pumps A and B and
Turbine Pump
TCV-1902 Closed (open on pump start) Open N/A N/A
TCV-1903A Closed (open on pump start) Open N/A N/A
TCV-1903B Closed (open on pump start) Open N/A N/A
SWS Control Valves from
Instrument Air Compressors
TCV-1629 A and B Open Open N/A N/A
13. Instrument Air system
Primary Air Compressor Operating N/A N/A Eventual failure,
unless tripped.
Instrument Air
Compressor A and B Intermittent Operation N/A N/A Eventual failure

unless tripped.

operated valves (20-ET, 20-1, and 20-2) or by opening the mechanically activated auto-
stop trip valve maintained closed by the auto-stop lube oil pressure. A fourth solenoid-
operated valve, 20-AST, can also open the mechanical auto-stop trip valve.

All four solenoid-operated valves require electrical power to open (to actuate turbine trip).
The nonmechanical auto-stop turbine trip will not occur if the 125V dc bus A is de-
energized owing to the lack of power availability to the solenoid of 20-AST. This is also
true for the turbine emergency trip (20-ET), except that the power is supplied from
125V dc bus B. Loss of power from dc bus B also fails solenoids 20-1 and 20-2, prevent-
ing a governor/intercept trip.

Additional and diverse turbine protection is provided by the turbine redundant overspeed
trip system (TROTS) which operates under a two-out-of-three logic scheme. Loss of
power to two of the three TROTS control channels powered from 120V ac instrument
buses 6, 7 and 8 will initiate turbine trip. Actuation of additional solenoids* is required to
implement this turbine trip.

*The power supply to these solenoids has not been determined at this time but is assumed to be from dc bus A
and dc bus B to redundant solenoids. Failure of both dc buses would then be required to fail the TROTS tur-
bine trip.
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Table A.5. Component power supplies and associated failure modes

Component

Control Power Source

Supply Power Source

Failure Mode

1. Reactor Coolant System

RCP A DC PNL. A, CKT. 2
RCP B DC PNL. B, CKT. 2
RCPC DCPNL. A, CKT. 2

PZR Control
Heaters

DC PNL. B, CKT. 4

PZR Backup
Heaters "A"

DC PNL. A, CKT. 4

' PZR Backup
Heaters "B”

DC PNL. A, CKT. 4

PZR Pressure
Transmitters

PT-445

PT-444
PORYVs

RC-456

RC-455C

PORY Shutoff

Valves
RC-535 120V ac from 480V MCC-6
RC-536 120V ac from 480V MCC-6

2. Turbine Protection System

Turbine Auto DC PNL. A, CKT. 22
Stop Trip

Logic and

Solenoid

(20-AST)

Turbine’
Emergency Trip
Logic and
Solenoid
(20-ET)

Gov./Intercept
Trip Logic and
Solenoids
(20-1, 20-2)

DC PNL. B, CKT. 13

DC PNL. B, CKT. 13

DC Aux. Pal. DC CKT. 27

DC Aux. Pnl. GC CKT. 23

Froat Line Systems

4160V Bus 1

4160V Bus 4

4160V Bus 2

480V Bus 2B (4160 Bus 1)

480V Bus 1 (4160 Bus 2)

480V Bus 2A (4160 Bus 1)

Instrument Bus 3 (Inverter B)
Instrument Bus 4 (4160V Bus 3)

480V MCC-6 (4160V Bus 3)
480V MCC-6 (4160V Bus 3)
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Pump fails on loss of
supply power. Pump fails
to trip on loss of control
power.

Pump fails on loss of
supply power. Pump fails
to trip on loss of control
power.

Pump fails on loss of
supply power. Pump fails
to trip on loss of control
power.

Heaters fail on loss of
supply power. Heaters
fail to trip on loss of
control power.

Heaters fail on loss of
supply power. Heaters
fail to trip on loss of
control power.

Heaters fail on loss of
supply power. Heaters
fail to trip on loss of
control power.

PORV-456 fails closed.
PORV-455C fails closed.

Valve fails closed on loss
of control power.

Valve fails closed on loss
of control power.

Valve fails as is (open).
Valve fails as is (open).

No turbine auto stop trip
on loss of control power.

No turbine emergency trip
on loss of control power.

No Gov./Intercept valve
trip on loss of control
power.



Table A.S (Continued)

Component Control Power Source Supply Power Source Failure Mode
Front Line Systems (Cont’d)

Governor PP-21 off MCC-8 Turbine trips on loss of

Control (4160V Bus 3) power to cabinet.

Cabinet

EH System 120V ac LP27, CKT. 2 Turbine trip over long

Logic (4160V Bus 1) term due to EH
depressurization,

EH Oil Pump PP-21 from MCC 8 480V MCC 4 (4160V Bus 3) Failure of Pumps "A” and

A" (4160V Bus 3) "B" will cause turbine
trip over long term. Loss
of PP-21 will fail both
pumps.

EH Oil Pump PP-21 from MCC 8 480V MCC 3 (4160V Bus 1) Failure of Pumps "A" and

*B" (4160V Bus 3) "B" will cause turbine
trip over long term. Loss
of PP-21 will fail both
pumps.

Turbine Instr. Bus 6, CKT. 23 Turbine trip on loss of

Overspeed 4160V Bus 3 power to 2/3 channels.

Protection

(TROTS)

Channel 1

Turbine Instr. Bus 7, CKT. 23 Turbine trip on loss of

Overspeed Inverter A power to 2/3 channels.

Protection

(TROTS)

Channel 2

Turbine Instr. Bus 8, CKT. 23 DC Panel "A" and "B" Turbine trip on loss of

Overspeed Inverter B power to 2/3 channels.

Protection

(TROTS)

Channel 3

TROTS Logic DC Panel A and B No TROTS turbine trip.

. Main Steam System

Steam-Side PORVs
RVI1

RV2

RV3

Steam Dump
Valves
PRV 1324 A-1
PRV 1324 B-1
PRV 1324 B-2

PRV 1324 A-2

PRV 1324 B-3

Aux. Pnl. DC, CKT. 40 for
solenoids (PIC-477 controller
self contained)

Aux. Pnl. DC, CKT. 41 for
solenoids (PIC-487 controller
self contained)

Aux. Pnl. DC, CKT. 42 for
solenoids (PIC-497 controller
self contained)

Aux. DC Pnl. DC, CKT.38
Aux. DC Pnl. DC, CKT. 38
Aux. DC Pnl. DC, CKT. 38

Aux. DC Pnl. GC, CKT. 38

Aux. DC Pnl. GC, CKT. 38
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Valve fails closed on loss
of control power.

Valve fails closed on loss
of control power.

Valve fails closed on loss
of control power.

Fails closed on loss of
control power.

Fails closed on loss of
control power.

Fails closed on loss of
control power.
Fails closed on loss of
control power.

Fails closed on loss of
control power.



Table A.5 (Continued)

Component

Control Power Source

Supply Power Source

Failure Mode

Steam Dump
Control System

T-408
(Temperature
Controller)

P-464
(Pressure
Controller)

High Tovg
Logic
PM-447 (Loss
of Load
Pressure
Monitor)

MSIVs
V1-3A ISO

V1-3B ISO

V1-3C ISO

V1-3A BYP
V1-3B BYP

V1-3C BYP

Front Line Systems (Cont’d)

Instrument Bus 4 (4160V Bus 3)

Instrument Bus 1 (4160V Bus 2)

DC Aux. Pnl. DC, CKT. 1 or
DC Aux. Pnl. GC, CKT. 40

DC Aux. Pnl. GC, CKT. 1 or

DC Aux. Pnl. DC, CKT. 43

DC Aux. Pnl. GC, CKT. 2 or

DC Aux. Pnl. DC, CKT. 4

120V MCC 8

120V MCC 8

120V MCC 8

4., Main Feedwater System

FW Pump A

FW Pump B

MFW Isolation
Valves

V2-6A
V2-6B
V2-6C

MFW Control Valves

FCV-478
Sol. A
Sol. B

FCV-488
Sol. A
Sol. B

FCV-498

Sol. A
Sol. B

Circuit breaker 52/3,
DC Pnl. A, CKT. 2

Circuit breaker 52/26,
DC Pnl. B, CKT. 2

208V MCC 10
208V MCC 9

208V MCC 9

DC Aux. Pnl. DC, CKT. 47
DC Aux. Pnl. GC, CKT. 43

DC Aux. Pnl. DC, CKT. 47
DC Aux. Pnl. GC, CKT. 43

DC Aux. Pnl. DC, CKT. 47
DC Aux. Pnl. GC, CKT. 43

Inst. Bus 4 (4160V Bus 3)

Inst. Bus 4 (4160V Bus 3)

208V MCC-8 (4160V Bus 3)

208V MCC-8 (4160V Bus 3)

208V MCC-8 (4160V Bus 3)
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4160V Bus |

4160V Bus 4

208V MCC-10 (4160V Bus 2)

208V MCC-9 (4160V Bus 3)

208V MCC-9 (4160V Bus 3)

Dump valves fail closed
and steam side PORYVs fail
closed if load reject

signal from PM-447 exists.

Not normal control mode.

Dump valves fail closed.

Dump valves fail closed.

Fails closed on loss of
power to either redundant
3-way solenoid.

Fails closed on loss of
power to either redundant
3-way solenoid.

Fails closed on loss of
power to either redundant
3-way solenoid.

Fails as is on loss of
supply power (closed).
Fails as is on loss of
supply power (closed).
Fails as is on loss of
supply power (closed).

Pump fails on loss of
supply power. Pump fails
to trip on loss of control
power.

Pump fails on loss of
supply power. Pump fails
to trip on loss of control
power.

Fail as is on loss of
supply power (open).
Fail as is on loss of
supply power (open).
Fail as is on loss of
supply power (open).

Valve closes on loss of
power to either solenoid.

Valve closes on loss of
power to either solenoid.

Valve closes on loss of
power to either solenoid.



Table A.S (Continued)

Component Control Power Source Supply Power Source Failure Mode
Front Line Systems (Cont’d)
MFW Bypass
Valves
FCV-479
Sol. A DC Aux. Pnl. DC, CKT. 46 Valve closes on loss of
Sol. B DC Aux. Pnl. GC, CKT. 42 power to either solenoid.
FCV-489
Sol. A DC Aux. Pnl. DC, CKT. 46 Valve closes on loss of
Sol. B DC Aux. Pnl. GC, CKT. 42 power to either solenoid.
FCV-499
Sol A DC Aux. Pnl. DC, CKT. 46 Valve closes on loss of
Sol B DC Aux. Pnl. GC, CKT. 42 power to either solenoid.
FW Valve
Controllers
Loop 1 Inst. Bus #1 (4160V Bus 2) FW control valves fail
closed.
Loop 2 Inst. Bus #2 (Inverter A) FW control valves fail
closed.
Loop 3 Inst. Bus #3 (Inverter B) FW control valves fail
closed.
. Aux. Feedwater System
Motor-Driven DCPNL. A, CKT. 1 480V Bus El (4160V Bus 2) Pump fails as is (normally
AFW Pump A off) on loss of control

power. Pump fails on loss
of supply power.

Motor-Driven DCPNL. B, CKT. 1 480V Bus E2 (4160V Bus 3) Pump fails as is (normally

AFW Pump B off) on loss of control
power. Pump fails on los
of supply power.

Steam-Driven DC PNL. B, CKT. 23 or Aux. Pnl. Pump fails to start on
AFW Pump DC, CKT. 35 for relay "OX" loss of control power.
Controller

Motor-Driven

AFW Pump
Disch. Valves
V2-16A 208V MCC-10 or 208V MCC-9 NORM: 208V MCC-10 Fails as is normally
(4160V Bus 2) closed) on loss of
ALT: 208V MCC-9 supply power.
(4160V Bus 3)*

V2-16B 208V MCC-10 208V MCC-10 (4160V Bus 2) Fails as is (normally
closed) on loss of
supply power.

V2-16C 208V MCC-9 208V MCC-9 (4160V Bus 3) Fails as is (normally

closed) on loss of
supply power.

Steam-Driven

AFW Pump
Disch. Valves
V2-14A 208V MCC-10 208V MCC-10 (4160V Bus 2) Fails as is (closed) on
loss of supply power.
V2-14B 208V MCC-9 208V MCC-9 (4160V Bus 3) Fails as is (closed) on
loss of supply power.
V2-14C 208V MCC-10 208V MCC-10 (4160V Bus 2) Fails as is (closed) on

loss of supply power.
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Table A.S (Continued)

Component

Control Power Source

Supply Power Source

Failure Mode

Steam-Driven
AFW Pump Steam
Supply Valves

VI1-8A

V1-8B

V1-8C

SG Low Low

Level

Instrument

Strings
SGI1-LC-474A
SGI1-LC-475A
SGI1-LC-476A
SG2-LC-484A
SG2-LC-485A
SG2-LC-486A
SG3-LC-494A
SG3-LC-495A
SG3-LC-496A

6. CVC System

Charging Pumps
A

B

Charging Pump
Suction Valves

VCT LCV-115C

RWST LCV-115B

Boric Acid
Valve MOV-350

Front Line Systems (Cont’d)

120V MCC-5
120V MCC-6

120V MCC-6

120V ac from 480V Bus DS

DC PNL. A, CKT. 1

DC PNL. B, CKT. 1

120V ac from 480V MCC-6

DC Aux. Pnl. DC, CKT. 31

480V MCC-5 (4160V Bus 2)
480V MCC-6 (4160V Bus 3)

480V MCC-6 (4160V Bus 3)

Inst. Bus 1 (4160V Bus 2)
Inst. Bus 2 (Inverter A)
Inst. Bus 3 (Inverter B)
Inst. Bus 1 (4160V Bus 2)
Inst. Bus 2 (Inverter A)
Inst. Bus 3 (Inverter B)
Inst. Bus 1 (4160V Bus 2)
Inst. Bus 2 (Inverter A)

Inst. Bus 3 (Inverter B)

480V Bus DS (4160V Bus 3)

480V Bus E1 (4160V Bus 2)

480V Bus E2 (4160V Bus 3)

480V MCC-6 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

Fails as is (closed) on
loss of supply power.
Fails as is (closed) on
loss of supply power.
Fails as is (closed) on
loss of supply power.

AFW actuates if 2/3
chapnels de-energize.

AFW actuates if 2/3
channels de-energize.
AFW actuates if 2/3
channels de-energize.
AFW actuates if 2/3
channels de-energize.
AFW actuates if 2/3
channels de-energize.
AFW actuates if 2/3
channels de-energize.
AFW actuates if 2/3
channels de-energize.
AFW actuates if 2/3
channels de-energize.

AFW actuates if 2/3
channels de-energize.

Pump fails off on loss of
480V Bus DS.

Pump fails as is (off) on
loss of control power.
Pump fails off on loss of
supply power.

Pump fails as is (off) on
loss of control power.
Pump fails off on loss of
supply power.

Fails as is (normally
open).

Fails closed on loss of
control power.

Fails as is on loss of
supply power (mormally
closed).



Table A.5 (Continued)

Component Control Power Source Supply Power Source Failure Mode

Front Line Systems (Cont’d)

Charging Line

Valves

CVC-310A DC Aux. Pnl. GC, CKT. 15 Fails open on loss of
control power (normally
closed).

CVC-310B DC Aux. Pnl. DC, CKT. 22 Fails open on loss of
control power (normally
open).

Aux. Spray DC Aux. Pnl. DC, CKT. 23 Fails closed on loss of

CVC-311 control power (normally
closed).

Letdown Stop
Valves

LCV-460A DC Aux. Pnl, CKT. 13 Fails closed on loss of
control power to valve and
to PZR level controller
LC-459F.

LCV-460B DC Aux. Pnl,, CKT. 13 Fails closed on loss of
control power to valve and
to PZR level controller
LC-459F.

PZR Level Instrument Bus 4 and 9 LCV-460 A and B fail closed

Controller (4160V Bus 3) on loss of controller

LC-459F power and charging pump in
"auto” goes to minimum
speed.

Letdown

Orifice

Isolation

Valves

CVC-200A DC Aux. Pnl. DC, CKT. 18 Fails closed on loss of
control power.

CVC-200B DC Aux. Pnl. GC, CKT. 13 Fails closed on loss of
control power.

CVC-200C DC Aux. Pnl. DC, CKT. 2 Fails closed on loss of
control power.

Letdown
Isolation
Stop Valves

CVC-204A DC Aux. Pnl. DC, CKT. 3 Fails closed on loss of
control power.

CVC-204B DC Aux. Pnl. GC, CKT. 3 Fails closed on loss of
control power.

Charging Line Instrument Bus | and 6 Fails open on loss of

FCV, HCV-121 (4160V Bus 2) control power. Normally
open.

Safety Injection System

SI Pumps

A DC PNL. A, CKT. | 480V Bus El (4160V Bus 2) Pump fails to start on
loss of control power.
Fails off on loss of
supply power.

B DC PNL. B, CKT. 1 and 480V Bus E2 (4160V Bus 3) Pump fails to start on

DC PNL. A, CKT. 1 loss of both sources of
control power. Fails off
on loss of supply power.
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Table A.5 (Continued)

Component

Control Power Source

Supply Power Source

Failure Mode

Accumulators
A, B, C

Acc. N2
Supply Valve
SI-855

Acc. Drain

Valves
SI-852A
SI-852B
SI-852C

Acc. Vent
Valves

SI-853A
SI-853B

SI-853C

Acc. Discharge
Valves

SI-865A
SI-865B
SI-865C

Cold Leg
Injection
Valves

SI1-870A

S1-870B

Boron Inj.
Tank Inlet
Valves

SI-867A

SI-867B

RWST OQutlet
Valves

SI-864A

SI-864B

Front Line Systems (Cont’d)

DC PNL. B, CKT. 1

DC Aux. Pnl. DC, CKT. 17

DC Aux. Pnl. DC, CKT. 8

DC Aux. Pnl. GC, CKT. 8

DC Aux. Pnl. GC, CKT. 9

DC Aux. Pnl. DC, CKT. 9
DC Aux. Pnl. GC, CKT. 10

DC Aux. Pnl. GC, CKT. |1

120V ac from 480V MCC-5
120V ac from 480V MCC-6

120V ac from 480V MCC-5

120V ac from 480V MCC-5

120V ac from 480V MCC-6

120V ac from 480V MCC-5

120V ac from 480V MCC-6

120V ac from 480V MCC-5

120V ac from 480V MCC-6
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480V Bus E2 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)
480V MCC-6 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

480V MCC-5 (4160V Bus 2)

480V MCC-6 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

480V MCC-6 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

480V MCC-6 (4160V Bus 3)

Pump fails to start on
loss of control power.
Fails off on loss of
supply power.

Fails closed on loss of
control power (normally
closed).

Fails closed on loss of
control power.
Fails closed on loss of
control power.

Fails closed on loss of
control power.

Fails as is on loss of
control power (closed).

Fails as is on loss of
control power (closed).

Fails as is on loss of
control power (closed).

Fails as is (normally
open).
Fails as is (normally
open).
Fails as is (normally
open).

Fails as is on loss of
supply power (closed).
Fails as is on loss of
supply power (closed).

Fails as is on loss of
supply power (closed).
Fails as is on loss of
supply power (closed).

Fails as is on loss of
supply power (open).
Fails as is on loss of
supply power (open).



Table A.S (Continued)

Component

Control Power Source

Supply Power Source

Failure Mode

SI Valves to
Hot Legs

SI-866A
SI-866B

SI-869

Pressurizer
Pressure
Instrument
Strings
PC-455E

PC-456D

PC-457D

. RHR System
RHR Pump A

RHR Pump B

Pump Suction
Valves from
RWST

SI-862A
SI-862B

RHR Pump
Disch. Valve
FCV-605

Cold Leg
Inlet Valves

RHR-744A

RHR-744B

9. Safeguards System

Safeguards
Train "A" (DC

Logic Rack A)

Safeguards
Train "B" (DC
Logic Rack B)

Front Line Systems (Cont’d)

120V ac from 480V MCC-6

120V ac from 480V MCC-5

120V ac from 480V MCC-5

DC Pnl. A, CKT 1

DC Pnl. B, CKT 1

120V ac from 480V MCC-5

120V ac from 480V MCC-6

Inst. Bus 4 and 9 (4160V Bus 3)

120V ac from 480V MCC-5

120V ac from 480V MCC-6

480V MCC-6 (4160V Bus 3)
480V MCC-5 (4160V Bus 2)

480V MCC-5 (4160V Bus 2)

Inst. Bus | (4160V Bus 2)
Inst. Bus 2 (Inverter A)

Inst. Bus 3 (Inverter B)

480V Bus El (4160V Bus 2)

480V Bus E2 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

480V MCC-6 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

480V MCC-6 (4160V Bus 3)

DC Panel A

DC Panel B

Fails as is on loss of
supply power (closed).

Fails as is on loss of
supply power (closed).
Fails as is on loss of
supply power (open).

SI signal if 2/3 channels
de-energize.
SI signal if 2/3 channels
de-energize.

SI signal if 2/3 channels
de-energize.

Fails on loss of supply
power. Fails as is (off)
on loss of control power.

Fails on loss of supply
power. Fails as is (off)
on loss of control power.

Fails as is on loss of
supply power (open).
Fail as is on loss of
supply power (open).
Fails closed on loss of
supply power.

Fails as is on loss of
supply power (closed).

Fails as is on loss of
supply power (closed).

Loss of safeguards.
Train A.

Loss of safeguards.
Train B.



Table A.S (Continued)

Component

Control Power Source Supply Power Source

Failure Mode

Froot Line Systems (Cont’d)

10. Reactor Protection System

1L

Control Rod
Drive Motor
Generator
Set A

Control Rod
Drive Motor
Generator
Set B

RCP
Undervoltage
Trip Relays

uUv-1

uv-2

Uv-3
Reactor
Protection
Train "A"
Logic
Reactor
Protection
Train "B"
logic

DCPnl. A 480V Bus 2B (4160V Bus 1)

DC Pnl. B 480V Bus 3 (4160V Bus 3)

4 KV Bus |
4 KV Bus 2
4 KV Bus 4
DC Panel A

DC Panel B

Support Systems

Component Cooling Water

CCW Pump A

CCW Pump B

CCW Pump C

Header Supply
Valves to RCPs

CC-716A

CC-716B

CCW Return
Valve from
RCP Lube Oil
Coolers,
CC-730

CCW Return
Valve from
RCP Thermal
Barrier
Cooling Coils,
FCV-626

480V Bus DS (4160V Bus 3)

DC Pnl. A, CKT. 1 480V Bus E] (4160V Bus 2)

DC Pnl. B, CKT. ] 480V Bus E2 (4160V Bus 3)

120V from 480V MCC-5 480V MCC-5 (4160V Bus 2)

120V from 480V MCC-6 480V MCC-6 (4160V Bus 3)

120V from 480V MCC-6 480V MCC-6 (4160V Bus 3)

120V from 480V MCC-6 480V MCC-6 (4160V Bus 3)
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Reactor trips on loss of
supply power to both motor
generator sets.

Reactor trips on loss of
supply power to both motor
generator sets.

RT on trip of 2/3 relays.
RT on trip of 2/3 relays.
RT on trip of 2/3 relays.
RT on de-energizing of
undervoltage trip coils

which occurs on loss of
power to Logic Rack.

RT on de-energizing of
undervoltage trip coils
which occurs on loss of
power to Logic Rack.

Pump fails off on loss of
supply power.

Pump fails as is (normally
off) on loss of control
power. Pump fails on loss
of supply power.

Pump fails as is (normally
off) on loss of control
power. Pump fails on loss
of supply power.

Fails as is on loss of
supply power (open).
Fails as is on loss of
supply power (open).
Fails as is on loss of
supply power (open).

Fails as is on loss of

" supply power (open).



Table A.5S (Continued)

Component

Control Power Source

Supply Power Source

Failure Mode

12. Service Water System

SW Pump A

SW Pump B

SW Pump C

SW Pump D

SW Disch.
Cross-Tie
Valves

Vé6-12B

V6-12C

SW Train
Isolation
Valves

V6-16A

Vé6.16B

SW Suction
Control Valve

to AFW Turbine
Driven Pump

TCV-1902

SW Suction
Control Valves
from AFW Motor
Pump Lube Oil
Coolers

TCV-1903A

TCV-1903B

DC Pnl. A, CKT. 1

DC Pnl. A, CKT. 1

DC Pnl. B, CKT. 2

DC Pnl. B, CKT. 2

120V from 480V MCC-5

120 V from 480 V MCC-6

208 V MCC-9

208 V MCC-10

120 V PP-21, CKT 15
(4160 V Bus 3)

120 V PP-21, CKT. 15
(4160 V Bus 3)

120 vV PP-21, CKT. 15
(4160 V Bus 3)

Support Systems (Cont’d)

480V Bus El (4160V Bus 2)

480V Bus E1 (4160V Bus 2)

480V Bus E2 (4160V Bus 3)

480V Bus E2 (4160V Bus 3)

480V MCC-5 (4160V Bus 2)

480 V MCC-6 (4160 V Bus 3)

208 MCC-9 (4160 V Bus 3)

208 MCC-10 (4160 V Bus 3)
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Pump fails as is on loss
of control power. Pump
fails off on loss of
supply power.

Pump fails as is on loss
of control power. Pump
fails off on loss of
supply power.

Pump fails as is on loss

of control power. Pump
fails off on loss of

supply power.

Pump fails as is on loss
of control power. Pump
fails off on loss of
supply power.

Fails as is on loss of
supply power (open).
Fails as is on loss of
supply power (open).

Fails as is on loss of
supply power (open).
Fails as is on loss of
supply power (open).

Fails open on loss of
control power.

Fails open on loss of
control power.

Fails open on loss of
control power.



Table A.5 (Continued)

Component Control Power Source Supply Power Source Failure Mode

Support Systems (Cont’d)
13. Instrument Air System

Primary Air 480 V Bus 2A (4160 V Bus 1) Compressor fails on loss
Compressor of supply power.
Instrument
Air
Compressors

A 480 V MCC-5 (4160 V Bus 2) Compressor fails on loss

of supply power.
B 480 V MCC-6 (4160 V Bus 3) Compressor fails on loss

of supply power.

14. Electric Power System

Diesel DC PNL. A D/G A fails to close onto
Generator A 480 V bus EIL.

Circuit Breaker

(52/17B)

Diesel DCPNL. B D/G B fails to close onto
Generator B 480 V bus E2.

Circuit Breaker

(52/27B)

*Alternate supply was assumed in the study.

A.4.3.4. Steam Dump System

Three STM PORVs and five steam dump valves (SDVs) are provided to relieve steam
from the main steam lines to the atmosphere and condenser when required. These valves
are pneumatically operated and designed to fail closed upon loss of pneumatic pressure.

The STM PORVs and SDVs open by energizing solenoid valves to open (powered by
125V dc auxiliary panels DC and GC), which results in pressurization of the STM
PORYVs with air and the SDVs with nitrogen. Additionally, the SDVs require the nitrogen
supply to be armed (supply valves open), which requires that an arming signal exist.

The SDVs normally operate under the T, steam dump control system but can be
operated under the steam dump pressure control system for plant cooldown. This analysis
assumes the T,y control configuration. Control of the STM PORYVs, which is normally
from independent pressure controllers, switches to the T, steam dump control when a
sudden loss of load occurs. Loss of power to PM-447, the loss-of-load signal generator,
precludes control of the STM PORVs by the T, control system. The loss-of-load signal
from PM-447 also provides the arming signal to the SDVs. When T, falls below a cer-
tain set point, the arming signal is removed. The signals required for automatic opening of
the SDVs and STM PORVs under T, control (high T,y and sudden of loss-of-load sig-
nals) require 120V ac power from instrument buses 1 and 4.

A.4.3.5. Main Steam Isolation Valves

Each of the three main steam lines has an air-operated swing disk MSIV. The MSIVs
(VI-3A, B, and C) are designed to isolate the containment and limit the release of steam
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from the SGs following main steam-line break accidents. The MSIVs are located in the
steam lines downstream of the main steam safety relief valves (SRVs) and the STM
PORYVs and outside the containment.

Each MSIV has two three-way solenoids series, which when energized supply instrument
air pressure to the MSIV bottom chamber and hold the MSIV open. These two solenoids
are supplied 125V dc power from auxiliary dc panels DC and GC, respectively. Loss of
power supply to either solenoid or loss of instrument air to the bottom chamber will cause
the valve to close with spring assist. The MSIVs also close on any of the following signals:
high steam flow coincident with either low steam-line pressure or low T,y high-high con-
tainment pressure; or manual actuation.

Each steam line has a motor-operated bypass valve to equalize upstream and downstream
pressures to permit MSIV reopening after closure. All three bypass valves are normally
closed and fail as is on loss of their power supply (120/208V ac MCC-8). The bypass
valves must be manually actuated.

A.4.3.5. Main Feedwater Pumps

Safety injection or high SG level signals will trip the MFW pumps. Switchgear for FW
pumps A and B is powered from 125V dc buses A and B, respectively. Failure of the
125V dc power supply will prevent tripping of operating pumps. The pumps will trip
from undervoltage on their respective motive power supply (4KV buses 1 and 4). In the
long term, the pumps will fail if service water cooling to the pump lube oil coolers is lost.

A.4.3.7. Main Feedwater Control Valves

The MFW flow rate to each SG is controlled by a pneumatically operated control valve in
response to FW demand signals. Flow to SG 1, 2, and 3 is controlled by control valves
FCV-478, 488, and 498, respectively. The FW demand signal for each control valve is
developed based on SG steam flow, FW flow rate and SG water level. The normal
demand signals are overridden by low T, coincident with reactor trip, high SG water
level, or SI signals, which close all control valves.

The FW control valves are designed to close on loss of instrument air or control power.
The instrument air supply to the control valves from the positioners is isolated by solenoid
valves upon loss of power to the solenoids or loss of power to the FW loop control instru-
mentation. The control instrumentation which positions the FW valves is powered through
120V ac instrument buses 1, 2, and 3 for valves FCV-478, 488, and 498, respectively.

Each control valve has two solenoid valves, in series, which supply air to the valve. These
solenoids are powered from auxiliary dc panels DC and GC, respectively. Loss of power to
either solenoid results in the control valve closing.

A.4.3.8. Main Feedwater Isolation Valves

Main feedwater isolation valves (MFIVs) V2-6A, B, and C are designed to close and iso-
late FW pump discharge flow to the SGs. The MFIVs automatically close on a SI signal
or may be manually closed by the operator.
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The valve motors for V2-6A, B and C and associated switchgear are powered from
120/208V ac MCC-10, 9, and 9, respectively. During normal operation the MFIVs are
open. Failure of the associated MCC will result in the valves remaining open.

A.4.3.9. Main Feedwater Bypass Valves

Feedwater bypass valves FCV-479, 489, 499 are designed to regulate the FW flow to SGs
1, 2, and 3, respectively, at low power conditions. During power operation the bypass
valves are normally closed. At low power conditions, the operator normally will manually
position the bypass valves to regulate SG level. The opening of the bypass valves is
prevented in the presence of either SI or high SG level signal. As a part of the reactor
trip runback sequence, this valve is manually opened to supply necessary feedwater to
maintain SG level. The bypass valves can allow a maximum flow rate of about 15% of
nominal FW flow.

Each bypass valve has two solenoid valves, in series, which supply opening air to the valve.
These solenoids are powered from auxiliary dc panels DC and GC, respectively. Loss of
power or instrument air to either solenoid results in the bypass valve remaining closed or
closing.

A.4.3.10. Auxiliary Feedwater System

The AFW system is designed to provide FW to the SGs if the MFW system is incapable
of maintaining a minimum SG level.

The AFW system consists of two motor-driven pumps, A and B, and one steam-turbine-
driven pump. The motor-operated isolation valves on the pump discharge lines to the SG
open when their respective pumps are actuated. These valves can be manually closed from
the control room to isolate flow to any of the SGs. A low-level signal in any two SGs or a
direct signal of loss of power to the MFW pumps will automatically start the steam-driven
AFW pump by opening steam admission valves and the AFW discharge valves to individ-
ual SGs. The signals for starting the motor-driven AFW pumps and opening the associ-
ated discharge valves are both FW pump breakers open, low level in any SG, or a safe-
guards actuation signal.

Control of AFW flow is based on a constant, predetermined flow rate to each SG and may
be manually controlled via the discharge valves to the individual SGs.

On loss of power, the motor-operated isolation valves and turbine pump steam supply
valves will fail as is, which is normally in the closed position. The turbine pump speed
controller requires instrument air and will fail at full speed on loss of instrument air.

All three AFW pumps require service water to cool their motor bearings. Loss of service
water can cause these pumps to fail in the long term.
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A.4.3.11. Chemical and Volume Control System

The chemical and volume control system (CVCS) is designed to remove, purify and
replace reactor coolant at a controlled flow rate to maintain pressurizer level during reac-
tor operation. The system provides chemicals to the RCS to control reactor coolant chem-
istry and seal water to the RCP seals. Letdown flow is controlled by the letdown orifices
and isolation valves, CYVC-200 A, B, and C.

Reactor coolant is delivered to the RCS by one or more of the positive displacement charg-
ing pumps. When in automatic control, the pressurizer level controller will automatically
vary the speed of the operating charging pumps to control pressurizer level. One pump is
normally in use, with the second and third pumps on standby with manual start and
optional automatic control.

The CVCS requires instrument air and control power for valve positioning and motive
power for charging pumps and motor-operated valves to function. Loss of instrument air
results in closure of the letdown stop valves, resulting in letdown isolation. Loss of air to
the charging pump speed controllers results in full-speed pump operation.

Loss of power to the pressurizer level controller from 120V ac instrument bus 4 results in
letdown isolation and runback of the charging pump speed to a preset minimum speed
designed to ensure that sufficient seal water and minimum charging flow requirements are
met. Flow can be restored by operating the pumps in the manual rather than the auto-
matic mode.

In addition to electric power, the charging pumps require cooling water from the CCW
system for their lube oil coolers. Loss of CCW can lead to eventual pump failure in the
long term.

' A.4.3.12. Safeguards Actuation System

The safeguards actuation system consists of two trains, A and B. Safeguards trains A and
B can be actuated by low pressurizer pressure, high containment pressure, high steam-line
differential pressure, or high steam flow coincident with either low steam-line differential
pressure or with low T,,,. The actuation of both trains causes the two low-pressure
injection (RHR) pumps and the three high-pressure injection (SI) pumps to start. In
addition, the SI discharge valves open, the reactor trips, the MFW isolates, all SW pumps
and CCW pumps are started, and AFW is initiated.

Safeguards trains A and B are powered from 125V dc buses A and B, respectively. If
power is lost on dc bus B, train A safeguards system components can still actuate on
demand, but train B components cannot (and vice versa).

The three strings of pressurizer pressure instrumentation that are each powered from sepa-
rate instrument buses produce a low signal on loss of their power supply. Loss of power to
any two of these generates the low-pressure signal, which initiates SI. Other instrumenta-
tion signals that initiate SI will not do so on loss of their power supplies since these others
require a high signal to initiate SI and the power loss results in low signals.
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A.4.3.13. Safety Injection System

The SI system is designed to supply borated water to the reactor core in the event of a
loss-of-coolant accident (LOCA). The SI system discussed here is the high-pressure injec-
tion portion of the system. The system consists of three SI pumps and associated injection
valves, as well as three pressurized accumulators that can passively deliver borated water
to the RCS at lower RCS pressure. The three SI pumps take suction from the refueling
water storage tank (RWST) and feed a common header which supplies the three cold legs
through the boron injection tank (BIT) and also feeds two RCS hot legs. Hot leg injection
is manually actuated, while cold leg injection is actuated on an SI signal.

The SI electric power supply is divided into two trains, A and B, each providing 480 and
120V ac power. Train A (480V ac bus El and 480V ac MCC-5) powers SI pump A,
cold leg injection valve SI-870A, and the RCS loop 2 hot leg injection valve. Train B
(480V ac bus E2 and 480V ac MCC-6) powers SI pumps B and C, cold leg injection
valve SI-870B, and the RCS loop 3 hot leg injection valve. The SI pump circuit breakers
require power from 125V dc bus A for train A pumps and 125V dc bus B for train B
pumps.

The cold leg injection valves are arranged in parallel, so that either valve can deliver SI
flow to the three cold legs. The hot and cold leg injection valves are motor operated and
normally closed. These will fail as is upon loss of power.

In addition to electric power, the pumps require cooling water from the CCW and SW sys-
tems. Cooling water for the pumps’ bearing and seal coolers is provided from the SW and
CCW systems, respectively. Loss of cooling water can lead to eventual pump failure.

A.4.3.14. Residual Heat Removal System

The RHR system provides low-pressure injection (LPI), which is actuated on an SI signal,
and decay heat removal during shutdown. The system utilizes two pumps which take suc-
tion from the RWST during LPI. Flow from these pumps is controlled by two air-
operated control valves and passes through two motor-operated isolation valves before dis-
charging into the RCS cold legs.

The system power supply is divided into two trains, A and B, each providing 480 and
120V ac power. RHR pump A and isolation valve RHR-744A are supplied train A
power from 480V ac bus E1 and 480V ac MCC-5, respectively. RHR pump B and iso-
lation valve RHR-744B are supplied train B power from bus E2 and MCC-6, respectively.
The RHR pump circuit breakers require power from the associated 125V dc bus A for
pump A and 125V dc bus B for pump B.

The RHR motor-operated isolation valves are normally closed and will fail as is on loss of
power. The air-operated control valves are normally open and will fail closed on loss of
air. There is a locked-open bypass valve around one of the control valves that ensures flow
to the isolation valves. The isolation valves automatically open on an SI signal.

In addition to electric power, the RHR pumps require CCW for the pump seal water heat
exchangers. Loss of cooling water can lead to eventual pump failure in the long term.
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A.4.3.15. Reactor Protection System

The reactor protection system consists essentially of control/logic cabinets which cause the
control rods to drop into the core on the detection of a variety of unfavorable plant states.
Reactor trip (rod drop) will occur on: loss of power to both motor generator sets powered
from the 480V buses 2B and 3; or loss of 125V dc power from buses A or B to either
reactor protection train or to the reactor trip circuit breakers. Reactor trip will also occur
upon under-voltage detection on two-thirds of the 4KV buses 1, 2 or 4. Failure of any one
of the 120V ac instrument buses, which power the separate reactor trip channels
transmitting process signals, will not directly cause a reactor trip due to the two-out-of-
three logic arrangement that prevails in the reactor protection system.

A.5. Impact of Support System Failures

In this section the effects of postulated support system failures on aspects of the plant state
potentially important to PTS sequences are assessed. The impact of each support system
failure postulated is described in Section 6.1 and the potential impact of the plant
responses on PTS sequences is assessed. Section 6.2 summarizes the support system
failures that are considered of potential concern to PTS sequences.

A.5.1. Impact of Postulated Failures

In this section the change in plant systems and components in response to postulated sup-
port system failures is described. Thirty-six support system failures were postulated,
including 33 cases involving failure of electrical buses (loss of voltage on the bus), failure
of the instrument air system (loss of instrument air pressure), and failure of the CCW and
SW systems (loss of system flow).

Many of the failures postulated are low-probability events. In addition, the operator may
be able to take remedial action or manual control to restore operability in many cases.

The initial conditions assumed for the analysis are that the plant is in a normal automatic
control mode and the on-site electrical system is configured as shown in Figure A.l.
Immediate effects due to support system failures have been noted. In addition, certain
failures leading to long-term effects, such as the potential loss of RCP seals due to the
unavailability of seal water, have been noted.

A.5.1.1. Electrical Bus Failures

Electric bus failures can occur for a variety of reasons, including isolation or failure of
feeder buses, equipment faults not cleared by local breakers, or faults that could occur dur-
ing maintenance. For purposes of this analysis, single unspecified failures were postulated
at various points in the power distribution circuitry. A bus failure was assumed to de-
energize the directly affected bus and buses fed from the failed bus. The batteries supply-
ing dc buses A and B were considered to be fully charged and the diesel generators were
assumed to be unavailable.
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The impact of single bus failures was assessed first. The buses considered included the
4KV buses, the 480V buses, the 480V and 120V /208V MCCs, the 125V dc buses, and dc
auxiliary panels DC and GC. In addition, certain double bus failures were postulated.
Those considered two failed 4KV buses at a time and failure of both dc buses A and B.
Lastly, the existence of maintenance ties was considered by postulating failure of the vital
instrument buses tied to MCC-8 on 4KV bus 3. The 125V dc buses have multiple power
supplies and have no maintenance ties.

The response of the systems and components to the postulated electric power failures are
summarized in Table A.6. The table also includes an assessment of whether or not the
plant response is of potential concern to PTS sequences and warrants further consideration.
The assessment is based on eliminating those sequences that were clearly not of PTS
concern.

Loss of any one of the 4KV buses 1, 2 (and associated bus El diesel) or 4 would be
expected to have little or no impact from a PTS standpoint, although a reactor and turbine
trip would be expected due to loss of RCPs. However, loss of 4KV bus 3 would result in
the following simultaneous effects: turbine trip, subsequent reactor trip, letdown isolation,
one PZR PORY failed closed, all SDVs failed closed, charging flow (assumed in the auto
mode) runback to a minimum level, and only one SI pump available. The pressurizer
relief block valves would not be operable if required to close. Loss of 4KV bus 2 would
result in isolation of one MFW loop and failure of all five SDVs in the closed position.

Loss of power to the 125V dc buses results in multiple effects. Loss of dc bus A pro-
duces a reactor trip signal, which initiates a turbine trip and transfer of the 4KV buses
from the UAT to the SUT; however, the transfer cannot be completed without power from
dc bus A and, thus, power is also lost on 4KV buses 1 and 2. This sequence does not
occur on the loss of dc bus B; or on the simultaneous loss of both dc buses. When power is
lost on both dc buses, the 4KV buses are backfed from the 230KV switchyard. With the
loss of dc bus A and the consequential loss of 4KV buses 1 and 2, AFW and SI are ini-
tiated and the secondary side is isolated. With loss of power on dc bus B, the pressurizer
heaters are failed on with both pressurizer relief valves failed closed, and the turbine trips,
initiating transfer of 4KV bus 1 to the SUT. This induces a momentary power loss on
instrument bus 1, which, coupled with the loss of instrument bus 3 from dc bus B, results
in SI actuation on a two-out-of-three low pressurizer pressure channel logic. (See Table
A.6 for other components impacted by single 125V dc bus failures.)

With loss of power on both 125V dc buses A and B, a reactor trip is initiated, but at
least three-out-of-four turbine trip systems are failed due to loss of power to the trip
solenoids. The fourth trip system (TROTS) will also fail if dc buses A and B power its
trip solenoids as well.* Also, AFW, SI, and low-pressure safety injection (RHR) are
failed on loss of dc buses A and B, and all RCPs and pressurizer heaters are failed on and
cannot be tripped.

All ‘éombinations of double 4KV bus failures were postulated and analyzed (that is, all
double failure combinations of the four buses). The postulated failure of 4KV buses 2 and

*The power supply configuration for the TROTS solenoids has not been determined at this time.

400



Table A.6. Impact of electric power failures on systems

and components important to PTS sequences

Postulated Failures

System /Component
Response

Response of
Potential Concern
to PTS Sequences

Loss of 4KV Bus 1

Loss of 4KV Bus 2

Loss of 4KV Bus 3
(and associated
480V diesel
generator)

Loss of 4KV Bus 4

Loss of 125V dc
Panel A (which
through logic, also
results in loss

of 4KV Buses 1
and 2)

Single Bus Failures

* FW Pump A off
+ RCP A off (reactor trip
due to resulting transient)

* FW Loop 1 isolation

¢ STM dump valves fail closed

» RCP C off (reactor trip due
to resulting transient)

* Loss of all but one SI pump

« PORY RC-455C stays closed
+ PORY block valves fail
open
¢ STM dump valves fail closed
¢ STM PORYVs fail closed if
load reject signal PM-447
exists
e Turbine trip (and reactor trip by
logic)
¢ Letdown isolation
¢ Minimum auto charging pump flow
(manual recovery may be required)
» Loss of all SI pumps except A
¢ Loss of two of three
charging pumps

¢ FW Pump B off
» RCP B off (reactor trip due
to resulting transient)

All PZR heaters off

PZR aux-spray valve fails closed

Reactor trip

Turbine trip (from 2/3 TROTS

channels)

* SI Train B actuated (from 2/3
PZR low pressure)

*+ RCP A and C off

» MSIVs close (given spring
assist operates)

* AFW actuates

e PORY RC-456 stays closed

¢ All STM dump valves and STM
PORVs fail close

* FW isolation

* Letdown isolation
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Table A.6 (Continued)

Postulated Failures

System/Component
Response

Response of
Potential Concern
to PTS Sequences

6. Loss off 125V dc
Panel

7. Loss of 125V d¢
Aux. Panel DC

8. Loss of 125V dc
Aux. Panel GC

Single Bus Failures (Cont’d)

Instrument air capacity marginal
(compressor B only)

Charging line to Loop 2 cold leg
failed open, but no change in
charging flow

Reactor trip (and TT by logic)
SI Train B actuated (from 2/3
PZR low pressure)

2 STM dump valves fail closed
(A-2 and B-3)

FW isolation

Letdown isolation

Both pressurizer POR Vs fail
closed

PZR control heaters on

AFW actuates with only MAFW
pump A available

MSIVs close (given spring
assist operates)

PZR aux-spray valve fails
closed

PORY RC-456 fails closed
STM PORYVs fail closed

3 STM dump valves fail closed
(A-1, B-1, B-2)

MSIVs close (given spring
assist operates)

FW isolation (control and
bypass valves closed)
Letdown isolated

Charging line to Loop 2 cold
leg failed open, but no change
in charging flow

PORY RC-455C fails closed
2 STM dump valves closed
(A-2, B-3)

MSIVs close (given spring
assist operates)

FW isolation

Letdown isolated

Charging line to Loop 1 cold
leg failed open, but no change
in charging flow
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Table A.6 (Continued)

Pdstulated Failures

System/Component
Response

Response of
Potential Concern
to PTS Sequences

10.

11.

12,

13.

14.

15.

16.

17.
18.

19.

20.

Loss of 480V Bus 1
Loss of 480V Bus 2A

Loss of 480V Bus 2B

Loss of 480V Bus 3

Loss of 480V Bus El

Loss of 480V Bus E2

Loss of 480V Bus DS

Loss of 480V MCC-2

Loss of 480V MCC-3
Loss of 480V MCC-4

Loss of 480V MCC-5

Loss of 480V MCC-6

Single Bus Failures (Cont’d)

None

Primary air compressor fail
Delayed turbine trip (due to
eventual EH system
depressurization)

None

Delayed turbine trip (eventual
EH system depressurization)
Turbine trip (RT by logic)

STM dump valves fail closed
Loop 1 FW isolated

PORYV RC-455C fails closed

STM dump valves fail closed

STM PORYVs fail closed if load
reject signal PM-447 exists
Minimum auto charging pump flow
(manual recovery may be required)
Letdown Isolated

2/3 SI pumps off (B and C)

One charging pump and one CCW
pump failed

Delayed TT (due to eventual EH
system depressurization)

None

Turbine trip (RT by logic)
Delayed TT (due to eventual EH
system depressurization)

MSIV bypass valves fail closed

Loop 1 FW isolated
STM dump valves fail closed

PORYV RC-455C fails closed

STM dump valves fail closed

STM PORYVs fail closed if load

reject signal PM-447 exists

Minimum auto charging flow (manual
recovery may be required)
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Table A.6 (Continued)

Postulated Failures

Response of
System/Component Potential Concern
Response to PTS Sequences

21.

22.
23.

Loss of 480V MCC-8

Loss of 480V MCC-9
Loss of 480V MCC-10

Loss of 4KV

Buses 2 and 3 (and
associated 480V
diesel generators)

Loss of 4KV
Buses 1 and 2
(and associated
480V diesel
generator)

Single Bus Failures (Cont’d)

Turbine trip (RT by logic) No
Delayed TT (due to eventual EH

system depressurization)

MSIV bypass valves fail closed

None No
None No
Multiple Bus Failures

Turbine trip (RT by logic) Yes

PORY RC-455C fails closed
PORY block valves failed open
RCP C off
STM dump valves fail closed
FW Loop 1 isolation
Charging pumps off
Letdown isolated (loss of PZR
level control)
HPI not operable
AFW not operable
RHR not operable
Component cooling pumps lost*
Service water pumps off*
(resulting in loss of instrument air)
MSIYV closure (given
spring assist operates)
Primary and secondary
PORY closure
FW isolation

RCPs A and C off (reactor Yes
trip due to resulting transient)

PZR heaters off

Delayed TT and immediate TT by

logic

Reactor trip

STM dump valves fail closed

Only instrument air compressor B

is left

FW Loop 1 isolated

- Charging flow can’t be throttled

by valve (level control on pump
speed is operable)
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Table A.6 (Continued)

Postulated Failures

System/Component
Response

Response of
Potential Concern
to PTS Sequences

3.

Loss of 4KV
Buses 1 and 4

Loss of 4KV
Buses 1 and 3
(and associated
480V diesel
generators)

Loss of 4KV
Buses 2 and 4
(and associated
480V diesel
generator)

Loss of 4KV
Buses 3 and 4
(and associated
480V diesel
generators)

Multiple Bus Failures (Cont’d)

Reactor trip

Turbine trip (by logic)
RCPs A and B off

FW isolation

AFW actuated by logic
(turbine pump only)

PORY RC-455C stays closed
PORY block valves failed open
Delayed TT (eventual EH system
depressurization)

RCP A is off

Reactor trip

Instrument air compressor A

left only

Minimum auto charging pump flow
(manual recovery may be required)
Letdown isolation

STM dump valves fail closed

STM PORYVs fail closed if load
reject signal PM-447 exists

SI available with Pump A only

Reactor trip

Turbine trip (by logic)

RCPs B and C off

STM dump valves fail closed

FW isolated to Loop 1 via control
valve closure

PORYV RC-455C stays closed
PORY block valves failed open
Delayed TT (eventual EH system
depressurization)

Immediate turbine trip from
governor control cabinet

(RT by logic)

RCP B is off

Minimum auto charging pump flow
(manual recovery may be required)
Letdown isolation

STM dump valves fail closed

STM PORUVs fail closed if load
reject signal PM-447 exists

SI available with pump A only
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Table A.6 (Continued) -

Postulated Failures

Response of
System/Component Potential Concern
Response to PTS Sequences

7. dc Panels A and B

Loss of 4KV Bus 3**
with Instrument Bus 2
tied to 120/208V
MCC-8 (Instrument Bus
1 also incurs a temp-
orary voltage reduc-

tion due to the 4KV
transfer that is

initiated by TT)

Loss of 4KV Bus 3**
with Instrument Bus

3 tied to 120/208V,
MCC-8 (Instrument Bus
1 also incurs a tempor-
ary voltage reduction
due to the 4KV trans-
fer that is initiated

by TT)

Multiple Bus Failures (Cont’d)

Reactor trip Yes

PZR aux-spray valve

fails closed

Both primary PORVs closed

TT failure (if TROTS also fails
on loss of dc power)

STM dump valves and STM PORVs
fail closed

MSIVs closed (given spring

assist operates)

FW isolated

Letdown isolated

Charging flow continues to cold
legs 1 and 2 from Pump A only;
operator can shut off pump A

All RCPs on and cannot be tripped
All PZR heaters on and cannot

be tripped

SI not operable

AFW not operable

RHR not operable

Bus Failures with Maintenance Ties

Turbine trip (RT by logic)
PORYV RC-455C stays closed
PORY block valves fail open
STM dump valves fail closed
STM PORVs fail closed if load
reject signal PM-477 exists
FW Loop 2 isolates

Minimum auto charging flow (manual
recovery may be required)

SI actuated (one SI pump
available)

AFW actuated

Letdown isolated

Turbine trip (RT by logic)
PORYVs RC-455C and RC-456
stay closed

STM dump valves fail closed
STM POR Vs fail closed if load
reject signal PM-447 exists
FW loop 3 isolates

Minimum auto charging flow (manual
recovery may be required)

SI actuated (one SI pump
available)

AFW actuated

Letdown isolated
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Table A.6 (Continued)

Response of
System/Component Potential Concern
Postulated Failures Response to PTS Sequences
Bus Failures with Maintenance Ties (Cont’d)
3. Loss of 4KV Bus 3** ~ » Turbine trip (RT by logic) Yes
with Instrument Buses * PORVs RC-456 and RC-455C
2 and 3 tied to 120/208V, stay closed
MCC-8 (Instrument ¢ STM dump valves fail closed
Bus 1 also incurs a ¢ ‘STM PORVs fail closed if load
temporary voltage reject signal PM-447 exists
reduction due to the * FW loops 2 and 3 isolate
4KV transfer that is » Minimum auto charging flow (manual
initiated by TT) recovery may be required)
» SI actuated (one SI pump
available)

¢ AFW actuated
* Letdown isolated

*See Table A.7 for additional effects.

**Also assumes loss of associated 480V diesel generators.

3 (including loss of associated diesel generators on bus El and E2) had the greatest
impact. The other combinations involving failure of 4KV bus 3 (bus 3 and 1, and 3 and 4)
had lesser impacts. These combinations result in all SDVs failing closed and runback of
charging pump flow (although flow could be restored manually). With failure of 4KV
buses 2 and 3, all SI pumps and charging pumps would be inoperable, as would all AFW,
CCW and SW pumps. Loss of seal flow to the RCPs due to the charging pump failure
could potentially lead to RCP seal failure. And, in addition, although the lag time would
be greater, loss of SW could fail all instrument air compressors, which would eventually
cause FW isolation, MSIV closure, and primary- and secondary-side PORV closure.

Failure of 4KV buses 1 and 2, |1 and 4, and 2 and 4 are similar; except the 1 and 4 combi-
nation results in actuation of AFW, and the 1 and 2 combination results in the pressurizer
heaters failing off and all instrument air compressors except B failing. These failed bus
combinations would all result in a reactor trip, turbine trip, two RCPs off, and at least
partial FW isolation.

The postulated failure of 4KV bus 3 with maintenance ties to 120V instrument buses 2 or
3 through MCC-8 maintenance tie led to evaluation of three additional failure modes.
Failure of 4KV bus 3 will initiate a transfer of the 4KV buses to the SUT. The transfer
of 4KV bus 1 to the SUT will induce a momentary power loss on instrument bus 1. This
momentary loss, coupled with the loss of either instrument bus 2 or 3 will actuate SI on a
two-out-of-three low pressurizer pressure channel logic.

In addition to the conditions that failure of 4KV bus 3 would initiate, loss of instrument
bus 2 or instrument bus 3, in combination with the momentary loss of instrument bus 1,
will result in SI and AFW actuation, MFW isolation (due to SI), and PORV RC-456 una-
vailability (instrument bus 3 only).
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A.5.1.2. Instrument Air System Failures

Instrument air system failure (low pneumatic supply pressure) can be caused by a passive
failure of the instrument air headers or loss of motive or control power to the instrument
air compressors. Normal plant instrument air requirements can be satisfied by the pri-
mary air compressor or by either instrument air compressor (A or B). Thus, failure of one
or two of the compressors will not result in system failure. No single or double bus
failures will directly result in loss of all three compressors. Loss of SW to the compressors
would lead, ultimately, to failure of the three instrument air compressors, as well as the
station air compressor. A double bus failure of 4KV buses 2 and 3 will fail SW. The time
required for the compressors to fail following a loss of SW is unknown; however, the oper-
ator is expected to trip the compressors rather than allow them to run to failure. Follow-
ing loss of the compressors, the instrument air system is expected to depressurize over a
period of minutes, perhaps longer, depending on the air requirements during the particular
transient.

The effects of instrument air failure on the systems and components important to PTS are
provided in Table A.7. The primary- and secondary-side PORVs would fail closed, as
would the MSIVs, FW control and bypass valves (if open), letdown isolation valves, and
RHR supply valves to the RCS. This would isolate FW and letdown flow but would not
fail low-pressure injection since a locked-open bypass exists around one of the air-operated
RHR valves. The SDVs, which require nitrogen for actuation, are not impacted by loss of
instrument air, but fail closed on loss of nitrogen. Loss of air to the speed controllers on
the AFW turbine pump and the charging pumps would result in pump operation at full
speed. In addition, charging flow supply and control valves would fail open. Thus, charg-
ing pumps would have to be manually controlled (turned off and on) to control charging
flow.

A.5.1.3. Cooling Water System Failures

Failure of the CCW system and SW system can be caused by loss of power to the respec-
tive supply pumps or by mechanical pump failures. Supply valves in the systems are nor-
mally open. The air-operated valves normally fail open and the motor-operated valves fail
as is.

All three CCW pumps must be inoperable in order to fail CCW. Loss of motive power on
the 480V buses DS, El, and E2 or loss of motive power on the 480V bus DS and control
power on dc buses A and B would fail the CCW pumps. If diesel generators were unavail-
able, faults on 4KV buses 2 and 3 would also fail CCW.

Normally two of the four SW pumps are required for the SW system to be operable dur-
ing transient conditions. Loss of motive power on both 480V buses E1 and E2 would fail
the four SW pumps. Depending on which pumps were operating, loss of control power
from either dc Panel (A or B) could prevent standby pumps from being started, if
required. In addition, loss of SW to the CCW heat exchangers would result in a slow deg-
radation of the CCW system due to loss of heat removal.
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Table A.7. Impact of loss of instrument air, component cooling water, and
service water on systems and components important to PTS sequences

Response of

System/Component Potential Concern
Postulated Failures Response to PTS Sequences
Loss of Instrument Air ¢ Primary PORVs fail closed Yes

Loss of CCW

Loss of SW

STM PORVVs fail closed

MSI Vs fail closed (given

spring assist operates)

FW isolation (control and bypass
valves closed)

Auto throttling of charging

flow is failed (control valves
failed open and charging pump
speed control is lost)

Letdown isolated and charging
pump speed control is lost,
failing pump full speed

AFW turbine pump full speed, if
pump is operating (due to failure
of speed controller)

Charging pump failure (due to Yes
loss of lube oil cooling)

Potential RCP seal failure

(due to loss of RCP thermal

barrier coil cooling and seal

injection from charging pumps)

SI pump seal failure

RHR pump seal failure

Loss of FW pumps Yes
(FW isolation)
Loss of AFW (pumps)
SI (pump) failure
Loss of IA (primary and
instrument air compressors)
MSIYV close (given spring
assist operates)
POR Vs fail closed
STM PORYVs closed
Letdown isolated
Auto throttling of
charging flow failed
Loss of RHR
Slow loss of CCW (loss of
heat sink from HX’s)
Potential RCP bearing failure
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The effects of cooling water system failures on the systems and components important to
PTS are provided in Table A.7, along with the effects of instrument air failures. Loss of
CCW could lead to eventual seal degradation or failure of the charging pumps, the SI
pumps, and the RHR pumps. Loss of the charging pumps would fail seal water to the
RCPs, which could lead to RCP seal failure and a small-break LOCA. However, this
would be a very long-term sequence and operator recovery is expected to occur before seal
failure occurs. CCW also cools the RCP bearings and the thermal barrier cooling coil.

Loss of SW would result in loss of all three instrument air compressors and subsequent
unavailability of the instrument air system. AFW pumps, FW pumps, and SI pumps also
requirec SW. The system level effects of a SW system failure, including the subsequent
loss of instrument air, would include: FW and letdown isolation; inoperability of AFW,
SI, RHR, and charging flow auto control; and closure of the MSIVs and primary- and
secondary-side PORVs.

A.5.2. Support System Failures Considered To Be of Potential Concern to PTS Sequences

Plant responses from 12 of the 36 support system failures postulated were considered to be
of potential concern to PTS sequences. These included loss of instrument air, loss of
CCW, loss of SW, and nine cases involving electrical bus failures. The plant responses to
these support system failures are summarized in Table A.8.

A.5.2.1. Electric System Failures

Three postulated electric system failures would directly result in FW isolation with AFW
operable, and so could potentially initiate certain PTS sequences. Three additional failures
would initiate SI directly, which would then subsequently isolate MFW. These three also
do not impact AFW operability and could initiate certain PTS sequences involving poten-
tial AFW overfeed.

Two of the electrical system failures (loss of both dc buses A and B and loss of 4KV buses
2, 3, and their diesel generators) result in a reactor trip, AFW and SI inoperability, and
secondary-side isolation. The 4KV bus failure also results in loss of RCP seal water flow.
These may not be of direct PTS concern, since overcooling and pressurization do not occur
directly, but upon recovery from the bus failures, system responses may be PTS adverse.
Subsequent failures on recovery of the buses may also be adverse to PTS sequences but
have not been addressed in this study.

Loss of 4KV buses 1 and 2 and their diesel generator result in a reactor trip, with AFW
and HPI operable and with the STM PORVs and MSIVs operable. The expected fre-
quency of the failure is lower than that of an unspecified reactor trip, but the failure could
still initiate sequences adverse to PTS.

A.5.2.2. Loss of Instrument Air

The loss of instrument air results in secondary-side isolation but potential overfeed of
AFW and charging flow if operator recovery does not occur. The FW isolation forced by
the failure could initiate PTS sequences of concern.
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Table A.8. Selected postulated support system failures and responses considered to be of potential concern to PTS sequences

System/Component Response

Pressurizer
Postulated Reactor  Turbine RC and Primary STM Dump Steam Side Feedwater  Feedwater Safety? Charging  Letdown
Failure Trip Trip Pumps PORYVs Valves PORYVs MSIVs Isolation Runback AFW Injection Pump Flow Flow
Electrical System Failures
1. 125V dc Reactor  Turbine RCP A PZR heaters Closed Closed Closed Isolated N/A Actuates Train B Operable  Isolated
Panel A (and Trip Trip and C Off, aux-spray actuates
associated off valve closed,
4KV Buses RC-456 stays
1 and 2) closed
2. 125V dc Reactor  Turbine Operable PORYVs failed  A-2 Operable Closed Isolated N/A Actuates Train A Operable Isolated
Panel B Trip Trip closed, control  and B-3 (only 1 actuates
heaters on closed motor
driven pump
available)
3. 125V dc Aux Operable Operable  Operable RC-456 closed, A-1, B-1, Closed Closed Isolated N/A Operable Operable Operable Isolated
Panel "DC" aux-spray B-2,
valve closed closed
4. dc Buses Reactor Immediate Cannot PORYVs closed, Closed Closed Closed Isolated N/A Not HPI1 and Operabie Operable
Aand B Trip turbine be tripped aux spray operable LP1 not
trip off valve closed, operable
fails PZR heaters
failed on
5. 4KV Buses Reactor  Turbine RCP C RC-455C Closed Eventual” Eventual’ Loop | Operable  Not HPI and No flow, Isolated
2 and 3 (and Trip Trip off, closed, block closure closure isolated, Operable LPI not pumps
associated Potential valves failed and even- operable failed
D/G’s) seal open, and tual iso-
failure RC-456 lation of
eventually other FW
closed? loopsd
6. 4KV Buses Reactor  Turbine RCP A and PZR heaters Closed Operable Operable Loop 1 Operable  Operable Operable Operable, Operable
1 and 2 (and Trip Trip C off off Isolated : but
associated discharge
D/G’s) throttle
valve fails
open
7. 4KV Bus 3 Reactor Turbine  Operable RC-455C Closed Closed® Operable Loop 2 Operable  Actuated Actuated Low flow*  Isolated
with main- Trip Trip closed, block isolated (only 1 SI
tenance tie valves failed pump avail-
to instr. open able)
bus 2
8. 4KV Bus 3 Reactor Turbine  Operable PORYVs closed  Closed Closed® Operable Loop 3 Operable  Actuated Actuated Low flow" lsolated
with main- Trip Trip isolated (only 1 SI
tenance tie pump avail-
to instr. able)

bus 3
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Table A.8 (Continued)

System /Component Response

Pressurizer
Postulated Reactor  Turbine RC and Primary STM Dump  Steam Side Feedwater  Feedwater Safety” Charging  Letdown
Failure Trip Trip Pumps PORYVs Valves PORYVs MSIVs Isolation Runback AFW Injection Pump Flow Flow
Electrical System Failures (Cont’d)
9. 4KV Bus 3 Reactor  Turbine Operable PORVsclosed  Closed Closed” Operable  Loop 2 Operable  Actuated Actuated Low flow’  Isolated
with main- Trip Trip and 3 (only 1 SI
tenance tie isolated pump avail-
to instr. able)
bus 2 and 3
Instrument Air Failures
10. Loss of Operable Operable  Operable PORVs closed  Operable Closed Closed Isolated N/A Overfeed RHR Overfeed Isolated
Instr. Air if turbine inoperable (loss of
pump is speed con-
actuated trol and
throttle
valve open)
Component Cooling Water System Failures
11. Loss of Operable Operable  Potential Operable Operable Operable Operable Operable Operable  Operable RHR and SI Pump seal Operable
CCwW RCP seal pump seal failure
failure failure
Service Water System Failures
12. Loss of Operable Operable  Potential PORVs closed?  Operable Eventual’ Eventual’ Isolated * N /A Inoper- SI pumps Overfeed”  Isolated?
SwWS RCP closure closure able inoperable.  (loss of
bearing RHR speed con-
failure operable trol and
throttle
valve open)

2 Accumulator injection remains operable under all failures postulated.
bSteam-side PORVs only failed closed if load reject signal from PM-447 exists.
“Manual recovery may be required.

9Failure results in loss of SWS, which can fail the instrument air COmpressors.



A.5.2.3. Loss of Component Cooling Water

The loss of CCW could initiate an RCP seal failure LOCA and subsequent PTS sequences
of concern due to loss of seal flow to the charging pumps. However, many recovery
actions are available to prevent the RCP seal failure, including alternating use of the three
charging pumps and tripping of the RCPs.

A.5.2.4. Loss of Service Water

The loss of the SW could fail the instrument air compressors or force them to be tripped.
The failure could then initiate some PTS sequences similar to those initiated by loss of
instrument air. FW isolation would also be forced by a SW failure, due to pump cooling
requirements, and AFW would be similarly failed due to AFW pump cooling require-
ments.

A.6. Summary of Results

The HBR-2 systems and components identified in the PTS event trees have been analyzed
to determine the effects of postulated failures of the electric power, instrument air, CCW,
and SW systems. Plant responses from 12 of the 36 support system failures postulated
were initially considered to warrant further study to assess their potential concern to PTS
sequences. The 12 failures included loss of instrument air, loss of CCW, loss of SW and
several electrical bus failures. Plant responses from all failures postulated can be found in
Tables A.6 and A.7 and the plant responses to the selected 12 failures are summarized in
Table A.8.

The only significant plant responses found that could be of concern from a PTS standpoint
were: AFW and charging flow overfeed on loss of instrument air; electric bus failures that
would result in isolation of MFW with AFW still operable (and thus subject to potential
overfeed); and reactor trip with AFW still operable. The AFW and charging flow
overfeed result from loss of pump speed control on the charging pumps and on the steam-
driven AFW pump. Charging pump control can be switched to the manual mode and
operated in a start-and-stop mode to gain flow control. Loss of SW can fail the instru-
ment air system compressors and over a longer term, similarly lead to the charging flow
overfeed. A double bus failure on 4KV buses 2 and 3 (including their diesel generators)
will fail all charging pumps and could lead to a potential RCP seal failure.

The SDVs, primary- and secondary-side PORVs, and MSIVs all assume closed positions
on support system failures. No MFW overfeed results from support system failures; in all
cases investigated FW isolates.

Some electric bus failures would actuate AFW and SI, but this would not impact PTS
sequences since AFW is typically demanded anyway in the sequences and the SI pumps
could not deliver flow to the reactor coolant system (RCS) unless RCS pressure were
reduced. These failures include the three bus failures that involve vital instrument buses
tied to 4KV bus 3 for maintenance, failure of dc bus A, and failure of dc bus B. However,
the coincident FW isolation with AFW still operable is a potential initiator in sequences
involving AFW overfeed.
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Loss of CCW results in loss of oil cooler in the charging pumps. This could lead to a RCP
seal failure over a long period of time due to eventual loss of the charging pump if no
remedial action is taken. However, many recovery actions are available to prevent the
RCP seal failure, including alternating use of the three charging pumps and tripping the
RCPs.

Electric bus failures involving the loss of the 480V ac bus E2 would result in charging
flow runback due to loss of signal from the pressurizer level controller. However, the
charging pumps are each equipped with a variable control stop which will not permit pump
flow lower than a minimum specified to ensure that RCP seal water and minimum charg-
ing flow requirements are met. It has been assumed in this analysis that this minimum
flow stop is set to ensure adequate seal flow.

Other electrical bus failures involving 4KV bus 3 fail the PZR PORV block valves open
while at least one of the PORVs is operable. Thus, the likelihood of small-break LOCA
isolation may be impacted for certain PTS sequences involving PORYV failures.

Loss of power or both dc buses A and B will fail circuit breakers on the pressurizer heaters
and the RCP pumps so that these components cannot be tripped off. Loss of both dc
buses would also cause failure of three-out-of-four turbine trip systems. If loss of dc power
also fails the solenoid trip valves associated with the fourth turbine trip system, the
TROTS,* the turbine can only be tripped manually or by mechanical overspeed actuation
of the auto-stop trip system. However, the dc power failure also results in the MSIVs
closing and other equipment responses that would preclude excessive heat removal from the
secondary side.

The support system failures postulated are typically low-probability events. The frequency
of each potentially significant support system failure and subsequent possible sequences is
developed in Chapter 3.

Addendum: Computerized Data Base Sorts for Postulated Electric Bus Failures

The data base for the selected components (see Section A.4.1 and Table A.2) requiring
electric power was computerized to facilitate the analysis of numerous postulated electric
bus failures.

The computerized data base includes components, power supplies, component failure modes,
and the normal component operating modes. The components were sorted by their power
supplies for each power supply failure combination postulated. The sorts included com-
ponents directly powered from the failed bus(es), components powered from buses fed by
the failed bus(es), and components that could be fed by diesel generators associated with
the failed bus(es).

*The power supply configuration for the TROTS solenoids has not been determined at this time.
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Examples of a few of the sorts done are provided below.

COMPONENT RESPONSE TO 4160V BUS 1 FAILURE

COMPONENT FAILURE MODE NORMAL POSITION

RCP A OFF ON

PZR CCNTROL HEATERS OFF ON

PZR BACKUP HEATERS B OFF AUTO

EH SYSTEM SLOW TT PMP A&B FAIL

EH OIL PUMP B SLOW TT ON PUMPS A&B

FW PUMP A OFF ON

PRIMARY AIR COMPRESSCR OFF ON

CNTRL ROD DRIVE MG SET A RT ON MG A&B FAILURE

RCP UNDERVOLTAGE TRP UV-1 RT ON 2/3 TRIP RELAY

COMPONENT RESPONSE TO 4160V BUS 2 FAILURE

COMPONENT FAILURE MODE NORMAL POSITION
RCP C OFF ON
PZR BACKUP HEATERS A OFF AUTO
C~-TROTS CHANNEL 1 TT ON 2/3 CHANNELS
STM DMP LOSS-LOAD PM-447 DMP VLVS FAIL CLOSED
MFIV V2-6A AS IS OPEN
FW VALVE CONTROL LOOP 1 CONTROL VALVE CLOSED CONTROL VALVE OPEN
CHARGING PUMP 8 OFF OFF
BORIC ACID VLV MOV-350 AS IS CLOSED
CHG LINE FCV HCV-121 OPEN THROTTLED
SI PUMP A OFF OFF
ACC DISLH VLV SI-865A AS IS OPEN
ACC DISLH VLV SI-865C AS IS OPEN
COLD LEG INJ SI-870A AS 1S CLOSED
BIT INLET SI-867A AS 1S CLOSED
RWST OUTLET SI-864A AS IS OPEN
TO HOT LEGS SI-866B AS IS CLOSED
TO HOT Lrus SI-869 AS IS OPEN
MOTOR AFW PUMP A OFF OFF
MAFW DISCH V2-168 AS IS CLOSED
SAFW DISCH V2-14A AS 1S CLOSED
SAFW DISCH V2-14C AS IS CLOSED
SAFW SUPPLY V1-8A AS 1S CLOSED
RHR PUMP A OFF OFF
RHR SUCTION SI-862A AS IS OPEN
COLD LEG IN RHR-744A AS IS CLOSED
COMP COOLING PUMP B OFF OFF
HEADER TO RCP CC-716A AS IS OPEN
SERV WATER PUMP A OFF ON
SERV WATER PUMP B OFF ON
SW DISCH VLV V6-128 AS 1S OPEN
SW ISO VLV V6-16B AS IS OPEN
INST AIR COMPRESSOR A OFF AUTO
PZR PRESSURE PC-455E LOW SIGNAL, 2/3 SI
S/G 1 LEVEL LC-474A LOW SIGNAL, 2/3 AFW
S/G 2 LEVEL LC-484A LOW SIGNAL, 2/3 AFW
S/G 3 LEVEL LC-494A LOW SIGNAL, 2/3 AFW
RCP UNDERVOLTAGE TRP UV-2 RT ON 2/3 TRIP RELAY

COMPONENT RESPONSE TO 4160V 8US 3 FAILURE

COMPONENT FAILURE MODE NORMAL POSITION
PZR PRES TRAN PT-444 PORV455C STAYS CLOSE
PORV SHUTOFF RC-535 AS IS OPEN
PORV SHUTOFF RC-536 AS IS OPEN
GOVERNOR CONTROL CABINENT TURBINE TRIP
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EH OIL PUMP A
STEAM DUMP CONTROL T-408

STEAM DUMP CONTROL T-408
STM DUMP PRESS CTL P-464
HIGH Tavg

V1-3A BYPASS

V1-3B BYPASS

V1-3C BYPASS

MFIV V2-6B

MFIV v2-6C

CHARGING PUMP A

CHARGING PUMP C

PZR LEVEL CONTROL LC-459F
CHG PMP SUC LCv-115C

SI PUMP B

SI PUMP C

ACC DISCH VLV SI-865B
COLD LEG INJ SI-870B

BIT INLET SI-867B

RWST QUTLET SI-864B

TO HOT LEGS SI-866A
MOTOR AFW PUMP B

MAFW DISCH V2-16A

MAFW DISCH V2-16C

SAFW DISCH V2-14B

SAFW SUPPLY V1-8B

SAFW SUPPLY V1-8C

RHR PUMP B

RHR SUCTION SI-862B

RHR DISCH FCV-605

COLD LEG IN RHR-744B
COMP COOLING PUMP A

COMP COOLING PUMP C
HEADER TO RCP CC-716B
RCP OIL COOLER CC-730
RCP COOLING COIL FCV=-626
SERY WATER PUMP C

SERV WATER PUMP D

SW DISCH VLV Vv6-12C
SDAFW PMP SW VLY TCV-1902
MAFW PMP SW VLV TCV-1903A
MAFW PMP SW VLV TCv-1903B
SW ISO VLV V6-16A

INST AIR COMPRESSOR B
CNTRL ROD DRIVE MG SET B

SLOW TT ON PUMPS A&B
DMP VLVS FAIL CLOSED
PORY FC IF LR EXISTS

NOT NORMAL CNTL MODE
DMP VLVS FAIL CLOSED

AS 1S CLOSED
AS IS CLOSED
AS IS CLOSED
AS IS OPEN
AS IS OPEN
OFF ON

OFF OFF
MINIMUM CH PMP SPEED AUTO-CONTROL
AS IS OPEN
OFF OFF
OFF OFF

AS IS OPEN
AS 1S CLOSED
AS 1S CLOSED
AS 1S OPEN
AS IS CLOSED
OFF OFF

AS 1S CLOSED
AS IS CLOSED
AS 1S CLOSED
AS IS CLOSED
AS IS CLOSED
OFF OFF

AS IS OFEN
CLOSED CLOSED
AS 1S CLOSED
OFF CN

OFF OFF

AS 1S OPEN
AS 1S OPEN
AS IS OPEN
OFF OFF
OFF OFF

AS IS OPEN
OPEN CLOSED
OPEN CLOSED
OPEN CLOSED
AS IS OPEN
OFF AUTO

RT ON MG A&B FAILURE

COMPONENT RESPONSE TO 4160V BUS 4 FAILURE

COMPONENT

RCP B
FW PUMP B
RCP UNDERYOLTAGE TRP UV-3

FAILURE MODE NORMAL POSITION

OFF ON
OFF ON
RT ON 2/3 TRIP RELAY

COMPONENT RESPONSE TO 125VDC BUS A & B FAILURE

COMPONENT

PZR PRES TRAN PT~445

PORYV RC-4%56

PCRY RC-455C

TURBINE AUTO TRIP 20-AST
TURB EMERGENCY TRIP 20-ET
GOV/INTCPT TRIP 20-1,20-2
TROTS LOGIC TRAIN A

TROTS LOGIC TRAIN B
C-TROTS CHANNEL 2

FAILURE MODE

PORV456 STAYS CLOSED
CLOSED

CLOSED

NO TURBINE AUTO TRIP
NO TURB EMERG TRIP
NO GOV/INTCPT TRIP
NO TROTS TT W/0 DC B
NO TROTS TT W/0 DC A
TT ON 2/3 CHANNELS

NORMAL POSITION

CLOSED
CLOSED
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C-TROTS CHANNEL 3 TT ON 2/3 CHANNELS

STEAM SIDE PORV RV1 CLOSED CLOSED
STEAM SIDE PORV RVZ CLOSED CLOSED
STEAM SIDE PORV RV3 CLOSED CLOSED
STM DUMP PRV 1324A-1 CLOSED CLOSED
STM DUMP PRV 1324B-1 CLOSED CLOSED
STM DUMP PRV 1324B-2 CLOSED CLOSED
STM DUMP PRV 1324A-2 ‘CLOSED CLOSED
STM DUMP PRV 1324B-3 CLOSED CLCSED
MSIV V1-3A ISO CLOSED OPEN
MSIV V1-3A ISO CLOSED OPEN
MSIV V1-3B ISO CLOSED OPEN
MSIV V1-3B ISO CLOSED OPEN
MSIV Vi-3C ISO CLOSED OPEN
MSIV V1-3C ISO LOSED OPEN
Fw CTRL VLV FCV-478 SOL-A CLOSED OPEN
FwW CTRL VLV FCV-478 SOL-8 CLOSED OPEN
Fw CTRL VLV FCV-488 SCL-A CLOSED OPEN
FwW CTRL VLV FCV-488 SOL-8 CLOSED OPEN
FW CTRL VLV FCV-498 SOL-A CLOSED OPEN
FW CTRL VLV FCV-498 SOL-8 CLOSED OPEN
FW BYP FCV-479 SOL-A CLOSED CLOSED
FW BYP FCV-479 SOL-8 CLOSED CLOSED
FW BYP FCV-489 SOL-A CLGSED CLOSED
Fw BYP FCV-489 SOL-B CLOSED CLOSED
FW BYP FCV-499 SOL-A CLOSED CLOSED
FW BYP FCV-499 SOL-B CLOSED CLOSED
FW VALVE CONTROL LOOP 2 CONTRCL VALVE CLOSED CONTROL VALVE OPEN
FW VALVE CONTROL LOOP 3 CONTROL VALVE CLOSED CCNTROL VALVE OPEN
C-FW PUMP A * ON-FWP TRIP FAILS ON
C-FW PUMP B ~ ON-FWP TRIP FAILS ON

CHG PMP SUC LCV-115B CLOSED CLOSED
CH ISO CVC-310A LOOP1 C L OPEN CLOSED
CH ISO CvC-3108B LOOPZ C L OPEN OPEN
AUX SPRAY CVC-311 CLOSED CLOSED
LETDOWN VLV LCV-460A CLOSED OPEN
LETDOWN VLV LCV-4608B CLOSED OPEN
LETDOWN ISO CVC-200A CLOSED CLOSED
LETDOWN ISO CVC-200B CLOSED CLOSED
LETDOWN ISO CVC-200C CLOSED OPEN
LETDOWN ISO CVC-204A CLOSED OPEN

*x
"C-" indicates circuit breaker or control for comnonents.

COMPONENT RESPONSE TO 125VDC BUS A & B FAILURE

COMPONENT FAILURE MODE NORMAL POSITION

LETDOWN ISO CVC-2048 CLOSED OPEN

ACC NITRGEN SUPPLY SI-855 CLOSED CLOSED
ACC DRN VLV SI-852A CLOSED CLOSED
ACC DRN VLV SI-8528 CLOSED CLOSED
ACC DRN VLV SI-852C CLOSED CLOSED
ACC VENT VLV SI-853A AS IS CLOSED
ACC VENT VLV SI-853B As IS CLOSED
ACC VENT VLV SI-853C AS IS CLOSED
STEAM AFW PUMP CNTRL OFF OFF

C-RCP A RCP TRIP FAIL RCP ON
C-RCP B RCP TRIP FAIL RCP ON
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C-RCP C RCP TRIP FAIL RCP ON

C-PZR CNTL HEATERS ON AUTO
C-PZR B-UP HEATERS A OFF AUTO
C~PZR B-UP HEATERS 8 OFF AUTO
C-CHARGING PUMP B AS IS OFF
C-CHARGING PUMP C AS IS OFF
C-SI PUMP A AS IS OFF
C-SI PUMP B AS IS OFF
C-SI PUMP C AS IS OFF
C-MAFW PUMP A AS IS OFF
C-MAFW PUMP B AS IS OFF
C-RHR PUMP A AS IS OFF
C-RKR PUMP B AS IS OFF
C-ComP CuOL PUMP B AS IS OFF
C~-COMP CuOL PUMP C AS IS OFF
C-SH PUMP A AS IS ON
C-SW PUMP B AS IS ON
C-SW PUMP C AS IS OFF
C-SW PUMP D AS IS OFF
PZR PRESSURE PC-4560 LOW SIGNAL, 2/3 SI

PZR PRESSURE PC-457D LOW SIGNAL, 2/3 SI

S/G 1 LEVEL LC-475A LOW SIGNAL, 2/3 AFW

S/G 1 LEVEL LC-476A LOW SIGNAL, 2/3 AFW

S/G 2 LEVEL LC-485A LOW SIGNAL, 2/3 AFW

S/G 2 LEVEL LC-486A LOW SIGNAL, 2/3 AFW

S/G 3 LEVEL LC-495A LOW SIGNAL., 2/3 AFW

S/G 3 LEVEL LC-496A LOW SIGNAL, 2/3 AFW
SAFEGUARDS TRAIN A LOGIC NO SI ON TRAIN A

SAFEGUARDS TRAIN B LOGIC NO SI ON TRAIN B

DIESEL GENERATOR A FAILS TO ENERGIZE El OFF
DIESEL GENERATOR B FAILS TO ENERGIZE E2 OFF
C-CTRL ROD DRIVE MG SET A RT ON MG AdB FAILURE

C-CTRL ROD DRIVE MG SET B RT ON MG A&B FAILURE

REACTOR PROTECT. TRAIN A REACTOR TRIP

REACTOR PROTECT. TRAIN B REACTOR TRIP

COMPONENT RESPONSE TO DC BUS "AM™ AND 4KV BUS 1 & 2 FAILURE

COMPONENT FAILURE MODE NORMAL POSITICN
RCP A OFF ON
RCP C OFF ON
PZR CONTROL HEATERS OFF ON
PZR BACKUP HEATERS A OFF AUTO
PZR BACKUP HEATERS B OFF AUTO
PORY RC-456 CLOSED CLOSED
TURBINE AUTO TRIP 20-AST NO TURBINE AUTO TRIP
EH SYSTEM SLOW TT PMP A&B FAIL
EH OIL PUMP B SLOW TT ON PUMPS A&B
TROTS LOGIC TRAIN A NO TROTS TT W/0 DC B
C-TROTS CHANNEL 1 TT ON 2/3 CHANNELS
C-TROTS CHANNEL 2 TT ON 2/3 CHANNELS
STEAM SIDE PORV RV1 CLOSED CLOSED
STEAM SIDE PORV RV2 CLOSED CLOSED
STEAM SIDE PORV RV3 CLOSED CLOSED
STM DUMP PRY 1324A-1 CLOSED CLOSED
STM DUMP PRV 1324B-1 CLOSED CLOSED
STM DUMP PRV 1324B-2 CLOSED CLOSED
STM DMP L0OSS-LOAD PM-447 DMP VLVS FAIL CLOSED
MSIV V1-3A ISO CLOSED OPEN
MSIV V1-3B ISO CLOSED OPEN
MSIV V1-3C ISO CLOSED OPEN
FW PUMP A OFF ON
MFIV V2-6A AS IS OPEN
FW CTRL VLV FCV-478 SOL-A CLOSED OPEN
FW CTRL VLV FCV-488 SOL-A CLOSED OPEN
FW CTRL VLV FCV=-498 SOL-A CLOSED OPEN
FW BYP FCV-479 SOL~-A CLOSED CLOSED
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FW BYP FCV-489 SOL-A

FW BYP FCV-499 SOL-A

FW VALVE CONTROL LCOP 1
FW VALVE CONTROL LOOP 2
C-FW PUMP A

CHARGING PUMP B

CHG PMP SUC LCv-1158B
BORIC ACID VLV MOV-350
CH IS0 CvVC-3108 LOOPZ C L
AUX SPRAY CYC-31l1
LETDOWN VLV LCV-460A
LETDOWN YLV LCV-4608B
LETDOWN ISO CVC-200A
LETDOWN ISO CvC-200C
LETCOWN ISO CVC-204A
CHG LINE FCV HCV-121

ST PUMP A

ACC NITRGEN SUPPLY SI-8S5
ACC DRN VLV SI-85ZA

ACC VENT VLV SI-853A
ACC DISCH VLV SI-865A
ACC DISCH VLV SI-865C

COMPONENT RESPONSE TO DC BUS "A™ AND 4KV BUS 1 & 2 FAILURE

COMPONENT

COLD LEG INJ SI-870A
BIT INLET SI-867A
RWST OUTLET SI-864A
TO HOT LEGS SI-866B
TO HOT LtGS SI-869
MOTOR AFW PUMP A
MAFW DISCH V2-16B
SAFW DISCH V2-14A
SAFW DISCH V2-14C
SAFW SUPPLY V1-8A
RHR PUMP A

RHR SUCTION SI-862A
COLD LEG IN RHR-744A
COMP COOLING PUMP B
HEADER TO RCP CC-716A
SERV WATER PUMP A
SERY WATER PUMP B

SW DISCH VLV V6-128
SW ISO VLV V6-168
PRIMARY AIR COMPRESSOR
INST AIR COMPRESSOR A
C-RCP A

C-RCP C

C-PZR B-UP HEATERS A
C~-PZR B-UP HEATERS B
C-CHARGING PUMP B
C-SI PUMP A

C-MAFW PUMP A

C-RHR PUMP A

C-COMP COOL PUMP B
C-SW PUMP A

C-SW PUMP B

PZR PRESSURE PC-4S5E
PZR PRESSURE PC-456D
S/G 1 LEVEL LC-474A
S/G 1 LEVEL LC-475A
S/G 2 LEVEL LC-484A
S/G 2 LEVEL LC-485A
S/G 3 LEVEL LC-494A
§/G 3 LEVEL LC-495A
SAFEGUARDS TRAIN A LOGIC

CLOSED

CLOSED

CONTROL VALVE CLOSED
CONTROL VALVE CLOSED
ON-FWP TRIP FAILS
OFF

CLOSED

As IS

OPEN

CLOSED

CLOSED

CLOSED

CLOSED

CLOSED

CLOSED

OPEN

OFF

CLOSED

CLOSED

As IS

As IS

AS IS

FAILURE MODE

AS IS
AS IS
AS IS
AS IS
AS IS
OFF
As 1S
AS 1S
AS IS
AS IS
OFF
AS IS
AS IS
OFF
As 1S
OFF
OFF
As IS
AS IS
OFF
OFF
RCP TRIP FAIL
RCP TRIP FAIL
OFF

As IS

LOW SIGNAL, 2/3 SI

LOW SIGNAL, 2/3 SI

LOW SIGNAL, 2/3 AFW
LOW SIGNAL, 2/3 AFW
LOW SIGNAL, 2/3 AFW
LOW SIGNAL, 2/3 AFW
LOW SIGNAL, 2/3 AFW
LOW SIGNAL, 2/3 AFW
NO SI ON TRAIN A

419

CLOSED
CLOSED
CONTROL VALVE OPEN
CONTROL VALVE OPEN
ON

OFF
CLOSED
CLOSED
OPEN
CLOSED
OPEN

OFEN
CLOSED
OPEN

OPEN
THROTTLED
OFF
CLOSED
CLOSED
CLOSED
OPEN

OPEN

NORMAL POSITION

CLOSED
CLOSED
OPEN
CLOSED
OPEN
OFF
CLOSED
CLOSED
CLOSED
CLOSED
OFF
OPEN
CLOSED
OFF
OPEN
ON

CN
OFEN
OPEN
ON
AUTO
RCP ON
RCP ON
AUTO
AUTO
OFF
OFF
OFF
OFF
OFF



DIESEL GENERATOR A

CNTRL ROD DRIVE MG SET A

C-CTRL ROD DRIVE MG SET A
RCP UNDERVOLTAGE TRP UV-1
RCP UNDERVOLTAGE TRP UV-2
REACTOR PROTECT. TRAIN A

FAILS TO ENERGIZE El
RT ON MG A&B FAILURE
RT ON MG A&B FAILURE
RT ON 2/3 TRIP RELAY
RT ON 2/3 TRIP RELAY
REACTOR TRIP

CFF

COMPCNENT RESPCNSE TO 4€QV 2US 2 FAILURE

COMPONENT

GOVERNOR CONTROL CABINENT
EH OIL PUMP A

V1-3A BYPASS

V1-3B BYPASS

V1-3C BYPASS

SDAFW PMP SW VLV TCY-1902
MAFW PMP SW VLV TCV-1903A
MAFW PMP SW VLY TCV-1903B
CNTRL ROD DRIVE MG SET B

FAILURE MOCE

TURBINE TRIP

SLOW TT ON PUMPS A48
AS 1S

AS IS

AS IS

OPEN

OPEN

OPEN

RT CN MG A&B FAILURE

CLOszEZ
L0Sz s
CLOSED
CLOSED
CLOSED
CLOSED

COMPCNENT RESPONSE TO 480V MCC 4 FAILURE

COMPONENT

GOVERNOR CONTROL CABINENT
EH OIL PUMP A

V1-3A BYPASS

V1-38 BYPASS

V1-3C BYPASS

SDAFW PMP SW VLV TCV-1902
MAFW PMP SW VLV TCV-1903A
MAFW PMP SW VLV TCV-19038

FAILURE MODE

TURBINE TRIP

SLOW TT ON PUMPS A&B
AS IS

AS IS

As IS

OPEN

OPEN

OPEN

NORMAL POSITION

CLOSED
CLOSED
CLOSED
CLOSED
CLOSED
CLOSED

COMPCNENT RESPONSE TO INSTRUMENT BUS 1 FAILURE

COMPONENT

C~TROTS CHANNEL 1

STM DMP LOSS-LOAD PM-~-447
FW VALVE CONTROL LOCP 1
CHG LINE FCV HCV-121

PZR PRESSURE PC-455E

S/G 1 LEVEL LC-474A

S/G 2 LEVEL LC-484A

S/G 3 LEVEL LC-494A

FAILURE MODE

TT ON 2/3 CHANNELS
DMP VLVS FAIL CLOSED
CONTROL YALVE CLOSED
OPEN

LOW SIGNAL,
LOW SIGNAL.,
LOW SIGNAL,
LOW SIGNAL,
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2/3 SI

2/3 AFW
2/3 AFW
2/3 AFW

NORMAL POSITION

CONTROL VALVE OPEN
THROTTLED
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APPENDIX B. PTS INITIATING-EVENT FREQUENCY AND BRANCH
PROBABILITY SCREENING ESTIMATES

B.1. Introduction

Initiating-event frequency and event-tree branch probability estimates have been developed
for use in quantifying event sequences in the H. B. Robinson Unit 2 pressurized thermal
shock (PTS) evaluation. These estimates have been developed for initiators and
system/component failures specified by ORNL.

The complete LER data base for H. B. Robinson Unit 2 was reviewed for initiating-event
occurrences and system failures, as well as for a general overview of the performance of
plant systems of interest. However, in lieu of relying solely on the plant information,
Westinghouse-specific and PWR-specific operational information was employed when it
was available and when it was felt that the plant operational experience did not provide an
adequate data base. Additional information was obtained from the NREP Generic Data
Base! and from the Nuclear Power Plant Operating Experience Summaries,> as well as
from other sources. With the constraints imposed by programmatic needs and the
availability of operational data, only simplified approaches to frequency and probability
estimation were permitted. However, the estimates are considered to be acceptable for use
as screening estimates. Table B.l includes the estimates developed, the rationale used,
relevant information, and information sources.

As stated above, a number of the estimates included in Table B.1 have been developed
from generic sources. This is necessary, since many of the failures of interest are
sufficiently infrequent that they will be seen only over a large operating period, if at all.
The estimates may not be representative of H. B. Robinson Unit 2 failure probabilities if
the plant systems and components differ significantly from systems and components used
throughout the industry, although potential differences have been considered in developing
the estimates in Table B.l.

A number of initiating transients have been found to be of significance from previous PTS
analyses. In general, these include three initiator classes: (1) reactor trip, (2) steam-
line break (SLB), and (3) loss-of-coolant accident (LOCA), including steam generator
tube ruptures. Several LOCA and SLB situations are of interest — whether a break is
small or large, whether it is isolable or nonisolable, and whether the plant is at full power
or at hot standby. Although separate event trees may be appropriate to describe all these
situations, many of the plant responses of interest are expected to be common among the
trees. Also, considering the amount of data available, the frequency estimate developed for
one of the initiating events is sometimes an appropriate estimate for others.

B.2. Initiating-Event Frequency Estimates
Initiating-event frequencies have been developed based on the number of observed events

within selected periods of operation. The calculational method is consistent with that
developed in Ref. 6 and utilized the x2 distribution to estimate a conservative lower
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bound on mean time between failures, and hence a conservative upper bound on frequency.
This frequency estimate is x7_, (2r + 2)/2T, where 1 — a is the confidence level, 7 is
the number of observed failures, and T is the total observation time. A 50% confidence
level was employed.

For some initiators, it may be necessary to estimate the frequency of events in a particular
operating mode. The 1980, 1981 and 1982 operating experience of H. B. Robinson
Unit 2 identified in Refs. 4 and 5 was reviewed to estimate the fraction of time the
units were at power and in hot shutdown and cold shutdown modes. The fractions of time
in these three states were: power operation, 61.3%; hot shutdown, 1.2%; and cold
shutdown, 37.5%.

For medium and large steam-line breaks and medium-break LOCAs, no data exist as to
the relative incidence of these initiators at power and at hot shutdown; therefore, fractions
based on the amount of time at hot shutdown and at power were used. These fractions
were: power operation, 98.1%; and hot shutdown, 1.9%.

Historic small steam-line breaks and small LOCAs identified in Refs. 7 and 8 were
reviewed to estimate the fraction of these initiators occurring at hot shutdown and at
power. For small steam-line breaks, 25% occurred at hot shutdown and 75% occurred at
power. For small-break LOCAs, 9% occurred at hot shutdown and 91% occurred at
power.

B.3. Branch Failure Probability Estimates

Branch failure probability estimates on a per-demand basis were developed using the
effective number of failures observed within a period of time and estimating the number of
demands expected within that same period.* If no failures on demand were observed, and
no other information was available with which to estimate a failure-on-demand probability,
then a Poisson approximation of a binomial process (the number of demands was always
large) was assumed to be applicable and the probability was estimated by assuming there
was a 50% probability of observing the zero failures actually observed. In such a case,

P(r = 0) = e ™(m)%0,

where r is the number of failures and m the expected number of failures. The expected
number of failures m is equal to the probability of failure (p) multiplied by the number of
demands (D). If the probability of zero observations is 0.5, then P(r = 0) = 0.5 = ¢~ ™
= ¢ PP If an estimate of D is available, p ~ 0.7/D. (It is interesting to note that
the initiating-event frequency estimate reduces to ~0.7/T for zero-observed events.)

* »
Failure-per-demand probability estimates developed primarily from test demands may overestimate the

actual failure probability up to a factor of two if the actual failures are time dependent and the test demands
are spaced at regular intervals. However, based on events documented in the Accident Sequence Precursor
(ASP) program (Refs. 7 and 8), there appears to exist in many cases a greater likelihood of failure on
demand following an actual initiating event than that determined based on testing. These two effects tend to
offset one another; the per-demand estimates developed herein are considered to be acceptable for screening

purposes.
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In estimating the likelihood of multiple valve failures, conditional probabilities of
subsequent component failure given failure of the first component were developed based on
the multiple failure rates identified in Ref. 9. These estimates are:

¢ For air-operated valves in a system of three valves — 0.094 for a specific
second valve failing given the first is failed; and 0.081 for both remaining valves
failing given the first is failed.

¢ For motor-operated valves in a system of three valves — 0.020 for a specific
second valve failing given the first is failed; and 0.012 for both remaining valves
failing given the first is failed.

As with all event trees, the probability associated with a particular branch is conditional on
the prior branches in the sequence. Although event-tree development was not in the scope
of this phase of the work, certain conditionalities were accounted for when appropriate.
Questions of conditionality and potential system interaction effects (which are being
considered separately) must be carefully considered prior to the use of Table B.1
estimates with a particular event tree. In addition, quantification of human error was not
in the scope of the study, and many of the estimates included in Table B.l1 do not
consider plant-specific potential operator recovery actions.

It should also be noted that, for traceability, numerical values included in Table B.1 have
been developed to two significant figures. This is not to imply a lack of error bands on the
estimates. The error bands associated with many of the estimates are expected to be
large — at least an order of magnitude in either direction considering the generic nature
of much of the data base and the small amount of information on particular initiators and
multiple component failures available.
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Table B.1. Event-tree frequencies and branch probabilities

for screening purposes

Function

Discussion

Screening
Estimate

1. Reactor trip

2. Steam-line break

(a) Large break

(b) Small break

Initiators

During 1980, 1981, and 1982, HBR-2 experienced 26
manual and auto scrams from power (Refs. 4 and 5).
This results in a reactor trip estimate of 26/3 years = 8.7
per reactor year (RY).

Two early events of potential importance to steam-line
break frequency have been recorded in the LER data:

(1) Turkey Point safety valve header failure,

(2) HBR-2 safety valve header failure.

Both of these events occurred before criticality and in
view of the fact that no large breaks have been observed
in the 577 combined BWR and PWR years of post-
critical operation, an alternate estimate of main steam-
line break frequency has been developed. Using the x>
distribution and zero observations with a 50% confidence
level, this estimate is 1.2 X 10_3/RY. This estimate
applies for breaks greater in area than typical valve-
dominated small breaks and for both isolable and nonisol-
able breaks.

One event at HBR-2 was observed involving failure of
steam-side relief valves to close (NSIC 76461). In addi-
tion, four small SLB occurrences were observed in the
Accident Sequence Precursor (ASP) program (Refs. 7
and 8) over a 288-year observation period. This screening
estimate has been developed using the x? distribution with
five occurrences in 288 reactor years. This estimate, 2 X
1072/RY, does not include the potential for recovery.
Small steam-line break occurrences observed in the ASP
program were considered 40% non-recoverable. However,
the steam-side PORVs at HBR-2 are not isolable using a
series isolation valve, and therefore small SLBs associated
with these PORVs will be less recoverable than in the
industry in general, unless the valve failures are dom-
inated by valve operator failures and the valve operators
are accessible.
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Table B.1 (Continued)

Function

Discussion

Screening
Estimate

3. Loss-of-coolant accident
(LOCA)

(a) Due to failed-open
safety valve

(b) Due to an open PORV

(c) LOCA due to isolable
breaks other than PORV
occurrences

(d) LOCA due to non-
isolable breaks

No major events involving stuck-open safety valves have
been observed. However, a safety valve apparently did
open below set-point pressure at St. Lucie 1 and depres-
surized the RCS from 2410 to 1670 psig in late 1981.
Because of a lack of detailed information concerning this
event, it has not been used in developing a frequency esti-
mate. Using the x? distribution with zero observations
and an observation period from 1969 through July 1983
(406 PWR reactor years), a value of 1.7 X 1073 is
estimated.

NUREG-0611 (Ref. 10) reports 50 applicable PORYV lifts
at  Westinghouse plants. Assuming NUREG-0611
covered the period up to September 1979, which includes
164 Westinghouse reactor years of operation, the West-
inghouse PORYV lift rate is: 50/(164 Westinghouse RY)
= 0.30/RY. A value of 0.027 for PORYV failure to close,
once open, is developed from Ref. 11 (four failures to
close in approximately 150 actuations). Utilizing these
two values results in an estimate for a LOCA due to an
open PORYV of 0.30/RY X 2 valves X 0.027, or 1.6 X
1072/RY. Consideration of operator response to close
the block valve associated with a stuck-open PORV will
reduce this estimate.

One minor event involving a leak from the letdown piping,
followed by SI, occurred at HBR-2 (NSIC 164149).
Because of the minor nature of this event and in light of
no other substantial data, the x2 distribution with zero
occurrences in the total number of PWR reactor years

(406 ycars) has been used to estimate the recommended
value of 1.7 X 1073/RY.

Reactor coolant system leakage is considered a LOCA if
it is large enough to initiate SI. One such event was
observed at HBR-2: a RCP seal failure (NSIC 103077).
A seal failure at Arkansas Nuclear One, Unit | also ini-
tiated SI. Two events involving tube ruptures followed by
SI occurred at Ginna and Prairie Island. (HBR-2 experi-
enced a significantly greater than average number of SG
tube leak LERs, but the SG bundles were replaced in
1985 and there is no reason to believe that the new bun-
dles will result in significantly higher than average tube
ruptures. The estimates provided here are based on the
above events and are as follows:

(1) SG tube ruptures — two events in 406 PWR reactor
years (1969-July 1983):

(2) Other LOCAs — two events in 406 PWR reactor
years:
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Table B.1 (Continued)

Screening
Function Discussion Estimate

These values are considered consistent with the NREP
screening values of 1072 /year.

No medium-break LOCAs have been observed. A screen- 1 X 1073/RY
ing value of 1 X 1073/RY is recommended, based on
Ref. 1.

(e) Overall small-break An overall estimate for a small-break LOCA not immedi- 8.9 X 1073/RY
LOCA not imme- ately isolated (~10-minute time frame) was obtained
diately isolated using the frequency estimates developed in (a), (b), and
item (2) of (d) above and assuming a probability of 0.05
of the operator not isolating a blowing-down PORY and a
probability of 0.9 that an initially blowing-down safety
valve will not reseat. This results in an overall estimate
of 8.9 X 1073/RY.

(f) Overall small-break Assuming that ~40% of all PORY LOCAs not isolated 0.039/RY
LOCA isolated in in the short term are eventually isolated and other small-
the long term break LOCAs cannot be isolated results in a probability
estimate for late isolation of 0.05 X (1.6 X 1072)/8.9 X
1073 = 0.039.

NOTE: Several of the operational events used to develop the above estimates were associated with HBR-2. While each of these
events was considered a random event across the entire reactor population for the purposes of developing these screening esti-
mates, the number which occurred at HBR-2 may indicate an actual frequency for such events at this plant that is higher than
that for the industry as a whole.

Branch Probabilities

1. Turbine fails to trip on PWR LERs were reviewed for turbine trip, turbine stop 4 %1073

demand valve (TSV), etc., failures. While there have been several
failures of individual stop valves (single steam line) to
close, only one event (NSIC 92449 at Turkey Point 3, 4)
identified a total failure of TSVs. Assuming ~12
shutdowns/plant year (Ref. 3) and ~406 PWR years
applicable to this review, the number of TSV demands is
~4900. One failure in this number of demands results in
a failure estimate of ~2 X 1074 This estimate does not
consider use of the turbine control valves (TCVs) in iso-
lating the turbine if the TSVs fail to close. Consideration
of the TCVs would reduce this estimate somewhat,
perhaps by a factor of up to 10. Assuming a value of 0.2
for the conditional probability of TCV failure, given TSV
failure, results in a screening estimate of (2 X 107%) X
0.2 or 4 X 1075, (Considering zero observed failures of
the turbine to isolate on demand over the ~406 year
period results in an estimate of ~1.4 X 1074 based on
observation alone.)
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Table B.1 (Continued)

Screening
Function Discussion Estimate

2. Steam-side PORVs fail Based on discussion with HBR-2 operators, these valves
to close on demand have been known to open on power runbacks of greater
than 70%. (Thus for this analysis, it is assumed that the
steam-side PORVs open on every power runback of
greater than 70% power. ) It should be noted that this
assumption has no effect on the results. If the number of
openings were less, the failure per demand would be
higher and the number of failures/RY would still be the
same value. Two failure-to-close occurrences at HBR-2
were reported in the same LER (NSIC 76461). Since the
failures did not occur simultaneously, no deductions were
made concerning common mode coupling and the events
were assumed to be independent. The estimates provided
here were based on the two failures and a demand esti-
mate. The number of demands was estimated based on
the number of reactor trips at HBR-2 from greater than
70% power in 1978, 1979, and 1980 (15); the number of
PORVs (3); and 12.7 RY of operation at HBR-2 from
criticality through May 1983:

15 demands /valve
3 years

X 127 RY X 3 valves = 190 demands

Recognizing that the valves open only on trips above
70% gives the following effective demand probability esti-
mates for a general reactor trip:

(1) For a single valve failure
[(2/190 = 1.05 X 1072) X (5/8.7)]: 6.3 X 1073

(2) For failure of any one of three valves
[3 X (1.05 X 107%) X (5/8.7)]: 1.8 X 10~2

(3) For failure of any two valves
[3 X (1.05 X 1072) X 0.094 X (5/8.7)]: 17 X 1072

(4) For failure of all three valves
[(1.05 X 1072) X 0.081 X (5/8.7)]): 49 X 104

NOTE: The assumption that the STM PORVs open on every power runback of greater than 70% power has no cffect on the
results. If the number of openings were less, the failure per demand would be higher and the number of failures/RY would still
be the same value.
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Table B.1 (Continued)

Screening
Function Discussion Estimate
3. Steam dump valves No failures to close of SDVs at HBR-2 were reported in
(SDVs) fail to close on the LERs. Based on zero observed failures, the failure on
demand demand probability can be estimated using the Poisson
approximation to the binomial discussed earlier and an
estimate of the number of demands. All five SDVs open
when demanded (Ref. 12) and, assuming they are
demanded on startup as well as on shutdown, the number
of demands at HBR-2 is: 5 valves X 12.7 HBR-2 RYs X
(17.3 startups/yr + 17.3 shutdowns/yr)(Refs. 4, 5), or
~2200 demands. The following probability estimates
result:
(1) For a single valve failure
(0.7/2200 = 3.18 X 107*): 32X 1074
(2) For failure of any one of five valves
[sCy X (3.18 X 1079 1.6 X 1073
(3) For failure of any two of five valves
[C; X (3.18 X 107%) X 0.094]: 3.0 X 1074
(4) For failures of any three of five valves
[sC3 X (3.18 X 10 ~%) X0.081]: 1.3 X 1074
(5) For failure of five valves
[sCq X (3.18 X 107%) X 0.081]: 2.6 X 1073
(6) For failure of three or more valves
[(d) + (e) + (D] 42X 107*

NOTE: Reference 9 indicates no substantial differences in failure rates for air-operated valves in systems of greater than three
components than those in three-component systems.

4. Main feedwater system Potential MFW end states following a nonspecific reactor
(MFWS) fails to correctly trip are developed in Attachment A following this table.
run back following non- Based on the frequency estimates developed in Attach-
specific reactor trip (not ment A, the following end-state conditional probability
applicable for other estimates are developed:
initiators)

(1) Probability of utilizing MFSW and bypass valves fol-
lowing nonspecific reactor trip {(Agt — ALoFw
[1/RY])/Agsl = [(8.7 — 1)/8.7} = 0.89}: 0.89

(2) Probability of requiring AFW following RT{[(AgT —

xLOFW) - Pop. error T xLOFW]/XRT} = [(87 -1
—0.03 + 1]/8.7 = 0.14} 0.14
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Table B.1 (Continued)

Screening
Function Discussion ] Estimate

Development of steam generator (SG) overfill probabili-
ties requires development of failure probabilities for
MFW control valve closure and main feed pump trip.

MFW Control Valves Fail to Close on Demand. The
FW control valves on HBR-2 are run back on each
shutdown. Failure to run back is usually not report-
able, but has occurred at some PWRs. Because of
the lack of observational information concerning
these valves, the failure probability for an air-
operated valve included in Ref. 1 (1 X 1072) has
been utilized in conjunction with conditional proba-
bilities of multiple valve failures developed from Ref.
9. This results in the following estimates:

« For a single valve failure: 1x107?

* For failure of any one of three valves, -
3Cy X (1.0 X 1072 3X10

« For failure of any two of three valves,
3C2 X (1 X 1072%) X 0.094: 28 X 1074

 For failure of three valves,
3C3 X (1 X 107%) X 0.081: 8.1 X 1073

MFW Pumps Fail to Trip on Demand. The MFW
pumps are tripped on high SG level (2/3 signals in
any SG) and by a SI signal. Given the existence of
one of these signals, the likelihood of a MFW trip is
considered high. The value per pump recommended

is: 1x 1073

Using the failure logic combinations developed in Attach-
ment A, and recognizing that the probability of failing to
generate a MFW pump trip signal on high SG level is
small compared to the likelihood of failing to trip a MFW
pump given the trip signal has been generated, the follow-
ing probabilities of SG overfeed given a nonspecific reac-
tor trip are estimated:

(3) Probability of one SG overfeed following RT [(AgT —
ALorw) X P (any one feed control valve fails to
close) X P (either MFW pump fails to trip/SG high-level
signal or failure to generate SG high-level signal)/Ag1 =
[(8.7 — 1) X (3 X 1073%) X (2 X 107%)/8.7]: 53X 1078
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Table B.1 (Continued)

Function

Discussion

Screening
Estimate

5.

6.

Failure of engineered
safety features
system (ESFS)

to actuate

Failure to isolate MFW
following initiators
other than nonspecific
reactor trip (not appli-
cable for nonspecific
reactor trip)

(4) Probability of two SG overfeeds following RT [(Agr —
ALorw) X P (two of three feed control valves fail to

close) X P (either MFW pump fails to trip/SG high-level

signal or failure to generate SG high-level signal)/Agt
=[(8.7 — 1) X (2.8 X 107%) X (2 X 107%)/8.7):

(5) Probability of three SG overfeeds following RT [(Agrt

— Arorw) X P (all three feed control valves fail to close)
X P (either MFW pump fails to trip/SG high-level signal

or failure to generate SG high-level signal)/Agy =
[(8.7 — 1) X (8.1 X 107%) X (2 X 107%)/8.7):

Failure to actuate ESFS will result in unavailability of
trip signals for main steam-line isolation, MFW isolation,
and SI initiation, necessitating manual trip of the affected
components and manual initiation of AFW and SI. A
general multichannel instrumentation failure probability
of 3 X 1073 is recommended for screening purposes.

Boolean expressions for the probability of continued
MFW flow to one or more SGs are developed in Attach-
ment B following this table. Development of numeric
estimates requires estimation of main feed isolation valve
(MSIV) failure to close probabilities:

MFIVs Fail to Close. A preliminary estimate
developed in the IPRDS program (Ref. 13) for the
failure of a motor-operated valve to close, based on
review of maintenance records at a small number of
PWR plants, is 6.4 X 1073/demand. No failures of
these valves have been observed at HBR-2. Since
these valves are tested quarterly, a failure estimate of
0.7/(12.7 RY X 3 valves/test X 4 tests/RY) = 4.6
X 107? can be developed, which is consistent with
the IPRDS value. The failure probability estimates
for combinations of these valves are:

* Any one of three valves fail to close,
7€ X (4.6 X 1073):

» Any two of three valves fail to close,
3C, X (4.6 X 1073) X 0.020:
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Table B.1 (Continued)

Function

Discussion

Screening
Estimate

* Any three valves fail to close,
5C3 X (4.6 X 107%) X 0.012:

Based on this development, other component failure pro-
babilities developed previously, the Attachment B Boolean
expressions, and assuming limited failure coupling
between MFW control valves and MFIVs (a conditional
probability of 0.01 was assumed, to recognize some
maintenance coupling), the following estimates can be
made:

(1) Continued feed flow to any one generator = 6 X
(probability of one MFW pump failing to trip) X
(probability of a single MFIV failing to close) X
(probability of the associated MFCV failing to close)
=6 X (1 X107%) X (4.6 X 1073) X 0.01:

(2) Continued feed flow to any two SGs = 6 X (proba-
bility of one MFW pump failing to trip) X (proba-
bility of two MFIVs failing to close) X (probability
of both associated MFCVs failing to close) = 6 X
(1 X 1073) X (2.8 X 107%) X (0.0] X 0.094):

(3) Continued feed flow to all three SGs = 2 X (proba-
bility of one MFW pump failing to trip) X (proba-
bility of all three MFIVs failing to close) X (proba-
bility of all three MFCVs failing to close) = 2 X (1
X 107%) X (5.5 X 107%) X (0.01 X 0.081):

The Attachment B expressions for failure of MFW isola-
tion while in hot shutdown require estimation of the pro-
bability of the MFW bypass valves failing to close on
demand. These valves are normally closed during power
operation but are opened for decay heat removal using the
MFWs while in hot shutdown. For this development,
failure probability and common-mode coupling values
equivalent to those used for the MFCVs have been
assumed. Based on these values, the probability estimates
for continued MFW flow given SI and while in hot shut-
down are:

(1) Continued MFW flow to any one SG = 3 X (proba-
bility of MFW pump failing to trip) X (probability
of single MFBV failing to close) = (3 X 107%) X
(3 X 107%:
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Table B.1 (Continued)

Screening
Function Discussion Estimate
(2) Continued MFW flow to any two SGs = 3 X (pro-
bability of MFW pump failing to trip) X (probabil-
ity of two MFBVs failing to close) = (3 X 1073) X
(2.8 X 107%): 8.4 X 1077
(3) Continued feed flow to all three SGs = (probability
of MFW pump failing to trip) X (probability of
three MFBVs failing to close) = 1073 X (8.1 X
107°): 8.1 X 1078

NOTE: The above failure estimates have been developed without considering potential common-cause failure effects, which, for
the multiple SG overfeed situations, would be expected to dominate.

7. Failure to isolate MFW
on SIAS given failure to
run back MFW (non-
specific  reactor trip
only)

Given a failure to run back MFW to any SG, closure of
the associated MFIV is required for isolation. Based on
the conditional probabilities utilized in (6) above, failure
of these valves to close given failure of the associated
MFCYV to close results in the following probability esti-
mates.

If one line fails to run back, and

(1) One line fails to isolate:

If two lines fail to run back, and

(1) One line fails to isolate:

(2) Both lines fail to isolate:

If three lines fail to run back, and

(1) One line fails to isolate:

(2) Two lines fail to isolate:

(3) Three lines fail to siolate:
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Table B.1 (Continued)

Function

Discussion

Screening
Estimate

8. Multiple SGs blow down

following
break

steam-line

Boolean expressions for the probability of multiple SG
blowdown given a steam-line break are developed in
Attachment C following this table. To develop numeric
estimates from these expressions, the probability of multi-
ple MSIV failure must first be estimated.

Main Steam Isolation Valves Fail to Close on
Demand. One instance potentially involving failure
of an MSIV to fully close was reported at HBR-2
(NSIC 146521). Considering this one occurrence, a
demand failure probability is estimated for the 12.7
years of operation at HBR-2 as (1)/{(12.7 years) X
[12 test demands/year/valve (partial stroke testing)]
X 3 valves} = 2.2 X 1073, Based on a review of all
MSIV LERs, the number of failures to close for sin-
gle valves is on the same order as for multiple valves
failing to close. Thus, it can be concluded that the
potential for common-mode coupling among these
valves is large. Consistent with these observations,
0.3 was chosen for the conditional probability of a
specific second valve failing, given that one has
failed; and 0.8 was chosen for the conditional proba-
bility of a specific second valve failing, given that one
has failed; and 0.8 was chosen for the conditional
probability of the third valve failing given that the
other two have failed. This results in the following
estimates:

« For failure of a particular MSIV to close:

« For failure of a particular set of two MSIVs
to close, (2.2 X 107%) X 0.3:

o For failure of three MSIVs to close,
(22 X 1073 X 03 X 0.8:
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Table B.1 (Continued)

Screening

Function Discussion Estimate

Based on the probability expressions developed in Attach-

ment C and the above valve failure probabilities, the fol-

lowing probabilities of SG blowdown following an arbi-

trary large steam-line break can be estimated:

(1) No SG blows down: 0.5

(2) One SG blows down: 0.5

(3) Two SGs blow down, 1.5 X (6.6 X 107%): 9.9 X 1074

(4) Three SGs blow down, 0.5 X (3.3 X 10™%): 1.7 X 1074

The above estimates are also applicable to small steam-

line breaks which result in MSIV closure. For small

breaks which do not result in MSIV closure, the following

estimates, developed in Attachment C, are applicable:

(1) No SG blows down: 0.0

(2) One SG blows down: 0.5

(3) Two SGs blow down: 0.0

(4) Three SGs blow down: 0.5

Operator action to close the MSIVs would reduce the
estimate for three SG blowdowns by the operator action
probability.
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Table B.1 (Continued)

Screening
Function Discussion Estimate
9. HPSI fails to occur on At HBR-2, four failures of SI pumps were reported in 6.1 X 1074

demand

LERs in 1979 and subsequent years. Assuming half of
the number of HBR-2 years of operation, since all the
failures occurred after 1976, yields a demand estimate of
12 demands/year X 6.4 years X 3 pumps = 228
demands; and a demand failure probability estimate of
1.7 X 1072 per pump. With conditional probabilities of
0.1 and 0.3 applied for subsequent failures of a second
pump and then the third, respectively, a failure probabil-
ity for the system of 5.2 X 107* is estimated. This is
consistent with the estimate available from the ASP data
base for Westinghouse plants of 4.8 X 107* (The esti-
mate with potential recovery considered is lower by a fac-
tor of 0.34.) The recommended estimate is 4.8 X 1074,
from the larger data base.

Given HPI actuation success, successful HPI injection is
dependent on the primary side pressure dropping low
enough and check valves in the injection paths opening.
There are three check valves in each of three injection
paths that are inside containment and are not typically
tested during monthly HPI testing. Using the Ref. 1
value of 10™%/demand for a check valve failing to open,
the probability of any one of three valves failing in a
given path is 3.0 X 107% Using coupling factors
developed from Ref. 9 for other check valves failing to
open (0.5 for failure of a second specific valve and 0.42
for both remaining valves in a set of three), and assuming
that dependent coupling is much more likely for
equivalent valves results in an estimate for the probability
of 1.3 X 10™* for not delivering HPI through any path
given actuation success.

Combining these values for failure to actuate and failure

to deliver flow through the injection paths results in an
overall estimate of 6.1 X 1074
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Table B.1 (Continued)

Function

Discussion

Screening
Estimate

10. AFW fails to actuate on
demand

An estimated AFW system failure probability, suitable
for screening purposes, has been developed based on the
average PWR operational experience from 1969 through
1981 as evaluated in the ASP program (Refs. 7, 8). This
value is 1 X 1072 without considering potential recovery.
Considering potential short-term recovery results in an
estimate of 3 X 1074 Since these values are based on
averaged experience and do not consider potential learn-
ing (except as evidenced in the averages), they may not
be representative of expected future experience at HBR-2,
However, they are considered consistent with the AFW
component failure experience observed to date at HBR-2:
7 motor pump failures, 2 steam turbine pump failures,
and 13 failures of pump discharge valves to open. No
total AFW system failures have been observed at HBR-2.

See discussion
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Attachment A to Table B.1:
Development of MFW End State Probability Estimates for Nonspecific Reactor
Trip Initiator

Following a general reactor trip, the MFW system is run back and an attempt is made
(typically successfully) to utilize the MF pumps and the bypass valves for decay-heat
removal. Depending on power level and the extent of SG level shrink, AFW can be ini-
tiated on RT. Isolation of AFW following such initiation is a normal part of RT recovery,
along with manual opening of the bypass valves.

Following a nonspecific RT, the following SG feed situations are possible:

* MFW using bypass valves (normal situation).

* AFW (main MFW not recovered).

* One SG overfeed.

* Two SG overfeeds.

* Three SG overfeeds.
For the overfeed situations, AFW would be expected to be provided to the isolated SGs
once low level in one SG is reached. Responses which include partially or totally faulted

AFW are possible, but have not been included because they are considered less conserva-
tive than the above situations with respect to PTS.

The above states require the following responses:

* MFW using bypass valves for flow control — operator actions to open bypass
valves following control valve closure and secure AFW if initiated due to shrink.

* AFW — operator action to open bypass valves and use MFW not effective or
RT due to LOFW.

®* One SG overfeed — failure of feed control valve in one train to run back and
failure of either MFW pump to trip on high SG level.

* Two SG overfeeds — failure of feed control valves in two of three trains to run
back and failure of either MFW pump to trip on high SG level.

* Three SG overfeeds — failure of feed control valves in all three trains to run
back and failure of either MFW pump to trip on high SG level.

The frequencies associated with the above states can then be written as:

* A (on bypass valves following RT) = Agr X P (operator opens bypass valves
following runback) — Apofw.
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A (on AFW following RT) = (AgT — ALorw) X P (operator fails to open
bypass valves following RT) + Aporw-

¢ X (one SG overfeed) = (Art — ALorw) X P (one feed control valve fails to
close) X P (either MFW pump fails to trip/SG high-level signal or failure to
generate SG high-level signal).

* X (two SG overfeeds) = (Art — ALorw) X P (two feed control valves fail to
close) X P (either MFW pump fails to trip/SG high-level signal in either SG
or failure to generate SG high-level signal in either SG).

e )\ (three SG overfeeds) = (Agr — ALorw) X P (three feed control valves fail
to close) X (either MFW pump fails to trip/SG high-level signal in any SG or
failure to generate SG high-level signal in any SG).

MFW isolation in the event of overfeed will occur due to closure of the MFIVs on SI if SI
occurs. If SI does not occur, or if the applicable MFIV(s) fail to close on demand, then
operator action is required to trip the condensate pumps or close the MFIVs (if SI has not
been initiated).
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Attachment B to Table B.1:

Development of MFW Isolation Failure Probability
Estimates (All Initiators Except Reactor Trip)

The HBR-2 main feedwater system is arranged as follows:

stenm % HP HEATER ' J
GoverinR ¢A !

Rz 1K
Jow M e

4 $

/F/e.&udu Lidehion Volve (MFIV)
By pans

Contrnl Ualve (MFBV)
Feedwater Cérl Vadve (MFCV)

" On reactor trip plus safety injection initiation, the MFCVs and MFIVs are commanded
shut and the MFW pumps are tripped. Continued feedwater flow to one SG will occur if
both of the valves in the associated feed line fail to close and either MFW fails to trip.

Continued feedwater flow to one SG will therefore occur if:

(MFP A UMEP B) N (MFIVA N MFCVA N (MFIVB U
MFCV B) N (MFIV C U MFCV C) U other feed-line combinations).

Continued feedwater flow to two SGs will occur if two of the three feed lines fail to isolate
and either MFW pump fails to trip:

(MFP A U MFP B) N\ (MFIV A N MFCV A N MFIVB N
MFCV B) N (MFIV C U MFCV C) U other feed-line combinations).

For continued flow to all SGs, the following is required:

(MFP A U MFP B) N (MFIVA N MFCV A N MFIV B N
MFCV B N MFIV C N MFCV C).

To reduce the above equations, it is assumed that system response is symmetric (i.e., the

likelihood of pump A failing to trip is equal to the likelihood of pump B failing to trip)
and that pump and valve response is loosely coupled.
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The probabilities of continued flow to N steam generators are then approximately:
P(flow to 1 SG) = 6 X P(MFP) X P(MFIV) X P(MFCV|MFIV),
P(flow to 2 SGs) = 6 X P(MFP) X P(MFIV1) X P(MFIV2|MFIV1),
X P(MFCV1|MFIV1,MFIV2)
X P(MFCV2|MFIVI,MFIV2,MFCV1),
P(flow to 3 SGs) = 2 X P(MFP) X P(MFIV1) X P(MFIV2|MFIV1)
X P(MFIV3|MFIV1, MFIV2) X P(MFCV1|MFIV1, ...)

X P(MFCV2|MFIV], ..) X P(MFCV3|MFIV], ...),
P(flow to 0 SGs) = 1 — P(flow to 1 SG) — P(flow to 2 SGs)

— P(flow to 3 SGs).
In hot shutdown, the bypass valves (MFBVs) are used to control feedwater flow to the

SGs. Feed flow is typically provided by one pump. The MFBVs are in parallel with the
MFIV-MFCYV pairs, and hence the closure or MFP trip is necessary for SG isolation. In
hot shutdown, then, the probabilities of continued flow to N steam generators is approxi-
mately:

P(flow to 1 SG) = 3 X P(MFP) X P(MFBYV),

P(flow to 2 SGs) = 3 X P(MFP) X P(MFBV1) X P(MFBV2|MFBV1),

P(flow to 3 SGs) = 3 X P(MFP) X P(MFBV1) X P(MFBV2|MFBVI]®

X P(MFBV3|MFBV1, MFBV2) ,
P(flow to 0 SGs) = 1 — P(flow to 1 SG) — P(flow to 2 SGs)

— P(flow to 3 SGs).
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Attachment C to Table B.1:

Development of Multiple Steam Generator Blowdown
Frequency Estimates

The HBR-2 steam-line arrangement utilizes both MSIVs and check valves for SG isola-

tion:
T ry
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Consider potential breaks at location (1) with frequency A, at location (2) with fre-
quency A,, and at location (3) with frequency A;. The break locations and valve states
for n steam generator blowdowns are as shown in Table B.2. Considering the frequency of
breaks in locations (1), (2), and (3), the frequencies of n steam generator blowdowns,
A(n), are

A(0) = A, X P[A N (CVA U )] + s X IANBNC

NC

A1) =N X P[AU(CVAUBN Q)] + M XPIAN(CVAUBNO)
UANCVA NBNT UBNOI+ X
XPANBNCUA NBN
CUANBNC]

AQ2) = )\lXP[AnCVAn(BnCUBnC)]+AZXP[AnCVAn
BNCUBNO]+MmXPANBNCUANBNCU

AB)=MXPIANCVANBNC]+AMXPIANCYANBNC] +
A3 X PIAN BN CJ,
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Table B.2. Break locations and valve states for

steam generator blowdowns

Break Break Break
End State Location (1) Location (2) Location (3)
0 SGs blow down A closed and A closed and
(CVA closed or B closed and
B closed and C closed
C closed)

1 SG blows down A closed or CVA A open and A open and B
closed or B closed (CVA closed or closed and C
and C closed B closed and closed

C closed)
or

or

_ B open and A
A closed and closed and C
CVA open and closed
(B open and C
closed or B or
closed and C
open) C open and A

2 SGs blow down

3 SGs blow down

A open and CVA
open and (B open
and C closed or
B closed and

C open)

A open and CVA
open and B open
and C open

A open and CVA
open and (B open
and C closed or
B closed and

C open)

A open and CVA
open and B open
and C open

closed and B
closed

A open and B
open and C
closed

or

A open and C
open and B
closed

or

B open and C
open and A

closed

A open and B
open and C open




The following assumptions have been made in reducing the above equations for an arbi-
trary large SLB:

(1)  Because of the proximity of the MSIVs and check valves, A, is small
compared to A; and A;.

(2)  Even if three MSIVs fail to close, the probability of check valve failure
is less than 0.1.

(3) Break locations (1) and (2) are equally applicable to all steam genera-
tors. Furthermore, because of the lack of data, breaks in locations (1)
(for all three SGs taken together) and (3) are equally likely (i.e., breaks
upstream of the MSIVs are as likely as breaks downstream of the
MSIVs).

The above equations can then be reduced to
A(O) =3 X Xz + X3,

A(1) = 3 X A + 3 X A X [P(A) + P(B) X P(CVAB) + P(C) X
P(CVA|C)] + A3 X [P(A) + P(B) + P(C)],

A(2) = 3 X A X [P(A) X P(AB) X P(CAB) X P(CVAIABC)
+ P(A) X P(CA) X P(BAC) X P(CVAIABC)]
+ 3 X A X [P(A) X P(BIA) X P(CIAB) X P(CVAJABC)
+ P(A) X P(CJA) X P(BIAC) X P(CVAJABC)]
+ A X [P(A) X P(BIA) X P(CAB) + P(A) X P(C|A)

X P(BAC) + P(B) X P(CB) X P(ABO)],

A(3) = 3 X A X [P(A) X P(BA) X P(CIAB) X P(CVAJABC)]
+ 3 X A, X [P(A) X P(BA) X P(CIAB) X P(CVAIABC)]
+ A3 X [P(A) X P(BJA) X P(CAB)] .

Assumptions (1) and (2) result in the following further simplification:

A(0) = A3,

AD) =3 X\ ¥

A(2) = 3 X Ay X P(A) X P(BA) X P(CAB),
A(3) = A3 X P(A) X P(BJA) X P(CIAB).

Since 3 X A; = A; and Ay << A3, A, an event tree can be constructed representing
potential SG blowdown following an arbitrary large steam-line break:

*
Since P(A), etc. == 1072,
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No SG blows down.

0.5 :
1 SG blows down.

ALSLB 0.5
2 SGs blow down.

1.5 X P(A) X P(B]A) X P(CAB)
0.5 X P(A) X P(BA) X P(CAB)

3 SGs blow down.

A review of historic small steam-line breaks indicates approximately 50% have been associ-
ated with steam-line relief valves located upstream of MSIVs, and the remaining have
been associated with condenser dump valves, typically located downstream of MSIVs.
Because of these ratios, the above development for large steam-line breaks is also con-
sidered applicable to small steam-line breaks, provided the break is sufficiently large to
require MSIV closure.

If a small steam-line break is large enough to close the appropriate check valve (if it is
located upstream of the check valve) but is not large enough to initiate MSIV closure and
operator action is not taken to close the MSIVs, then the frequency of multiple SG blow-
downs can be estimated as:

A(0) =0 ,

A(1) = A X P(CVA) + A\, X P(CVA) ,
AQR) =0 ,

A(3) = A X P(CVA) + A\, X P(CVA) + A5 .

Small SLBs upstream of the check valves may be associated with any of the SGs. Since
the number of breaks related to relief valves is consistent with the number of breaks
related to condenser dump valves and the number of small SLBs associated with region (2)

is expected to be small compared with valve-related breaks, the following simplifications of
the above equations can be made:

A(0) =0,

A(1) = 3 X A ssL = 0.5 X Agsp3,
A(2) =0,

A(3) = A3ssiB = 0.5 X AggLp-

Potential SG blowdown, given a small steam-line break which does not initiate MSIV clo-
sure, can be represented by the following event tree:
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r.()__No SG blows down .

1 SG blows down .

Assig | 0.5
2 SGs blow down .

0
3 SGs blow down .
0.5
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APPENDIX C. A SOCIO-TECHNICAL APPROACH TO ASSESSING
HUMAN RELIABILITY (STAHR)

C.1. Introduction

This appendix describes the status, as of June 1983, of a new approach for assessing
human reliability in complex technical systems such as nuclear power plants. This
approach was utilized in the present PTS study for H. B. Robinson Unit 2, the results of
which are described in Appendix D.

The new approach includes both a social component and a technical component. To help
keep this in mind and also to provide an easily recognized acronym, we are calling our
methodology a "socio-technical assessment of human reliability” — or the STAHR
approach.

It is important to emphasize that the approach described here does not provide the defini-
tive technical fix to a problem on which a great deal of effort has already been spent. It
does, however, provide regulators and risk assessors with another methodology that has
certain advantages and disadvantages compared to existing approaches. How useful it
proves to be in practice is yet to be determined, but work to date indicates that additional
research on this approach is warranted.

A key feature of the approach is that it draws on two fields of study: decision theory and
group processes. Decision theory provides the form of the model that allows the desired
error rates to be determined, while group processes provide the input data through the
group interaction of experts who are knowledgeable about the factors influencing the event
whose error rate is being assessed. The different perspectives of these experts, if managed
effectively by the group, can lead to informed, useful inputs to the model. Thus, the valid-
ity of any error rates that are produced by the model depends not only on the technical
model itself, but also on the social processes that help to generate the model inputs.

The impetus for the socio-technical approach began in 1982 at an Oak Ridge, Tennessee,
meeting addressing methods for assessing human reliability in the PTS studies. One of us
(Phillips) introduced influence diagram technology' as a potentially easier modeling tool
than event trees or fault trees. The main advantage of an influence diagram from a tech-
nical perspective is that it capitalizes on the independence between events and models only
dependencies; that is, the influence diagram organizes the dependencies as a system of con-
ditional probabilities, as explained in Section D.2. By the early spring of 1983, the Deci-
sion Analysis Unit at the London School of Economics and Human Reliability Associates,
Lancashire, England, together had developed a human reliability assessment technology
utilizing influence diagrams to the point that it could be tested in the field. In late May a
field test was carried out at Hartford, Connecticut, to address operator actions associated
with potential pressurized thermal shock events that could occur at the H. B. Robinson
Unit 2 nuclear power station, the results of which are described in Appendix D.

In the paragraphs that follow, a general discussion of influence diagrams is first presented,

followed by a description of how group processes work to provide specific diagrams and the
input data. Finally, the particularized STAHR approach is described.
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C.2. General Description of the STAHR Approach

C.2.1. The Technical Component: The Influence Diagram

As stated above, STAHR consists of both a social component and a technical component.
The technical component is the influence diagram. Influence diagrams were developed in
the mid-70’s by Miller et al.? at the Stanford Research Institute and then were applied
and further developed at Decisions and Designs, Inc.3 for intelligence analysis, all without
a single paper being published in a professional journal. In 1980, Howard and Matheson!
extended the theory and showed that any event tree can be represented as an influence dia-
gram, but not all influence diagrams can be turned into event trees unless certain allowable
logical transformations are performed on the linkages between the influencing events.

The key principles of influence diagram technology are illustrated by the simple diagrams
shown in Figure C.1. Diagram (a) shows the simplest kind of influence. Here Event A
is influenced by Event B; that is, the probabilities that one would assign to the occurrence
or non-occurrence of Event A are conditional on whether or not Event B has occurred.
Shown with the influence diagram is an equivalent event tree representation, where Events
A and B are assumed to have only two outcomes, A and A, B and B. In the event tree the
probability of B occurring is given by p;. The probability of A occurring, given that B has
occurred, is shown by p,, and the probability of A occurring, given that B has not
occurred, is given by p;. The point here is that p, is not equal to p;. If p, and p; were
equal, then the influence diagram would show two circles unconnected by any influencing
link.

Diagram (b) shows a slightly more complex influence. Here, Event A is influenced by
both Event B and Event C. The comparable event tree consists of three tiers because the
probability assigned to A at the extreme right depends upon the previous occurrence or
non-occurrence of both B and C. These probabilities for A, conditional on previous events,
are shown by p; through ps. Note that p, appears in two places, indicating that the proba-
bility assigned to B is the same whether or not C occurs.

Finally, diagram (c) shows the same influences on A as diagram (b), but now Event C
influences not only Event A but also Event B. Note that the event trees for diagrams (b)
and (c) have the same structure, but for diagram (c) the probability assigned to B condi-
tional on C is no longer the same as the probability of B conditional on C. Thus, while
there are six different probabilities in the event tree for diagram (b), there are seven dif-
ferent probabilities in the event tree for diagram (c). It is easy to see that the influence
diagram representation not only is compact, but also contains more information than the
structure of the event trees without any probability assignments.

In practical situations for which an influence diagram has many nodes, it is typical for the
actual number of influencing paths to be far fewer than the maximum that could occur if
every node were linked to every other node. Any assessment procedure based on the influ-
ence diagram will require only the minimum number of probability assignments. For
example, an influence diagram procedure for (b) in Figure C.1 would require only six
probabilities and would recognize that the same probability is assigned to Event B whether
or not Event C occurs. In an event tree representation of the same problem, dependencies
between events are not obvious until probabilities have been associated with each branch,
and keeping track of independent events within a large tree can be a tedious housekeeping
chore.
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(c) f

Figure C.1. Influence diagrams and their corresponding event trees. (a) Event A is
influenced by Event B; (b) Event A is influenced by Events B and C; and (c) Event A is
influenced by Events B and C, and B is influenced by C. :
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In applying influence diagram technology, Event A is taken as the target event and assess-
ments are made of only the necessary and sufficient conditional probabilities that enable
the unconditional probability of the target event outcomes to be calculated. For example,
in diagram (a) of Figure C.1, the probability of A is given by calculating the joint proba-
bilities of all paths on which an A occurs and then summing the joint probabilities, i.e.,
pip2 + (1 — p1)ps. For more complex influence diagrams, successive application of the
addition and multiplication laws of probability are sufficient to enable the unconditional
probability of the targeted event to be calculated.

It is, of course, important to recognize that no probability is ever unconditional. All events
shown on an influence diagram occur within some context, and it is this context that
establishes conditioning events that are not usually shown in the notation on the influence
diagram. Thus, in applying this technology, it will be important to establish at the start of
every assessment procedure what these common conditioning events are.

C.2.2. The Social Component: Human Judgments

The preceding discussion has illustrated how the influence diagram provides the technical
means for organizing the conditional probability assessments that are required for calculat-
ing the unconditional probability of the target event. But where does the specific influence
diagram needed come from, and how are the conditional probability assessments obtained?
The answer is that they are developed mainly through human judgments obtained from
experts working in groups, and it is these judgments that comprise the "socio” component
of the STAHR approach.

The theory behind the socio component was developed and illustrated with a case study by
Phillips.* The key idea is that groups of experts are brought together to work in an itera-
tive and consultative fashion to create a requisite model of the problem at hand. A judg-
mental model is considered requisite if it is sufficient in form and content to solve the
problem. A requisite model is developed by consulting "problem owners," people who have
the information, judgment and experience relevant to the problem.

The process of creating a model is iterative, with current model results being shown to the
problem owners who can then compare the current results with their own holistic judg-
ments. Any sense of discrepancy is explored, with two possible results: intuition and judg-
ment may be found lacking or wrong, or the model itself may be inadequate or incorrect.
Thus, the process of creating a requisite decision model uses the sense of unease felt by the
problem owners about current model results, and this sense of unease is used to develop the
model further and to generate new intuitions about the problem. When the sense of
unease has gone and no new intuitions emerge, then the model is considered requisite. The
aim of requisite modeling is to help problem owners toward a shared understanding of the
problem, thus enabling decision makers to act, to create a new reality.

A requisite model usually is neither optimal or normative, is rarely descriptive, and is at
best conditionally prescriptive. A requisite model is about a shared social reality, the cur-
rent understanding by the problem owners. Requisite models are appropriate when there is
a substantial judgmental element that must be made explicit in order to solve a problem.
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Because judgment, intuition and expertise are important ingredients of requisite models,
there can be no external reality that can serve as a criterion against which optimality
would be judged. Thus, requisite models are not optimal models. Nor are requisite
models normative models in the sense that they describe the behavior of idealized, consist-
ent decision makers; that claim would be too strong. Neither can they be considered as
descriptive models in the sense that they describe the behavior of actual people. Requisite
models are stronger than that; they serve as guides to action, though they may not them-
selves model alternative courses of action. A requisite model attempts to overcome limita-
tions on human processing of information due to bounded rationality.

Requisite modeling seems ideally suited for the determination of human error rates in com-
plex technical systems. The human operator in a complex system cannot, for the purpose
of determining error rates, be treated as an unreliable machine component. In determining
error rates for machines, two fundamental assumptions are made. First, that all machines
of a particular type are identical as far as error rates are concerned, and second, that all
machines of a particular type will be operating within environmental bounds over which
the error rate remains unchanged. Neither of these assumptions is true for the human
operator. Each person is different from the next, and not even requiring certain standards
of training and competence can ensure that other factors, such as those affecting morale
and motivation, will not have over-riding effects on the error rates. Moreover, environmen-
tal factors can have a substantial impact on human error rates. The same operator may
perform differently at a new plant of the same design, if, for example, teams function dif-
ferently in the two plants. In short, people are different, and the environments they oper-
ate in are different, not only from plant to plant but also, from time to time, within a
plant. Human error rates are not, then, unconditional figures that can be assigned to
particular events. Rather, they are numbers that are conditional on the individual, and on
the social and physical environment in which he is operating.

The effective assessment of error rates should take these conditioning influences into
account. Technically, the STAHR approach does this by using the influence diagram to
display the conditioning influences, and by using the educated assessments of experts to
provide judgments that can take account of the uniqueness of the influences for a particu-
lar plant.

As yet, it is not known when the STAHR approach should be used in preference to other
approaches. It is not even clear whether the STAHR approach should be considered as a
competitor to other methods, for it may well turn out that different methods are called for
in different circumstances. Clearly, the STAHR approach focuses on the process of
obtaining assessments and in this respect it differs considerably from the handbook
approach (the THERP approach) of Swain and Guttman.® At this stage of research, it
can only be said that the STAHR approach is different from THERP. Our guess is that
both STAHR and THERP, and possibly other approaches as well, will each find their own
uses, depending on the circumstances. Research is needed to identify those circumstances.

Finally, can experts provide assessments that are valid? Our view is that given the right
circumstances people can provide precise, reliable and accurate assessments of probability.
This viewpoint is elaborated on by Phillips,” but some authorities believe that bias is a per-
vading element in probability assessment.® Unfortunately, virtually none of the research
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that leads to the observation of bias in probability assessments has been conducted under
circumstances that would facilitate good assessments. Many of these circumstances are
explained in Stael von Holstein and Matheson.’

Recent research by the Decision Analysis Unit with insurance underwriters suggests that
two additional factors contribute to obtaining good probability assessments. One is the
structure of the relationships of events whose probabilities are being assessed, and the
other is the use of groups in generating good assessments. In the STAHR approach, the
influence diagram presents a well-understood structure within which groups of experts gen-
erate assessments.

The success of the STAHR approach depends, in part, on the presence of a group facilita-
tor who is acquainted with the literature on probability assessment and who is experienced
in using techniques that facilitate good assessments. How crucial this role is we do not yet
know, but we are sure that the necessary expertise and skills can be acquired with reasona-
ble effort by potential group facilitators. In any event, there is nothing in the research lit-
erature to suggest that people are incapable of making good assessments. In the United
States, weathermen do it now. For example, a review of weather predictions showed that
when weathermen predicted a 60% chance of rain within 24 hours, 60% of the time it
rained within 24 hours. Thus, weather forecasts are said to be "well-calibrated”; the
STAHR approach tries to arrange for circumstances that will promote "well-calibrated”
probability assessments. However, calibrating the very low probabilities that emerge from
the STAHR approach, or indeed any other approach, is technically difficult because of the
low error rates implied. There are simply too few opportunities to determine whether the
weathermen’s low probability of rain in the desert is realistic.

C.3. Design of the STAHR Influence Diagram

After several revisions, the influence diagram as of June 1983 for events that are influ-
enced by operator actions in nuclear power stations is shown in Figure C.2. We do not
yet know whether this influence diagram is generic in the sense that it can handle all
events in which operators are expected to take actions. Possibly parts of the diagram are
generic and others need to be developed to fit the specific situation. The STAHR
approach is sufficiently flexible that modifications to the influence diagram can be made to
suit the circumstances, or entirely different influence diagrams could be drawn.

The top node in Figure C.2 indicates the target event. For example, if an alarm in the
control room signals that some malfunction has occurred and the operator attempts to
correct the malfunction by following established procedures, one target event might be that
the operator correctly performs a specified step in the procedures. The influence diagram
shows three major influences on the target event. One is the quality of information
available to the operator, the second is the extent to which the organization of the nuclear
power station contributes to getting the work done effectively, and the third is the impact
of personal and psychological factors pertaining to the operators themselves. Another way
of saying this is that the effective performance of the target event depends on (A) the
physical environment, (B) the social environment, and (C) personal factors.
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Figure C.2. The STAHR influence diagram (as of June 1983).

Each of these three major factors is itself influenced by other factors. The quality of
information available is largely a matter of good design of the control room and of the
presence of meaningful procedures. The organization is requisite; i.e., it facilitates getting
the required work done effectively if the operations department has a primary role at the
power station and if the organization at the power station allows the effective formation of
teams. Personal factors will contribute to effective performance of the target event if the
level of stress experienced by operators is helpful, if morale and motivation of the operators
are good, and if the operators are highly competent. In other words, the following seven
"bottom-level” influences actually describe the power station, its organization and its opera-
tors:

(A) Physical Environment

(1) Design of control room (good vs. poor).

(2) Meaningfulness of procedures (meaningful vs. not meaningful).
(B) Social Environment

(3) Role of Operations Department (primary vs. not primary).

(4) Effectiveness of teams (team work present vs. absent).
(C) Personal Factors

(5) Level of stress (helpful vs. not helpful).'

(6) Level of morale/motivation (good vs. bad).

(7) Competence of operators (high vs. low).
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These seven influences are discussed in more detail in Appendix D with respect to their
application during the field testing of the STAHR methodology at H. B. Robinson Unit 2.
Suffice it to say here that in considering the impact of these seven influences, most nuclear
power stations will be found to have mixtures of "good” vs. "poor,” "high vs. low," etc.

C.4. Application of the STAHR Influence Diagram

Using the STAHR influence diagram is a matter of applying the following ten steps:

(1) Describe all relevant conditioning events.
(2) Define the target event.

(3) Choose a middle-level event and assess the weight of evidence for each of the
bottom-level influences leading into this middle-level event.

(4) Assess the weight of evidence for this middle-level influence conditional on
the bottom-level influences.

(5) Repeat steps 3 and 4 for the remaining middle- and bottom-level influences.

(6) Assess probabilities of the target event conditional on the middle-level influ-
ences.

(7) Calculate the unconditional probability of the target event and the uncondi-
tional weight of evidence of the middle-level influences.

(8) Compare these results to the holistic judgments of the assessors; revise the
assessments as necessary to reduce discrepancies between holistic judgments
and model results.

(9) TIterate through the above steps as necessary until the assessors have finished
" refining their judgments.

(10) Do sensitivity analyses on any remaining group disagreements; report either
point estimates if disagreements are of no consequence, or ranges if disagree-
ments are substantial.

In step 1, participants would describe the general setting in which the target event might
occur, as well as all conditions leading up to the target event. Assessors are reminded that
this description and statement of initial conditions form a context for their subsequent
assessments and that these assessments are conditional on this context.

In the second stage, the target event is defined in such a way that its occurrence or non-
occurrence is capable, at least theoretically, of confirmation without additional informa-
tion. Thus, "rain tomorrow" is a poorly defined event, whereas "less than 0.1 mm of pre-
cipitation falls in a range gauge located at weather station x" is a well-defined event.

In carrying out step 3, the assessors might begin by focusing attention on the left-most
middle node, quality of information, and assess weights of evidence for the two bottom
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influences, design and procedures. This is done with reference to the specific definitions of
these bottom influences.* For example, with respect to the design influence, the group of
assessors must decide whether, on balance, the design of the particular power station is
more similar to the good definitions or to the poor definitions (see items Al and A2 in list
of bottom-level influences in Section C.3). The assessors may find it helpful to imagine a
continuous dimension between good and poor and then try to determine where on this
dimension this particular power station lies with respect to the event in question. In short,
the assessors are judging numbers that reflect the relative weight of evidence as between
the poles of the design influence. The weight of evidence would also be judged for the
next bottom node, meaningfulness of procedures, but here six different factors, from real-
ism to format, must be taken into account in making the judgment.

The weights of evidence placed on the poles of each dimension are assigned as numbers
that sum to 1. Thus, by letting w, represent the weight of evidence on the design being
good and w, represent the weight of evidence on the procedures being meaningful, the
assessments for these two bottom nodes can be represented as follows:

Good Poor

Design wy 1 —w

Meaningful Not Meaningful

Procedures W, 1 —w,

Step 4 requires the assessment of probabilities for the quality of information, a middle-
level influence, conditional on the lower-level influences. The poles of the two bottom-level
influences combine to make four different combinations: good design and meaningful pro-
cedures; good design and not-meaningful procedures; poor design and meaningful pro-
cedures; and poor design and not-meaningful procedures. Each of these four combinations
describes a hypothetical power station of the sort under consideration, and these hypotheti-
ca] stations are kept in mind by the assessors when they determine the weight of evidence
for the quality of information. This can be set out as follows:

If then QUALITY OF INFORMATION
is
DESIGN & PROCEDURES HIGH LOW JOINT WEIGHTS
Good Meaningful w3 1 —ws wiw,
Good Not meaningful wy 1 — wy wi(l — wy)
Poor Meaningful ws 1 — ws (1 — wyw,
Poor Not meaningful W 1 — wg (1 — w1 —wy)

*For specific definitions, see Table D.2 in Appendix D.
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For example, w, is the weight of evidence that the quality of information is high, given
that design is good and the procedures are meaningful. Here high quality of information
does not mean an ideally perfect power station; instead it means a power station in which
both the design and the procedures are of a high, yet practically realizable standard. Nei-
ther does low quality of information mean some abysmally bad standard, but rather a
standard that is minimally licensable. The assessments w; through wg capture possible
interactions between design and procedures. This is a key feature of the influence diagram
technology and experience to date suggests that it is an important feature for human relia-
bility assessment. For example, in some power stations good design may compensate to
some extent for procedures that are not very meaningful, whereas if the design were poor
the additional burden of procedures that were not meaningful could be very serious indeed.

At this point, a brief technical diversion from describing the ten-step procedure is war-
ranted because it is now possible to illustrate the calculations that are involved in using
influence diagrams. The weights are assessed in such a way that they are assumed to fol-
low the probability calculus. Thus, the overall weights of evidence that would be assigned
to those four hypothetical stations described at step 4 can be obtained by multiplying the
two relevant weights of evidence. For example, the weight of evidence assigned to the
actual power station under consideration being both good in design and meaningful in pro-
cedures is given by the product of w; and w,. These are shown above as joint weights.
Note that the product rule for probabilities is applied. The next stage in the calculation is
to multiply these four joint weights by the weights w3 through wg and then to add these
four products to obtain the overall weight of evidence that quality of information is high
for the power station under consideration. That is,

W(HIGH) = W3iw Wy + W4W1(1 - W2) + W5(1 - Wl)Wz + W6(1 - Wl)(l - W2) .

Note that this calculation makes use of both the product and the addition laws of probabil-
ity. It is the repeated application of these two laws that allows unconditional weights at
higher nodes to be determined. The unconditional weights now determined for the quality
of information will serve as weights on the rows of the matrix for the next higher level
event, and the types of calculations just illustrated are repeated to obtain the unconditional
probabilities for the target event.

Returning now to the ten-step procedure, step 5 requires that steps 3 and 4 be repeated for
the rest of the middle- and bottom-level influences. Thus, weights of evidence would be
assessed for the role of operations and for teams; then a matrix of conditional probabilities
would be assessed for the organizational influence conditional on the lower-level influences.
The same procedures would then be followed in making the necessary assessments for the
personal factors.

Step 6 requires, for the first time, assessments of probabilities. However, these probabili-
ties are for the target event conditional on the middle-level influences. In a sense, what is
being assessed is conditional error rates; that is, assessors are giving their judgments about
what the error rates would be under the assumption of particular patterns of influences.
Since the quality of information can be either high or low, the organization can either be
requisite or not, and personal factors can be favorable or unfavorable. There are eight pos-
sible combinations of these influences. A separate error rate associated with the target
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event is assessed for each of those eight combinations. This is not a particularly easy job
for assessors because they must keep in mind three different influences as well as their pos-
sible interaction. Favorable personal factors, for example, may well save the day even if
the organization is not requisite, and may even compensate to some extent for low quality
of information. Insofar as the middle-level influences interact, this stage in the assessment
process is important, for it allows assessors to express the effect on error rates of these
interactions.

Step 7 is best carried out by a computer which can apply the multiplication and addition
laws of probability to determine the unconditional probability of the target event as well as
the next-lower influences.

In step 8, the unconditional probabilities and weights of evidence for the middle-level influ-
ences are given to the group of assessors who then compare these results to their own holis-
tic judgments. Descrepancies are usually discussed in the group and revisions made as
necessary to any assessment.

Step 9 indicates that iteration through the first 8 steps may occur as individual assessors
share their perceptions of the problem with each other, develop new intuitions about the
problem, and revise their assessment. Eventually, when the sense of unease created by dis-
crepancies between current model results and holistic judgments disappear, and when no
new intuitions arise about the problem, model development is at an end, and the model can
be considered requisite.

Since individual experts may still disagree about certain assessments, it is worthwhile in
step 10 to do sensitivity analyses to determine the extent to which these disagreements
influence the unconditional probability of the target event. An easy, but not entirely satis-
factory, way to do this is first to put in all those assessments that would lead to the lowest
probability for the target event and see what its unconditional value is and then to put in
all assessments that would lead to the largest probability, thus determining a range of pos-
sible results. The difficulty with this is that no individual in the group is likely to believe
all of the most pessimistic or all of the most optimistic assessments, so the range esta-
blished by this approach to sensitivity analysis is unduly large. It should not be too diffi-
cult, however, to develop easy and effective procedures for establishing realistic ranges for
the probability of the target event, ranges that accommodate the actual variation of opin-
ion in the group. i

This has been only a very brief description of the stages that appear to be necessary for
applying the influence diagram technology. As experience is gained in the STAHR
approach, these steps no doubt will be modified and elaborated. The steps are certainly
not intended as a rigid procedure to be followed without deviation. Instead, they should be
thought of as an agenda that will guide the work of the group.

C.5. Group Processes
So far, little has been said about the group processes that form the "socio” component of

the STAHR approach. A key assumption here is that many heads are better than one for
probability assessments. Particularly for human reliability assessment in complex systems,
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there is unlikely to be any single individual with an unbiased perspective on the problem.
Although each individual may be biased in his view, the other side of the coin is that each
person has something worthwhile to contribute to the overall assessment. It is within the
context of the group that different perspectives of the problem can most effectively be
revealed and shared with others, so that the group’s main function is the generation of
assessments that take into account these different perspectives.

To ensure that all perspectives on the problem are fairly represented, it is important that a
group climate be established within which information is seen as a neutral commodity to
be shared by all regardless of an individual’s status or investment in the problem. The role
of group consultant can be established to help create this climate. This individual needs to
be conversant with the technical aspect of influence diagrams and with probability assess-
ment and to have a working knowledge of group processes. The group consultant should
be seen by the group as an impartial facilitator of the work of the group, as someone who
is providing structure to help the group think about the problem but is not providing any
specific content. Although the group consultant needs some minimal acquaintance with
the principles of nuclear power generation and with the key components in the plant itself,
it is probably desirable that he not be a specialist in nuclear power; otherwise he might
find it more difficult to maintain a neutral, task-oriented climate in the group. Thus, a
major role for the group consultant is not to tell people what to think about the problem
but how to think about it.

The other major role for the group consultant is to attend to the group processes and inter-
vene to help the group maintain its task orientation. The group can easily become dis-
tracted from its main task because viewpoints in the group will often be divergent. The
cognitive maps that a design engineer and a reactor operator have of the same system may
be quite different, yet each will at times insist on the validity of his particular viewpoint.
The group consultant must help the group to legitimize each of these viewpoints and to
explore them in generating useful assessments.

To a certain extent, adversarial processes may even operate in these groups. Operators will
openly criticize certain aspects of design, and design engineers may well be contemptuous
of procedures that they deem to be unnecessary if only people would operate the system
properly. Trainers may be somewhat sceptical of the optimistic "can-do" attitude of the
operators, while operators may feel that anyone who has not had "hands-on" experience in
the real control room rather than just simulator experience is out-of-date at best and sim-
ply out of touch at worst. Unless the group consultant manages the group processes effec-
tively, minor squabbles can easily turn into major confrontations that seriously divert the
group from its effective work.

This discussion is not meant to imply that the group should be composed so as to reduce
adversarial processes. On the contrary, an underlying assumption of the STAHR approach
is that diversity of viewpoint is needed if good assessments are to be generated. Differ-
ences are to be confronted openly in the group and to be taken seriously regardless of the
status of the holder of the viewpoint. Thus, diversity of viewpoint is a key criterion in
composing the groups. As yet, we are not certain about the roles that should be
represented in the groups but it would appear that at least the following are necessary:
group consultant, technical moderator to help direct the discussion on technical issues,
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trainer of nuclear power station operators, reliability and systems analyst, thermal-
hydraulics engineer, possibly one or two other engineers with specialized knowledge of the
power station, and, of course, reactor operators. Further work is needed to establish
exactly who the problem owners are for these human reliability assessments.

C.6. Summary Statement

This appendix has described the STAHR approach as it was originally conceived for appli-
cation to the assessment of the reliability of operator actions at a nuclear power station
during potential PTS events. As will be apparent from Appendix D, the first field test of
the methodology resulted in some modifications of the detailed definitions of the bottom-
level influences, and further revisions are anticipated as the approach is more generally
applied.
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APPENDIX D. QUANTIFICATION OF OPERATOR ACTIONS

D.1. Introduction

In order to complete the quantification of the event trees, it was necessary to identify suc-
cess and failure frequencies associated with operator actions. The STAHR methodology
described in Appendix C was the primary means by which frequencies of error were
assigned to a predetermined set of operator actions associated with potential PTS events at
H. B. Robinson Unit 2. A four-day meeting was held at a Carolina Power and Light
Company (CP&L) training facility to implement this group evaluation process. Although
the composition of the group attending the meeting varied somewhat over the four days,
the following roles were represented: group consultant and facilitator, technical moderator,
trainer of reactor operators, thermal-hydraulic engineer and procedures specialist, engineer
familiar with pressurized thermal shock phenomena, probabilistic risk analyst, reliability
and systems analyst, human reliability specialist, and reactor operator.*

At the first session of the meeting, a brief description of the role of human judgment in
risk assessments was given, with particular emphasis on the view of probability as an
expression of a degree of belief. The conditions under which good calibration of probabil-
ity assessments could be expected were also described. The group was then charged with
the responsibility of applying the STAHR methodology to the preselected target events
(operator actions) during the remainder of the meeting. This appendix summarizes the
deliberations of the group in sessions in which the STAHR methodology was applied to
target events and describes how the results of these sessions were utilized in the quantifica-
tion of the event trees.

D.2. Practice Session with STAHR Methodology

At the practice session, the group was presented with the list of target events to be consid-
ered (see Table D.1). It was recognized that in general all these target events involved
determining whether or not an operator would successfully perform some mitigating action.
After some discussion the group selected operator action 1b from the table as the target
event for the practice session.

The group was then introduced to influence diagrams and their relationship to event trees.
The influence diagram described in Appendix C was presented, together with definitions
of the bottom-level influences. Considerable discussion of the influences followed, with the
result that the definitions of the influences were slightly changed and extended.
Table D.2 gives the final definitions as they were used throughout the remainder of the
week.

*One of the authors (Phillips) served as the group consultant and another (Embry) served as the human relia-
bility analyst. A member of the PTS study group (Selby of Oak Ridge National Laboratory) acted as the
technical moderator.
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Table D.1. List of operator actions to be quantified®

1. Operator isolates AFW flow to affected SG following:

a. A large steam-line break from full power upstream of MSIVs.
b. A large steam-line break from hot 0% power upstream of MSIVs.
¢. A small steam-line break from full power upstream of MSIVs,
d. A small steam-line break from hot 0% power upstream of MSIVs.

2. Operator controls AFW to maintain SG level in unaffected SGs
following:

a. A large steam-line break from full power upstream of MSIVs.

b. A large steam-line break from hot 0% power upstream of MSIVs.
c. A small steam-line break from full power upstream of MSIVs.

d. A small steam-line break from hot 0% power upstream of MSIVs.
e. A small-break LOCA from full power.

f. A small-break LOCA from hot 0% power.

3. Operator isolates PZR PORYV that has failed to close owing to:

a. PZR PORY failure being the initiating event.
b. PZR PORY failure occurring during repressurization following
a separate event.

4. Operator terminates SI within 10 min after subcooling is greater
than 40°F, operable heat sink is available, and pressurizer level
is greater than 6% following:

a. A large steam-line break from full power upstream of MSIVs.
b. A large steam-line break from hot 0% power upstream of MSIVs.
¢. A small steam-line break from full power upstream of MSIVs.
d. A small steam-line break from hot 0% power upstream of MSIVs.

5. Operator closes the MSIVs following:

a. The failure of a single SDV to close on demand.

b. The failure of two SDVs to close on demand.

c. The failure of more than two SDVs to close on demand.
d. A small steam-line break downstream of the MSIVs.

6. Operator terminates SI within 25 min following:

a. A single SG tube rupture occurring at full power.
b. A single SG tube rupture occurring at hot 0% power.

?The acronyms used in this table (in order of their appearance) are:
AFW = auxiliary feedwater, SG = steam generator, MSIV =
main steam isolation valve, PZR PORV = pressurizer power-operated
relief valve, SI = safety injection, and SDV = steam dump valve.
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Table D.2. Definitions of lowest-level influences in influence diagram
(revision on December 1983)

1. Control Room Design

Good Poor

a. Displays
Easy to read and understand Hard to read, difficult to
and accessible. interpret, inaccessible.
Make sense, directly related Confusing, not directly related
to controls. to controls.
Alarms discriminable, Alarms confusing, irrelevant,
relevant, coded. not coded.
Mimic display employed. Non-representational display.
Displays regarding event Displays regarding event are .
are present, clear, not present, are unclear or
unambiguous. ambiguous.

b. Operator involvement .

Operators have say in Operators have little or no
design modifications. say in design modifications.
Operator receives prompt No confirming information. -

confirmation of action.

c. Automation of routine functions

Highly automated. Low level of automation.
Operators act as systems Operators perform many routine
managers. functions.

2. Operating Procedures
Meaningful Not meaningful
a. Realism

Realistic; the way things Unrealistic; not the way things
are done. are done.

b. Location aids
Location aids provided. Few or no location aids provided.
¢. Scrutability

Procedures keep operators Procedures do not keep operators
in touch with plant. in touch with plant.
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Table D.2. (Continued)

2. Operating Procedures (Contd.)

Meaningful
d. Operator involvement

Operators involved in
developing procedures.

e. Diagnostics

Allow unambiguous determina-
tion of event in progress.

f. Format
Procedures clear, consistent,
and in easily read format.
3. Function of Operations Department
Primary
a. Accountability

All other functions report
to operations supervisor.

b. Relationship to maintenance and
other functions

Good relations.

c. Paperwork
About right.

d. Operator involvement
Operators have a say in
how the place is run.

4. Teamwork in Control Room
Present

a. Shifts
Allow teams to stay together.

b. Roles

Well-defined accountabilities,
but with scope for exercising
discretion.

¢. Training

Team members train together.
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Not meaningful

Operators not involved in
developing procedures.

Allow inappropriate diagnosis.

Procedures confusing,
difficult to read.

Not primary

Other functions are ends
in themselves.

Antagonistic relations.
Excessive.

Operators have no say
in how place is run.

Absent
Prohibit team formation.

Poorly defined accountabilities
or rigid job descriptions that
leave little scope for exercise
of discretion.

Team members do not train together.



Table D.2. (Continued)

5. Level of Operator Stress
Level Helpful
a. Shifts
No jet lag.
b. Time available
Adequate time.
¢. Operating objectives

No conflict.
d. Transient-related stress

Appropriate.

6. Level of Operator Morale/Motivation
Good
a. Status of operators
Treated as professionals.
b. Career structure

Operators can find best
level in organization.

c. Physical/mental well being
Operators physically and
mentally capable of performing
job.

7. Competence of Operators
High
a. Training

Operators generally well
trained in emergency
procedures.

b. Certification
Peer review is used.
¢. Performance feedback

Operators given periodic
feedback on performance.

d. Experience

Operators experienced in
dealing with target event.

Level Not helpful

Permanent jet lag.

Too little time.

Conflict.

Understressed or overstressed.

Poor

Treated as laborers.

Peter Principle operates.

Job performance adversely affected
by physical and/or mental
impairment.

Low

Operators poorly trained in
emergency procedures.

No peer review is used.

Operators given no feedback
on performance.

Operators not experienced in
dealing with target event.
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At this point David Embrey gave a review of the cognitive processes that the group might
wish to consider when thinking about possible reasons for the failure of an operator to per-
form a target event successfully. Next, the operators within the group described the dis-
play configurations in the plant with particular emphasis on those displays that would be
relevant to the target event. Considerable discussion followed while the group attempted
to develop a common understanding of the control room, procedures and the nature of the
event being evaluated. The process of eliciting assessments then began with the facilitator
giving the group the responsibility of telling the secretary when a point of consensus had
been reached. Thus, the group had to make a judgement about when sufficient agreement
about technical matters had been reached so that the secretary could be instructed to
record the reasons for the assessments given.

The evaluation began with a review of the H. B. Robinson Unit 2 display system with
respect to the target event. The initial discussion centered around the miniature control
room concept with its relatively small annunciators. The general feeling was that although
they could not be read from a distance, one could be right in front of any annunciator by
simply taking a few steps. The conclusion was that there are better designs but H. B.
Robinson is certainly adequate for dealing with this event. A relative value of 70 was
assigned as a weighting factor for display associated with the target event.

Evaluations were performed for the remaining performance shaping factors in a similar
manner. The resulting failure probability for failure to isolate AFW within 10 min was
determined to be 0.0023/demand. The relatively low failure rate was mostly attributed to
the impact of the new symptom-based procedures which were felt to lead to early direc-
tions to isolate due to its flow chart structure.

D.3. Application of STAHR and Other Methodologies to Target
Events of Table D.1

D.3.1. Isolation of AFW to Affected SG Following a
Steam-line Break Event

The first step was to review the results of the practice session and to examine the failure
probability with respect to perturbations in the initiating event (operator actions la, 1c and
1d). It was determined that the weights used were reasonable and thus it was felt that
there was no need to redo the event evaluated as part of the practice session. It was also
determined that there would be no difference in probabilities as a result of power level; i.e.,
operator action l1a should be treated the same as operator action 1b. The operator would
go through almost the same sequence of actions regardless of power level. However, it was
felt that there might be a difference between a small break and large break owing to the
timing of the event; ie., operator actions lc and 1d could be different from operator
actions la and 1b, respectively. The timing could be different since the drop in SG level
would be much slower in the case of the small break. It was felt that the best way to
quantify operator actions 1c¢ and 1d would be to evaluate them at 20 min rather than at 10
min. Thus the evaluation was repeated for the small break at 20 min. This led to a value
of 0.0017/demand for the failure probability. As before, the power level was not consid-
ered to have an impact on the potential for failure and thus the same failure value was
used for both operator actions (1c and 1d).
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D.3.2. Control of AFW to Maintain SG Level Following Steam-line Break or
Small-Break LOCA

A STAHR analysis was not performed for any of the operator action perturbations identi-
fied under this category. At the time, it was felt that this operator action would have little
if any effect on the consequences of the event and that time available for STAHR analysis
would be better spent dealing with what were considered to be more important events. For
analysis purposes, the quantification was performed using the time reliability curve
displayed as Figure D.1 (from Ref. 1). This resulted in a recommended failure proba-
bility of 0.01 for this event. With one exception, this was the failure value used in the
analysis. The exception was that when there was a failure to isolate AFW to the affected
SG following a steam-line break, the failure to control AFW was considered to be a com-
plete dependence; i.e., the failure probability was assumed to be 1.0 given failure to isolate
AFW. The values defined by these assumptions were used consistently for all six cases
(operator actions 2a-2f). It should be noted that the thermal-hydraulic analysis confirmed
that failure to control AFW to maintain level had very little effect on the downcomer tem-
perature. Thus variances in the failure probability would have no effect on the final out-
come of the analysis.
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Figure D.1. Failure probability vs. time for operators, original model.

473



D.3.3. Isolation of a PZR PORY That Has Failed to Close

A general review of this operator action was made in the hope that a consensus could be
reached on a final value without a rigorous analysis. The general feeling was that given
10 min the probability of a failure to isolate would be very small and on the order of
0.001. This was the value agreed to by the group at the time of the human factors
evaluation sessions. However, after further review by ORNL it was the opinion of the
ORNL analysts that this value was probably too low for two reasons. First, one of the
principal reasons for the low failure probability was the relative importance assigned to a
PZR PORY failure as a result of the accident at Three Mile Island Unit 2. However,
since this analysis is required to cover a 30-yr life, it was felt that the relative importance
of this event might be reduced. Second, successful isolation of the PZR PORV requires
that the PZR PORY block valve close as required. Although as a single failure condition
the failure probability assigned to a block valve closing would also be on the order of
0.001/demand, it was perceived that there could be some coupling between a PZR PORV
failure and a PZR PORYV block valve failure. After consideration of the above informa-
tion, the ORNL analysts chose to use a value of 0.01 /demand for the failure to isolate the
PZR PORYV following a failure to close. It should be noted that this was the only value
coming out of the human factors sessions which was subsequently changed by the ORNL
analysts.

The next step was to examine a PZR PORYV failure which occurred not as an initiating
event but as part of the repressurization process following a separate event. In the analysis
for Calvert Cliffs Unit 1 (Ref. 2), the failure probability was higher under these condi-
tions since a separate operator action failure (failure to control repressurization) was nec-
essary to achieve the initial PZR PORYV opening. However, in the case of H. B. Robin-
son Unit 2, the charging system automatically throttles to control level in the pressurizer
and thus avoids a PZR PORV lift. As a result, for this plant there would be no couple
between the failure and the recovery and it was determined that the same failure value of
0.01/demand would be used under these circumstances.

D.3.4. Termination of SI Within 10 min After Specified Conditions for
Termination Are Met Following a Steam-line Break

This operator action was addressed since it was perceived that in the case of a steam-line
break the operator might terminate SI early and thus reduce the cooldown. After some
discussion, it was determined that the operator would probably terminate SI within 10 min
after the following conditions were achieved: (1) subcooling is greater than 40°F,
(2) operable heat sink is available, and (3) pressurizer level is greater than 6%. From
the thermal-hydraulic information available, it was determined that these criteria would be
met between 10 to 15 min into the transient for most steam-line breaks. Thus the operator
action of interest would occur at 20 to 25 min into the transient. In the evaluation of the
performance shaping factors, some of the discussion centered around the new symptom-
based procedures. It was identified that there was a point in the flow chart procedure that
would call for the termination of SI. However, it was not clear whether or not the opera-
tor would reach this point in the procedures within the allotted 20 to 25 min. After a
walk-through of the procedures, it was decided that the operator would more than likely
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reach this point in the procedures within the time frame of interest. In fact, it was the
opinion of the operators that the entire procedure usually could be completed within 20
min. This was one of the principal factors which led to a low failure rate of
0.0073 /demand.

As with previous operator actions, the effects of power level and break size were examined.
It was determined that for the 20- to 25-min time frame, neither the power level nor the
break size would have much impact on the failure value. Thus, the 0.0073/demand value
was used in all instances. It is interesting to note that this value agrees very well with the
value which would have been chosen if the time-line reliability curve shown in Figure D.I
had been used.

In the final analysis, this operator action was not included. Subsequent analysis of the
steam-line break thermal-hydraulic calculations revealed that the dead-head of the HPI
system was reached at about the 20-min time frame for the steam-line breaks examined.
Thus there would be no need for the operator to terminate SI.

D.3.5. Closure of the MSIVs Following Failure of SDV(s) or Steam-line Break

For small steam-line break events, the closure of the MSIVs is a very important operator
action and unfortunately was not considered as part of the human factors analysis sessions.
At the time, it was not anticipated that the MSIVs would not automatically close in the
event of a small steam-line break. The operator was perceived as a backup to the auto-
matic system and thus was not considered. However, the thermal-hydraulic calculations
revealed that the condition of high steam flow required for automatic closure of the
MSIVs would not be reached for the small steam-line break.

An examination of the potential events in which the closure of the MSIVs would be left to
the operator revealed four major events as listed in Table D.1. The first event involves
the failure of a single SDV. This event leads to a small steam-line break downsteam of
the MSIVs. Conversations were held with personnel with operational experience at H. B.
Robinson and with CP&L staff. It was concluded that for a single SDV failure there
would be reluctance on the part of the operator to isolate the system by closing the
MSIVs. It was perceived that the operator would most likely monitor the system and
observe the cooldown rate but the need for closure of the MSIVs is not expected to be
identified. Thus for analysis purposes, no credit was taken for the closure of the MSIVs in
the case of a single SDV failure.

The second event for which MSIV closure by the operator might be required involves the
failure of two SDVs to close. This event leads to a somewhat larger break and a slightly
different situation. Again, it was felt that there might be some reluctance to close the
MSIVs and thus isolate the system, but it was also felt that after some monitoring of the
system the operator would eventually close the MSIVs. After careful consideration the
ORNL analysts chose a failure value of 0.01 /demand for this event.

The third event in question is actually a class of events and involves the failure of three or
more SDVs to close. This type of event leads to a relatively rapid blowdown of the sec-
ondary system but will not result in the automatic closure of the MSIVs. The first step
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taken to understand the operators’ response to this event was to examine the timing of the
event. A review of the thermal-hydraulics and fracture-mechanics calculations revealed
that if the MSIVs were closed within the first 30 min of the event, the consequences would
be limited; i.e., the event would not appear as a dominant PTS risk sequence. Thus, the
potential for failure was evaluated with respect to the 30-min time frame. The next step
was to examine the operator actions which were evaluated during the human factors ses-
sions to determine whether any similar situations existed. It was found that operator
action 1c¢ discussed in Section D.3.1 would be a very similar situation; i.e., a reasonably
long period of time is available to perform the action and it is the type of action that one
would expect to see performed following a diagnosis of a steam-line break. In addition,
the time-line reliability curve predicts a similar failure value for the 30-min time frame as
that determined for sequence l1c. Thus, for analysis purposes, a failure value of
0.002/demand was used under the above circumstances. In addition, it was felt that there
was a heavy dependence between a failure to close the MSIVs and a failure to throttle
AFW. Based on the dependency equations developed elsewhere,! a coupling factor of 0.5
was assumed when appropriate.

Finally, the closure of the MSIVs by the operator was examined for the case of a small
steam-line pipe break. A small steam-line pipe break was considered both upstream and
downstream of the MSIVs. In the case of an up-stream break, the closure of the MSIVs
has no impact on the event since the steam-line check valve prevents the blowdown of the
other two SGs and the closure of the MSIVs will not prevent the blowdown of the affected
SG. Thus, for the upstream break, closure of the MSIVs was not considered in the analy-
sis. Since the downstream break was represented by the failure of a single SDV, the argu-
ment presented above for the single SDV would also apply to the small steam-line break
downstream of the MSIVs. Therefore, closure of the MSIVs by the operator within the
2-hr time frame was also not considered for the small steam-line break downsteam of the
MSIVs.

D.3.6. Termination of SI Within 25 min Following SG Tube Rupture

The response to a SG tube rupture involves several operator actions, but the termination of
SI was singled out as the action which should be examined during the human factors ses-
sions. Two tube rupture events were considered: (1) a single tube rupture occurring
from a full-power condition and (2) a single tube rupture occurring from a low decay
heat hot 0% power condition. The decision of the group was to analyze the hot 0% power
event (considered by most of the group to be the worst case condition) and to use the
results for both cases. Based on thermal-hydraulic data, it appeared that conditions would
exist for performing this operator action at approximately 20 min into the transient.
Therefore, the action was evaluated for occurrence within 25 min into the transient. The
discussion of the effects of the display system on this event centered around the discussion
of the radiation-monitoring system. It was determined that better radiation-monitoring
systems and displays are available for the diagnosis of a tube rupture and that some
improvements could be made in the H. B. Robinson system. However, since the time
frame of interest was 25 min into the transient, the present system was considered to be at
least adequate with respect to its effect on the target operator action. The new procedures
were again identified as an important factor. The old procedures were felt to have enough
ambiguity to cause hesitation, which could have allowed complete filling of the SG before
SI was terminated.
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The final evaluation produced a failure probability of 0.0039/demand for this event. In
the actual analysis, however, this value was not used. It was not clear that the conditions
examined during the human factors sessions represented the tube rupture conditions cov-
ered by the actual analysis. The ORNL analysts chose to use a value of 0.1/demand as a
screening value for this operator action failure. As stated in Chapter 3, this is probably
an over-estimation of the failure probability, but an early review of the thermal hydraulics
of the tube rupture event revealed that a conservative frequency estimation for this
sequence would not impact the overall frequency for a through-the-wall crack and the high
failure rate would cover all circumstances.

D.4. Summary

This appendix has described how the operator action success and failure probabilities used
in the analysis were developed. A summary of the success and failure probabilities
developed are presented in Table D.3. It should be noted that it was the consensus of the
human factors group that the failure probabilities obtained during the human factors ses-
sions were reasonable and compatible with values which could be obtained using other
methodologies.
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Table D.3. Summary of operator action success and failure probabilities?

Probability/Demand
Operator Action Conditions For Success For Failure
(1) Isolation of AFW to
affected SG following:
a. A large steam-line break Within 10 min. 0.9977 0.0023
from full power or hot
0% power.
b. A small steam-line break Within 20 min. 0.9983 0.0017
from full power or hot
0% power.
(2) Control of AFW to maintain Base case. 0.99 0.01
SG level following a steam-
line break or small-break Following a failure
LOCA from full power or hot to isolate AFW to
0% power. an affected SG. 0.0 1.0
Following a failure
to close the MSIVs. 0.5 0.5
(3) Isolation of a PZR PORV Within 10 min. 0.99 0.01
that has failed to close.
(4) Termination of SI following:
a. A steam-line break. Within 25 min. 0.9927 0.0073
b. A SG tube rupture. Within 25 min. 0.90 0.10

(5) Closure of MSIVs following:

a. Failure of a single SDV Base case. 0.0 1.0
to close or a small steam-
line pipe break.

b. Failure of two SDVs to Within 30 min. 0.99 0.01
close.
c. Failure of three or more Within 30 min. 0.998 0.002
SDVs to close.
“The acronyms used in this table (in order of their appearance) are: AFW = auxiliary
feedwater, SG = steam generator, MSIV = main steam isolation valve, PZR
PORV = pressurizer power-operated relief valve, SI = safety injection, and SDV =

steam dump valve.
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APPENDIX E. BUOYANCY EFFECTS IN OVERCOOLING TRANSIENTS
CALCULATED FOR H. B. ROBINSON UNIT 2

E.1. Introduction

Chapter 4 of this report presents the results of a thermal-hydraulic analysis of potential
overcooling transients for H. B. Robinson Unit 2. It was pointed out, however, that the
temperatures produced by Idaho National Engineering Laboratory (INEL) for the PTS
analysis (Ref. 1) were bulk coolant temperatures that did not account for thermal stratifi-
cation phenomena that could result from low flow through one or more cold legs. Since
these phenomena could cause temperature variations in some regions of the coolant, it was
important that their impact on the vessel wall temperatures, particularly in the downcomer
region, be determined in separate analyses.

This appendix describes a joint experimental and calculational study performed to investi-
gate the extent of mixing of the coolant during certain postulated transients. The study,
performed at Purdue University, utilized a 1/2-scale PTS experimental facility and a
Regional Mixing Model (RMM)? with its associated computer code REMIX.? This appen-
dix documents the experimental and analytical bases and procedures employed in the deri-
vation of the results. The results of this study, discussed in Chapter 4, are presented in
Reference 2.

E.2. Buoyancy Forces Under Low Flow Conditions

From a fracture mechanics standpoint, one is interested in the RPV wall cooling that can
potentially develop during postulated overcooling transients. Since certain locations are
potentially more important than others due to their chemical composition (e.g., pressure
vessel welds), this cooling must be estimated as a function of space as well as time. That
is, estimates of both fluid temperatures and heat transfer coefficients are needed, on a
local basis, over the whole downcomer region and for the duration of the postulated tran-
sient.

As long as the flow velocities are high enough, spatial gradients in the downcomer fluid
temperature are negligible, forced convection dominates heat transfer from the wall, and
the RELAPS calculation results are directly applicable. At lower velocities, however, ther-
mal stratification and free convection effects become increasingly important.

Thermal stratification arises due to incomplete mixing of the high pressure injection (HPI)
fluid with the primary coolant in the cold leg and in the downcomer region. It is a charac-
teristic of this condition that due to the development of buoyancy forces, the velocity and
temperature fields become spatially nonuniform and strongly coupled, yielding significant
deviations of the thermal-hydraulic response from that expected in a well-mixed system.

In addition to these bulk buoyancy effects, low convective velocities allow the development

of buoyancy forces within a very thin fluid layer in immediate contact with the RPV wall.
The effect of these forces is to destabilize this boundary layer and thus augment the rate
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of heat transfer from the wall. The term "free convection effects” will be used in this
report to describe this condition. The resulting combination of free and forced heat trans-
fer is known as the "mixed convection regime" and may be important even in the absence
of thermal stratification.

The approach for performing the analysis discussed in this report is based on the assump-
tion that the buoyancy forces in the layer next to the wall are not strongly coupled to the
bulk buoyancy processes. That is, thermal stratification is evaluated first and the resulting
velocities and temperature at the wall surface are utilized in the prediction of the heat
transfer rates. This assumption is consistent with the physical behavior trends delineated
in this study.

E.3. The Regional Mixing Model (RMM) and the REMIX Code

It has already been established? that even at natural circulation levels (loop flow) the fluid
velocities are high enough to ensure good mixing of the coolant. Therefore, stratification
effects are relevant to PTS studies only for transients that yield loop stagnation (i.e., inter-
ruption of the natural circulation path).

Loop stagnation is the physical situation addressed by the Regional Mixing Model
(RMM)? and the computer code REMIX.> RMM is a model that is based on fundamen-
tal thermal hydraulic principles and integrates local plume mixing behavior into an overall
system response. Initial testing®> of RMM indicated good agreement with applicable sim-
ple plume tests, as well as with tests on the CREARE 1/5-scale system,® and more
recently with the Configuration-0* experiments? at the Purdue 1/2-scale PTS facility (see
Section E.4 below). This is convenient for testing the consistency between flow and dilu-
tion instrumentation and also for establishing that the response of the distorted lower
downcomer /plenum model is appropriate (see Section E.4 and reference 2).

Only a brief description of the RMM conceptual development is included in this appendix,
a more detailed discussion of the evolution of RMM being found in references 2-5 and 7.
A model of the flow patterns as originally postulated in reference 4 is shown in
Figure E.1. A cold stream originates with the HPI plume at the point of injection, con-
tinuing towards both ends of the cold leg and decaying away as the resulting plumes fall
into the downcomer and pump/loop seal regions. A hot stream flows counter to the cold
stream, supplying the flow necessary for mixing (entrainment) at each location. This mix-
ing is most intense in certain mixing regions (MRs). MRI1 is the region in which the
injected, falling, and highly buoyant axisymmetric plume is mixed. MR3 and MRS are
regions in which mixing occurs due to the transition (jump) from a horizontal layer into a
falling plume, and MR4 is the region of final decay of the downcomer (planar) plume.

The cold streams have special significance since they induce a global recirculating flow
pattern with flow rates significantly higher (several times) than the net flow throughput
(Qupr)- This keeps a major portion of the system volume in a well-mixed condition such
that the whole process may be viewed as the quasi-static decay of the cold stream with a
slowly varying ambient temperature (indicated as T, in Figure E.1).

*Configuration-0 represented a truncated cold leg geometry (pump and loop seal absent) to ensure that all HPI
flow would be in the direction of the downcomer.
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Figure E.1. Conceptual definition of the regional mixing model. (MRIi indicates mixing
in region i.) '

For each time step considered, the calculations are performed as follows:

(a) The whole system is assumed to be well mixed and the ambient temperature
is calculated in terms of the cold water injected and the heat released from
the walls.

(b) For the portion of the system that is considered to be stratified, the energy
associated with the ambient temperature is partitioned into a cold stream [a
cold leg layer of height h, (see Figure E.1)] and a hot stream (the remain-
ing cold leg volume, 25% of the pump volume, plus a horizontal downcomer
slice 2.5 cold leg diameters in height).

(c¢) This partition (energy conservation) is made iteratively such that it is also
consistent with mixing rates predicted for MR1 and counter-current flow lim-
itations at the cold leg/downcomer junction.

The mixing in MR1 depends on the injection Froude number (Fr) and the length of the
plume that is immersed in the hot stream.? In the original formulation® we predicted that
for Fr << 1 the counter-current flow would extend well into the injection line but there
was no basis on which to quantify the resulting additional mixing. From our Configura-
tion-0 experiments? we confirmed this expectation and showed that it can be incorporated
into the RMM by considering an effective origin for the MR1 plume within the injection
line (i.e., more plume travel distance available for mixing). The extra length that was
consistent with the observed entrainment rates turned out to be equal to 1/2 of the
observed counter-current flow penetration into the injection line. The resulting correlation
as shown in Figure E.2 is presently used in REMIX.

The mixing in MR3, also quantified by the Configuration-0 experiments, can be simply
expressed by an entrainment rate nearly equal to the cold stream flow rate. Finally, the
resulting planar plume (MR4) decays as it falls in the downcomer, and this decay is quan-
tified in terms of its Froude number and the distance traveled.>>
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(D = diameter of injection line.)

E.4. Experimental Simulation at 1/2-Scale: Comparison of REMIX Predictions with
Measured Results

As indicated above, a 1/2-scale PTS facility is used at Purdue University for testing vari-
ous cold leg/downcomer configurations. The basic experimental facility (Configuration 0)
consists of a transparent (acrylic) 1/2-scale model of a typical PWR cold leg with
attached downcomer and lower plenum regions as illustrated in Figure E.3. The lower
portion of the downcomer and the lower plenum (corresponding to one of the cold legs) are
geometrically distorted to keep the overall height of the facility manageable. Based on this
reference configuration, the essential features of any reactor geometry of interest can be
assembled by making appropriate attachments to the cold leg.

The 1/2-scale facility was used with the injector attachment (Configuration-W) shown in
Figure E.4 to test the configuration for H. B. Robinson Unit 2. The essential features
of the experimental geometry are a large diameter HPI line and the availability of fluid
volume which is open to gravity flow on either side of the injection point. This causes a
gravity-driven (buoyant) plume with the HPI flow mixed in a nearly symmetrical fashion
with the fluid on both sides of the injection point. The aim of the Configuration-W experi-
ment was to quantify the rate of global cooldown and the degree of stratification within
the cold leg, as well as in the upper portion of the downcomer (the lower portion follows
the global cooldown).
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Figure E.3. Schematic of Purdue University’s 1/2-scale PTS facility (Configuration 0).
Dimensions are given as diameter (D), length (/), width (w), gap (L), and volume (V).

For cold leg, D = 0.343 m, l4pt 0 D = 2.11 m, and THPI 1o blind flange =
0.76 m. For injection line, D = 0.108 m, /4° = 0.39 m, /., = 0.37 m, and
lhoiz = 1.07 m. For upper downcomer, /! = 272 m, w = 118 m, L =

0.127 m. For lower downcomer/plenum, ¥ = 0.912 m3. For supply tank, ¥ = 1.05
m®. For discharge tank, ¥ = 1.05 m®. For overflow line, D = 0.051 m. Probe loca-
tions: TR1, lypc = 0257 m; TR3, lyo = 0127 m; ST2, lycLip =
0.463 m.

The 1/2 scale experiments begin with the model filled with fresh water. The buoyancy
effect is then observed by injecting salt solutions (brine) in the model and measuring salt
concentrations in the system. In this procedure it is assumed that the heat and mass trans-
port processes are similar, which is well justified for turbulence-controlled processes; that
is, concentration changes during the experiment directly reflect the temperature changes
that would be expected in a thermal simulation. The advantage of this approach is that
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Figure E.4. H. B. Robinson pump and loop seal assembly used in 1/2-scale PTS facility
(Configuration W). Dimensions are given as diameter (D), length (/), volume (V). For
cold leg, D = 0.343 m. For pump, ¥V = 0.28 m>. For loop seal, D = 0.343 m,
lien (pump side), = 098 m, /oy, = 1.65 m, l,;(r = 1.59 m.

the phenomena may be studied under near-prototypic density gradients (Ap/p ~ 18%)
while avoiding the high pressure associated with the thermal simulations and thus allowing
direct visualization.

The significance of achieving near-prototypic density gradients in a selected near-
prototypic geometric scale may be appreciated through dynamic similarity considerations
as follows. Both the plume (jet) mixing phenomenon and the stratification behavior in the
cold leg are governed by the Froude number

Fr=Ul|gD Lo - , (ED
p
where
U = velocity,
g = acceleration of gravity,
D = diameter,
Ap/p = density difference.

This number, therefore, must be preserved between the experimental model and the proto-
type. That is, for any particular choice of salt concentration, the appropriate value of the
Froude number may be obtained by selecting the injection flow rate. With the help of
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Equation E.1, the resulting Reynolds number ratio (the prototype Re divided by experi-
mental Re) may be expressed as

12
Re
Reg = Rez = D}vi!

Ap (E.2)

p

R

where Dg, vg, and (Ap/p)r are the ratios of the diameters, the kinematic viscosities and
the density differences, respectively, of the prototype and the experiment.

At the high prototype temperatures, the kinematic viscosity is low; that is, g << 1. The
combination of this low kinematic viscosity with a geometric scale that is too low and/or a
density difference that is too low could produce a laminar flow condition (low Reg),
whereas a highly turbulent flow would be expected in the prototype. For our experiments,
Dr = 2, vg = 0.13, and 1 < Ap/p < 2, yielding Reg ~20 to 30. Typically, the
Rep values in the injector and the cold leg are ~80,000 and ~300,000, respectively, and
application of the above ratios indicates an experiment which is well within the turbulent
regime. Similar considerations apply to momentum flux effects, which may become impor-
tant in the plume (jet) impact regions with opposite walls.

During an experimental run the salt solution is filtered, metered and pumped from the sup-

ply tank, through the injection line, and into the facility (see Figure E.3). The displaced

fluid volume exits through the overflow line and into the discharge tank. With a tank

capacity of 1.05 cubic meters (275 gallons), a typical run lasts 10 to 20 min. Salt concen-

trations are measured by means of probe traverses at positions TR1 and TR2 in -
Figure E.3. Spatial profiles and temporal variations in concentration are then con-

structed from these data. The concentration of the exiting stream (called herein the

"ambient” region) is also measured continuously. The details of instrumentation and data

reduction techniques are documented in a separate report.>

The experiment for H. B. Robinson (Configuration-W) was performed using a representa-
tive Froude number value of 0.459 and a Ap/p of ~10%. The component volumes of the
experiment are compared with those of the actual plant in Table E.1, and the experimen-
tal conditions are given in Table E.2. The measured salt concentrations of the ambient
region, the cold stream, the hot stream, and the downcomer fluid throughout the run are
compared to the RMM-REMIX predictions in Figures E.5, E.6, and E.7. A satisfactory
overall performance of the RMM was indicated with slightly conservative predictions for
the downcomer region. Thus, the RMM model is adequate for simulating mixing condi-
tions for H. B. Robinson Unit 2.

E.S. Generic Trends of RMM-REMIX Calculations for PWR Systems

Complete system calculations for PWRs revealed that cold leg stratification (stagnation)
may occur in two significantly different circumstances. One involves stagnation of all
loops and zero net flow through the downcomer, which leads to a transient cooldown along
the lines discussed in the previous two sections. The other is characterized by a net flow
condition through the downcomer that is due to only partial loop stagnation. That is, some
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Table E.1. Geometric configuration of H. B. Robinson injection diameter 21.6 cm

Cold Vessel/ Lower Loop Core  Thermal
Leg Downcomer Plenum  Pump Seal Barrel Shield
Inner Diameter 69.8 405.3 - - 69.8 340.0 362.3
(cm)
Length (cm) 704.1 662.3 - - 284.4 662.3 467.0
Base Metal
Wall Thickness 6.7 23.6 15.0 - 6.7 5.2 6.8
(cm)
Clad Thickness 0.318 0.6 0.6 - 0.318 - -
(cm)
Insulation Thickness 0.30 0.30 0.30 - 0.30 - -
(cm)
Wall Heat Tr.*
Area to Water 1.54 2.74 0.82 > 0.62 2.43 3.54
(cmz) X 1073
Internal Structures:*
Heat Tr. Area (cm?) - - - 3.08** - - -
Thickness (cm) - - - 6.35 - - -
Fluid Volume* 2.69 5.59 4.62 5.44 1.09 - -
(cm3) X 107¢

*Per cold leg.

**Pump casing and internal structures have been lumped to 33700 1b equivalent of stainless steel.

Table E.2. Experimental conditions

Parameter Value

HPI flow X ~3(m3/s) 1.281

HPI density (kg/m?) 1096
Loop density (kg/m?) 1000
Injection Froude No. 0.459

of the loops may be in natural circulation, while the rest are stagnated. Now the downco-
mer conditions are governed by the imposed system flow, and stratification in the stag-
nated legs must be considered only to the extent that the resulting plume can survive the
downcomer flow conditions. This second condition will be referred to as "cold leg stratifi-
cation."

The objective of the cold leg stratification calculations is to determine the strength and
direction of the resulting plumes. For systems that have vent valves (such as Oconee), the
entire cold stream will flow in the direction of the vessel, where it will encounter relatively
strong vent valve flow. This flow is typically warmer due to circulation through the core
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Figure E.5. Comparison of RMM predictions with experimental results in ambient
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Figure E.7. Comparison of RMM predictions with experimental results for the concen-
tration distribution in the cold leg. D is the diameter of the cold leg, and Y is the vertical
coordinate.

and provides an "ambient" region for the entrainment processes in MR1 and MR3 (see
Figure E.1). In such cases the RMM is applied with a prescribed "ambient"
temperature. For systems that do not have vent valves. (such as H. B. Robinson), the
flowing loop cools faster than the stagnated one, and the resulting downcomer tempera-
tures are already cooler than the cold stream in the stagnated leg. In such cases, the cold
stream interacts only with the cold leg, pump, and loop seal volumes until the calculated
“ambient" temperature in those volumes becomes low enough that the resulting cold stream
is cooler than the downcomer. From this point on, the calculation proceeds with all cold
stream flow directed towards the downcomer. This provides a prescribed "ambient" region
for entrainment in the cold leg.

It was shown that for the several cases examined for H. B. Robinson Unit 2, the cold leg
stratification process is incapable of altering the downcomer response with respect either to
temperatures or to heat transfer coefficients. Therefore, the stagnated case remains impor-
tant as far as quantitative details are concerned. A postulated H. B. Robinson Unit 2
stagnated case with a constant HPI flow rate of 13.6 kg/sec was chosen here to illustrate
the trends. The results of the RMM applied for a complete stagnation condition with the
volumes shown in Table E.1 are summarized in Figures E.8-E.13 for a "non-charging
loop" and Figures E.14-E.19 for a "charging loop." The different temperature profiles
presented in these figures represent different HPI water temperature and flow rates.
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Figure E.8. Temperature traces for a non-charging loop with constant HPI flow of 9.0

kg/s under total stagnation condition at time zero (Typ; = 288.6 K).
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Figure E.9. Temperature traces for a non-charging loop with constant HP1 flow of 13.6

kg/s under total stagnation condition at time zero (Typ; = 288.6 K).
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Figure E.10. Temperature traces for a non-charging loop with constant HPI flow of

18.0 kg/s under total stagnation condition at time zero (Typ; = 288.6 K).
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Figure E.11. Temperature traces for a non-charging loop with constant HPI flow of 9.0

kg/s under total stagnation condition at time zero (Typ; = 305.2 K).
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Figure E.12. Temperature traces for a non-charging loop with constant HPI flow of
13.6 kg/s under total stagnation condition at time zero (Typ; = 305.2 K).
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Figure E.13. Temperature traces for a non-charging loop with constant HPI flow of
18.0 kg/s under total stagnation condition at time zero (Typ; = 305.2 K).
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Figure E.14. Temperature traces for a charging loop with constant HPI flow of 9.0

kg/s under total stagnation condition at time zero (Typ; = 288.6 K).
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Figure E.15. Temperature traces for a charging loop with constant HPI flow of 13.6

kg/s under total stagnation condition at time zero (Typ; = 288.6 K).
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Figure E.18. Temperature traces for a charging loop with constant HPI flow of 13.6

kg/s under total stagnation condition at time zero (Typ; = 305.2 K).
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On the basis of the information presented in these figures, it can be concluded that a rela-
tively small degree of stratification (of ~30 K) is adequate to drive the overall recircula-
tion pattern, which forces the whole system to participate in the mixing process. The asso-
ciated large system volume extends the cooldown, thus allowing time for structural heat
release, which diminishes the cooldown rate even further. With reasonable variations of
the applied heat transfer coefficient for the release of this wall heat, the results vary by
less than 1 to 2 K. '

For the purpose of PTS analyses, the indicated initial planar plume temperature is impor-
tant. This temperature results in the ambient fluid being entrained in the cold stream in
MR3, and, as shown in Figures E.8-E.19, the plume temperature tracks the ambient tem-
perature within ~15 K. A decay of the planar plume will occur, as shown in
Figure E.20, from the initial temperature to the ambient temperature (this includes
accounting for MR3 mixing). Our experiments show that, at most, within 1.5 cold leg
diameters below the cold leg/downcomer junction a very nearly uniform temperature dis-
tribution along the downcomer gap is already achieved. The minimum plume travel
required for such uniformity has not yet been determined. However, the plume decay has
been estimated with the help of Figure E.20. With an initial velocity obtained by conti-
nuity from the cold stream flow rate and a downcomer plume width assumed to be equal
to the width of the cold stream in the cold leg, an initial plume Froude number of ~0.6 is
typically estimated. With a Froude number of this size, the decay occurs rapidly along the
downcomer length.

1.0

0.6}

L/W

Figure E.20. Prediction of centerline temperature in planar plumes as function of axial
position. Fr, is based on plume width (W) and velocity at the entrance to downcomer;
L = plume length. -
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E.6. Generic Vessel Wall Cooling Considerations
E.6.1. Mixed Convection Characterization

The criterion commonly used to judge the importance of free convection effects is

Gr/Re?>1 , (E.3)
where
Gr = Grashof number
= 1/28(T,- Ty) gD’/
T, = wall temperature;
T, = coolant bulk temperature.

For a flow direction opposite to buoyancy, the destabilization of the thin thermal boundary
layer in contact with the RPV wall leads to an increase in the heat transfer coefficient as
compared to that estimated on the basis of forced convection only. This increase was cor-
related by Fewster and Jackson® by the expression

= 7031

Nu Gr (E.4)
—= |1+ ,

Nu, 4,500 Re263 ]

where
Nu = Nusselt number
hD/k,
h = heat transfer coefficient,

= thermal conductivity.

Fewster and Jackson developed their correlation from data obtained with water in a tube
geometry and parameter values or ranges of D = 9.8 cm, Gr/Re? = 0.1 to 10, Gr =
1.0 X 10% to 5 X 10% and Re = 5 X 10% to 6 X 10%. These data are comple-
mented by the data of Brdlik et al.’ obtained with air in a flat plate geometry and a rec-
tangular cross-section channel (40 X 50 X 200 cm) with: Gr/Re2 = 0.01 to 100,

Gr, = 0.5 X 10'%t0 6 X 10'0, and Re, = 0.8 X 10*to 108,

These data were correlated as shown in Figure E.21. It is noted that for the region with
strong free convection effects, Gr,/Re? > 0.8, the value of Nu,/Grl? is almost constant
(h is independent of x) and does not exceed 0.18; that is,

Nu=0.18Gr!”? . (E.5)
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Nu,/Gr,?

v
Case (m/s)
1 1.0

2 1.0

3 0.5

4 0.5
5 0.25
6 0.25

7 0.1

8 0.1

| J

Downcomer length 0.5m —E 0;n

Figure E.21. The Brdlik ef al. data trends and illustration of entrance length for various
combinations of velocities and temperature differences (fluid to wall) as deduced by compari-
son to the Fewster-Jackson correlation results (line by segments). (Note this figure should
be interpreted as follows: the bar graphs in the second half of the figure represent the
range of GR,/Re2 over the downcomer length for the case in question. For any particular
case the predicted Nu,/Gr)® can be compared with the actual value used as indicated at
right of the top figure by examining the same GR,/Re2 section in the top half of the fig-

ure.

For the conditions of interest, the Prandtl number, Pr, is ~ 1, and thus

Nugp = 0.023Re%® .

By employing the well-known interpolation scheme

1
Nu = [Nul3 + Nu%] A ,

Equation E.4 can be derived from Equations E.5 and E.6 as follows:

Nu

NUO

_IH

173

0.18Gr
0.0233Re**

1+479 2 7

o]
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And by forcing the Fewster-Jackson form,

r |? (E.9)

R62'63

U _ 1+ 479Re02

This agrees with Equation E.4 for a reasonable range of Re around the value of 17,000,
indicating the interpolative nature of the Fewster-Jackson correlation.

Furthermore in order to visualize the extent of the entrance length in the downcomer
region as depicted by the data of Brdlik et al., we have shown the Fewster-Jackson correla-
tion results also on Figure E.21. Eight combinations of velocities and temperature differ-
ences (wall to fluid) were examined covering the range of forced-to-free heat transfer
regimes and also the ranges of conditions of interest in a PWR downcomer. We see that
the entrance length is never more than 0.5 m long (i.e., ~ one half of the cold leg
diameter), and that the use of Fewster-Jackson correlation is adequate for our purposes.

E.6.2. Convection/Conduction Coupling Effects

From Equation E.4 the augmentation of heat transfer from the wall in the mixed convec-
tion regime is seen to increase with the wall surface temperature. For the present applica-
tion, however, such contributions cannot be correctly appreciated without considering heat
transfer limitations within the RPV wall (and its stainless steel cladding). That is, if the
wall surface temperature is considerably higher than that of the fluid, the free convection
augmentation occurs, increasing the heat transfer coefficient. As the heat flux leaving the
wall increases, the wall surface will have to cool such that the wall-internal conduction
resistance may be accommodated (i.e., by increasing the driving force). The actual behav-
ior is determined by the direct coupling of these two processes and, given that wall conduc-
tion is a transient phenomenon (i.e., resistance increasing with time), this coupling should
be studied under realistic cooldown rates.

In order to scope these effects, a series of calculations were performed by numerically cou-
pling, through Equation E.4, a finite difference conduction calculation in the wall with a
prescribed fluid cooldown. A 20-cm-thick carbon steel wall with a 0.7-cm-thick stainless
steel cladding and an initial temperature of 550 K were considered. The water tempera-
ture decay was specified in terms of the final temperature (T,,) and an exponential time
constant (7). Five combinations of these two parameters (T, = 477, 422, and 343 K;
and 7 = 0, 250, 500, and 1500 s) were considered.

These sample transients covered the range from instantaneous cooldown, which was consid-
ered for illustration purposes, to the very slow cooldown expected in a PWR stagnated-loop
case. For each such combination, the heat transfer calculation was performed for six con-
stant water velocities (0.05, 0.1, 0.25, 0.5, 0.75, and 1.0 m/s) specified such as to encom-
pass the strongly free and purely forced convection regimes.

The results of the scoping calculations can be summarized as follows. The forced convec-
tion regime, delineated by Nu/Nuy ~ 1, dominates the heat convection for velocities
higher than 0.25 m/s. Even at the 0.25-m/s flow, only ~25% of the total heat convection
can be attributed to free convection.
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As shown in Section E.7, downcomer velocities of 0.25 to 0.5 m/s are common for tran-
sients with the loops in a natural circulation mode, indicating the dominance of forced con-
vection. For stagnated-loop cases, plume velocities of ~1 m/s are expected, indicating a
purely forced convection heat transfer regime (kA ~4,000 W/mz-K or ~700
Btu/hr-ft2.°F). Outside of the plume peak, upward downcomer velocities of ~0.25 m/s
are predicted, which again indicates a forced convection situation. As the plume decays in
the downcomer, the flow pattern becomes increasingly more complicated and lower veloci-
ties prevail. The heat transfer coefficients become insensitive to the flow for velocities
below 0.25 m/s when the limiting value of ~1,500 W/m?.K (~260 Btu/hr-ft?.°F) is
approached. Interestingly enough, the trends appear to indicate that even in the presence
of free convection, the heat transfer coefficient is essentially independent of time for all
gradual cooldown cases (¢t = 0).

The surface wall temperatures fall within a narrow band 2 to 12 K below the fluid temper-
ature. A sample wall temperature gradient is shown in Figure E.22. Clearly, with a
maximum uncertainty of x5 K, the wall temperatures could be calculated merely by
imposing the fluid temperature +6 K directly on the cladding surface (i.e., bypassing the
use of a heat transfer coefficient). The reason for this insensitivity may be traced to the
relatively high value of the wall conduction resistance compared to that of the film heat
transfer. Thanks to this behavior, even significant uncertainties in the heat transfer coeffi-
cient and flow velocities shrink to a negligible impact on wall temperatures.
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Figure E.22. Sample wall temperature gradient. (X = distance into wall, L = total
width of wall.) :

501



E.7. References

1.

C. D. Fletcher et al., RELAPS Thermal-Hydraulic Analysis of Pressurized Thermal

Shock Sequences for the H. B. Robinson Unit 2 Pressurized Water Reactor,
NUREG/CR-3977, September 1984.

T. G. Theofanous, P. Gherson, H. P. Nourbakhsh, and K. Iyer, Decay of Buoyancy

Driven Stratified Layers with Applications to PTS, NUREG/CR-3700, February
1984.

H. P. Nourbakhsh and T. G. Theofanous, REMIX: A Computer Program for Tem-

perature Transients Due to HPI at Stagnated Loop Flow, NUREG/CR-3701, May
1984.

T. G. Theofanous and H. P. Nourbakhsh, "PWR Downcomer Fluid Temperature
Transients Due to High Pressure Injection at Stagnated Loop Flow," pp. 583-613 in
Proceedings of Joint NRC/ANS Meeting on Basic Thermal Hydraulic Mechanisms in
LWR Analysis, September 14-15, 1982, Bethesda, MD, NUREG/CP-0043.

T. G. Theofanous, H. P. Nourbakhsh, P. Gherson, and K. Iyer, "Decay of Buoyancy
Driven Stratified Layers with Application for PTS," Proceedings of the Eleventh
Water Reactor Safety Research Information Meeting, NUREG/CP-0048, Vol. 2,
October 1983.

M. W. Fanning and P. H. Rothe, Transient Cooldown in a Model Cold LRG and
Downcomer, EPRI Report NP-2122-3, May 1983.

H. P. Nourbakhsh and T. G. Theofanous, "Decay of Buoyancy Driven Stratified
Layers with Applications to PTS Part I: The Regional Mixing MODEL," Nuclear
Engineering Design (in press).

J. D. Jackson and J. Fewster, "Enchantment of Turbulent Heat Transfer Due to
Buoyancy for Downward Flow of Water in Vertical Tubes,” Convection by D. B.
Spalding and N. Afgan.

P. M. Brdlik et al., "Heat Transfer Investigation for Mixed Free and Forced Tur-
bulent Convection on Vertical Plate," Second Symposium on Turbulent Shear Flow,
1979.

502



Appendix F

ESTIMATIONS OF PRESSURES, TEMPERATURES, AND HEAT TRANSFER
COEFFICIENTS FOR POSTULATED OVERCOOLING SEQUENCES

C. D. Fletcher
Idaho National Engineering Laboratory

503






APPENDIX F. ESTIMATIONS OF PRESSURES, TEMPERATURES,
AND HEAT TRANSFER COEFFICIENTS FOR
POSTULATED OVERCOOLING SEQUENCES

A pressurized thermal shock analysis of the H. B. Robinson Unit 2 reactor vessel
requires that pressure and temperature histories of the reactor vessel downcomer fluid be
known over a 2-hr period following the initiating event for each of the potential overcool-
ing sequences identified in Chapter 3. As discussed in Chapter 4, Idaho National
Engineering Laboratory (INEL) developed a RELAPS model of the HBR-2 plant and per-
formed detailed thermal-hydraulics calculations for a limited number of the sequences.
However, to carry out such calculations for all the sequences was economically impractical.
Instead, pressure and temperature histories for the remaining sequences were generated by
INEL through a process combining (1) detailed RELAPS calculations covering only part
of the 2-hr period, (2) calculations with a simplified RELAPS5 model for the full 2-hr
period, and (3) hand calculations. A full description of the process is given in a separate
report! and will not be repeated here; however, it was felt that the results of the process
should be included. Thus, this appendix presents the pressure and temperature profiles for
the 229 sequences identified in Chapter 3 and listed in Table F.1, but with the follow-
ing three general exceptions:

(a) For sequences that are thermal-hydraulically equivalent, the data are given
for only one of the sequences. For all the other sequences, the equivalent
sequence is identified in Table F.1 in parentheses labeled with a
superscript a.

(b) After the INEL analysis had been completed, some additional transients were
identified, and ORNL chose bounding sequences to represent the thermal-
hydraulic condition for these transients. These sequences are identified in
Table F.1 in parentheses labeled with a superscript b.

(c) A few of the overcooling sequences did not result in an automatic reactor trip
in the INEL model calculations, and it is believed that in actuality, in most
instances an automatic reactor trip would not occur. However, it was
decided that a reactor trip should be assumed for these sequences since the
potential for a manual trip was reasonably high. Thus, for these sequences, a
bounding sequence was chosen to represent the transient under the assump-
tion that a manual trip had occurred. The bounding sequence is identified in
Table F.1 in parentheses labeled with a superscript c.

Heat transfer coefficients were not specifically determined for each sequence. Instead heat
transfer coefficients calculated from the full-scale RELAPS calculations were assigned by
INEL to each sequence based on an evaluation of the reactor vessel downcomer flow con-
ditions. The heat transfer coefficients assigned to each sequence are presented in Ref. 1
and are not repeated in this appendix.
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Table F.1. Index to HBR-2 thermal-hydraulic plots and summary

of minimum temperatures (7;,) and maximum pressures (Ppg,)
of reactor vessel downcomer fluid

Seq. Page Tnin  Prax Seq. Page Thin  Pumax
No. No. (°F)  (psia) No. No. (°F)  (psia)
1.1 509 4714 924 5.10 (9.27)°
1.2 510 382 578 5.11 (9.26)°
1.3 511 473 919 5.12 (5.30)%
1.4 512 381 576 5.13 (9.26)°
1.5 513 233 338 5.14 535 311 2371
1.6 514 218 328 5.15 536 309 2371
1.7 515 203 317 5.16 537 311 2371
1.8 516 171 300 5.17 538 277 1553
1.9 517 224 368 5.18 539 303 2371
1.10 518 224 356 5.19 540 286 2371
1.11 519 224 368 5.20 541 244 1618
1.12 520 217 358 5.21 (9.6)°
1.13 (1.1)? 5.22 (9.4)
1.14 (1.2) 5.23 (9.3)°
1.15 (1.3) 5.24 (9.6)¢
1.16 (1.5)° 5.25 (9.5)
1.17 (1.1) 5.26 9.5)
1.18 (1.1)° 5.27 (9.4)
1.19 (1.8)° 5.28 (9.19A)°
1.20 (9.3) 5.29 6.8)°
1.21 (9.34)0 5.30 Residual Group
1.22 (9.19A)°
2.1 521 100 144 6.1 (6.8)°
22 522 100 144 6.2 542 302 2371
2.3 523 100 144 6.3 543 302 2371
24 524 100 144 6.4 544 302 2371
2.5 525 210 144 6.5 545 229 1172
2.6 526 198 144 6.6 546 227 2371
2.7 527 185 144 6.7 547 229 17172
2.8 528 160 144 6.8 548 299 2371
29 529 190 144 6.9 549 229 1781
2.10 530 190 144 6.10 (9.20B)®
2.11 531 203 144 6.11 (9.20B)?
2.12 (1.8)° 6.12 (6.8)°
2.13 Q.1 6.13 (6.8)°
2.14 Residual Group 6.14 (6.8)°
6.15 6.8)%
3.1 532 279 679 6.16 Residual Group
32 533 246 393
33 (3.4)° 7.1 550 412 2371
34 Residual Group 7.2 551 409 2371
7.3 552 369 2371
4.1 534 100 144 7.4 553 283 1565
4.2 4.1 7.5 554 270 2371
43 Residual Group 7.6 555 283 1565
7.7 556 393 2371
5.1 (1.1 7.8 557 288 1528
5.2 (9.27)¢ 7.9 558 239 1508
5.3 (9.26)° 7.10 559 229 1470
5.4 (9.28)° 7.11 560 209 1537
5.5 (5.30)% 7.12 561 332 1505
5.6 (5.30)° 7.13 9.3y
5.7 (9.26)° 7.14 (9.4)t
5.8 (9.28)¢ 7.15 9.5)
5.9 (9.9A)¢ 7.16 (7.3)



Table F.1 (Continued)

Seq. Page Tmin  Pumix Seq. Page Tmin  Pmax

No. No. (°F (p/sia) No. No. (°F (psia)

717 9.5) / 9.41 608 268 1615

7.18 (1.3 9.42 609 251 1517

7.19 (1.3)° 9.43 610 262 2371

7.20 Residual Group 9.44 611 244 2371
9.45 612 272 1490

8.1 562 284 2371 9.46 613 259 1632

8.2 563 283 2371 9.47 614 265 2371

8.3 564 284 1792 9.48 615 546 2296

8.4 565 204 1947 9.49 616 446 2371

8.5 566 274 2371 9.50 (9.1)°

8.6 567 201 1995 9.51 617 446 2371

8.7 (6.8)° 9.52 (9.1)°

8.8 (6.8)° 9.53 618 446 2371

8.9 (6.8)° 9.54 9.1)°

8.10 Residual Group 9.55 619 446 2371
9.56 9.1)°

9.1 568 546 2296 9.57 620 312 1544

9.2 569 312 1544 9.58 (9.3)°

9.3 570 294 1553 9.59 (9.4)°

9.4 571 305 2371 9.60 (9.5)°

9.5 572 282 2371 9.61 (9.6)°

9.6 573 306 1527 9.62 (9.9B)°

9.7 574 297 1694 9.63 (9.10B)°

9.8 575 308 2371 9.64 (9.11B)?

9.9B 576 264 1611 9.65 621 267 1545

9.10B 577 248 1518 9.66 9.1

9.11B 578 257 2371 9.67 622 446 2371

9.12B 579 241 2371 9.68 (9.50)7

9.13B 580 267 1545 9.69 623 446 2371

9.14B 581 234 1610 9.70 (9.52)°

9.15B 582 226 1613 9.71 624 446 2371

9.16B 583 225 2371 9.72 (9.54)°

9.17B 584 220 2371 9.73 625 446 2371

9.18B 585 258 1754 9.74 (9.56)°

9.19B 586 203 1594 9.75 626 312 1544

920B 587 201 1575 9.76 627 294 1533

921B 588 199 2371 9.77 628 305 2371

9.22B 589 196 2371 9.78 (9.6)°

9.23B 590 213 1669 9.79 (9.9B)°

9.24 591 203 1594 9.80 629 267 1545

9.25 592 343 1675 9.81 9.1)°

9.26 593 292 1647 9.82 (9.49)°

9.27 594 333 2371 9.83 (9.50)7

9.28 595 282 2371 9.84 630 446 2371

9.29 596 344 1623 9.85 (9.52)°

9.30 597 293 1602 9.86 631 312 1544

9.31 598 334 2371 9.87 (9.9B)°

9.32 599 283 2371 9.88 (9.10B)?

9.33 600 295 1833 9.89 (9.12B)°

9.34 601 287 1782 9.90 (9.19A)?

9.35 602 285 2371 9.91 (9.22A)¢

9.36 603 280 2371 9.92 (6.3)%

9.37 604 298 1823 9.93 (6.2)°

9.38 605 290 1816 9.94 (9.19B)°

9.39 606 289 2371 9.95 (9.19B)°

9.40 607 283 2371 9.96 Residual Group
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Table F.1 (Continued)

Seq. Page Thin  Puoax Seq. Page Thin  Purax
No. No. (°F) (psia) No. No. (°F (psia)
9.97 Residual Group 11.9 (71.11)°
9.98 Residual Group 11.10 Residual Group
9.99 Residual Group
10.1 632 386 1080  12.1 640 463 2371
10.2 633 277 1080 122 641 463 1942
10.3 634 394 950 12.3 642 356 2371
10.4 635 406 1020 124 643 356 1941
10.5 636 406 1401 12.5 Residual Group
11.1 637 517 2554  13.1 (9.49)°
11.2 638 501 2554  13.2 (9.51)°
11.3 639 516 2554 133 (9.52)°
11.4 (11.2)7 13.4 (9.53)°
11.5 (11.1)° 13.5 (9.54)°
11.6 (11.2)% 13.6 (9.55)°
11.7 (1.11)°
11.8 (1.11)° 14.1 (9.53)°

14.2 (9.55)

.5:¢See explanations in accompanying text.
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Figure F.1. Sequence 1.1: Reactor vessel downcomer fluid pressure.
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Figure F.2. Sequence 1.1: Reactor vessel downcomer fluid temperatures.
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Figure F.3. Sequence 1.2: Reactor vessel downcomer fluid pressure.
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Figure F.4. Sequence 1.2: Reactor vessel downcomer fluid temperatures.
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Figure F.5. Sequence 1.3: Reactor vessel downcomer fluid pressure.
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Figure F.6. Sequence 1.3: Reactor vessel downcomer fluid temperatures.
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Figure F.7. Sequence 1.4: Reactor vessel downcomer fluid pressure.
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Figure F.8. Sequence 1.4: Reactor vessel downcomer fluid temperatures.
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Figure F.9. Sequence 1.5: Reactor vessel downcomer fluid pressure.
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Figure F.10. Sequence 1.5: Reactor vessel downcomer fluid temperatures.
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Figure F.11. Sequence 1.6: Reactor vessel downcomer fluid pressure.
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Figure F.12. Sequence 1.6: Reactor vessel downcomer fluid temperatures.
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Figure F.13. Sequence 1.7: Reactor vessel downcomer fluid pressure.
600 T T T
: 600
550 -
Q 4 -500
o’
Y 500 -
3
—— - r 400
o
[N
[} L -
@ 450
5
0 ] -300
400 ]
4 200
350 I 1 1
0 2000 4000 6000 8000
Time (s)

Figure F.14. Sequence 1.7: Reactor vessel downcomer fluid temperatures.
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Figure F.1S5. Sequence 1.8: Reactor vessel downcomer fluid pressure.
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Figure F.16.

Sequence 1.8:

Reactor vessel downcomer fluid temperatures.
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Figure F.17. Sequence 1.9: Reactor vessel downcomer fluid pressure.
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Figure F.18. Sequence 1.9:
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Reactor vessel downcomer fluid temperatures.
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Figure F.19. Sequence 1.10: Reactor vessel downcomer fluid pressure.
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Figure F.20. Sequence 1.10: Reactor vessel downcomer fluid temperatures.
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Figure F.21. Sequence 1.11: Reactor vessel downcomer fluid pressure.
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Figure F.22. Sequence 1.11: Reactor vessel downcomer fluid temperatures.
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Figure F.23. Sequence 1.12: Reactor vessel downcomer fluid pressure.
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Figure F.24. Sequence 1.12: Reactor vessel downcomer fluid temperatures.
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Figure F.25. Sequence 2.1: Reactor vessel downcomer fluid pressure.
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Figure F.26. Sequence 2.1: Reactor vessel downcomer fluid temperatures.
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Figure F.27. Sequence 2.2: Reactor vessel downcomer fluid pressure.
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Figure F.28. Sequence 2.2: Reactor vessel downcomer fluid temperatures.
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Figure F.29. Sequence 2.3: Reactor vessel downcomer fluid pressure.
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Figure F.30. Sequence 2.3: Reactor vessel downcomer fluid temperatures.
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Figure F.31. Sequence 2.4: Reactor vessel downcomer fluid pressure.
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Figure F.32. Sequence 2.4:

Reactor vessel downcomer fluid temperatures.
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Figure F.33. Sequence 2.5: Reactor vessel downcomer fluid pressure.
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Figure F.34. Sequence 2.5: Reactor vessel downcomer fluid temperatures.
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Figure F.35. Sequence 2.6: Reactor vessel downcomer fluid pressure.
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Figure F.36. Sequence 2.6: Reactor vessel downcomer fluid temperatures.
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Figure F.37. Sequence 2.7: Reactor vessel downcomer fluid pressure.
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Figure F.38. Sequence 2.7: Reactor vessel downcomer fluid temperatures.
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Figure F.39. Sequence 2.8: Reactor vessel downcomer fluid pressure.
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Figure F.40. Sequence 2.8: Reactor vessel downcomer fluid temperatures.
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Figure F.41. Sequence 2.9: Reactor vessel downcomer fluid pressure.
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Figure F.42. Sequence 2.9

Time (s)
: Reactor vessel downcomer fluid temperatures.
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Figure F.43. Sequence 2.10: Reactor vessel downcomer fluid pressure.
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Figure F.44. Sequence 2.10

: Reactor vessel downcomer fluid temperatures.
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Figure F.45. Sequence 2.11: Reactor vessel downcomer fluid pressure.
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0 2000 4000 6000 8000
Time (s)
Figure F.46. Sequence 2.11: Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (F)



Pressure (kPa)

20000 T . T
4 -2500
15000 | 4
N 2000
10000 H 1500
] 1000
5000 - .
. - 500
o i 1 1 o
0 2000 4000 6000 8000
Time (s)
Figure F.47. Sequence 3.1: Reactor vessel downcomer fluid pressure.
600 T T T
4 - 600
550 4
-
~ - 500
)]
[ 5%
3
o 500 .
(S
o -400
E
)] .
" 450 -
300
400 ) 1 i

0

Figure F.48. Sequence 3.1:

2000

4000
Time

(s)

€000

8000

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



20000 r . :
b -25C0
18000 | ‘ .
© : -2000
a
4
SN’
2 10000 100
3
2]
172]
8 : 1000
a
5000 -
. 500
0 | 1 ] 0
0 2000 4000 6000 8000
Time (s)
Figure F.49. Sequence 3.2: Reactor vessel downcomer fluid pressure.
600 T T 1
J - 600
— 500
¥
S’
v =
1
3
-~ - 400
o
e
[ -
a
s
— 300
. 200
350 i ] 1
0 2000 4000 6000 8000

Time (s)
Figure F.50. Sequence 3.2: Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (F)



Pressure (kPa)

20000

534

[ 1 1
4 -2500
18000 |- -
1 -2000
10000 }+ 1500
4 1000
5000 i
. 500
0 1 | 1 0
0 2000 4000 6000 8000
Time (s)
Figure F.51. Sequence 4.1: Reactor vessel downcomer fluid pressure.
r 500
A~
2
S’ -t
v - 400
-3
O -
[ .
V] L
a 300
E 4
4]
’—
-200
300 , " 7 100
0 2000 4000 6000 8000
Time (s)
Figure F.52. Sequence 4.1: Reactor vessel downcomer fluid temperatures.

Pressure (psia)

Temperature (°F)



18000

S T
- -2500
16000 -
-~
o
S
X 14000 | } 2000
[
| -
3
4
»n 12000 -
o
| -
a
10000 - J 1500
8000 : ' .
0 2000 4000 6000 8000
Time (s)
Figure F.53. Sequence 5.14: Reactor vessel downcomer fluid pressure.
600 T T T
. - 600
_ %50 .
X
~ 1 - 500
O
-
3
g 500 - .
-
Q
a E I 400
£
[}
" 4s0 | .
] - 300
400 . L L
0 2000 4000 6000 8000
Time (s)

Figure F.54. Sequence 5.14: Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



18000 , T '
i 2500
16000 .
”~~
o
<
)
| .
3
n
» 12000 + .
L
| .
a
] -1500
10000 | =
8000 L L i
0 2000 4000 6000 8000
Time (s)
Figure F.55. Sequence 5.15: Reactor vessel downcomer fluid pressure.
600 . — -
. - 600
—~ 350 _
-
~ . - 500
[ }]
[
3
o 500 R .
[
a L 400
E
Q
" 430 | .
1 - 300
400 L L :
0 2000 4000 6000 8000
Time (s)

Figure F.56. Sequence 5.15:

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



18000 T T T
4 2500
16000 4
£ ©
e P
< 14000 T2000 &
o
S N
a 3
A 7]
»n 12000 T n
o o
- | .
a a
- 1500
10000 + -
8000 ' : .
0 2000 4000 6000 8000
Time (s)
Figure F.57. Sequence 5.16: Reactor vessel downcomer fluid pressure.
600 T 1 b
4 600
550 ] ~
% L
~ L500 ~
v ®
- 1
3 3
-~ - -
g 500 p
|8 1
a 1 L 400 &
E £
o )
= 4s0 - - -
J - 300
400 1 L .
0 2000 4000 6000 8000
Time (s)

Figure F.58. Sequence 5.16: Reactor vessel downcomer fluid temperatures.

537



16000 T T T
4 r2200
14000 | 12000
~~
o
a
X
SNt
i - 1800
2 12000 F =
3
@
P : - 1600
[
a
10000 -
- - 1400
A 1200
8000 4 ! i
0 2000 4000 6000 8000
Time (s)
Figure F.59. Sequence 5.17: Reactor vessel downcomer fluid pressure.
600 T T T
4 r600
550 -
¥
~ -500
[ Y
(S
3
p—
o 500 =
1<
a -400
E
[ ]
© 450 =
- 300
400 ' . '
0 2000 4000 6000 8000
Time (s)

Figure F.60. Sequence 5.17: Reactor vessel downcomer fluid temperatures.

538

Pressure (psia)

Temperatt



Pressure (kPa)

18000 . : ,
B -2500
16000 [ i
~
o
n
14000 _ T2000 &
(]
1S
=)
12000 | - @
(Y]
[ .
a
4 -1500
10000 - -
8000 L 4 .
0 2000 4000 6000 8000
Time (s)
Figure F.61. Sequence 5.18: Reactor vessel downcomer fluid pressure.
600 T T T
- 600
550 4 -
9 5
~ : 1500 N~
[ ©
j . 1S
3 3
- - -—
g 500 - 5
[ 1S
3 - L400 3
£ £
[} [}
" 450 + . .
- - 300
400 L ‘ .
0 2000 4000 6000 8000
Time (s)

Figure F.62. Sequence 5.18:

Reactor vessel downcomer fluid temperatures.

539



18000

Pressure (psia)

1 1 I
. - 2500
16000 |- .
©
O 14000 T 2000
X
j —
2 12000 .
3
(4]
o 1500
“~ 10000 | =
o
8000 | 4
. 1000
6000 L - .
0 2000 4000 6000 8000
Time (s)
Figure F.63. Sequence 5.19: Reactor vessel downcomer fluid pressure.
600 T T T
. 600
—~ 550 =
4
~ 500
Q
[ .
3
o 500 .
| S
¥
a - 400
E
Q
Y 450 -
- 300
400 1 o . ]
0 2000 4000 6000 8000
Time (s)

Figure F.64. Sequence 5.19:

Reactor vessel downcomer fluid temperatures.

540

Temperature (°F)



Pressure (kPa)

16000

14000 |

12000

10000 |

T

8000

i

1

-

|

T 2000

1500

1000

6000
0

Figure F.65. Sequence 5.20:

2Q00

4000
Time

(s)

6000

8000

Reactor vessel downcomer fluid pressure.

Temperature (K)

!

1

1

600

- 500

- 400

-300

- 200

2000

4000

Time (s)

6000

8000

Figure F.66. Sequence 5.20: Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



18000

T T T
1 -25C0
16000 - -
~— ~
o 2
% vu000 :
= 14000 | T2000 B
o o
|
2 5
A "
» 12000 7 n
o o
|
a @
- -1500
10000 K -
B0O0O : L L
0 2000 4000 6000 8000
Time (s)
Figure F.67. Sequence 6.2: Reactor vessel downcomer fluid pressure.
600 T T T
. 800
;
550 # . —
X B
< g F500 ~~
[ ] )]
- |
3 3
5 500 - i =
- |
a 1 Lso0 &
E £
v ®
Y oaso | . -
1 300
400 : = L
0 2000 4000 6000 8000
Time (s)

Figure F.68. Sequence 6.2: Reactor vessel downcomer fluid temperatures.
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18000

16000

14000 |

12000

Pressure (kPa)

10000 H

T

T

8000

i

L

-2500

F 2000

1500

Figure F.69. Sequence 6.3:

2000

4000

Time (s)

6000

8000

Reactor vessel downcomer fluid pressure.

600

450

Temperature (K)
w
3
T

L

L

-600

- 500

- 400

300

400
0

Figure F.70. Sequence 6.3:

2000

4000
Time

(s)

6000

8000

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



18000 " T T 1
4 - 2500
16000 1
~~
o
&
o
| .
3
(2]
»n 12000 -
o
| .
a
. 1500
10000 H a
8000 L . L
0 2000 4000 6000 8000
Time (s)
Figure F.71. Sequence 6.4: Reactor vessel downcomer fluid pressure.
6Q0 T T T
4 -600
_ 550 i
~
~ 4 500
[}]
[,
3
o 500 | -
[,
[ M]
a 4 - 400
E
L]
Y o4so | .
4 300
400 ! L 1
0 2000 4000 6000 8000

Time (s)

Figure F.72. Sequence 6.4: Reactor vessel downcomer fluid temperatures.

544

Pressure (psia)

Temperature (°F)



16000

1
4 '2200
14000 | 4
Py ] F2000 .
[o] o]
s @
S’ [N
° . r1800
» 12000 - 8
? 5
@ 800 &
o h L
— ) 2
o o
10000 A 4
J 1400
J 1200
8000 4 L 1
0 2000 4000 6000 8000
Time (s)
Figure F.73. Sequence 6.5: Reactor vessel downcomer fluid pressure.
600 ™ T T
. 600
550 —
4 L 500
o 500
S’ et
v b - i
v 500 ®
3 3
- : F400 —
o o
- | S
o | .
® 450 | -4
E £
2 . -300 0
400 b -
. -200
350 1 1 1 :
0 2000 4000 6000 8000 -
Time (s)

Figure F.74. Sequence 6.5: Reactor vessel downcomer fluid temperatures.
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18000

T T
4 -2500
16000 -
~~
o
~
X 14000 } 4rzooo
o
[N
3
7]
»n 12000 # -
[}
[N
a
- '1500
10000 H =
8000 L L 1
0 2000 4000 €000 8000
Time (s)
Figure F.75. Sequence 6.6: Reactor vessel downcomer fluid pressure.
600 T T T
1 -600
550 -
o : - 500
s’
Y 500 - .
3
5 . -400
[ S
Y] L -
g 450
3
0 g -300
400 [ -
1 - 200
350 1 i 1
0 2000 4000 6000 8000
Time (s)

Figure F.76. Sequence 6.6:

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



16000 T T T
1 r 2200
14000 | .
. i - 2000
o
a
X
St
1 -1800
2 12000 .
3
0
2 ] 1600
| 99
a
10000 K .
. -14C0
8000 T \ n | -1200
0 2000 4000 6000 8000
Time (s)
Figure F.77. Sequence 6.7: Reactor vessel downcomer fluid pressure.
600 T T T
- r600
550 -
" 1 - 500
g
Y s00 =
3
5 . 400
|
V]
Q 450 - T
5
G i -300
400 =
1 -200
350 i 1 . |
0 2000 4000 6000 8000
Time (s) :

Figure F.78. Sequence 6.7:

Reactor vessel downcomer fluid temperatures.

547

Pressure (psia)

Temperature (°F)



18000

Pressure (psia)

Temperature (°F)

T T
- +2500
16000 -
~
o
<
=, 14000 | 1 2000
[}
| .
2
»w 12000 * .
o]
| .
[+
J -1500
10000 -
8000 L L '
0 2000 4000 6000 8000
Time (s)
Figure F.79. Sequence 6.8: Reactor vessel downcomer fluid pressure.
600 T T T
1 600
~ 550 -
X
~ 1 -500
[H]
[ Y
3
o 500 | .
| .
& - - 400
E
[
T 4s0 | .
: - 300
400 ' . .
0 2000 4000 6000 8000
Time (s)

Figure F.80. Sequence 6.8: Reactor vessel downcomer fluid temperatures.

548



16000 :

i T
1 L2200
14000 | i
— : 2000
o
a
4
p
§ 1800
2 12000 } _
3
0
o 1 -1600
[
a
10000 H —
.. 1400
: , L1200
8000 1 I
0 2000 4000 6000 80CO-
Time (s)
Figure F.81. Sequence 6.9: Reactor vessel downcomer fluid pressure.
600 T T T
1 ~600
550 -
Q 4 - 500
S’
Y 500 L 4
3
-— 4 400
o
[ .
) - -
2 450
5
2 4 - 300
400 .
. r200
350 L ) |
0 2000 4000 6000 8000
Time (s)

Figure F.82. Sequence 6.9:

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



Pressure (kPa)

18000 T 1 T
] - 2500
16000 |- -
~~
]
14000 &
1 T2000 &
o
| .
3
12000 . A
(v}
| .
a
-1500
10000 4
B00O 4 L .
0 2000 4000 6000 8000
Time (s)
Figure F.83. Sequence 7.1: Reactor vessel downcomer fluid pressure.
580 T T 1
560 1 4550
~~ ~~
X &
~— v
Y 540 - 4 .
3 J r500 2
o o
— [
M)

- a 520 + ~ 8-
£ £
Q [ ]
= 1 450

500 (- _
480 L L L
0 2000 4000 6000 8000
Time (s)

Figure F.84. Sequence 7.1: Reactor vessel downcomer fluid temperatures.

550



18000

L T T
. - 2500
16000 -
~~
o
&
£, 14000 | “F 2000
QO
| .
3
(/]
» 12000 7
)
| .
a
1500
10000 | 4
8000 1 L L
0 2000 4000 6000 8000
Time (s)
Figure F.85. Sequence 7.2: Reactor vessel downcomer fluid pressure.
580 T T T
560 1 -+ 550
~~
93
S’
[}
® 540 i
3 i - 500
o
| .
[}
® 520 .
E
Qv
- i r450
500 -
480 ' ' 1
0 2000 4000 §000 8000

Figure F.86. Sequence 7.2:

Time (s)
Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



18000

Ll L ]
- - 2500
16000 -
~~
o
i
X, 14000 } 1 2000
o
| .
3
4
» 12000 i
o
| .
a
J 1500
10000 | 4
8000 L L L
0 2000 4000 6000 8000
Time (s)
Figure F.87. Sequence 7.3: Reactor vessel downcomer fluid pressure.
580 ™ T T
560 1 -+ 550
N
X
~ 540 -
v - 500
[
3
o 520 =
| .
8- 450
€ 500 4
LY
o
480 | T 400
4860 L ' L
0 2000 4000 6000 8000
Time (s)

Figure F.88. Sequence 7.3: Reactor vessel downcomer fluid temperatures.

552

Pressure (psia)

Temperature (°F)



Pressure (kPa)

16000

T

14000 |

12000

T

10000

1

1

1

2200

2000

1800

-1600

r14CO

1200

8000.1
0

2000

4000
Time

(s)

6000

8000

Figure F.89. Sequence 7.4: Reactor vessel downcomer fluid pressure.

600

550

Temperature (K)
S
o
¥

450 +

|

1

-600

- 500

- 400

300

400
0

Figure F.90. Sequence 7.4

2000

4000
Time

(s)

6000

8000

: Reactor vessel downcomer fluid temperatures.

553

Pressure (psia)

Temperature (°F)



Pressure (kPa)

18000

16000

14000 _

12000

10000 |

-2500

72000

1500

8000
0

Figure F.91. Sequence 7.5:

2000

4000

Time (s)

6000

8000

Reactor vessel downcomer fluid pressure.

600

550

Temperature (K)
S
(o]

450

1

1

1

-600

- 500

- 400

300

400
0

2000

4000
Time

(s)

6000

8000

Figure F.92. Sequence 7.5: Reactor vessel downcomer fluid temperatures.

554

Pressure (psia)

Temperature (°F)



2200
— | 2000
o
a
X
S’
© 1800
e .
3
0
© 1600
| -
a
1400
8000 . \ \ \ 1200
0 2000 4000 6000 8000
Time (s)
Figure F.93. Sequence 7.6: Reactor vessel downcomer fluid pressure.
600 T T T
J 600
550 i
Y4
~ 1 500
[ ]
[ .
3
o 500 - .
| -
]
[o% . - 400
£
(M
F 4s0 | .
1 r 500
400 L L '
0 2000 4000 6000 8000

Figure F.94. Sequence 7.6:

Time (s)
Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



18000

i T T
1 -2500
16000 .
~~
o
<
X 14000 | 1 2000
(]
| .
3
%]
v 12000 -
[}
| -
a
1 1500
10000 -
8000 . L L
0 2000 4000 6000 8000
Time (s)
Figure F.95. Sequence 7.7: Reactor vessel downcomer fluid pressure.
560 -+550
~~
¥
~~ 540 -
o 1 - 500
[
o |
o 520 4
[
[V
a : - 450
€ soo0 | 4
[
—
480 F 400
460 L ' ‘ :
0 2000 4000 6000 8000
Time (s)

Figure F.96. Sequence 7.7: Reactor vessel downcomer fluid temperatures.

556

Pressure (psia)

Temperature (°F)



16000 , r ,
] -2200
4 - -
— 14000 J -2000 ~
O o
a. .;
N N
o - -1800
« 12000 . o
[
- 3
m m
o b 1600 g
s [
a. _/ a
10000 i
J -1400
4 1200
8000 L A L
0 2000 4000 6000 8000
Time (s)
Figure F.97. Sequence 7.8: Reactor vessel downcomer fluid pressure.
600 T T T
. -600
550 1 ~
~~
¥ .
~ 1 F500 ~~
[ M ®
[ [
3 3
-— = -~
o 500 5
[ [
® ] 400 3
£ £
[} ®
= o4so + . -
. - 300
400 4 L L
0 2000 4000 6000 8000
Time (s)

Figure F.98. Sequence 7.8: Reactor vessel downcomer fluid temperatures.
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16000 T . :
] - 2200
14000 4
— ] - 2000
o
a
X
N
1 - 1800
2 12000 - -
3
n
@ j -1600
- .
a - —
10000 -
: -1400
: 1200
8000 L L L
0 2000 4000 6000 8000
Time (s)
Figure F.99. Sequence 7.9: Reactor vessel downcomer fluid pressure.
600 T T T
. -600
550 .
—~ . 500
¥
S
V]
Y 500 =
3
- B ~ 400
o
| -
O - -
® 450
g
0 - - 300
400 =
1 - 200
350 1 1 1
0 2000 4000 6000 8000
Time (s)

Figure F.100. Sequence 7.9: Reactor vessel downcomer fluid temperatures.

558

Pressure (psia)

Temperature (°F)



Pressure (kPa)

16000 - - .
1 2200
14000 4
. - 2000
] -1800
12000 | 4
b -1600
10000 + 4
. L1400
4 1200
8000 1 . L
0 2000 4000 6000 8000
Time (s)
Figure F.101. Sequence 7.10: Reactor vessel downcomer fluid pressure. -
600 T T T
J -600
550 .
Q . 500
S’
[} .
v s00 - .
3
- 1 +400
o
[
v L 4
@ 450
5
— 1 ¥300
400 | .
—_—
. -200
350 =t | 1
0 2000 4000 6000 8000
Time (s)
Figure F.102. Sequence 7.10: Reactor vessel downcomer fluid temperatures.

559

Pressure (psia)

Temperature (°F)



Pressure (kPa)

16000

T T i
14000 [ T 2000
12000 J -
J — -1500
10000 | .
8000 [ -
4 -1000
6000 L . '
0 2000 4000 6000 8000
Time (s)
Figure F.103. Sequence 7.11: Reactor vessel downcomer fluid pressure.
600 T T 1
8 600
Q 500
S
(Y .
-
3
5 400
-
[ ] -~
a
5
2 - 300
- 200
350 i 1 1
0 2000 4000 6000 8000
Time (s)

Figure F.104

. Sequence 7.11:

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



Pressure (kPa)

16000 , r .
-2200
I 2000
-1800
1600
-
© F1400
. -1200
8000 L ' L
0 2000 4000 6000 8000
Time (s)
Figure F.105. Sequence 7.12: Reactor vessel downcomer fluid pressure.
600 , T T
. -600
—~ 550 -
¢
~ 4 - 500
o
|
3
o 500 - -
(S
2 400
E
(Y
 oaso | -
. - 300
400 L ' .
0 2000 4000 6000 8000
Time (s)

Figure F.106. Sequence 7.12:

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



Pressure (kPa)

Temperature (K)

18000

16000

T

14000 |

12000

10000 H

8000

6000

I

1

2500

“F 2000

1500

-1000

0

Figure F.107. Sequence 8.1

600

2000

4000

Time (s)

6000

8000

: Reactor vessel downcomer fluid pressure.

550 }

(o]

(o]

o
T

450

400

1

600

- 500

- 400

-300

0

2000

4000
Time

(s)

6000

8000

Figure F.108. Sequence 8.1: Reactor vessel downcomer fluid temperatures.

562

Pressure (psia)

Temperature (F)



18000 T - T
| 2500
16000 =
) o
O 14000 f TF2000
N &
®
[ 12000 I~ - E
7 3
a n
3 1500 o
~ 10000 f . o
0- a
8000 K 4
4 I 1000
6000 + L L
0 2000 4000 6000 8000
Time (s)
Figure F.109. Sequence 8.2: Reactor vessel downcomer fluid pressure.
600 T T T
] 600
—~ 550 | - —~
x e
~ 1 -500 ~~
o @
b .
3 3
o 500 | i =
bt -
[}
a - La00 R
E £
[ }] -
Fo4s0 b . -
. - 300
400 L . L
o . 2000 4000 6000 8000
Time (s)

Figure F.110. Sequence 8.2:

Reactor vessel downcomer fluid temperatures.
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16000

14000 |

L]

12000

1
10000 |t

Pressure (kPa)

8000 H

6000

1

1

0

2000

4000

Time (s)

6000

Figure F.111. Sequence 8.3: Reactor vessel downcomer fluid pressure.

600

550

Temperature (K)
W
8
¥

450

400

1

!

1

F 2000
~
o]
[74]
- a
A
o
| -
1soo 32
n
]
| -
o
1000
8000
600
1 N
1.1..
500 N~
Q
| -
3
T o
| -
400 2
£
[ V]
_ —
F 300

0

Figure F.112.

2000

4000
Time

(s)

6000

8000

Sequence 8.3: Reactor vessel downcomer fluid temperatures.
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16000 Y T T
14000 } 1 2000
< ©
o -
= 12000 T =
[
- [}
3 .
» b 1500 2
v 10000 ft . A
o [-o)
bt L.
o a
8000 r 4
4 -1000
6000 1 . L
0 2000 4000 6000 8000
Time (s)
Figure F.113. Sequence 8.4: Reactor vessel downcomer fluid pressure.
600 | T T
i - 600
< - 500 Q
S~ s
o - [¢}]
1S | .
3 3
- F400 -
o o
1S | .
[} .
a a
g £
et r300 ©
- 200
350 L 1 L
0 2000 4000 6000 8000

Figure F.114. Sequence 8.4

Time (s)

Reactor vessel downcomer fluid temperatures.
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18000

16000

14000 _

12000

Pressure (kPa)

10000 K

8000

6000

1

1

1

~2500

“F2000

_r1500

- 1000

Figure

600

2000

4000
Time

(s)

6000

8000

F.115. Sequence 8.5: Reactor vessel downcomer fluid pressure.

550 |

Temperature (K)
g
T

450 ~

400

1

|

1

600

- 500

400

- 300

Figure F.116. Sequence 8.5:

2000

4000
Time

(s)

6000

8000

Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



Pressure (kPa)

16000 T T T
14000 |- 1 2000
12000 -
1 -1500
10000 fr -
8000 H <
1 -1000
6000 . L .
0 2000 4000 6000 8000
Time (s)
Figure F.117. Sequence 8.6: Reactor vessel downcomer fluid pressure.
600 T T T
] -600
550 -
-~ 1 - 500
4
N
Y 500 - =
3
-’ - - 400
o
[
o L -
® 450
5
0 ] -300
400 :
] - 200
350 1 1 1
0 2000 4000 6000 8000
Time (s)

Figure F.118. Sequence 8.6: Reactor vessel downcomer fluid temperatures.
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Pressure (psia)

Temperature (°F)



16000

1 1 !
4 2300
15500 1 —+2250
~~
o
<
~ . 2200
® 1s000 | .
?
a - - 2150
o
—
a
14500 2100
i - 2050
14000 — L L
0 2000 4000 6000 8000
Time (s)
Figure F.119. Sequence 9.1: Reactor vessel downcomer fluid pressure.
. 554
~~
V4
~~ 562 1 +552
M
[
| .
o 1 - 550
—
a
E seo H 4
o . -548
’—
] 546
558 1 1 1
0 2000 4000 6000 8000

Figure F.120. Sequence 9.1:

Time (s)
Reactor vessel downcomer fluid temperatures.

568

Pressure (psia)

Temperature (°F)



16000

14000 |

12000

Pressure (kPa)

10000

T

{

1

1

2200

“F 2000

<1800

- 1600

1400

~1200

B00O
0

2000

4000
Time

(s)

6000

8000

Figure F.121. Sequence 9.2: Reactor vessel downcomer fluid pressure.

Temperature (K)
W\
o
o

450

1

1

-600

- 500
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: Reactor vessel downcomer fluid temperatures.
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Figure F.123. Sequence 9.3: Reactor vessel downcomer fluid pressure.
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Figure F.124. Sequence 9.3:
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Reactor vessel downcomer fluid temperatures.
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Figure F.125. Sequence 9.4: Reactor vessel downcomer fluid pressure.
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Figure F.126. Sequence 9.4:

Reactor vessel downcomer fluid temperatures.
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Figure F.127. Sequence 9.5: Reactor vessel downcomer fluid pressure.
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Figure F.128.

Sequence 9.5:

Reactor vessel downcomer fluid temperatures.
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Figure F.129. Sequence 9.6: Reactor vessel downcomer fluid pressure.
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Figure F.130. Sequence 9.6: Reactor vessel downcomer fluid temperatures.

573

Pressure (psia)

Temperature (°F)



16000 T T T
. -2200
= 14000 | 12000
o
a
4
N
° 4 -1800
+ 12000 + =
3
(2]
b4 : -1600
[ .
a
10000 -
4 -1400
] 1200
B00O A— L .
0 2000 4000 6000 8000
Time (s)
Figure F.131. Sequence 9.7: Reactor vessel downcomer fluid pressure.
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Figure F.132. Sequence 9.7:

Reactor vessel downcomer fluid temperatures.
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Figure F.133. Sequence 9.8: Reactor vessel downcomer fluid pressure.
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Figure F.134. Sequence 9.8: Reactor vessel downcomer fluid temperatures.
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Figure F.135. Sequence 9.9B: Reactor vessel downcomer fluid pressure.
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Figure F.136. Sequence 9.9B: Reactor vessel downcomer fluid temperatures.
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Figure F.137. Sequence 9.10B: Reactor vessel downcomer fluid pressure. -
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Figure F.138. Sequence 9.10B: Reactor vessel downcomer fluid temperatures.
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Figure F.139. Sequence 9.11B: Reactor vessel downcomer fluid pressure.
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Figure F.140. Sequence 9.11B: Reactor vessel downcomer fluid temperatures.
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Figure F.141. Sequence 9.12B: Reactor vessel downcomer fluid pressure.
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Figure F.142. Sequence 9.12B: Reactor vessel downcomer fluid temperatures.
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Figure F.143. Sequence 9.13B: Reactor vessel downcomer fluid pressure.
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Figure F.144. Sequence 9.13B: Reactor vessel downcomer fluid temperatures.
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Figure F.145. Sequence 9.14B: Reactor vessel downcomer fluid pressure.
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Figure F.146. Sequence 9.14B: Reactor vessel downcomer fluid temperatures. -
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Figure F.147. Sequence 9.15B: Reactor vessel downcomer fluid pressure.
600 . T T
. -600
-
-500
3.;
A4
. o
|
3
400 -+~
o
|
. [+2]
Q.
§
r300 ©
1 -200
350 : 1 1 1
0 2000 4000 6000 8000
' Time (s)

Figure F.148. Sequence 9.15B: Reactor vessel downcomer fluid temperatures.
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Figure F.149. Sequence 9.16B: Reactor vessel downcomer fluid pressure.
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Figure F.150. Sequence 9.16B: Reactor vessel downcomer fluid temperatures.
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Figure F.151. Sequence 9.17B: Reactor vessel downcomer fluid pressure.
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Figure F.152. Sequence 9.17B:
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Reactor vessel downcomer fluid temperatures.
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Temperature (°F)
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Figure F.153. Sequence 9.18B: Reactor vessel downcomer fluid pressure.
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Figure F.154. Sequence 9.18B:

Reactor vessel downcomer fluid temperatures.
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Figure F.155. Sequence 9.19B: Reactor vessel downcomer fluid pressure.
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Figure F.156. Sequence 9.19B: Reactor vessel downcomer fluid temperatures.
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Figure F.157. Sequence 9.20B: Reactor vessel downcomer fluid pressure.
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Figure F.158. Sequence 9.20B: Reactor vessel downcomer fluid temperatures.
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Figure F.159. Sequence 9.21B: Reactor vessel downcomer fluid pressure.
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Figure F.160. Sequence 9.21B: Reactor vessel downcomer fluid temperatures.
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Figure F.161. Sequence 9.22B: Reactor vessel downcomer fluid pressure.
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Figure F.162. Sequence 9.22B: Reactor vessel downcomer fluid temperatures.
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Figure F.163. Sequence 9.23B: Reactor vessel downcomer fluid pressure.
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Figure F.164. Sequence 9.23B: Reactor vessel downcomer fluid temperatures.
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Figure F.165. Sequence 9.24: Reactor vessel downcomer fluid pressure.
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Figure F.166. Sequence 9.24: Reactor vessel downcomer fluid temperatures.
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Figure F.167. Sequence 9.25: Reactor vessel downcomer fluid pressure.
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Figure F.168

. Sequence 9.25: Reactor vessel downcomer fluid temperatures.
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Figure F.169. Sequence 9.26: Reactor vessel downcomer fluid pressure.
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Figure F.170. Sequence 9.26:

Reactor vessel downcomer fluid temperatures.
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Figure F.171. Sequence 9.27: Reactor vessel downcomer fluid pressure.
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Figure F.172. Sequence 9.27: Reactor vessel downcomer fluid temperatures.
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Figure F.173. Sequence 9.28: Reactor vessel downcomer fluid pressure.
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Figure F.174. Sequence 9.28: Reactor vessel downcomer fluid temperatures.
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Figure F.175. Sequence 9.29: Reactor vessel downcomer fluid pressure.
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Figure F.176. Sequence 9.29: Reactor vessel downcomer fluid temperatures.
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Figure F.177. Sequence 9.30: Reactor vessel downcomer fluid pressure.
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Figure F.178. Sequence 9.30: Reactor vessel downcomer fluid temperatures.
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Figure F.179. Sequence 9.31: Reactor vessel downcomer fluid pressure.
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Figure F.180. Sequence 9.31: Reactor vessel downcomer fluid teinperatures.
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Figure F.181. Sequence 9.32: Reactor vessel downcomer fluid pressure.
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Figure F.182. Sequence 9.32:

Reactor vessel downcomer fluid temperatures.
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Figure F.183. Sequence 9.33: Reactor vessel downcomer fluid pressure.
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Figure F.184.

Sequence 9.33: Reactor vessel downcomer fluid temperatures.
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Figure F.185. Sequence 9.34: Reactor vessel downcomer fluid pressure.
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Figure F.186. Sequence 9.34: Reactor vessel downcomer fluid temperatures.
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Figure F.187. Sequence 9.35: Reactor vessel downcomer fluid pressure.
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Figure F.188. Sequence 9.35: Reactor vessel downcomer fluid temperatures.
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Figure F.189. Sequence 9.36: Reactor vessel downcomer fluid pressure.
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Figure F.190. Sequence 9.36: Reactor vessel downcomer fluid temperatures.
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Figure F.191. Sequence 9.37
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Figure F.192. Sequence 9.37: Reactor vessel downcomer fluid temperatures.
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Figure F.193. Sequence 9.38: Reactor vessel downcomer fluid pressure.
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Figure F.194.

Sequence 9.38: Reactor vessel downcomer fluid temperatures.

605

Pressure (psia)

Temperature (°F)



18000

16000

140001

12000 -

Pressure (kPa)

10000 |

¥

1

2500

T 2000

1500

8000
0

Figure F.195. Sequence 9.39:
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Reactor vessel downcomer fluid pressure.
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Figure F.196. Sequence 9.39: Reactor vessel downcomer fluid temperatures.
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Figure F.197. Sequence 9.40: Reactor vessel downcomer fluid pressure.
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Figure F.198. Sequence 9.40: Reactor vessel downcomer fluid temperatures.
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Figure F.199. Sequence 9.41: Reactor vessel downcomer fluid pressure.
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Figure F.200. ‘Sequence 9.41: Reactor vessel downcomer fluid temperatures.
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Figure F.201. Sequence 9.42: Reactor vessel downcomer fluid pressure.
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Figure F.202. Sequence 9.42: Reactor vessel downcomer fluid temperatures.
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Figure F.203. Sequence 9.43: Reactor vessel downcomer fluid pressure.
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Figure F.204. Sequence 9.43: Reactor vessel downcomer fluid temperatures.
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Figure F.205. Sequence 9.44: Reactor vessel downcomer fluid pressure.
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Figure F.206. Sequence 9.44: Reactor vessel downcomer fluid temperatures.
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Figure F.207. Sequence 9.45: Reactor vessel downcomer fluid pressure.
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Sequence 9.45: Reactor vessel downcomer fluid temperatures.
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Figure F.209. Sequence 9.46: Reactor vessel downcomer fluid pressure.
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Figure F.210. Sequence 9.46: Reactor vessel downcomer fluid temperatures.
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Figure F.211. Sequence 9.47: Reactor vessel downcomer fluid pressure.
600 T T T
b 600
__ 550 \ .
4
~ . - 500
Qo
[~
3
o 900 |- ~
o
a 4 400
E
L]
T oas0 .
a - 300
400 ul . |
0 2000 4000 6000 8000
Time (s)

Figure F.212. Sequence 9.47: Reactor vessel downcomer fluid temperatures.

614

Pressure

Temperature (°F)



16000 T T T
i -2300
15500 - —+2250
~~
o
<
~ 1 2200
2 15000 .
po]
a : - 2150
o
| .
a
14500 4 2100
. 2050
12000 4 4 1
0 2000 4000 6000 8000
Time (s)
Figure F.213. Sequence 9.48: Reactor vessel downcomer fluid pressure.
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Figure F.214. Sequence 9.48: Reactor vessel downcomer fluid temperatures.
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Figure F.215. Sequence 9.49: Reactor vessel downcomer fluid pressure.
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Figure F.216. Sequence 9.49:
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Reactor vessel downcomer fluid temperatures.
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Figure F.217. Sequence 9.51: Reactor vessel downcomer fluid pressure.
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Figure F.218. Sequence 9.51:
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Reactor vessel downcomer fluid temperatures.
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Figure F.219. Sequence 9.53: Reactor vessel downcomer fluid pressure.
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Figure F.220. Sequence 9.53: Reactor vessel downcomer fluid temperatures.
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Figure F.221. Sequence 9.55: Reactor vessel downcomer fluid pressure.
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Figure F.222. Sequence 9.55: Reactor vessel downcomer fluid temperatures.
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Figure F.223. Sequence 9.57: Reactor vessel downcomer fluid pressure.
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Figure F.224. Sequence 9.57: Reactor vessel downcomer fluid temperatures.
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Figure F.225. Sequence 9.65: Reactor vessel downcomer fluid pressure.
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Figure F.226. Sequence 9.65: Reactor vessel downcomer fluid temperatures.
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Figure F.227. Sequence 9.67: Reactor vessel downcomer fluid pressure.
580 T T 1
~ 580 - 550
4
S’
[}
(SN
3
o 540 | 4
o 00
V] ~ »
8 5
E
L]
" s | J
1 - 450
500 L ! .
0 2000 4000 6000 8000
Time (s)
Figure F.228. Sequence 9.67: Reactor vessel downcomer fluid temperatures.
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Figure F.229. Sequence 9.69: Reactor vessel downcomer fluid pressure.
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Figure F.230. Sequence 9.69: Reactor vessel downcomer fluid temperatures.
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Figure F.231. Sequence 9.71: Reactor vessel downcomer fluid pressure.
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Figure F.232. Sequence 9.71: Reaétor vessel downcomer fluid temperatures.
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Figure F.233. Sequence 9.73: Reactor vessel downcomer fluid pressure.
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Figure F.234. Sequence 9.73: Reactor vessel downcomer fluid temperatures.

625

Pressure (psia)

Temperature (°F)



16000

14000
4

12000

i

Pressure (kPa)

10000

¥

4

8000

1

1

1

2200

1 2000

1800

- 1600

1400

1200

o

2000

4000
Time (s)

6000

8000

Figure F.235. Sequence 9.75: Reactor vessel downcomer fluid pressure.
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Figure F.236. Sequence 9.75: Reactor vessel downcomer fluid temperatures.
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Figure F.237. Sequence 9.76: Reactor vessel downcomer fluid pressure.
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Figure F.238. Sequence 9.76: Reactor vessel downcomer fluid temperatures.
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Figure F.239. Sequence 9.77: Reactor vessel downcomer fluid pressure.
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Figure F.240. Sequence 9.77: Reactor vessel downcomer fluid temperatures.
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Figure F.241. Sequence 9.80: Reactor vessel downcomer fluid pressure.
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Figure F.242. Sequence 9.80:

‘Reactor vessel downcomer fluid temperatures.
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Figure F.243. Sequence 9.84: Reactor vessel downcomer fluid pressure.
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Figure F.244. Sequence 9.84: Reactor vessel downcomer fluid temperatures.
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Figure F.246. Sequence 9.86: Reactor vessel downcomer fluid temperatures.
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Figure F.247. Sequence 10.1: Reactor vessel downcomer fluid pressure.
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Figure F.248. Sequence 10.1: Reactor vessel downcomer fluid temperatures.
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Figure F.249. Sequence 10.2: Reactor vessel downcomer fluid pressure.
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Figure F.250. Sequence 10.2:
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Reactor vessel downcomer fluid temperatures.

633

Pressure (psia)

Temperature (°F)



Pressure (kPa)

20000 T T Y
| L 2500
15000 -
~~
: F2000 ©
n
a
A
10000 + q%00 o
—
3
H 7]
l «n
: ! Fio00 8
—
\ a
5000 .
] - 500
0 i 1 1 0
0 2000 4000 6000 8000
Time (s)

Figure F.251. Sequence 10.3: Reactor vessel downcomer fluid pressure.
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Figure F.252. Sequence 10.3: Reactor vessel downcomer fluid temperatures.
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Figure F.253. Sequence 10.4: Reactor vessel downcomer fluid pressure.
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Figure F.254. Sequence 10.4: Reactor vessel downcomer fluid temperatures.
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Figure F.255. Sequence 10.5: Reactor vessel downcomer fluid pressure.
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Figure F.256. Sequence 10.5: Reactor vessel downcomer fluid temperatures.

636

Pressure (psia)

Temperature (°F)



20000

-
; L2500
)
S 15000 4
X
~ 1 2000
[
| .
3
/o]
o
2 10000 _F1500
a.
4 1000
5000 ' . L
0. 2000 4000 6000 8000
Time (s)
Figure F.257. Sequence 11.1: Reactor vessel downcomer fluid pressure.
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Figure F.258. Sequence 11.1: -Reactor vessel downcomer fluid temperatures.
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Figure F.259. Sequence 11.2: Reactor vessel downcomer fluid pressure.
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Figure F.260. Sequence 11.2: Reactor vessel downcomer fluid temperatures.
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Figure F.261. Sequence 11.3: Reactor vessel downcomer fluid pressure.
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Figure F.262. Sequence 11.3: Reactor vessel downcomer fluid temperatures.
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Figure F.263. Sequence 12.1: Reactor vessel downcomer fluid pressure.
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Figure F.264. Sequence 12.1: Reactor vessel downcomer fluid temperatures.
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Figure F.265. Sequence 12.2: Reactor vessel downcomer fluid pressure.
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Figure F.266. Sequence 12.2: Reactor vessel downcomer fluid temperatures.
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Figure F.267. Sequence 12.3: Reactor vessel downcomer fluid pressure.
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Figure F.268. Sequence 12.3: Reactor vessel downcomer fluid temperatures.
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Figure F.269. Sequence 12.4: Reactor vessel downcomer fluid pressure.
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Figure F.270. Sequence 12.4: Reactor vessel downcomer fluid temperatures.
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APPENDIX G. THE USE OF RTNDT AND ARTNDT AS INDEPENDENT VARIABLES

For a study such as the one discussed in this report, it is convenient to use RTNDT, as an
independent variable in the probabilistic fracture-mechanics analysis. This is because it
allows one to apply the results to other reactor vessels, provided the transients analyzed are
appropriate for the other vessels. However, since RTNDT = RTNDT, + ARTNDT and
ARTNDT = f(F,, Cu, Ni), RTNDT is not actually an independent variable; that is, the
actua] independent variables are RTNDT,, F,, Cu and Ni and were used as such in two
related studies.”? As discussed in Sect. 5.3.1.7, for this particular study, values of Pj were
obtained as a function of RTNDTs, and in doing so both RTNDT, and ARTNDT, were
simulated, but only a single value of RTNDT, was considered (0°F). This appendix
discusses the derivation of the distribution function for ARTNDT and the error in using
RTNDT, as the independent variable.

The distribution function for ARTNDT, was obtained by performing a Monte Carlo
analysis with Eq. (5.5), in which case Fy and Cu were simulated and different values of
Fy, Cu and Ni were included. As in the two previous studies,!”? it was assumed that F,
and Cu had normal distributions with 16 = 0.3 F and 0.025 wt%, respectively. Based on
this analysis, a normal distribution with l¢ = 0.14 ARTNDT was selected for
ARTNDT,.

The specific Monte Carlo cases calculated to obtain the typical distribution for ARTNDT
are shown in Table G:1, and a typical histogram is presented in Figure G.1. It is
apparent that (1) the distributions are essentially normal, although the tails are not well
defined, (2) the sensitivity of ¢ to Fy and Ni is very small, and (3) the sensitivity to Cu
is perhaps significant, although the extent to which it is significant depends on the sensi-
tivity of P(F|E) to the distribution function for ARTNDT.

Table G.1. Monte Carlo—derived distributions for ARTNDT

ARTNDT (°F)
Input Parameters 2.5 Percentile 97.5 Percentile
Cu Ni Fy (%a of Monte Normal Monte Normal
(wt%) (wt%) (10n/cm?) Mean) Carlo Approx. Carlo Approx.
0.2 1.0 20 16.1 127 125 243 243
0.3 1.0 2.0 12.5 212 212 349 353
0.2 0.2 2.0 16.4
0.3 0.2 2.0 12.6
0.15 1.0 20 20.2
0.25 1.0 20 13.8
0.35 1.0 20 11.6
0.20 1.0 1.0 16.0
0.20 1.0 4.0 16.1
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STATISTIC3 FOR QUTPUT.VARIABLE DRTNDT

231.87
383.0 STD.DEVIATION 19.57
5.0% 124, 50.0% 157. 95.0% 188. 97.5% 194,

% = 7T POINTS

MINIMUM 44, 47 MAXIMUN
MEAN 156,59 VARIANCE
PERCENTILES: 2.5% 118.

50000 POINT HISTOGRAM
PROB CwP DRTNDT (° C)

0.0001 0.0 a4, 44 7

0.0001 0.0001 50,00 ]

0.0002 0.0002 55.56 n

0.0002 0.000% 61. 1 8

0.0002 d.0006 66.67 8

0.0002 0.0008 T2.22 1"

0.0004 0.0010 77.78 19

0.0005 0.0014 83.33 23

0.0011 0.0018 88.89 54

0.0015 0.0029 94,484 77

0.0027 0.0044 100.0 133

0.0052 0.00T1 105.6 261

0.0096 0.0123 11,1 580

0.0182 0.0219 16.7 908

0.0288 0.0401 122.2 1540

0.0448 0.0689 127.8 2241

0.0631 0.1137 133.3 3153

0.0827 0. 1768 138.9 8134

0. 1008 0.2594 184, 4 5039

0.1130 0. 3602 150.0 5651

0. 1187 0.4732 155.6 5736

0. 1079 0.5880 161.1 5397

0.0939 0.6959 166.7 8697

0.0743 0.7898 172.2 373

0.0538 0.8641 177.8 2689

0.0364 0.9179 183.3 1821

0.022% 0.9543 188.9 122

0.0122 0.9767 104,84 611

0.0058 0.9890 200.0 292

0.0030 0.9948 205.6 151

0.0015 0.9978 211.1 75

0.0003 .  0.9993 216.7 17

0.0003 0.9997 222.2 1

0.0001 0.9999 227.8 3

1.0000 233.3

Figure G.1. ARTNDT, distribution from a Monte Carlo run for u(Cu) = 0.3, u(Fg) = 2 X 10" and Ni = 1.0.



Rather than investigate this latter sensitivity directly, two sets of calculations were made to
obtain P(F|E) vs Cu for several HBR-2 postulated transients (8.6, 9.19B, 9.33, 9.41). For
one set, ARTNDT, was used as an independent variable, and for the other set, F, Cu and
Ni- were used as independent variables. The results, shown in Figure G.2, indicate that
the error in using ARTNDT, as an independent variable is (1) dependent on the tran-
sient, (2) positive for Cu > 0.25 and negative for Cu < 0.25 (the value of o used for
ARTNDT was based on Cu = 0.25), (3) larger for the less severe transients, and
(4) substantial (factors of ~25 and 7) for the least severe dominant transient and the
two extreme values of Cu considered (0.15 and 0.35, respectively).
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Figure G.2. Comparison of calculated values of P(F|E) using ARTNDT, as the
independent variable and Fy, Cu and Ni as independent variables.

It is of interest to note that the error associated with using ARTNDT, as an independent
variable is not only the result of having to approximate the distribution function. This can
be illustrated by calculating P(F|E) for different combinations of Fp, Cu and Ni that
result in the same value of ARTNDT,. Table G.2 shows the results of a comparison
analysis in which Fy and Cu were simulated, two values of Cu were considered (0.2 and
0.35), and F, and Ni were adjusted so that ARTNDT, was the same for both values of
Cu. As indicated, the lower value of Cu resulted in a higher value of P(F|E), and the less
severe the transient the greater the ratio.
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Table G.2. Comparison of P(F|E) values calculated using F,
Cu and Ni as independent variables, considering two values
of Cu but only one value of ARTNDT;

Minimum Pressure
Coolant at Time P(F|E)*

HBR Temperature of Failure ——
Transient (°F) (ksi) P(F|E),

8.6 201 1850 1.5

9.19B 203 1500 1.9

9.41 268 1500 6.7

9.33 294 1750 17

AP(F|E);: Cu = 0.20, Ni = 1.00, Fy = 3.49E19, RTNDT,
0°F, ARTNDT, = 216°F.

P(F|E),: Cu = 0.35, Ni = 0.50, Fy = 1.00E19, RTNDT, =
0°F, ARTNDT, = 216°F.

The additional error introduced by variations in RTNDT, when using RTNDT as an
independent variable was examined in a similar manner, that is, by comparing values of
P(F|E) corresponding to different values of RTNDT, Three values of RTNDT, were
considerd (—56, 0, +56°F), and values of P(F|E) corresponding to the two extremes were
compared with that corresponding to 0°F, since RTNDT, = 0°F was used to obtain the
Pj vs RTNDT, curves in this report (Appendix I). The results of the comparison, shown
in Figure G.3, indicate that (1) the error is positive for RTNDT, < 0°F and is
negative for RTNDT, > 0°F, (2) it increases with decreasing RTNDT, and is small
for RTNDT, > 200°F, and (3) the error is greater for the less severe transients.

Although it is convenient to use RTNDT, as an independent variable, it is apparent from
the preceding discussion that the error in doing so can be substantial. Thus, one must use
the I3j vs RTNDT, curves in Appendix I with this understanding. For the most accurate
results, RTNDT,, Fy, Cu, and Ni should be used as independent variables in a detailed
probabilistic fracture-mechanics analysis.

References

1. T. J. Burns et al, Preliminary Development of an Integrated Approach to the
Evaluation of Pressurized Thermal Shock Risk as Applied to the Oconee Unit 1
Nuclear Power Plant, NUREG/CR-3770 (ORNL/TM-9176), November 1985.

2. D. L. Selby et al., Pressurized Thermal Shock Evaluation of the Calvert Cliffs Unit
1 Nuclear Power Plant, NUREG/CR-4022 (ORNL/TM-9408), September, 1985.

650



\
]

3\
]
/

EELLED
PAINTS

(1

) ‘

v

F
+Sb >F

—

TNDT:

)

:

. - _ - . S )
Sl
EEEARSRNE
- r.*. E N J..Ti
]

RTNDT, as an

ing

Effect of RTNDT, on values of P(F|E) calculated us

independent variable.

3

Figure G.

651






Appendix H

IMPORTANCE SAMPLING METHODS IN THE OCA-P PROBABILISTIC
FRACTURE-MECHANICS ANALYSIS

" R. D. Cheverton and D. G. Ball
Oak Ridge National Laboratory

653






APPENDIX H. IMPORTANCE SAMPLING METHODS IN THE OCA-P
PROBABILISTIC FRACTURE-MECHANICS ANALYSIS

To be able to calculate low probabilities of failure with acceptable accuracy and reasonable
computer time, importance sampling was applied to three simulated parameters: crack
depth, ARTNDT, and RTNDT. For each of these parameters it was first demonstrated
for a specific transient that a portion of the distribution function contributed little to the
probability of failure. This portion was then omitted from a subsequent simulation, but
was accounted for in the number of trials by multiplying N'vj by a correction factor, as
indicated by Eq. (5.14). For the crack-depth distribution, only the first flaw depth was not
simulated, and the corresponding correction factor is given by

Fy=[f, f@B(a)a] " =324 . (HD)

The use of this acceleration method is indicated on the summary sheet in Appendix I by
IACCEL = 1.

In the case of ARTNDT and RTNDT, a continuous sampling of the distribution can be
replaced by a stratified sampling of the "positive” tail. For these studies, ARTNDT and
RTNDT were assumed to have normal distributions, and sampling was allowed to begin at
1.0 to 2.5 standard deviations above the mean, in increments of 0.25. Use of this method
for ARTNDT is indicated on the summary sheet in Appendix I by NDLRS = n, where
n indicates the start of sampling as given in Table H.1. The variable NRTRS operates
in a similar way for the RTNDT distribution. The correction factors, F); and Fj;,
corresponding to ARTNDT and RTNDT, are given in Table H.l and are based on a nor-
mal (0, 1) distribution truncated at + 3g. ‘

The normal (0, 1) distribution, truncated at + 30, was used to establish a distribution for
the strata between 1o and 30 for ARTNDT and RTNDT,. A justification follows:

Table H.1. Details of importance sampling on ARTNDT, and RTNDT distributions

Identifying » Multiplicative
Number Start-of-Sampling Fraction of N(0, 1) Fraction of Adjustment to the
“(NDLRS or Number of Standard Distribution in Distribution Number of Trials,
NRTRS) Deviations Above Mean  Range: x — x + 0.25 Not Simulated® Fy; and Fy;
1 1.0 0.0531 0.8422 6.3
2 1.25 0.0388 0.8954 9.6
3 1.50 0.0267 0.9343 15.2
4 1.75 0.0173 0.9611 25.7
5 2.00 0.0106 0.9784 46.4
6 2.25 0.0060 0.9891 91.7
7 2.50 0.0032 0.9951 204.1
8 2.75 0.0017 0.9983 588.2

4 Assuming truncation at +30.
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Let xe normal (u,0?), p — 30 < x < pu + 30. Then the probability density function
of x is given by

__a _ =’ (H2)
Jx)= oV2n exp[ 20 ] ’

where ¢ is the constant that adjusts for the truncation at +3¢. In the stratification proc-
ess for this variable, a quantity of interest would be the fraction of the probability between
x = pu + cy0 and x = pu + c30, where ¢, and c; are constants. This fraction is
given by

n+c,a
P(pu+crosx<pu+czo)= L+ca exp
2

_ (x—n)2] i (H3)

202

By changing variables [y = (x — p)/g, dy = dx/s] Eq. (H.3) becomes

1 (H.4)

J2n °""[“

2
Pl
5 dy .

€3
P(Czsy <C3)=Clj;2

The integrand is the probability density function for a normal (0, 1) variable. Therefore,
the above probability [Eq. (H.3)] is the same as that of a normal (0, 1) variable between
¢y and c3. This yields the stratification process detailed in Table H.1.
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APPENDIX I. COMPILATION OF RESULTS FOR HBR-HYPO PROBABILISTIC
FRACTURE-MECHANICS ANALYSIS

Detailed results for the HBR-HYPO probabilistic fracture-mechanics analysis are included
in this appendix so that a more thorough understanding of the effect of the various
assumptions used in the fracture-mechanics model and of the different inputs to the
fracture-mechanics “analysis can be obtained. For instance, the duration of all postulated
transients for this study was specified as two hours. As indicated by the summary sheets,
in many cases the failures did not occur until late in the transient; thus, if the duration of
the transient had been taken to be one hour instead of two hours, the P(F|E) values would
have been reduced substantially.

Sets of data are included in this appendix for most of the transients listed in Table 5.5.*
Each set includes, in this order, (1) plots of primary-system pressure, downcomer coolant
temperature and fluid-film heat-transfer coeffigient vs time in the transient; (2) a sum-
mary sheet of digital output that includes Pj f fla)B(a)da [referred to in the data sets as
"unadjusted P(F|E)""] and histogram data for Q[-IBR-HYPO weld 2-273A on crack depths,
times of failure, and values of T.RTNDT at the crack tip corresponding to initiation and
arrest events; (3) a plot of Pj J;) fla)B(a)da vs RTNDT, for the (2-D, 2-D) flaw combi-
nation (axial flaws in the plate, and circumferential flaws) and the (2-D, 2-m) flaw combi-
nation (axial flaws in axial welds); (4) a plot of vessel wall temperature vs radial position
in the wall (a/w) with time (¢) as a parameter; (5) a plot of vessel wall temperature vs ¢
with a/w as a parameter; (6) a plot of K; vs t for 2-D flaws with a/w as a parameter; and
(7) a set of critical-crack-depth curves for HBR-HYPO weld 2-273A corresponding to
—2¢ values for Ky, Ky, and RTNDT, mean values of all other parameters, and an operat-
ing time of 32 EFPY.

The summary sheets include the error in the values of P(F|E), based on a 95% confidence
interval, and also the number of trials (number of vessels simulated), but the number of
trials has not been corrected in those cases for which importance sampling was used. If
importance sampling was used for one or more of the three affected parameters (crack
depth, ARTNDT, RTNDT), one or more of the corresponding quantities IACCEL,
NDLRS, or NRTRS, respectively, will be greater than 0, as indicated near the bottom of
the summary sheet. In the case of NDLRS and NRTRS, the number given in the sum-
mary sheet (some multiple of ¢) can be used to obtain the appropriate correction factor
from Table H.1 for the number of trials.

*]t should be noted that the dates given on the data sets have no reference to the HBR vessel and have no
meaning other than computer case identification.

TFor purposes of comparing the various transients, the value of #*v in the summary sheets was always taken to

be 1.0. Thus the adjusted value of P(F|E) is the same as the unadjusted value. The actual adjusted values
can be obtained by multiplying the unadjusted value by the appropriate weld volume (v), since the best esti-
mate for n is 1.0.
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Table L.1. Transient 5.15: Summary of digital output, including unadjusted P(F |E)

values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 5,15 7/5/84 1, FLAWS/TIN##3 DRTN(IS)
------------- UNADJUSTED———m— e e ~==ADJUSTED====
WELD P(F/E) 95%C1I $ERR  P(INITIA) NW P(F/E) %ZERR NFAIL
1 1.65D-05 1.610-06 9,77 1.97D-05 1,000 1,65D-05 4m
VESSEL 1.65D-05 9.77

DEPTHS FOR INITIAL TNITIATION (IN)
0.09 0.26 0.4 0,67 0,90 1.16 1.44 1,74 2,08
NUMBER 0 190 175 71 33 1 1 0 0
PERCENT 0.0 39.5 36.4 14,8 6.9 2.3 0.2 0.0 0.0

TIMES OF FAILURE(MINUTES)

= 211.2

NTRIALS

110000

0.0 10,0 20,0 30,0 40.0 50.0 60.0 70.0 80,0 90,0 100.0 110.0 120.0

PERCENT 0.0 0.0 0,0 0,0 1.5 45,4 53.1 6.0 0.0 0,0 0.0

INITIATION T-RTNDT(DEG,F)

0.0

-100,0 =75,0 -50,0 -25.0 0.0 25.0 50.0 75.0 100,0 125.0 150.0 175.0 200.0

NUMBER 0 0 7 124 285 6U 3 1 0 0 0
PERCENT .0 0.0 1.4 25.6 58.9 13.2 0.6 0.2 0.0 0.0 0.0

ARREST T-RTNDT(DEG.F)

0
0.0

-50,0 =25.0 0.0 25,0 50,0 75,0 100,0 125,0 150.0 175.0 200.0 225,0 250.0

NUMBER 0 0 10 1 0 N 0 32 30 0 0
PERCENT 0,0 0.9 12,0 13.3 0.0 0,0 0.0 38,6 36,1 0.0 2.0

# OF STD DEVS ABOVE MEAN DELTA RTNDT(FAILURES ONLY)
1.90 1.25 1,50 1,75 2.00 2,25 2,50 2.75 3.00
NUMBER 18 29 51 59 53 79 59 53
PERCENT 4,5 7.2 12.7 4.7 13.2 19.7 14,7 13.2

# OF STD DEVS ABOVE MEAN RTNDT(FAILURES ONLY)
1,90 1.25 1.50 1.75 2,00 2.25 2.50 2.75 3.00
NUMBER 7 20 by u7 58 76 83 56
PERCENT 1.7 5.0 11,0 11,7 17.0 19.0 20.7 14,0

ICRKTP = 2 TACCEL = 1 NDLRS =1 NRTRS = 1 DATE: 10/29/84  TIME: 22,17.19

CPU TIME: 3 MIN 0 SEC
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Table L.2. Transient 5.17: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 5,17 7/5/84 1. FLAWS/IN®#3  DRTN(IS) = 211.2
------------- UNADJUSTEDmmmmmmmm e e e -—-ADJUSTED=-—~
WELD  P(F/E) 95%CI  $ERR  P(INITIA) N®V P(F/E)  $ERR  NFAIL  NTRIALS
1 4,05D-06 4,030-07 9.94% 9.,29D-06 1.000 4,05D-06 388 190000
VESSEL 4,05D-06 9,94

DEPTHS FOR INITIAL TNITIATION (IN)
0,09 0.26 0,4 0,67 0,90 1,16 1.u44 1,74 2,08
NUMBER 0 409 282 125 52 18 3 0 1
PERCENT 0,0 46,0 31.7 14,0 5,8 2,0 0.3 0.0 0.1

TIMES OF FATILURE(MINUTES)
0.0 10.0 20,0 30,0 40,0 S0,0 60.0 70.0 80.0 90,0 10%.0 110,0 120.0
PERCENT 0,0 0,0 0.0 0,0 0.0 0,8 4,1 13.1 16,0 22,2 22,7 21,1

INITIATION T-RTNDT(DEG.F)
-190.0 =75.0 -50,0 -25.0 0.0 25.0 50,0 75,0 100,0 125.0 150.0 175.0 200.0
NUMBER 0 9 37 359 437 237 153 32 1 0 0 ]
PERCENT 0.0 0.0 2,9 28,6 34,8 18,9 12,2 2.5 0.1 0.0 0,0 0.0

ARREST T-RTNDT(DEG.F)
-50,0 =25,0 0,0 25,0 50.0 75,0 100.0 125.,0 150,0 175.0 200.0 225,0 250,0
NUMBER 1 43 119 29 3 2 86 479 115 2 0 0
PERCENT 0.1 5.0 12,7 3.3 0.3 9.2 9.9 55.2 13.2 0.0 0.0 0.0

# J2F STD DEVS ABOVE ‘4EAN DELTA RTNDT(FAILURES ONLY)
1,90 1,25 1,50 1,75 2,00 2,25 2,50 2,75 . 3.00
NUMBER 0 18 28 58 64 52 81 87
PERCENT n.0 4.6 7.2 14,9 16,5 13.4 20,9 22,4

# OF STD DEVS ABOVE "FAN RTNDT(FAILURES ONLY)
1,90 1,25 1,50 1,75 2.00 2.25 2.5 2,75 3.M0

NUMBER 0 5 27 36 67 75 84 93
PERCENT 0.0 1.5 7.0 9,3 17.3 19,3 21,6 24,0

TZRKTP = 2 TACCEL = 1 NDLRS = 2 NRTRS = 2 DATE: 10/29/84 TIME: 22.26,18

CPU TIME: S MIN 6 SEC
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Figure 1.8. Transient 5.17: P; j‘; fla) B(a) da vs RTNDT, for (2-D, 2-D) and (2-D, 2m)
flaw combinations.
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Figure 1.9. Transient 5.17: Vessel wall temperature vs depth in wall (a/w) at various
times (7) in transient.
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Figure 1.10. Transient 5.17: Vessel wall temperature vs time (¢) in transient at various
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Figure L.11. Transient 5.17: Kjvs time (¢) for various depths in wall (a/w).
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Figure 1.12. Transient 5.17: Critical-crack-depth curves for weld 2-273A based on
—20 values of Kj., Kj,, and ARTNDT, mean values of all other parameters, and 32-EFPY
fluences.
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Figure 1.13. Transient 5.19: Primary system pressure, downcomer coolant temperature,
and fluid-film heat-transfer coefficient vs time in the transient.
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Table 1.3. Transient 5.19: Summary of digital output, including unadjusted P(F|E)

values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 5.19 7/5/84 1, FLAWS/IN##3 DRTN(TS)
e ———— UNADJUSTED==ememccaa e ===ADJUSTED====~
WELD P(F/E) 95%CI ZERR  P(INITIA) N#V P(F/E) %ERR NFAIL
1 3.64D-06 3.72D-07 10.22  3.45D-05 1,000 3,64D-06 367
VESSEL 3.64D-06 10,22

DEPTHS FOR INITIAL INITIATION {IN)
0.09 0,26 0.4 0.67 0.90 1.16 .44 1.74 2,08
NUMBER 0 1610 1172 460 173 51 13 1 1
PERCENT 0.0 46.3 33.7 13.2 5.0 1.5 0.4 0,0 0,0

TIMES OF FAILURE(MINUTES)

= 211,2

NTRIALS

200000

0.0 10,0 20.0 30.0 40.0 50.0 60,0 70.0 80.0 90,0 100,0 110,0 120.0

PERCENT 0.0 0,0 0.0 0.0 1.1 30.5 56.9 11.4 0.0 0.0 0,0

INITTATION T-RTNDT(DEG.F)

0.0

-100.0 -75.0 -50.0 -25.0 0.0 25.0 50,0 75,0 100.0 125,0 150.0 175.0 200,0

NUMBER 0 2 153 1236 1740 376 237 96 10 ) 0
PERCENT 0.0 0.1 4,0 32.1 45.2 9.8 6,2 2,5 0.3 0.0 0.0

ARREST T-RTNDT (DEG.F)

0
0.0

-50,0 -25.0 0.0 25.0 50.0 75.0 100.0 125,0 150.0 175.0 200.0 225,0 250.0

NUMBER 0 17 133 80 1" 7 232 2284 719 0 0
PERCENT 0.0 0.5 3.8 2,3 0.3 0.2 6.7 65.6 20.6 0.0 0.0

f# OF STD DEVS ABOVE MEAN DELTA RTNDT(FAILURES ONLY)
1.00 1,25 1,50 1.75 2.00 2,25 2,50 2.75 3.00
NUMBER T 0. 9 22 4y 65 56 85 86
PERCENT 0,0 2,5 6.0 12,0 17.7 15.3 23.2 23.4

# OF STD DEVS ABOVE MEAN RTNDT(FAILURES ONLY)
1.00 1.25 1.50 1.75 2.00 2,25 2,50 2,75 3.00
NUMBER 0 1 9 27 41 58 114 17
PERCENT 0.0 0.3 2.5 7.4 11,2 15,8 31,1 31.9

ICRKTP = 2  TACCEL = 1 NDLRS = 2 NRTRS = 2 DATE: 10/29/84 TME: 22,42,20

CPU TIME: 5 MIN 24 SEC
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HB ROB 5.18

E T I T T 3
n 3
- o PLATE Ej
i o LONGIT.
. s CIRCUM. T
‘o L 4
— = 3
. 4
o L 4
«— - -
w [ i
~
Lo L 4
s
o | _
I._‘ E E
=5 E 3
Qa o ]
T
= - 4
35 L A
T
o L 4
— = o
. 3
] A
o | —
— =
?D N N N s 1 N N N N 1 N 1 N N 1 s L . N | N L N N
«—4
100 150 200 250 300 350

MEAN RTNDT, DEG.F.

- w ———
Figure 1.14. Transient 5.19: P; J; fla) B(a) da vs RTNDT, for (2-D, 2-D) and (2-D,
2m) flaw combinations.
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Figure L.15. Transient 5.19: Vessel wall temperature vs depth in wall (a/w) at various
times (7) in transient. '

677
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CRITICAL CRRCK DEPTE CURVES FOR iPTS H 8 ROB CLRD S.18 7/5/84
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Figure 1.18. Transient 5.19: Critical-crack-depth curves for weld 2-273A based on
‘;20 values of Kj., Ki,, and ARTNDT, mean values of all other parameters, and 32-EFPY
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Figure 1.19. Transient 5.20: Primary system pressure, downcomer coolant temperature,
and fluid-film heat-transfer coefficient vs time in the transient.
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Table I.4. Transient 5.20: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and

T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROR CLAD 5.20 7/27/84 1. FLAWS/IN®##3

------------- UNADJUSTEDmmmmm e mmmm e ~==ADJUSTED=m—~

WELD  P(F/E) 954CT  $ERR  P(TNITIA) N#Y P(F/E)  %ERR
1 1.430-04  2,230-05 15.59 2,14D-04 1,000 1,43D-04

VESSEL 1.430-04 15,59

DEPTHS FOR INITIAL TNITIATION (IN)
0.09 9.26 0,46 0,67 0,99 1,16 1.44 1,74 2,08
NUMBER 0 121 63 35 12 4 1 0 0
PERCENT 0.0 51.3 26.7 14,8 5,1 1.7 0.4 0.0 0,0

TIMES OF FAILURE(MINUTES)

DRTN(IS) = 211,2

NFAIL

158

NTRIALS

200000

0.0 19.0 20,0 30.0 40.0 50.0 60.0 70.0 80.0 909.0 100.0 115.0 120.0

PERCENT 0.0 0.0 9,0 0,0 0,0 2.5 b4 12,7 25.3 22,2

INITIATION T-RTNDT(DEG.F)

19.6

13.3

-100.0 -75.0 -50.0 -25.0 9.9 25,0 50.0 75.0 100.0 125.0 150.0 175.0 290.0

NUMBER 0 0 13 120 101 61 65 1 0
PERCENT 0.0 -0.0 3.5 32.3 27.2 16.4 17.5 3.0 0.0

ARREST T-RTNDT(REG,F)

0.0

0

0.0

0
0.0

-59.0 -25,0 0.0 25.0 50.0 75.0 100.0 125,0 150.0 175.0 200.0 225.0 250.0

NUMBER 9 14 24 2 0 0 16 121 36
PERCENT 0.0 6.6 11,3 0.9 0.0 0.0 7.5 56.8 15.9

ICRKTP = 2 TACZEL = 1 NDLRS = 9 NRTRS = 9 DATE: 10/29/84 TIME:

CPU TIME: 5 MIN 29 SE-
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Figure 1.20. Transient 5.20: P; J; fla) B(a) da vs RTNDT; for (2-D, 2-D) and (2-D,
2m) flaw combinations.

683



IPTS H B ROB CLRD 5.20 7/27/84

§ T i M A B T T v T v ML ML L

TEMP. DEGF.

%

]t i
1
1
4
1

§ L i i i P - D o I L 't

e 0.1 C.2 0.3 0.4 0.5 0.6 c.7 0.8 0.9 1

A/W

Figure 1.21. Transient 5.20: Vessel wall temperature vs depth in wall (a/w) at various
_ times (7) in transient. :
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Figure 1.23. Transient 5.20: K vs time (¢) for various depths in wall (a/w).

686




CRITICAL CRACK DEPTH CURVES FOR IPTS H B RCB CLAD 5.2C 7/27/84
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Figure 1.24. Transient 5.20: Critical-crack-depth curves for weld 2-273A based on
—20 values of K., Kj,, and ARTNDT, mean values of all other parameters, and 32-EFPY
fluences.

687



a o IPTS H B ROB CLAD 6.6 7/23/84 2
g- g I — T Y T —r .td
Q o PRESS. (KSI) //a [ &
1 & o TEMP. (DEG.F.) o
Qe a2 H.T.COEFF. [
2] 8
] S
o
a -
-
g ,
2
i~ —
Lol [ o 2
c>§_ P R
© = ~
- 0
—~ 4 a r 78}
b 5 &
= 8
Q
g- [,
= B
o
' 5
bt L ©
§-4
o] - Bl | &
=8 o
o 4
3 8
3_4 §J " i i ol L i 1 N 1 Y 1 P | N L. o

0.0 100 2.0 30.0 4.0 S0.0 60.0 70.0
TIME{MIN.)

Figure 1.25. Transient 6.6: Primary system pressure,
and fluid-film heat-transfer coefficient vs time in the transie

688

80.0 90.0 100.0 110.0 120.0

downcomer coolant temperature,
nt.




Table 1.5. Transient 6.6: Summary of digital output, including unadjusted. P(F|E)
values and histogram data for crack depths, times of failure, and

T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 6.6 7/23/84 1. FLAWS/IN##3
------------- UNADJUSTEDmmmmmmeee e e ~==ADJUSTED-—~-
WELD  P(F/E) 95%CI  %ERR  P(INITIA) NW® P(F/E)  %ERR
1 8.83D-03  8.09D-04 9,16 9,08D-03 1,000 8,83D-03
VESSEL 8.830-03 9,16

DEPTHS FOR INITIAL INITIATION (IN)
0,09 0.26 0.4 0.67 0.90 1,16 1,44 1,74 2,08
NUMBER 16 277 120 42 9 0 0 0 0
PERCENT 3.4 59.7 25,9 9.1 1.9 0.0 0.0 0.0 0.0

TIMES OF FAILURE(MINUTES)

DRTN(1S) =

NFAIL

451

211,2

NTRIALS

30000

0.0 10.0 20.0 30.0 40,0 50,0 60.0 70.0 80.0 90,0 100.0 110.0 129.0

PERCENT 9,0 0,0 4,7 40.4 7.5 11,1 13,5 12,0 4.9

INITIATION T-RTNDT(DEG.F)

3.5 1.3

1.1

-100.0 -75.0 -50.0 -25.0 0.0 25,0 50.0 75,0 100.0 125.0 150.0 175.0 200,0

NUMBER 1 0 12 110 215 151 159 80 2
PERCENT 0.1 6,0 1.6 15,1 29,5 20.7 21.8 11,0 0.3

ARREST T-RTNDT(DEG.F)

0 0

0.0 0.0

0
0.0

-50,0 -25.0 0.0 25,0 50.0 75.0 100.0 125,0 150.0 175.0 200.0 225.0 250,0

NUMBER 0 0 0 0 0 0 1 26 123
PERCENT 0.0 0.0 0.0 0.9 0,0 0,9 0.4 9,3 uu

126 3
45,2 1.1

ICRKTP = 2  TACCEL =0 NDLRS = 9 NRTRS = 0 DATE: 10/29/34 TIME: 23,26,22

CPU TIME: O MIN 57 SEC
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Figure 1.26. Transient 6.6: P; fo fla) B(a) da vs RTNDT, for (2-D, 2-D) and (2-D, 2m)
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Figure 1.27. Transient 6.6: Vessel wall temperature vs depth in wall (a/w) at various
times (7) in transient.
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Figure 1.29. Transient 6.6: K;vs time (¢) for various depthé in wall (a/w).

693
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Figure 1.30. Transient 6.6: Critical-crack-depth curves for weld 2-273A based on —20
values of K., K),, and ARTNDT, mean values of all other parameters, and 32-EFPY flu-
ences.
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Figure 1.31. Transient 6.9: Primary system pressure, downcomer coolant temperature,

and fluid-film heat-transfer coefficient vs time in the transient.
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Table 1.6. Transient 6.9: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 6.9 7/5/84 1. FLAWS/IN®%#3  DRIN(IS) = 211,2
------------- UNADJUSTEDmmmm e e e ~~=ADJUSTED—--~
WELD  P(F/E) 95%CI  $ERR  P(INITTA) N®V P(F/E)  %ERR  NFAIL  NTRIALS
1 2.68D-03  2.59D-04 9,65 3,27D-03 1.000 2.68D-03 411 90000
VESSEL 2.68D-03 9,65

DEPTHS FOR INITIAL INITIATION (IN)
0.09 0.26 0.46 0.67 0.90 1.16 1.44 1,74 2,08
NUMBER 18 299 134 41 8 1 9 ) 0
PERCENT 3.6 59.7 26.7 8.2 1.6 0.2 0.0 0.0 0.0

TIMES OF FAILURE(MINUTES)
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 110.0 120.0
PERCENT 0.0 0.0 1.2 3.8 6.3 11.9 29.4 19,5 17.5 10.9 5.1 3.6

INITIATION T-RTNDT(DEG,F)
-100.0 -75.0 50,0 -25.,0 0.0 25.0 50,0 75.0 100,0 125.0 150.0 175.0 200.0
NUMBER 0 1 17 106 285 300 204 34 0 0 0 0
PERCENT 0.0 0.1 1.8 11.2 30.1 31.7 21.5 3.6 0.0 0.0 0.0 0,0

ARREST T-RTNDT (DEG.F)
-50.0 -25,0 0.0 25,0 50.0 75.0 100.0 125,0 150.0 175.0 200.0 225.0 255.0
NUMBER 0 0 0 0 0 1 8 119 289 118 1 0
PERCENT 0.0 0.0 0.0 0,0 0.0 0.2 1.5 22,2 53.9 22,0 0.2 0.0
ICRKTP = 2 TACCEL = 0 NDLRS =9 NRTRS = 0  DATE: 10/29/84 TIME: 23.33.58

CPU TIME: 2 MIN 32 SEC
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Figure 1.32. Transient 6.9: P_,- J; fla) B(a) da vs RTNDT; for (2-D, 2-D) and (2-D, 2m)
flaw combinations.
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Figure 1.33. Transient 6.9: Vessel wall temperature vs depth in wall (a/w) at various
times (¢) in transient.
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Figure 1.34. Transient 6.9: Vessel wall temperature vs time (f) in transient at various
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Figure 1.35. Transient 6.9: K vs time (¢) for various depths in wall (a/w).
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Table 1.7. Transient 7.5: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROS CLAD 7.5 7/6/84 1. FLAWS/IN®*%3  DRIN(IS) = 211.2
------------- UNADJUSTEDmmmmm e e mmm e ~—-ADJUSTED~mmm
WELD  P(F/E) 959CI  $ERR  P(INITIA) N#®Y P(F/E)  %ERR  NFAIL  NTRIALS
1 1.21D-04  2,05D-05 15,99  1,29D-0% 1.000 1,21D-04 133 200090
VESSEL 1.21D-04 16.99

DEPTHS FOR INITIAL INITIATION (IN)
0.09 0,26 0,46 0.57 0.90 1,16 1.44 1,74 2,08
NUMBER 0 51 40 28 10 2 1 2 0
PERCENT 0.0 43.0 28.2 19.7 7.0 1.4 0.7 0.0 0,0

TIMES OF FATLURE(MINUTES)
0.0 10.0 20.0 30.0 40,0 S50.0 60,0 70.0 80.0 90,0 100.9 110.0 120,0

PERCENT 0.0 2.0 0.0 0.0 0,8 7.5 22.6 21.8 24,1 5.3 11.3 6.8

INITTATION T-RTNDT(DEG.F)
-100.0 -75.0 -59.,0 -25.0 0,0 25,0 50,0 75.0 100.0 125,0 150.0 175.0 200,0
NUMBER 0 o) 4 57 68 14 6 1 1 0 0 N
PERCENT 2.0 0.0 2.6 37,7 45,0 9.3 4,0 9,7 0,7 0.0 0,0 0,0

ARREST T~RTNDT(DEG,F) .
-50.0 -25.0 9.0 25.7 50.0 75,0 100.0 125,0 150.0 175,0 200.0 225.0 250.0
NUMBER 1 1 1 ) 9 ) 4 7 9 0 0
PERCENT 5.6 5.6 22, 5.6 0.0 0.9 0,0 22,2 38,9 9.0 9.0 0.0

N =

ICRKTP = 2 TACZEL =1 NDLRS = 9  NRTRS = 9 DATE: 10/29/84 TIME: 23.36.12

CPJ TIME: 5 MIN 28 SE-
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Figure 1.41. Transient 7.5: Kjvs time (f) for various depths in wall (a/w).
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709




Table 1.8. Transient 7.6: Summary of digital output, including unadjusted P(F|E)

values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 7.6 7/6/84 1. FLAWS/TN*%3  DRTN(IS)
---—----;-—--UNADJUSTED -------------- ~==ADJUSTED=mmm
WELD  P(F/E) 95%CI  %ERR  P(INITIA) N#V P(F/E)  %ERR  NFAIL
1 1.10D-06  2,05D-07 18.60 2.97D-06 1,000 1,10D-05 111
VESSEL 1.100-06 18,50

DEPTHS FOR INITIAL TNITIATION (TN)
0.09 0.26 0,4 0,67 0,90
NUMBER 0 115 102 ug 22 10
PERCENT 0.0 38.5 34,1 16.1 7.4

TIMES OF FAILURE(MINUTES)

= 2112

NTRIALS

200000

0.0 10,0 20.0 30.0 40.0 50.0 61.0 79.0 80,0 99,0 100.0 119.0 129.0

PERCENT 0.0 0.0 9.0 0.0 0.0 0.0 0.0 6.3 11.7 20,7 2u.3

INITIATION T-RTNDT(DEG.F)

36.9

-190.0 -75.0 -59.0 25,0 0,0 25.0 50,0 75.0 100.0 125.0 159.0 175.0 200.0

NUMBER 0 0 3 86 188 76 49 3 0 0 0
PERCENT 0,0 0.0 0,7 21.2 46,4 18,8 12,1 0.7 0.0 0.0 9,0

ARREST T-RTNDT(DEG.F)

0
0.0

-50.0 -25.0 0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.1 225.0 250.0

NUMBER 0 6 ur 15 0 2 46 163 15 0 0
PERCENT 0.0 2,0 16,0 5,1 0.0 0.7 15.6 55.4 5,1 .0 0.0

# OF STD DEVS ABOVE MEAN DELTA RTNDT(FAILURES ONLY)
.70 1.25 1,50 1.75 2.00 2,25 2,50 2.75 3.00

NUMBER 0 Yy 2 17 15 17 24 3
PERCENT 0.0 3.6 1,8 15,3 13.5 15,3 21.6 28,

fo BNV

# OF - STD DEVS ABOVE MEAN RTNDT(FAILURES ONLY)
1,00 1,25 1.50 1.75 2,00 2,25 2,50 2.75 3.10

NUMBER 0 1 5 19 25
PERCENT 0.0 0.9 1. 4.5 17.1 22,5

[o- BNV

ICRKTP = 2 TACCEL = 1 NDLRS = 2 NRTRS = 2 DATE: 10/29/84 TIME: 23,49,59

CPU TIME: 5 MIN 20 SEC
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Figure 1.44. Transient 7.6: i’j Lw fa) B(a) da vs RTNDT; for (2-D, 2-D) and (2-D, 2m)
flaw combinations.
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Figure 1.47. Transient 7.6: K| vs time (#) for various depths in wall (a/w).
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Figure 1.48. Transient 7.6: Critical-crack-depth curves for weld 2-273A based on —2¢
values of Kj, Kj,, and ARTNDT, mean values of all other parameters, and 32-EFPY flu-
ences.
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Figure 1.49. Transient 7.8: Primary system pressure, downcomer coolant temperature,
and fluid-film heat-transfer coefficient vs time in the transient.
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Table 1.9. Transient 7.8: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and

WELD

T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 7.8 7/6/84 1. FLAWS/IN#*#3
------------- UNADJUSTED——wwmm e mee e ee ~==ADJUSTED=-=-
P(F/E) 95%C1 %ERR P(INITTA) N#® P(F/E) 3% RR

4,76D-07 1.35D-07 28.29 1.78D-06 1,000 4,76D-07

VESSEL 4,760-07 28.29

DEPTHS FOR INITIAL INITIATION (IN)

0,09 0,26 0.45 0,67 0,90 1.16 1.44 1,74 2,08

NUMBER - n 58 60 33 " 5 2 0 0
8 .

PSRCENT 2.0 38.0 33,5 18,4 56,1 2,

TIMES OF FAILYJRS(MINUTES)

PERCENT 2.0 1.0

n.0 19,0 20,0 30,
2.

0
n 9.0 0 0.0 4.2 4.2 4.2

INITIATION T-RTNDT(DEG.F)
-190,9 =75.0 -52.0 =25.9 0,0 25,0 50,9 75,0 109.0 125,0 152,0 175,0 20,0
NUMBER n 0] h 76 36 26 23 Yy 0
PERCENT 7,0 0.0 1.8 33.9 33.4 11,6 12,5 1.8 0.0

ARREST T-RTNDT(DEG.F)
-59.17 -25.9 7.0 25.0 50.0 75.0 100,0 125.0 1510,0 175.0 299.0 225,0 259,90
NUMBER ) 7 35 7 0 1 26 75 24
PERCENT 2.0 4.0 19,9 4.2 0.0 9.6 14,8 43,2 13.%

# OF STD DEVS ABOVE MEAN DELTA RTNDT(FAILURES ONLY)

NUMBER N

1,70 1,25 1.5% 1,75 2.00 2,25 2,50 2,75 3,90
1 8 3 13 16

1 1
PCRCENT .0 2.1 2.1 2.1 16,7 16,7 27.1 33.3

# OF STD DEVS ABOVE 4EAN RTNDT (FAILURES OMLY)

MUMBER N g
PZRCENT .0 1.0 4.

1.0 1,25 1,50 1,75 2.7 2,25 2,50 2.75 3.00
7 1" 9 17
1,6 22,9 18.8 35.4

NI
N

'R

¢

TPU TTME: 5 MIN 20 SE”
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Figure 1.53. Transient 7.8: Kjvs time () for various depths in wall (a/w).
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CRITICAL CRACK DEPTH CURVES FOR
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Figure 1.55. Transient 7.9: Primary system pressure, downcomer coolant temperature,
and fluid-film heat-transfer coefficient vs time in the transient.
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Table L.10. Transient 7.9: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 7.9 7/6/84 1. FLAWS/TN##3 DRTN(TIS) = 211.2

------------- UNADJUSTEDmmmm e e e mm e ~~=ADJUSTED====
WELD  P(F/E) 954CI  %ERR  P(INITIA) N#Y P(F/E) 1ERR  NFAIL  NTRIALS
R 9.88D-05 1,86D-05 18.77 1.54D-04 1,000 9.88D-05 109 200000
VESSEL 9.88D-05 18.77

DEPTHS FOR INITTAL INITIATION (TN)
0,09 0.26 0.4 0.67 0.90 1.16 1,44 1,74 2,08
NUMBER 0 88 4s 27 7 3 0 0 0
PERCENT 0.0 51.8 26.5 15.9 4.1 1.8 0.0 0.0 0,0

TIMES OF FAILURE(MINUTES)
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70,0 80.0 90.0 100.0 110.0 120.0
" PERCENT 0.0 0.0 0.0 0.0 0.0 6.4 2,8 1.8 15,6 24,8 25.7 22.9

INITTATION T-RTNDT(DEG.F)
-100.0 -75.0 -50.0 -25.0 0.0 25,0 50.0 75,0 100.0 125.0 150.0 175.0 200,0
- NUMBER 0 0 13 78 74 50 43 8 0 0 0 0
PERCENT 0.0 9.0 4,9 29,3 27.8 18.8 16,2 3.0 0,0 0.0 0.0 0.0

ARREST T-RTNDT (DEG,F)

o =50.0 -25.0 0.0 25,0 50.0 75.0 100,0 125.0 150,0 175.0 200,0 225.0 250.0
NUMBER 0 14 8 2 0 1 9 99 24 0 0 0
PERCENT 0.0 89 5.1 13 0.0 0.6 5.7 63.1 15.3 0.0 0.0 0.0

ICRKTP ="2  TACCEL = 1  NDLRS =0 NRTRS = 0. DATE: 10/30/84 TIME: 00.20.43

CPU TIME: 5 MIN 28 SEC
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Figure L1.56. Ti'ansient 71.9: P,- fo y fla) B(a) da vs RTNDT,; for (2-D, 2-D) and (2-D, 2m)
flaw combinations. .

725



IPTS H B ROB CLAD 7.9 7/6/84

- — ——e——p . — —

r*k IN

X

‘ i
8
g
2
éﬁ
g3

gt )
]
g A I PR A PO T PN W A A A PO W P PN -
0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 |
A/H

. Figure 1.57. Transient 7.9: Vessel wall temperature vs depth in wall (a/w) at various
times (7) in transient.

726



IPTS H B ROB CLAD 7.9 7/6/84

o--..-.ana-s4
SRR

[=]
N

Bens
Js

P REY RET

@ L3
PRt

HE<SCHORADVOZTIC XL —ITOIMTITODD =
~
~3
'

-~ 0000000 0O0OO0
MR Ity

8

TEMP. DEGF.

§»
3

ﬁ».

]ar ]
.
L

8 A F Y Ao y - A A | . i a § Y PUEPY B L Aou a ad

o 10 2 30 © 50 70 60 %0 100 110 13

TIME

Figure 1.58. Transient 7.9: Vessel wall temperature vs time (f) in transient at various
depths in wall (a/w).

727



(KSInINsxD.5)

KI

IPTS H B ROB CLAD 7.9 7/6/84
RINDTO - 0.0 DEGF %CU - 0.22 FO - 3.15E19 . LONGIT
T v L 4

L ¥ L4

T | SR T T —T T

700

S00

400

300

100

TIME

Figure 1.59. Transient 7.9: K vs time (¢) for various depths in wall (a/w).
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CRITICAL CRACK DEPTH CURVES FOR IPTS H B ROB CLAD 7.9 7/6/84
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Figure 1.60. Transient 7.9: Critical-crack-depth curves for weld 2-273A based on —2¢
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ences.
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Figure 1.61. Transient 7.10: Primary system pressure, downcomer coolant temperature,
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Table 1.11. Transient 7.10: Summary of digital output, including unadjusted P(F |E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 7.10 7/6/84 1. FLAWS/IN®#3  DRTN(IS) = 211.,2
------------- UNADJUSTEDmmr e m e e e mmom e ~==ADJUSTED———-
WELD P(F/E) 95431 F5RR P(INITIA) N#V P(F/E) 4ERR NFAIL  NTRIALS
1 2.61D-04  3,01D-05 11.54  3.90D-04 1,000 2.61D-04 288 200000
VESSEL 2.61D-04 11,54

DEPTHS FOR INITIAL INITIATION (IN)
0.09 N.26 0.46 0.67 0.90 1.16 1.44
NUMBER 0 230 124 52 16 7 1 ] 0
PEZRCENT 0.0 53.5 28.8 12,1 3.7 1.6 0.2

TIMES OF FAILURE(MINUTES)
0.0 10,0 22,0 30.0 40,0 50.0 60,0 70,0 80,9 90.0 100.0 110.0 1292.0

PERCENT 0,0 92,0 0,0 0.0 0.0 0.3 5.9 17.7 17.7 16.0 20,1 22.2

INITTIATION T-RTNDT(DEG.F)
-109,0 -75.0 50,0 -25,0 0.0 25.0 50,0 75,0 100,0 125,0 150.0 175.0 200.0

NUMBER 0 n 26 168 223 155 114 17 0 0 0 0
PERCENT 2,0 0,0 3.7 23.9 31,7 22,0 16,2 -2,4 0,0 0.0 0,0 0.0

ARREST T-RTNDT(DEG.F)
-50,0 =25,0 0,0 25,0 50,0 75,0 100,0 125.0 1527.0 175.0 200,00 225.0 250.0
NUMBER 0 7 30 1 2 0 21 260 85 ) 0 0
PERCENT 1.0 1.7 7.2 2.4 0,5 0.0 5.1 62.7 20.5 0.2 0.0 0,9

ICRKTP = 2 TACCEL = 1 NDLRS = 9 NRTRS = 0 DATE: 10/30/34 TIME: 09,16.07

CPU TIME: 5 YIN 28 SEC
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Figure 1.65. Transient 7.10: K, vs time (¢) for various depths in wall (a/w).
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CRITICAL CRACK DEPTH CURVES FOR IPTS H B RCB CLAD 7.10 7/6/84
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Figure 1.66. Transient 7.10: Critical-crack-depth curves for weld 2-273A based on
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1317




Table 1.12. Transient 7.11: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 7,11 7/6/84 1. FLAWS/TN##3 DRTN(TS) = 211.2
—————————a] UNADJUSTEDm—mmm e ===ADJUSTED====
WELD P(F/E) 95%CI %ERR  P(INITIA) N# P(F/E) %TERR NFAIL NTRIALS
1 1.52D-03 1.46D-04 9.63 1.81D-03 1,000 1.52D-03 413 160000
VESSEL 1.52D-03 9.63

DEPTHS FOR INITIAL INITIATION (IN)

0.09 0.26 0.4 0,67 0,90 1,16 1,44 1,74 2,08
NUMBER 1 287 124 58 17 6 1 0 0
PERCENT 0.2 58.1 25.1 11,7 3.4 1.2 0.2 0.0 0.0

TIMES OF FAILURE(MINUTES)
9.0 10.0 20,0 30,0 40,0 50,0 60,0 70.0 80,0 90,0 100.0 11n0,0 120.0
PERCENT 0.0 0.0 0.0 0,0 1.9 6.8 12,6 7.7 21.5 19.1 17.2 13.1

INITIATION T-RTNDT(DEG.F)
-100,0 -75.0 =50.0 -25.0 0,0 25,0 50.0 75.0 100.0 125,0 150.0 175.0 200,0
NUMBER 1 2 36 184 242 220 185 29 2 n 0 0
PERCENT 0.1 0.2 4,0 20.4 26.9 24,4 20,5 3.2 0.2 9.0 0.0 0.0

ARREST T-RTNDT(DEG.F)
-50.0 =25,0 0,0 25.0 50.0 75,0 100.0 125.0 150,0 175.0 200,0 225.0 259,0
NUMBER 0 6 7 7 2 3 16 272 175 0 0 0
PERCENT 0.0 1.2 1.4 1.4 o4 0,6 3.3 55.7 35.9 9.0 0.0 9,0

ICRKTP = 2 TACCEL = 9 NDLRS = 0 _NRTRS = 9 DATE: 10/30/84 TIME: 90,29,03

CPU TTIME: U4 MIN 25 SEC
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Figure 1.68. Transient 7.11: P; J; fla) B(a) da vs RTNDT; for (2-D, 2-D) and (2-D,
2m) flaw combinations.
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Table 1.13. Transient 8.2: Summary of digital output, including unadjusted P(F|E)

values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding

to initiation and arrest events

IPTS H B RO CLAD 8.2 7/6/84 1. FLAWS/IN®*#3  DRTN(IS)
------------- UNADJUSTE e mm e e ~—=ADJUSTED=—=mm
WELD  P(F/E) 95%CI  %ERR  P(INITIA) NWV P(F/E)  %ERR  NFAIL
1 4,40D-05  4,.35D-06 9.90  1,43D-04 1,000 4,U4OD-05 391
VESSEL 4,40D-05 9,99

DEPTHS FOR INITIAL TNITIATION (IN)
0,09 0.26 0,46 0,67 0,90 1.16 1.44 1,74 2,08
NUMBER 12 670 408 132 43 7 0 0 0
PERCENT 9.9 52,7 32,1 10,4 3.4 0.6 09,0 90,0 0.9

TIMES OF FAILURE(MINUTES)

= 211.2

NTRIALS

130000

0.0 19.0 20,0 30.0 40,0 50.0 60.0 70.0 80.0 90.0 100,0 110.0 129.0

PERCENT n.0 0.0 22,0 22,0 18,9 19.9 7.4 5.6 2,0 2,0 0.0

INITTATTION T-RTNDT(DEG,F)

0.0

-109,0 =75,0 -50.0 -25,0 0,0 25,0 50.0 75.0 1920.0 125.0 150.0 175.0 200.0

NUMBER 0 0 2 135 607 507 253 115 1" 0 0
PERCENT 0.0 2.0 0.1 8.3 37.2 31.1 15.5 7.1 0.7 0.0 0.0

ARREST T-RTNDT(DEG.F)

0
0.9

-50.0 =25.0 0.0 25.0 50.0 75.0 100.0 125.0 150,0 175.0 200,09 225.0 250.0

NUMBER 0 n 0 ) 0 6 27 327 587 291 1
PERCENT 5.0 0.0 2.9 0,0 0,0 0,5 2.2 26,4 47,4 23,5 0.1

# JF STD DEVS AROVE “MEAN DELTA RTNDT(FAILYRES ONLY)
1,20 1,25 1,59 1,75 2,20 2,25 2,50 2,75 3.00
NUMBER 1" 23 33 50 32 80 58 49
PEZRCENT 2.8 5.9 9.7 12.8 21,0 20.5 14,8 12,5

# OF STD DEVS AROVE MEAN RTNDT (FAILURES ONLY)
1,00 1,25 1,50 1.75 2.00 2,25 2,50 2,75 3.00
NUMBER 1 ] 29 39 54 89 94 81
PERCENT 2.3 1.0 7.4 10,0 13.8 22,8 24,0 20.7

ICRKTP = 2 TACCEL = 9 NDLRS =1 NRTRS = 1 NDATE: 10/30/84 TIME: 00.20,53

CPU TIME: 3 MIN 31 SEC
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Table 1.14. Transient 8.3: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding

to initiation and arrest events

IPTS H B ROB CLAD 8.3 7/6/84 1. FLAY
------------- UNADJUSTEDmmmm e e e —-—-ADJY

WELD  P(F/E) 95%CI  4ERR  P(INITTIA) N# P(F/E)
1 3.89D-06  3.85D-07 9.89  4,95D-05 1,000 3.89D-0
VESSEL 3.89D-0

DEPTHS FOR INITIAL INITIATION (IN)
0.09 0.26 0,46 0.67 0.90 1,16 1,44 1,74
NUMBER 0 2827 1638 U419 98 17 3 0
PERCENT 0.0 56,6 32.8 8.2 2,0 0.3 0.1 0.0

TIMES OF FAILURE(MINUTES)

S/IN#®%3

STED====
EERR

6

6 9.89

DRTN(IS) = 211.2

NF 4

392

IL

NTRIALS

200000

0.0 10.0 20.0 30.0 40,0 50.0 60,0 70.0 80.0 90.0 100.0 110.0 129.0

PERCENT 0.0 0.0 0.0 3,1 4.3 38,3 33.7 9.7

INITTATION T-RTNDT(DEG.F)

4.6

3.6

2.0

0.8

-100.0 -75.0 -50.0 -25.0 0.0 25.0 59.0 75.0 100.0 125.0 150.0 175.0 200,0

NUMBER 0 0 3 525 2478 2047 12 93
PERCENT 0.0 0.0 0.1 9.4 4u,5 36,8 7.4 1.8

ARREST T-RTNDT(DEG.F)

y
0.1

0
0.0

0
0.0

0
0.0

=50.0 -25.0 0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.0 225,0 250.0

NUMBER 0 n 0 5 7 49 K02 2369
PERCENT 0.0 0.0 0.0 0.1 0.1 0.9 7.8 45.8

# OF STD DEVS ABOVE MEAN DELTA RTNDT(FAILURES ONLY)

1.00 1.25 1.50 1.75 2,00 2,25 2.50 2,75
NUMBER S0 7 15 29 54 7 108 - 108
PERCENT 0.0 1.8 3.8 7.4 13.8 18.1 27.6 27.6

# OF STD DEVS ABOVE MEAN RTNDT (FAILURES ONLY)

1.00 1.25 1,50 1,75 2.00 2.25 2.50 2,75
NUMBER 0 0 1 14 41 52 112 162
PERCENT 0.0 0.0 0.3 3.6 10.5 15.8 28.6 41,3

ICRKTP = 2 TACCEL =1 NDLRS = 2 NRTRS = 2 DATE: 10/30/

CPU TIME: 5 MIN 23 SEC
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Figure 1.81. Transient 8.3: Vessel wall temperature vs depth in wall (a/w) at various
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Table L.15. Transient 8.5: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 8.5 7/6/84 1. FLAWS/TN#%*3  DRTN(IS) = 211.2
------------- UNADJUSTE D mmm e e e ~=-ADJUSTED=mmm
WELD  P(F/E) 95%CT  %ERR  P(INITTIA) N#* P(F/E)  %ERR  NFAIL  NTRIALS
1 8.47D-06  7,94D-07 9.37 1,03D-04 1,000  8.47D-06 433 40000
VESSEL 8.U47D=06  9.37

DEPTHS FOR INITIAL INITIATION (TN)
.09 0.26 0,46 0.67 0.90 1.16 1.44 1,74 2,08
NUMBER 0 3187 1554 400 102 18 3 0 0
PERCENT 2.0 69,5 29,5 7.6 1.9 0.3 0,1 0.0 0.0

TIMES OF FAILURE(MINUTES)
0.0 10,0 20,0 30.0 40,0 50.n 50.0 70,0 80.0 90.0 100,0
PERCENT 0.0 2.0 5.1 21,5 28,2 20,1 7.4 8.8 5.3 2.5 0

INITIATION T-RTNDT(DEG.F)

-199.9 -75.0 53,0 -25.0 0,0 25,0 50.0 75.0 100,92 125,0 150.0 175.0 200.0
NUMBER n ] 13 1195 2673 1475 536 250 6 0 n 0
PERCENT 2.0 02,0 0,2 18,2 44,1 24,3 8.8 4,1 0,1 0.0 0.9 0.0

ARREST T-RTNDT(DEG.F)
-50,0 =25.0 0.0 25,0 50,0 75.0 100,92 125.0 150.0 175,0 200,0 225,0 250,0
NUMBER N 0 0 0 3 23 304 2110 2774 411 0 0
PERCENT 9.0 2.0 0.0 0,0 0.1 J.4 5.4 37.5 49,3 7.3 0.0 9.0

# 7F STD DEVS ABOVZ “EAN DESLTA RTNDT(FAILURES ONLY)
.00 1.25 1,50 1,75 2,00 2,25 2,50 2,75 3.00
NUMBER n N 15 47 87 96 104 104
PERCENT 9.0 0,9 3.5 10.9 15,5 22,2 24,0 24.9

# OF STD DEVS ABQVE MEAN RTNDT(FAIL'RES ONLY)
1.00 1.25 1,50 1,75 2,00 2,25 2,50 2,75 3.00
NUMBER n 9 3 22 47 79 141 141
PERCENT 0.0 7.0 2.7 5.1 10,9 18.2 32,6 32,6

ICRKTP = 2 TACZEL = 1 NDLRS = 3 NRTRS = 3 DATE: 10/30/84 TIME: 00.31.43

CPU TIME: 1 MIN 15 SEZ
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Table 1.16. Transient 8.6: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 8.6 7/6/84 1. FLAWS/IN##3 DRTN(IS) = 211.2

------------- UNADJUSTE D e e e mm e ~==ADJUSTED~——=
WELD P(F/E) 95%C1 ZERR  P(INITIA) NW® P(F/E) 1ZRR NFAIL NTRIALS
1 1.56D-02 1.31D-03 8.40 1,87D=02 1,000 1,56D=-02 530 20000
VESSEL 1.56D-02 8,40

DEPTHS FOR INITIAL INITIATION (IN)
0.09 0.26 0,4 0,67 0.90 1,16 1.44 1,74 2,08
NUMBER 30 41n 138 45 8 3 0 N 0
PERCENT 4.7 64,9 21,6 7.1 1.3 0.5 0.0 0.0 0.0

TIMES OF FAILURE(MINUTES)
0.7 10.0 20,0 30,0 40,0 50,0 60.0 70,0 80,0 90,0 100.9 110.0 120.0
PERCENT 7,0 0.0 1.3 4.7 9.6 11,1 15,7 16.4 12,5 12,6 8.1 7.9

INITIATION T-RTNDT(DEG.F)
-199,0 =75,0 -52,0 -25,0 0,0 25,0 50,0 75,0 100,0 125,0 150,0 175,0 200,0
NUMBER n 0 27 179 327 302 294 70 0 0 0 0
PERCENT 2.0 0.0 2,3 14,9 27,3 25.2 24,5 5,8 0.0 0.0 0,0 9.0

ARREST T-RTNDT(DEG.F)
=59.0 =25.0 9.7 25,0 50.0 75.0100.0 125.0 151,90 175.0 200.0 225.0 250.0
NUMBER 0 0 0 0 0 0 1 100 405 140 23 0
PERCENT 0.0 0.0 2.9 2.9 2.9 0.0 D.1 14,9 60.5 20.9 3.4 n,0
ICRKTP = 2 TACCEL = 0 NDLRS = 9 NRTRS = 9 DATRE: 10/30/34 TIME: 00,43.21

CPIJ TIME: O MIN 41 SEZ
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CRITICAL CRACK DEPTH CURVES FCR IPTS H B RCB CLAD 8.6 7/6/84
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Figure 1.96. Transient 8.6: Critical-crack-depth curves for weld 2-273A based on —2¢
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Figure 1.97. Transient 9.4: Primary system pressure, downcomer coolant temperature,
and fluid-film heat-transfer coefficient vs time in the transient.
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Table 1.17. Transient 9.4: Summary of digital output, including unadjusted P(F |E)

values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS ﬂ B ROB CLAD 9.4 7/6/84 1. FLAWS/IN#%3 . DRTN(IS)
------------- UNADJUSTED———=——eeemomnm —~~ADJUSTED=-=~~
WELD P(F/E) 95%C1 %ERR P(INITIA) N¥* P(F/E) %2ERR NFAIL
1 3,05D-06 5,14D-07 16,86  3.54D-06 1.000 3.05D-06 135
VESSEL 3.05D-06 15,86

DEPTHS FOR INITIAL TNITIATION (TN)

0.09 0.26 0,4 0.67 0,90 1.16 1.44 1,74 2,08
NUMBER 0 42 54 37 14 8 2 0 0
PERCENT 0.0 26.8 34,4 23,6 8,9 5.1 1.3 0.0 9.0

TIMES OF FAILURE(MINUTES)

= 211.2

NTRIALS

200000

0.0 10,0 20,0 30,0 40,0 50.0 50.0 70,0 80.0 90.0 100,0 110.0 120.0

PERCENT 0.0 0,0 0.0 0.0 0.7 8.1 8.9 25,2 28.1 6.7 5.9

INITIATION T-RTNDT(DEG.F)

16.3

-100.0 -75.0 -50,0 -25.0 0,0 25,0 50.0 75.0 100,0 125.0 150.0 175.0 200.0

NUMBER 0 0 3 36 92 25 6 2 0 0 0
PERCENT 0.0 0.0 1.8 22,0 56.1 15.2 3.7 1.2 0.0 0,0 9.0

ARREST T-RTNDT (DPEG.F)

0
0.0

-50.0 =?5.0 0.0 25.0 50,0 75.0 100.0 125.0 150,0 175.0 200,00 225,0 250.0

NUMBER 0 y 15 1 0 0 0 7 2 0 0
PERCENT 0.0 13.8 51,7 3.4 0.0 0,0 0,0 241 5.9 0.9 1.0

# OF STD DEVS ABOVE MEAN DELTA RTNDT(FAILURES ONLY)
1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
NUMBER 5 6 13 24 18 23 13 28
PERCENT 3.7 4.4 9.6 17.8 13,3 17.0 13.3 20,7

# OF STD DEVS ABOVE MEAN RTNDT(FAILURES ONLY)
1.00 1.25 1,50 1.75 2.00 2.25 2.50 2.75 3.90
NUMBER 3 4 9 19 19 29 28 24
PERCENT 2.2 3.0 6.7 14,1 14,1 21.5 20.7 17.8

ICRKTP = 2 IACCEL = 1 NDLRS = 1 NRTRS = 1 DATE: 10/31/84 TIME: 23.01.09

CPU TIME: 5 MIN 19 SEC
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Figure 1.98. Transient 9.4: i’_,- J‘; y fa) B(a) da vs RTNDT; for (2-D, 2-D) and (2-D, 2m)
flaw combinations.
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Figure 1.101. Transient 9.4: K vs time (¢) for various depths in wall (a/w).
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CRITICAL CRACK CEPTH CURVES FCR IPTS H B ROB CLAC S.4 7/6/84
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Figure 1.102. Transient 9.4: Critical-crack-depth curves for weld 2-273A based on

—20 values of Kj,, Kj,, and ARTNDT, mean values of all other parameters, and 32-EFPY
fluences.
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Figure 1.103. Transient 9.5: Primary system pressure, downcomer coolant temperature,
and fluid-film heat-transfer coefficient vs time in the transient.
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Table 1.18. Transient 9.5: Summary of digital output, including unadjusted P(F|E)
values and histogram data for crack depths, times of failure, and
T — RTNDT values at tip of crack corresponding
to initiation and arrest events

IPTS H B ROB CLAD 9.5 7/6/84 1, FLAWS/IN##3 DRTN(TS) = 211.,2
------------- UNADJUSTEDwwm e ---ADJUSTED==—-
WELD P(F/E) 95%CI %ERR P(INITIA) N®*V P(F/E) %ERR NFAIL NTRIALS
1 4,72D-05 1.28D-05 27,18 5.35D-05 1.000 4,.72D-05 52 200000
VESSEL 4,72D-05 27.18

DEPTHS FOR INITIAL INITIATION (IN)
0.09 0,26 0,46 0,67 0.90 1,16 1.44 1,74 2,08
NUMBER 0 27 13 15 3 1 0 0 0
PERCENT 0.0 45,8 22,0 25.4 5.1 1.7 0.0 0.0 0.0

TIMES OF FAILURE(MINUTES)
0.0 10,0 20,0 30,0 40,0 50,0 60,0 70.0 80,0 99,0 100,0 110,0 120,0
PERCENT 0.0 9.0 0.0 0.0 0.0 1.9 0.0 9.6 25,0 13.5 28.8 21,2

INITTATION T-RTNDT(DEG,F) -
-100,0 =75,0 -590,0 =25,0 0,0 25,0 50.0 75,0 100,0 125.0 150.0 175.0 200.0
NUMBER 0 1 3 29 23 3 2 N 0 0 0 N
PERCENT 0.0 1.6 4.9 47.5 37.7 4.9 3.3 0.0 0.0 0.0 0.0 0.0

ARREST T-RTNDT(DEG.F)
-50,0 25,0 0,0 25,0 "50,0 75.0 100,0 125,0 150.0 175.0 200,0 225.0 259.0
NUMBER - 0 1 6 0 0 0. 0 0 2 0 0 0
PERCENT 0.0 11.1 66.7 0.0 0,0 0,0 0,0 0,0 22,2 0,0 0.0 0.9
ICRKTP = 2  TACCEL = 1 NDLRS = 0 NRTRS = 9 DATE: 10/30/84  TIME: 00,48,53

CPU TIME: S MIN 27 SEC
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Figure 1.107. Transient 9.5: Kjvs time (7) for various depths in wall (a/w).
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CRITICAL CRACK DEPTH CURVES FOR IPTS H B ROB CLAD 9.5 7/6/84
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Figure 1.108. Transient 9.5: Critical-crack-depth curves for weld 2-273A based on
—20 values of Ki, Kj,;, and ARTNDT, mean values of all other parameters, and 32-EFPY
fluences.
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Figure 1.109. Transient 9.6: Primary system pressure,