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The Hazard (some fission-product isotopes)

Isotope Half-Life Volatility

1311 8d Gaseous

398r 5S4y Moderately
volatile

106Ru 1y Highly volatile

137Cs By Highly volatile

Health Hazard

External whole-body
radiation; internal
irradiation of thyroid;
high toxicity

Bones and lungs

Kidneys

Internal hazard to whole
body

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
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CRITICAL SAFETY FUNCTIONS

KEEP FISSION PRODUCTS WITHIN THE FUEL

» Control Reactor Power
Control reactivity additions
Shutdown reliably

» Cool the Reactor and Spent Fuel
Maintain coolant inventory
Maintain coolant flow
Maintain coolant heat sinks

KEEP RADIOACTIVE MATERIAL OUT OF THE BIOSPHERE

e Maintain Containment Integrity
Prevent over-pressurization
Prevent over-heating
Prevent containment bypass

» Capture Material Within Containment
Scrubbing

DepOS.lthIl Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
Chemaical capture For more information, see http://ocw.mit.edu/fairuse.
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Emergency Safety Functions

I : Removal of radio- ' Prevention of
activity from dis;_xersal. of
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PWR SYSTEMS USED TO PERFORM EMERGENCY FUNCTIONS

Emergency Coolant Injection

ECI

Borated water Is furnished 1o cool the cors by three
systems:

1) Accumulators,

1) ths Low Pressure Injection System (LPIS),
and

3) the High Pressure injectlon System (HPIS).

HPIS

Reactoy 3af¢Ment or vuctear science & rngineerng Lagy
Study, WASH-1400



PWR SYSTEMS USED TO PERFORM EMERGENCY FUNCTIONS

Emergency Coolant Recirculation

ECR

The cors §s cooled by heat being transferred to contain-
mant by two systems:

1) the Low Pressure Recirculation System (LPRS),
and

2) the High Pressure Racliculation System [HPRS),
Both systems, using injection pumps aligned to
a recliculation mods, pump water from a contain-
ment sump nto the core,

HPR
|
LPR
_G;l -
Haat And Splited
Water Into
f | Contalnment,

Podietyme By Wi Sump

Reactor Safety
Study, WASH-1400
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PWR SYSTEMS USED TO PERFORM EMERGENCY FUNCTIONS

Post Accident Radioactivity Removal

PARR

Radjoactivity Is collected from the contalnmaent atmosphare
by:

1} the Centainment Spray injectlon System {CSiIS),
2) the Containment Spray Recirculation System

{CSRS), and
3) Sodilum Hydroxide Addition (SHA) to spray
water.
- U
e
Reactor Safety
Study, WASH-1400
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PWR SYSTEMS USED TO PERFORM EMERGENCY FUNCTIONS

Post Accident Heat Removal

PAHR

Heat is removed from contalnment by heat exchangers
that involve two systems:

1) the Contalnment Spray Recircutation System,
and

1} the Containment Heat Removal Systam (CHRS).

Gravity-Fed
Coolant

CSR

I
Reactor Safety
StudyW&S‘l‘B‘lﬂUH‘ nucical DUICHLE X LIZHICCT LY R =hid
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PWR Engineered Safety Systems
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FIGURE 14-2 )
Eaginsered safety systems for a PWR. (From W. B. Cotirell, **The ECC3 Rule-Making Hearing,™
Nuclear Sqfeiy, vol. 15, no. 1, Jan.-Feb. 1974.)
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BWR Early Engineered Safety Systems
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FIGURE 14-6
Engineered safety systems for an eardy BWR. (From W. B, Cottrell, "*The ECCS Rule-Making
Hearing,"' Nuclear Sqfery, vol. 15, no. 1, Jan.—Feb. 1974.)
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For more information, see http://ocw.mit.edu/fairuse.

II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 12


http://ocw.mit.edu/fairuse

Siting Criteria (10 CFR 100)

 Consideration of:
» Characteristics of reactor design

» Population characteristics, exclusion area, low population zone, population center
distance

v Assume a bounding fission product release based on a major accident

v" Define an exclusion area of such size that an individual located at any point on its
boundary for two hours immediately following the accident would not receive a
total radiation dose to the whole body in excess of 25 rem (250 mSv) or a total
radiation dose in excess of 300 rem (3000 mSv) to the thyroid from iodine exposure.

v" Define a low population zone of such size that an individual located at any point on
its outer boundary who is exposed to the radioactive cloud during the entire period
of its passage would not receive a total radiation dose to the whole body in excess of
25 rem (250 mSv) or a total radiation dose in excess of 300 rem (3000 mSv) to the
thyroid from iodine exposure.

v" A population center distance of at least 1.33 times the distance from the reactor to
the outer boundary of the population center distance

» Seismology, meteorology, geology, hydrology.

II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
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General Design Criteria (10 CFR 50 Appendix A)

http://www.nrc.gov/reading-rm/doc-collections/cfr/part050/

» The principal design criteria establish the necessary design, fabrication, construction,
testing, and performance requirements for structures, systems, and components
important to safety; that is, structures, systems, and components that provide
reasonable assurance that the facility can be operated without undue risk to the
health and safety of the public.

 Six major categories:
» Overall requirements
» Protection by multiple fission product barriers
» Protection and reactivity control systems
» Fluid systems
» Reactor containment

» Fuel and reactivity control

II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
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The Single-FaiIure Criterion

» “Fluid and electric systems are considered to be designed
against an assumed single failure if neither (1) a single failure
of any active component (assuming passive components
function properly) nor (2) a single failure of a passive
component (assuming active components function properly),
results in a loss of the capability of the system to perform its
safety functions.”

 The 1ntent 1s to achieve high reliability (probability of success)
without quantifying it.

» Looking for the worst possible single failure leads to better
system understanding.

II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
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GDC 10 and 11

 Criterion 10--Reactor design. The reactor core and associated coolant, control, and
protection systems shall be designed with appropriate margin to assure that specified
acceptable fuel design limits are not exceeded during any condition of normal
operation, including the effects of anticipated operational occurrences.

 Criterion 11--Reactor inherent protection. The reactor core and associated coolant
systems shall be designed so that in the power operating range the net effect of the
prompt inherent nuclear feedback characteristics tends to compensate for a rapid
increase in reactivity.

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/fairuse.
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GDC 35

* An ECCS must be designed to withstand the following postulated
LOCA: a double-ended break of the largest reactor coolant line,
the concurrent loss of offsite power, and a single failure of an
active ECCS component in the worst possible place.

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/fairuse.
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Defense in Depth

“Defense-in-Depth is an element of the Nuclear Regulatory
Commission’s safety philosophy that employs successive compensatory
measures to prevent accidents or mitigate damage if a malfunction,
accident, or naturally caused event occurs at a nuclear facility.”

[Commission’s White Paper, USNRC, 1999]
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DEFENSE-IN-DEPTH MULTILAYER PROTECTION

FROM FISSION PRODUCTS

Barrier or Layer

I H .
I I" Massa

NUREBSPRG042! p6¢ ™

. Ceramic fuel pellets

Metal cladding

Reactor vessel and piping

Containment

Exclusion area

Low population zone,
evacuation plan

Population center distance

Only a fraction of the gaseous and volatile fission
products is released from the pellets.

The cladding mabes contain the fission products
released from the pellets. During the life of the fuel,
less than 0.5 percent of the tubes may develop pinhole
sized leaks through which some fission products

escape.

The 8- to 10-inch (20~ to 25-cm) thick steel vessel and
3- to 4-inch (7.6- to 10.2-cm) thick steel piping contain
the reactor cooling water. A portion of the circulating

water is continuously passed through filters to keep the
radioactivity low.

The nuclear steam supply system is enclosed in a
containment building strong enough to withstand the
rupture of any pipe in the reactor coolant system.

A designated area around each plant separates the plant
from the public. Entrance is restricted.

Residents in the low population zone are protected by
emergency evacuation plans.

Plants are located at a distance from population
centers.



DEFENSE-IN-DEPTH, SAFETY STRATEGIES

Safety Strategy Postulate

Accident Prevention

Accidents

Safety Systems

Releases from RCS

Containment

Accident Management

Containment Leakage

Siting & Emergency Plans

Ul  Stationary Individuals g,
" Massachusetl
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Safety Analysis Report Contents

Chapter 1 Introduction and General Description of Plant
Chapter 2 Site Characteristics
Chapter 3 Design of Structures, Components, Equipment, and Systems
Chapter 4 Reactor
Chapter 5 Reactor Coolant Systems and Connected Systems
Chapter 6 Engineered Safety Features
Chapter 7 Instrumentation and Controls
Chapter 8 Electric Power
Chapter 9 Auxiliary Systems
Chapter 10 Steam and Power Conversion System
Chapter 11 Radioactive Waste Management
Chapter 12 Radiation Protection
Chapter 13 Conduct of Operations
Chapter 14 Initial Test Program
Chapter 15 Accident Analysis
Chapter 16 Technical Specifications
Chapter 17 Quality Assurance
II I Il Massachusetts Institute of Technology Prof. Andrew C. KNdaR 2008 R-6042, 1994.
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Design Basis Accidents

* A DBA is a postulated accident that a facility 1s designed and built to
withstand without exceeding the offsite exposure guidelines of the
NRC’s siting regulation (10 CFR Part 100).

« Each DBA includes at least one significant failure of a component. In
general, failures beyond those consistent with the single-failure criterion
are not required (unlike in PRAS).

T massachusets institute of Technotogy Prof. Andrew C. KMEREQET86042, USNRC, 1994.
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POSTULATED ACCIDENTS AND OCCURRENCES

Departm

Class
Number Description Example(s)
1 Trivial incidents Small spills
Small leaks inside containment
2 Miscellaneous small releases outside Spills
containment Leaks and pipe breaks
3 Radwaste system failures Equipment failure
Serious malfunction or human
error
4 Events that release radioactivity Fuel defects during normal
into the primary system operation
Transients outside expected
range of variables
5 Events that release radioactivity Class 4 and heat exchanger leak
into the secondary system
6 Refueling accidents inside Drop fuel element
containment Drop heavy object onto fuel
Mechanical malfunction or loss
of cooling in transfer tube
7 Accidents to spent fuel outside Drop fuel element

O

containment

Accident initiation events
considered in design basis
evaluation in the safety analysis
report

Hypothetical sequences of failures
more severe than Class 8

Drop heavy object onto fuel

Drop shielding cask—loss of
cooling to cask, transportation
incident on site

Reactivity transient

Rupture of primary piping

Flow decrease—steamline break

Successive failures of multiple
barriers normally provided and
maintained

U.S. Atomic Energy Commission, 1973.



REPRESENTATIVE INITIATING EVENTS
TO BE ANALYZED IN SECTION 15.X.X OF THE SAR

Increase in Heat Removal by the Secondary System

1.1 Feedwater system malfunctions that results in a decrease in feedwater temperature.
1.2 Feedwater system malfunctions that result in an increase in feedwater flow.

1.3 Steam pressure regulator malfunction or failure that results in increasing steam flow.
1.4 Inadvertent opening of a steam generator relief or safety valve.

1.5 Spectrum of steam system piping failures inside and outside of containment in a PWR.
Decrease in Heat Removal by the Secondary System

2.1 Steam pressures regulator malfunction or failure that results in decreasing steam flow.
2.2 Loss of external electric load.

2.3 Turbine trip (stop valve closure).

2.4 Inadvertent closure of main steam isolation valves.

2.5 Loss of condenser vacuum.

2.6 Coincident loss of onsite and external (offsite) a.c. power to the station.

2.7 Loss of normal feedwater flow.

2.8 Feedwater piping break.
Decrease in Reactor Coolant System Flow Rate

3.1 Single and multiple reactor coolant pump trips.
3.2 BWR recirculation loop cont roller malfunctions that result in decreasing flow rate.
3.3 Reactor coolant pump sh aft seizure.
3.4 Reactor coolant pump shaft break.
II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
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REPRESENTATIVE INITIATING EVENTS
TO BE ANALYZED IN SECTION 15.X.X OF THE SAR (cont.)

Reactivity and Power Distribution Anomalies

4.1  Uncontrolled control rod assembly withdraws from a subcritical or low power startup
condition (assuming the mo st unfavorable reactivity conditions of the core and reactor coolant
system), including control rod or temporary control device removal error during refueling.

4.2 Uncontrolled control rod assembly withdraws at the particular power level (assuming the most
unfavorable reactivity conditions of the core and reactor coolant system) that yields the most
severe results (low power to full power).

4.3  Control rod maloperation (system malfunction or operator error), including maloperation of
part length control rods.

4.4 A malfunction or failure of the flow controller in BWR loop that results in an inco rrect
temperature.

4.5 A malfunction or failure of the flow controller in BWR loop that results in an inc reased
reactor coolant flow rate.

4.6  Chemical and volume control system malfunction that results in a decrease in the boron
concentration in the reactor coolant of a PWR.

4.7  Inadvertent loading and operation of a fuel assembly in an improper position.
4.8  Spectrum of rod ejection accidents in a PWR.
4.9  Spectrum of rod drop accidents in a BWR.

5. Increase in Reactor Coolant Inventory

5.1  Inadvertent operation of ECCS during power operations.

5.2 Chemical and volume control system malfunction (or operator error) that increases reactor
coolant inventory

5.3 A number of BWR transients, including items 2.1 through 2.6 and item 1.2.

II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
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7.

REPRESENTATIVE INITIATING EVENTS
TO BE ANALYZED IN SECTION 15.X.X OF THE SAR (cont.)

6. Decrease in Reactor Coolant Inventory

6.1

6.2

6.3
6.4
6.5

6.6

Inadvertent opening of a pressurizer safety or relief valve in a PWR or a safety or relief
valve in a BWR.

Break in instrument line or other lines from reactor coolant pressure boundary that
penetrate containment.

Steam generator tube failure.
Spectrum of BWR steam system piping failures outside of containment.

Loss-of-coolant accidents resulting from the spectrum of postulated piping breaks within

the reactor coolant pressure boundary, including steam line breaks inside of containment in
a BWR.

A number of BWR transients, including items 2.7, 2.8, and 1.3.

Radioactive Release from a Subsystem or Component

7.1
7.2
7.3
7.4
7.5

Radioactive gas waste system leak or failure.
Radioactive liquid waste system leak or failure.
Postulated radioactive releases due to liquid tank failures.

Design basis fuel handling accidents in the containment and spent fuel storage buildings.

Spent fuel cask drop accidents.
II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
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Emergency Core Cooling System (ECCS)

(January 1974, 10 CFR 50.46)

Postulate several LOCAs of different sizes and locations to provide assurance that
the most severe LOCAs are considered.

Postulate concurrent loss of offsite or onsite power and the most damaging single
failure of ECCS equipment (GDC 35).

Acceptance Criteria
» Peak cladding temperature cannot exceed 2200 °F (1204 °C)
» Oxidation cannot exceed 17% of cladding thickness

» Hydrogen generation from hot cladding-steam interaction cannot
exceed 1% of its potential

» Core geometry must be coolable

» Long-term cooling must be provided

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/fairuse.
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Double Ended Guillotine Break

Figure 2
PLAN VIEW OF REACTOR AND PRIMARY LOOPS

Steam
Cold L .
“ "Guillotine'" Break of
Coolant Pipe
- B water
Department of Nuclear Science & Engineering Page 28
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Simplified event tree logic diagrams for a design-basis LOCA in an LWR. (Adapted from WASH-1400,
1975.)
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High Power Level (1)
Low Reactor Coolant
Flow {2)

High Pressurizer

Pressure

Thermal Margin/Low
Pressure (2?

Low Steam Generator
Hater Leve]l

Low Steam Generator
Pressure (3)

Containment High
Pressure

Y

Table 2.3.1

Reactor Protective System Trip Settings . ‘ A

Four Reactof
Coolant Pumps
Operating _

<106.5% of Rated Power <B0% of Rated Power

<95% of Reactor
Cootant Flow with
4 Pumps Operating

<2400 Psia

Trip Point Set at

Applicable Limits

to S-.isfy Figure
7 4

50" Below Nornal
Water Level

<500 Psia

<4 Psig

Three Reactor
Coolant Pumps
Operating

‘

<73% of Reactor
Coolant Flow with
4 Pumps Operating

<2400 Psia

Trip Point Set at
Applicable Limits
to Satisfy Figure
2-3

50" Beloﬁ Normal
Water Level

<500 Psia

<4 Psig -

Two Reactor
Coolant Pumps
Operating
Same Loop

-47% of Rated Power

——

<47% of Reactor
Coolant Flow with
4 Pumps Operating

<2400 Psia

Trip Point Set at
Applicable Limits
to Satisfy Figure
2-1

50" Below Normal
Water Level

<500 Psia .

<4 Psig

Two Reactor
Coolant Pumps
Operating
Opposite Loops

<51% of Rated Power

<50% of Reactor
Coolant Flow with
4 Pumps Operating

<2400 Psia

Trip Point Set at
Applicable Limits
to Satisfy Figure
2-2

50" Below Normal
Water Level

<500 Psia

<4 Psig

{l; Below 5% rated power, the %rip setting may be manually reduced by a factor of 10.
2) May be bypassed below 10-%4% of rated power provided auto bypass removal circuitry is operable.
(3) Manual inhibit permitted below 601 psig: automatically removed above 650 psig.

Additional trips not credited in safety analysis:

8. High rate of change of 2.6 DPM, functioinal between 10'4%

and 15% power
9. Lloss of turbine oad, bypassed when <15% power

10. Manual (2 ltocations)

Source unknown. All rights reserved. This content i [
_ : . s excluded from our i
For more information, see http://ocw.mit.edu/fairuse. L Creative Commons icense
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- 2500

2400
2350

2215

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/fairuse. ’

s~ Safety Valves Open |

High Pressure Tri? - Both Power
Operated Relief Valves Open

Both Spray Valves Full Open Above
2350 psia and High Pressure Alarm

-Both Spray Valves Full Closed

23007

Below 2300 psia

Proportional Heater Group " OFF"

22501y
2225 =

2200 i~

Control Set Point

Proportional Heater Group " ON"
L—— All Backup Heaters " ON" Below 2200

O {00k Low Pressure Alarm
Vo Therma! Marain/Low Pressure Trip
[§: | Cet Dojnt Will Vary Beiween
1750 and 2500 psia |
’ Thermal Marain/Low Pressure Trip
1750 ‘ Minimunr Vafue
. Low-Low Pressure Alarm and Safety
L 1600 Injection Actuation Signal
: et BALITRORE ' | Figure
GAS § ELECTRIC CO. Pressure Contro! Program 7-13
Neete or Do s Pl ant .

All Backup Heaters " OFF" Above 2225 psia
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NEP 1 & 2 Amendment N10

March 1978
TABLE 15.4-1¢
LARGE BREAK'
TIME SEQUENCE OF EVENTS
DECL 0.6 DECL 0.4 DECL 0.8 DECL
(Sec) (Sec) (5ec) (Sec)
START 0. 0. 0. 0.
Rx Trip Signal 1.04 1.10 1.16 1.06
S. I. Signal 0.94%  1.10 1.16 1.02%
Acc. Injection 12,5 14.6 - 19.4 13.0
End of Blowdown 26,5 23.3 36.9 20.7
Bottom of Core Recovery 38.8 37.6 48,8 344
Acc. Empty 55.0 57.4 63.9 55.4
i Pump Injection 25.94 26.10 26,16 26,02
End of Bypass 23.4 23.2 32.9 20.5
* From Containment Pressure Signal.
(A~

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.

For more information, see http://ocw.mit.edu/fairuse.
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NEP 1 & 2

TABLE 15.4-1d

LARGE BREAK

Amendment N10
March 1978

CONTAINMENT DATA - NEP CONTAINMENT

Net Free Volume

Initial Conditions
Pressure
Temperature
BWST temperature

Raw water temperature

Outside temperature

Relative humidity

Spray System

Number of pumps operating
Runout flow rate (total)

Actuation time

Structural Heat Sinks

Item

Containment Cylinder
Containment Dome
Containment Floor
Containment Sump
Miscellaneous Concrete
Miscellaneous Steel

Thickness (ft)

«0313 steel, 4.5 concrete
+0417 steel, 3.5 concrete

4,0 concrete, .0208 steel, 9.0 concrete

9.0 concrete
1.0 concrete
0.2 steel
0.05 steel
0.03125 steel
0.030 steel
0.020 steel
0.0057 steel

2.987 x 10° £&3

14.7 psia
gQoF

40°F

NA

0°F

997%

2
6600 gpm
35 sec

Area gft2!

70151
33867
13820
972

160,000
5,000
65,000
90,000
100,000
70,000
45,000

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For moreinformation, see http://ocw.mit.edu/fairuse. '
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Results
' Peak Clad Temp, °F
feak Clad Location Ft.
Local Zr/Hzo Rzn (max) Z
Local ZI/HZO Location‘Ft.
Total Zr/Hzo Rxn %
Hot Rod Burst Time sec

Hot Rod Burst Location Ft,

Calculation

NSSS Power Mwt 102%Z of

NEP 1 & 2

TABLE 15.4-1a

Peak Linear Power kw/ft 102% of

Peaking Factor (At License Rating)

Accumulator Water Volume (Cubic Feet)

Fuel region + cycle analyzed

UNIT 1

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.

For more information, see http://ocw.mit.edu/fairuse.
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15.4 CONDITION IV - LIMITING FAULTS

Refer to RESAR-3 (4~loop, without loop stop valves) Section 15.4, with
the following modifications:

15.4.1 Major Reactor Coolant System Pipe Ruptufes
(Loss of Coolant Accident)

The analysis specified by 10 CFR Part 50.46(1) Acceptance Criteria for
Emergency Core Cooling Systems for Light Water Cooled Nuclear Power

Reactors is presented in this section. The results of the LOCA analyses

are shown in Table 15.4-la and show compliance with the Acceptance Criteria.
The analytical techniques used are in compliance with Appendix K of 10

CFR Part 50, and are described in Reference (2). The results for the

small break LOCA are presented in subsection 15.3.1 of the PSAR and are

in conformance with 10 CFR Part 50.46 and Appendix K of 10 CFR Part 50.

The boundary considered for the LOCA as related to connecting piping is
defined in RESAR-3, Section 3.6.

Should a major break occur, depressurization of the reactor coolant system
results in a pressure decrease in the pressurizer. Reactor trip signal
occurs when the pressurizer low-pressure trip set point is reached. A
safety injection system signal is actuated when the appropriate set point
is reached. These countermeasures will limit the consequences of the
accident in two ways:

a. Reactor trip and borated water injection complement void formation
in cauvsing rapid reduction of power to a residual level
corresponding to fission product decay heat.

b. Injection of borated water provides heat transfer from the core
and prevents excessive clad temperatures.

At the beginning of the blowdown phase, the entire reactor coolant system
contains subcooled liquid which transfers heat from the core by forced
convection with some fully developed nucleate boiling. After the break
develops, the time to departure from nucleate boiling is calculated,
consistent with Appendix K of 10 CFR Part 50. Thereafter, the core heat
transfer is based on local conditions with transition boiling and forced
convection to steam as the major heat transfer mechanisms. During the
refill period rod-to-rod radiation is the only heat transfer mechanism.

Source unknown. All rights reserved. This content is excluded from our Creative Commons I|cense
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When the reactor coolant system pressure falls below 600 psia, the
accumulators begin to inject borated water. The conservative assumption
is made that accumulator water injected bypasses the core and goes out
through the break until the termination of bypass. The conservatism is
again consistent with Appendix K of 10 CFR Part 50.

15.4.1.1 Thermal Analysis

a. Westinghouse Performance Criteria for Emergency Core Cooling
System :

The reactor is designed to withstand thermal effects caused by a LOCA,
including the double-ended severance of the largest reactor coolant system
pipe. The reactor core and internals, together with the emergency core
cooling system, are designed so that the reactor can be safely shut down

and the essential heat transfer geometry of the core Preserved following
the accident.

The emergency core cooling system, even when operating during the injection
mode with the most severe single active failure, is designed to meet the
Acceptance Criteria.

b. Method of Thermal Analysis

The description of the various aspects of the LOCA analysis is given in
Reference (2). This document describes the major phenomena modeled, the
interfaces among the computer codes, and features of the codes which
maintain compliance with the Acceptance Criteria. The individual codes
are described in detail in References (3) through (6). The containment
parameters used in the contaimment analysis code, Reference (6), to

determine the emergency core cooling system backpressure are presented
in Table 15.4-1b. : :

The analysis presented here was performed using the October, 1975 wversion
of the Westinghouse Evaluation Model. This version includes the
modifications to the models, referenced above, as specified by the NRC

in Reference (7) and complies with Appendix K of 10 CFR Part 50. The
October, 1975 Westinghouse Evaluation Model is documented in References
{8) through (10). -

The analysis was performed using the conservative assumption that the
fluid temperature in the upper head of the reactor vessel is equal to the
reactor vessel outlet temperature. The effect of upper head temperature
on. ECCS performance is discussed in References (13) and (14).

The time sequence of events for all breaks analyzed is shown in Table
15.4~1c.
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The analysis was performed using a reference containment which has intermal
steel and concrete structural heat sinks which conform to the guidelines
of Branch Technical Position CSB 6-1.

The containment initial conditions of 90°F and 14.7 psia are
representatively low values anticipated during normal full-power operation.
The initial relative humidity was conservatively assumed to be 98.8
percent.

The condensing heat transfer coefficient used for heat transfer to the
steel containment structures for the limiting break is given in Figure
15.4.1-16.

The containment temperature response is presented in Figure 15.4.1- 17 for
the limiting break.

The containment sump temperature does not affect the analy31s because the
maximum peak cladding temperature occurs prior to initiation of the
recirculation mode for containment spray system.

The mass and energy releases used in the containment backpressure
calculation for the limiting break are presented in Table 15.4-le.

These results can be demonstrated to be conservative for NEP as follows:

Table 15.4-1b lists the reference contaimment parameters used in the

. calculation that yielded a peak clad temperature of 2148°F. Table 15.4-1d
lists the NEP containment parameters. Figure 15.4.1-18 shows containment
pressure versus time for the limiting break for each set of containment
parameters. The figure demonstrates that the NEP back pressure is at atll
times higher than that of the containment used in the ECCS performance
calculation. As a result, the core flooding rates for NEP 1 & 2 exceed
the calculated flooding rates; the higher flooding rates will yield a
peak clad temperature lower than 21489F,

c. Results

Table 15.4-1a presents the peak clad temperatures, hot spot metal reaction,
and other key results for a range of break sizes. The range of break

sizes was determined to include the limiting case for peak clad temperature
from sensitivity studies reported in References (11) and (12).

The SATAN VI analysis of the LOCA is performed at 102 percent of Engineered
Safeguards Design Rating. The peak linear power and core power used in

the analyses are given in Table 15.4-la. The equivalent core parameter

at the license application power level are also shown in Table 15.4-la.
Since there is margin between the value of the peak linear power density
used in this analysis and the value expected in operation, a lower peak
clad temperature would be obtained by using the peak linear power density
expected during operation.
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For the results discussed below, the hot spot is defined to be the location

of maximum peak clad temperature.

This location is given in Table 15.4-1a

for each break size analyzed.

Figures 15.4.1-1A through 15.4.1-16 present the transients for the prinecipal

parameters for the break sizes analyzed.

Figures
through

Figures
through

Figures
through

Figures
through

Figures
through

Figures
through

15.4.1-1A
15.4.1-3D

15.4.1-4A
15.4.1-6D

15.4.1-13A
15.4.1-13D

The following items are noted:

The following quantities are presented at the clad
burst location and at the hot spot (location of
maximum clad temperature), both on the hottest fuel
rod (hot rod):

a., Fluid quality
b. Mass velocity
c. Heat transfer coefficient

The heat tramsfer coefficient shown is calculated
by the 1LOCTA IV Code.

The system pressure shown is the calculated pressure
in the core. The flow rate out the break is plotted
as the sum of both ends for the guillotine break
cases, The core pressure drop shown is from the
lower plenum, near the core, to the upper plenum

at the core outlet.

These figures show the hot spot clad temperature
transient and the clad temperature transient at the
burst location. The fluid temperature shown is also
for the hot spot and burst location. The core flow
(top and bottom) is also shown.

These figures present the core reflood transient.

These figures show the emergency core cooling system
flow for all cases analyzed. As described earlier,
the accumulator delivery during blowdown is discarded
until the end of bypass is calculated. Accumulator
flow, however, is established in refill-reflood cal-
culations. The accumulator flow assumed is the sum
of that injected in the intaet cold legs.

These figures show the containment pressure transient.
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Figures 15.4.1-14A  These figures show the core power transient.
through 15.4.1-14D
Figure 15.4.1-15 This figure shows the break energy released to the
containment during blowdown.
Figure 15.4.1-16 This figure provides the containment wall condensing

heat transfer coefficient.

In addition to the above, Tables 15.4-le and 15.4-1f present the reflood
mass and energy releases to the containment and the broken loop accumulator
mass and energy flowrate to the containment, respectively.

The clad temperature analysis is based on a total peaking factor of 2.32.
The hot spot metal water reaction reached is 6.7 percent, which is well
below the embrittlement limit of 17 percent, as required by 10 CFR Part
50.46. 1In addition, the total core metal water reaction is less than 0.3
percent for all breaks as compared with the 1 percent criterion of 10 CFR
Part 50.46. '

The results of several sensitivity studies are reported in Reference (12).
These results are for conditioms which are not limiting in nature and

hence are reported on a generic basis.

Conclusions — Thermal Analysis

For breaks up to and including the double~ended severance of a reactor
coolant pipe, the emergency core cooling system will meet the Acceptance
Critexia as presented in 10 CFR PART 50.46. That is:

a. The calculated peak fuel element clad temperature provides
. o -
margin to the requirement of 2200°F even with containment
parameters as conservative as those presented in Table 15.4-1b.

b. The amount of fuel element cladding that reacts chemically with
water or steam does not exceed l percent of the total amount
of Zircaloy in the reactor.

c¢. The clad temperature transient is terminated at a time when the
core geometry is still amenable to cooling. The cladding
oxidation limits of 17 percent are not exceeded during or after
quenching. :

d. The core temperature is reduced and decay heat is removed for
an extended period of time, as required by the long-lived
radioactivity remaining in the core.
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1. Read Knief Chapter 14
2. Problems: 14.9,11, 12, 21, 23

II I Il Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 29



MIT OpenCourseWare
http://ocw.mit.edu

22.091 Nuclear Reactor Safety
Spring 2008

For information about citing these materials or our Terms of Use, visit: http://ocw.mit.edu/terms.



http://ocw.mit.edu
http://ocw.mit.edu/terms


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


