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ABSTRACT

An evaluation of the risk to the Calvert Cliffs Unit 1 nuclear power plant due to pressur-
ized thermal shock (PTS) has been completed by Oak Ridge National Laboratory
(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 H. B. Robinson Unit 2. The specific
objectives of the program were to (1) provide a best estimate of the frequency of a
through-the-wall crack 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. For the Calvert Cliffs Unit |
study, thousands of hypothetical overcooling events were constructed using computer-
generated event trees and quantified branch points. A screening frequency of 1077 per
reactor year was used to screen out those event tree branches (scenarios) which had a very
low probability of occurring. All remaining scenarios were considered explicitly, and those
scenarios screened out were grouped into 1. "residual” groups to ensure that their contribu-
tions to the through-the-wall crack frequency were included in the study. Thermal-
hydraulics analyses were performed on a few of the scenarios by Los Alamos National
Laboratory and the results were reviewed by Brookhaven National Laboratory. In addi-
tion, mixing calculations were performed at Purdue University for some of the scenarios.
The thermal-hydraulics consequences of all remaining scenarios were estimated by Science
Applications International Corporation. For all scenarios, probabilistic fracture-mechanics
calculations were performed by ORNL. The results of all these analyses were then
integrated by ORNL to predict the frequency of a through-the-wall crack for the plant
due to pressurized thermal shock. The best estimate for Calvert Cliffs Unit | was deter-
mined to be ~7 X 10 * per reactor year at 32 effective full power years. An uncer-
tainty analysis indicated that a factor of about 100 is an appropriate 95% confidence inter-
val, assuming a log-normal uncertainty distribution. Small-break loss-of-coolant accidents
occurring under low decay-heat conditions were found to be the most significant contribu-
tors to the PTS risk, and the uncertainty in the flaw density in the pressure vessel was
found to be the most important contributor to the overall uncertainty in the risk. The
most important operator action for negating pressurized thermal shock at Calvert Cliffs
Unit 1 is controlling repressurization after a rapid cooldown. This study considered some
system interactions but no external events such as fires, floods, or seismic events.
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Chapter 1
INTRODUCTION

J. D. White and D. L. Selby
Oak Ridge National Laboratory



1. INTRODUCTION

1.1, Background

Before the late {970s it was postulated that the most severe thermal shock a pressurized-
water reactor vessel wouls be required to withstand would occur during a large-break loss-
of-coviant accident (LOCX) iIn this type of overcociing transient, room-temperature
emergency core coolant would Tood the *eactor vessel within a few minutes and rapidly
cool the vessel wall. The resulting temperature difference across the wall would cause
‘hermal stresses, with the inside surface ¢ the wall in tension. However, the addition of
pressure stresses to the tharmal stresses was not considered since it was expected that dur-
ing a large-break LOCA the system would remuin at low pressure.

in 1978, the occurrence of a non-LOCA-type event at the Rancho Seco Nuclear Power
Plant in California showe. that during some types of overcooling transients the rapid cool-
down could be accompanied Ay repressurization of the primary system, which would com-
pound the effects of the thermal stresses. As long as the fracture resistance of the reactor
vessel remains relatively high, such transients are not expected to cause the reactor vessel
to fail. However, after th= fracture toughness of the vessel is gradually reduced by neutron
irradiation, severe pressurized therma! shock (PTS) might cause a small flaw already exist-
ing near the inner surface of the vall to propagate through the wall. Depending on the
progression of the acciden., such a through-the-wall crack (TWC) could lead to core melt-
ing.

Folloving the Rancho Seco incident, the Nuclear Regulatory Commission (NRC) desig-
nated pressurized thermal shock as an unresolved safety issue (A-49), and the effects of
pressurized thermal shock at operating PWRs were analyzed with input from the owner
groups and from eight selected utilities. On the basis of these analyses, NRC concluded
that no event having a significant probability of occurring could cause a PWR vessel to fail
today cr within the next few yea's. However, NRC projected that as PWR vessels are
irradiated, particularly those containing copper in their welds, a few vessels could eventu-
ally become susceptible to pressurized thermal shock (SECY-82-465, SECY-83-288, and
SECY-83-443).

In order to address the PTS possibility, NRC published a proposed rule that (1) estab-
lishes a screening criterion on the reference temperature for nil-ductility transition
(RTNDT), (2) requires licensees to accomplish reasonably practicable flux reductions to
avoid exceeding the screening criterion, ead (3) requires plants that cannot stay below
the screening criterion to submit a plant-specific safety analysis to determine what, if any,
modifications are necessary if continued operation beyond the screening limit is allowed.

In addition, NRC organized a PTS research project, described in part in this report, to
help confirm ihe technical bases for the proposed PTS rule and to aid in the development
of guidance for licensee plant-specific PTS analyses, as well as the development of accep-
tance criteria for proposed corrective measures. The research project consisted of PTS
pilot aralyses for three PWRs: Oconee Unit 1, designed by Babcock and Wilcox; Calvert
Cliffs Ugzit 1, designed by Combustion Engineering; and H. B. Robinson Unit 2,
designed by Westiaghoase. The study team consisted of Oak Ridge National Laboratory
(ORNL), Idaho National Engineering Laboratory (INEL), Los Alamos National Labora-
tory (LANL), Brookhaven National Laboratory (BNL), and Purdue University, with the
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results being integrated by ORNL. The results of the second of the three planned pilot
analyses, that for Calvert Cliffs Unit 1, are described in this report. The results of the
first analysis, for Oconee Unit 1, and the third, for H. B. Robinson Unit 2, are described
in separate reports,'

1.2. Overall Objectives of PTS Studies

The overall objectives of the PTS studies at ORNL were (1) to provide for each of the
three plants an estimate of the probability of a crack propagating through the wall of a
reactor pressure vessel due to pressurized thermal shock; (2) to determine the dominant
overcooling sequences, plant features, and operator and control actions and the uncertainty
in the plant risk due to pressurized thermal shock; and (3) to evaluate the effectiveness of
potential corrective measures. ORNL was also to determine what parts of the studies
might have generic applicability.

1.3. Limitations of the Studies

Determining the consequences of a through-the-wall crack was not a part of the program;
that is, studies of the geometry of a through-the-wall crack, missile formation, the means
for cooling the core, the extent of radiation releases, and risks to the public were not
addressed. These consequences are to be studied under other NRC-sponsored work.

Neither did the program consider the effects of external events, such as earthquakes, fires,
and floods (both external and internal to the containment), and sabotage. ORNL suspects
that the effect of excluding such events is not serious because of (1) the low probabilities
that the events will occur and (2) the likelihood that failures of systems due to external
events would cause undercooling situations rather than overcooling situations. However,
this is only an opinion and is not based on 2n analysis of potential external events.

1.4. PTS Analysis for Calvert Cliffs Unit 1

This report describes the PTS analysis of Calvert Cliffs Unit 1, a PWR designed by
Combustion Engineering and located in Lusby, Maryland. The reactor is owned and
operated by the Baltimore Gas and Electric Company.

The reactor coolant system of Calvert Cliffs Unit | has two hot legs and four cold legs and
utilizes two U-tube steam generators. The PTS analysis for the unit consisted of

(1) gathering plant data,

(2) building event tree models and thermal-hydraulic models,

(3) quantifying frequencies of event-tree end states,

(4) predicting thermal-hydraulic responses of the plant to the events,

(5) calculating the conditional probability of a through-the-wall crack for each
event,



(6) integrating steps 3 and 5 to produce an estimate of the overall through-the-
wall crack frequency at Calvert Cliffs Unit 1 due to all events considered,

(7) performing sensitivity and uncertainty analyses on the results, and

(8) evaluating potential corrective measures.

In support of the program, Baltimore Gas and Electric Company provided the research
team with copies of plant drawings, plant data and operating procedures for Calvert Cliffs
Unit 1. Thermal-hydraulic analysis models were developed by Science Applications
International Corporation (SAI) under subcontract to ORNL and by Los Alamos National
Laboratory (LANL) and Purdue University under other NRC-funded programs supporting
the ORNL PTS studies.

1.5, Description of This Keport

This report presents the results of the specific study for Calvert Cliffs Unit | and
describes the methodology developed for performing the analysis. Chapter 2 describes
the plant’s components and operational behavior characteristics that are believed by
ORNL to be pertinent to the PTS issue. Hopefully, this chapter and the accompanying
references could be used to build other models of the unit. The reader is advised, however,
that building a model useful in PTS studies is a difficult process due to the many complex
interactions that occur between the plant systems in operational upsets and the model may
not be applicable to other types of transients. Included in Chapter 2 and in
Appendix A is a discussion of the potential overcooling effects due to failures in the elec-
tric power, compressed air and cooling water systems.

Chapter 3 describes the hypothetical overcooling sequences considered in the analysis.
The methodology used to determine what sequences are possible and how frequencies for
the sequences are estimated is discussed in detail. An event-trce approach was chosen; no
fault trees were used in this analysis. Event-tree descriptions are inciuded in the chapter,
with the system state trees presented in Appendix B. The branch frequencies used to
quantify equipment states are presented in Appendix C, and the quantification of opera-
tor actions is discussed in Appendices D and E.

Chapter 4 discusses the thermal-hydraulics models and summarizes the calculations from
the SAI, LANL, and Purdue analyses. From this chapter, the reader can obtain a good
understanding of how Calvert Cliffs Unit 1 is predicted to behave under hypothetical
overcooling scenarios. Appendices F, G, H, | and J provide the technical data, supplied
by LANL, BNL, Purdue, and SAI, upon which Chapter 4 is based.

Chapter 5 describes the calculations of conditional TWC probabilities for groups of
thermal-hydraulic responses. This work, done at ORNL, utilized probabilistic fracture-
mechanics analytical methods in assessments of the probability that cracks might pro-
pagate through the reactor vessel wall. The chapter describes the vessel welds and their
chemistries and gives estimated fluences throughout the expected plant lifetime. The
assumed crack densities and distributions are also described. Details of the fracture-
mechanics calculations are given in Appendices K and L.



The integration of the event-sequence analysis, thermal-hydraulic analysis and fracture-
mechanics analysis to produce an overall best estimate of PTS risk at Calvert Cliffs
Unit 1 is described in Chapter 6. In this chapter the dominant contributions to the risk
and effects of potential corrective measures are discussed. Although a need for corrective
measures at Calvert Cliffs Unit | has not been established, the effects of corrective meas-
ures were studied to give the NRC or other future analysts an idea of the relative impor-
tance of different corrective actions. The overall effects of PTS corrective measures on
plant safety and their cost effectiveness have not been examined.

The uncertainty in the PTS analysis is large, as was expected. An analysis of the uncer-
tainties performed by SAI and ORNL is described in Chapter 7, in which the major con-
tributors to the uncertainty in overall PTS risks are identified.

Conclusions of the study and recommendations are given in Chapter 8, and a list of util-
ity comments and the changes made as a result of those comments are provided in Appen-
dix M.

1.6. References
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2. DESCRIPTION OF THE CALVERT CLIFFS UNIT 1
NUCLEAR POWER PLANT

2.1. Introduction

This chapter describes important design details of the Calvert Cliffs Unit | nuclear power
plant, much of the data having been taken directly from the Calvert Cliffs Final Safety
Analysis Report (FSAR). The description is centered around seven plant systems that
have direct impact on the potential for overcooling transients: (1) the reactor vessel and
its internals, (2) the reactor coolant system, (3) the main steam system, (4) the con-
densate and feedwater system, (5) the auxiliary feedwater system, (6) the safety injec-
tion system (emergency core cooling system), and (7) the chemical volume and control
system. In each case the system components and their functions are examined with respect
to their positive and negative effects on PTS transients.

In addition to these seven systems, support systems which influence the behavior of com-
ponents within the seven systems are described. A review of the support systems identified
three such systems which should be examined in detail: the plant electrical system, the
component cooling water system, and the instrument air system. The impact of failures
within these support systems on an analysis of overcooling transients is examined in Sec-
tion 2.9.

2.2. The Reactor Vessel and Its Internals

The Calvert Cliffs Unit | reactor is a Combustion Engineering pressurized water reactor
(PWR with two coolant loops. A vertical arrangement of the reactor is shown in Fig-
ure 2.1, and a summary of key design parameters is given in Table 2.1. The primary
characteristics of the reactor which could affect the consequences of an overcooling event
are the reacior power level, the properties and locations of the pressure vessel welds, the
geometry of the core, and the enrichment scheme used in the core.

2.2.1. Reactor Power Level

Following a scram from full power, a significant amount of decay heat is added to the
coolant system. Thus regardless of the cooling mechanism, there will be some compensat-
ing heatup of the system as long as there is some coolant circulation (either forced or natu-
ral circulation). This compensating effect is not nearly as strong when an overcooling
event occurs at hot 0% power when the decay heat level is low;* in this case the primary
coolant temperature would tend to decrease at a greater rate. On the other hand, it must
be remembered that the amount of time the plant is at hot 0% power is considerably less
than the time that it is at or near a full-power condition.

*The actual amount of decay heat associated with a hot 0% power condition 1s dependent on the amount of
time which has elapsed since the last operation at power
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Table 2.1. Key reactor design parameters®

Design
Parameters Specifications

Number of fuel assemblies 217
Number of control assemblies 77
Equivalent core diameter, in. 136
Active core height, in. 136.7
Number of fuel pins per assembly 176
Fuel composition Low enriched uranium dioxide
Number of fuel management cycles 3
Core volume, ft’ 1151
Nominal inlet temperature, °F 547
Primary pressure, nominal, psia 2250
Core power at full power, MW(th) 2700
Core power at hot 0% power, MW(th) ~1.0

“The data presented here represent the plant as specified in the FSAR' or measured at the
plant. Some small differences may be noticed between these parameters and the modeled
values as presented in Chapter 4. These differences are, in most cases, very small and are
due to modeling effects.

2.2.2. Pressure Vessel Weld Properties and Locations

Because of their chemical composition, the pressure vessel welds have a higher sensitivity
to irradiation than the surrounding plete material and therefore are of particular interest
for effects due to thermal stresses. Thus, the location of these welds relative to the cold
leg nozzles and to the flow patterns within the downcomer region are important.

A discussion of the mechanical properties and location of each of the primary welds for the
Calvert Cliffs Unit | pressure vessel is presented in Chapter 5.

2.2.3. Core Geometry

The core geometry and its relationship to the weld locations define the neutron flux inci-
dent on each weld and thus the fluence level to which each weld may be exposed. Fig-
ure 2.2 shows the radial relationship of the core layout and the reactor vessel for Calvert
Cliffs Unit 1. Although the core geometry approximates a right circular cylinder, the rec-
tangular shape of the assemblies and variations in the power distribution with core height
create a pattern of fluences on the vessel wall. A discussion of the fluence distributions on
the vessel wall and the weld locations is presented in Chapter S.
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2.2.4. Core Enrichment Distributions

As de most commercial reactors, the Calvert Cliffs Unit 1 reactor has a varying enrich-
men! scheme.’ Assemblies in the outer rows of the core are given larger enrichment com-
positions in order to flatten the neutron flux over the core region. This increases the neu-
tron leakage out of the core and thus increases the neutron fluence on the vessel wall. Bal-
timore Gas and Flectric staff members are presently examining potential patterns which
would improve neutron economy and reduce fuel costs with minimal compromise of the
need to flatten the power distribution. These patterns could also significantly decrease the
fluence levels at the weld locations.

2.3. The Reactor Coolant System

The function of the reactor coolant system (RCS) is to remove heat from the reactor core
region and to transfer it to the secondary system. The RCS is composed of two heat
transfer loops, each loop containing one steam generator (SG), two reactor coolant pumps
(RCPs), connecting piping, and flow and temperature instrumentation. A pressurizer con-
nected to one of the two hot legs by a surge line maintains coolant system pressure.



Figure 2.3 is a layout of the piping and instrumentation associated with the RCS. Four
reactor coolant pumps force water through the reactor vessel where it serves both as cool-
ant and as moderator for the core. Each hot leg carries heated water from the reactor ves-
sel to a SG. Within each SG, heat is transferred from the primary system to the second-
ary system before the primary coolant is returned to the RCPs via four cold leg pipes (two
cold leg pipes leaving each SG).

Within the pressurizer, pressure is maintained by regulating the water temperature. Pres-
sure variations caused by contraction or expansion of the RCS are usually controlled by
the use of pressurizer heaters to produce steam or by the pressurizer sprays to condense
steam.’ The pressurizer is located with its base at a higher elevation than the reactor cool-
ant loop piping In the case of RCP contraction, this location assures that the pressurizer
must drain before voiding in the coolant pipes can occur, thus limiting the amount of void-
ing in the reactor coolant pipes.

Two power-operated relief valves (PORVs) and two spring-loaded pressurizer safety relief
valves (PSRVs) connected to the top of the pressurizer are used to provide protection from
overpressure. Steam discharged from these valves is cooled and condensed by water in a
quench tank. The quench tank is located at a level lower than the pressurizer to ensure
that leakage by the valves always flows out of rather than into the pressurizer.
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Figure 2.3. Reactor coolant system arrangement (plan view),




In order to regulate the reactor coolant chemistry within the design limits and to control
the pressurizer level, a continuous but variable bleed flow from one loop upstream of the
RCP is maintained. This bleed flow is, in turn, controlled by the pressurizer level. Con-
stant coolant makeup is added by charging pumps in the chemical and volume controi sys-
tem (CVCS) discussed in Section 2.8.

2.3.1. Steam Generators (Tube Side)

As noted above, the nuclear steam supply system (NSSS) utilizes two steam generators to
transfer the heat generated in the reactor coolant system to the secondary system. The
design parameters for the primary (tube) side of the SG are shown in Table 2.2. The
2250-psia normal operating pressure within the tubes is 1365 psi greater than the normal
operating pressure on the shell side of the SG.* The system is designed to handle pressure
differences up to 1600 psi,’ but this does not preclude the possibility of a SG tube rupture.
This event will be discussed later in this report.

Table 2.2. Steam generator primary (tube) side parameters®

Design

Parameters Specifications
Number of tubes 8519
Tube outside diameter, in. 0.750
Primary inlet nozzle (one each generator), ID, in. 42
Primary outlet nozzle (two each generator), ID, in. 30
Design pressure, psia 2500
Design t:mperature, °F 650
Design thermal power, MW(th) 2700
Coolant flow (each generator), Ib/hr 61 % 10°
Normal operating pressure, psia 2250
Coolant volume (each generator), ft’ 1683

“Source: Ref 6

2.3.2. Reactor Coolant Pumps

The reactor coolant is circulated by four vertical, single-suction, centrifugal-type pumps
(one pump on each cold leg). Parameters for the reactor coolant pumps (RCFs) are
shown in Table 2.3.

The status of the RCPs is very important during overcooling transients. When operating,
the pumps add some heat to the system, and, in addition, they assure adequate mixing and
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Table 2.3. Reactor coolant pump parameters®

Design

Parameters Specifications
Number of pumps 4 (1 on each cold leg)
['ype Vertical, limited leakage

centrifuge

Design pressure, psia 2500
Design temperature, °} 650
Normal operating pressure, psia 2250
Normal operating temperature, °| 548
Design flow, gpm 81,200
Maximum flow (one pump operating), gpm 120,000
Reactor coolant volume in pump, ft’ 112
"Source: Ref

circulation through the warmer core region. The present Calvert Cliffs procedures, how-

ever, require that these pumps be tripped following a safety injection actuation signal
(SIAS) due to low pressure

Baltimore Gas and Electric staff members are examining a procedure step which would
require tripping only two of the four pumps following a SIAS.* If the event is then diag-
nosed as a loss-of-coolant accident (LOCA). the remaining two pumps would be tripped
lhus, in the case of a steam-line break event, two RCPs could be in operation at all
times.* The impact of this procedural change will be examined later in this report

2.3.3. Reactor Coolant Piping

['he reactor coolant piping connects the steam generators o the reactor vessel, but the pip
Ing per se has very little impact on PTS concerns. The principal design parameters for the
reactor coolant piping are given in Table 2.4

2.3.4. Pressurizer

I'he pressurizer is the primary means by which reactor coolant system pressure and coolant

volume are maintained. The pressurizer includes the pressurizer heaters, the pressurizer
sprays, the power-operated relief valves (PORVs). and the spring-loaded pressurizer safety
relief valves (PSRVs). Key pressurizer parameters are included in Table 2.5




Table 2.4. Reactor coolant piping

R ' T
Design
Parameters Specifications

Number of loops 2
Flow per loop, Ib/hr 61 x 10°
Pipe size

Reactor outlet, 1D, in. 42

Reactor inlet, 1D, in. 30

Surge line, nominal, in. 12
Design pressure, psia 2500
Design temperature, °F 650
Velocity hot leg, ft/sec 42
Velocity cold leg, ft/sec 37
“Source: Ref. 9

At full-load nominal conditions, slightly more than one-half the pressurizer volume is occu-
pied by saturated water. The remaining volume is filled with saturated steam. These
steam and water sections are in thermal equilibrium at the saturation temperature
corresponding to the desired system pressure. This thermal equilibrium is maintained by
use of the pressurizer sprays and heaters,

During normal operation pressurizer spray water is supplied from both cc'u legs on the
loop containing the pressurizer. The water is taken out of the cold leg dowrstream of the
reactor coolant pumps just before it enters the reactor vessel. Automatic spray-control
valves regulate the amount of spray as a function of pressurizer pressure. A small continu-
ous flow is maintained through the spray lines at all times to keep the spray lines and
surge line warm, thereby reducing thermal shock to the lines during plant transients. [If
the RCPs are shut down (as will be the case following most overcooling events®), the aux-
iliary spray line must be used. Water is supplied through the auxiliary spray line by
realigning the charging pumps.

The pressurizer heaters are single-unit direct-immersion heaters which protrude vertically
into the pressurizer through sleeves welded in the lower head. Approximately 20% of the
heaters are connected to proportional controllers that adjust the heat input as required to
account for steady losses and to maintain the desired steam pressure in the pressurizer,
The remaining heaters are normally turned off, but they are turned on by a low pressurizer
pressure signal or a high-level error signal. A low-low pressurizer level signal deenergizes
all heaters to prevent heater burnout.

*As stated carlier, the present Calvert Cliffs procedures call for the manual tripping of the reactor coolant
pumps immediately following a safety-injection actuation signal associated with either a LOCA or a
steam-line break event It should be noted, however, that this procedure may be changed to a Trip 2/Leave 2
philosophy, as discussed in this report.
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Table 2.5. Pressurizer parameters®

Design
Parameters Specifications
General parameters
Design pressure, psia 2500
Design temperature, °F 700
Normal operating pressure, psia 2250
Normal operating temperature, °F 653
Internal free volume, ft’ 1500
Normal operating water volume, ft’ 600-800
Normal steam volume, full power, ft’ 700900
Heaters
Installed heater capacity, kW 1500
Pressurizer level at which heaters
automatically turned off, in. 101
Pressurizer sprays
Spray flow, maximum, gpm 375
Spray flow, continuous, gpm 1.5
Failure position Closed
Power-operated relief valves (PORVs)
Flow capacity, Ib/hr (minimum for each) 153,000
Set pressure, psig 2385
Type Solenoid operated
Pressurize- safety relief valves (PSR Vs)
Flow capacity, Ib/hr, at set pressure
RC-200 296,065
RC-201 302,000
Set pressure
RC-200, psig 2485
RC-201, psig 2550
“Source: Ref 10,

The two PORVs are sized so that they will release sufficient pressurizer steam during
abnormal operating occurrences to prevent the PSRVs from opening.'' The PGRVs are
solenoid-operated power-relief valves located in parallel pipes which are cornected to the
relief line piping to the quench tank on the outlet side. A motor-actuated s lation valve is
provided upstream of each of the PORVs so that a PORV which has failed or requires
maintenance can be isolated.

Protection from overpressure in the RCS is provided by the two PSRVs located on the
pressurizer. These spring-loaded safety valves are totally enclosed and are back-pressure
compensated. They are sized to pass sufficient pressurizer steam to limit the primary sys-
tem pressure to 110% of design (2750 psia) following a complete loss of turbine load at
full-power operation without a simultaneous reactor trip even without PORV operation.
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Since the PSR Vs are safety relief valves, they cannot be isolated downstream. Thus, if one
r both of the PSR Vs fails open, the break in the system cannot be isolated,

During a significant overcooling event, the pressurizer level will drop rapidly even to the
point of being off-scale, and the pressurizer heaters will be turned off automatically. At
this point and until level is recovered, the pressurizer has no effect on the event. With the
exception of a large LOCA event, the level in the pressurizer will eventually be recovered
due to increased coolant volume from the safety injection systems, the charging flow, and
possible thermal expansion. One-half of the pressurizer heaters will automatically come on
and will have the potential to increase pressure more rapidly. To stop repressurization the
operator can turn off the heaters and use the pressurizer sprays or the auxiliary sprays*
(whichever is appropriate). Without some form of manual intervention to control the pres-
sure, for some events the pressure will increase to the PORV Jift set point (2385 psi).

2.4. The Main Steam System

A simplified diagram of the Calvert Cliffs Unit | steam and power conversion system is
shown in Figure 2.4. The main steam system is composed of two steam generators. one
high-pressure turbine, three low-pressure turbines, and the steam lines and valves which
connect these major components.

Subcooled main feedwater (MFW) enters (vertically downward) the secondary-side of
cach of the U-tube SGs (labeled 11 and 12 in Figure 2.4) through a feedwater nozzle
and a feedwater ring at a level just above the tube bundle. It exits the top of the feedwa-
ter ring through aperatures fitted with 90° elbows and flows downward through the down-
comer before being channeled inward and through the U-tube bundle region. Energy is
transferred from the primary fluid in the U-tubes to the secondary fluid as it flows upward
outside the U-tubes, and a steam and water mixture is formed. This steam and water mix-
ture then passes through steam separators and driers, the steam leaving with a steam qual-
ity of ~1.0, and the separated water returning to mix with the feedwater for another pass
through the tube bundle region.

Saturated steam exits each SG and ‘ravels through its main steam line past the flow-
limiting orifices, atmospheric dump valves (ADVs), auxiliary feed pump turbine steam
supplies, secondary safety relief valves (SSRVs), main steam-line isolation valves (MSIVs),
and SG cross-connect to several possible destinations. These destinations could be the con-
denser via the turbine bypass steam lines (an atypical flow path except at low power), the
steam turbines that drive the main feed pumps, the tube sides of the second stage of the
moisture/separator reheater assemblies, or the high-pressure turbine through the turbine

It should be noted that manual operation of the PORVs or the use of the letdown line could also relieve pres-
sure ThK)ilhmmtwmd«dmlknunhmrdwmmlhcpndchowmmmully
open them  Also the Calvert Cliffs procedures do not direct the operators to open PORVs for any
basis events  The letdown line is not considered because the letdown line is automatically wolated until t
SIAS is cleared (1740 psia). Thus it s improbable that the letdown line would be activated in time to pre:
vent initial repressurization  This does not preclude the use of the letdown line to reduce pressure after initial

repressurization oocurs

I8




Figure 2.4, Steam and power conversion syste
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stop/control valves. Eight SSRVs on the main steam line associated with each SG exhaust
to the atmosphere the excess main steam-line mass flow which cannot be accommodated
by the turbine bypass steam lines. Additional details of these elements are shown in
Figure 2.5.

After passing through the high-pressure turbine, a steam and water mixture (cold reheat)
leaves the high-pressure turbine, feeding the shell side of the moisture/separator reheater
assemblies and also the shell side of the low-pressure condensate heaters. Steam and water
mixtures also leave the high-pressure turbine through extraction lines to enter the shell side
of the high-pressure feedwater heaters and the tube side of the moisture /separator reheater
assemblies. Steam enters the tube side of the first stage moisture/separator reheater
assemblies from the high-pressure turbine and, after giving up its thermal energy, is con-
densed and continues as water through the first-stage reheater drain tanks to the shell side
of the low-pressure feedwater heaters, Steam entering the tube side of the second-stage
moisture/separator reheater assemblies from the main stean: lines also departs as water
through the second-stage reheater drain tanks to the shell side of the high-pressure feedwa-
ter heaters. The steam and water mixture entering the shell side of the moisture /separator
reheater assemblies from the high-pressure turbine is divided into a vapor phase which
exits to the three low-pressure turbines and a liquid phase which arrives at the heater drain

TO WA FEED
ums rynging G

| TURBING BYPass

TO MAN fRED VALVES SL08¢D
PuMS TuRaNE D

TO CONDENSEN e

nOTWELLS

TO miGm PRESSURE
—re

TuRminE

- % é T Eronaene
1 ' ‘

|
MAN STEAM
SOLATION X

TO ATMOSPHERE |
LLUIL RS FT) h—“-’ %1
SAFETY AR 6 |
vaLvES S — "
e - @t
[ O AU AR
l FRED Pume
| TuRBNES |
| ‘
S e T
r L 2 - 1
ATMOERNE R . ’ TO ATMOSPnEAL |
VALVES - - b
ehTca fow (o) o=
oRFCES r .
r—'b* PR —
[ | sTRam GEnEnarong 1% |
| S | SR

Figure 2.5, mdsmwmummmmu

20




tanks. Steam enters the low-pressure turbines which exhaust to the shell side of the con
denser, where the steam is condensed and collected in the hotwells. The condenser /hotwell
reservoirs may be supplemented by ihe condensate storage tanks if level falls below a pre-
set level. Various stage extraction lines connect the low-pressure turbine exhaust to the
shell side of the low-pressure and condensate heaters.

2.4.1. Steam Generators

The principal design parameters of the steam generators are given in Table 2.6. Their
most distinguishing characteristic, with respect to PTS considerations, is the larger water
inventory associated with the large steam generators, particularly at hot 0% power.
Because of this large inventory, steam-line breaks may be of a particular concern as over-
cooling events on Calvert Cliffs Unit 1, while SG overfeeds or loss of feedwater enthalpy
may be of less concern.

Table 2.6. Mhﬁpmdbmw

Design
Parameters Specifications

Number of un'ts 2

Tube side design pressure, psig 2485
Tube side design temperature, °F 650
Tube side design flow, Ib/hr 61 X 10°
Shell side design pressure, psig 985

Shell side design temperature, °F 550

Operating pressure, tube side,
nominal, psig

Operating pressure, shell side,
maximum, psig

Maximum moisture at outlet at
full load, % 0.2

Hydrostatic test pressure, tube
side (cc'd), psig 3o

Steam pressure at full power, psia 850
Steam temperature at full power, °F §25.2

Nominal water inventory at full 62,350
power, kg

Nominal water inventory at hot 0% 95,000
power, kg

“Source. Ref 12




In the case of a steam-line break,* a significant amount of water is involved in the blow-
down process of a Calvert Cliffs steam generator. In comparison to the Westinghouse
design, which has a somewhat smaller water inventory, and to the Babcock and Wilcox
design, which has a much smaller inventory, the Combustion Engineering design has a
large heat sink which could lead to somewhat cooler temperatures in the cold leg of the

primary system.

In the case of SG overfeeds or loss of feedwater enthalpy, the feedwater represents a
smaller percentage of the base volume in the SG for the Calvert Cliffs plant. Thus the SG
thermal inertia will tend to buffer changes in the feedwater characteristics.

2.4.2. Turbine-Generators

The turbines are 1800-rpm tandem compound axial flow indoor units.'’ Saturated steam
is supplied to the turbine from the SGs through four stop valves and four governing control
valves. The steam flows through a two-flow high-pressure turbine and then through com-
bination moisture/separator reheaters (two in parallel) to three double-flow, low-pressure
turbines which exhaust to the main condenser system.

Each turbine is equipped with an automatic stop and emergency trip system which trips
the stop and control valves to a closed position in the event of turbine overspeed, low bear-
ing oil pressure, low vacuum, or thrust bearing failure. An electric solenoid trip is pro-
vided for remote manual trips and for various automatic trips. Upon occurrence of a tur-
bine trip from any of the above causes, and when above a fixed reactor power level, a sig-
nal is supplied from the reactor protective system to automatically trip the turbine.

The turbine generator can be involved in the initiation of an overcooling event. If the
turbine fails to trip (stop valves and control valves siay open) following a reactor trip,
steam will continue to be demanded and a blowdown of both steam generators will occur
until the MSIVs close. For analysis purposes, this event will resemble a large steam-line
break downstream of the MSIVs.

243, Turbine Bypass System

The turbine bypass system consists of four turbine bypass valves (TBVs) which exhaust
downstream of the MSIVs to the main condenser. The turbine bypass system is used to
rapidly remove the reactor coolant system's stored energy and to limit secondary steam
pressure following a turbine-reactor trip. In the event of a turbine trip, above a preset
power level, a quick-opening signal is provided to fully open all four TBVs until the reactor
coolant average temperature signal begins to modulate the valves. The TBVs are modu-
lated by either secondary steam pressure or reactor coolant averuge temperature, which-
ever signal is higher. The steam flow capacity of each turbine bypass valve is 10%,'* mak-
ing the tota, capacity of the turbine bypass system 40% of full power steam flow.

*Since most of the steam-line pipe elbows, extraction lines, valves, and junctions are located upstream of the
MSIV, it i always assumed that o steam-line pipe break occurs upstream of the MSIV  This means that st
least one steam generator will blow down until steam generator dry-out ocours
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The failure of one or more of these valves to close could result in a greater than normal
cooldown rate. The failure of one TBV will resemble a small steam-line break, while the
failure of all four TBVs will resemble a large steam-line break. Upon failure of one or
more valves to closc, they can be manually isolated locally (the preferred isolation method)
or by closure of the MSIVs.*

2.4.4. Atmospheric Steam Dump System

The atmospheric steam dump system on Calvert Cliffs consists of two automatically actu-
ated atmospheric steam dump valves (ADVs) (one on each steam line) which exhaust to
the atmosphere. As shown in Figure 2.5, the ADVs are located just downstream of the
flow orifices (flow restrictors), but upstream of the MSIVs. The ADV system has the
capability of performing, to a lesser extent, the same function as the TBVs. However, the
removal of reactor decay heat via the astmospheric steam dump system is not a normal
mode of operation. As long as the main condenser vacuum is maintained, the TBVs will
be used to remove the reactor decay heat until the shutdown cooling system can be ini-
tated. In the event of a loss of condenser vacuum or in the event of MSIV closure, the
TBVs will not be available. The ADVs would then be the means by which steam gen-
erated by the reactor decay heat and RCP heat would be exhausted.

The ADVs are positioned by the reactor coolant average temperature error signal. As with
the TBVs, the ADV receives a quick-open signal following most turbine trips and will stay
open until the reactor coolant average temperature signal begins to modulate the valves.
Each ADV can relieve 2.5% of full power steam flow.'

The failure of an ADV to close can also result in an abnormal cooldown; however, in this
case the steam flow is smaller (1/4 that of a single TBV) and the cooldown rate is slower.
But unlike the TBV, the ADV is not easily isolated. First, the ADV is upstream of the
MSIV and thus cannot be isolated by closing the MSIV. Second, the isolation valves for
the ADVs are not as accessible as those for the THVs. As a result, manual closure of the
ADV isolation valve could take a significantly longer time than that required for the isola-
tion of & TBY. Thus in comparison to a failed-open TBY, a failed-open ADV produces a
slower cooldowi rate but with o potential cooldown over a longer period of time.

245 Main Steam-Line Isolation System

The main steam-line solation system consists of one main steam-line isolation valve
(MSIV) on each of the two main steam lines. In the event of an excessive steam demand
event (eg. a steam-line break or & stuck-open valve), the closure of the MSIVs will pre-
vent or limit the amount of blowdown of water stored in the shell side of the SGs.  This
avouds or limits the potentinl rapid uncontrolled cooldown of the RCS associated with
excessive steam demand events. The MSIVs also prevent the release of the contents of the
secondary side of both SCs to the containment in the event of the rupture of one main

*Muanual closure of & THY s preferred since the closure of the MSIVs will require the use of the ADVs 0
exhaust stored energy due (o reactor devay heat




steam line inside the containment structure. During normal operation, these valves remain
open; upon low SG pressure (<653 psia®)'® or a containment spray actuation signal, a SG
isolation signal (SGIS) energizes the closing mechanism of the valves to stop the steam
flow.

Since in thic study we have assumed that steam-line breaks occur upstream of the MSIV,'
it is important that at least one of the MSIVs closes following a steam-line break because
there are no check valves on the main steam line to prevent backflow. Thus, if both
MSIVs fail to close, the steam-line break will include the blowdown of both SGs. If either
or both MSIVs close, one steam line will be isolated from the other and only one SG will
blow down: the failure of one MSIV to close has no effect since the break is already
assumed to be upstream of the MSIV.

Since the ADVs and the SSRVs are also upstream of the the MSIVs, closure of the
MSIVs tollowing a stuck-open ADV or a stuck-open SSRV will result in the same effects
as closure of the MSIVs following an upstream steam-line break. That is, closure of the
MSIVs will not prevent the blowdown of one SG, but the closure of at least one MSIV
will isolate one steam line from the other and will prevent the blowdown of both SGs.

The TBVs, however, are downstream of the MSIVs and thus if a TBY fails to close, the
the role of the MSIVs is somewhat different. If both MSIVs close as required, the exces-
sive steam demand associated with TBV failure is terminated along with its cooldown
effects.  If one MSIV fails to close, a TBVY failure will resemble a steam-line break
upstream of the MSIV and will involve the blowdown of one SG.

2.4.6. Steam Pressure Secondary Safety Relief Valves

Overpressure nrotection for the shell side of the steam generators and the main steam-line
piping up to the inlet of the turbine stop valves (identified as turbine block valves in Fig.
2.5) s provided by 16 spring-loaded ASME Code secondary safety reliel valves (SSRVs),
which discharge to the atmosphere. Eight of these SSRVs are mounted on each of the
main steam lines upstream of the MSIVs but outside the containment. The pressure reliel
system is designed to pass a steam flow equivalent to full-power level plus 5% at the nomi-
nal set pressure.'’ The SSRVs on each line are grouped in sets of two with varying set
points from 1000 psia to 1050 psia.'*

The maximum steam flow through a SSRV is just slightly less than that allowed by a
TBY. Thus a stuck-open SSRV event would look very similar to a stuck-open TBY with
the exception that the SSRV is upstream of the MSIV. Also since the SSRV is an ASME

"1t should be noted that this number varies from cycle to oycle  The 6% L psia value was the set point used in
this analysis

"As stated eartier, steam line breaks are assumed to oovur upstream of the MSIV since the majority of pipe
eihows, nossles, and junctions (the most likely spots for breaks 10 oecur) are upstream of the MSIV I
should also be aoted that far PTN concerns this is o conservative assumption
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Code safety valve, there is no means by which the valve can be isolated. Thus for a

failed-open SSRYV, it is possible that the event will involve a complete hlowdown of a single
m..

24.7. Flow Restrictions

There is a critical flow orifice inside containment, as shown in Figure 2.5, just down-
stream of the SGs on each of the two steam lines. These orifices serve as insert-type ven-
turi flow restrictors. Each restrictor is designed to limit the flow rate in its steam line to
9.8 million pounds per hour of saturated steam'® in the event of a main steam rupture
downstream of the restrictors. This flow rate is approximately 170% of the normal flow
rate in one steam line. Thus, the flow restrictors serve a very important function by limit-
ing the cooldown which could result from a large steam-line break. Without the flow res-
trictor, a full guillotine steam-line break could have a blowdown rate that would be nearly
three times larger than it would be with the flow restrictor. Although not directly propor-
tional, there vould be a similar increase in the cooldown rate associated with the event.
As it is, the flow restrictor makes the full guillotine steam-line break appear similar to a
break which is no larger than 2.5 square feet.

15 Condensate and Feedwater System

The prime function of the main condensate and feedwater system, illustrated in Fig-
ure 2.6, is to transport subcooled water from the condenser and condensate storage tank
outlets to the SG main feedwater (MFW) inlets while both pressurizing and heating it. A
second obvious function of this system is to control the quantity of feedwater reaching the
secondary side of each SG. The condensate and feedwater system consists of  condensate
storage tanks, the condenser, condensate pumps, condensate booster pumps, low-pressure
condensate heaters, main feedwater pumps, high-pressure feedwater heaters, main feedwa-
ter control valves, bypass control valves, and main feedwater isolation valves (MFIVs)

When low-pressure steam is exhausted from the turbine system to the main condenser, the
steam s passed over condenser tubes containing unheated circulating water.  The con-
densed liquid is collected at the bottom of the condenser in a region known as the con-
denser hotwell. If mak: .p water is desired, it is supplied to the condenser via the conden-
sate storage tank.  Three electric-motor-driven condensate pumps (with one of three nor-
mllytnouudbywndlhn)dnwmhafmmmtotn"udumpm
water through the condensate filters, demineralizers, and the drain coolers Leaving the
drain coolers, the condensite is heated by three parallel low-pressure heaters in series with
& second set of three parallel low-pressure heaters. The shightly warmer low-pressure sub-
cooled condensate leaving the low-pressure condensate heaters is then pressurized by three
mdblmmmum:mwmrmmhwmm“um-
ciumwthm‘afmmmm«fmwlmudlhmmmm-
pressure condensate heaters  Departing from the condensate booster pumps, the conden-
sate is heated significantly by passage through the tube side of three stages of low pressure
condensate heaters  The intermediate-temperature intermediate-pressure subcooled con-

°I|Mh“mﬂﬂanMMmmtunMuMhduuchm’m
tem prossure rapidly decreases  Also, SSRVy can and have boen gagged shut
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desired delivery temperature by two parallel high-pressure feedwater heaters. The high-
temperature high-pressure subcooled feedwater is recombined in the high-pressure feedwa-
ter heater outlet header before being divided into two lines, each containing a main control
valve in parallel with a bypass control valve. This is followed by MFIVs located just prior
to the SG main feedwater inlets.

2.5.1. Condensate Storage Tanks

The condensate storage tanks provide makeup water to the condenser and also provide the
primary source of water for the auxiliary feedwater (AFW) system. The condensate stor-
age tank ides up to 350,000 gallons of water at a temperature which varies throughout
the year.™ Condensate storage temperatures as low as 40°F have been monitored at the
Calvert Cliffs plant.”' When the condensate storage tank water is used as makeup water,
the low temperatures have very little effect since the relative volume of makeup required is
small.  However, since the condensate storage tank supplies water for the AFW system,
the temperature of condensate storage tank water will have an impact on the cooldown
rate whenever the AFW system is actuated.

1.5.2. The Condenser

In the condenser, the exhaust steam from the turbines is condensed by the circulating
water. Six circulating water pumps take suction from the Chesapeake Bay and supply up
10 1,200,000 gpm of circulating water through a three-shell condenser.?? The temperature
of the condenser water, as that of the condensate storage tank water, will vary throughout
the year, but condenser water temperature should not have an effect on cooldown rate so
long as the feedwater heaters are operating.

253, Condensate and Condensate Booster Pumps

The three electric-motor-driven condensate pumps and the three condensate booster pumps
provide the suction required to pump the main feedwater through the feedwater heaters.
A second function of these pumps is to step up the pressure in the feedwater lines. Loss of
part or all of the condensate pumps or the condensate booster pumps will result in loss of
main feedwater. A 4-psig containment pressure signal® or a SGIS signal will trip both the
condensate pumps and condensate booster pumps. Thus, under normal circumstances these
pumps will be tripped following either a LOCA or a steam-line break event.

154, Feedwater . fenters

The high- and low-pressure heaters use steam extracted from the high- and low-pressure
turbines, respectively, to increase the temperature of the feedwater. Steam supplies to
these heaters will be lost following any turbine trip. One might expect that the loss of all
feedwater heaters, an unlikely initiating event, could result in a substantial cooldown
effect. However, as will be shown later in this report, the process is slowed by the thermal
inertia of the significant amount of steel in the feedwater system.

Mmmcmuumdchmmlthmmomchmtmommu!mmuum
expected to impact e resulis
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2.5.5. Main Feedwater Pumps

Forced flow to the steam generators is supplied by two steam-turbine-driven main feedwa-
ter pumps. The extraction steam used to drive the pumps is hot reheat steam from the
main stearn line. If necessary, auxiliary steam cai be supplied from the auxiliary boiler or
from Calvert Cliffs Unit 2. Loss of main feed'  iter pump(s) will result in loss of main
feedwater and the probable actuation of auxiliary feedwater (AFW) after some time
delay *

Steam generator overfeed events are to some extent self-mitigating on Calvert Cliffs Unit
I in that once the SGs are filled and water begins to flow into the steam lines, the quality
of the steam reaching the MFW pump turbines will be too low for the turbines to physi-
cally operate. This results in the loss of the MFW pumps. With no forced flow, the SG
level will decline and will continue to decline until either the MFW pumps are manually
restarted or the AFW system is actuated.

It should also be noted that a 4-psig containment pressure signal or a SGIS signal will trip
these pumps. Thus, as with the condensate and condensate hooster pumps, the MFW
pumps are expected to trip in the event of a LOCA or steam-line break event.

2.56. Main Feedwater Control Valves and Bypass Valves

The main feedwater control valves (also called regulating valves) control the feedwater
flow to each steam generator. The difference between the feedwater flow and steam flow
is adjusted by a SG-level error indication and then used to define the control valve posi-
tion.  Following a reactor trip, this valve will automatically close and the bypass valve will
open.  The bypass valve has a maximum flow rate of 15% of the nominal main feed flow
rate.”'  As part of the reactor trip runback sequence, this valve will open to a predeter-
mined set point which will allow 5% of full-power feedwater flow to each SG.** At hot 0%
power, the feedwater flow control valves are closed and the bypass valves are manually
con rolled, at about 1% flow, to maintain SG level **

2.57. Main Feedwater Isolation Valve
One main feedwater isolation valve (MFIV) precedes the SG on each of the two lines.
These valves can be closed manually or automatically and are used to isolate all MFW

flow to the SG. These valves will close automatically when a SGIS or a containment
spray actuation signal is generated

*The time deluy is the time required for the SG level 1o devay 1o the low SG level actuation of AFW
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2.6. Auxiliary Feedwater System

The auxihary feedwater system supplies condensate storage tank water to the steam gen-
erators on demand. This is necessary to maintain an adequate heat sink to dissipate reac-
tor decay heat when the normal feedwater <upply is unavailable. The Calvert Cliffs Unit 1
auxiliary feedwater system, as shown in Figure 2.7, consists of three auxiliary feedwater
pumps, control valves, block valves, and cross coanects to Unit 2.

The AFW system is actuated by a low ievel in either SG or it may be actuated by remote
manual control. The flow rate to each SG is automatically controlled by a flow control
valve ia each flow leg. When actuated, the AFW system will supply 160 gpm (Ref. 27) to
each SG unless the flow controllers fail or the operatir changes the flow control setting.*
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Figure 2.7 Auxiliary steam generator feedwater system (simplified schematic). Note
The Unit | system is identical to the Unit 2 system.

;SJMQ to completion of this study, the fow rate setting was changed from 160 to 200 gpm.  This should
have a very limited effect on the results.
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2.6.1. Auxiliary Feedwater Pumps

There are three auxiliary feedwater pumps for each unit, one motor-driven pump and two
identical turbine-driven pumps. Upon automatic initiation of AFW, the motor-driven and
one turbine-driven pump automatically start. The single turbine-driven pump can supply
up to 700 gpm of condensate storage water to the two SGs and the motor-driven pump can
supply an additional 450 gpm.* This amount of water is normally sufficient to provide
decay heat removal and cooldown. If additional water is necessary, the second turbine
pump can supply an additional 700 gpm.* The length of time that AFW will flow is lim-
ited in a normal situation by the amount of water (300,000 gallons)” available from the
condensate water storage tank.’’

The turbine-driven pumps are supplied with steam from the SG as long as the steam pres-
sure is above 50 psig.”” The motor-driven pump is supplied from an electrical bus which
can be powered by an on-site emergency diesel generator. In an emergency, the steam-
driven train can operate independent of off-site power and the diesels for up to 2 hours.”’
Once the diesels have started, the motor-driven pump will be available.

2.6.2. Auxiliary Feedwater Cross Connects

Auviliary feedwater is also available via a cross-connection to the Calvert Cliffs Unit 2
AFW system. This cross-connection couples the motor-driven AFW line on Unit 1 with
the motor-driven AFW line on Unit 2. A block valve on this line must be opened manu-
ally to allow flow from Unit 2 to Unit 1. Once this valve is opened, flow will be controlled
by the Unit | motor-driven line-flew controllers. This additional AFW source reduces the
potential for a prolonged loss of feed flow to the SG.

2.6.3. Auxiliary Feedwater Control Valves

There are four auxiliary feedwater flow control valves. Two of these valves are located on
lines supplied by the turbine-driven pumps: flow from both turbine-driven pumps enters a
common header and exits on one of two lines that go to separate SGs with each line hav-
ing a separate flow controller. Flow from the motor-driven pump also is split into two
lines that go to the separate SGs, and each of these two lines also has a flow control valve.

These flow control valves can be set for automatic operation or placed in remote manual
control from the main control room or auxiliary shutdown panel. At present these valves
are automa. cully set to allow 160 gpm on each of the four lines.”” This allows a maxi-
mum flow rate of 320 gpm to each SG with one turbine-driven pump and the motor-driven
pump in operation (the normal mode of operation when activated). This control logic
limits the potential for AFW overfeed events.

*It should be noted that valve designs and piping sizes limit the maximum achievable AFW flow to less than
the total which can be supplied by the pumps

"It necessary, the operator can obtain other sources of water to maintain AFW flow beyond the 300,000-gallon
limit. It should also be noted that the motor-driven pump has a fire hose connection which provides the
means for some flow to the SG for an indefinite period of time.
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2.6.4. Auxilisry Feedwater Block Valves

There are two block valves in series on each of the four auxiliary flow lines to the two
SGs. These block valves are used to isolate AFW flow to either or both SGs. These
valves can be closed automatically or manually by the operator in the conirol room.

During a steam-line break, pressure in the steam lines and SG will begin to decrease. At
653 psia,”® the MSIVs will close.* If the break is downstream of the MSIVs, the break
will be isolated and pressure in both SGs will begin to recover. However, if the break is
upstream of the MSIVs, one SG will be isolated while the other will not. This will begin
to create a differential pressure. When the differential pressure reaches 115 psig, the
block valves on the AFW lines leading to the SG with the low pressure will automatically
close.’” This will isolate the break from all AFW supplies and will eventually result in the
dryout of the SG on the broken line. This closure of the block valves limits the cooldown
due to the steam-line break to the blowdown of the SG inventory available up to the time
when feedwater is isolated.

2.7. Safety Injection System

The safety injection system is designed to supply borated water to the reactor core in the
event of a loss of adequate coolant. It consists of two trains containing a total of three
high-pressure injection pumps, two low-pressure injection pumps, and four safety injection
tanks. The piping and instrument diagram for these systems is shown in Figure 2.8.

Safety injection is actuated when the pressure in the pressurizer drops below 1740 psiu or
when the containment pressure rises above 4 psig.’ The actuation signal causes the two
low-pressure injection pumps and two of the three high-pressure injection pumps to start.
In addition, all safety injection isolation valves open, allowing a cicar flow path from the
refueling water tank to the reacior coolant system. A heating system limits the minimum
temperature of this water to 45°F *°

2.7.1. High-Pressure Injection System

The high-pressure safety injeciion (HPSI) system is composea of the three high-pressure
injection pumps that take suction from \wo independent suction headers that are supplied
with borated water from the refueling water tank.” Each high-pressure pump can deliver
a design flow of 345 gpm with a shutoff head discharge pressure of 1275 psia.”® Flow
from each pump enters a common line that splits into four lines, each going to one of the

*It should be nowed that for the purpose of system description, these valves are assumed to shut on demand.
The potertial for and consequences of failure of these valves to close will be discussed later in this report.

"The refueling water tank can supply up to 400,000 gallons of water. In the event of a LOCA transient, this

capacity may not be sufficient. Under these circumstances, the HPSI suction may be switched to containment
sump.
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Figure 2.8. Diagram of basic safety injection and containment spray systems.



four cold legs of the primary coolant system. The injection nozzles on each cold leg are
located approximately 12 feet ahead of the nozzle for cold leg flow into the downcomer

region. The injection occurs from the top of the cold leg pipe at an angle of 60° from the
horizontal.

The HPSI system can have an effect on the cooldown rate of overcooling transients since it
injects relatively cold water directly into the primary coolent system. In addition, the
HPSI system will enhance the rate at which the system depressurizes and repressurizes.
With respect to the high head pressure (normally, 2200 to 2300 psia) HPSI systems®
found at many other plants, the relatively low head (1275 psia) HPSI system at Calvert
Cliffs should have less of an effect on the cooldown rate. That is, the HPSI system at
Calvert Cliffs cannot, in itself, fully repressurize the system. Also, for a given transient, it
may provide flow later and cut off flow sooner than the high head pressure HPSI systems
and thus reduce the net amount of cold water injected into the system.

2.7.2. Low-Pressure Injection System

The low-pressure safety injection (LPSI) system consists of the two low-pressure safety
injection pumr ., that take suction from one of the two independent suction headers serving
the HPSI pumps. Each of these low-pressure pumps can supply a design flow of 3000
gpm with a shutoff head pressure of 180 psia.?’ The flow from both pumps enters a com-
mon line that splits into four lines that empty into the same injection lines used by the
HPSI system.

This LPSI system is not expected to have a major pressurized thermal shock impact since
the head pressure is so low. Only large LOCA events are expected to reduce the system
pressure encugh to consider low-pressure injection. In the case of a large LOCA, the pres-
sure will be low and repressurization is not anticipated.

2.7.3. Safety Injection Tanks

Each of the four safety injection tanks is connected to one of the injection lines used by
both the HPSI and the LPSI systems. Each tank is located above the elevation of the cold
legs and the tie-in is just ahead of the injection nozzle port. The driving head for water
injection from the safety injection tanks is provided by nitrogen gas pressure within the
tanks at a minimum pressure of 200 psia and the gravity head. The tanks operate as a
passive stored-energy safety feature: i.e., no outside power or signal is required for their
operation. Each tank can supply a minimum ot 1113 ft’ of water. The safety injection
tanks are not expected to have a major pressurized thermal shock impact for the same rea-
sons noted for the LPS! system. These tanks can also supply water to the reactor coolant
system.

*Some plants have HPSI systems which will deliver pressure up to the set point of the pressurizer PORVs and
can thus fully repressurize the system. In this report these systems are referred to as high head pressure,
HPSI systems.

33



2.8. Chemical and Volume Control System

A simplified block diagram of the chemical and volume control system (CVCS) is shown
in Figure 2.9. With respect to the PTS analysis, the primary components are the let-
down stop valves, the letdown flow controllers, the charging pumps, and the regenerative
heat exchanger. These components control the volumetric flow of the letdown line and the
temperature of the water that reenters the reactor coolant system.
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Figure 2.9. Schematic of chemical and volume control (CVCS) system flow (normal
operation).

2.8.1. Letdown Stop Valves

The letdown line comes off the cold leg loop 12A just ahead of the reactor coolant pump
12A.° There are two stop valves or isolation valves on the letdown line just beyond the
extraction port. Following a SIAS, which is generated on any significant overcooling
event, the letdown line is isolated by tue automatic closure of both stop valves. With
respect to PTS, the isolation of the line serves two purposes. First, it will prevent further
reduction of the coolant volume in the primary system. Any overcooling event would
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result in a shrinkage of the primary system coolant volume, and the cooldown rate would
be enhanced by the use of HPSI water (relatively cold water) to recover from the shrink-
age. The isolation of the letdown line would remove a source of increased shrinkage from
the system.

Second, the isolation of the letdown line will preclude any effects of a break in the line
itself. With all of the lines and systems associated with the letdown line, there is a high
potential for pipe break, and/or valve failures which would be observed as a primary sys-
tem small-break LOCA. The automatic isolation of the letdown line on a SIAS not only
would isolate a break in the letdown line, but also would limit the cooldown effects which
might be associated with a small-break LOCA.

2.8.2. Letdown Flow Controllers

During normal operation the letdown line flow rate is nominally 80 gpm.* However, the
letdown flow will vary as the pressurizer water level changes. The pressurizer level control
program regulates the letdown flow by adjusting the letdown control valve, so that the
RCP-controlled bleed-off plus the letdown flow matches the input from the operating
charging pump. There are two letdown control valves in parallel lines, each of which can
supply a maximum of 128 gpm of letdown flow.”' Under normal operating conditions, one
valve is operating while the other is kept in a standby (closed) condition.*’

In the event of an overcooling transient, the primary system contraction will cause the
pressurizer level to drop. This in turn will result in the letdown control valve closing to its
minimum flow (29 gpm) position.’’ Thus, even if letdown isolation does not occur follow-
ing SIAS, the flow control valve will limit the impact of the letdown line on any overcool-
ing transient.

2.8.3. Charging Pumps

Three positive displacement charging pumps supply makeup water from the volume control
tank to the reactor coolant system. During an overcooling transient, either the pressurizer
level control system or the SIAS will automatically start all charging pumps. The SIAS
will also function to transfer the charging pump suction from the volume control tank to
the discharge of the boric acid pump. ’

Each charging pump has a design flow of 44 gpm,*? and it is either on and supplying ~44
gpm or off and supplying no flow; i.c., there is no means of throttling flow on a charging
line. When all three charging pumps are on, 132 gpm of flow will be supplied to the pri-
mary system up to a pressure which is high enough to lift the pressurizer PORVs. This
has special significance for analysis of pressurized thermal shock since the HPSI system
has a relatively low shutoff head pressure (1275 psia). In this instance, the charging
pumps become the primary mechanism by which full repressurization would occur for

*This assumes two charging pumps are in operation.
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those transients that repressurize. Without operator action, these charging pumps can take
the system from 1275 psia to ~2300 psia.* This could have a significant effect on the
consequences of an overcooling traasiznt.

2.8.4. Regenerative Heat Exchanger

The regenerative heat exchanger raises the temperature of the charging flow water just
before it enters the main reactor coolant loops. Letdown line water,” just after extraction
from the primary cold loop 12A, is used as a heat source. During normal operation,
charging flow water is heated, from 120°F to 395°F within this heat exchanger.’® A loss
of this heat exchanger could result in a substantial reduction of the charging flow water
temperature which re-enters the coolant system. This, however, is not expected to have an
adverse effect on the system since the normal flow rate is only 44 gpm in comparison with
a normal primary system loop flow of at least 120,000 gpm with the pumps in operation.?

2.9. Support Systems

Support system failures can be of importance because single support system failures can
trigger multiple failures of components in other systems. Based on a review of the designs
of the various Calvert Cliffs systems, the support systems that were identified as systems
that could have an impact on the potential for overcooling transients were the electric
power systems, the compressed air systems, and the cooling water systems.** This initial
screening evaluation revealed that several key system components which had been identi-
fied in the previous sections as potentially affecting overcooling transients could be
impacted by failure within these support systems (see Table 2.7).

As a result of this support system revi-w, it was felt that an evaluation of the electric
power, compressed air, and cooling water support systems was necessary to specify poten-
tially PTS-adverse responses from support system failure. The resulting analysis, which
was performed for ORNL by Science Applications International, Inc., is presented in
Appendix A and is summarized below.

2.9.1. Electric Power Systems

The Calvert Cliffs Unit 1 ac electric power distribution is shown as a simplified schema-
tic diagram in Figure 2.10. The plant power requirements normally are supplied from
the switchyard through 13KV service buses 11 and 12. Bus 12 supplies the four reactor
coolant pump buses, and bus 11 supplies the 4KV unit buses.*

*The charging system can actually take the system to higher pressures. However, this would require that the
PORVs and the PSR Vs fail to open.

"This water has a nominal temperature of S48°F.

It should be noted that even with the pumps off the large volume of primary water will absorb the effects of
120°F charging flow water for a long period of time.

**In addition to these support systems, 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 was expected to be long term with respect to the effects of failures of the other iden-
tified support systems. In general, the effects of HVAC failures and severe equipment operating environ-
ments were considered to be beyond the scope of this analysis.
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Table 2.7. Summary of potential interactions of key system
components or functions with support system failures®

Potential Response to

System Support System Failure

(1) Reactor

(a)  Reactor trip Yes
(2)  Reactor coolant system (RCS)

(a)  Pressurizer safety relief valves (PSRVs) No

(b)  Power-operated relief valves (PORVs) Yes

(¢)  Reactor coolant pump shaft seal Yes

(d)  Piping failure No

(¢)  Steam generator tube rupture No

(f)  Medium and large LOCAs No
(3)  Main steam system

(a)  Turbine trip Yes

(b)  Atmospheric dump valves (ADVs) Yes

(c)  Turbine bypass valves (TBVs) Yes

(d)  Main steam isolation valves (MSIVs) Yes

(¢)  Piping failure No

(f)  Secondary safety relief valves (SSRVs) No
(4) Main feedwater (MFW) system

(a)  MFW control valves Yes

(b)  MFW bypass valves Yes

(¢)  MFW isolation valves (MFIVs) Yes

(d) MFW pump trip Yes
(5)  Safety injection system®

(a)  High pressure safety injection (HPSI) Yes

(b)  High isolation valves Yes
(6)  Auxiliary feedwater (AFW) system

(a)  AFW control valves Yes

(h)  AFW isolation valves Yes

(¢)  AFW electric motor driven pumps Yes

(d)  AFW steam driven pumps Yes
(7)  Chemical and volume control system (CVCS)

(a) Letdown Yes

(b)  Charging Yes

“Support system refers to the electric power system, the compressed air system, and the cooling
water system.

* Also called emergency core cooling system
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Figure 2.10. Simplified schematic of ac electric power distribution.
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The safety-related Channel ZA and ZB power requirements are supplied by 4KV buses 11
and 14, respectively. These buses are energerized by two of the three emergency diesel
generators shared by Calvert Cliffs Units 1 and 2.

The 4KV buses supply the 480V buses through transformers. In particular, 4KV bus 11
supplies 480V buses 11A and 11B; 480V bus 11B supplies 480V reactor MCC 114R. The

4KV bus 14 supplies 480V buses 14A and 14B, and 480V bus 14A supplies 480V reactor
MCC 104R.*

Plant dc loads are supplied by 125V dc buses 11, 12, 21 and 22 and 250V dc bus 13,
which are shared between the two units. Each dc bus normally is fed by its associated bat-
tery charger (i.e, bus 11 is fed by battery 11 and battery charger 11). The four 125V dc

battery chargers, 11, 12, 21 and 22 are fed by 480V ac unit buses 11A, 14B, 21B and
24A, respectively.™*

The 120V ac instrument buses are fed from the dc buses through inverters or from the
480V ac MCC'’s through transformers. The 120V ac vital buses 11, 12, 13 and 14 are
supported through their associated inverters from dc buses 11, 21, 12 and 22 respectively.
The vital buses may also be fed, by manual transfer, from 120V ac bus Y11. The 120V ac

buses Y10 and Y11 are fed through their transformers from 480V ac MCC 104R. Bus
Y09 is fed from MCC 114R.*

Electric bus failures can occur for a variety of reasons, including isolation or failure of
feeder buses or shorts that could occur during maintenance. For purposes of this analysis,
single unspecified failures have been postulated at various points in the power distribution
circuitry. The failure has been assumed to de-energize the directly affected bus, buses fed
only from this bus, and possibly the feeder buses to the affected bus. In cases where a

maintenance tie between existed, failures affecting both normally isolated buses were con-
sidered.

The 4KV buses showr on Figure 2.10 have multiple sources of power (13KV bus 11 and
the emergency diesel-generators). Thus, 4KV bus failures were assumed to be due to pos-
tulated faults on the 4KV buses. This fault results in de-energizing lower voltage buses
fed from the affected bus. Similar faults have been postulated on lower voltage buses. In
addition, the existence of maintenance ties between 4KV buses 11 and 14 and between

MCC 104R and MCC 114R were considered possible mechanisms for propagating a single
fault to both buses or MCC’s.*

The 125V dc buses 11, 12, 21 and 22 each have multiple independent power supplies and
no maintenance ties.** Therefore, only faults affecting single buses were considered.

Each of the 120V ac vital buses (YOI, Y02, Y03, and Y04) is normally fed from a sepa-
rate dc bus through an inverter. However, one or more vital buses may be fed from 120V
ac bus Y11. Therefore, single and multiple vital bus failures were considered.

Where either of two instrument buses supply a single instrument panel by automatic selec-

tion, two failure modes were considered. A fault in the panel could result in both feeder
buses being isolated from the panel. The feeder buses would continue to supply other
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loads in this case. The analysis also considered the possibility of a panel fault propagating
to the primary supply bus and subsequently propagating to the backup supply bus on auto-
matic transfer. In this case, the two buses feeding the panel would be de-energized.

The responses of the systems and components to electric power failures are summarized in
Table 2.8, together with evaluations of the corresponding potential impacts on PTS
sequences. Of these, the following five responses are potentially important to PTS
sequences:

(1) The PORVs will fail to open following a concurrent failure of two or more
vital buses.

(2) The MSIVs will not close on demand following a concurrent failure of vital
buses YOI and YO2.

(3) A MFW control valve will freeze in position following failure of its associated
control power (Panels C35 or C36). Both MFW control valves wili freeze
following a concurrent failure of the two parels.

(4) The MFIVs will fail to automatically close and the MFW train pump will
fail to automatically trip on demand following a concurrent failure of vital
buses YOI and Y02. The MFIVs alsc will fail to close if their individual
480V power supplies fail, and the feedwater pumps will fail to trip if their
individual 125V dc power supplies fail.

(5) The HPSI will fail to automatically initiate following a concurrent failure of
vital buses YOI and YO02. It is to be noted, however, that concurrent failure
will initiate the injection mode of the CVCS.

In addition to the MFW control valves freezing in position and possibly contributing to a
SG overfill, the concurrent failure of two vital buses has been identified as a potential
small-LOCA initiator. The importance of this initiator will depend, as noted, on its
expected frequency and duration.

2.9.2. Compressed Air Systems

The 260-scfm instrument air requirements of Calvert Cliffs Unit | are supplied by instru-
ment air compressors 1! and 12, each rated at 470 scfm. The instrument air compressors
are in intermittent operation to maintain pressure in their associated air accumulators.
The instrument air compressors discharge into a common header upstream of the accumu-
lators. Additional cross-connecting headers are also installed upstream of the distribution
piping to the plant components. In addition, the 616-scfm plant air compressor 11 is
aligned automatically to supply instrument air requirements if the pressure in the instru-
ment air header falls below a preset value.”



The ac electrical motive power supplies for the three compressors are shown in Fig-
ure 2.10. Control power for instrument air compressor 12 and plant air compressor 1! is
supplied from 120V ac bus Y10; contro! power for instrument air compressor 11 is sup-
plied by 120V ac bus Y09. As shown, the compressors are supplied from independent elec-
tric power trains. The three compressors are supplied cooling water from service water
pump 11 and heat exchanger 11. The cooling water supply is automatically isolated on
SIAS signals, loss of power to the isolation valve solenoids, loss of 125V dc buses 11 and
21, or loss of instrument air pressure to the isolation valves.

Compressed air system failure (low pneumatic supply pressure) can be caused by a postu-
lated passive failure of the pneumatic piping failure of the three compressors or their asso-
ciated motive or control power. Normal plant instrument air requirements can be satisfied
by either instrument air compressor or the plant air compressor. Thus, failure of one or
two of the compressors will not result in system failure. As shown in Figure 2.10, single
bus failures will result in, at most, a failure of two of the three compressors. Failure of
service water pump 11 or isolation of service water to the compressors would lead, ulti-
mately, to failure of the three compressors. The time required for the compressors to fail
following a loss of service water is unknown. However, following a less of cooling water,
the operator iaay choose to trip the compressors rather than allow them to run to failure.
Following loss of the compressors, the instrument air system is expected to depressurize
over a period of minutes. It should be noted that the operator also has the option of
manually aligning to the Unit 2 compressed air systems.

AFW system pneumatic valves are supplied by two 500-ft* accumulators in addition to the
primary instrument air source. Failure of the pneumatic supply ‘o0 one train of AFW Sys-
tem valves would require a passive piping failure in one of the two AFW system pneumatic
supply headers.

The effects of low instrument air pressure on the systems and components affecting PTS
sequences are summarized in Table 2.9. Excluding the effects on the AFW system, low
pressure in the instrument air distribution piping will occur following a passive failure of
the instrument air headers or failure of the compressors due to a single failure of the serv-
ice water supply combined with a failure of the operator to manually align an alternate
instrument air supply.

Low instrument air pressure in either of the AFW supply headers will result in the opening
of the control valves associated with that train. Failure of the "B" pneumatic train, in
addition to opening ke control valves, will result ir. the turbine-driven pump starting and
accelerating to maximum speed. Due to the two AFW system accumulators, this failure is
expected to result in the near term (<2 hours) only from a passive failure in the AFW
pneumatic piping. The postulated passive failure would affect only one of the two AFW
pneumatic trains.

If the postulated failure depressurizing the AFW pneumatic piping also depressurized the
main instrument air system, the effects associated with failure of the instrument air system
also would occur. However, depressurization of the instrument air system due to a failure
of AFW instrument air branch tubing is considered highly unlikely.
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Table 2.8. Summary of system/component failure modes in response to electric power system failures

System /Component

Failure Mode Response

Potential Impact on PTS Sequences®

Reactor trip

Power-operated relief
valves (PORVs)

Reactor Coolant Pump
(RCP) shaft seals

Turbine trip

Atmospheric dump valves
(ADVs) and turbine bypass
valves (TBVs)

Main steam isolation valves
(MSIVs)

Main feedwater (MFW)
control valves

Main feedwater (MFW)
bypass valves

Spurious trip will occur following two or more failures of
redundant electric power supplics.

POR Vs will operate properly or close following any single
clectric bus failure. Failure of two (or more) vital buses
will open PORVs (manual closure possible).

N/A.

Turbine will trip as designed or spuriously trip following
most power supply failures. Failure of vital instrument bus
Y02 may result in a delayed turbine trip on demand (failure
to trip on reactor trip signal).

ADVs and TBVs operate as designed or fail closed follow-
ing electric power failures.

MSIVs will close on demand following any single electric
bus failure. Failure of buses YOI and Y02 will prevent clo-
sure on demand.

Failure of the associated control power (C35 or C36) will
result in one of the MFW control valves freezing in position
(as is). Failure of the EHC power results in delayed valve
closure based on high SG level rather than on turbine trip.

Failure of the associated control power will result in one of
the MFW bypass valves remaining closed. Failure of EHC
power results in the valve not being automatically opened.

None. Reactor is expected to trip as part of any PTS
sequence of interest.

Impact on PTS sequences will depend on relative frequency
and duration of double bu~ failures.

No direct impact. However, loss of electric power can
result in loss of cooling water to the RCP seals.

Small or no adverse impact. Failure of electrohydraulic
control (EHC) power results in spuricus turbine trip and
failure of "quick open® ADV /TBV feature which challeng -
SSRVs. Turbine is expected to trip rapidly, even if reactor
trip input fails, since other trip set points, such as speed,
will be exceeded.

No adverse impact. Failure of valves to open will result in
a challenge to main steam safety valves.

Impact on PTS sequences depends on relative frequency of
and duration of double bus failures.

Failure of a regulating valve to close can result in a SG
overfill following reactor trip. EHC power failure not
expected to be significant.

No adverse impact. Failure oi the valve to open may result
in AFW actuation.



Table 2.8 (Continued)

System /Component

Failure Mode Response

Potential Impact on PTS Sequences®

Main feedwater solation
valves (MFIVs)

Feedwater pump trip

High pressure safety injec-
tion (HPSI)

Auxiliary feedwater
(AFW) system

Chemical and volume con-
trol system (CVCS)

Failure of associated instrument buses (Y0O! and Y02) or
motive power will prevent closure of one or both MFIV on
demand.

MFW, condensate booster, and heater drain pumps will trip
on demand or spuriously trip following single bus failures.
Failure of buses YOI and Y02 will cause failure to automat-
ically trip the pumps following steam generator isolation
signal (SGIS) or containment spray actuation signal
(CSAS) conditions. In addition, failure of 120V ac bus
Y09 will result in the MFW pump speed being reduced to
idle speed.

Failure of bus YOI or YO2 or failure of 4KV ac bus 11 or
14 reduces the capacity of the system by half. Failure of
the vital power or motive power in both trains results in a
failure to initiate the HPSI on demand.

Failure of either bus YOI or Y02 will reduce the capacity of
the system to 400 gpm (from 800 gpm). Failure of 4KV ac
bus 11 also results in a reduction of capacity to 400 gpm.
Failure of both vital buses YOI and Y02 results in a failure
to initiate the AFW system.

Failure of the selected pressurizer level power (Y01 or Y02)

or control power (Y i0) results in spurious actuation of the

three charging pump injection mode. Failure of power Y02
reduces the capacity of the system to one pump in the SIAS
mode. Failure of 480V ac bus 11A or 14A reduces the

capacity of the system to one or two pumps.

Impact of failure limited due to expected closure of regulat-
ing valve. Flow through bypass valve continues.

Impact will depend on relative frequency and duration of
double bus failures.

Small or no adverse impact on PTS sequences. Impact will
depend on relative frequency and duration of double bus
failures.

No adverse impact en PTS sequences.

Small impact. Initiation of the SIAS injection mode
expected in all PTS sequences of interest.

;; several cases where the failure of electric power had no direct impact on a component response, the potential impact of electric power failures on other
support systems has been noted for reference.




Table 2.9. Summary of system/component failure modes in response to compressed air system failures

System / Component Failure Mode Response Potential Impact on PTS Sequences
Reactor tnp N/A No direct impact. Reactor expected to trip following loss of
instrument air.
Fower-opera’ * rehief valve  N/A No impact.
Reactor coo ump N/A. No direct impact. However, loss of instrument air results in
(RCP) shaft - 1solation of cooling water flow to RCP seals.
Turbine trip. N/A No impact.
Atmosphenc dump valves Loss of instrument air pressure results in closure of all No adverse impact. Failure of ADVs and TBVs to open on
(ADVs) and turbine bypass  TBVs and ADVs. demand increases frequency of steam safety valve chal-
valves (TBVs) lenges.
Main steam isolation valves N/A. No impact.
(MSIVs)
Main feedwater (MFW) Decrease in instrument air pressure results in isolation of Failure of the MFW control valves to close results in a SG
control valves pneumatic supply to both MFW control valves, freezing overfill following reactor trip.

Main feedwater (MFW)
bypass valves

Main feedwater 1solation
valves (MFIVs)

Main feedwater pump trip

High pressure safety injec-
tion (HPSI)

Auxiliary feedwater (AFW)
system

Chemical and volume con-
trol system (CVCS)

them in position.

Failure of instrument air results in the bypass valves open-
ing

N/A.

N/A.
N/A.

Failure of the main instrument air supply to the AFW sys-
tem will not cause an actuation nor prevent proper opera-
tion for approximately two hours. A passive failure of
AFW system Train B (accumulator 11B) pneumatic tubing
will result in automatic start of the steam-driven pump and
Instrument air failure will result in reactor coolant letdown
isolation and continued CVCS operation with one pump.

Small impact with respect to response of MFW control
valve response.

No impact.

No impact.
No impact.

Small adverse impact. Depending on the effect of a passive
failure on the main instrument air pressure, the spurious ini-
tiation of AFW system may exacerbate a MFW overfill.

Small or no adverse impact.




The response of the systems and components to compressed air system failures are sum-
marized in Table 2.9; of these, the responses that are potentially important to PTS
sequences are as follows:

(1) Following a loss of instrument air pressure, both MFW control valves will
initzally freeze in position and both MFW bypass valves will open.

A passive failure of the AFW system instrument air train B will result in
spurious initiation of the steam-driven AFW system pump and opening of the
associated AFW system control valves.

In addition to the dircet response of the systems and components to instrument air failures,
the impacts of instrument air failures on other support systems affecting the components
have been noted.

2.9.3. Cooling Water Systems

Cooling water for normally operating and standby Calvert Cliffs components and systems
is supplied by the component cooling water system and the service water system. These
two closed-loop systems reject heat to the open-loop salt water system.

The component cooling water system consists of component cooling pumps 11, 12 and 13
which feed component cooling heat exchangers 11 and 12 through a common discharge
header. Normally one component cooling water pump and heat exchanger 11 are in oper-
ation.  During normal operation the component cooling water system provides cooling
water for the control element drive mechanism (CEDM), the RCP, mechanical seals and
lube oil heat exchangers, and the letdown heat exchanger.’s

Emergency operation of the system is initiated by containment isolation signals from the
engineered safety features actuation system (ESFAS). Pumps 11 and 12 are started, flow
through component cooling heat exchanger 12 and shutdown heat exchangers 11 and 12 is
initiated, and cooling water for the RCPs and CEDM are isolated. In this mode of opera-
tion, cooling water from either component cooling heat exchanger can supply the shutdown
heat exchangers and safety injection pumps’ seals and coolers.”” The ac power sources for
the component cooling water system are shown in Figure 2.10. Instrument air and sole-
noid power are required to position system valves. Solenoid power for isolation valves
CV-3832 and CV-3833 is supplied from 125V dc buses 11 and 21, respectively. Loss of
cither instrument air or solenoid power results in isolation of cooling water to the RCPs
and CEDM and to the opening of the isolation valves in the component cooling and shut-
down heat exchangers.

The service water system consists of two independent loops. Pump 11 feeds heat
exchanger |1 and pump 12 feeds heat exchanger 12. A third pump (pump 13) can supply
either heat exchanger 11 or 12. Normally pumps 11 and 12 are in operation, and pump
13 is in standby. The cooling water from heat exchanger 11 supplies the instrument air
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and plant air compressors, the turbine electrohydraulic oil and lube oil coolers. Heat
exchanger 12 supplies the feedwater and condensate booster pump lube oil coolers, the
generator coolers, spent fuel cooler, and nitrogen compressor.**

Emergency operation is initiated by ESFAS SIAS signals that start the service water
pumps; isolate the turbine plant, spent fuel, and instrument air cooling water; and initiate
flow to emergency equipment such as the containment coolers and emergency
diesel-generators, *’

Service water heat exchangers 11 and 12 are fed cooling water via salt water pumps 11
and 12, respectively. Service water ac power requirements are shown in Figure 2.10.
Instrument air and solenoid power are required to position system valves. Solenoid power
for isolation valves CV-1600 and CV-1637 is supplied by 125V dc bus 11 and for valves
CV-1638 and CV-1639 by 125V dc bus 21. Loss of either instrument air or either 125V
dc bus will resuit in isolating the cooling water to the turbine plant components, air and
nitrogen compressors and the spent fuel cooler and initiating flow to the emergency
equipment.*’

The responses of the systems and components to cooling water failures are summarized in
Table 2.10. The responses potentially important to PTS sequences are itemized below:

(1) Continued operation of the RCPs following loss of component cooling water
could result in eventual seal failure and a small LOCA.

(2) Operation of the HPSI pumps for periods of time greater than 2 hours fol-
lowing loss of component cooling water may result in eventual pump bearing
failure.*

2.9.4. Identification of Support System Failure Modes

The system component failure modes from Tables 2.8, 2.9, and 2.10 judged to be poten-
tially significant to PTS were analyzed to identify specific initiating failures of support sys-
tems which could be important for overcooling events. The list of support systems failure
modes compiled, as shown in Table 2.11, consisted of the failures for which at least one
PTS-adverse response was identified.

Initiating electrical system failures were selected from those identified if they could result
from a single de-energized bus or from a single postulated failure (e.g., short to ground) of
a possible electrical connection. Multiple 120V ac vital bus failures were selected, on this
basis, due to the common manually connected backup supply bus ¥Y'11. The 4KV ac buses
11 and 12 and the 480V ac MCC 104R and 114R also may be manu~lly connected. Panel
C35 is supplied 120V ac power from bus YOI or Y09 by automatic transfer. The double
failure of these buses is postulated on this basis. A similar condition exists for buses Y02
and Y10 via panel C36.

Compressed air system failures selected were limited to single postulated piping failures.

Multiple compressor failures were considered only to the extent that they may be caused
by a common support system failure.
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System /Component

Failure Mode Response

Potential Impact on PTS Sequences

Reactor trip

Power-operated relief
valves (PORVs)

Reactor coolant pump
(RCP) shaft seals

Turbine trip

Atmospheric dump valves
(ADVs) and turbine bypass
valves (TBVs)

Main steam isolation valves
(MSIVs)

Main feedwater (MFW)
control valves

Main feedwater (MFW)
bypass valves

Main feedwater isolation
valves (MFIVs)

Main feedwater (MFW)
pump trip

High pressure safety injec-
tion (HPSI)

Auxiliary feedwater
(AFW) system

Chemical and volume con-
trol system (CVCS)

Loss of CCW to CEDM can result in CEDM damage and
potential release of control elements.

N/A.

Loss of CCW 1o seals may result in seal damage and possi-
bie seal failure.

Loss of SW to the turbine and generator is expected to
eventually require turbine trip.

N/A

N/A.
N/A.
N/A.
N/A.

Loss of SW to MFW pump turbine and condensate booster
pump lube oil coolers is expected to require eventual pump
trip to prevent bearing damage.

Loss of CCW to the HPSI pumps during HPSI operation
could lead to eventual pump failure. The HPSI pumps are
designed to operate a minimum of 2 hours following a
complete loss of CCW.

N/A.

Loss of CCW to letdown heat exchanger results in
automatic transfer to the recirculation mode bypassing the
boron and radiation monitors and ion exchangers.

Small or no adverse impact. Reactor is expected to be
tripped following loss of cooling water.
No impact.

Small LOCA initiator would result if the operator failed to
trip the RCPs following a loss of component cooling water.

No adverse impact.

No direct impact. However, loss of SW may lead to loss of
instrument air and plant air compressors.

No impact.

No direct impact. However, loss of SW may lead to loss of
instrument air COMpressors.
No direct impact. However, loss of SW may lead to loss of
instrument air cCompressors.

No impact.

Small or no adverse impact. Trip of the MFW pumps will
result in actuation of the AFW system.

Small adverse impact. Failure of the operating HPSI
pumps may increase the likelihood of flow from the safety
injection tank or low pressure safety injection (LPSI) in
some PTS sequences. Impact will depend on relative fre-
quency and duration of multiple CCW system (ailures.

No impact due to external cooling water systems failure.

No adverse impact. However, loss of SW may lead to loss
of irstrument air compressors.
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Table 2.11. Initiating support system failure modes

Failed System/Component

Initiating
Electrical
System Failures

Initiating
Cooling Water
System Failures

PORYV fails open.

MSIV fails to close on demand.

MFW control valve CV-1111 freezes in
position (open).

MFW control valve CV-1121 freezes in
position (open).

MFW bypass valves CV-1105 and 1106
fail open.

MFIV MOV-4516 fails to close on
demand.

MFIV valve MOV-4517 fails to close on
demand.

MFW pump 11 fails to trip on demand.
MFW pump 12 fails to trip on demand.

Spurious nitiation of AFW system’s
steam-driven pump train.

HPSI fails to initiate on demand.

RCP seal fails.

Vital buses Y01 and Y02, YOI and Y03,

Y01 and Y04, YO2 and Y03, YO2 and
Y04, YO3 and Y04

Vital buses YOI and Y02.
Panel C35, YOI and YO09.

Panel C36, YO2 and Y10.
None.

Buses YOI and Y02, 480V MCC 114R,
480V ac bus 11B, 4KV ac bus 11.

Buses YO1 and Y02, 480V MCC 104R,
480V ac bus 14A, 4KV ac bus 12.

Buses YO! and Y02, 125V dc bus 11.
Buses YOI and Y02, 125V dc bus 12.
None.

Buses Y01 and Y02, 4KV buses 1] and
12, 480V MCC 104 and 114, 480V bus
11B and 14A.

None.

Initiating
Compressed Air
System Failures
None.
None.

Failure of all compressors, passive instru-
ment airline feature.

Failure of all compressors, passive instru-
ment air line feature.

Failure of all compressors, passive instru-
ment air line feature.

None.
None.

None.
None.

Passive failure of AFW system’s instru-
ment air line — Train B.

None.

None.

None.

None.
None.

None.
None.
None.
None.

None.
None.
None.

None.*

Failure of operating
CCW pump 11, clo-
sure of CV-3832, clo-
sure of CV-3833,

*Multiple failures or a passive failure of the CCW could be postulated which would stop cooling water flow to the HPSI pumps. However, loss of CCW does
not prevent initiation or operation of the HPSI pumps for two hours or more. Delayed initiation of HPSI rather than long-term failure is of concern to PTS

sequences.



Component failures resulting from a loss of cooling water flow have been considered.
However, it is recognized that a significant period of time may elapse prior to component
faillure. For this reason, only failures resulting in a complete loss of flow to a serviced
component have been selected as cooling water initiating failures (e.g., loss of service water
flow to the air compressors). Failures of the salt water flow to the component cooling ard
service water heat exchangers have not been selected since they do not result in a loss of
flow to a serviced component.

In addition to support system failures directly resulting in a system or component failure
affecting PTS, a failure of one support system may result in a failure of another. This
interactive effect was evaluated by analyzing each of the support system failure modes
listed in Table 2.11 to determine possible initiating failures in other support systems.,
The interactive support system failure modes are listed in Table 2.12.

2.9.5. Consequences of Support Systems Failure Modes

The overall effects of the support systems failures depend on the potential severity of the
resulting transient and the availability of remedial actions to the operator. These factors
have been evaluated, to the degree possible, for each of the support system failures to iden-
tify the support systems failures of greatest importance to the PTS sequence analysis. This
evaluation is summarized in Table 2.13. In addition, an estimate of the potential severity
has been made for each of the resulting transients.

From this evaluation, four support system failure modes that would result in multiple cou-
pled PTS-adverse responses were identified. These failure modes are described as follows:

(1) Failure of vital buses YOI and Y02: This double vital bus failure would
result in the PORVs being opened (constituting an isolatable small LOCA)
and in the delay of the initiation of high pressure safety injection (HPSI)
until it could be initiated manually or until either of the vital buses was
recovered.

Failure of 4KV ac buses 11 and 12: Failure of these two buses would result
in the termination of the cooling water flow to the RCP seals (the RCPs
assumed to be running) and in the de-energizing of the standby HPSI sys-
tem. Failure of the operator to trip the RCPs under these conditions could
lead to RCP seal failure (a small LOCA) and subseque~t delayed initiation
of the HPSL

Failure of motor control centers 104R and 114R: Failure of MCC 104R and
114R would result in runback of the MFW pumps, loss of the instrument air
and plant air compressors’ control power (120V ac buses Y09 and Y10), and
the de-energizing the HPSI injection valve motors. The eventual depressuri-
zation of the instrument air pressure would result in isolation of cooling water
to the RCP seals. Failure of the operator to trip the RCPs under these con-
ditions could lead to RCP seal failure and subsequent delayed initiation of
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Table 2.12. Interactive failure modes among support systems

It I | Tnitian
Electrical Compressed Air Cooling Water
Failed System /Component System Failures System Failures System Failures
Failure of vital buses. Fatlure of associated 125V dc buses 11, N/A. N/A.
12, 21, 22 or manual transfer to Y11 and
subsequent failure of Y11.
Failure of all instrument air compressors. 4KV buses 11 and 12, MCC 104R and N/A Failure of SW pump
114R, 120V ac buses Y09 and Y10. 11, closure of CV-
1637, closure of CV-
1639.
Failure of CCW pump 11 4KV bus 11, 480V bus 11A. None. None.
Closure of CCW CV-3832 125V dc bus 11. Failure of all compressors, passive instru-  None.
ment air hne falure.
Closure of CCW CV-3833. 125V dc bus 21. Failure of all compressors, passive instru-  None
Failure of SW pump 11. 4KVbus 11 None. None.
Failure of SW CV-1637. 125V dc bus 11. Failure of all compressors, passive instru-  None.
ment air line falure.
Failure of SW CV-1639. 125V dc bus 21 Failure of all compressors, passive instru-  None




Table 2.13. Potential impact of support systems failures on PTS sequence*®

4

Imtiating Farlure

Description of Transient

Available Remedial Actions

Estimated Impact
on PTS Sequences

Buses YOI and YO2

. Buses YOI and Y09

Buses Y02 and Y10

Panel €35 or C36 de-
energized

Electrical System Failures

Reactor tnips and PORV's open, creating
a small LOCA. Turbine trips on low
speed. BFASMM!&I.

MFW control valve CV-1121 freezes in
tiated. Reactor and turbine trip on high
pressurizer level and SG 12 is overfed.

MFW control valve CV-1111 or CV-
1121 freezes in position. Eventual reac-
tor and turbine trip due to lack of feed-
water control and subsequent overfeeding
of SG 11 or 12.

Operator may manually close PORV(s)
or their isolation valves and start HPSI,
Recovery of either vital bus results in
automatic closure of PORV(s) and prob-
able ESFAS actuation.

Close MFIV MOV-4517 (or trip MFW
pumps) and regain control of CVCS.

Close associated MFIV MOV-451€ or
MOV-4517 (or tnp MFW pumps).

(a) With promptly instituted remedial
actions, the impact on this transient
on PTS sequences is considered
negligible.

(b) Without remedial actions, a coupled
small LOCA and failure to automati-
cally start HPSI will occur.
Automatic initiation of CVCS injec-
tion moderates the effect of the
HPSI initiation failure.

A double vital bus failure is a cause of an
"isolatable” small LOCA. The impact of
this transient on PTS sequences is limited
since it is not coupled to a failure to
ically initiate HPS.
Negligible impact on PTS sequences.

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences 1s considered
negligibie.

(b) Without remedial actions, a SG over-

(a) With promptly initiated remedial
actions, the impact of this transient
ummbw
negligible.

(b) Without remedial actions, a SG over-
fill transient will occur




Table 2.13 (Continued)

Inisating Failure

Description of Transient Available Remedial Actions

Estimated Impact
on PTS Sequences

6. 125V dc bus 1]

7. 125V dc bus 21

8 4KV ac bus 11

Electrical System Failures (Cont'd)
Turbine and reactor trip after 30 seconds.  Trip RCPs on high controlled bleed-off

SW and CCW isolated to "non-essential®  temperature. If Unit | compressors must
components, including air compressors
and RCP scals. Eventual failure of RCP

be tripped. align Unit 2 compressors to
supply Unit | instrument air header.

SW and CCW solated to “non-essential”
components, including air compressors
and RCP seals. Reactor and turbine
expected to trip due to loss of cooling
water to turbine components. Eventual
faslure of RCP scals occurs unless pumps

SW pump 11 operating CCW pump Start CCW pump 12 and locally open

stops, flow to air compressors
and RCP scals. Reactor and turbine
expected to tnp duc to loss of cooling
water 1o turbine components. Eventual
hﬁcd!@mﬁm“m

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences is considered
negligible.

(b) Without remedial actions, a small
LOCA due to RCP seal failures
would occur. The impact of this
transient on PTS sequences is limited
since the LOCA is not coupled to a
failure to automatically initiate
HPSI. (One HPSI train can be im-
tiated automatically.)

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences is considered
neghgible.

(b) Without remedial actions, a small
LOCA due to RCP seal failures
would occur. The impact of this
transient on PTS sequences is hmited
since the LOCA 1s not coupled to a
failure to automatically imitiate
HPSL. (One HPSI train can be ini-
tiated automatically.)

(a) With promptly initiated remedia!
actions, the impact of this transient
on PTS sequences is considered
negligibie.

(b) Without remedial actions, a small
LOCA due to RCP seal failures
would occur. The impact of this
transient on PTS sequences 1s limited
since the LOCA is not coupled to a
failure to automatically imtiate
HPSIL. (One HPSI train can be imi-
tiated automatically.)
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Estimated impact
Initiating Failure Descniption of Transient Available Remedial Actions on PTS Sequences
Electrical System Failures (Cont'd)
9 4KV ac buses 1! and Reactor and turbine trip on reduced feed-  Trip RCPs on high controlled bieed-off (a) With promptly initiated remedia!
12 water flow or other causes. CCW lost to  temperature. Restore power to one or actions, the impact of this transient
scals of RCPs presumed to be running. both 4KV ac on PTS sequences is considered
Seal failure will result if RCP: are not negligible.
CVCS are de-cnergized. (Loss of 4KV (b) Without remedial actions, a coupled
ac buses witiated by loss of SOOKV bus is small LOCA due to RCP seal
of less interest to PTS since RCPs are failures and a loss of HPSI and LPSI
de-energized and seal failure 1s not mjection capacity would occur until
coupled directly to loss of CCW.) power wac Jestored.

10. 480V ac MCC 104R
and 114R

11, Passive failure of
instrument air header

Restore power to on= or both MCC’s or
align Unit 2 air compressors to Unit |
instrument air header. If unsuccessful,
trip RCPs on high bleed-off temperature
and trip MFW pumps on high SG level.
Tip or de-energize charging pumps prior
to dramning VTC. If RCP seal failure
occurs prior to restoration of electnic
manually, if possible.

Trip RCPs on high controlied bleed-off
and close MFIVs on high

|

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences is considered
neghigible

(b) Without remedial actions, a coupled
small LOCA due to RCP seal
failures and a loss of HPSI and LPSI
injection capacity would occur until
power was restored or the
HPSI/LPSI injection valves were
opened manually.

(b) Without remedial actions, a coupled
small LOCA due to RCP seal
failures and a SG overfill transient
would occur
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Table 2.13 (Continued)

Initiatng Failure

Description of Transient

Available Remedial Actions

12. Passive failure of
AFW system instru-
ment air header "B

13 CCW pump 11

14. Closure of CCW vaive
CV-3832 or CV-3833

Compressed Air System Failures (Cont’d)
AFW svstem Train B operation initiated  Close operable isolation valves in AFW

with control vaives open. Failure not system injection paths 1o both SGs.
expected to depressurize main instrument
air header due to available compressor
capacity.

Cooling Water System Failures
CCW flow to RCP seals, CEDMs and Start CCW pump 13 or 12. Trip RCPs
letdown heat RCP seal on high controlied bleed-off temperature
failure will result if CCW flow not if CCW flow cannot be re*ored.
restored or RCPs tripped.

CCW flow to RCP seals and CEDMs
stops. RCP scal failure will result if
CCW flow not restdred or RCP tripped.

Trip RCPs if CCW isolation valves can-
not be rapidly opened.

Assumirg the main instrument air header
remains pressurized, the impact of this
transient on PTS sequence 1s considered
negligible.

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences is considered
negligible.

(b) Without remedial actions, a small
LOCA due to RCP seal failures
would occur. The impact of this
transient on PTS sequences s limited
since the LOCA is not coupled to a
failure to automatically initiate
HPSI.

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences is considered
neghgible

(b) Without remedial actions, a small
LOCA due to RCP seal failures
would occur. The impact of this
transient on PTS sequences 1s limited
since the LOCA is not coupled to a
failure tc automatically initiate
HPSIL
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Table 2.13 (Continued)

Inmiating Faslure Description of Transient Available Remedial Actions

Est'mated Impact
on PT> >equences

Cooling Water System Failure (Coat'd)
15, Service water pump 11

If cooling water to air compressors can-
not be maintained, align Unit 2 compres-
sors to Unit | instrument air header. If
CCW flow to RCPs is isolated on loss of

(unless alternate compressors are instrument air pressure, trip RCPs.
aligned). In the event of loss of instru-

ment air pressure, CCW flow 1s isolated

from the RCP seals; however, SG

overfeeding would not occusr (MFW con-

trol valves are closed).

16. Closure of service See Item 15 above, SW pump 11 Locally reopen isolation valve if possible.
water valve CV-1637 If valve cannot be reopened, align Unit 2
or Cv-1639 compressors to Unit | instrument air

header and trip Unit | to

(a) “Vith promptly initiated remedial
actions, the impact of this tran-ient
on PTS sequences is considered
neghigible.

{b) Without remedial actions, a smail
LOCA due to RCP seal failures
would occur. The impact of this
trz=ient on PTS sequences is limited
since the LOCA is not coupled to a
failure to automatically initiate
HPSI.

(a) With promptly initiated remedial
actions, the impact of this transient
on PTS sequences is considered
negligible.

(b) Without remedial actions, a small
LOCA due to RCP seal failures
would occur. The impact of this
transient on PTS sequences is limited
since the LOCA is not coupled to a
failure to automatically initiate
HPSI.

;;nmols;msmfa&mmmw-inm-mdhfwdhmml&mdthfﬂuudthmm

take remedial actions. Thas calculation wil! be performed 1n subsequent analyses.
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the HPSI. Due to probable early reactor and turbine trips resulting from the
feedwater pump runback, the MFW control valves are expected to close prior
to instrument air depressurization. However, the MFW bypass valves will
open fully.

Failure of instrument air header: A passive failure of the main instrument
air header results in the freezing of the MFW control valves in position
(open) and in the isolation of the cooling water flow to the RCP seals.
Failure of the operator to trip the RCPs could result in a coupled MFW
overfeed of both SGs and an eventual small LOCA.

In addition to the coupled events described above, support system failures were identified
as potential causes of single system and component failures adverse to PTS. These failures
are also listed in Table 2.13.

Many of the system failure modes identified are low probability events. In addition, fail-
ure of the operator to take available remedial actions is required, in many cases, to result
in a transient adverse to PTS. The combined frequency of the support system failure and
operator action failure will be evaluated in Chapter 3 and compared to the uncoupled
PTS event tree failure frequencies to evaluate the potential impact on this PTS analysis.
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3. DEVELOPMENT OF POTENTIAL OVERCOOLING SEQUENCES
FOR CALVERT CLIFFS UNIT 1|

3.1. Introduction

The development of overcooling sequences that could potentially resuit in pressurized ther-
mal shock (PTS) to a reactor vessel is extremely difficult due to the complexity ir herent in
the PTS phenomena. A first step in the development of these sequences for Calvert Cliffs
Unit 1 was the development of a set of system state trees to describe the potential ~ondi-
tions of important reactor systems. Once the system state trees were completed (see Sec-
tion 3.2 below), it was then necessary to ifentify the initiating events which could lead to
overcooling transients. The approach used to identify potential overcooling initiating
events, a review of the resulting candidate list, and a summary of those initiators applica-
ble to Calvert Cliffs Unit | are presented in Section 3.3. The system state trees were
then examined with respect to these initiators to develop initiator-specific event trees, and
procedures were examined to identify pertinent operator actions associated with each ini-
tiztor.  The development of these event trees is presented in Section 3.4. Finally, as
described in Section 3.5, the sequences were quantified on a probability basis and col-
lapsed to a list of sequences based on a probability screening and engineering judgement.
This list represents the sequences for which thermal-hydraulics and fracture-mechanics
analyses are performed.

3.2. System State Trees

In this section, cach of the systems discussed in Chapter 2.0 is examined to identify those
systems whica contain components whose functions can have a measurable imnact®* on
overcooling transients. System state trees are then developed for these pertinent systems.

System state trees represent potential system resprases to an unspecified transient Since
the systems in question have a primary function “e.g., the function of the feedwater and
condensate system is to supply feedwater to the s'can: generator a. ~430°F), the system
state trees are developed on a functional basis. As a result, the branching on the trees
may be more complex than the binary success and failure branches found on most "stand-
ard" event trees.

Thermal-hydraulic ‘conditioning events” are also included on the functional system state
trees. These events serve a dual purpose: they limit the number of potential end states for
a given system state tree that must be considered and they permit the coupling between
the various functional system state trees (due .o the thermal-hydraulic interactions) to be
represented. The term "conditioning events” is utilized since subsequent system responses
are considered to be conditional on the thermal-hydraulic paramersrs which typically com-
prise the event description.

*By impact we mean that the component can have a measurable effect either on the temperature or the pres-
sure in the downcomer region.
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3.2.1. Reactor Vessel and Its Internals

The components of the system comprised of the reactor vessel and its internals have func-
tions, but these functions are passive rathe: than active in nature. As a result, features
such as power level, vessel fluence, and weld composition are identified as constants either
in the description of the particular initiating event or in the subsequent fracture-mechanics
analysis. Thus no system state tree was developed for this system.

3.2.2. Reactor Coolant System

As stated in Chapter 2.0, the function of the reactor coolant system (RCS) is to remove
heat from the reactor core region and to transfer it to the secondary system. This primary
function is accomplished by two subfunctions: (1) to maintain reactor coolant loop flow*
and (2) to control reactor coolant loop pressure. Thus there is a potential for a need of
two system state trees to describe this system.

A review of system components associated with the function of maintaining loop flow
revealed the reactor coolant pumps as the only set of active components. For an overcool-
ing event of any consequence, the main reactor coolant pumps (RCPs) are required to be
manually tripped.” Stopping the pumps increases the potential for loop flow stagnation,’
which could lead to reduced downcomer remperatures. Hence, failure to trip the pumps
could improve the situation from the PTS point of view. As procedures are presently writ-
ten, this would constitute an operator failure to comply with procedures. It was decided
that credit could not be taken for a failure which could help, and thus the assumption was
made that the RCPs would always be tripped within 30 seconds following a safety injec-
tion actuation signal (SIAS). However, since Baltimore Gas and Electric is considering a
procedures change, the effects of leaving two pumps running is examined later in this
report.

As discussed in Section 2.3.4, controlling the rcactor coolant loop pressure is accomplished
by means of the pressurizer heaters, the pressurizer sprays, the power-operated relief valves
(PORVs), and the pressurizer safety relief valves (PSRVs). These are the system com-
ponents considered for the development of a system state tree.

The pressurizer heaters were determined to have little effect on overcooling sequences and
thus were eliminated from inclusion in the system state tree. For any overcooling event of
significance, the pressurizer will drain, resulting in the heaters being automatically turned
off. If the heaters fail to turn off, the only potential consequence is that the heaters will
burn themselves out. Restoration of pressurizer level will automatically cause one-half of
the heaters to be turned back on; however, when compared to thermal expansion due to
stored energy in the pressurizer vessel, the additional effect of having the heaters come on

*Control of the reactor coolant inventory is discussed in the subsequent sections on the emergency core coolant
system and the chemical, volume, and control system.

’An overcooling event of any significance will cause a primary system coolant contraction which will result in a
SIAS flow on low pressurizer pressure. According to procedures, the operators are required to trip the RCPs
when this signal is generated.

#Loop flow stagnation is discussed in detail in Chapter 4 of this report.
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is considered to be insignificant with respect to the repressurization of the system.
Nevertheless, if the heaters are always assumed to perform as designed, this effect is
accounted for. Thus, only one pressurizer heater sequence (the one in which the pressur-
izer heater performs as required) is considered. This then becomes an assumption and is
not addressed by the system state tree.

The pressurizer spray condition was also eliminated from the system state tree. Even
though the pressurizer sprays can have a significant effect on repressurization, the propor-
tional sprays are not available after the RCPs trip and the auxiliary sprays can only be ini-
tiated manually. For the sake of simplicity, operator actions are addressed on an event-
specific basis on the event trees and not on the system state trees.

Thus, the system state tree for the reactor coolant system deals with the potential states of
the PORVs and the PSRVs. The primary system pressure control state tree headings
developed are shown as Figure 3.1. These headings and the potential branches for each
heading are described in Table 3.1. The complete system state tree is presented in
Appendix B.

3.2.3. Main Steam System

The major components of the main steam system were identified in Section 2.4 of this
report as: (1) the steam generators, (2) the turbine stop and control valves, (3) the
turbine bypass valves (TBVs), (4) the atmospheric steam dump valves (ADVs), (5) the
main steam-line isolation valves (MSiVs), (6) the secondary safety relief valves (SSRVs),
and (7) the flow restrictors. Two of these seven components, the steam generator and
the flow restrictors, have passive functicns and thus were not included on the system state
tree.

The system state tree headings used to define the condition of each of the remaining five
types of components in the main steam system are shown in Figure 3.2. These headings,
along with a description of the potential branches for each heading, are presented in
Table 3.2. It should be noted that both the ADVs and the TBVs automatically open fol-
lowing a reactor trip. Thus the ADVs and TBVs are assumed to open and the only ques-
tion is whether or not they reseat when required. It should also be noted that the MSIVs
close only when a steam generator isolation signal (SGIS) is generated.

3.2.4. Feedwater and Condensate System

In Section 2.4 of this report the major components of the feedwater and condensate sys-
tem are identified as: the condensate storage tank, the condenser, condensate pumps, con-
densate booster pumps, feedwater heaters, main feedwater pumps, feedwater regulating
valves and bypass valves, and the main feedwater isolation valves (MFIVs). Both the con-
densate storage tank and the condenser have passive functions and thus are not considered
for inclusion on the system state tree. The feedwater heaters are also not considered for
the development of a system state tree.* When the turbine trips, steam is no longer
delivered to these heaters. This eliminates the heat source for the heaters and they become

*Although loss of feedwater heaters is not considered for the system state tree, it is considered and discussed as
an overcooling event initiator in Section 3.3.
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Max RCP* Max RCP*
Max RCP* < Lift Pressure PSRV < Lift Pressure PSRV
| < Lift Pressure | PORV for PSRV RC-200' for PSRV RC-201" | PSRVs | PORVs
| for PORV | Opens |  RC-200' Opens RC-201' Opens | Reseat | Reseat

*As used in this figure, "RCP” refers to reactor coolant pressure.
"The "RC" number is the valve designation symbol.

Figure 3.1. System state tree headings for the reactor coolant system pressure control

system.

Table 3.1. Description of state tree headings and potential
branches for reactor coolant system pressure control system

System State

Heading Description

Conditional Branch

Tree Heading and Discussion Descriptions
Max RCP* < lift pres-  This is a thermal-hydraulic parameter For this heading there will always be two
sure for PORY that identifies the need for components in  and only two branches.
this system to function. If the pressure is
less than the lift set point, no components (1) Pressure < lift set point.
in this system are required to change (2) Pressure > lift set point.
state.
PORV opens Given that the PORYV is required to open, The number of branches for this heading

Max RCP* < lift pres-
sure for PSRV RC-200

PSRV RC-200 opens

Max RCP* < lift pres-
sure for PSRV RC-201

the potential exists for one or both
PORVs to fail to open. This is con-
sidered since a failure to open could lead
to the opening of a PSRV which is not
isolatable.

This is another thermal-hydraulic param-
eter to identify the demand on the first
PSRV.

Given that this PSRV is required to
open, the potential for a failure to open
must be considered.

This is the thermal-hydraulic parameter
that identifies the demand on the second
PSRV.
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is dependent upon the sequence of the
above thermal-hydraulic branching. If
the pressure < lift pressure, no branching
under this heading is required for the
PORVs. If the pressure > lift pressure,
there will always be three branches for
the PORVs:

(1) Both PORVs open,
(2) One of the two PORVs open,
(3) Neither of the PORVs open.

This branching is also dependent upon
the initial thermal-hydraulic branching.
If the pressure < the PORYV lift pressure,
it will be less than the PSRV lift pressure
and no branch is necessary. If the pres-
sure > the PORYV lift pressure, there will
be two branches under this heading:

(1) PSRV open demand generated.
(2) PSRV open demand not generated.

There will be two branches that apply to
this heading when the reactor coolant
pressure > the lift pressure:

(1) PSRV opens.
(2) PSRV does not open.

Branching under this heading will occur
only when the branch for pressure > the
lift pressure for PSRV RC-200. There
will be two branches:

(1) PSRV open demand generated.
(2) PSRV open demand not generated.




Table 3.1 (Continued)

System State
Tree Heading

Heading Description
and Discussion

Conditional Branch
Descriptions

PSRV RC-201 opens

PSRYVSs reseat

Given that this PSRV is required to
open, the potential for a failure to open
must be considered.

For those branch paths that involve open-
ing of PSRVs, the closing of these valves
when required must be considered.

There are two branches that apply to this
heading when the reactor coolant pres-
sure > the lift pressure for this PSRV:

(1) PSRV opens.
(2) PSRV does not open.

The number of branches required under
this heading is conditional on the branch
path taken. Those branches with no

PSRV openings will require no branching
under this heading. Those branches with
one PSRV opening will require two
branches:

(1) PSRV closes.
(2) PSRY does not close.

Finally, for those branches where both of
the PSR Vs open, there will be the three
branches:

(1) Both PSRVs close.
(2) One PSRV closes.
(3) Neither PSRV closes.

The branching logic is identical to that
used for the closure of the PSRVs.

PORVSs reseat For those branch paths that involve open-
ing of PORVs, the closing of these valves
when required must be considered. This
branching includes automatic closure or
very carly blockage of the PORYV line by
the operator for the case in which the
PORY fails to close.”

“As used in this table, "RCP" refers to reactor coolant pressure.
Early closure means prior to HPI flow.

a passive system. The active function of the condensate pumps, the condensate booster
pumps, the main feedwater pumps, and the main steam isolation valves (MSIVs) is to pro-
vide feedwater flow in their operating (open) condition while stopping flow in their tripped
(closed) condition. Thus these cor jonents have been lumped under the heading of main
feedwater flow maintained.

Following any reactor trip, the main feedwater regulating valves are required to shut and
the bypass valves to open to 5% flow. This action is referred to as the main feedwater sys-
tem (MFWS) runback. The question of whether runback occurs must be addressed by the
system state tree.

The coupling of components on a functional basis produces the system state tree headings

shown in Figure 3.3 and the potential branches as explained in Table 3.3. The actual
system state tree is shown with the other system state trees in Appendix B,
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Turbine | SS Pressure | SSRVs | ADVs
Trips < SSRV Lift | Reseat | Reseat

TBVs > SGIS MSIVs
Reseat Set Point Close

SS Pressure

Figure 3.2. System state tree headings for the main steam system.

Table 3.2. Description of state tree headings and potentia)

branches for main steam system
System State rleading Description Conditional Branch
Tree Heading and Discussion Descriptions
Turbine This step identifies whether Only two branches are considered
trip the turbine trips. Closure for this heading:
of the turbine stop valves is
the function considered. (1) Turbine trips.
Failure of one stop valve to (2) Turbine fails to trip.
close will not supply enough
steam to keep the turbine turning
and will result in a mechanical
trip (same condition as when all
stop valves close).
Secondary This is a thermal-hydraulic Two branches are considered for
steam function that identifies the need this heading. There are 16
pressure for the opening of SSRVs. SSRVs (8 on each of two lines)
< SSRYV lift which lift at various pressures in
pairs. It is assumed that for any
overcooling transient one pair of
SSRVs is the most which might be
required to open on any line.
Thus it is assumed that even if
some SSR Vs fail to open, one pair
will eventually open if the
pressure > SSRYV lift pressure:
(1) SSRYV lift demand generated.
(2) SSRYV lift demand not generated.
SSRVs As stated under the previous Since a single valve failure and a
reseat heading, a pair of SSRVs is double valve failure on the same

assumed to lift if the

secondary steam pressure

> SSRV lift. In this instance
the question of whether or

not these SSRVs reseat must be
examined.
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line are both basically a small
steam-line break, they will not be
treated individually. However,
the valves on line A must be
treated separately from the valves
on line B. This leads to four
branches:

(1) SSRVs on both lines close.

(2) SSRV on line A close; SSRV
on line B fail to close.

(3) SSRV on line B close; SSRY on
lime A fail to close.

(4) SSRVs on both lines fail to close.



Table 3.2 (Continued)

System State Heading Description Conditional Branch
Tree Heading and Discussion Descriptions
ADVs Following a turbine trip, both Since the ADVs are upstream of the
reseat ADVs will quick open. Thus MSIVs and on different lines, the
the question of closure must closure of these valves must be
be examined. examined on an individual basis.
Thus four branches must be examined:
(1) Both ADVs close.
(2) ADV on line A closes; ADV
on line B fails to close.
(3) ADV ou line B closes; ADV on
line A fails to close.
(4) Both ADVs fail to close.
TBVs Also following a turbine trip, The TBVs are downstream of the
reseat the four TBVs will open and ADVs. Thus, we are concerned only
their closure must be with the number of valves that
examined. close. This produces five
potential branches:
(1) All TBVs close.
(2) One TBV fails to close.
(3) Two TBVs fail to close.
(4) Three TBVs fail to close.
(5) All TBVs fail to close.
SS pressure When the steam-line pressure As with all thermal-hydraulic
> SGIS < SGIS set point, both branches, two options exist:
set point MSIVs will get a closure
signal. This thermal- (1) SS pressure > MSIV closure pressure.
hydraulic branch defines the (2) SS pressure < MSIV closure pressure.
demand for MSIV closure.
MSIVs When the MSIVs are required to The two MSIVs are on different
close close, the question of closure lines, but it does not appear to be

must be examined. necessary to treat them on an
individual basis. Closure of
cither MSIV will isolate the two
steam lines from each other. Thus
there are three potential branches:

(1) Both MSIVs close.
(2) Ome MSIV closes.
(3) Neither MSIV closes.

3.2.5. Auxiliary Feedwater System

In Section 2.5 the auxiliary feedwater (AFW) pumps, auxiliary feedwater control valves
and auxiliary feedwater block valves we. . identified as the principal active components of
this system. The control signals and functions of these components are used to construct
the system state tree headings shown in Figure 3.4 and described in Table 34, It
should be noted that the auxiliary feedwater system state tree is constructed to consider
three flow conditions to the steam generators (SGs): (1) maximum flow, (2) normal
flow, and (3) loss of flow.
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Runback Pressure SGIS Flow |
Occurs < 4 psig Generated | Maintained |

Figure 3.3. System state iree headings for the main feedwater and condensate system.

Table 3.3. Description of state tree headings and potential
branches for main feedwater and condensate system

System State

Heading Description

Conditional Branch

Tree Heading and Discussion Descriptions
MEWS Following a reactor trip, Various levels of runback can occur.
runback the MFWS is required to run back Rather than identify several branches
occurs to prevent a SG overfeed. to cover these various levels, two
This system determines the branches are used to bound the
status of this runback. potential conditions: (1) runback
occurs as required, (2) runback fails
to occur. However, since there are
two lines, four branches on the
system state are necessary:
(1) Both lines run back.
(2) Line A runs back and line B
fails to run back.
(3) Line B runs back and line A
fails to run back.
(4) Both lines fail to run back.
Containment A containment pressure As with all thermal-hydraulic branches,
> 4 psig will cause a trip two branches are associated with this
< 4 psig signal for the condensate, heading:
condensate booster, and MFW
pumps. This will result in loss of (1) Containment pressure < 4 psig.
MFW flow. This is a thermal- (2) Containment pressure > 4 psig.
hydraulic parameter that
determines the need for
this trip signal.
SGIS An SGIS will cause The two branches for this heading are:
generated the MFIVs to close and the
condensate and feedwater (1) SGIS is generated.
train pumps to trip as (2) SGIS 15 not generated.
described above. This will
result in a loss of feed-
water flow. This thermal-
hydraulic branching is used
to determine whether or not
the SGIS is generated.
MFW flow Whenever the containment Since there are two lines which must
maintained pressure is > 4 psig or an be considered independently, four

SGIS is generated, the ques-
tion of whether or not
MFW flow is actually
stopped must be considered
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branches are necessary to identify
potential sequences:

(1) Flow is stopped on both lines.

(2) Flow is stopped on line A but
not on line B.

(3) Flow is stopped on line B but
not on line A.



processes:

l SG Automatic SG A AFW

| Level > AFW Flow to | Isolated

| Low-Level Flow Control SGB to Low Pressure |
| Set Point | Occurs Occurs AP> 115 psi | SG |

Figure 3.4. System state tree headings for the auxiliary feedwater system.

Table 3.4 Description of state tree headings and potential

branches for auxiliary feedwater system
System State Heading Description Conditional Branch
Tree Heading and Discussion Descriptions

SG level > low-level set  The SG low-level signal is the only Two branches are defined:

point automatic action that will actuate the
AFW system. This branching thus (1) SG level > low-level set point.
defines the need to examine the other (2) SG level < low-level set point.
headings in this system state tree.

AFW flow occurs Whenever the SG level < low-level set As a result of the definition of this
point, the AFW system s required to branching, only two branches are
provide flow. The different components required:
required to provide this function are cou-
pled together to provide a functional (1) AFW flow occurs.
branch to determine whether or not (2) AFW flow does not eccur.

AFW flow is supplied.

Automatic flow control  For those sequences in which AFW flow Normal and overfeed flow must be con-

occurs occurs, the level of flow must be con- sidered for two separate gene: tors.
sidered. Other than normal flow rate, Thus, four branches are necescary to
the overfeed is the only option con- cover potential sequences.
sidered. A low flow can be considered as
no flow and treated with the sequence (1) Normal flow to both SGs.
above for the case in which AFW flow (2) Normal flow to SG A and maximam
does not occur. flow to SG B.

(3) Normal flow to SG B and maximem
flow to SG A.
(4) Maximum flow to both SGs.

SG Ao SGBAP When the measured AP is > |IS psi, an Two branches are considered for this

> 118 pui AFAS block signal is generated. As branching:
dncnbdm&ctmlb!wbmAFAb
block signals are generated, AFW is iso- (1) AFAS block signal generated.
lated from the low-pressure SG hy the (2) AFAS block signal sot geserated.
ciosing of the AFW block valves on the
lines ieading to (hat generator This
branching thus wdentifies the demand for
the block valves to function.

AFW isolated to low For those sequences in which an AFAS Two branches are considered

pressure SO block signal is generated, the failure of

the block valve to close must be exam-
med. Two AFAS block signals are gen-
erated, each of which closes a separate
block valve on each affected line. Clo-
sure of either valve on cach line will iso-
late flow to the steam generator. From a
functional basis, this branching identifies
whether or not the flow to the generator
18 u:tully solated.

3.2.6. The Emergency Core Coolant System

On
69

(1) Either block valve on the affected line
closes and AFW flow on that line is
terminated

(2) Neither block valve closes and Now
coatinues i the prescribed Mow rate.

The emergency core coolant system (ECCS) is composed of three types of coolant
(1) the high-pressure safety injection (HPSI), (2) the safety injection tanks,
and (3) the low-pressure safety injection (LPSI).

a first cvaluation it appeared that



failure of any of these systems would be more of an undercooling concern than an over-
cooling problem. Thus, all components would be assumed to work when required and no
system state tree would be necessary. However, further evaluation of a HPSI failure
revealed two potential overcooling factors. First, an initial HPSI failure with recovery at
some later time could affect the loop flow characteristics and the cooldown rate. Secondly
a HPSI failure during a loss-of-coolant accident (LOCA) could result in low-pressure
injection and safety injection tank flow at a considerably earlier time. This, coupled with
a potential repressurization from the charsing pumps and thermal expansion, could have
PTS consequences. Thus a HPSI failure is considered on the system state tree. However,
failure of safety injection tanks and low-pressure injection are not considered since these
failures are assumed to be undercooling rather than overcooling concerns. This results in
the simple system state tree headings shown in Figure 3.5 and described in Table 3.5.

Primary
System
Pressure HPSI
> 1275 psia | Occurs

Figure 3.5. System state tree headings for the emergency core coolant system.

Table 3.5. Description of state tree headings and potential
branches for emergency core coolant system

System State Heading Description Conditional Branch
Tree Heading and Discussion Descriptions
Primary system pres- This is a thermal-hydraulic test that Two branches are used to examine this
sure > 1275 psia determines whether or not HPSI can system state:
physically occur.

(1) Pressure > 1275 psia.
(2) Pressure < 1275 psia.

HPSI occurs For those sequences in which reactor Two branches are used to define this
coolant pressure € 1275 psia, the ques- component state:
tion as to whether or not HPSI actually
occurs must be addressed. (1) HPSI occurs on demand.

(2) HPSI fails to occur on demand.*

*Recovery of HPSI at a later time period is considered an operator action and is addressed in Section 3.4.

3.2.7. Chemical and Volume Control System
Four system functions were considered for the chemical and volume control system

(CVCS) state tres: letdown isolation, letdown flow control, charging flow heating, and
charging flow. Letdown isolation and letdown flow control can be coupled together as one
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function: letdown flow. A letdown isolation signal occurs whenever a SIAS is generated
and thus is expected to occur for any overcooling transient. When letdown isolation
occurs, letdown flow is stopped. Failure of both isolation valves to close or the failure of
the signal will cause failure of letdown isolation. In this case the flow control valves must
be examined to identify flow. A low pressurizer level, also expected for any overcooling
transient, will cause the flow control valves to run back the flow to 29 gpm. A failure of
these valves to run back will result in a normal flow rate of 40 gpm. Either of these flow
rates is considered to be small both in size and in consequence. Thus letdown flow is not
considered for system state description.

Heating of the charging flow is performed by the regenerative heat exchanger. The heat
source for this heat exchanger is letdown extraction water downstream of the letdown stop
valves. Thus when letdown isolation occurs, this heat source is automatically lost. The

heal exchanger then becomes a passive system and thus is not considered on the system
state tree.

The SIAS signal which isolates letdown also causes all three charging pumps to start and
their pump suction to be transferred to the dischurge of the boric acid pump. Anything
less than full flow will result in less cold water entering the primary coolant system and a
slower repressurization rate. Thus, failures of charging pumps to start are not considered.
However, stoppage of the charging flow later in the transient is very important, but this is
considered a manual operation and is not treated here. Therefore, charging pump flow is
also not considered for this system state tree.

As a result of the above discussions, no system state tree was generated for the chemical
and volume control system. In its place two assumptions were made which define the sys-
tem state for overcooling events: (1) letdown isolation will occur whenever a SIAS signal

is generated, and (2) all charging pumps will start and provide full flow whenever a
SIAS signal is generated.

3.2.8. Summary of System State Tree Development

All of the system state trees developed in the preceding sections are presented in
Appendix B. These trees serve as the framework for the development of specific event
trees for the initiators identified in the next section.

3.3, Initiating Events

In Section 3.2 system siate trees were identified to describe potential system responses to
overcooling event initiators. In this section those specific initiating events which are con-
sidered to have a potential for significant cooling of the reactor vessel are identified.

The first step used in identifying these events was to examine the system to determine the
functional means by which the temperature in the downcomer region could be reduced. It
was found that the temperature could be reduced by adding cold water to the primary sys-
tem or by removing energy from the primary system via the steam generators or a breech
in the primary system. Seven classes of initiator events which lead directly to one of the
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above three functions, independent of the specific design, were identified. In alphabetical
order, these seven classes are:

(1) charging enthalpy decrease,

(2) excess steam flow,

(3) feedwater enthalpy decrease,

(4) feedwater overfeed,

(5) inadvertent safety injection actuation,
(6) loss-of-coolant accident, and

(7) pressurizer control failures.

In the remainder of this section, these classes of events are examined and initiator events
specific to Calvert Cliffs Unit 1 are identified.

3.3 1. Charging Enthalpy Decrease

Several initiating events can reduce charging enthalpy either by stopping the heat source
for the heat exchanger or by increasing charging flow. The maximum enthalpy decrease
would be caused by a safety injection actuation signal (SIAS). Since this event is dis-
cussed separately (see Section 3.3.5), it will not be discussed here. Other initiating events
that can reduce charging enthalpy and were considered are: (1) loss of regenerative heat
exchanger, and (2) increase in charging flow,

With the normal charging flow of 40 gpm, a loss of the heat exchanger would result in a
275°F decrease in the charging flow temperature.* Assuming perfect loop flow mixing
(see Section 4.4) and using a simple mass energy balance, the loop flow temperature
would be reduced by ~1°F. This is clearly not an overcooling event and thus is not con-
sidered as an initiating event.

An increase in charging flow from nominal to maximum flow would increase the flow rate
from 40 gpm to 132 gpm. This water temperature would be at 395°F rather than at
the nominal cold loop flow temperature of 548°F. Again, assuming perfect loop flow mix-
ing and a simple mass-energy balance, the loop flow temperature drops by ~I1°F. As
before, this is not an overcooling event.

In general, changes in charging enthalpy as ar initiating event will not lead to an overcool-
ing transient.

*For this discussion, the energy stored in the heat exchanger, charging piping, etc. is ignored
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3.3.2. Excess Steam Flow

This class of events covers all initiators that result in an abnormally high steam flow. The
resulting blowdown of the steam generator(s) causes an excessive energy removal from the
primary system. This excess steam flow can be caused by the following events:

Large steam-line pipe break.
Small steam-line pipe break.
ADVs transfer open and fail to close.

* TBVs transfer open and fail to close.

¢ Main steam-line SSRVs transfer open and fail to close.

In addition, after a reactor trip has occurred, several pieces of equipment are required to
operate.  Failure of this equipment could also result in an excess steam flow. Thus,
another initiating event would be a reactor trip with one of the following:

¢ ADVs open as required, but one or two fail to close.
¢ TBVs open as required, but one, two, three or four fail to close.

Thus with the reactor trip considered an initiator, there are six potential excess steam flow
initiating events. Each of these events must now be defined.

3.3.2.1. Large steam-line pipe break

Potential large steam-line pipe break events are defined by examining two variables:
potential pipe break location and core decay heat level. With respect to location, the only
question of importance appears to be whether the break is upstream or downstream of the
MSIV.* A break downstream of the MSIVs will initially blow down both steam genera-
tors with the potential for MSIV closures, which would isolate the break from both steam
generators. A break upstream of the MSIVs will initially blow down both steam genera-
tors. However, if MSIV closure occurs, the break will not be isolated from one steam gen-
erator. Thus, this distinction in the location of the break is important. In a discussion of
pipe configuration with Calvert Cliffs staff, it was determined that most of the pipe
elbows, extraction lines, etc. were upstream of the MSIVs. Since these pipe elbows,
extraction lines, etc. are considered to be the most probable pipe break locations, it was
assumed that a pipe break would most probably occur upstream of the MSIV. Both Bal-
timore Gas and Electric and Combustion Engineering concurred with this assumption.
From a PTS consequences standpoint, this would clearly be considered conservative since
there will be continued cooldown even after the MSIVs close.

* One other location variable was considered This break location was upstream of the flow restrictor. At this
location, a full pipe break could result in a somewhat faster temperature drop than a full pipe break down-
stream of the flow restrictor would produce. However, the potential for a pipe break in this small section of
piping was considered to be very small and thus was not considered.
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Since a reactor trip is anticipated in all of the steam-line break events, the core decay heat
is the primary heat source during the two-hour analysis period.* This heat source can
impact the downcomer temperature in two ways:

(1) A core heat source can promote natural loop circulation. This will assure
adequate mixing of HPI and loop flows.

(2) Whenever loop flow exists, a heat source will add heat to the loop flow and
thus increase the downcomer temperature.

Thus, potential decay heat levels must be examined.

The ANS decay heat curve is shown in Figure 3.6." If it is assumed that the plant has
been at full power [3570 MW(th)] for at least one day, then ~7% of full power [250
MW(th)] remains as decay heat following a reactor trip. This decays to ~29 MW(th) at
the end of 7200 seconds. The decay heat curve for this category would apply to 98.2% of
the operational time of Calvert Cliffs Unit 1.¥ Thus steam-line pipe breaks must be
examined for this decay heat curve.

For the remaining 1.8% of its operational time, Calvert Cliffs Unit 1 was in a hot 0%
(HZP) power or startup condition. The decay heat associated with the hot 0% power con-
dition is, of course, dependent upon the length of time since the previous reactor trip.’ A
review of the plant’s history revealed that in most cases, ~90% of the time, plant s.artups
occurred within four days after a reactor trip had occurred. Thus, the decay heat was
examined for a hot 0% power condition at 100 hours following a reactor trip. Figure 3.6
shows that at 100 hours the decay heat would be ~10 MW(th) over a two-hour transient
period.** This then was considered to be a second decay heat condition for which the
effects of a large steam-line break should be considered.

Finally, there are scheduled outages and major incidents for which the time between shut-
down and startup would be 100 days or greater. The decay heat for this condition would
be less than | MW(th). Rather than perform an analysis for a third decay heat condi-
tion, the sensitivity of temperature to changes in decay heat will be e>amined for the hot
0% power decay heat condition at 100 hours after shutdown. The effects of potentially
lower decay heat events will then be reflected as part of the uncertainty.

*In Chapter 4, the analysis period is defined as two hours. The reason for stopping the analysis at two hours is
an assumption that given a 2-hour period there is sufficient time to reverse any overcooling trends.

"The curve shown in Figure 36 assumes an infinite operation time prior to shutdown.
This number is based on a review of operating history of Calvert Cliffs Unit | during 1979 and 1980,

fSince Calvert Cliffs Unit | is already in operation and since there are no full core refuels planned, the initial
startup with a full fresh fuel core is not considered.
**1t is assumed that the plant had been operating for at least a couple of weeks prior to the initial reactor trip.
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Figure 3.6. Thermal power after reactor shutdown.

Thus, two large steam-line break initiating events were examined:

(1) A large steam-line break upstream of the MSIV at full power.

(2) A large steam-line break upstream of the MSIV at a hot 0% power condition
which has decay heat associated with 100 hours following a reactor trip.

3.3.2.2. Small steam-line pipe break

As with the large steam-line pipe break, the two major factors that must be considered for
a small steam-line break are the break location and the decay heat level. Many of the
same arguments used for the discussion of the large pipe break also apply to the small pipe
break.

The most probable small pipe break locations are in the small steam extraction lines that
come off of the main steam lines. At Calvert Cliffs, almost all of the steam extraction
lines are in the 4- to 6-inch range. The extraction lines for the two atmospheric dump
valves are 4 inches, while those for the 16 SSRVs and the two extraction steam lines for
the auxiliary feed pump turbines are all 6-inch lines. In addition, almost all of these small
steam extraction lines are upstream of the MSIVs. Thus, as was the case with the large
pipe break, the small break will be treated as a break upstream of the MSIV.
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For the same reasons discusse | above for the large pipe break, the decay heat level associ-
ated with the small pipe break ‘s important. Again, two decay heat levels were considered
to be important for analysis purposes, and this produces two small steam-line pipe break
initiating events for analysis:

‘1) A small steam-line pipe break upstream of the MSIV at full power.

(2) A small steam-line break upstream of the MSIV at a hot 0% power condition,
with decay heat associated with the 100 hours following a reactor trip.

3.3.2.3. ADVs or TBVs transfer open and fail to close

Since the locations of the ADVs and TBVs are fixed, the only factor which must be con-
sidered for excess steam flow events due to ADV or TBV failures is the decay heat level.
The two decay heat levels previously defined were again used.

Following any reactor trip, both ADVs or TBVs will automatically open for a brief period
of time. Thermal hydraulically, failure of one or more of these valves to close will have
the same effect as a valve or valves which at full-power condition simply transfer open and
fail to close, since at full power the reactor is expected to trip soon after the initiation of
the event.* Thus, those events involving ADVs or TBVs which inadvertently transfer open
will be lumped together with ADV and TBV failures following a reactor trip. These
events are discussed in Section 3.3.2.5 below.

At hot 0% power, the turbine is not latched. Therefore, there is no quick open automatic
signal which requires the TBVs and ADVs to open. However, TBVs may periodically
open to control temperature and could potentially fail open. This event will be treated as a
small-break sequence.

1.3.2.4. Main steam-line SSRVs transfer open and fail to close

A SSRV which fails open cannot be isolated. Thus, main steam-line SSRV failures of this
type will behave as a steam-line pipe break. Furthermore, since the SSRVs are upstream
of the MSIVs, & SSRV failure would behave like a small pipe break upstream of the
MSIVs. This is a category of initiating events which has already been discussed in Section
3322 As a result, SSRV failures of this type will be lumped into the small pipe break
category.

3325 Reactor trip

Although the reactor trip is not an overcooling initiating event by itsclf, the event, as dis-
cussed several times in this chapter, does cause the ADVs and TBVs to change operating
condition.  Failures of the ADVs and TB'Vs to perform as required could involve excess

steam flow. Thus, a reactor trip must be considered as an excess steam flow initiating
event.

*Reactor trip may be either an automatic trip or a manual trip
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3.3.3. Feedwater Enthalpy Decrease

There are two ways in which the feedwater enthalpy can be decreased: (1) a loss of
feedwater heaters and (2) the mixing of cooler auxiliary feedwater with main feedwater
or the total replacement of main feedwater with auxiliary feedwater. A loss of feedwater
heaters does not appear to result in an overcooling event. There is sufficient energy stored
in the feedwater piping to keep the enthalpy change to a gradual decrease. This is exem-
plified by the fact that the feedwater heaters are automatically lost following every turbine
trip and the feedwater temperature change observed is small. Thus the loss of feedwater
heaters is not considered an important initiator event. However, the effects of the loss of
feedwater heaters which will accompany other overcooling initiator events will be
considered.

Since the auxiliary feedwater temperature is lower than the main feedwater temperature,
feedwate: ¢nthalpy will decrease whenever auxiliary feedwater flow occurs. As long as the
main fecdwater flow is maintained, or as long as the steam generator contains a significant
volume, the effects of an inadvertent flow of auxiliary feedwater will be minimal since the
auxiliary feedwater flow 1s small.

Auxiliary feedwater flow becomes an important contributor to overcooling when main
feedwater flow is lost and auxiliary feedwater flow is actuated on a low steam generator
level. Thus, loss of main feedwater flow must be considered as an initiating event.*

3.3.4. Feedwater Overfeed

There are two types of overfeed events of interest: (1) main feedwater overfeed and
(2) auxihary feedwater overfeed. A main feedwater overfeed would not be considered an
overcooling event as long as the reactor does not trip. Thus, we will consider only those
main feedwater overfeed events that follow a reactor trip. This type of event can be char-
acterized by an overfeed resulting from a failure of the feedwater system to run back fol-
lowing a reactor trip. Thus the imitiating event is a reactor trip, and the failure associated
with the initiati=g event is a failure of feedwater to run back on one or both lines.

The relatively cold temperature of the auxiliary feedwater makes an overfeed event of aux-
ihary feedwater interesting even though the maximum flow rate is small compared to the
main feedwater flow rate.  However, spurious auxiliary feedwater actuation is not
considered as an initiating event.  With a snurious actuation, main feedwater flow rate
would compensate for the small additional flow and the high temperature of the large vol-
ume of water in the steam generator would create a thermal inertia which would tend to
buffer changes in feedwater characienstics. Thus we will consider only those auxiliary
feedwater overfeeds following a required actuation of auxiliary feedwater.’ In these cases,
the steam generator level will be low and the overfeed will have a potential to cause an
abnormal cooldown rate.

*Loss of main feedwater due to the closure of MFIVs during excess steam flow events is considered as a char-
acteristic of excess steam flow events and thus is not considered to be an initiating event

" This is also the most probable occurrence of an auxiliary feedwater overfeed
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The auxiliary feedwater overfeed condition can be reached only if some initiating event
which leads to auxiliary feedwater actuation has occurred. In addition to initiating events
such as large and small steam-line breaks, which in themselves are overcooling events but
which also result in auxiliary feedwater actuation, the loss of main feedwater as an initiat-
ing event with subsequent auxiliary feedwater overfeed must be considered.

3.3.5. Inadvertent Safety Inje tion

With a maximum HPI discharge pressure of 1278 psia, an inadvertent safety injection
actuation will not result in HPI flow. The spurious signal will, however, cause a reactor
trip, activation of all three charging pumps, and the isolation of the letdown line. Any
abnormal cooldown would thus be caused by the relatively cold charging flow. A simple
energy balance shows that this would reduce the temperature by only one or two degrees
from the normal cooldown rate. Thus, this is not considered an overcooling initiator.

3.3.6. Loss-of-Coolant Accidents

The categories of potential LOCA events which would lead to overcooling are the most dif-
ficult to define owing to the potential for and the importance of loop flow stagnation. A
review of potential LOCA sizes was first considered in defining LOCA categories. Three
break size categories based on rate of depressurization were defined.

The first category was composed of those breaks for which HPI could fully compensate
and thus the pressure would stabilize at some level slightly below the HPI shutoff head.
In terms of size, this corresponds with breaks that are less than ~0.016 ft? or a flow rate
of ~331,206 Ib/hr out the break. It should be noted that single pressurizer PORVs,
safety relief valves, single steam generator tube ruptures, and reactor coolant pump seal
failures” are also included in this category.

The second category of LOCA sizes includes those for which HPI can not keep up with
the flow out the break but for which the pressure decrease is gradual owing to a partial
compensation from the HPI flow. These break sizes run from ~0.016 ft’ to ~0.05 ft’.*
The most probable break size in this category appears to be a break of one of the many
2-inch Iil;cs which come off of the primary piping.** This corresponds to a break size of
~0.02 ft*,

The third category of LOCA sizes includes all breaks larger than 0.05 ft’.  Without iso-
lation of the break, a rapid depressurization will severely limit the potential for a vessel

"The largest break flows observed for pump seal failures have been about 400 gal/min or =160,000 Ib/hr.
Thus the pump seal failures would be in the first LOCA category.

*The 0.05 ft? limit was chosen in the following manner. From a review of generic parametric studies of PTS,
it was felt that a flow out the break equivalent to twice the HPI flow would substantially reduce the PTS risk
omzrin. to the rapid pressure reduction. For conservatism, breaks as large as three times the HPI flow, =005
ft*, were ‘ncluded in this second category.

**1t appears that breaks in this small size range will occur most often as small line breaks in extraction or sup-
ply lines rather than as a small hole forming in a large pipe
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failure. Thus the only concern for breaks of this size is whether or not there is a break
larger than 0.05 ft?> which at some later time can be isolated. A review of the Calvert
Cliffs system revealed several 4- and 12-inch lines, but no potential break locations that
could be isolated” were identified. Thus no LOCAs in this size category were considered
as PTS initiators.

Initial calculations of a PORV-size LOCA and a 2-inch LOCA (break sizes of 0.0075 and
0.02 ft?, respectively) revealed that loop stagnation did not occur until very late in the
transient (~2-hour time frame). Thus, less probable LOCA conditions may become
important because of their potential stagnation conditions that could produce a significant
cooldown. Clearly, LOCA events including the most probable break sizes will exhibit loop
stagnation much sooner at decay heat levels less than that associated with a trip from full
power. It is also clear that breaks somewhat larger than 0.02 ft? but less than 0.05 ft®¥
can result in early loop flow stagnation. For initial screening purposes, stagnation was
assumed for these LOCA conditions.

In summary, three LOCA classifications have been identified as potential overcooling
events:

(1) Small break ~<0.016 ft’,
(2) Small break ~>0.016 ft’ and <0.02 fi?,

(3) Breaks assumed to involve loop su’mtion (low decay heat LOCAs and
medium breaks >0.02 ft’ and <0.0. ft?).

3.3.7. Pressurizer Control Failures

Other than control signal PORV and PSRV failures already identified, the spurious actua-
tion of the pressurizer sprays appears to be a control failure event of interest. This event
would decrease the pressure and eventually result in safety injection actuation and the sub-
sequent tripping of the reactor coolant pumps (RCPs). A loss of main pressurizer spray
flow would follow and the depressurization would be terminated.  Thus, even though safety
injection actuation would occur, actual HPI flow would not be anticipated. As a result,
this is not considered a potential PTS event initiator.

"Several of these lines can b However, the isolation valves are upstream of multiple check valves

"Breaks larger than 005 # w0 exhibit loop stagnation, but, as «ated earlier, these break sizes are not
considered in this analysis . the primary system pressure .= ase inted with these breaks is rapid.
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3138 Sammary
In this section nine potential initiating events for overcooling have been identified:

(1) A large steam-line break upstream of the MSIV at hot 0% power
(2) A small steam-line break upstream of the MSIV at hot 0% power,
(3) A large steam-line break upstream of the MSIV at full power.
(4) A small steam-line break upstream of the MSIV at full power.
(5) A reactor trip from full power,

(6) A small-break LOCA ~<0.016 ft*

(7) A small-break LOCA ~>0.016 ft’ and <0.02 ft’.

(8) LOCAs which lead to loop stagnation.

(9) Loss of main feedwater.

In the next section event trees are developed for each of the above initiating events. These
trees will then be used to identify potential system states that could lead to overcooling of
the vessel,

34, Initiator-Specific Event Trees

In this section event trees are developed for each of the initiating events identified in the
previous section. This involves the identification of applicable system functional conditions
and potential operator actions.

The system state trees are used to identify those system or component actions that are
required to function and whose failure will have a potentially adverse effect on overcooling
transients. It should be noted, as discussed in Section 3.2, that since these trees are
developed on a functional basis, the branching on the trees associated with system or com-
ponent actions may be more complex than the binary s. ccess and failure branches found
on most "standard” event trees.

Operator actions were identified from a review of procedures associated with each specific
initiator event. These operator actions were grouped into two categories *

(1) Actions involving recovery of a failed svstem function. (Example: A valve
fails to close and the operator manually closes it.)

(2) Actions required by procedures following identification of an initiating event.
(Example:  As the system repressurizes following a steam-line break, the
operator is required to reduce the pressuce to within the pressure-temperature
technical specification curve )

*1t should be noted, as stated in Chapter |, wnat operator actions which are not part of the normal procedures
hut which could either lead to or add to the overcooling effects are not addressed by this study. It is recog-
nized that by making this decision we have eliminated one category of potential overcooling events, 1e., those
which are operator initiated or operator enhanced.
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Category | actions were examined on the basis of the time available for recovery and the
effects of recovery. The results of this analysis were then used to adjust branch probabili-
ties. For example, if a pressurizer PORV failure was isolated before HPI actuation, the
event would be very similar to a reactor trip event and would be treated as such.

Category 2 actions were treated directly on the event tree. The actions were defined as
being performed during some time frame following the cues that the action should be
performed.

341 Steam-line Bresk at Hot 0% Power

Although the frequency of the small and large steam-line break events are substantially
different, the event tree structures are the same. The branch headings for this tree are
presented in Figure 3.7,

The first event tree heading (MSIVs close) is taken from the system state tree heading for
the main steam system Since the steam-line break is assumed to be upstream of the
MSIV, the only function of the MSIVs is to isolate the break from the other steam line.
Closure of one or both MSIVs will perform this function. It should be noted that neither
the secondary safety relief valves (SSRVs) nor the turbine bypass valves (TBVs) were con-
sidered for this initiating event. With the low steam-line pressures accompanying the
event, these valves would not be required to function.

The next heading comes from the main feedwater and condensate system state tree. This
concerns the stoppage of main feedwater flow.* For the steam-line break initiators consid-
ered in this study, the generation of a SGIS is anticipated. The SGIS will, among other
things, send a signal to the MFIVs demanding them to close. If the MFIVs close, main
feedwater flow to both steam generators is blocked. On the other hand, flow will be main-
tained if the MFIVs fail to close.

There are two event tree headings associated with defining auxiliary feedwater flow
conditions. The first identifies whether auxiliary feedwater flow is blocked to the steam
generator on the broken line. It should be noted that this automatic blockage will not
oceur if both steam generators continue to blow down.” The second auxiliary feedwater
branching defines the flow rate. Since auxiliary feedwater flow is assumed to occur for
this event, only two potential conditions are considered: (1) automatic control at a nomi-
nal set flow rate, and (2) abnormally high fow rate.

In addition to the branches defined by the system state trees, two key operator actions
(OA) were identified.  The first deals with controlling the repressurization. Following a
steam-line break event, the operator is cautioned that the pressure-temperature technical
specifications curve may be exceeded. When this occurs, the operator is directed to imme-
diately lower the pressure. From an evaluation of this action, it was determined that the

*1t skould be noted that for hot 0% power conditions, the feedwater runback operation does not apply.
"This could result from failure of both MSIVs to close
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most probable time for it to be performed would be after the HPI shutoff head has been
reached. At this point the operator can shut off the charging flow and monitor the repres-
surization caused by the thermal expansion of the primary system water.

The second operator action of importance is the controlling of auxiliary feedwater to main-
tain steam generator level. Once the broken steam line is isolated, the initial cooldown will
be limited to the blowdown of the steam generator inventory When steam generator
dryout occurs, the cooldown will then be dominated by the conditions in the intact steam
generator and steam line. If the operator takes manual control of auxiliary feedwater flow
to maintain level, the primary system temperature will begin to exhibit a warming trend.
If, on the other hand, flow is not controlled, auxiliary feedwater overfeed will occur which
could further reduce the primary system temperature.

The final branching for this event tree deals with the pressurizer PORV. If the repressuri-
zation is not controlled, the pressure is assumed to lead to a PORV lift. Thus, the poten-
tial for a PORV failure to close must be examined. This failure to close includes a
mechanical failure to close and the failure of the operator to block the PORV in a short
period of time.*

34.2. Steam-line Break at Full Power

The event tree developed for steam-line breaks at full power is shown in Figure 3.8
Comparing this set of event tree headings with those presented in Figure 3.7 shows that
two additional event tree branchings have been added for the full-power steam-line breaks.
The first addition comes from the main steam system state tree and addresses the potential
for an ADV failure. Since a steam-line break on one line already exists, the state of the
ADY on that line is of no concern. Thus, with the initiating break arbitrarily assumed to
be on line A, we are concerned only with the ADV on line B. The turbine bypass valves
are not considered because they are downstream of the MSIVs.

The second additional branching for the full-power case deals with the feedwater system
runback and is taken from the main feedwater system state tree. All four potential
branches as identified in Table 3.3 are considered as potential states.

343 Reactor Trip

The event tree for a reactor trip initiator has the same basic structure as that shown in
Figure 3.8 for a steam-line break at full power. However, since there is no initial steam-
line break with the reactor trip, both ADVs must be considered for closure, along with the
turbine bypass valves. In addition, many of the branchings used for the steam-line break

*The ne for early isolation was assumed 1o be 15 minutes. If the PORY s isolated within this time, the

thermal-hydraulic analysis implies that the risk associated with the initial steam-line break will not be
increased.  In fact, failure to isolate for & few minutes may acteally decrease the PTS risk associated with the
initial steam-line break since the initial effects of the PORV failure will be a substantial reduction of
pressure
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will be used only in conjunction with additional failures. For example, the MSIVs will not
be demanded to close following a reactor trip unless there is an additional failure, such as
a turbine bypass valve failing to reseat, which will eventually require closure of the
MSIVs. The event tree headings for the reactor trip initiator are shown in Figure 3.9

3.4.4. Small-break LOCAs at Full Power (<0016 1t or >0.016 ft* and <0.02 ft})

Since any overcooling event of significance will involve a reactor trip, it is assumed that a
LOCA event will be followed by a reactor trip. In this case, the reactor trip event tree
headings can be used for the LOCA event tree with one exception. This exception is that
instead of the PORV reseat branching, a branching should be made to identify whether or
not the LOCA is isolated. The resuiting event tree headings are shown in Figure 3.10

It shouid be noted that a HPI failure condition was considered for the LOCA event tree.
However, this condition can be considered an overcooling situation only in the event of
loop flow stagnatioy and subsequent recovery of HPI flow. Thus, rather than treat this
sequence as part of the event tree, it will se treated as a loop stagnation case.

345 LOCAs Leading to Loop Stagnation

The analysis of mixing in the downcomer region, which will be discussed in Chapter 4,
revealed that loop stagnation was most impoitant when all loops stagnate and HPI flow
continues.  Three classes of LOCAs that could result in total loop stagnation were
identified.

(1) Breaks >0.02 n’.

(2) LOCA events with delayed HPI flow and low decay-heat LOCAs for which
HPL can compensate for the flow out the break and the pressure stabilizes at
some pressure just below HPI shutoff head.

(3)  Low decay-heat LOCAs that are isolated late in the transient.

The key parameter used to define these classes is pressure. The first class would be char-
acterized as o stagnate condition with rapidly dropping pressure.  The second class
corresponds to a stagnate situation with pressure stabilized at some moderate pressure
(K00-1000 psia). The third class represents a stagnate condition with full repressurization.
Since both the probability of occurrence and the vessel failure probability corresponding to
cach class are different, it is necessary to treat each as a separate imtiator.

An evaluation to determine when, where, and how stagnation occurs in each of the three
clusses was considered to be a major problem. The scope of analysis necessary to resolve
this issue was not well defined since it was not even clear that the models used in the
thermal-hydraulic codes would be good predictors of flow stagnation.  Thus, our approach
to the analysis of these potential stagnation classes wis 1o assume as @ screening criteria
that stagnation does occur in each case.  This assumption clearly goes beyond the interests
of & best estimate analysis, but it was felt to be necessary to first identify the potential
cases for which stagnation is important.
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By assuming total loop flow stagnation, we were able to decouple the HPI, coli leg pipe,
and downcomer regions from the rest of the reactor systems. Estimates of the tempera-
tures could then be made by simple mixing analysis. Also, since this decoupling is
assumed, there is no need for an event tree to define potential sequences.®* Thus, the three
sequences identified above will be analyzed as representative of the potential stagnation
sequences.

3.4.6. Loss of Main Feedwater

The loss of main feedwater event is considered to be an ov:ircooling initiating event
because auxiliary feedwater flow will occur. The effects of auxiliary flow and potential
overfeed associated with ther events such as steam-line breaks, LOCAs, etc, are
addressed by the event trees defined in the previous sections. However, the loss of main
feedwater followed by auxiliary feedwater flow and potential auxiliary feedwater overfeed
has not been addressed. Since this was not anticipated to be a significant overcooling
event, we chose to define an extreme event and use it to represent all potential sequences
in this loss of main feedwater initiating event. The sequence was defined as follows:

(1) Loss of main feedwater occurs.
(2) Auxiliary feedwater flow is actuated but flow fails to occur for =20 minutes.”

(3) When auxiliary feedwater flow occurs, it is allowed to flow at the maximum
potential flow rate.

(4) Auxiliary feedwater flow is allowed to continue at this rate until 3 minutes
after the high steam generator level alarm is reached.

(5) At this time auxiliary feedwater flow is terminated.

3.5, Event-Tree Quantification and Collapse

In this section, probabilities are assigned to each of the branchings or sequences identified
in Section 3.4 These branch probabilities are then combined with the initiating-event
frequencies to determine the frequency probabilities for each sequence on each event tree.
Finally, resulting probabilities are screened to determine which event-tree sequences should
subsequently be considered for thermal-hydraulic analysis.

In determining the branch probabilities, the complete Licensee Event Report (LER) data
base for Calvert C'iffs Units | and 2 was reviewed for initiating events and system

*Clearly, other component states and operator actions affect this sequence. However, the major effects of
these other characteristics is to affect the actual stagnation potential. Thus as long as stagnation is assumed
to exist, the effects of these other characteristics should be minimal.

"I'his is a very unlikely event since there are several means by which auxiliary feedwater can be supplied.
However, for the purpose of a bounding calculation as prescribed in this instance, the 20 minutes should allow
the steam generators to approach a dryout condition. This will assure little if any mixing with warmer main
feedwater supplies.
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failures, as well as for a general overview of the performance of plant systems of interest.
Although the Calvert Cliffs data base did reflect some failures and unavailability of com-
ponents, it did not reflect a significant number of failures on demand for the systems of
interest. Therefore, in lieu of relying solely on Calvert Cliffs information, Combustion
Engineering-specific and PWR-specific operational information was employed for the tar-
get event when available and when the Calvert Cliffs operational =xperience did not pro-
vide an adequate data base for that event. Additional information was obtained from the

National Reliabuity Evaluation Program Generic Data Base (Ref. 37), the Nuclear
Power Plant Operating Experience Suramaries (Refs. 38 and 39), and, when practical,
from other sources. With the constraints imposed by programmatic nceds and the availa-
bility of operational data, on'y simplified approaches to frequency ard probability estima-
tion were permitted, but these estimates were considered to be acceptable for use as
screening estimates. The estimates developed, the rationale used, relevant information, and
information sources are presented in Appendix C.

A somewhat simplified approach was also used to quantify operator actions. The basis for
this approach was a hierarchical structure of perform.nce shaping factors that was
developed as part of the current program and has since been labeled the STAHR
approach.* The basic theory of this approach is discussed in Appendix D.

The structure used in the STAHR approach allowed the human erru. rate for a particular
target event to be calculated from a network of related assessments. Some were condi-
tional probabiiities, while others reflected the weight of evidence concerning influences
operating at a particular nuclear power station. Generally, influencing events were organ-
ized so as to reflect the potential effects of the operator’s physical and social environment,
as well as personal factors. Interactions among these facte:s were also modeled.

Assessments that formed the inputs to the influence diagram were generated in groups by
individuals who had had some operational experience or had been involved in human relia-
bility analyses on nuclear power plant transient analyses and thus viewed the tasks from
various perspectives. The group worked in an iterative and consultative fashion to create
an agreed upon model for the target event under consideration. A consultant to the group
acted as a neutral agent through which information could flow freely. He also managed
the group processes to keep the group task oriented, explained technical aspects pertaining
to the influence diagram, and helped the group to use appropriate assessment procedures.

Once the operator actions were quantified, dependence or coupling factoi: taken from
NUREG/CR-1278 were used to adjust the probabilities. These final probabilities were
then applied to the event tree branchings as necessary. The development of these probabil-
ities is discussed in Appendix L.

In the remainder of this section, each initiating event identified in Section 3.3, along with
the appropriate event tree developed in Section 3.4, has been quantified. A screening of

*We were forced into the use of this type of methodology due to a lack o/ resourcas, including the lack of task
analysis information. Although the approach appears to have been successful for this application, we cannot
condone the use of this methodology for a more generic usage at this time. Even though the basic structure
of the approach has merit, a more basic scientific analysis is necessary to perfect . usable methodology.
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sequences was performed based on risk significance. A frequency probability of 1077 /yr
was used to perform an initial screening.* Those sequences falling below the screening
level were lumped, on an initiator-specific basis, into a grouping designated as the residual
group. This group was then further examined to identify additional sequences that should
be specifically evaluated because they were very similar to sequer es above the 107’
screening level or because their frequency and potential consequence identified them as
being important. Sequences falling into either of these two categories were removed from
the residual group and treated appropriately.

3.5.1. Large Steam-line Break Upstream of the MSIV at Hot 0% Power

In Appendix C the frequency probability of a large steam-line break is given as 1.2 X
10 ?/yr. This frequency probability covers both full power and hot 0% power (HZP) con-
ditions. The time spent at HZP was considered as a weighting factor for determining the
frequency of occurrence at HZP. However, the transient conditions existing in the secon-
dary system during HZP and initial startup could increase the potential for a break. As
discussed below in Section 3.5.2, some evidence exists that 25% of the small breaks would
occur at HZP or at least under a low decay heat condition. Since no evidence is available
to support either a smaller or larger number for the large break, the same 25% factor was
assumed for the large break.” With this weighting factor, the initiator frequency for this
category was defined as (1.2 X 107%) X 0.25 = 3.0 X 107 4/yr.

This initiating frequency was used with the branch probabilities’ given in Table 3.6 and
the 1077 /yr screening level to produce the event tree shown as Figure 3.11. Seven
sequences survived the 10”7 screening level and 13 residual sequences were identified. Of
these, the sequence involving an AFW overfeed (sequence LSH0007) was not considered to
be sufficiently important to be treated as a separate sequence since with AFW isolated to
("= broken steam line, the overfeed occurs on the intact line only. Additionally, the
sequence identification shows that the operator controls AFW at or prior to the high-level
alarm (+22 inches). Thus sequence LSH0007 w=2s lumped with sequence LSHO00I.
Since the frequency probability for LSH0007 was small compared to that for LSH0001,
the frequency for LSHO0001 was not changed. For similar reasons residual sequences
Res 3, Res 4, and Res 8 were included with sequences LSH0002, LSHO0003, and
LSHO000S, respectively.

A review of the remaining residual sequences identified two which should be treated
separately from the residual group — Res 5 and Res 7. Res 5 sequence is charac-
terized by a failure to stop AFW flow to the broken steam line. This is very similar to the
sequence in which MFW flow is maintained to the broken line.** Thus Res 5 was
grouped with sequence LSHO0025 and '} frequency probability of the group became
3.4 X 1077/yr. Res 7 sequence also itvulves continued flow in the broken line but also
involves a failure to control repressurization. This pressure effect was considered impor-
tant enough to consider separately even though the frequency probability is very low.

*Al077 screening value was used in order to reduce the size of the residual group.
’See comment 44 in Appendix M.
*The branch probabilities are developed in Appendices C and E.
**At ~1.0% feedwater flow, the flow to the broken line is similar to that obtained when AFW is not isolatable.
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Table 3.6. Branch probabilities for large steam-line break
upstream of the MSIV at hot 0% power

Tree Heading Branch Branch Probability
MSIVs close (1) One or both close 1.0 — (8.7 X 107%) = 0.9991
(2) Both fail to close 87 x 1074
ME W flow (1) Flow stopped
maintained When an MSIV closes 1.0 = (1.0 X 107%) = 0.999
When MSIVs fail to close 1.0 — 0.03° = 097
(2) Flow maintained
When an MSIV closes 1.0 X 1077
When MSIVs fail to close 0.03°
AFW isolated to (1) Isolation occurs 10 = (20 X 1074 = 0.9998
low pressure SG (2) Isolation fails to occur 20x 1074
AFW flow (1) Nominal flow rate 1.0 = (1.3 X 107%)® = 0,987
automatically (2) Abnormally high flow rate 1.3 X 1072
controlled
OA: Control (1) Operator limits
0 repressurization repressurization 1.0 — 0.026 = 0.974
(2) Operator fails to limit
repressurization 0.026
OA: Control AFW (1) Operator controls AFW flow
to maintain level When operator limits
repressurization 0.987
When operator fails to limit
repressurization 0.50
(2) Operator fails to control flow
When operator limits
repressurization 0.013
When operator fails to limit
repressurization 0.50

PORYV reseat occurs

(1) Reseat occurs
(2) Reseat fails to occur

1.0 = 0.0018° = 0.9982
0.0018

“When both MSIVs fail to close, the potential for continued MFW flow is dominated by a
failure of the SGIS signal. Thus, the fl?qmcy branch both for MSIV failures and MFIV
failures has a probability of 3.0 X 107°. The frequency failure associated with failure of
both MSIVs is 8.7 X 10~ . Thus the subsequent failure of both MFIVs cannot be less than
0.035.

*When the AFW is isolated to the broken line, the two control valves on the intact line are
the only valves of concern. Thus the 1 of 2 controller failure frequency is used. When
AFW is not isolated, flow to the broken generator is the dominant characteristic. Thus the
1 of 2 controller failure frequency again applies.

“The 0.0018 is composed of a 2.9 X 10”2 valve failure and a 6 X 102 operator failure to
isolate in a relatively short period of time (~15 min). The ogenxot failure for this event as
identified i Appendix E is 1.0 X 102 rather than 6 X 10~ 2. However, as used here, fail-
ure to control repressurization has already occurred. Although there is little coupling associ-
ated with these actions, at leas' a low between the two operator action failures is
assumed. From NUREG/CR-1278, this increases the failure probability from 1.0 X 10™*
o6 X 10 °
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The frequency probability associated with the residual group that remained totaled
~3.6 X 10"%/yr. This group is dominated by sequences which involve the failure of
both MSIVs to close and which have a potential for repressurization.

Thus the large steam-line break at HZP reduces to eight sequences which were to be con-
sidered for thermal-hydraulic analyses. These sequences are shown in Table 3.7.

3.5.2. Small Steam-line Break Upstream of the MSIV at Hot 0% Power

Historically, small breaks have involved single and multiple open valves. The frequency
probability identified in Appendix C for this event independent of the reactor state is

Table 3.7. Sequences to be analyzed for large steam-line break at hot 0% power

Sequence MSIV Feed Flow to AFW Flow OA: Control OA: Control Frequency
No. Condition Broken Line  Condition Repressurization AFW (yr™")
1.1 (LSHO0001) All close Flow stopped Auto Performed during Throttled at 28 X 1074
on demand cn demand controlled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
1.2 (LSH0002) All close Flow stopped Auto Performed during Failure 37 X
on demand on demand controlied recovery phase
when pressure
rises to shutoff
head of HPI
system
1.3 (LSH0003) All close Flow stopped Auw Failure Throttled at 38 x 107%
on demand on demand controlled or pnior to
+22in. in
the SG
1.4 (LSHO005) All close Flow stopped Auto Failure Failure 38 x 10°%
on demand on demand controlled
1.5 (LSH0025) All close Flow Auto Performed during Throttled at 34X 1077
on demand maintained controlled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
1.6 (LSHO049)  Both fail Flow Auto Performed during  Throttled at 2.4 X 1077
to close maintained controlled recovery phase or prior to
when pressure +22in in
rises to shutoff the SG
head on HPI
system
1.7 Res 7 All close Flow Auto Failure Throttled at 7.7 X 10°°
on demand maintained controlled or priov to
+22in. in
the SG
1.8 Residual 40x 107"
group
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1.6 X 107 2/yr. At HZP and during initial power increase, there is a constant need to
match feed flow and steam flow. This transient condition was believed to increase the
potential for a small break. The effect of this transient condition is demonstrated by the
fact that =25% of the observed scrams occurred during startup. Also, although the data
base is small, one of the four observed small breaks occurred during a startup condition
(none occurred at either Calvert Cliffs Unit 1 or 2). Thus, based on this information, 25%
of the small-break frequencies were assumed to occur at HZP. This converts to an
initiating event frequency of (1.6 X 1072) X 0.25 = 4.0 X 1073 /yr.

The branch probabilities are identical to those used for the large break (see Table 3.6)
and thus are not repeated. The event tree developed from these probabilities and the
10~ 7/yr screening level, presented in Figure 3.12, shows that 11 sequences survived the
107 screening level and 15 residual sequences were identified.

As in the case of the large steam-line break failure of automatic control of the AFW was
not considered to be important when it is isolated from the broken steam line. Thus,
sequences SSH0007, SSHO0008, SSHO0009, and SSHO011 were lumped with sequences
SSHO0001, SSH0002, SSH0003, and SSH0005, respectively. Additionally, since failure to
stop main feedwater at HZP and failure to stop AFW isolation are events that are both
characterized by some continued flow to the broken steam line, sequences SSHOOI13,
Res S, Res 6, and Res 7 were combined with SSHO0025, Res 8, Res 9, and
Res 10, respectively

Two residual sequences were identified as important enough to be treated separately —
Res 13 and Res 15. Both sequences involve the failure of both MSIVs to close. Res 13
includes the failure to control pressure. Res 15 includes the failure to stop the main feed
flow. Res 15 sequence is dominated by a failure of the SGIS and not by a mechanical
failure of the valves to close, and therefore a high potential for recovery within a short
period of time exists. However, the failure for even a short period of time may be impor-
tant, and it was determined that Res 15 should be evaluated over a 300-second period.
The remaining residual group, which has a frequency probability of 5.0 X 1077 /yr, con-
sists primarily of sequences that involve continued flow to the broken generator with
repressurization.

As shown in Table 3.8, a total of nine sequences for the case of a small steam-line break
at HZP were identified for potential further analysis.

3.5.3. Large Steam-line Break Upstream of the MSIV at Full Power

Based on the arguiients used in the development of the frequency probability at HZP, the
frequency probability “or a large steam-line break upstream of the MSIV at full power is
(12 X 107%) X 0.75 = 9.0 X 107%/yr. This initiating event frequency was used
together with the branch probabilities given in Table 3.9 to produce the tree shown in
Figure 3.13.

Figure 3.13 shows that 15 sequences survived the 10”7 screening level for the large
steam-line break at full power and that 38 residual sequences were identified. As was the
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Table 3.8. Sepemthhunlyu‘famnmmnbot%ma

Sequence MSIV Feed Flow to AFW Flow OA: Control OA: Control Frequency
No. Condition Broken Line  Condition Repressurization AFW (yr ")
2.1* (SSHO0001) All close Flow stopped Auto Performed during Throttled at 3gx 107’}
on demand on demand controlled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
2.2 (SSH0002) All close Flow stopped Auto Performed during Failure 50 x 1073
on demand on Jemand controlled recovery phase
when pressure
rises to shutoff
heaa of HPI
system
23 (SSHO003) Al close Flow stopped  Auto Failure Throttled at 5.1 X 10°°
on demand on demand controlled or prior to
+22 0. in
the SG
2.4 (SSHO00S) All close Flow stopped  Auto Failure Failure 51 %108
on demand on demand controiled
2.5 (SSH0025) All close Flow Auto Performed during ~ Throttled at 4.6 X 10°°
on dema.d maintained controlied recovery phase or prior to
when pressure +22 in. in
rises to shutoff the SG
head of HPI
system
2.6 (SSH0049) Both fail Flow Auto Performed during  Throttled at 3.2 X 107°
to close maintained controlled recovery phase or prior o
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
27 Res 13 Both fail Flow Auto Failure Throttled at 87 X 107*
to close maintained controlled or prior to
+22in. in
the SC
28 Res 15 Both fail Flow Auto Performed during  Tarotledat 1.0 X 1077
to close maintained controlled recovery phase or prior to
for 300 s for 300 s when pressure +22in. in
after SGIS after SGIS rises to shutoff the SG
failure failure head of HPI
system
2.9 Residual 50x 1077
group

*This sequence was later identified as one of the top six PTS risk-contributing sequences.

case for the steam-line break at HZP, the AFW flow rate was not considered to be impor-

tant as long as the AFW was isolated to the broken line.

Thus sequences LSF0007,

LSF0008, LSF0009, and LSFO0Ol1 were included in sequences LSF0001, LSF0002,
Alsc, sequences LSF0025 and LSF0013 were
grouped together since they both involve continued flow to the broken line. Sequence
LSF0097 involves a failure to run back on the intact iine. With the MFIVs closing on a
SGIS signal in a very short period of time, this continued feed was not considered to bs

LSF0003, and LSF0005, respectively.
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Figure 3.13. Event tree for large steam-line break at full power.



important. Thus, LSF0097 was combined with sequence LSF0001. For the same reason,
residual sequences Res 17, Res 18, Res 19, Res 20, and Res 21 were treated with
sequences LSF002, LSF00S, LSF007, LSF013, and LSF025, respectively.

The risk associated with the remaining residual group, which has a frequency probability
of ~7.0 X 1077 /yr, is dominated by sequences involving the blowdown of both steam
generators.

All the sequences from this case to be specifically considered for further analysis are
presented in Table 3.10.

3.5.4. Small Steam-line Break Upstream of the MSIV at Full Power

Since in Section 3.5.2 the initiating frequency for small steam-line breaks upstream of
the MSIV was given as 1.6 X 107 %/yr and 25% of the breaks were assumed to occur at
HZP, the initiator event frequency at full power is (1.6 X 107%) X 075 = 1.2 X
10" 2/yr. The branch probabilities are the same as those used for the large breqk at full
power (see Table 3.9), and the resulting event tree developed for this initiating event is
presented in Figure 3.14.

Figure 3.14 shows that 40 sequences survived the 1077 screening level. Since such a
large number of sequences remained after the screening, it was determined that all
sequences having a probability >10 "% would be analyzed but that for the sequences with
lower probabilities (between <107® and >1077) only those considered to be significant
would be analyzed. Those not specifically analyzed were included in the residual group.

The 13 sequences identified for analysis are shown in Table 3.11. The same logic used to
combine previous sequences was also applied to obtain these twelve sequences. The resid-
ual group has a relatively high frequency (6.2 X 107%/yr) owing to the raising of the
screening probability from 10”7 to essentially 107 The risk significance of this residual
is dominated by sequences with a slow blowdown of both steam generators and continued
feed flow to the generators.

3.5.5. Reactor Trip

The frequency for a reactor trip, as developed in Appendix C, is 5.5/yr. The branch tree
probabilities used are given in Table 3.17.

The event tree produced with the 107 screening level was very large and is not repro-
duced here. Several hundred sequences remained after the screening process. Many of
these sequences were combined because they were either (hermal hydraulically equal (i.e.,
event occurring on Loop A is identical to same event occurring on Loop B) or very similar.
In addition, many transients with frequencies lesc .nan 1075 but gicater than 1077 were
not considered significant enough to evaluate separately. These sequences were assigned to
a residual group. Five residual groups were identified for this event tree. 1ie multiple
residual groups were used because of the wide variance in characteristics of the resi'nal
sequences. Table 3.13 shows the 43 sequences that were identified for analysis. The 43
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Table 3.10. Sequences to be analyzed for large steam-line break at full power

Sequence ADV MSIV MFwW Feed Flow 1o AFW flow OA: Control OA: Control Fw
No b Condition Runback Broken Line  Condition Repressunzation AFW (yr )
31 (LSFO001)  Clases on All close Runback Flow stopped Auto Performed duning Throttied at ssx10 ¢
demand on demand occurs on demand controlled recovery phase or pnior e

when pressure +22m o
nses 1o shutoff the SG
head of HP1
system
32 (LSFO002)  Closes on All close Runback Flow stopped Auto Performed duning Failure L xw
demand on demand occurs on demand controlled recovery phase
when pressure
nses to shutof!
head of HPI
system
33 (LSFO003)  Closes on Al close Runback  Flow stopped  Auto Failure Throttled at 1.1 X 10 °
demand on demand occurs on demand controlled or prior to
+22 . m
the SG
34 (LSFO00S!  Closeson Al close Runback  Flow stopped  Auto Failure Failure i xio?
demand on demand occurs on demand controlled
35S (LSF0025)  Closes on All close Runback Flow Auto Performed during Throttled at 10x 10
demand on demand occurs maintained controlled recovery phase or prior to
when pressure +22in. n
rises to shutoff the SG
head of HPI
system
36 (LSFO193)  Closeson  Both fail Runback  Flow Auto Performed guring ~ Throttled et 70 X 107
demand o close 0CCurs maintained controlled recovery phase or prior 1o
when pressure +22m in
nses 1o shutoff the SG
head of HPI
system
37 (LSFO289)  Fails to Al close Runback  Flow stopped  Auto Performed during ~ Throttled at 5.5 X 10 ®
close on demand occurs on demand controlled recovery or prior 1o
when pressure +22 . in
nises 1o shutoff the SG
head of HPI
system
18 (LSFOO49) Closeson Al close Fails to Flow stopped  Auto Performed during  Throwled st 37 X 10 °
demand on demand occur on on demand controlled recovery phase or prior 1o
broken when pressure +22 . in
line rises to shutoff the SG
head of HPI
system
319 (LSFO145) Closes on All close Fails 10 Flow stopped Auto Performed during Throttled at 3T X 10 ’
demand on demand occur on on demand controlled recovery phase or prior 1o
both when pressure +22m. in
hines nses to shutoff the SG
head of |
system
310 Residual 0% 10"

Eroup
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Figure 3.14. Event tree for small steam-line break at full power.
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Table 3.11. Sequences to be analyzed for small steam-line break at full power

Sequence ADV MSIV MW Feed Flow o AFW Flow OA: Control OA: Control qu_nr:y
No. B Condition Runback Broken Line Condition Repressunzation AFW (yr °)
41(SSFO001)  Closeson Al close Runback  Flow stopped  Auto Performed during  Throttled st 1.1 X 10 2
demand on demand occurs on demand controlled recovery phase or prior to

when pressure +22 i in
nises to shutoff the SG
head of HPI
system
4.2 (SSF0002) Closes on All close Runback Flow stopped Auto Performed during Failure 1sx10¢
demand on demand occurs on demand controlled recovery phase
when pressure
nses to shutoff
head of HPI
system
43(SSF0003)  Closeson Al close Runback  Flow stopped  Auto Failure Throttled at 1.5 X 10 *
demand on demand occurs on demand controlled or pnor o
+22in. in
the SG
44 (SSFO00S)  Closeson Al close Runback  Flow stopped  Auto Failure Failure 15 x 1074
demand on demand occurs on demand controlled
45(SSF0025)  Closeson Al close Runback  Flow Auto Performed during ~ Throwled st 1.3 X 107°
demand on demand occurs maintained controlled recovery phase or prior to
when pressure +22 0. in
nses to shutoff the SG
head of HPI
system
4.6 (S5F0193) Closes on Both fail Runback Flow Auto Performed during Throttled at 95 x 167¢
demand o close occurs maintained controlled recovery phase or prior Lo
when pressure +22 .
nises to shutoff the SG
head of HPI
system
4.7 (SSF0049) Closes on All close Fails o Flow stopped Auto Performed during Throttled at s0x 103
demand on demand occur on on demand controlled recovery phase or prior 1o
broken when pressure +22n. in
line nises to shutoffl the SG
head of HPI
system
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Table 3.11 (Continued)

Sequence ADV MSIV MFwW Feed Flow to  AFW Flow OA: Coantrol OA: Control le_,cy
No. B Condition Runback Broken Line Condition Repressurization AFW (yr ")
4% (SSF0OOS0)  Closeson Al close Fails to Flow stopped  Auto Performed during  Failure 65X 10 |
demand on demand occur on on demand controlled recovery phase
broken when pressure
hne rises to shutoff
head of HPI
system
4.9 (SSF0OS1) Closes on All close Fails to Flow stopped Auto Failure Throttled at 67 %1077
demand on demand occur on on demand controlled or prior to
broken +22in in
line the SG
410 (SSF0145)  Closes on All close Fails 1o Flow stopped Auto Performed during Throttied at 50 x 10 %
demand on demand occur on on demand controlled recovery phase or prior to
both when pressure +22 i in
hnes rises to shutoff the SC
head of HPI
system
4.11 (SSF0289) Fails to All close Runback stopped Auto Performed during Throttled at 72x10°°
close on demand occurs on demand controlled recovery phase or prior o
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
412(SSF0291)  Fails to All close Runback  Flow stopped  Auto Failure Throttled at 9.7 X 10
close on demand occurs on demand controlled or prior o
+22in. in
the SG
413 Residual 62x10°°

group




Table 3.12. Branch probabilities for a reactor trip

Tree Heading Branch Branch Probability
Turbine trip (1) Turbine trips 1.0 = (20 X 107%) = 09998
(2) Turbine fails to trip 20x 1074
TBVs (1) All reseat 0.998
(2) One fails to reseat 20x 107?
(3) Two fail to reseat 1.5 x 107
(4) Three fail to reseat 3o0x10°°?
(5) All fail to reseat 80 X 10°°
ADVs (1) Both reseat 0.9872
(2) ADV A fails to reseat 64 % 107}
(3) ADV B fails to reseat 64 x 107}
(4) Both ADVs fail to reseat 6.4 % 1074
MFW runs back (1) Both lines run back 1.0 — (8.8 X w";-o.sm
(2) Line B fails to run back 44 X 107
(3) Line A fails to run back 44 x107°
(4) Both lines fail to run back 44x107
MSIVs close (1) Both MSIVs close 0.996
(2) MSIV A fails to close 17 x10?
(3) MSIV B fails to close 1.7 %1073
(4) Both MSIVs fail to close 87107
MFW flow (1) Flow stopped
maintained When both MSIVs close 1.0 = (1.0 X 1077 = 0999
When one MSIV fails to close 1.0 = 0.01 = 0.99
When both MSIVs fail to close 1.0 = 0.03° = 097
(2) Feedwater flow maintained
When both MSIVs closed 1ox10?
When one MSIV fails to close 1.0 X 1072
When both MSIVs fail to close 30 X 1072
AFW isolated to (1) Isolation occurs 1.0 = (2.0 X 107%) = 0.9998
low pressure SG (2) Isolation fails to occur 201074
AFW flow (1) Nominal fow rate 10 = (1.3 X 107%)? = 0987
automatically (2) Abnormally high flow rate 1.3 x 1072
controlled
OA: Control (1) Operator limits
repressurization repressurization 1.0 — 0,026 = 0974
(2) Operator fails to limit
repressurization 0.026
OA: Control AFW (1) Operator controls AFW flow
to maintain level When operator limits
repressurization 0.987
When operator fails to limit
repressurization 0.50
(2) Operator fails to control flow
When operator limits
repres’ urization 0.013
When operator fails to limit
repressurization 0.50
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Table 3.12 (Continued)

Tree Heading Branch Branch Probability
PORY reseat occurs (1) Reseat occurs 1.0 — 0.0018° = 0.9982
(2) Reseat fails to occur 18 %107}

“When both MSIVs fail to close, the potential for continued feedwater flow is dominated by a
failure of the SGIS signal. Thus, the frequency branch both for MSIV faiures and MFIV
failures has a probabalny of 30 X 10" °. The frequency failure associated with failure of both
MSIVs is 8.7 X 107" Thus the subsequent failure of both MFIVs cannot be less than 0.035.

®When the AFW is isolated to the broken line, the two control valves on the intact line are the
only valves of concern. Thus the 1 of 2 controller failure frequency is used. When AFW is no'
isolated, flow to the broken generator is the dominant characteristic. Thus the 1 of 2 controller
failure frequency again applies.

“The 0.0018 is composed of a 2.9 X 10 ? valve failure ud a 6 X 10”2 operator failure to iso-
late in a relatively short period of ume (~15 min). ofantor failure for this event as
identified in Appendix E is 1.0 X 10~ ? rather than 6 X 10 However, as used here, failure
to control repressurization has already occurred. Although thcre is little coupling associated
with these actions, at least a low dependence between the two operator action failures 3
assumed. F{om NUREG/CR-1278, this increases the failure probability from the 1.0 X 10
to6 X 10

sequences include the five residual groups (sequences 39-43) which were developed from an
examination of the several thousand residual sequences formed by the event tree. All of
the residual sequences fell into one of the five residual groups shown in Table 3.13. The
frequency of occurrence for each residual group was obtained by summing the frequencies
associated with each residual sequence within the group.

1.5.6. Small-break LOCA (<0.016 ft?)

This category of events includes pressurizer PORV and PSRV single failures, along with
tube ruptures and pump seal failures. From Appendix C, the probabilities associated
with each of these initiating events are:

PORYV fails open 1.1 X 107 %/yr,
PSRV fails open 1.7 X 107 ¥/yr,
Tube ruptures 6.6 X 10" /yr,

Large pump seal fails 6.6 X 107 /yr.

The most probable failure is the PORV failure to close, but there is a very high probability
of isolating the PORV early in the transient. This introduces an entire set of sequences
where the PORYV is isolated early (within 15 minutes). These sequences were examined
very closely, and it was concluded that (1) the sequence reaches a minimum temperature
at about the time the PORV is isolated or (2) the sequence takes on the characteristics
of an additional failure which has occurred and the cooldown continues. In each case the
sequence either is very similar to the PORYV isolation at 15 minutes or it is identical to a
sequence with a reactor trip initiator rather than a PORYV initiator, either of which had a
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Table 3.13. Sequences to be analyzed for reactor trip

Sequence Turbine MFW MSIV Feed Flow to AFW Flow OA: Control OA: Control Fw
No. T-p TBVs ADVs Runback Condition Broken Line Condition Repressurization AFW yr )
5.1 Trips on Close on Close on Runback Close on Flow stopped Auto Performed during Throttled at 54
demand demand demand occurs demand on demand controlled recovery phase or prior to
when pressure +22in. in
rises 10 shutoff the SG
head of HPI
system
5.2 Trips on Close o Close on Fails to Close on Flow stopped Auto Performed during Throttled at 46 x 102
demand demand demand occur on demand on demand controlled recovery phase or prior 1o
one line when pressure +22in. in
rises to shutoff the SG
head of HPI
system
53 Tripson  Close on Closcon  Fails to Close on  Flow stopped  Auto Failure Throttled at 1.2 X 107}
demand demand demand occur on demand on demand controlled or prior to
one line +22in. in
the SG
54 Trips on Close on Close on Fails to Close on Flow stopped Auto Performed during Throttled at 23x107?
demand demand demand occur on demand on demand controlled recovery phase or prior 1o
both lines when pressure +22 in. in
rises to shutoff the SG
head of HPI
system
55 Trippon  Close on Close on  Fails to Closc on  Flow stopped  Auto Failure Throttled at 6.2 X 10 °
demand demand demand occur on demand on demand controlled or prior to
both lines +22 in. in
the SG
56 Trips on One fails Close on Runback Close on Flow stopped Auto Performed during Throttled at 10 x 1072
demand 1o close demand occurs demand on demand controlled recovery phase or prior to
when pressure +22in. in
nises to shutoff the SG
head of HPI
system
5.7 Tripson  Two fail Closcon  Rusback  Closeon  Flow stopped  Auto Performed during ~ Throttled at 7.6 X 104
demand to close demand occurs demand on demand controlled recovery phasc or prior to
when pressure 4+22in. in
rises to shutoff the SG
head of HPI

system



Table 3.13 (Continued)

MFW MSIV Feed Flow to AFW Fiow OA: Control OA: Control Fm
TBVs ADVs Runback Condition Broken Line Condition Repressurization AFW yr °)
Three fail Close on Runback Close on Flow stopped Auto Performed during Throttled at 15 x 10 %
to close demand occurs demand on demand controlled recovery phase or prior o
when pressure +22in. in
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Sequence Turbine MFW MSIV Feed Flow to AFW Flow OA: Control OA: Control Fw
No Trip TBVs ADVs Runback  Condition Broken Line Condition Repressurization AFW (yr ")
5.16 Trips on Three fail Close on Runback Close on Flow stopped Auto Performed during Failure 25 x 107¢

demand to close demand occurs demand on demand controlled recovery phase
when pressure
nises to shutoff
head of HPI
system
517 Tripson Al fail Closcon  Runback Closeon  Flowstopped  Auto Performed during  Failure 68 X 1077
demand to close demand occurs demand on demand controlled recovery phase
when pressure
rises to shutoff
head of HPI
system
518 Tripson  One fails Closcon  Runback Closcon  Flow stopped  Auto Failure Failure 15x 104
demand to close demand occurs demand on demand controlled
519 Tripson  Two fail Closcon  Runback Closcon  Flowstopped  Auto Failure Failure 10x107?
demand to close demand occurs demand on demand controlled
5.20 Tripson  Three fail  Closcon  Runback Closcon  Flow stopped  Auto Failure Failure 25 x107°
demand to close demand occurs demand on demand controlled
5.21 Trips on One fails Close on Runback One fails Flow stopped Auto Performed during Throttled at 37 x107°
demand to close demand occurs to close on demand controlled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
$.22 Trips on Two fail Close on Runback One fails Flow stopped Auto Performed during Throttled at 26 x 108
demand to close demand occurs 1o close on demand controlled recovery phase or prior to
when pressure +22in. in
nises to shutoff the SG
head of HP1
system
5.23 Trips on Three fail Close on Runback One fails Flow stopped Auto Performed during Throttled at sox 107’
demand to close demand occurs to close on demand controlied recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
Lead of HPI
system
524 Trips on All fail Close on Runback One fails Flow stopped Auto Performed during Throttled at 18 %1077
demand to close demand occurs to close on demand controlled recovery phase or prior 10
when pressure +22in. in
rises to shutoff the SG
head of HPI
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Table 3.13 (Continued)

i

Sequence Turbine MFwW MSIV Feed Flow to  AFW Flow OA: Control OA: Control qu
No Trip TBVs ADVs Runback  Condition  Broken Line Condition Repressurization AFW (yr ")
528 Tripson  One fails Closc on  Runback  Both fail  Flow Auwo Performed during  Throttied at 90 X 10 °
demand to close demand occurs to close ma:ntained controlled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
526 Trips on Two fal Close on Runback Both fail Flow Auto Performed dunng Throttled at 66 x 1077
demand to close demand occurs to close maintaine | controlled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
5.27 Trips on Three fail Close on Runback Both fail Flow Auto Performed during Throttled a: 13x 1077
demand to close demand occurs to close maintained controlied recovery phase or prior to
when pressure +22in in
nises 1o shutoff the SG
head of HPI
system
528 Trips on One fails Close on Fails to Close on Flow stopped Auto Performed during Throttled at 44x 1074
demand to close demand occur on demand on demand controlled recovery phase or prior to
onc hine when pressure +22in in
rises to shutoff the SG
head of HPI
system
529 Trips on Two fail Close on Fails to Close on Flow stopped Auto Performed during Throttled at 80 x 10°°
demand to close demand occur on demand on demand controlled recovery phase or prior to
one line when pressure +22in. in
nses to shutoff the SG
head of HPI1
system
5.30 Trips Three fail Close on Fails to Close on Flow stopped Auto Performed during Throttled at 20x 1078
demand to close demand occur on demand on demand controlled recovery phase or prior to
one line when pressure +22in. in
rises to shutoff the SG
head of HPI
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Table 3.13 (Continued)

it
|

Sequence Turbine MFW MSIV Feed Flow to  AFW Flow OA: Control OA: Control Fw
No Trip TBVs ADVs Runback  Condition  Broken Line Condition Repressurization AFW (yr ")
531 Tripson  Closcon  One fails Runback Closcon  Flow stopped  Auto Performed during ~ Throttled at 6.8 X 10 °
demand demand to close occurs demand on demand conatrolled recovery phase or prior to
when pressure +22in. in
rises to shutoff the SG
head of HPI
system
5.32 Trpson  Closcon  One fails Rusback Closcon  Flow stopped  Auto Performed during  Failure 90 x 107*
demand demand to close occurs demand on demand controlied recovery phase
when pressure
rises to shutoff
head of HPI
system
5.33 Tripson  Closeon  One fails Runback Closcon  Flow stopped  Auto Failure Throttled st~ 9.0 X 10 ¢
demand demand to close occurs demand on demand controlied or prior to
+22in. in
the SG
5.34 Trippon  Closcon  One fails Runback  Close on  Flow stopped  Auto Failure Failure 90 x 1074
demand demand to close occurs demand on demand controlled
535 Tripson  Closcon  One fails Runback  Both fail  Flow Auto Performed during ~ Throttled at 60 X 10 °
demand demand to close occurs to close maintained coatrolled recovery phase or prior to
when pressure +22in. i
rises to shutoff the SG
head of HPI
system
5.36 Trippon  Closcon  Both fail Runback  Closeon  Flow Auto Performed during  Throttled at 3.4 X 10 °
demand demr 1nd to close occurs demand maintained controlled recovery phase or prior to
when pressure +22in. in
nses to shutoff the SG
head of HPI
system
537 Fails to Closcon  Both close Runback  One fails  Flow Auto Performed during  Throtted at 20 X 10 °
occur demand on demand occurs to close maintained controlled recovery phase or prior to
when pressure +22%in
the SG
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Table 3.13 (Continued)

Sequence  Turbine MFwW MSIV Feed Flow to  AFW Flow OA: Control OA: Control Fn._,q
No. Trip TBVs ADVs Runback Condition  Broken Line  Condition Repressurization AFW (yor )
5.38 Fais o Close on Both close Runback Both fail Flow Auto Performed during Throttled at 10x 10°°

oocur demand on demand occurs to close maintained controlled recovery phase or prior to

when pressure +22%in

rises to shutoff the SG

head of HPI

system
539 Residual (small-break LOCA) 20x 10°°
540 Residual (coupled small-break LOCA and small steam-line break) 33X 1078
5.41 Residual (small steam-linc break with full representation ) 46 x10°
542 Residual (small steam-linc break with continued flow to the break) 90 x 10}

543

Residual (small steam-line break with continued flow to the break and representation )

s8x 103




substantially higher frequency of occurrence. Thus, only one additional sequence is identi-
fied: the PORV fails to close and is isolated at 15 minutes with no additional failures
occurring. This sequence is identified in Table 3.13 but was not treated as part of the
event tree. The estimate for this early isolation is 0.99 (see Appendix C). The probabil-
ity of a sustained PORV failure to close becomes 1.0 X 10~ */yr when the operator fail-
ure is included. Combining this probability with ihe probabilities associated with the
remaining three initiators gives a frequency of 1.5 X 10 2/yr for a sustained small-break
LOCA.

The branch probabilities for this category are the same as those used for the reactor trip
with two exceptions: (1) the probability of isolating the break late in the transient,* and
(2) the probability of the operator controlling repressurization. A review of the initiating
events revealed two events which were potentislly isolatable. The first is the PORYV failure
to close, and the second is the PSRV failure to close. Those PORV failures to close which
were not isolated early are assumed to be isclated by the operator late in the transient.”
This represents ~1% of the break: in this categury. Althougti there is no isolation valve
for the PSRV, the potential exists for the PSRV to close as the pressure in the primary
system continues to drop.

Observations of PSRV failures to close support the potential for closure. In fact, a major-
ity of these failures are expecizd to be self-recovering. However, most of these recoveries
are expected to occur early in the transient. These early recoveries were not considered
because the recovery frequency is based on poor statistics and an early recovery terminates
the transient. However, the potential consequence of a late recovery was felt to be impor-
tant. With very little datsx to support any particular frequency, a value of 0.1 was
assumed. The PSR failure represents ~10% of the frequency associated with this cate-
gory. Therefore ~1% of the breaks in this category were assumed to isolate late in the
transient due to late closure of the PSRV. This produces a total fiequency of 0.02 for late
isolation of the small-break L.OCA.

The value for failure to control repressurization was taken from Appendix E to be 0.032
rather than the 0.026 value used for the reactor tri» tree. The event tree generated for
this category (Figure 3.15) shows thut 31 sequences survived the 10”7 screening level.
These sequences were reduced to {7 asing the following assumptions:

(1) Single failures on steam-line A are the same as single failures on steam
line B.

(2) When the LOCA is coupled with a secondary steam-line break and the AFW
is isolated to the broken steam line, the AFW flow rate is not important.?

*By late in the transient is meant after the break has significantly lowered (he temperature of the primary
system.

*A 1-1/2 hr time frame was used to represent late isolation.
f Assumes that operator controls AFW on high-level alarm.
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These 17 sequences are presented in Table 3.14, along with the isolation sequence (6.18)
described earlier. The residual group associated with this category is 1.0 X 107° and is
dominaied by sequences involving a small-break LOCA coupled with a small steam-line
break, with the LOCA being isolated late in the transient. It should be noted that in Sec-
tion 2.9.5 an instrument air header failure was identified as possibly leading to a coupled
main feedwater overfeed of both steam generators and an eventual small LOCA. In
Appendix C, the probability associated with this failure is given as 1.0 X 1074/yr.
However, in order to achieve the coupled LOCA, there must be a subsequent failure of the
operator to trip the reactor coolant pumps. Since there appears to be substantial time
available to trip the pumps before seal failure might occur, a 5.0 X 1077 failure was
assumed. This makes the coupled probability 5.0 X 107® This increases the probability
of branch SLF0010 (see Figure 3.15) from 6.4 X 107%to 1.1 X 107 3/yr as shown in
Table 3.14.

3.5.7. Small-break LOCA (>0.016 ft* and <0.02 ft?)

No breaks of this type have been observed and thus a frequency of 1.0 X 107 3/yr was
used based on data from Ref. 40. The branch probabilities assumed were the same as
those identified for the <0.016 ft> LOCA with the exception of the probability associated
with the late isolation of the break. No breaks of this size were identified which could be
isolated. Therefore, the probability associated with the isolation was taken to be zero.
With this assumption and a 10”7 screening criterion, 10 sequences were identified as
shown in Figure 3.16, along with a residual group.

Since an overfeed on line A is essentially the same as an overfeed on line B when cou-
pled with a small-break LOCA, sequences MLF0004 and MLF0007 in Figure 3.16 were
combined. Also, sequence MLF0019 was combined with sequence MLF0013 since in
MLFO0019 the AFW flow is isolated from the broken line and the AFW to the intact line
is controlled by the operator.

The residual frequency was determined to be 2.0 X 10 7/yr. This residual is almost
totally composed of sequences that consist of a small-break LOCA coupled with a small
stzam-line break with an overfeed to the intact steam line. The sequences identified for
analysis are presented in Table 3.15.

3.58. LOCAs Leading to Loop Stagnation

Three classes of loop stagnation were identified in Section 3.4.5: (1) breaks >0.02 ft?
(2) LOCA events with delayed HPI flow and low decay-heat LOCAs for which HPI can
compensate for the flow out the break and the pressure stabilizes at some pressure just
below HPI shutoff head; and (3) low decay-heat LOCAs that are isolated late in the
transient.

With no occurrences having been documented for breaks >0.02 ft?, a frequency of 1.0 X
10" */yr was assumed for the first class of LOCAs leading to loop stagnation.
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3.15. Event tree for sm»'l-break LOCA (<0.016 ft?) at full power.
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Tabie 3.14. Sequences to be analyzed for small-break LOCA (<0.016 ft?)

Sequence MEW MSIV Feed Flow to AFW Flow Primary Break OA: Control OA: Control anm
No TBVs ADVs Runback Condition Broken Line Condition Isolated Late Repressunzation AFW r )
6.1 (SLF0002) Close on Close on Runback Close on NA* NA Isolated at Performed during Throttled at 2810 ¢
demand demand occurs demand at 1.5 hrs recovery phase or prior W0
when pressure +22in in
nses to shutoff the SG
head of HPI
sysiem
6.2 (SLF0003) Close on Close on Runback Close on NA NA Isolated at Failure Throttled at ox 10’
demand demand occurs demand at 1S hrs or prior to
+22in in
the SG
6.3 (SLFO0001) Close on Close on Runback Close on NA NA Break not NA Throttled at 14x10?
demand demand occurs demand solatable or prior o
+22m. in
the SG
64 (SLFOGM4)  Closeon  Closcon  Failsto  Clscon  NA NA Break not NA Throted st 1.3 X 10
(SLFO007) demand demand occur on demand 1solatable or prior to
one hine +22 . in
the SG
6.5 (SLF000S) Close on Close on Fails to Close on NA NA Isolated at Performed during Throttled at 26 x10°¢
(SLFO008)  demand demand occur on demand at 15 hrs recovery phase or prior to
one line when pressure +22 in in
rses to shutoff the SG
head of HP1
sysiem
66 (SLFOO10)  Closcon  Closeon  Failsto  Clseon  NA NA Break not NA Throttled at 1.1 X 107
demand demand occur on demand solatable or prior to
both lines +22in in
the SG
6.7 (SLF0013) Close on One fails Runback Close on Flow stopped Auto Break not NA Throttled at 18 x 104
demand 1o close occurs demand on demand controlled isolatable or prior 1o
+22 . in
the SG
6.8 (SLF0O15) Close on One fails Runback Close on Flow stopped Auto Isolated at Performed during Throttled at 36 x 1078
demand to close occurs demand on demand controlled 1.5 hrs recovery phase or prior o
when pressure 422 in
rises to shutoff the SG
head of HPI
system L
6.9 (SLF0397) Close on One fails Fauls 10 Close on Flow stopped Auto Break not NA Throttied at 80X 1077
demand to close occur on demand on demand controlled solatable or prior to
broken +22 . in
line the SG
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Table 3.14 (Continued)

Sequence MFW MSIV Feed Flow to  AFW Flow  Primary Break OA: Control OA: Control anu’cy
No. TBVs ADVs Runback Condition Broken Line Condition Isolated Late Repressurization AFW (yr )
6.10 (SLFO781)  Close on Both fail  Runback  Closcon  Flow stopped  Auto Break not NA Throttled at 9.0 X 10 °
demand 10 close occurs demand on demand controlied isolatable or prior to
+22in. in
the SG
6.11 (SLF1549)  One fails Close on Runback  Closcon  Flowstopped  Auto Break not NA Throttled at 3.0 X 107°
to close demand occurs demand on demand controlled isclatabie or prior to
+22in. in
the SG
6.12 (SLF1552) One fails Close on Fails to Close on Flow stopped Auto Break not NA Throttled at 24 %1077
(SLF1555) to close demand occur on demand on demand controlled isolatable or prior to
one line +22in. in
the SG
6.13 (SLF1561)  One fails One fails  Runback  Closcon  Flowstopped  Auto Break not NA Throttled at 3.7 X 107
to close 10 close occurs demand on demand controlled isolatable or prior to
+22in. in
the SG
6.14 (SLF3097) Two fail Close on Runback Close on Flow stopped Auto Break not NA Throttled at 22x 107
1o close demand occurs demand on demand controlled isolatable or prior to
+22in. in
the SG
6.15 (SLF4645) Three fail Close on Runback Close on Flow stopped Auto Break not NA Throttled at 44x1077
to close demand occurs demand on demand controlled solatable or prior to
+22in. in
the SG
6.16 (SLF6I93)  Four fail Closcon  Runback  Closcon  Flow stopped  Auto Break not NA Throttled at 1.2 % 1077
to close demand occurs demand on demand controlled isolatable or prior to
+22in. in
the SG
6.17 (SLF1550)  One fails Close on Runback  Closcon  Flow stopped  Auto Isolated at NA Throttled at 6.0 X 10’
to close demand occurs demand on demand controlled 1.5 hr or prior to
+22in. in
the SG
6.18 Closes oe Close on Runback  Closcon  Flow stopped  Auto Isolated at Failure Throttled at 1.0 X 104
demand demand occurs demand on demand controlled 15 mins or prior to
+22 in. in
the SG
619 Residual 10x107°
group

*Not applicable.
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Table 3.15. Sequences to be analyzed for small-break LOCA (>0.016 ft’ and <0.02 ft%

Sequence MFW MSIV Feed Flow to AFW Flow OA: Control Fm._lrcy
No. TBVs ADVs Runback Condition Broken Line Condition AFW (yr °)
71(MLFOOOI) Closcon  Closcon  Runback  Closeon  NA® NA NA 10 X 1077
demand demand occurs demand
7.2 (MLF0004 ) Close on Close on Fauls to Close on NA NA NA 90 X IO_‘
(MLF0007) demand demand occur on demand
one line
73(MLF0010) Closcon  Closcon  Failsto Closeon  NA NA NA 43x 1077
demand demand occur on demand
both lines
7.4 (MLF0O013)  Close on One fails  Runback Close on  Flow stopped  Auto Throttled at 1.2 X 10°°
demand to close occurs demand on demand controlled or prior to
+22in. in
the SG
7.5 (MLFOO14) Close on One fails Runback Close on Flow stopped Auto Failure 13x 1077
demand to close occurs demand on demand controlled
76 (MLFO781)  Closeon  Bothfail  Runback  Closcon  Flow stopped  Auto Throttled at 6.0 X 10’
demand to close occurs demand on demand controlled or prior to
+22in. in
the SG
7.7 (MLFI549)  Onefails  Close on Runback  Closcon  Flow stopped  Auto Throttled st~ 20 X 10 ®
to close demand occurs demand on demand controlled or prior to
4+22in. in
the SG
78 (MLF3097)  Twofail  Closcon  Runback  Closeon  Flow stopped  Auto Throttled at 1.5 X 107/
to close demand occurs demand on demand controlled or prior to
+22in. in
the SG
79 Residual 20x 1077
group

* ot applicable.



Since there appears to be no different potential for the second class of LOCAs, as identi-
fied above, to occur at HZP than at full power, the time ratio of 1.8 X 102 discussed in
Appendix C was used to develop this probability. Thus, the probabilitg' for the low
decazy-hcat LOCA in this category was determined to be (1.5 X 107°) X (1.8 X
") =27 X 1074

The probability associated with the LOCA followed by initial hiPI failure and subsequent
recovery iate in the transient was determined on an individual failure analysis to be
6.6 X 10°% However, in Section 2.9.5 three support system failures were identified
which could lead to the second class of LOCAs. The first was an opening of the PSRVs
and delay of HPI due to a failure of two vital buses. From Appendix C, the probability
of this double bus failure was taken to be 3.0 X 107 %/yr. This was then coupled with
the probability of failure to isolate the break, 1.0 X 1074 from Appendix E. There-
fore, the probability was taken to be 3.0 X 1075 /yr.

The second support system failure leading to the second class of LOCAs was a failure of
4kV ac buses 11 and 14. The probability associated with this was taken to be 1.8 X
10*/yr. A coupled LOCA was obtained by assuming a 5.0 X 1072 failure to trip the
pumps, which led to a 9.0 X 107%/yr probability for the second support system failure.

The third support system failure leading to the second class of LOCAs was failure of
motor control centers 104R and 114R. This event was considered to be similar to the fail-
ure of 4kV ac buses 11 and 14 and thus a 9.0 X 10~ %/yr frequency was again used.

The frequency of the second class of LOCAs leading to loop stagnation was then taken to
be the sum of the following:

Small-break LOCA at low decay heat 2.7 X 107 4/yr,
Direct failure of HPI with late recovery 6.6 X 107%/yr,
Failure of vital buses YOI and Y02 3.0 X 1073 /yr,
Failure of 4KV ac buses 11 and 14 9.0 X 105 /yr,

Failure of motor control centers 104R and 114R 9.0 X 107% /yr.

This led to a total probability of ~3.0 X 10 */yr,

The third class of 3 LOCAs leading to stagnation of the loop includes low decay-heat
1.OCAs which are isolated late in the transient. From Figure 3.15, the frequency of a
late isolated LOCA is 2.8 X 107* Coupling this with the low decay-heat frequency of
1.8 X 1072 the frequency of this class becomes 5.0 X 107%/yr.

The three stagnation cases are presented as sequences 8.1, 8.2 and 8.3 in Table 3.16.

*Numbers include operator failures.
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Fable 3.16. Other sequences to be analyzed

Sequence
No Description Frequency

Small-break LOCA with stagnated 0 X 10
loop flow and rapidly dropping

pressure

Small-break LOCA with stagnated
loop flow and stable pressure
at YOO psi

Small-break LOCA with stagnated
loop flow and full repressuri

zation late in the transient

Loss of main feedwater witl
subsequent auxiliary feedwater

overfeed

contrib ILing sequences

3.5.9. Loss of Main Feedwater

In Section 3.4.6 the loss of main feedwater was identified as a potential PTS initiator due
to the subscquent initiation of AFW and the potential for an AFW overfeed. The fre
quency associated with the loss of main feedwater was taken from Appendix C to be

1.0/yr, while the frequency associated with a partial AFW overfeed was identified as

2.5 X 10 per demand lhus a loss of main feedwater with just a partial AFW

sustained overfeed would be 2.5 X 10 yI

As discussed in Section 3.4.6, the consequences associated with this class of overfeed were
not expected to be large. Therefore, a bounding case was identified and a frequency value
of 2.5 X 10 yr was assigned to it lhis sequence is identified as sequence 8.4 in
I.i}‘}r_ 116

1.5.10. Summary

In this section the event trees for each initiator have been quantified and « lapsed

These

procedure produced 115 sequences, along with several residual categories

sequences for which a fracture-mechanics analysis will be performed
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4. THERMAL-HYDRAULIC ANALYSIS OF POTENTIAL OVERCOOLING
TRANSIENTS FOR CALVERT CLIFFS UNIT 1

4.1. Introduction

In Chapter 3, 115 sequences were identified for potential thermal-hydraulic analysis.
Even though many of these sequences have relatively slow cooldown rates (less than 100°F
per hour), some thermal-hydraulic data must be generated for each sequence or at least
for each class of event.* Clearly, an extensive thermal-hydraulic analysis of each sequence
would bc unnecessary. Therefore, the approach used was to analyze 12 selected sequences
to provide data that could be used either directly or to estimate the thermal-hydraulic
characteristics of each of the 115 sequences.

The selection of the 12 sequences is described in Section 4.2. For each one, an analysis
of the system response over a two-hour period was performed by Los Alamos National
Laboratory (LANL) as described in Section 4.3. Two topics were identified as requiring
special attention: (1) mixing in the downcomer region, and (2) the heat-transfer coeffi-
cient at the surface of the reactor vessel wall in the downcomer region. These two charac-
teristics were examined at Purdue University, and the results are presented in Sec-
tions 44 and 4.5, respectively.  Finally, the results of the analyses discussed in
Sections 4.3, 44, and 4.5 were used to estimate the thermal-hydraulic characteristics of
those sequences for which a specific calculation was not performed. The process applied
and the results obtained are presented in Section 4.6.

4.2. Selection of Twelve Sequences

The primary objective of the selection process was to identify sequences that would provide
information on the impact of the initiating events, potential equipment failures, and opera-
tor actions on the primary system cooldown rate and pressure. As a result, many of the
sequences chosen are low-frequency probability sequences.

4.2.1. Sequences Initiated by Large Steam-line Break at Hot 0% Power

Three sequences [sequences 1.4 and 1.7 plus a sequence to represent the residual” (1.8)]
were chosen to provide information for sequences initiated by a large steam-line break at
hot 0% power (HZP). Two large break sizes are covered by the three sequences: 0.1 m’
(1.0 ft?) and a full double-ended main steam-line break. The two different break sizes will
be used to examine the effects of the range of sizes in the large-break category. The

*This is necessary since many of the events with slow cooldown rates have relatively high frequencies of
occurrence.  Although it is anticipated that high-frequency events with slow cooldown are less important than
those low-frequency events with rapid cooldown, the relative risk of a through-the-wall crack must be deter-
mined

"The residual was represented by the sequence involving the failure of both MS!Vs and a full system repressur-
ization
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0.1-m’ break size was used for sequence 1.4, and he full-break size was used for sequence
1.7 and the residual sequence. These three sequences can be used to provide the following
information for analysis of the large steam-line break sequences:

(1) The effect of a variation in the break size,
(2) The effect of continued feeding to the steam generator on the broken line,
(3) The effect of the blowdown of both steam generators.

In Chapter 2 it was stated that Baltimore Gas and Electric is considering a procedures
change at Calvert Cliffs Unit 1 which would leave two reactor coolant pumps running
during a cooldown caused by a secondary system initiating event. Although this sequence
has not been identified as part of the sequence tables, it was felt that a full calculation of
this effect was necessary to evaluate the potential effect of this procedures change. Thus
sequence |.4 was analyzed with two reactor coolant pumps left running.

4.2.2. Sequences Initiated by Small Steam-line Break at Hot 0% Power

At the time the 12 sequences were chosen, it was felt that data from the large-break cases
at both HZP and full power, along with data from small-break cases at full power, could
be used to estimate the small-break sequences at HZP. Thus no detailed calculations were
performed for small steam-line break sequences at the HZP conditior In retrospect, even
though we were able to estimate the temperature and pressures associated with these tran-
sients, the evaluation would have been greatly simplified with at least one detailed evalua-
tion of a small steam-line break at HZP.

4.2.3. Sequences Initiated by Large Steam-line Break at Full Power

One detailed evaluation was performed for this imtiator. This sequence involved the
0.1-m? break with failure to control repressurization and failure to throttle auxiliary feed-
walter (sequence 3.4).

4.2.4. Sequences Initiated by Small Steam-line Break at Full Power

Small steam-line breaks at full power are dominated from a frequency standpoint by
failures of atmospheric steam-dump valves (ADVs) and/or turbine bypass valves (TBVs).
As stated in Section 3.3.2.3, failures of these valves at full power are treated as failures
following a reactor trip initiator. Thus, the data used to estimate sequences in this
category will come from calculations performed for the reactor trip initiator as described in
Section 4.2.5.




4.2.5. Sequences Initiated by a Reactor Trip

Detailed calculations were performed for four sequences associated with the reactor trip
initiator. Two of these sequences deal with steam-line valve failure, while the remaining
two are steam generator main feedwater (MFW) overfeed sequences.

Both of the steam-line valve failure sequences involve the failure of a TBV. In the first
sequence, the main steam-line isolation valves (MSIVs) close as required. This provides
information on small steam-line breaks which are downstream of the MSIVs and involve
isolation of the broken valve by closure of the MSIV. The second TBV failure sequence
includes the failure of a MSIV to close. This not only provides information on small
breaks downstream of the MSIVs when a MSIV fails to close, but also represents smail
breaks upstream of the MSIVs.

The two overfeed sequences involve: (1) the overfeed of one line, and (2) the overfeed
of both lines. The overfeed on both lines represents the maximum MFW overfeed. The
single line overfeed was examined to evaluate the potential for loop stagnation due to the
asymmetric cooldown.

In all four sequences, operator actions to control repressurization and auxiliary feedwater
(AFW) flow were not considered, because it is easier to extrapolate from the case where
these operator actions had not been performed to the case where they had been performed
than it would be to extrapolate from the case where they had been performed to the case
where they had not been performed.

4.2.6. Sequence Initiated by a Small-Break LOCA (<0.016 ft’)

The sequence chosen to provide information for this category was a small break equivalent
in size to an open power-operated relief valve (PORV) together with a failure of one ADV
to close. The PORYV size was used to ensure that the pressure remains reasonably high
during the transient. The additional failure of an ADV to close provides information on
the coupling of a small-break LOCA and a small steam-line break. As in previous cases,
the operator action to control AFW flow to the intact steam line was not considered for
the initial calculation.

4.2.7. Sequence Initiated by a Small-Break LOCA (—0.02 ft?)

The most probable break size in this category is a 2-inch break because of the many 2-inch
lines that come off of the main primary piping. A 2-inch break represents a flow area of
=0.02 ft? (0.002 m?). Thus the calculation performed to provide information on this class
of event was a 0.02-ft? break.




4.2.8. Sequences Initiated by LOCAs with Potential Loop Flow Stagnation

In Section 3.4.5, several sequences were defined which could potentially lead to loop flow
stagnation, As stated in that section, it was determined that loop flow stagnation would be
assumed for these cases as a screening mechanism. Since loop flow stagnation is assumed,
the downcomer temperature becomes a mixing analysis. Thus these sequences were
analyzed as part of the mixing analysis discussed in Section 4.4,

4.2.9. Sequence Initiated by Loss of MFW with Subsequent AFW Overfeed

In Section 3.4.6, a bounding case was identified to represent this category of event. Thus
a transient analysis was performed for this sequence. In addition to the sequence descrip-
tion as given in Section 3.4.6, it was assumed that the repressurization was not controlled
by the operator.

4.2.10. Summary

The 12 sequences identified can be grouped under three categories: (1) a steam-line
break, (2) runaway feedwater, or (3) small-break LOCAs. A summary of these tran-
sients is presented in Table 4.1. It should be noted that except as specified in Sec-
tion 4.3, several operator actions/inactions were assumed to be common to all LANL
transient calculations.®* These assumptions were:

(1) Operator turns off all reactor coolant pumps (RCPs) 30 seconds after the
safety injection actuation signal (SIAS) based on low pressurizer pressure.

(2) Operator fails to turn off charging pumps prior to full repressurization.
(3) Operator fails to control repressurization.

(4) Operator fails to maintain level in intact steam generator (SG),

(5) Operator fails to respond to high SG alarm at 30 inches.

(6) Operator fails to respond to high SG alarm at 50 inches.

4.3, LANL TRAC Analysis
Los Alamos National Laboratory (LANL) participated in the PTS program by using the

TRAC-PFI computer code to provide best-estimate thermal-hydraulic analyses of the 12
postulated overcooling transients identified in Table 4.1. Each of the 12 transients was to

*The probabilities associated with the operator failures were discussed in Chapter 3
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Table 4.1. Summary of twelve postulated overcooling transients

Steam-line Breaks
0.1-m? main steam-line break upstream of MSIVs
(1) From HZP
(2) From full power
(3) From HZP with two operating reactor coolant pumps

Double-ended main steam-line break upstream of MSIVs
(4) From HZP with continued AFW flow to broken SG
(5) From HZP with two stuck-open MSIVs

Small steam-line break downstream of MSIVs
(6) From full power
(7) From full power with one stuck-open MSIV

Runaway Feedwater
(8) Runaway MFW to two SGs from full power
(9) Runaway MFW to one SG from full power
(10) Runaway AFW to two SGs from full power

Small-Break Loss-of-Coolant Accidents
(11) 0.002-m? hot-leg break from full power
(12) Stuck-open pressurizer PORV with stuck-open secondary system ADV
from full power

be analyzed by LANL for a 2-hour transient period.* A summary of the TRAC model
used and the results obtained for each transient analysis are presented in Sections
43.1-4.313. A separate report has been published by LANL which describes in great
detail both the model and the transient analysis performed (see Appendix F).

Since the thermal-hydraulic characteristics of the transients are in some instances a result
of complex intra-system cooling mechanisms and since in many instances small differences
in temperature can have significant effects on the fracture-mechanics analysis, a separate
review of the TRAC analysis was performed by Brookhaven National Laboratory (see
Appendix G).

*The 2-hour transient period was chosen for several reasons. First, the calculations are very expensive and the
analysis of a 10-hour transient would incur substantial costs. From this standpoint, the 2-hour analysis could
be considered an initial calculation where transients requiring further analysis are identified. The second rea-
son is that many people feel that any overcooling event would be recognized and terminated given a 2-hour
diagnosis period.  Although the authors would not totally agree with this statement, we would concur that for
the great majority of transients there are several means of recovery in a 2-hour period. Thus there is some
legitimacy associated with limiting the analysis to 2 hours. However, one must be aware of potential tran-
sients for which recovery may be beyond the 2-hour period. Finally, beyond the 2-hour time frame the failure
mechanism appears to be associated more with cold-over-pressurization rather than pressurized thermal shock.
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4.3.1. TRAC-PF1 Model of Calvert Cliffs Unit 1

The TRAC model used for the Calvert Cliffs Unit 1 analysis (TRAC-PF1) resulted from
a evolutionary process involving several interactions with the plant owner, Baltimore Gas
and Electric, and the plant vendor, Combustion Engineering. The TRAC noding diagrams
for the primary system, feedwater train, and steam lines are presented for the full-power
condition in Figures 4.1, 4.2, and 4.3, respectively. The development of the noding and
control signals for each system is described in detail in the LANL report for both the full-
power and the HZP models.

Two initial condition models, HZP and full power, were required to analyze the 12 tran-
sients. For each initial condition model, a steady-state calculation was performed and
compared with plant data.

The TRAC-PFI HZP steady-state calculation for Calvert Cliffs Unit | yielded very
stable primary-side conditions but oscillatory secondary-side conditions. The fundamental
difficulty in determining the :econdary-side conditions during HZP occurred because the
vapor-generation rate was very small and appeared to destabilize the steady-state solution
for the SG model.

Table 4.2 compares the actual plant conditions with the conditions generated by TRAC
after 15 minutes (reactor time) of the steady-state HZP calculation. The comparison is
reasonable with the exception of secondary steam flow. A simple energy balance dictates
that, in the steady state, the correct value for the steam flow was =10 kg/s (22.0 Ib/h).
The over-prediction by TRAC suggests that the SG had not yet reached a complete equili-
brium condition in the steady-state run.

The HZP temperature profiles appear reasonable and reveal a situation in which the cold
feedwater heated to saturation by the time it entered the riser section. Ir the riser, the
small vapor-generation rate yielded a very smail void fraction until the lig. . surface was
reached.

Although a steady state was not completely obtained, the LANL analysts believe that the
TRAC HZP steady-state solution was close enough to the actual plant conditions to allow
reasonable simulation of transients initiated from HZP.

Of the 12 transients, eight were initiated from full-power steady-state conditions. During
full power the reactor operates at 2700 MW with an additional energy input of 17.38 MW
from the RCPs. The calculated temperature increase across the vessel was 264 K
(47.6°F) with an inlet temperature of 559.3 K (547.0°F). The pressure drop through the
loop was 0.54 MPa (78.7 psid). Makeup/letdown flow regulated the pressurizer level to
546 m (215 in).

Heat was transferred through two SGs to the secondary loop. The feedwater flow was
regulated to maintain a specified liquid level by the main feedwater regulating valves®

*Also called the MFW control valves.
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Figure 4.3. TRAC noding diagram for the steam lines at Calvert Cliffs Unit 1.

Table 4.2. Comparison between TRAC and measured plant data

at hot 0% power conditions
Parameter Measured Plant Data TRAC Predictions
Primary Side
| Pressure 15.5 MPa (2250 psia) 15.5 MPa (2250 psia)
2. Flud temperature 5509 K (532°F) 5518 K (534°F)
3. Power 100 hr after shutdown 9.38 MW decay heat
+ pump power + 17,38 MW from the pump
4 Mass flow 19,300 kg/s (153 % 10°1b/h) 19,700 kg/s (156 X 10® Ib/h)
5. Pressurizer 366 m (144 in) 366 m (144 in.)
Secondary Side
1. Pressure 6.20 MPa (900 psia) 6.17 MPa (896 psia)
2. MFW temperature 300 K (80°F) 300 K (80°F)
3. Steam flow 101 kg/s (22.2 1b/s) 118 kg/s (260 Ib/s)
4. SG inventory 95,000 kg (210,000 1b) 102,000 kg (225,000 Ib)
5. TBY flow area 5% open
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(MFRVs) using a three-mode controller. The valve area was determined from the SG
level and feedwater flow/steam flow mismatch as described in the LANL report
(Appendix F). The MFW pump speed was adjusted to maintain a constant pressure
drop of 0.71 MPa (105 psid) across the MFRVs. The feedwater was heated to 495 K
(431°F) by one high-pressure feedwater heater and five low-pressure feedwater heaters.
The liquid mass in each SG was ~62300 kg (136400 Ib).

The full-power transients were initiated from different full-power steady-state calculations.
As the Calvert Cliffs Unit | model evolved during the calculation of the transients, it was
necessary to rerun a steady-state calculation whenever a model was modified. Tabie 4.3
gives a comparison between the TRAC calculation and the measured plant conditions for
the last steady-state calculation. The results are in good agreement, as were those from
the previous calculations.

4.3.2. Steam-line Break Calculations
The steam-line breaks considered in this analysis ranged from a double-ended guillotine
break to a single stuck-open TBV. The general events following a steam-line break were

as follows. After a break or stuck-open valve occurred in the steam line, secondary depres-
surization resulted. If the plant was at full power, the reactor and turbine tripped (prob-

Table 4.3, Comparison between TRAC and measured plant data

at full-power conditions
Parameter Measured P'ant Data TRAC Predictions
Primary Side
1. Core power 2694 MW 2700 MW
2. Vessel flow 25.27 m’/s (401,100 gpm) 249 m’/s (395,250 gpm)
). AP yuu - 0.23 MPa (33.5 psid)
4 APy 0.19 MPa (28.15 psid) 0.19 MPa (28.15 psid)
5. APy 0.54 MPa (78.73 psid) 0.55 MPa (80.5 psid)
6. Tood 559.3 K (547.0°F) 559.5 K (547.7°F)
7. AT et 264 K (476°F) 260 K (47.0°F)
Secondary Side
1. Feedwater flow per SG 749 kg/s (5.95 X 10°1b/h) 737 kg/s (5.85 X 10°Ib/h)
2. SG dome pressure
Loop-A SG 5.90 MPa (856 psig) 5.9 MPa (852 psig)
Loop-B SG 5.86 MPa (850 psig) 5.9 MPa (852 psig)
3. MFW pump discharge pressure
A5G 7.8 MPa (1130.7 psia) 7.66 MPa (1125.7 psia)
Loop-B SG 7.63 MPa (1106.7 psia) 7.56 M (1111.0 psia)
4 MFW temperature 4948 K (431.0°F) 496.2 K (431.5°F)
S. MFRY flow area (% open) ~90 93
6. SG liquid mass 62,350 kg (137,458 Ih) 63,000 kg (138,600 Ib)
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ably on liquid level in the SG) and the MFW flow ran back. Because the secondary liquid
temperature decreased with the saturation temperature (which decreased in accordance to
the depressurization history of the broken SG), the primary temperature was gove:ned by
the AT across the tubes in the SGs.

The decrease in secondary pressure caused an SGIS, initiating closure of the MSIVs and
the main feedwater isolation valves (MFIVs). If these valves operated correctly and iso-
lated one SG from the break, asymmetric conditions were induced on the primary side. As
described in the TRAC-Analysis-Methodology section of the LANL report
(Appendix F), this asymmetry could result in temporary flow stagnation in the “intact”
SG. AFW filled the intact SG and because of assumed operator inaction, the intact SG
overfilled. If neither or both SGs were isolated, symmetric conditions would exist on both
the primary side and the secondary side and AFW would be delivered to both SGs if a low
".quid level in the SGs was reached.

4.3.2.1. Transient 1: 0.1-m* main steam-line break from hot 0% power

The downcomer temperature and pressure profile. for Transient | are presented in Fig-
ures 4.4 and 4.5, respectively.

The temperature profile is divided into three phases. Phase 1 (0 — 1300 seconds) was
dominated by the blowdown of SG A. The blowdown was limited by choked flow
through the 0.1-m® (1.0-ft’) break. The fluid exiting the break was 100% steam. As
SG A depressurized, the saturated liquid flashed and the secondary temperature
decreased according to the saturation curve. Power extraction slowed as the liquid inven-
tory depleted because the decrease in the secondary-side heat-sink temperature slowed.
Because AFW was valved out to SG A based on an asymmetric SG-pressure signal, its
secondary eventually voided completely. This event marked the end of Phase 1 (at 1300
seconds ).

Phase 2 (1300 — 4200 seconds) of the downcomer liquid temperature was the period
after SG A dryout and before natural circulation was established in Loop B. The down-
comer temperature went through a maximum of 435 K (524°F) at 4200 seconds.
Energy was added via the core and heat slabs. The RCPs and SG A had no energy
input during this time period. The deadhead of the HPI pumps was reached at 1000
seconds so HPI flow was zero in Phase 2. Charging flow continued throughout the tran-
sient. The PORVs opened at 3120 seconds,* relieving the fluid injected by the charging
system but at a much higher temperature.

Phase 3 (4200 7200 seconds) began with the onset of natural circulation in
Loop B Because it was assumed the operator failed to throttle AFW, the liquid level in
SG B rose above the moisture-separator deck and natural circulation was established on
the secondary. AFW mixed with the warmer liquid in the riser, lowering the effective

*It is assumed for this calculation that no attempt is made by the operator to control the repressurization.
This allows the pressure to reach the point at which the PORYV will open.
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Figure 4.4. Transient 1: Downcomer liquid temperature during 0.1-m’ main steam-line
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heat-sink temperature. Energy removal by SG B induced natural circulation on the pri-
mary side. The calculation was ended at 7200 seconds with the primary temperature
decreasing slightly. SG B was slowly becoming a colder heat sink with continued injec-
tion of AFW. The primary temperature was also decreasing as charging flow replaced the
hotter fluid leaving th.ough the PORVs.”

4.3.2.2. Transient 2: 0.1-m* main steam-line break from full power

With the exception of the initial power condition (full power vs HZP), Transient 2 is
identical to Transient 1. The temperature and pressure traces are presented as Fig -
ures 4.6 and 4.7, respectively.

Again Phase 1 (0 — 300 seconds) of the downcomer liquid temperature profile was the
period during SG A blowdown. Because the system energy was higher and the SG mass
lower, SG A dryout occurred much earlier (at 300 seconds) than for the same transient
from HZP. MFW [~5000 kg (11000 Ib)] was added to each SG for 15 seconds after the
reactor /turbine trip, but this was balanced by steam flow through the TBVs. Because loop
flows were very low in Loop B from ~250 to 750 seconds, the downcomer liquid tem-
perature varied as much as 30 K (54°F) in the azimuthal direction. The total energy-
removal capability of SG A was 98.1 GW-s. SG B removed 30.9 GW-s before SGIS at
44 seconds. After this, SG A cooled the primary below SG B, and the resulting energy
addition, though small, severely slowed the flow in Loop B.

Phase 2 (~300 - 800 seconds) was a period of relatively rapid heating following SG
A dryout. Because Loop B was close to stagnation, less primary fluid was available to
receive the energy deposition from the core, and so the specific energy of the flowing fluid
increased rapidly. As the primary temperature increased, SG B became an effective heat
sink. In Phase 3 (800 2500 seconds), the average core power was ~46 MW,
SG B removed ~24 MW and the PORVs removed some energy after they opened at
1975 seconds,* but the primary fluid continued to heat.

Phase 4 (2500 7200 seconds) was extrapolated from a previous calculation of the
same transient. As the core power decreased, a balance was achieved with the energy
removal by SG B and flow through the PORVs.** A quasi-equilibrium state existed in
Phase 4 with the downcomer temperature at 530 K (495°F). The primary temperature
would decrease slightly with time because (1) the decay heat was decreasing; (2) SG B
was becoming slightly colder with continued AFW; and (3) charging flow at 300 K
(80°F) was replacing hotter fluid that left through the PORVs.

*This assumes that the PORY is allowed to continually cycle open and shut for the duration of Phase 4

*It is assumed for this calculation that no attempt is made by the operator to control the repressurization
This allows the pressure to reach the point at which the PORY will open

o This assumes that the PORYV is allowed to continually cycle open and shut for the duration of Phase 1
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Figure 4.6. Transient 2: Downcomer liquid temperature during 0.1-m’ main steam-line
break from full power. (Note: This transient assumes MULTIPLE operator/equipment
failures; see Section 4.2.10 for failure assumptions.)
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4.3.2.3. Transient 3: 0.1-m’ main steam-line break from hot 0% power
with two operating RCPs

This transient was identical to Transient | except that two diametrically opposite RCPs
remained in operation throughout the transient. The principal effect of leaving two RCPs
in operation was that loop-flow stagnation did not occur in Loop B and SG B became a
considerable heat source during the initial part of the transient (0 — 500 seconds).

Figures 4.8 and 4.9 show the downcomer liquid temperature and the downcomer pressure
for this transient. Again the time for the downcomer temperature is divided into four
phases. Phase | (0 - 500 seconds) corresponded to SG-A blowdown and ended at the
time of minimum downcomer temperature. Because two RCPs were still operating,
energy-transfer rates were much higher than when all four RCPs were tripped and SG A
dried out at 500 seconds. The forced circulation allowed SG B to deposit considerable
energy into the primary while it was being cooled by SG A.

Phase 2 (500 — 1900 seconds) was a period of primary fluid heating (from the core,
the two operating RCPs, and the primary side heat slabs) before SG B became a signifi-
cant heat sink. Not much cooling was provided by HPI and charging flow. Phase 3
(1900 5300 seconds) began with a significant increase in the heat-transfer rate across
the tubes in SG B. This abrupt increase was a result of an inadequacy in the TRAC
code but perhaps was physical to some extent. As the secondary side of SG B filled with
AFW above the moisture-separator deck, the liquid began to spill over into the steam
space in the SG downcomer above the feedwater ring. The spillover allowed hot liquid in
the riser region to mix with the cold liquid residing in the downcomer of the SG, in addi-
tion to forcing cold liquid in the downcomer to flow into the riser region. As a result, the
secondary side heat-sink temperature dropped rapidly and the energy-removal rate
increased. The primary-side fluid temperature followed the decrease of the secondary fluid
temperature.

After 2500 seconds, a quasi-equilibrium state was reached. The PORYV opened,* removing
approximately 5.5 MW, SG B removed the remainder of the energy input from the core,
the heat slabs, and the RCPs, which amounted to ~15 MW. The calculation was ter-
minated at 5300 seconds with the system in this quasi-equilibrium state. Phase 4
represents the extrapolation to 7200 seconds. The system was cooling slightly with time
because SG B was becoming a cooler heat sink with continued AFW and charging flow
was replacing the hotter fluid leaving the PORVs ’

*It is assumed for this calculation that no attempt is made by the operator to control the repressurization.
This allows the pressure to reach the point at which the PORY will open

"This assumes that the PORY is allowed to continually cycle open and shut for the duration of Phase )
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4.3.2.4. Transient 4: Double-ended main steam-line hreak from hot 0% power
with failure to isolate’ AFW flow to broken steam line

The downcomer temperature and pressure profiles for Transient 4 are presented as Fig-
ures 4.10 and 4.11.  As shown in Figure 4.10, the downcomer temperature was again
divided into three phases. The first phase (0 — ~800 seconds) is characterized by
severe overcooling of the primary caused by the rapid blowdown of SG A to atmospheric
pressure.  Although the blowdown rate was limited b the flosv restrictors downstream of
the SGs, the initial mass flow out of the SGs was 1500 kg/s (11.9 X 10° Ib/h) as a
result of significant moisiure entrainment. This s neurly twice the mass flow at normal
full-power condition. Furtiermore, the assumed (ailure of the asymmetric SG-pressure
signal to effect isolation of AFW to SG A resuited in a wecondary-side heat-sink tem-
perature of 373 K (212°F). During this period, the flow in Loop B stagnated following
the RCPs being tripped because of reverse heat transfer in SG B following SGIS. Also,
during this period tlic upper head of the vessel voided briefly (90 — 350 seconds)
vecause the primary fluid contraction initially exceeded the HPI1/charging refilling capa-
ity

The second phase (~800 3275 seconds) is characterized by repressurization of the
primary caused by unrestricted operation of the charging pumps. During this phase of the
transient there is an approximate balance between decay heat, heat transfer from the
structure to the fluid and heat rejection to SG A. However, because the HPI and charg-
ing flow added substantial mass to the primary [~46,000 kg (101,000 Ib) during 0 -
800 seconds and ~30,000 kg (66,000 Ib) during 800 — 3275 seconds to an initial mass
of 224,000 kg (493,000 1b)] but very little enthalpy, the average specific internal energy
decreased slightly. By 3200 seconds the downcomer temperature had leveled off at
380 K with the majority of the heat load being dissipated by the AF'W added to the bro-
ken SG.

The problem was terminated at 3275 seconds because the transient had stabilized with
respect to downcomer temperature and pressure. PORV cycling between 15.7 MPa and
16.5 MPa would limit the pressure because PORV capacity was more than adequate to
relieve the charging {low. Furthermore, the decay power was sufficient to heat the AFW
to SG A to the atmospheric boiling temperature; therefore, the liquid temperature in the
downcomer of the vessel would not fall below 373 K (212°F) within 7200 seconds
(Phase 3).

4.3.2.5. Transient 5. Double-ended main steam-line break upstream of MSIVs
from hot 0% power with two stuck-open MSIVs

Transient 5 is the same as Transient 4 except that the MSIVs failed to close upon
receipt of SGIS and blowdown of both SGs continued.  Also, the operator terminated
AFW flow at 480 seconds (8 minutes).

‘Includes both failure of automatic system and failure of operator to respond.
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Figure 4.10. Transient 4: Downcomer liquid temperature during double-ended main
steam-line break from HZP with failure to isolate AFW flow to broken SG. (Note: This
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The transient may be divided into three phases as shown on a plot of the downcomer liquid
temperature in Figure 4.12. In Phase | (0 -~ 1000 seconds), a minimum temperature
of 376 K was reached, which was a few degrees above the temperature of the liquid
remaining in each SG secondary after the blowdown to 0.! MPa (14.7 psia). Each SG
removed ~97 GW-s of energy from the primary. This energy removal resulted from the
blowdown of both SGs and the addition of 7900 kg (17,380 Ib) of AFW to each SG. The
heat slabs added 33.1 GW-s to the primary fluid.

After the AFW ended at 480 seconds, the primary tempcrature leveled off a few degrees
above the secondary temperature (Phase 2). The downcomer temperature increased
slightly after the termination of HPI flow at 1000 seconds. In extrapolated Phase 3
(3300 7200 seconds) the power from the primary is expected to slowly boil the
remaining liquid in each SG [~18,000 kg (~40,000 Ib)]. At 3300 seconds, the power
from the heat siabs was ~7.5 MW. Together with 9 MW from the core, a steaming rate
of ~4 kg/s would be produced in each SG. With this rate as a maximum (heat input
from the slabs would decrease in time), the SGs would dry out in another 4500 seconds
(7800 seconds), which is past the end of this transient. Thus, the temperature is expected
to remain at ~378 K (221°F) for the remainder of the transient.

Figure 4.13 gives the system pressure. The blowdown of both SGs caused the system to
depressurize to 4.1 MPa. HPI flow reached a maximum of 60 kg/s to make up for the
primary liquid contraction. The upper head voided during the 50- to 900-second time
frame. Charging flow eventually repressurized the primary system to the PORV set point*
where it was assumed to remain for the rest of the transient.”

4.3.2.6. Transient 6: Small steam-line break downstream of MSIVs from full power

The failure of one TBV to reseat after opening on a turbine trip is postulated in this tran-
sient. One fully open TBV is about half the size of the 0.1-m? (1.0-ft*) break described
previously (0.05 m?/0.51 ft?). Because the TBVs are downstream of the MSIVs, a stuck-
open TBV is isolable, whereas the 0.1-m?> MSLB described previously was not. The
stuck-open valve communicated with each SG identically and so the thermal-hydraulic
events on both Loop A and Loop B are symmetric.

The temperature history in the downcomer (Figure 4.14) was divided into five phases.
Phase 1 (0 — 510 seconds) was the time before the stuck-open TBV was isolated from
the SGs as a result of the closure of the MSIVs following SGIS. The initial ~50 seconds
of the transient should have been identical to a loss-of-load. ** The TBVs reseated ac the
primary temperature decreased. When one failed, a relatively slow depressurization began
in both SGs. The secondary pressure decreased until the se* point for SGIS was reached.
This marked the end of the cooldown caused by the stuck-open TBV.

*It is assumed for this calculation that no attempt is made by the operator to control the repressurization.
This allows the pressure to reach the point at which the PORYV will open.

"This assumes that the PORYV is allowed to continually cycle open and shut for the duration of Phase 3.

*sBecause of an error in the nitial liquid temperatures in the pressurizer, the primary side depressurized much
too rapidly. This calculation was to be redone, but because it was already predicted not to be of PTS con-
cern, an additional failure of one MSIV was specified. The recalculation is reported in the next section. The
period (0 570 seconds) before SGIS was identical to the specifications of this transient. This transient is
included to give details of a 7200-second transient with the failure of onc TBV only.

145



Uquid Temperoture (X)

590 600
$60
1. Blowdown of both SGs
£, Quasi-equilibrium with both SGs 500
530 3. Extrapolated; equilbrium maintained
500 1 T
|
! - 400 s
470 :
| -
a0 || 1 -
E
inated " .
40 v
WPl flow ended -
&
. { -
580 — + A v N—
200
3
3%0
320
Wo
290
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Figure 4.12. Transient 5: Downcomer liquid temperature during double-ended main

steam-line break from HZP with two stuck-open MSIVs. (Note:
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line break from HZP with two stuck-open MSIVs.
MULTIPLE operator /equipment failures; see Section 4.2.10 for failure assumptions.)

(Note:

146

This transient assumes



Phase 2 (510 — 1050 seconds) was a time of primary fluid heating ending with opening
of the ADVs on high primary temperature. Boiling on the SG secondary continued to
remove energy but at a slower rate as the secondary repressurized. The ADVs were open
in Phase 3 (1050 — 4200 seconds), modulating to maintain the average primary tem-
perature at 552 K. The TBVs also opened, but they had no effect because the MSIVs
were closed.

Boiling in the SGs continued and mass was depleted through the ADVs. The auxiliary
feedwater actuation signal (AFAS) was received at 4200 seconds based on low level in
both SGs.” Phase 4 (4200 — 5800 seconds) began with AFW flow to both SGs. A
cooldown ensued as the AFW mixed with the boiling liguid in the riser phase. AFW flow
affected the primary temperature in this transient more than in others because it was ini-
tiated to both SGs (no asymmetric SG-pressure signal) and both SGs were low in inven-
tory. Also, both loops were in natura! circulation on the primary; this allowed rapid feed-
back to the primary side. The cooldown is expected to continue at the same rate until
7200 seconds, reaching a minimum of ~510 K. Phase 5 (5800 — 7200 seconds) is
the extrapolated temperature history.

The pressure history for this transient is given in Figure 4.15. The pressure was never
low enough for HPI flow. Energy removal, and consequently depressurization, ended at
510 seconds when the SGs were isolated by SGIS. As mentioned earlier, the initial
depressurization was too rapid because all the initial liquid in the pressurizer was not
saturated. SIAS should not have been reached at 28 seconds, but is of no consequence
since no SI water was delivered because the RCS pressure was above the HPSI shutoff
head. After the initial depressurization that was caused by the reactor/turbine trip (which
would have brought the system to about 13.2 MPa), a slow depressurization continued
because of the slow blowdown of both SGs. Charging flow repressurized the system to the
PORYV set point* after energy removal ceased at 510 seconds. The system pressure was
never low enough for HPI flow. The pressure is assumed to remain at the PORV set point
for the remainder of 7200-second time period.**

4.3.2.7. Transient 7: Small steam-line break downstream of MSIVs with
failure of one MSIV to close’ from full power

This transient is the same as the previous transient with the additional failure of the MSIV
on one loop after SGIS. Thus, one SG blew down completely in this transient.

'AFAS was based on a AP measurement of —4.3 m (—170 in.). This corresponded to a liquid inventory of
~17,000 kg. Based on a collapsed liquid measurement, AFAS would occur with 45,000 kg remaining in the
SGs. It is unknown which method is more correct, but AFAS probably was sent later than it should have
been

*It is assumed for this calculation that no attempt is made by the operator to control the repressurization.
This allows the pressure to reach the point at which the PORV will open.

** This assumes that the PORV is allowed to continually cycle open and shut for the duration of Phase 3

*This is the same as a small steam-line break upstream of the MSIVs
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Figure 4.14. Transient 6: Downcomer liquid temperature during small steam-line break
from full power with stuck-open TBV. (Note: This transient assumes MULTIPLE
~. operator/equipment failures; see Section 4.2.10 for failure assumptions.)
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Figure 4.15. Transient 6: Primary system pressure during small steam-line break from
full power with stuck-open TBV. (Note:  This transient assumes MULTIPLE
operator /equipment failures; see Section 4.2.10 for failure assumptions.)
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As shown in Figure 4.16, the downcomer liquid temperature was divided into four phases.
Both SGs blew down through the stuck-open TBV during Phase | (0 — 570 seconds).
The end of this phase was marked by the closure of one MSIV and the failure of the other
MSIV after SGIS. The energy-traasfer mechanisms were similar to those described for
the previous transient. The minimum temperature for Phase | would be the minimum
reached for the entire transient (as a result of a stuck-open TBV) if only the TBV had
failed as specified for the previous transient.

Phase 2 (570 — 1750 seconds) was a period of asymmetric SG-pressure conditions.
One MSIV closed, isolating SG B from the stuck-open TBV, while SG A continued to
blow down. AFW was delivered to both SGs until asymmetric SG pressures were detected
at 640 seconds. AFW was then delivered to SG B only. Some azimuthal differences in
the downcomer temperature existed because higher heat-transfer rates caused the primary
fluid to flow preferentially to Loop A. The dryout of SG A marked the end of
Phase 2.

Phase 3 (1750 - 2500 seconds) was a period of primary heating after SG A dryout.
The PORVs had not yet opened so SG B was the only heat sink for the energy deposition
from the core. Phase 4 (2500 — 7200 seconds) was extrapolated based on the 0.1-m?
main steam-line break from full power (the original run for 0 — 7200 seconds). The
heatup to a quasi-equilibrium state should be similar for both transients, because the
energy transfers were similar. In both transients, SG B and the PORVs were removing
the decay heat, and the primary side heat slabs, RCPs, and SG A no longer influenced
the transient. A quasi-equilibrium state is expected to be reached at ~525 K (486°F).

Figure 4.17 shows the pressure history. The first 50 seconds corresponded to a normal
loss of 'oad. When one TBV failed to reseat at 50 seconds, the pressure continued to drop
with a sharp decrease after the RCPs were tripped at 500 seconds. The pressure leveled at
11.2 MPa as the cooldown slowed and the primary liquid contraction ended. Pressure then
increased due to HPI and charging flow as well as thermal expansion. The PORV set
point w.< reached* just as the calculation was terminated. The system pressure is
assumed to remain at the PORV set point during the remainder of the 7200-second time
period.” SIAS was received at 470 seconds, but the system pressure was never low enough
for HPL.

4.3.3. Runaway Feedwater Events

Three transients were analyzed in the runaway feedwater category. The first two tran-
sients involve runaway MFW and the third transient involves runaway AFW.

4.3.3.1. Transient 8: Runaway MFW to both SGs from full power

This transient was initiated by a reactor/turbine trip from full power with an assumed
failure of both MFRVs to close. The downcomer temperature and pressure profiles are
presented in Figures 4.18 and 4.19, respectively.

*It is assumed for this calculation that no attempt is made by the operator to control the repressurization.
This allows the pressure to reach the point at which the PORYV wiil open.

"This assumes that the PORYV is allowed to continually cycle open and shut for the duration of Phase 3
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Figure 4.16. Transient 7: Downcomer liquid temperature during small steam-line break
from full power with one stuck-open MSIV and a stuck-open TBV. (Note: This transient
assumes MULTIPLE operator/equipment failures; see Section 4.2.10 for failure assump-
tions.)
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Figure 4.18. Transient 8: Downcomer temperature duriag runaway main feedwater to
two SGs from full power. (Note: This transient assumes MULTIPLE operator/equipment
failures; see Section 4.2.10 for failure assumptions.)
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Figure 4.19. Transient 8: Primary system pressure during runaway main feedwater to
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As shown in Figure 4.18, for this case the downcomer temperature history was divided
into three phases. The first phase (0 — 283 seconds) shows a rapid decrease in downco-
mer temperature. The initial 10 K (18°F) temperature drop that occurred between 0
and 60 seconds was the normal temperature decrease that occurs when the reactor scrams.
The significant decrease in core thermal power caused the AT between the primary and
secondary sides of the SGs to reduce to a much smaller value that still permitted dissipa-
tion of the decay heat. The energy removed from the primary fluid during this interim
was ~22 GW-s per SG. At 60 seconds after the scram, the relatively cooler liquid that
was in the feedwater pipes downstream of the high-pressure heaters was swept into the
riser region of the SGs, pushing the hotter liquid in the riser region into the steam-volume
region above the tubes. The effective lower secondary-side temperature began to extract
energy from the primary side at a rate of ~200 MW per SG. At 218 seconds, the MFW
pumps tripped on low-suction pressure because of depletion of liquid inventory in the con-
denser hot wells. At this point, the liquid in the riser could no longer be replenished with
cooler liquid. The riser region stagnated and quickly approached thermal equilibrium with
the primary liquid temperature. The energy transferred to each SG decreased to ~15
MW. However, the thermal power produced by the decay heat was adding energy to the
primary liquid at a rate of ~75 MW. As a result, the primary liquid began to heat again.
The downcomer liquid temperature reached a minimum temperature of 4775 K
(399.8°F) at 283 seconds.

Phase 2 (283 — 4800 seconds) shows a relatively slow heatup of the primary fluid fol-
lowing the trip of the MFW pumps. As the primary temperature increased, energy was
contincally being transferred from the primary into the secondary. The stagnant liquid in
the SGs began to heat up until it reached the saturation temperature corresponding to 6.2
MPa (900 psia), the pressure set point of the TBV. The primary temperature leveled off
at a small AT above the saturation temperature of the liquid remaining in the SGs. A
slow boiling process then began (Phase 3). The small amount of steam being produced
in the secondary sice of the SGs was vented by both the ADVs and the TBVs. [The con-
trol on the ADVs and TBVs is designed to operate such that they open when the primary-
side temperaturc exceeds 552.6 K (535°F).]

4.3.3.2. Transient 9: Runaway MFW to one SG from full power

This transient was initiated by a reactor/turbine trip from full power with an assumed
failure of one MFRYV to close. The temperature and pressure profiles are presented in Fig-
ures 4.20 and 4.21.

Figure 4.20 shows that the downcomer temperature history was divided into five phases.
The first phase (0 — 363 seconds) shows a rapid decrease in the downcomer
temperature. As with the transient discussed in the previous section, the initial 10 K
temperature drop that occurred between 0 and 60 seconds was the normal temperature
decrease that occurs when the reactor scrams. The energy removed by each SG during
this interim was ~22 GW-s. At 60 seconds after the scram, the relatively cooler liquid
that was in the feedwater pipes downstream of the high-pressure heaters feeding SG A
had been swept into the riser region of SG A. The effective lower secondary side tem-
perature in SG A began to extract energy at an average rate of ~260 MW. At 303
seconds, the MFW pumps tripped on low suction pressure because of depletion of the con-
denser hot-well liquid inventory. (Unlike the runaway MFW to two SGs, failure of one
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Figure 4.20. Transient 9: Downcomer temperature during runaway main feedwater to
one SG from full power. (Note: This transient assumes MULTIPLE operator/equipment
failures; see Section 4.2.10 for failure assumptions.)
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Figure 4.21. Transient 9: Primary system pressure during runaway main feedwater to
one SG from full power. (Note: This transient assumes MULTIPLE operator / equipment
failures; see Section 4.2.10 for failure assumptions.)
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MFRV to close produced a feedwater flow to the affected SG of ~1000 kg/s. This
depleted the condenser hot-well liquid inventory in ~300 seconds,) At this point, the
liquid in the riser region of SG A was no longer replenished with cooler liquid. The riser
region stagnated and quickly approached thermal equilibrium with the primary liquid.
The energy transfer in SG A decreased to ~28 MW. However, the thermal power pro-
duced by the decay heat was adding energy to the primary liquid at a rate of --75 MW.
As a result, the primary liquid began to heat again. The average downcomer liquid tem-
perature went through a minimum temperature of 491.0 K (430°F) at 363 seconds.

Phase 2 (363 — 3200 seconds) shows a relatively slow heatup of the primary fluid fol-
iowing the trip of the MFW pumps. This is similar to the heatup observed in the runaway
MFW to two SGs discussed in the previous section except that the heatup that occurs in
this transient has only one heat sink — SG A. The other SG cooled only slightly dur-
ing the runaway feedwater portion of the transient. As a result, the decay heat added to
the primary fluid could be dissipated through only one SG rather than two. Hence, the
primary fluid heated up more rapidly for this case. After SG A was heated again to the
saturation temperature corresponding to 6.2 MFa (900 psia), both SGs shared the heat
load equally. The primary temperature leveled off at a small AT above the saturation
temperature of the liquid remaining in the two SGs. A slow boiling process began
(Phase 3). As in the transient discussed in the previous section, the primary fluid tem-
perature during this period exceeded 552.6 K (535°F). Both the ADVs and the TBVs
reopened, which vented the steam being generated by the boiling process. Subsequently,
about one-third of the decay heat was removed by each SG. The remaining onc-third of
the decay heat was removed by convective mass transfer associated with injecting cold
charging flow into the primary system at a rate of 8.3 kg/s (6.59 X 10* Ib/h) and
rejecting, on an average, the same mass flow rate through the PORVs with a much higher
temperature.

Beca.se the mass inventory in SG B was initially depleted somewhat at the beginning of
the transient and was not replenishing during the runaway feedwater portion of the tran-
sient, the slow boiling process that occurred in Phase 3 continued to boil away the
remaining liquid in SG B. At 4800 seconds, the leve! in SG B was finally low e~ough
to activate AFW to both SGs. The continuous addition of cold 277.6 K (40°F) ligud to
each of the SGs resulted in a continuous reduction of the secondary side heat sink tem-
perature. This, in turn, produced a decrease in the primary fluid temperature (Phase 4).
Once the primary side temperature decreased below 552.6 K (535°F), both the ADVs
and the TBVs reclosed.

The calculation was terminated at 5800 seconds. However, it was anticipated that the pri-
mary fluid temperature would continue to decrease at approximately the same rate
observed in Phase 4 for the interim from 5800 to 7200 seconds (Phase 5).

4.3.3.3. Transient 10: Runaway AFW to two SGs from full power

This transient was initiated by an unanticipated trip of both MFW pumps from full power.

It was assumed that the AFW system would fail to start following AFAS. At 1200
seconds (20 minutes) into the transient, AFW was recovered to both SGs at its prescribed
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maximum flow rate of 25 kg/s (400 gpm). Furthermore, it was assumed that the operator
would secure AFW to both SGs 180 seconds (3 minutes) after the narrow-range level indi-
cation in either SG reached the +50-in. high-level alarm. The downcomer temperature
and pressure profiles are shown in Figures 4.22 and 4.23.

The first phase (0 — 34.7 seconds) shows a slight temperature increase prior to the
reactor/turbine trip at 34.7 seconds. This temperature increase was produced by th:
degradation of the heat-load capacity of cach SG following the loss of MFW flow
Because the reactor power was programmed not to change during this interim, a ne
energy transfer of 0.9 GW-s into the primary fluid resulted, causing the primary tempera-
ture to increase a few degrees. The initial SG inventory of ~63,000 kg (138,850 Ib) per
SG was reduced by 30% during this period.

As previously mentioned, the reactor/turbine tripped at 34.7 seconds because of low SG
narrow-range level indication. The primary liquid temperature quickly dropped to a
Quasi-static equilibrium temperature a few degrees above the secondary side liquid tem-
perature (Phase 2). The decay heat produced by the reactor during this phase was dissi-
pated equally by both SGs at a rate of ~40 MW per SG; this heat continued the boiling
process in each SG. This continued to deplete the liquid inventory in each SG and subse-
quently led to AFAS at 35.5 seconds.

The average primary temperature during Phase 2 was higher than 552.6 K (535°F),
which caused both the ADVs and TBVs to be open. Together, they vented all the steam
that was being produced. After the SG liquid inventory was depleted, the heat-load capa-
city of each SG decreased to less than | MW. The decay heat produced by the reactor
could no longer be dissipated from the primary fluid. The temperature began to rise shar-
ply (Phase 3). This caused the ADVs and the TBVs to open fully, which caused each of
the SGs to depressurize. As a result, SGIS occurred at 864 seconds. The MFRVs and
MSIVs closed and isolated the SGs from the TBVs.

At 1200 seconds the AFW flow was recovered. The initial surge of cold AFW that
entered the SGs vaporized rapidly. This removed 15.4 GW-s of energy from the primary
fluid over the next 300 seconds. The injection of cold charging flow over the same period
of time resulted w a further decrease in the temperature of the primary fluid. The net
result was a rapid temperature decrease of 22.5 K (40.5°F). The average primary tem-
perature dropped below 552.6 K (535°F), causing the control system to close the ADVs,
This bottled up both SGs for the remainder of the transient. The continued addition of
cold AFW to both SGs resulted in each SG removing energy from the primary fluid at an
average rate of ~19 MW. This energy did not boil the AFW. Rather, the energy was
added as sensible heat to the liquid, causing its temperature to increase. The increase in
the secondary side liquid temperature, however, occurred for only a short period of time.
The secondary side liquid temperature peaked at ~540 K (512°F) at ~1600 seconds.
The rate at which energy was being added to the secondary-side liquid as sensible heat was
offset at this time by the continued addition of cold AFW. The net result was an increas-
ing liquid inventory in each SG with a modestly decreasing liquid temperature.

On an average, the primary fluid temperature decreased at a rate of ~32 K/h (58°F/h)
over Phase 4 because of convective cooling. Had the operator throttled the charging flow
at the time of level recovery in the pressurizer, the primary liquid temperature would have
remained constant during Phase 4.
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At 6590 seconds, the AFW system had refilled the SGs to the +50-in. level. Per the
transient specifications, the operator turned off the AFW system 180 seconds (3 minutes)
later. The energy that was being dissipated through the SGs began to heat up the liquid
in the SGs. As the secondary-side temperature increased, the heat-transfer rate to the SGs
decreased. The decay heat from the core finally erceeded both the rate at which energy
was being removed via the SGs and the convective energy transfers associated with the
charging flow. The primary fluid began to heat again (Phase 5) 100 seconds after the
operator turned off the AFW.

4.3.4. Small-Break LOCA Events

In the absence of safety-injection system (SIS) flow, the depressurization caused by a
LOCA will cause the primary system to follow the saturation curve — a condition that is
not likely to induce PTS. The break must be large enough to depressurize the system to
the SIAS set point, if it is to generate PTS. However, if the break is too large, the rate of
depressurization will be sufficient to maintain a pressure-temperature relationship close to
the saturation curve despite the effect of the cold SIS water. Because the HPI flow rate is
strictly a function of system pressure (neglecting the effect of the charging flow), reason-
ing suggests that the threat of PTS will be increased by any mechanism that localizes and
concentrates the effect of the HPI water in the vicinity of the critical vessel welds. One
such mechanism is loop stagnation. Loop stagnation not only localizes the HPI effect
along the downcomer wall by promoting stratification in the cold legs, it also inhibits
reverse heat transfer from the hot SGs that would mitigate the effect of the HPI. Conse-
quently, there is some concern that certain break sizes may generate conditions conducive
to loop stagnation yet limit depressurization sufficiently to cause PTS.

To address this concern, two small-break LOCA transients were selected for investigation.
The first was a small hot-leg-break LOCA with a break size of ~0.002 m? (0.02 ft?) in
the range suspected of causing loop stagnation. For that calculation the full-power model
was modified to include a break in the hot leg of Loop A with a prescribed pressure
boundary condition of 0.1 MPa (14.7 psia). The second transient was a small-break
LOCA having a size of 0.001 m? (0.01 ft?) caused by the failure of one of the two PORVs
to close fully. In addition, it was assumed that the SG-A ADV failed to close when it
should have. These two transients are described in the following sections.

4.3.4.1. Transient 11: 0.002-m’ hot-leg break from full power

The downcomer temperature and pressure curves for Transient 11 are shown in Fig-
ures 4.24 and 4.25. The analysis of these curves can be divided into two phases. The
first phase was characterized by a rapid depressurization of the primary that was halted by
fashing in the upper head of the vessel at 110 seconds. During this phase of the accident
the energetics were dominated by overcooling by the SGs following the reactor trip. Heat
rejection to the SGs decreased rapidly with the loss of forced convection following the
RCP trip, however, and by the end of this phase of the accident, energy removal by the
SGs was almost 90% completed.

157



59 600
58 1
\*‘__\*
S ——
8% — v
- ‘:1‘\ 2
- \\"
& \ .
- - ;
. 3
% & {
vy ‘g -
. ' \. ~ v
= 44l e o1
L2 *
» 5 i
.- >
b} 40 | -
= 4 =
-
AP
3%¢
320
9
0 C 00 300 40 ¢ 800
me (5

Figure 4.24. Transient 11: Downcomer temperature during 0.002-m’ hot-leg break
from full power. (Note: This transient assumes MULTIPLE operator/equipment failures;
see Section 4.2.10 for failure assumptions.)
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The second phase (~110 - 6636 seconds) was characterized by the emergence of an
approximate balance between the mass discharge rate from the hot-leg break and the SIS
injection rate, by a gradual decrease in primary pressure and temperature, and by exten-
sive voiding in the upper plenum. At 502 seconds, SGIS was predicted to occur based on
an auxiliary calculation presented in the LANL report (see Appendix F). This analytical
calculation was necessary because the TRAC model did not include the containment. The
decrease in pressure and temperature during this phase was attributed to the gradual, but
persistent, decline in primary energy resulting from the reduction of decay heat and the
replacement of the hot fluid issuing from the break with cold SIS water.

An interesting feature of this phase of the calculation was the non-equilibrium between the
steam in the upper plenum and the water beneath it. The TRAC non-equilibrium conden-
sation model predicted that conditions at the liquid-vapor interface were not conducive to
rapid phase change; hence, condensation could not cool the vapor as quickly as HPI flow
cooled the liquid.

Another interesting feature of this phase of the calculation was the reduction in the loop
flows that culminated in flow stagnation in Loop A at ~6500 seconds. After the ADVs
closed at 968 seconds, the SG could no longer reject heat to the atmosphere; hence, the
primary temperature fell below the secondary temperature. The resulting reverse heat
transfer cooled the secondary, but it also retarded natural circulation in both loops. The
reverse heat transfer and reduced flow downstream of the hot-leg break caused voiding in
the top of the U tubes in the Loop-A SG at ~6300 seconds. This voiding caused the stag-
nation that occurred about 200 seconds later.

4.3.4.2. Transient 12: Stuck-open pressurizer PORV with stuck-open
secondary ADV from full power

The downcomer temperature and pressure profiles for this transient are shown in Fig-
ures 4.26 and 4.27. As in the previous case, this transient can be characterized by two
phases. The first was distinguished by a rapid depressurization of the primary that was
halted by flashing in the upper head of the vessel at ~210 seconds. During this phase of
the accident, the eneigetics were dominated by overcooling by the SGs following the reac-
tor trip. Heat rejection to the SGs decreased rapidly with the loss of forced convection fol-
jowing the RCP trip, however.

The second phase (~210 7200 seconds) was characterized by a gradual decrease in
primary pressure and temperature, stagnation in Loop B resuiting from overcooling by
SG A, and complete refilling of the primary by the SIS. Most of the decrease in primary
temperature can be attributed to fluid exchange between the SIS and PORV discharge
with the balance of the decrease being caused by continued heat rejection through the
stuck-open ADV (Loop A).

Furthermore, the stuck-open ADV was responsible for the stagnation that occurred in
Loop B. Following SGIS, SG B could no longer reject heat to the atmosphere, and
Loop B lost the density head through the U-tubes that helped to drive natural-circulation
flow. Because the ADV on the SG-A steam line was stuck open, however, SGIS did not
isolate SG A and it continued to depressurize. In fact, the steam flow out of SG A
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Vigure 4.26. Transient 12: Downcomer temperature during break from a stuck-open
PORV plus a stuck-open ADV from full power. (Note: This transient assumes
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essentially doubled following SGIS because the total flow out the ADV did not change but
the flow from SG B was terminated. Consequently, the heat transfer to SG A practi-
cally doubled following SGIS and the increased heat transfer enhanced the density head in
Loop A. The primary temperature decreased throughout the transient and the downcomer
temperature had fallen to 425 K (306°F) by 7200 seconds.

4.4. Downcomer Fluid Mixing Behavior

A review of many of the transients perceived for Calvert Cliffs Unit | revealed several
instances in which the fow in one or more cold-leg pipes was very small. This could lead
to a stratification phenomenon which would produce localized vessel wall temperatures in
the downcomer region that are significantly lower than the bulk fluid temperature as cal-
culated by TRAC. As a result, it was necessary *o evaluate this phenomenon and its
potential effect.

Three analyses were performed to quantify the effects of partial or total loop flow stagna-
tion. The first, discussed in Section 4.4.1, was performed at Purdue University. This
analysis involved an evaluation of the 12 LANL calculations to identify the potential for
and the effects of stratification phenomena associated with those transients. In addition to
the above analysis, ar. evaluation of the mixing phenomena associated with the LANL
transients was performed at LANL using the SOLA-PTS mixing code as discussed in Sec-
tion 44.2. Finally, Purdue University was asked to calculate the downcomer temperature
profiles associated with total loop flow stagnation. This information was necessary for
evaluation of those sequences for which stagnation was assumed. The results of this
analysis are presented in Section 4.4.3.

4.4.1. Stratification Analysis of Twelve LANL Transients

This evaluation was performed utilizing a stratification criteria screening process and a
regional mixing model (RMM) which had been benchmarked against experiments carried
out in a 1/2-scale facility with the Calvert Cliffs Unit 1 injection geometry. A summary
of the results of this evaluation is presented in this section and the detailed evaluation pro-
cess and results are presented in Appendix H.

The initial stratification criteria screening identified three transients (Transients 1, 4, and
12) as requiring further analysis. The RMM was then used to evaluate these three tran-
sients. Loops Al and A2 run well-mixed at strong natural-circulation rates and cool
rapidly in the 400 to 425 K range. Loop B2 goes into momentary stagnation (and stratifi-
cation) at ~500 seconds and reverses flow for the next 2,500 seconds. Loop Bl exhibits
two stratification periods of ~250 seconds each around ~500 and ~ 1,000 seconds respec-
tively. The possible effect of such short-duration stratification was determined by running
the RMM calculation for the cold-leg/pump/loop seal system. The RMM calculated cold
stream results are shown in Figure 4.28, along with the TRAC mixed temperature traces
for loops Al and Bl. It is apparent that loop Al (and hence the downcomer and lower
plenum) cool much faster than the stagnated loop Bl. Note that the *cold stream” in Bl
(Bl,) is warmer than the Al outflow for the duration of the stratified condition. In fact,
this is the reason for the choice of the mixing control volume as indicated above. It can be
concluded that downcomer temperatures will be dominated by loop Al and A2 flows and
their temperatures even for the period of stratification in loops Bl and B2.
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Figure 4.28. Transient 1: Cold loop fluid mixing behvim1 Bl, stagnated; A1, circulat-
ing; therefore, downcomer well-mixed, forced flow.

The charactenistics of Transient 4 are very similar to those of Transient 1, with one addi-
tion. Here loops Bl and B2 both exhibit back-flow at ~750 seconds, which is slow enough
to establish a relatively low temperature condition before a stagnation condition for 750 to
1000 seconds is obtained. The possible effects of this stratification, i.e., any additional
cooling, was also determined with an RMM calculation with an initial "ambient” tempera-
ture of 375 K. The results are shown in Figure 4.29. Here the cold stream is ~30 K
cooler than the mixed downcomer temperature (Al outflow). However, the strong flows in
the downcomer from loops Al and A2 indicate that any additional cooling effect due to
stratification in loop B2 would be negligible at the important weld locations.

In Transient 12, loops Al and A2 again remain at well-mixed conditions, with strong
natural circulation. Loops Bl and B2 stagnate for times beyond 2,000 seconds under HPI
of ~10 kg/s. The effects of the resulting stratification were scoped by assuming that the
strong Al and A2 loop flows establish the downcomer temperature history. With this
taken as the "ambient” in the RMM calculation, a cold stream temperature in the Bl (and
B2) cold legs was obtained as shown in Figure 4.30. The modest degree of stratification
seen (~30 K) is the result of the strong mixing within the injection line under the prevail-
ing low injection Froude Numbers (Fr ~0.2). This mixing was determined experimentally
in our |/2-scale facility and found to be considerably higher than that observed at Fr
~0.6, which was examined earlier in connection with Westinghouse reactors. The result-

162




480 — T T 308
- - 3066
z
—_— 4()() e —
,:_’1 2606 g:
o, Al (TRAC) i
é N Ll &
5 ~ TR { 2158 E
2 82! (TRAC B3
¢~ :
E 350 t— T — — mos
B2!  (RMM)
k. -4 1256
300 1 __l_ 1 J ! l 1 1 1 1 o BO6
750 800 850 900 960 1000 1050

TIME (SEC)

Figure 4.29. Transient 4: Cold loop fluid mixing behavior. Al, A2, circulating; BI,
B2, stagnated; therefore, downcomer well-mixed, forced flow.

ing “plumes” into the downcomer would be extremely weak under these conditions and
would mix quickly with the Al and A2 loop flows, which hence will dominate the downco-
mer response.

In conclusion, it was determined that, at least for the types of transients covered by the 12
LANL transients, stratification phenomena of no PTS significance for the Calvert
Cliffs Unit | reactor and thus the TRAC bulk temperature values are appropriate for use
in the fracture-mechanics analysis.

4.4.2. SOLA-PTS Mixing Analysis of Selected Transients

A mixing analysis was performed at LANL for those transients for which mixing was con-
sidered to be important. A separate report that documents the results of this analysis is
included here as Appendix .

The conclusions of this analysis were very similar to those obtained by Purdue University.
One exception was that for some transients, a very narrow but strong thermal plume was
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Figure 4.30. Transient 12: Downcomer fluid mixing behavior. Al, AZ, circulating; BI,
B2, stagnated; therefore, downcomer well-mixed, forced flow.

established below the broken loop cold leg. However due to strong flow currents in the
downcomer, this narrow plume was not considered to have an impact on the vessel welds of
interest. Thus the conclusion of this SOLA-PTS analysis was that the TRAC bulk tem-
perature values were appropriate for use in the fracture-mechanics analysis.

4.4.3. Total Loop Flow Stagnation

After the major TRAC calculations had been performed, it was clear that no identified
sequence exhibited low flow or stagnated flow in all loops. However, no small-break
LOCA calculation had been performed for a low decay-heat condition, and it was the
opinion of LANL analysts that stagnation was very possible, if not likely, during a tran-
sient of this type. Thus, LANL was asked to run an additional calculation for a PORV-
size LOCA at a HZP, low decay-heat condition. The results exhibited loop flow stagna-
tion in all loops within ~400 seconds.

Further evaluation of the same transient by Purdue University determined that, based on

the condensation model used, the TRAC code would tend to underpredict stagnation.
That is, stagnation actually would occur sooner than 400 seconds. Since TRAC could not
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predict the stratification effects expected in a stagnate flow condition, it was felt that a
mixing code calculation was necessary to determine downcomer wall temperature. As a
result, the temperature profiles for sequences 8.1, 8.2 and 8.3, all for small-break LOCAs
with stagnated loop flow, were obtained with the Purdue regional mixing model (RMM)
under the assumption that stagration began at time zero. This might be perceived as a
somewhat conservative assumptioy, but in light of the above discussion, it is not unreason-
able.*

Sequence 8.1 involves a break size or which the flow out the break is just slightly larger
than the flow which can be provides by HPI. Since the system pressure will continue to
drop throughout the two-hour time frame, the regional mixing model incorporated a
constantly increasing HPI flow model. Thus the HPI flow rate is correlated with system
pressure.

Two downcomer temperature regions were identified for this transient. The first region
included the initial planar plume exiting the cold leg, the plume area covering a vertical
strip in the downcomer that was slightly over two cold-leg diameters wide and about five
cold-leg diameters long. The second region included everything outside the plume region
and is called the well-mixed region. The temperatures associated with each of these two
regions are shown in Figure 4.31. These are the temperature profiles used to analyze
sequence 8.1. The pressure profile was taken from the TRAC calculation.
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Figure 4.31. Temperatures associated with loop flow stagnation event.

*See comment 74 in Appendix M.
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Sequences 8.2 and 8.3 both involve LOCA size breaks for whick HPI flow can keep up
with the break flow. As a result, the pressure stabilizes at some pressure below 1275 psi.
The difference between sequences 8.2 and 8.3 is that in sequence 8.3 the break is isolated
late in the transient, while in sequence 8.2 the quasi-steady-state condition of HPI flow
keeping up with flow out the break is maintained for the uuration of the two-hour analysis
period. The regional mixing model calculation for sequence 8.2 includes a constant HPI
flow rate, since the pressure remains constant after an initial short transient period. The
temperature profiles (plume and well mixed) are described in Appendix H. These same
data were used for sequence 8.2 up to the time when the break is isolated and the pressure
begins to rise. When the pre<sure reaches 1275 psi, HPI flow is stopped and the cooldown
is assumed to be terminat~d.

4.5. Heat-Transfer Coefficient Evaluation

A time-dependent heat-transfer coefficient was calculated by TRAC for the fluid film con-
dition associated with each of the transierts calculated by LANL.

The fluid film and the vessel wall constitute two thermal resistances in series. Thus the
"total” conductivity is

hy

ln

where

h; = thermal conductance of fluid film,

k. = thermal conductivity of cladding,
k, = thermal conductivity of base material,
Ar, = thickness of cladding,
Ar, = effective thickness of base material (time dependent).

When the resistance of the fluid film (1/h;) is small compared to the resistance of the
vessel wall (Ar,/k, + Ary/ky), the fluid-film conductivity has little effect on heat removal
from the wall. For instance, h, = 1000 Btu/hrft>°F (pumps on) is a "large” value, but
even larger values (momentary boiling) have little effect on the severity of the transient.

When the resistance of the fluid film is large (small value of h;, such as 100
Btu/hr ft>°F), the film resistance is dominant. As h, approaches zero, the potential for
vessel failure disappears.

Plots of the heat-transfer coefficient calculated by TRAC for each transient are presented
in the LANL report (Appendix F); however, it was discovered after all the transients had
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been :un that TRAC was not calculating the downcomer heat-transfer coefficient
correctly. For the two-dimensional flow field that occurs in the vessel downcomer
(azimuthal and vertical flow), the magnitude of the velocity vector should have been used
to evaluate the Nusselt number in each of the fluid cells in the downcomer annulus. How-
ever, because of an error, only the vertical component of the velocity was considered. In
transients in which one loop stagnates and the other loop is flowing, significant azimuthal
flows occurred in the downcomer annulus. In cells in which the velocity component in the
azimuthal direction is large and the velocity component in the vertical direction is small,
the Nusselt number was underestimated and a natural circulation flow regime was
predicted. Consequently, the heat-transfer coefficients for those cells were underestimated.

Because of this error, the TRAC-calculated heat-transfer coefficients were modified for
use in the fracture-mechanics analysis. In the modification the initial drop in the fluid
film heat-transfer coefficient was not changed since it was felt that the TRAC calcuiation
for this time frame was quite adequate. For the remainder of the analysis time, it was
assumed that the minimum heat-transfer coefficient was 400 Btu/hrft>°F. This value
was chosen for two reasons: (1) After a review of the TRAC calculations, it appeared that
the heat-transfer coefficient would stabilize in the range of + 100 Btu/hr-ft>°F of this
value, and (2) the minimum value is large enough so that the total heat transport is not
significantly sensitive to the value of the fluid film heat-transfer coefficient (i.c., it is much
larger than 100 Btu/hrft*°F).

As the fracture-mechanics calculations progressed, Purdue University was asked to review
this assumption by using the TRAC velocity histor'es (o calculate fluid film heat-transfer
coefficients. The resulting analysis is included in Appendix H. In general, it was deter-
mined that typically the forced convection augmentation was overshadowed by the
corresponding reduction in the forced convection component (as the velocity decreased)
such that the resulting spread in heat-transfer coefficients was much smaller than the vari-
ation in the individual "free” or "forced” convection components. The variation in calcu-
lated wall temperatures was even smaller.

The calculated fluid film heat-transfer coefficients are shown in Table 4.4 for all 12
LANL transients. As shown, the coefficients are almost all covered by the 400 + 100
Btu/hrft>°F range. Thus it was concluded that the original assumption was valid.

4.6. Estimations of Pressure, Temperature and Heat-Transfer Coefficient Profiles

The evaluation of the risks of pressurized thermal shock (PTS) entails the coupling of
overcooling incident event trees to fracture-mechanics calculations of the probebility of
vessel crack propagation. The link between an event-tree end state and the fracture-
mechanics calculation is the transient behavior of the pressure (P), temperature (7), and
heat-transfer coefficient (h) in the reactor vessel downcomer region. That is, the P, 7, and
h transient profiles from the sequence defined by an event tree end state become inputs for
the fracture-mechanics calculation.

There are potentially several million end states produced from overcooling transient event
trees and the cost and complexity of thermal-hydraulics ana fracture-mechanics calcula-
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Table 4.4. Fluid film heat-transfer coefficients

for twelve LANL transients
Fraction Fraction
LANL of h of h
Transient h* Mixed from Forced from Free
Number NU/NU,* (Btu/hrft*°F) Convection  Convection
1 1.12 330 0.53 0.47
2 1.00 454 0.98 0.02
3.. s o oo -
4 1.00 365 0.55 0.45
5 1.20 345 0.40 0.60
6 1.0 510 0.98 0.02
7 1.00 480 0.91 0.09
8 1.00 460 0.9¢ 0.02
9 1.00 590 1.00 0.00
10 1.00 500 0.59 0.41
11 1.00 515 0.90 0.10
12 1.03 477 0.85 0.15

*Based on maximum velocity in downcomer region at 2000 seconds for
each transient.

**With two reactor coolant pumps in operation throughout the transient
period, the heat transfer coefficient is assumed to be very large.

tions preclude the eva'uation of every end state separately. Therefore, it becomes neces-
sary to (a) reduce by similarity grouping the number of end states to be evaluated and (b)
reduce the number of detailed thermal-hydraulic calculations to be performed through the
use of less rigorous estimation techniques. This section summarizes the approach used to
group the sequences and estimate P, T, and h profiles for the Calvert Cliffs Unit 1 PTS
study. Section 4.6.1 describes the estimation methodology developed for the study and the
approach and rationale for sequence grouping, and Section 4.6.2 summarizes the results of
evaluations for each of the major initiating events:

—

Large main steam-line break at HZP,

Small main steam-line break at HZP,

Large main steam-line break at full power,
Small main steam-line break at full power,
Reactor trip,

Small-break LOCA (<0.016 f.%),

Small-break LOCA (=0.02 ft?),

LOCAs with potential loop flow stagnation, and
Loss of MFW with subsequent AFW overfeed.

R
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The last two categories involved sequences for which P, 7, and h values were determined
in earlier sections of this chapter (4.4.3 and 4.3.3.3) and thus they are not discussed in this
section.

The estimated P, T, and h transient profiles presented here are based on the TRAC-Prl
calculations reported by LANL and described in Section 4.2. Computer tapes of TRAC
plot output files for these calculated transients were also employed in the development of
parameters applied to the temperature and pressure estimation procedures.

The sole and extensive use of these TRAC calculations in estimating the P, T, and h pro-
files for the various sequences implies that the estimations are subject to the same model-
ing assumptions and code characteristics driving the uncertainties in the TRAC-calculated
results. Additional uncertainties introduced by the estimation procedure have not been
fully evaluated. Such uacertainties were minimized by using the estimation procedure to
duplicate portions of the transients calculated by TRAC and thereby check the validity of
the assumed parameters and extrapolation models.

The estimated P, T, and h profiles presented in this report represent a "single point” esti-
mate of downcomer conditions. That is, the estimated conditions are assumed to hold for
the entire downcomer region without any azimuthal or axial variations. Since the detailed
TPRAC calculations demonstrated both azimuthal and axial variation in fluid temperatures
and heat-transfer coefficients, the cooldown model used in the estimation procedure was
conservatively set up to yield the expected temperature of the coldest subregion of the
downcomer rather than the overall average temperature for the whole downcomer region.

4.6.1. Methodology
4.6.1.1. General approach

After an initial survey of the data resources and the sequences identified for estimation,
the five-step process depicted in Figure 1,2 was employed in estimating the P, T, and h
profiles. This approach allowed logical reJuction of the number of cases to be evaluated
and derived the greatest benefit from the information in the TRAC calculations.

The first step involved the grouping of similar sequences within each transient initiator
table. An evaluation of the TRAC calculations for the effects of different operating states
provided the criteria for assignment of sequences into groups. In step 2 the parameters
were developed for the cooldown (temperature) and coolant swell (pressure) modeis used
on occasion for this study. Correct interpretation of conditions during sequences was
assured by applying the appropriate parameters to the cooldown model to duplicate por-
tions of sequences calculated by TRAC. These validation efforts took place in step 3 (see
Section 4.6.1.3).

In step 4, the pressure, temperature, and heat-transfer coefficients were estimated. Tem-
perature could be estimated by piecewise application of TRAC results and/or by calcula-
tion using the cooldown model. The method selection depended on the complexity of the
sequence and the availability of applicable data from the TRAC calculations. Early por-
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Figure 4.32. P, T, and A estimation approach.

tions of many evaluated sequences had stated configurations identical to those of a particu-
lar TRAC calculation, so piecewise use of the TRAC results was applied. The cooldown
model was then used to evaluate the remainder of the transient out to two hours. Certain
mild (i.e., high-temperature) transients were not explicitly evaluated.  These mild
sequences were assigned the P, 7, and h profiles of a TRAC calculation or the estimated
sequence which most closely represented the anticipated response of the sequence.

Pressure estimates were derived from observation of pressure trends in the TRAC calcula-
tions and by a pressure prediction model (the coolant swell model). The Calvert Cliffs
; Unit | plant features a HPSI system which cannot repressurize the primary above the
| pump shutoff head of 1285 psia. The charging pumps can repressurize the primary up to
| the PORYV set point (2400 psia), but does so at a very low rate due to low flow capacity.
The charging pumps were not throttled in any of the TRAC calculations. Therefore, there
are a number of cases available for evaluation of the contribution of the charging pumps to
| system repressurization. The coolant swell model accounts for pressure effects due to
coolant expansion which occurs while the system is reheating.

| Heat-transfer coefficients were based on the piecewise selection of TRAC data and the
| results of modeling performed at Purdue University (see Section 4.5). In general, the
| TRAC calculations predict relatively constant large vaiues while the reactor cooling pumps
(RCPs) are running and a step change to a lower but nearly constant value after an RCP
trip and establishment of natural circulation. Due to problems in the TRAC heat-transfer
regime selection logic, TRAC systematically underpredicted the values. [t was found at
Purdue that the contribution of free convection to the downcomer heat-transfer coefficient
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offset increases or decreases n forced convection such that a total value of =400
Btu/hr ft>°F (2270 W/m*K) was maintained over a wide range of natural-circulation
flow conditions. The sequence evaluations presented in this section use a composite of
TRAC-calculated heat-transfer coefficients for pre-RCP trip regimes and corrected
estimates for natural-circulation regimes.

The completed estimaticns were d *nted in step 5. This documentation is presented in
Appendix J.

4.6.1.2. Sequence grouping

When all PTS initiators and failure branches are set up in event irees, several thousand
end states result. To obtain a tractable yet representative set of PTS transients requires
some method of sequence grouping. Chapter 3 describes the construction of the event
trees and the process used to eliminate "non-contribution® states (i.e., component failures
made irrelevant by the action of other systems or components). The collapsed event trees
from this process still contain a large number of end states. Section 3.5 describes the
screening process used to separate end states into a set of discrete sequences for evaluation
and a set of residual sequences for which no further evaluation was performed. Sequences
representing identical combinations of failures were collapsed to a single group and the
corresponding frequencics were summed.  Sequences with frequencies between 1077 and
10" per year, which would normally fall into a residual group, were examined for similar-
ity with the discrete sequences and were collapsed together with specific discrete sequences
when appropriate. This approach minimized the cumulative frequency of the residual.
The resulting set of discrete sequences are found in tables presented in Section 3.5.

Altogether, 115 sequences emerged from this grouping process, including 11 residual
groups. The grouping processes of Chapter 3 were based on system configuration and
event frequency. Further grouping may occur based on the thermal-hydraulic impact of
the configuration. The impact of a particular component or system can be evaluated from
observation and evaluation of the effects of its operation or failure in the TRAC calcula-
tions. In this way the importance of !zilures or actions could be classified as dominant,
minor, or inconsequential. Sequences with the same dominant features were grouped
together for analysis. In later stages, the influence of minor events was evaluated to check
the consistency of the groupings. This checking accounted for the thermal-hydraulic
interaction or feedback due to the combination of failures. Some sequences were reas-
sigined to other groups as a result of such checks.

The groupings for each of the initiators are discussed in Appendix J.

4.6.1.3. Temperature evaluation by cooldown model

The temperature response of a transient is a function of the system’s configuration during
the sequence, including the timing of configuration changes (e.g., RCP trip; MSIV, MFIV
closures; AFAS, etc.). The sequences from the LANL TRAC calculations represent only
12 of the thousands of sequences on the overcooling event trees. The cooldown model is a
means for applying the information generated by the TRAC calculations to other
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sequences requiring temperature response estimation. The approach used in the cooldown
model was to obtain separate mass-energy balances around the steam generators and the
reactor vessel (i.e., balance of the primary cooling system) to predict the rate of tempera-
ture change. All pertinent cooling and heating mechanisms were included. In obtaining
these mass-energy balances, it was necessary to make the assumptions listed in Table 4.5
to simplify the system to a two-node model.

The assumption of no steam generator heat-transfer resistance will result in the prediction
of slightly lower primary temperatures than are reported by TRAC, the error being pro-
portional to the rate of heat transfer. The error will be less than 10°F for large steam-line
breaks (LANL transients 1-—5) and less thar 5°F for small steam-line breaks (LANL
transients 6 and 7) under conditions in which natural loop circulation prevails.

The assumption of thermal equilibrium in the steam generator secondary allows the use of
simple choke flow models to predict steam flow rate. Conditions close to thermal equili-
brium are obtained by TRAC for steam generators during blowdown. Division of the
reactor coolant system into only two nodes coupled with the assumption of perfect mixing
within a node "smears out" the temperature d:fferences around a loop, thus losing tempera-
ture lag information available from a finely noded model such -s that used in TRAC.
Therefore, the cooldown model will respond faster to input parameter changes than will
the TRAC model. Direct comparison of the cooldown model’s extrapolated temperature
response with TRAC results suggest that this effect is small for cases where natural loop
circulation remains large (>500 1b/sec).

A final assumption that allows the use of the cooldown model is the assumption that
TRAC-calculated mass flow data from the 12 LANL transients may be applied to the
evaluation of other sequences. This assumption is necessary because the mass flow infor-
mation required to implement the cooldewn model cannot be calculated from a simple
two-node thermal-hydraulic model. Engineering judgement is used to identify segments of
the TRAC calculations relevant to the sequence being evaluated. Pertinent mass flow data

Table 4.5. Cooldown model assumptions

Resulting Model

Assumption Justifications Limitations Characteristics

I No heat-transfer (HT)
resistance between
primary and secondary

2. SG secondaries in
thermal equilibnium

3. Water inventory is
well mixed within a
node (energy is
uniformly distnibuted ).

or approach thereto

Large HT area; large HT
coefficient for boiling,
condensation.

Same as for assumption |
plus good approximation

for SG blowdown conditions.

Same as for assumption |
plus natural circulation flow
is generally much larger
than HPI and secondary
flows, allowing equ » ation
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Loss of heat flow lags
and disequilibrium
information.

Not a good approximation
where overfeed is
compressing steam in
solated SG.

Eliminates space-time
effects; difficult to
quantify flow stagnation
effects

Simplifies calculation

at expense of accounting
for SG primary temperature
lag of 5-15°F

Allows use of enthalpy
trarsport model based
on choked flow pressure,
enthalpy conditions.

Allows use of two-node
mass-energy halance.




are then extracted from the identified TRAC calculations for application to the cooldown
model. The required parameters for the model are listed in the derivation of t1e model as
described below.

Model Derivation and Characteristics. The cooldowr model consists of two simultaneous
nonlinear differential equit‘ons describing the mass-energy balance of a primary node (i.e.,
vessel, loop piping, and RC punips) and a steam generator node as follows (see Figure

4.33)
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Figure 4.33. Mass and energv flows fer two-node cooldown model.
d(MU),,; X . (4.1)
_f = myup; Hypp — my Hy + Qplt) + Qacr + Qw — Quc -
d(MU )sg . . (4.2)
T”"rw”m'"‘sr”m'*‘Quc '
where

myuypr Hypy = product of HPI mass flow and specific enthalpy at HPI
nominal temperature ( 7'yp;) vs. thermodynamic reference
temperature (7 )

= myupr C{Tyupr — Trer)
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product of primary leak flow (pressurizer surge line or

break) and specific enthalpy at hot leg temperature
(Tyw)

= my Cy(Ty— T,y (valid for liquid flow only),

mpw Hpw = product of feedwater mass flow and specific enthalpy
at feedwater temperature (7gy )

= mpw CpTpw — Ty,

mgr Hsy = product of secondary steam flow and specific enthalpy
for saturated steam at steam generator conditions (7Tgg)

- Figr [Au, + CTse= T,
Qp(t) = decay heat input as function of time,
= ANS Decay Heat Function for transients from full power,
= constant value for transients from hot standby,
Qrcp = pump power deposited in coolant,
Qw = heat transferred from vessel wall to coolant,
Q. = heat transferred from primary to secondary,

AH, = heat of vaporization.

In the absence of heat-transier resistance, Q.. is limited only by the transport of energy to
the steam generator by the hot leg flow (my):

Quc = ’hH Cp(TH = Tsg)
The lefthand sides of Equations 4.1 and 4.2 may be expanded by use of the chain rule

dMU) _ dau aM
dt » dt X d '

where

M = total mass,
U = specific energy = C, (T — T,y),
dU/dt = C, (dT/d),

Z m = mass flow across system boundaries.




Substituting into the lefthand sides of Equations 4.1 and 4.2,

d(MU),, dTy . . 43
——— = My €, " + CATy = To) (g — sy , 0
di di
diMU dT
ST s € R 4 i - Top) Ubpy — i) M
di di
and then placing these expressions with their respective righthand siges yields
T . |
Myui €, — + GTu = T (myp = my)
= mypr Cp (Typr — Top) — My Cp(Ty — Ty
+ Qplt) + Qrer + Qw — my C(Ty — Tgg) (4.5)
for the primary node and
dTea . .
Msg €, —— + GTsg = Tw) (mpw = msy)
= mpw Cp(Tpw — Ty — mgr [AH, 7
+ CTsg ~ Twd) + My Co(Tu ~ Tsg) (46)

for the steam generator node. For liquids, C, may be assumed to be equal to C,. Using
this assumption and collecting common terms yields

dTy My Col Tyapr — Tw) Qolr) Qrcr Ow  my G(Ty—Tss) (4.7)
- + +
di MG, MaC, = MuC, = My, MG,

for the primary node and

dT g Mpw Cp(TFW = Tsg) mSY(AHv.TSG) + my(Ty—Tsg (48)

dt MgC, MgsC, M C,

for the steam generator node. In this form, the thermodynamic reference state (7,) has
been eliminated, leaving only the expressions for heating and cooling mechanisms.

175



Flow rates for HPI, leak, hot leg and feedwater are independent parameters extracted or
estimated from TRAC calculations. Steam flow rate is a function of steam enthalpy and
pressure, break (or valve) area, and flow resistance. The estimation of steam flow is based
on an isentropic choked model altered to account for these elements. The model is of the
form

where

fiP,H) = choked isentropic mass flow [Ib/hr/in.>-psia (upstream
pressure)] as a function of pressure and mixture enthalpy
(see ASME steam tables, 4th ed., Figure 14),

A = break (valve) size (in.%),

k = factor by which effective area of break is reduced to
compensate for flow resistances in lines and valves,

P = pressure (psia).
By evaluating this expression for saturated steam enthalpy at various temperatures and

taking a power curve fit against corresponding saturation temperatures, the expression was
converted to

msr = Ak X 187045 X 107* 7™ (Ib/sec) (4.10)

which has an accuracy better than + 3% between 200°F and 500°F upstream steam tem-
perature. The choked flow condition holds over this range for TBV flows to the condenser,
but becomes invalid at low temperatures for breaks to the atmosphere.

With the expression for steam flow substituted into the cooldowr equation for the steam
generator, the total model becomes

dTy _ mup CfTum —Tw) + Qolt) + Orcr + Ow — my Cp{Tu — Tso) (4.11)
di My C, '

with MP“ - Mprlo + f (fh"yl - ML) dt,
and

dTsg _ mew C(Tew ~ Tsg) — Ak X (1.87045 X 10" TR AR, + myCy( Ty — Tse) (4.12)
dt MssC,

with MSG - MSGO + f(lh[:w W ’hs-r) dr
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which is a set of simultaneous, nonlinear differential equations which can be solved numer-
ically to obtain the primary hot leg temperature (7y) and steam generator exit tempera-
ture (Tg;). The downcomer liquid temperature is obtained from the following equation:

my Hsg + mypy Hypp + Qrep + Qw (4.13)
(my + myp) C,

Toc=

with all quantities as defined above. This equation defines the downcomer temperature in
terms of the mixing of loop flow and HPI and the heating of the fluid by RCP power
input ¢nd heat transfer from the vessel wall. This equation does not affect the mass-
energy balances (Equations 4.11 and 4.12) described above but is used to define the local
fluid temperature in the downcomer.

Application of Cooldown Medgel. The cooldown model calculates temperatures for the hot
leg, steam generator, and vessel downcomer using only a two-node energy balance. The
Calvert Cliffs Unit 1 plant is equipped with two separate cooling loops which may be
subjected to an asymmetric operating condition (e.g., one steam generator blowing down
while the other is isolated). Such situations require application of engineering judgement
to fit the existing conditions to the model. Judgement is also required to develop the
required mass flow data for input to the model.

As described at the beginning of this section, the general approach for evaluating a partic-
ular scenario is to first identify which of the TRAC calculations most closely matches the
description of the scenario. Often the TRAC calculation and the evaluated scenario are
identical out to some specified point in time or particular event (SGIS, RCP trip, etc.),
after which the evaluated sequence becomes different from the TRAC calculation. Tem-
peratures and mass inventories of the primary system and the steam generators are
extracted from the TRAC calculation at this point to set up the initial conditions for the
extrapolation of temperature by the cooldown model. Also, the effective valve area for the
choked flow calculation is selected so that the model will closely follow the steam flow
trends observed in the TRAC calculation.

The initial mass inventories in the primary loops and steam generators may be distributed
in different ways to account for asymmetric loop operation. For example, when a steam
generator is totally isolated from the rest of the primary system (no heat transport possi-
ble) due to flow stagnation in that loop, the water mass and its energy content (tempera-
ture) are left out of the model, since they cannot influence temperature trends elsewhere.
Should the loop flow be restored later, the water mass and the energy would be put back
into the model where they can influence total system heating or cooldown. Another exam-
ple is when one steam generator is undergoing cooling by blowdown while the other steam
generator is losing heat to the primary loop due to continued loop flow. In this case, the
inventory of the steam generator would be added to the primary mass since both are work-
ing together to retard the cooldown of the system. Should any of these conditions change
to a symmetric condition or to another form of asymmetric condition, the extrapolation
should be stopped for adjustment of primary and steam generator node masses.
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Other system state changes will require interruption of temperature extrapolation to alter
input parameters. Some of these system state changes are listed in Table 4.6. Whenever
one of these state changes is eacountered, the current values of the hot leg and steam gen-
erator temperatures as calculated by the cooldown model are applied as input to the next
extrapolation segment, together with altered values (as necessary to match the new system
state conditions) of the primary ard steam generator mass inventories, total loop flow, HPI
flow, primary leak (pressurizer surge line) flow, feedwater flow, feedwater temperature,
heat input rate from wall heat transfer, decay heat factor, RCP heat, and secondary side
break (valve) area. This process continues until the entire 0- to 7200-second period is
evaluated.

By estimating the temperature profile of a TRAC-calculated transient, the validity of data
interpretation related to the transient response can be checked. When the extracted
parameters are correct, the extrapolation will closely follow the TRAC calculation. For
example, the times to SIAS and SGIS signals for the 0.1-m? main steam-line breaks at
HZP (LANL transient 1) and at full power (LANL transient 2) as estimated by the cool-
down model are not significantly different.

An example of a full 7200-second extrapolation is given in Figure 4.34, which compares
cooldown model and TRAC results for the case of a PORV LOCA with a stuck-open

Table 4.6. System state changes for extrapolation of overcooling
sequences by the cooldown model

Trigger Condition Significance Action
RCS cools below 535°F. TBVs and ADVs close. Adjust valve area.
RCS cools below S37°F. RCS pressure falls below Initiate charging flow.
1740 psia.
HPSI time + 30 sec. - Trip RCPs and begin 100-sec
coastdown.
Extrapolated pressure below - Initiate HPI flow as per heat
1285 psia. capacity.
SG cools below 498°F (685 psia). SGIS Close MFIVs, MSIVs.
SG inventory below 99,000 Ib. AFAS Initiate AFW to one or both SGs.
Coexistence of "broken” and Asymmetric SG- Isolate AFW to "broken” steam
isolated steam generators. pressure signal generator.
SG dries out. - Set secondary break (valve) area
to zero.
Hot-leg temperature drops Loop stagnates. Adjust mass inventories.
below SG temperature.
SG level reaches +22 in. - Throttle AFW flow to SG.
(250,000 — 300,000 Ib).
Hot-leg temperature becomes Natural circulation Adjust mass inventories.
greater than stagnant SG restored.
lemperature.
Commencement of pr.mary Repressuarization to HPI1 Eliminate HPI flow.
system reheat. shut-off head.
Sequence specified closure - Adjust parameters accordiagly.

of valve.
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Figure 4.34. Comparison of TRAC and cooldown model temperature profiles for PORV
LOCA with stuck-open ADV (LANL transient 12).

ADV (LANL transient 12). This case was selected because it features a secondary side
break that causes a general system cooldown coupled to a localized cooling due to signifi-
cant HPI flow. The two TRAC curves represent the downcomer condition under the
nozzles of the stagnated (B1) and flowing (A1) loops which represent the expected range
of conditions. The cooldown model always assumes that all HPI flow is mixed with the
flowing loop, thus yielding a temperature lower than the average for the two loops. In this
case the extrapolated temperature stays within 10 to 50°F of the calculated minimum tem-
perature loop values.

4.6.1.4. Pressure evaluation by coolant swell model

An overcooling event will cause the primary coolant to cool down and contract, drawing
water out of the pressurizer via the pressurizer surge line. As the water level drops in the
pressurizer, the steam layer expands and the system pressure decreases. As the pressure
decreases, SIAS initiates charging pump flow and the safety injection pumps are started.
If the pressure then decreases to below 1285 psia, high-pressure injection flow commences.
These injection flows help to stabilize system pressure during the rapiu cooldown portion of
the event sequence.
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If the injection flow volume is greater than the shrinkage rate, or if the system enters a
reheating mode, the pressurizer water level will increase, compressing the steam layer and
increasing the pressure. The rate at which the pressure recovers is of importance because
of the contribution of pressure in the fracture-mechanics calculations.

To determine the best algorithm for estimating pressure recovery rate, the TRAC calcula-
tions for Calvert Cliffs Unit | were examined in detail. PTS cases calculated by TRAC
and also by RELAPS for the Oconee Unit 1 and H. B. Robinson Unit 2 plants were also
examined. It was observed that the codes predict that the system pressure variation with
pressurizer water level is essentially linear. Furth:rmore, the PORV set-point pressure is
reached when the pressurizer is on the verge of becoming water solid. A theoretical model
of the ideal adiabatic compression of the pressurizer steam layer yields nonlinear pressure
vs. pressurizer water level response and predicts an exceedingly fast repressurization to the
PORYV set-point pressure. Clearly the ideal adiabatic compression model is not representa-
tive of repressurization rates predicted by TRAC and RELAPS. Therefore, the observed
linear relationship between pressurizer level and system pressure was employed for this
study.

In most of the Calvert Cliffs Unit | sequences that were evaluated, the system pressure
dropped below and then recovered to the HPI pump shutoff head of 1285 psia. At this
point, system cooldown mechanisms have been isolated or corrected and the system has
commenced reheating. Injection flow from the high-pressure injection system has ceased
and injection flow from the charging pumps may or may not be throttled, depending on
the specification of the sequence. The reheating of the coolant will cause the coolant
volume to swell and (with the charging pump flow) refill the pressurizer. The required
increase in temperature to cause total refill of the pressurizer, and therefore repressuriza-
tion to the PORV sei point, may be determined by the following equation:

V
%) V(T, 1285 psia) |, (4.14)

pn

V(T, 2400 psia) = (1 +

V(T,P) = specific volume of water at specified temperature and pressure,

T, = limiting average primary temperature at which coolant swell
(and accumulated charging pump flow) volume equals available
pressurizer steam volume,

T, = initial average primary temperature at start of system reheat,
Vsr = available steam volume in pressurizer at start of rehea,

Vo = volume of primary system susceptible to reheating

= primary volume without pressurizer or HPI line volume
= 9601 ft’- 346 ft’ = 9255 ft’.

This empirical relationship ignores the action of the pressurizer heaters. This equation
also assumes that there are no primary steam voids outside the pressurizer and that the
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pressurizer steam volume (Vgyp) is known at the beginning of repressurization. Table 4.7
contains estimates of effective steam volumes for tie repressurization phases of the LANL
transients. These volumes represent the amount of volume change which results in attain-
ment of the PORV set-point pressure and do not necessarily represent the actual steam
volume in the pressurizer.

Engineering judgement dictated the selection of Vg for the estimation of repressurization
rate. In evaluation of sequences similar to a LANL transient, the corresponding value of
Vgy would be applied to Equation 4.14. In other cases, generalized values reflecting the
trends in Table 4.7 were selected. HZP sequences were evaluated using a Vgp of 600 ft’.
A value of 700 ft’ was applied to severe transients at fuli power and values between 1000
ft’, and 1500 ft’ were applied to milder transients at full power.

For each sequence estimation, the steam volume (¥gr) and initial average system tempera-
ture (7,) were applied to obtain the average temperature at which full repressurization is
obtained. The sequence temperature extrapolation was then examined to obtain the time
at which this temperature is achieved. If charging pump flow continued over this period,
the accumulated volume over the interval was subtracted from Vg and the final average
temperature was recalculated. This was repeated until convergence was obtained. The
resulting sequence time represents the point at which the PORV set-point pressure is
reached. Pressure between the beginning of reheat and attainment of full pressure is
obtained by linear interpolation.

Table 4.7. Estimates of initial steam volumes for Calvert Cliffs Unit 1
transients for repressurization from HPI shutoff up to PORV opening®

Time to [ " “nal  AVolume due AVolume due Total
Transient Repressurize  Tempe.aw e to Coolant to Charging Effective
Calculation (sec) (°F) Reheating (ft')  Pump Flow (ft’)  Volume (ft})
LANLI 2120 258/310 240 670 940
LANL2 800 405/467 486 284 770
LANL2Y® - - - - -
LANL4 1980 224/221 0 600 600
ANLS 1200 216/218 0 363 363
LANL®6 800 510/540 250 470 720
LANL7" .-
LANLS 1810 438/497 455 665 1120
LANLY 1250 432/4898 540 460 1000
LANLI0O*
LANLI1Y

LANL12¢

“Repressurization times are calculated assuming no operator actions to control pressure.
Case not analyzed.

“Repressurization commences before system reheat; Vg not defined.

YLOCA case; system does not repressurize.
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Due to the assumptions involved in the coolant swell model, the prediction of repressuriza:
tion rate is imprecise. In most cases the uncertainty in the calculation would be conserva-
tively bounded by the use of the repressurization curves calculated by TRAC. The excep-
tion to this would be some mild transients which may repressurize faster than the rates
predicted by TRAC, but this is not expected to affect the fracture-mechanics analysis.

4.6.2. Results of Simple Model Evaluations
4.6.2.1. Large main steam-line breaks at hot 0% power

The sequences related to a large break (20.1-m?) in a main steam line with the unit at
HZP are described in Table 3.7 in Chapter 3. The seven sequences in the table reflect a
variety of combinations of equipment and operator failures. Appendix J relates the details
of extrapolation development and Figures 4.35 — 4.37 summarize the results of the tem-
perature, pressure, and heat-transfer coefficient extrapolations. Sequences 1.1 — 1.6 are
represented in the figures. Sequence 1.7 is very similar to LANL transient 4 (see Figures
410 and 4.11 for temperature and pressure profiles respectively), and sequence 1.4 is
equivalent to LANL transient .

The temperature curves in Figure 4.35 show the influence of the various failure combina-
tions in Table 3.7. The six curves fall into three ranges or families on the figure.

TENPERATURE

o 1w o ] ey v oo ruw o0
e TIME seconds )

Figure 4.35. Estimated downcomer temperatures for large main steam-line break at
HZP.
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Figure 4.36. Estimated downcomer pressures for large main steam-line break at HZP.
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Sequences 1.1 — 1.4 are all identical to LANL transient i out to 1400 seconds, at which
time the affected steam generator dries out. The termination of charging pump flows
yields local temperature increases and reduced cooling loads for sequences 1.1 and 1.2, the
two warmest sequences for this initiator. These two curves split at about 3500 seconds
owing to the failure to throttle AFW to the intact SG in sequence 1.2.

Sequences 1.3 and 1.4 remain cooler than sequences 1.1 and 1.2 because the charging
pumps are left running. The separation of these sequences after 4200 seconds is again due
to the failure to throttle AFW in sequence 1.4 (LANL transient 1).

Sequences 1.5 and 1.6 (and 1.7) drop lower than .ae others and do not reheat. In the case
of sequence 1.5, the drop is due to the failure to stop flow to the affected steam generator.
In the case of sequence 1.6 (and 17), it is due to greater blowdown from MSIV failure.
These failures provide a cooldown mechanism over the entire period and thus prevent
reheating.

The minimum temperature for sequences 1.1 — 1.4, 253°F (396 K), lies in the portion of
the profile extracted from LANL transient 4. The minimum temperaturss for sequences
1.5 — 1.7 are 212°F (373 K), 21i°F (373 K), and 212°F (373 K), respectively.

The pressure curves in Figure 4.36 show the influence of charging pump operation and sys-
tem reheating on repressurization. Sequences 1.3 and 1.4 include charging pump flow and
system reheating, which cause total repressurization by 3000 seconds. Sequence 1.7 does
~ot reheat, but also repressurizes by 3000 seconds as predicted in LANL transient 2. The
charging pumps are turned off in sequences 1.1, 1.2, 1.5, and 1.6, and sequences 1.5 and
1.6 do not reheat or repressurize. Sequence 1.2 reheats slowly and repressurizes to 2000
psia at 72000 seconds. Greater reheating in sequence 1.1 promotes repressurization to the
PORYV set point, 2400 psia, by 6000 seconds.

Figure 4.37 shows the heat-transfer coefficient profiles for sequences 1.1 — 1.6. The
minimum assumed value, 400 Btu/hr ft> °F, persists throughout the period following
RCP trip. The profile for LANL transient | (sequence 1.4) is shown for comparison pur-

poses.

4.6.2.2. Small main steam-line break at hot 0% power

The sequences related to a small main steam-line break at HZP are described in Table 3.8
in Chapter 3. The eight sequences in the table reflect combinations of MSIV failure,
AFW isolation failure, and failure of the operators to turn off charging pump flow and to
throttle AFW. Figures 438 — 4.40 present the temperature, pressure, and heat-transfer
coefficient profiles for representative sequences 2.1, 2.4, 2.5, 2.7, and 2.8. Due to similar-
ity of conditions, sequence 2.2 was grouped with 2.1, sequence 2.3 was grouped with
sequence 2.4, and sequence 2.6 was grouped with sequence 2.7 for the purposes of this
summary. Detailed discussion and individual plots of presure and temperature profiles
are provided in Appendix J.

The temperature profiles show two principal regimes: (1) single SG blowdown and dryout
with subsequent reheating and (2) extended blowdown from both steam generators without
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Figure 4.38. Estimated downcomer temperatures for small main steam-line break at
HZP.
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Figure 4.39. Estimated downcomer pressures for small main steam-line break at HZP.
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Figure 4.40. Estimated downcomer heat-transfer coefficients for small main steam-line
break at HZP.

reheating. Sequences 2.1 and 2.4 feature single SG blowdown to dryout with resulting
minimum temperatures of 250°F (394 K) and 242°F (390 K), respectively. The failure of
the operators to turn off the charging pumps and throttle AFW in sequence 2.4 causes the
temperature to remain cooler than in sequence 2.1, where these operator actions are car-
ried out. The effect of these operator action failures is 80°F (44.4°C) difference at the
end of the sequence (7200 seconds), resulting in a minimum temperature of 170°F
(350 K), as illustrated by the two upper curves in Figure 4.38. Sequences 2.5, 2.7, and
2.8 do not exhibit reheating because MSIV failures or feed isolation failures augmented
the amount of water available for blowdown such that SG dryout does not occur.
Sequence 2.8 is 10°F (5.5°C) warmer than sequences 2.5 and 2.7 due to operator actions
that terminate feedwater flow to the affected steam generator and terminate charging
pump flow.

The pressure profiles for these sequences are shown in Figure 4.39. Sequence 2.1 is
assumed to display a mild depressurization which persists until SG dryout, where the ensu-
ing reheat of the system causes repressurization to 2210 psia (15.2 MPa) by 7200 seconds.
In sequences 2.4 and 2.7 the charging pumps are not turned off, so early repressurization
such as that in LANL transient |1 was projected to occur. Sequences 2.5 and 2.8 have nei-
ther charging pump flow nor reheating and thus the pressure is assumed to stay at the
HPI flow-limiting pressure.

Figure 4.40 shows that all of the sequences were assigned the same heat-transfer coeffi-
cient profile. The initial value of 4230 Btu/hrft>°F (2400 W/m*K) holds until the
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RCPs are tripped at 120 seconds. By 250 seconds the assumed minimum value of 400
Btu/hrft* °F (2270 W/m?K) is obtained and held for the rest of the sequence.

4.6.2.3. Large main steam-line break at full power

The sequerces related to a large break at full power are described in Table 3.10 in
Chapter 3. The nine sequences include combinations of failures of MSIVs and/or ADVs
to close, failure of feedwater isolation, and failures of the operators to control repressuriza-
tion or throttle AFW. Figures 4.41, 442, and 4.43 present the temperature, pressure, and
heat-transfer coefficient profiles for sequences 3.4 38 Sequences 3.1 — 3.3 are
grouped with sequence 3.4, which is itself identical to LANL transient 2. Sequence 3.9 is
grouped with 3.8 for similarity reasons. Detailed discussion of the individual sequences is
provided in Appendix J.

The temperature profiles in Figure 4.41 show a wide range of sequence outcome based on
whether or not blowdown is stopped. The higher decay heat levels associated with full-
power operation render the operator actions to throttle AFW to the intact SG or to turn
off the charging pumps of minor importance to the temperature trends in the sequences.
This is significantly different from the HZP cases when the same operator actions greatly
impact the trends. In sequence 3.4 (LANL transient 2), SG dryout occurs at about 400
seconds (minimum temperature of 358°F) and then the primary system reheats under the
influence of core decay heat. In sequence 3.5, AFW isolation failure to the affected steam
generator provides 320 gai/min of flow with which to continue blowdown and cooling.
However, the cooling provided by this flow did not exceed the decay heat input until 2000
seconds into the sequence. The temperature rises slightly before declining to the minimum
of 240°F (388 K) at 7200 seconds. in sequence 3.8, a main feedwater overfeed to the bro-
ken steam generator loop prolorgs steam generator dryout to about 800 seconds with a
minimum downcomer temperature of 276°F (408 K). Decay heat and natural-circulation
flow effects cause a rapid recovery in downcomer temperature.

The pressure response as shown for sequence 3.4 (LANL transient 2) in Figure 4.42
predicts full repressurization by 2000 seconds. Sequences 3.5 3.7 experience no repres-
surization beyond recovery to the HPI shut-off head pressure. Sequence 3.8 experiences
rapid repressurization on the basis of system reheating.

Figure 4.43 shows the assumed heat-transfer coefficient profile for the sequences. The
profile for LANL transient 2 is presented for comparison purposes as sequence 3.4,

4.6.2.4. Small main steam-line break at full power

The sequences related to a small main steam-line break at full power are described in
Table 3.11 in Chapter 3. The 12 sequences include all of the failure combinations exam-
ined in the large-break case: MSIV failure, MFW runback failure, ADV failure, AFW
isolation failure and operator failures to control repressurization and to throttle AFW,
Figures 4.44 4.46 contain the temperature, pressure, and heat-transfer coefficient pro-
files for sequences 4.2, 44, 46, 48, 4.11, and 4.12. For the purposes of this section,
sequence 4.1 is grouped with 4.2, 4.3 with 4.4, 45 with 46, and 4.7, 49, and 4.10 with
4.8. Detailed discussion of these sequences i1s available in Appendix J.
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The temperature profiles in Figure 4.44 show a wide range of sequence outcome based
mainly on whether or not extended blowdown occurs. The smaller break tends to draw out
the period required for SG dryout. This translates into higher minimum temperatures
than were obtained for the large-break cases. Also, the delay of reheating to after 2000
seconds reduces the dominance of decay heat and makes the effects of operator actions
more noticeable. For example, in sequence 4.2 the operator is to turn off the charging
pumps, whereas in sequence 4.4 the operator takes no action. Both sequences behave the
same through the affected SG dryout [mimmum temperature of 337°F (442 K) at 860
seconds| and begin to diverge thereafter. Sequence 4.8 suffers a MFW overfeed to the
affected SG, which extends dryout to 1700 seconds. This case also reheats quickly.
Sequences 4.11 and 4.12 feature a stuck-open ADV on line B opposite the break. The
additional blowdown extends the time of SG A dryout to 1650 seconds at a minimum tem-
perature of 296°F (420 K). The coldest temperature reported for this series is 225°F
(380 K) at 7200 seconds for sequence 4.6 in which both MSIVs fail to close and AFW
flow sustains continued blowdown and cooling. Similar results were obtained for sequence
4.5 where AFW isolation failure prolonged blowdown.

Figure 4.45 shows that all sequence pressure profiles except that for sequence 4.6 return to
the PORV set-point pressure, 2400 psia (16.6 MPa). Sequence 4.4 reaches this pressure
first based on mildest cooldown and continued charging pump flow. Next comes sequence
4.8 based on rapid reheating. Finally, sequences 4.11 and 4.12 follow based on their
slower reheating rates.

Figure 4.46 shows the heat-transfer coefficient for all sequences. The initial value of 4230
Btu/brft> °F (24000 W/m>K) holds until the RCP trip. The final value of 400
Btu/hr ft* °F is obtained 55 seconds following the trip.

4.6.2.5. Reactor trip sequences

The sequences related to reactor trip from full power are described in Table 3.13 in
Chapter 3. These 43 sequences invelve various combinations of failures, including failure
of the turbine to trip; failures of the ADVs, TBVs, and MSIVs to close; failure of the
MFEW to run back; failure of the AFW isolation; and failure of the operators to turn off
charging pump flow and throttle AFW. The P, T, and h profiles for some selected
sequences are presented in Figures 447 - 452, Table 3.13 summarizes the groupings of
sequences for this initiator. Detailed discussions of individual sequences may be found in
Appendix J.

Figures 4.47 and 4.48 give the temperature profiles for sequences with failures of one TBV
(sequences 5.18, 5.21A* 5.21B,* and 5.25B*), two TBVs (sequences 5.22, 5.26A.* and
5.26B*), three TBVs (sequences 27A* and 27B*),* one ADV (sequence 5.35), and two

*For turbine bypass valve failures, there is a potential for manually closing the valve at the valve location.
The "A" member of each set represents failures to isolate the valves such that continued cooldown occurs to
final temperatures of 348°F (448 K) for sequence 5.25A and 259°F (399 K) for sequence 5.27A. The "B"
members of each set represent manual isolation of the stuck valves, yielding minimum temperatures of 433°F
(459 K) for sequence 5.25B, 399°F (476 K) for sequence 5.26B, and 339°F (443 K) for sequence .27B.
The time required for isolation purposes was determined based on conversations with Calvert Cliffs Unit |
operational staff. A 15-minute period was assumed to be required to isolate one valve, a 20-minute period to
isolate two valves, etc. It should be noted that for the actual analysis of risk, only the "A" cases were con
sidered.  The effects of isolation ("B* cases) were, however, determined for the purpose of consideration in the
event that one of the "A" cases was wdentified as a dominant risk sequence
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Figure 4.47. Estimated downcomer temperatures for reactor trip (Sequences 5.18, 5.19,

5.22, 5.35, 5.36, 5.21 A and B).
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Figure 4.49. Estimated downcomer pressures for reactor trip (Sequences 5.18, 5.19,
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Figure 4.50. Estimated downcomer pressures for reactor trip (Sequences 5.25 A and B,
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Figure 4.51. Estimated downcomer heat-transfer coefficients for reactor trip (Sequences
5.18, 5.19, 5.22, 5.35, 5.36, 5.21 A and B).
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Figure 4.52. Estimated downcomer heat-transfer coefficients for reactor trip (Sequences
S25A and B, 5.26 A and B, 527 A and B).
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ADVs (sequence 5.36) to close. Parametric cases of zero, one, or two MSIV failures are
represented in the above list. The MSIVs have profound influence on the course of TBV
failure events. Where the MSIVs are successful, the downcomer temperature does not
drop below 500°F (533 K) unless assisted by other cooldown mechanisms as shown in Fig-
ure 4.47 for sequences 5.18 and 5.19. One MSIV failure leads to minimum temperatures
of 400°F as in sequence 5.22 (two TBVs open) to 450°F as in sequence 5.21A (one TBV
open, LANL transient 7). Figure 4.48 shows the response for one TBV failure coupled to
the failure of both MSIVs to close (sequences 5.25A and B).

The pressure profiles for these sequences are presented in Figures 4.49 and 4.50. The
combination of system reheating and continued charging pump flow cause full repressuri-
zation of most cases.

Figures 4.51 and 4.52 present the heat-transfer coefficient profiles for the above sequences.
The main differences are in the timing of the RCP trips, which occur later for the mild
ADYV and single TBV cases.

4.6.2.6. Small-break LOCA (<0.016 ft?)

The sequences associated with the small-break LOCA (<0.016 ft? in size) are described in
Table 3.14 in Chapter 3. The 17 sequences include isolable and nonisolable breaks, TBV
and ADV failures, MFW runback failure and failure of operators to turn off charging
pump flow after break isolation and to throttle AFW. The temperature, pressure, and
heat-transfer coefficient profiles for selected sequences are presented in Figures 4.53 —
4.55. Detailed discussion of the other sequences is provided in Appendix J.

The temperature protiles in Figure 4.53 show diversity in outcome due to combinations of
cooldown mechanisms. The warmest sequence, 6.12, experienced early SGIS and loss of
MFW flow such that HPI flow and occasional ADV activity were the only sources of cool-
ing. A combination of MFW and HPI flow provided cooldown for sequences 6.1 and 6.3
until SGIS at around 2000 seconds. HPI cooling continues out to 1.5 hours, at which time
the break is isolated in sequence 6.1. The next coolest transients are sequences 6.7
(LANL transient 12) and 6.8, in which a stuck-open ADV augments HPI cooldown to
yield a final temperature of 300°F (421 K). Sequence 6.10, the coldest sequence among
those identified for this initiator, included two stuck-open ADVs augmenting HPI cool-
down to yield a minimum temperature of 253°F (396 K).

The pressure profiles in Figure 4.54 basically follow that of LANL transient 12. The isol-
able break cases deviate from transient 12 values after break isolation at 1.5 hours.
Sequence 6.2 features failure to turn off charging pump flow and so repressurizes to the
PORYV or safety valve set point.* The other isolation cases, sequences 6.1 and 6.8, repres-
surize to the HPI shutoff head pressure. However, if the system is water solid, i.e., if no
steam voids are present, the reheating after break isolation would cause repressurization
similar to sequence 6.2,

*Dependent on whether PORVs are isolated.

195



PRESSURE ( PSia )
e

Figure 4.54. Estimated downcomer pressures for small-break LOCA (<0.016 ft%).

196

seg o1 | g
SEQ 62
.39 63
skq 67 |14
_58q 68 |
5EQ €10|
9 ¢ 8
i
s
&
i
-
]
¥
° 3
4
4
A
o 000 00 oo 000 P 000 oo
TIME ( seconds )
Figure 4.53. Estimated downcomer temperatures for small-break LOCA (<0.016 fth).
o_SEq 61 '
A SEQ 62 (%
L 389 63
X SEQ 67
o Seq e ||,
v_SEQ 610|
® SEQ 612
o
~
o9
— -0 ad
i
\‘\ a
" v e .
1o 20 ;‘T SO foon Toua L E
TIME ( seconds )



o_skq & |
& SKq 62 |
' 5kg €3 ) ’
< 5 67 |
g _SEq 64 |
v SEQ 610]
® 5K 62|
P
3
=
1
7]
o
L84
e
g::
—— —— —— -
o LI R— . | s | S— S— . —— PR DE—<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>