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6.0

ENGINEERED SAFETY FEATURES

Engineered safety features (ESFs) reduce the consequences of postulated accidents
(PAs). Further, ESFs protect the public health and safety in the unlikely event of an
accidental release of radioactive fission products from the reactor coolant system (RCS).
ESFs will automatically act to limit, control, and terminate unplanned events, while
maintaining the radiation exposure to the public well below the applicable regulatory limits
and guidelines. The following are ESFs of the US-APWR:

containment system
emergency core cooling system (ECCS)
habitability system

fission product removal and control system

In addition to meeting the codes and standards of Title 10, Code of Federal Regulations
(CFR) Part 50.55a (Ref. 6.0-1), the US-APWR ESFs satisfy the requirements of the
following Appendix A requirements of 10 CFR 50 (Ref. 6.0-2):

General Design Criteria (GDC) 1: For quality standards concerning design,
fabrication, erection, and testing of ESF components.

GDC 4: The ESF components are designed to accommodate the effects of and
are compatible with the environmental conditions associated with normal
operation, maintenance, testing, and postulated accidents, including loss-of-
coolant accidents (LOCAs).

GDC 14: The ESF systems are designed, fabricated, erected, and tested so as to
have an extremely low probability of causing an abnormal leakage, of rapidly
propagating a failure, and of a gross rupture of the reactor coolant pressure
boundary (RCPB).

GDC 31: The ESF systems are designed to assure that when stressed under
operating, maintenance, testing, and postulated accident conditions; (1) the
RCPB behaves in a non-brittle manner, and (2) the probability of a rapidly
propagating fracture is minimized.

GDC 35: The ESFs provide abundant emergency core cooling. Heat can be
transferred from the reactor core following any loss of reactor coolant at a rate
such that (1) fuel and clad damage that could interfere with the continued effective
core cooling is prevented; and (2) clad metal-water reaction is limited to negligible.

GDC 41: The ESFs control fission products, hydrogen, oxygen, and other
substances that may be released into the reactor containment to ensure that the
containment integrity is maintained.
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The ESF systems discussed in this chapter are those that limit the consequences of
postulated accidents in the US-APWR. This chapter identifies the functional
requirements, demonstrates how the functional requirements comply with regulatory
requirements, and demonstrates how the ESF design meets or exceeds the functional
requirements. This section of the Design Control Document (DCD) lists and discusses
each system that is considered to be part of the ESF systems.

6.0.1 Engineered Safety Feature Material

The materials used in constructing and fabricating ESF components and systems, as well
as their interaction with ECCS fluids and post-accident conditions, are considered in
Section 6.1. The material specifications, selection, treatment, and coatings are described.
Materials are selected and treated to improve hardness, strength, corrosion resistance,
and ductibility; and to reduce the probability of a rapidly propagating fracture.

6.0.2 Containment Systems

The US-APWR containment, as discussed in Subsection 6.2.1, completely encloses the
reactor and RCS. The containment is essentially leak tight to ensure that no significant
amount of radioactive material can reach the environment, even in the unlikely event of a
RCS failure.

The containment is a prestressed, post-tensioned concrete structure with a cylindrical
wall, a hemispherical dome, and a flat, reinforced concrete foundation slab. To ensure
leak tightness during normal operation and under postulated accident conditions, the
US-APWR containment is designed and built to safely accommodate an internal pressure
of 68 psig.

The following are US-APWR containment systems:
+ containment heat removal system
* containment isolation system
» containment hydrogen monitoring and control system (CHS)

The containment spray system (CSS) limits the peak containment pressure to less than
the design pressure and is capable of reducing the containment pressure to
approximately atmospheric in the unlikely event of an accident. The CSS shares the
residual heat removal system (RHRS) pumps and heat exchangers. The containment
spray piping, spray rings, and nozzles are unique to the CSS.

All lines that penetrate the containment are provided with isolation features. The
containment isolation system valves that automatically close when required do not
automatically re-open when the isolation condition “clears.” If a loss of actuating power
occurs, the valves remain closed. Re-opening such automatic containment isolation
valves requires deliberate, manual action by a plant operator.

The CHS monitors and limits the concentration of hydrogen in containment. In the
unlikely event that excessive hydrogen is detected in containment, hydrogen igniters burn
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excess hydrogen in a controlled manner, thus, avoiding potential, localized containment
damage.

The US-APWR containment is designed to permit periodic leakage rate testing. The
periodic leakage rate testing program is the responsibility of any utility that references the
US-APWR design for construction and licensed operation.

6.0.3 Emergency Core Cooling Systems

The ECCS removes heat from the reactor core following postulated design basis events.
The US-APWR ECCS consists of the following:

* accumulator system
* high head injection system
* emergency letdown system

The accumulators are passive devices that inject borated water directly into each of

four reactor cold legs. The accumulators have a dual flow rate design; a large initial flow
rate for the immediate vessel refill, and a small flow rate of longer duration for a continued
core re-flood.

The high head injection system combines its flow performance with the flow rate of the
accumulators to ensure a timely flow response and a long-term injection for core cooling.
The safety injection pumps automatically start and deliver borated water from the
refueling water storage pit for the duration of the event. Four, 50% capacity, safety
injection pumps are provided.

The emergency letdown system performs a “feed and bleed” (FAB) letdown boration to
establish cold shutdown conditions if the normal chemical and volume control system
(CVCS) is unavailable. The emergency letdown system directs the reactor coolant from
two reactor vessel hot legs (A and D) to the refueling water storage pit, from which highly
borated water can be returned to the reactor vessel using the safety injection pumps.

6.04 Habitability Systems

The control room habitability system is the ESF that allows operators to remain safely
inside the control room envelope while taking the necessary actions to manage and
control unusual, unsafe, or abnormal plant conditions, including a loss-of-coolant accident
(LOCA). The control room habitability system protects the operators against postulated
releases of radioactive material, toxic gases, and smoke, and enables the operators to
occupy the control room envelope safely and for an extended time.

6.0.5 Fission Product Removal and Control Systems

Fission product removal systems are ESFs that confine fission products that are released
from the reactor core as a result of the design basis LOCA and become airborne.
Sometimes referred to as “atmosphere cleanup,” fission products are confined in the
sense that their free mobility and circulation would otherwise raise the potential of an
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unintended release to the environment. The containment controls reduce leakage of
fission products from the containment to ensure that the leakage fraction that may reach
the environment is below limits. Thus, the US-APWR fission product removal (three
systems) and control (containment) systems are as follows:

* main control room (MCR) heating, ventilation, and air conditioning (HVAC)
System

* annulus emergency exhaust system
* containment spray system
* containment vessel

The annulus emergency exhaust system is separate and distinct from the control room
habitability system, which is presented in Section 6.4. The plant ventilation systems for
Class-1E electrical rooms, safeguard component areas emergency feed pump areas, and
the emergency power sources are presented in Chapter 9, Subsection 9.4.5. The
containment spray for containment cooling is presented in Chapter 6, Subsection 6.2.2.

6.0.6 Inservice Inspection (ISl) of Class 2 and Class 3 Components

Regular and periodic examinations, tests, and inspections of pressure retaining
components (and supports) are required by 10 CFR 50.55a(g) (Ref. 6.0-1). Section 6.6
discusses the ISI and testing programs to address these requirements.

6.0.7 Combined License Information

No additional information is required to be provided by a COL Applicant in connection
with this section.

6.0.8 References

6.0-1 Codes and Standards, 10 CFR 50.55a, Nuclear Regulatory Commission, U.S.,
Washington, D.C., January 2007 Edition.

6.0-2 General Design Criteria for Nuclear Power Plants, 10 CFR 50 Appendix A,
Nuclear Regulatory Commission, U.S., Washington, D.C., January 2007
Edition.
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6.1 Engineered Safety Feature Materials

This section provides information on the material selection and fabrication of ESF
systems. In addition to other important attributes, the materials used in ESF systems are
selected for compatibility with the refueling water storage pit (RWSP) water, as well as a
wetting spray that combines these fluids with sodium tetraborate decahydrate (NaTB)
RWSP additive in the unlikely event of a design-basis accident (DBA). In addition to the
material selection, this section discusses the material treatment processes.

6.1.1 Metallic Materials

Chapter 3 identifies the American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code 2001 Edition through 2003 Addenda that apply to the design and
manufacture of the US-APWR components described in this DCD. Later (more recent)
editions or addenda to the ASME Code may be used for materials, as allowed by the
ASME Code, provided that the more recent edition and/or addenda are permitted by

10 CFR 50.55a, or are authorized as a proposed alternative under 10 CFR 50.55a(a)(3)
(Ref. 6.1-1). Chapter 3 also presents (or references) all design, analysis, and
construction requirements imposed by the U.S. Nuclear Regulatory Commission (NRC)
on plant structures, systems, and components (SSCs).

6.1.1.1 Materials Selection and Fabrication

The material specifications used for the RCPB piping and valves in Chapter 5,
Subsection 5.2.3, are applied to pressure retaining materials of ESF systems, and are
listed in Table 6.1-1. The materials for use in ESF systems are selected for compatibility
with core coolant and containment spray solutions, as described in ASME Code

Section Il (Ref. 6.1-2), Articles NC-2160 and NC-3120. Consideration of the deterioration
of materials during service due to thinning by corrosion, erosion, mechanical abrasion, or
other environmental effects has been included in the design of ESF components and
systems.

Table 6.1-1 presents the material specifications for pressure retaining materials of the
prestressed concrete containment vessel (PCCV) and other ESF systems that are not
part of the RCPB. The grade and type of the ESF materials have been chosen to
enhance corrosion resistance, strength, and hardness. The RCPB materials are
described in Chapter 5, Subsection 5.2.3. The materials proposed for the ESFs comply
with Appendix | to ASME Code Section Il (Ref. 6.1-2); and Parts A, B, and C of ASME
Code Section Il (Ref 6.1-3). The material specifications for the pressure-retaining
materials of ESF components meet the requirements of ASME Code Section I, Class 2,
Article NC-2000 for Quality Group B, ASME Code Section lll, Class 3, Article ND-2000 for
Quality Group C, and ASME Code Section Il for containment pressure boundary
components. The materials used in the fabrication of containment penetrations meet the
requirements of ASME Code Section lll, Division 1, Articles NC-2000 or NE-2000.

The construction materials of ESF systems are compatible with core coolant and
containment spray solutions. The ESF construction materials that would be exposed to
core coolant and containment spray solutions in the event of a DBA are listed in Table
6.1-2.
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The requirements from RG 1.44 (Ref. 6.1-4) are followed during the manufacture and
construction of the ESF components and structures. The material used to fabricate the
safety significant portions of the ESF systems (including supports) is highly resistant to
corrosion. Process controls are enforced during all aspects of the component fabrication
and construction to minimize the exposure of stainless steel to contaminants that could
lead to stress-corrosion cracking. To avoid significant sensitization during fabrication and
assembly of austenitic stainless steel components of the ESF, halogens and halogen-
bearing compounds (e.g., die lubricants, abrasives, marking compounds, and masking
tape) are not used in the welding processes during the construction of ESF components.
Austenitic stainless steel base materials for ESF applications are solution annealed to
prevent sensitization and stress corrosion cracking. Furnace-sensitized materials are not
used in ESF systems. When practical, solution heat-treating includes rapid cooling rates
following welding to minimize the formation of carbon deposits in the heat affected zone
of the material. Austenitic stainless steel base metal used for the pressure retaining
materials has a limited carbon content not exceeding 0.05% (heat analysis) and 0.06%
(product analysis) when the standard grade stainless steel is used. During the detailed
design, MHI will determine if there are local areas where flow stagnation may be present
resulting in dissolved oxygen content greater than 0.10 ppm in piping and components
that have a normal operating temperature above 200°F. For piping and components
where the above conditions exist, stainless steel with a carbon content less than or equal
to 0.03% will be used.

All ESF components in contact with core coolants and containment spray solutions are
either fabricated from or clad with austenitic stainless steel. Cold-worked austenitic
stainless steel is not used for pressure boundary applications. If such material is used for
other applications when there is no proven alternative available, cold work is controlled,
measured and documented during each fabrication process. An augmented inservice
inspection (IS1) is conducted to ensure the structural integrity of such components during
service, which is described in Section 6.6. Cold-worked austenitic stainless steels have a
maximum 0.2 percent offset yield strength of 620 MPa ( 90,000 psi ) to reduce the
probability of stress-corrosion cracking in ESF systems.

Operating experience has demonstrated that certain nickel-chromium-iron alloys are
susceptible to stress-corrosion cracking. When necessary, nickel-chromium-iron alloys
used in the fabrication of ESF components in the US-APWR design is limited to

Alloy 690. Alloy 690 was shown to have a high resistance to stress-corrosion cracking.

Fracture toughness properties of the materials used in ESF components are in complete
agreement with the ASME Code Section lll, Subarticles NC/ND/NE-2300 and this
agreement maintained.

The control of welding, heat treatment, welder qualification, and contamination protection
for ESF ferritic and austenitic stainless steel material fabrication are described in
Chapter 5, Subsection 5.2.3. The minimum preheat temperatures used for welding
carbon and low alloy steels in ESF systems will meet the guidelines listed in ASME Code
Section lll, Appendix D, Article D-1000.

For areas of limited access, welder qualification includes a simulated access mockup
equivalent to the physical access and visibility of the production weld, in compliance with
Regulatory Guide (RG) 1.71 (Ref. 6.1-5).
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The effect of core coolant and containment spray solutions on austenitic stainless steel in
a post-LOCA environment has been investigated (Ref. 6.1-6). This report provides test
data and concludes that no cracking is anticipated on any equipment (stressed,
sensitized or non-sensitized) even in the presence of postulated levels of chlorides and
fluorides, provided the emergency core cooling solution is maintained above pH of 7.0.
The recommendations of RG 1.50, Control of Preheat Temperature for Welding of Low
Alloy Steel, (Ref. 6.1-14) are applied during weld fabrication.

6.1.1.2 Composition and Compatibility of Core Cooling Coolants and
Containment Sprays

Controls are instituted to maintain the chemistry of the borated reactor coolant and the
borated water in the RWSP. Chlorides and fluorides, which promote intergranular stress-
corrosion cracking corrosion, are managed such that their concentrations are below
0.15 ppm. During periods of high temperatures, dissolved oxygen concentrations remain
below 0.10 ppm. The controls include the chemical and volume control system (CVCS)
and the spent fuel pit cooling and purification system (SFPCS). Details on these control
systems are provided in Chapter 9, Subsection 9.3.4, for the CVCS and in

Subsection 9.1.3 for the SFPCS.

6.1.1.2.1 Compatibility of Construction Materials with Core Cooling Coolants
and Containment Sprays

The provisions of RG 1.44 (Ref. 6.1-4) are followed during the manufacture and |
construction of the ESF components and structures. The material used to fabricate the
safety, significant portions of the ESF systems (including supports) is highly resistant to
corrosion. The sources of corrosion may originate with the fluid (to include air in the ESF
air clean-up applications) contained and delivered, as well as from external sources.
Borated reactor coolant, borated emergency make-up water, and a wetting containment
spray that combines these fluids with sodium tetraborate decahydrate (NaTB) are
important potential sources of such internal and external corrosion.

The pH of the ESF fluids is controlled during a DBA using NaTB baskets as a buffering
agent. NaTB baskets are placed in the containment to maintain the desired post-accident
pH conditions in the recirculation water. Maintaining the pH in the RWSP avoids
stress-corrosion cracking of the austenitic stainless steel components and avoids
excessive generation of hydrogen attributable to corrosion of containment metals. The
information regarding boric acid in the RWSP water and NaTB in the containment is
described in Subsection 6.3.1.3, Subsection 6.3.2.2.5, and Table 6.3-5. Aluminum and
zinc are materials within the containment that would yield hydrogen gas by corrosion from
the emergency cooling or containment spray solutions in the containment, and their use is
limited as much as possible.

The materials used in the fabrication of the ESF components are corrosion resistant in
normal operation and the post-LOCA environment. General corrosion is negligible with
the exception of low-alloy and carbon steels. Some materials within the containment
would yield hydrogen gas by corrosion from the emergency cooling or containment spray
solutions. Their use is limited as much as practicable (Ref. 6.1-7).
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Borated water is used in the RCS and the RWSP. The water quality requirements for the
RCS and RWSP are described in Chapter 9, Subsection 9.3.4 and Table 6.1-3 ,
respectively. The pH of the RWSP during a LOCA is adjusted by the NaTB baskets. The
concrete that forms the structure of the RWSP is clad in stainless steel inhibiting the |
leach-out of chlorides and other contaminants into the RWSP water. Therefore, the
compatibility of the ESF components is preserved in the post-LOCA environment.

The use of particulate based insulation such as Min-K™ based pipe insulation is |
prohibited in containment. Non-metallic (thermal) insulation is controlled in accordance
with RG 1.36 (Ref. 6.1-8) to control the leachable concentrations of chlorides, fluorides,
sodium compounds, and silicates. Chapter 5, Subsection 5.2.3.2.3, provides further
details on the external insulation requirements which are also applicable to ESFs. Close
attention to regulatory requirements and guidance ensures material compatibility between
US-APWR construction materials and ESF fluids.

6.1.1.2.2 Controls for Austenitic Stainless Steel

Chapter 5, Subsection 5.2.3, describes the controls employed during material selection to
preclude the severe sensitization of stainless steel materials to be used for fabrication.
For example, cold worked austenitic stainless steel (300 series) typically is solution heat
treated. Controls may be based on, but are not limited to, those imposed by Appendix B
to 10 CFR 50, Appendix B part, 50, "Quality Assurance Criteria for Nuclear Power Plants
and Fuel Reprocessing Plants", with particular emphasis on Criteria VII, “Control of
Purchased Material, Equipment, and Services;” VIII, Identification and Control of
Materials, Parts, and Components; and IX, Control of Special Processes (Ref. 6.1-9).
When using fresh water to flush systems containing austenitic stainless steel components
following construction, a chloride stress-corrosion cracking inhibitor is used in the flushing
medium. The process of cleaning of materials and components, cleanliness control, and
pre-operational flushing for systems that contain austenitic stainless steel components
follows RG 1.37 (Ref. 6.1-11) and the quality assurance program complies with the
provisions and recommendations provided by ASME NQA-1-1994, Part Il (Ref. 6.1-10).
This process includes documentation to verify the compatibility between the materials
used in manufacturing ESF components and the ESF fluids.

Chapter 5, Subsection 5.2.3 describes control of welding, heat treatment, welder
qualification, and contamination protection for ferritic and austenitic stainless steels
material fabrication which are also applicable to ESFs. The ferrite content in stainless
steel weld metal will be controlled in accordance with the recommendations of RG 1.31
(Ref. 6.1-13).

6.1.1.2.3 Composition, Compatibility and Stability of Containment and Core
Coolants

84,750 ft3 (634,000 gallons) of borated water are available in the RWSP to meet LOCA |
and long-term post-LOCA coolant needs. The RWSP water is borated to approximately
4,000 ppm boric acid, at a pH of approximately 4.3. Crystalline NaTB spray additive is
stored in containment and is used to raise the pH of the RWSP water from 4.3, to at least
7.0, post-LOCA. This pH is consistent with the guidance of NRC Branch Technical
Position MTEB-6.1 for the protection of austenitic stainless steel from chloride-induced
stress corrosion cracking. Subsection 6.3.2.2.5 describes the design of NaTB baskets. At
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this pH, corrosive attack of stainless steel alloys used in containment will be insignificant.
Similarly, post-LOCA hydrogen generation (due to material corrosion) is negligible. In |
addition, the generation of chemical precipitates from aluminum will be minimized.
Programmatic controls to limit aluminum in the containment are described in Subsection
6.2.2.3.

6.1.2 Organic Materials

With the notable exception of coatings and electrical insulation, organic materials

(e.g., wood, plastics, lubricants, asphalt) are not freely available in containment. A primer
(e.g., epoxy) typically is applied as a base coating over the steel plate lining of the
containment vessel, as well as to structural steel support members. A scuff resistant top
coat (e.g., epoxy) is then applied for durability and decontamination considerations.
When practical, carbon steel access and support components inside containment

(e.g., stairs, ladders, landings, gratings, handrails, ventilation ducts, cable trays) may be
hot-dip galvanized. The operating surfaces of components (e.g., valve handwheels,
operating handles) are typically factory coated for mechanical durability and resistance to
the containment operating environment. These coatings may be dry-powder or
water-reduced materials. However, factory application, to sometimes small and complex
shapes, under controlled conditions, makes such coatings highly resistant to removal.
With rare and minor exception (e.g., protective coatings on trim pieces, faceplates, and
covers) coatings used inside containment are applied in accordance with RG 1.54

(Ref. 6.1-12), and meet the applicable environmental qualifications described in

Chapter 3, Section 3.11. All organic materials that exist in significant amounts in the
containment (e.g., wood, plastics, lubricants, paint or coatings, electrical cable insulation,
and asphalt) are identified and quantified in Subsection 6.2.2.3. Coatings not intended for
a 60-year service without overcoating should include total overcoating thicknesses
expected to be accumulated over the service life of the substrate surface.

Quality assurance programs provide the confidence that safety-related coating systems
inside and outside of containment will perform their intended safety functions. This is
achieved by controlling procurement, application, and monitoring programs for Service
Levels I, Il, and lll coating systems. Service Level | coating systems satisfy quality
requirements provided in ASME NQA-1-1994, ASTM D3843-00, and 10 CFR 50
Appendix B, Criterion IX. Service Level lll coating systems satisfy quality requirements
provided in ASME NQA-1-1994 and 10 CFR 50, Appendix B, Criterion IX.

The classification of Service Levels for coating systems conforms to guidance provided in
RG 1.54 Revision 1 and associated standards.

As stated in RG. 1.54 Revision 1, the scope of the maintenance rule (10 CFR 50.65)
includes Safety-Related Structures, Systems, and Components. This also applies to
Service Level | protective coatings of any form. Therefore, control and qualification of
applied coatings are maintained through monitoring and maintenance programs for
protective coating and organic materials, along with adequate implementation of the
quality assurance program described above.

Coatings program assures that the effects of protective coatings within scope are
monitored, or that its performance is effectively controlled through preventive
maintenance. The program includes programmatic bases and guidelines, as well as the
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plant’s licensing standards. The standards apply to quality assurance and quality control
for procurement and maintenance of coating systems, and training qualifications for
protective coating inspectors and applicators. The procurement and application, or
reapplication, of new and existing coating systems are monitored through the program
according to the coating type, service level of qualification required for specific cases, the
service level at which the coating was procured, and the significance and type of
application (includes pertinent information such as coating repair, replacement, coating
thickness, and overlapping areas). The COL Applicant is responsible for identifying the
implementation milestones for the coatings program.

The guidance provided in RG1.54 Rev. 1 is also applied for the evaluation of coatings on
buried pipes and tanks. These coatings are evaluated to limit the expected damage from
the soil and surrounding environments on the pipes and tanks.

6.1.3 Combined License Information

Any utility that references the US-APWR design for construction and Licensed operation
is responsible for the following COL items:

COL 6.1(1)  Deleted
COL 6.1(2) Deleted
COL 6.1(3)  Deleted
COL 6.1(4) Deleted
COL 6.1(5)  Deleted
COL 6.1(6) Deleted

COL 6.1(7)  The COL Applicant is responsible for identifying the implementation
milestones for the coatings program.

6.1.4 References

6.1-1 Codes and Standards, Title 10, Code of Federal Regulation, 10 CFR 50.55a
January 2007 Edition.

6.1-2 ASME Boiler and Pressure Vessel Code Section Ill, Division 1, American
Society of Mechanical Engineers, July 01 2002.

6.1-3 ASME Boiler and Pressure Vessel Code Section Il, Division 1, American
Society of Mechanical Engineers , July 01 2002.

6.1-4 U.S. Nuclear Regulatory Commission, Control of the Use of Sensitized
Stainless Steel, Regulatory Guide 1.44, May 1973.

6.1-5 U.S. Nuclear Regulatory Commission, Welder Qualification for Areas of
Limited Accessibility, Regulatory Guide 1.71, Rev. 1, March 2007.
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6.1-6

6.1-7

6.1-8

6.1-10

6.1-11

6.1-12

6.1-13

6.1-14

Behavior of Austenitic Stainless Steel in Post Hypothetical Loss-of-Coolant
Environment, WCAP-7798-L (Proprietary) November, 1971 and WCAP-7803
(Non-Proprietary) December 1971.

U.S. Nuclear Regulatory Commission, Control of Combustible Gas
Concentrations in Containment, Regulatory Guide 1.7, Rev. 3, March 2007.

U.S. Nuclear Regulatory Commission, Nonmetallic Thermal Insulation for
Austenitic Stainless Steel, Regulatory Guide 1.36, February 1973.

Quality Assurance Criteria for Nuclear Power Plants and Fuel Reprocessing
Plants, Title 10, Code of Federal Regulation, 10 CFR 50 Appendix B,
January 2007 Edition.

Quality Assurance Program Requirements for Nuclear Facility Applications,
ASME NQA-1-1994, Part Il American Society of Mechanical Engineers,
July 29 1994.

Nuclear Regulatory Commission, Quality Assurance Requirements for
Cleaning of Fluid Systems and Associated Components of Water-Cooled
Nuclear Power Plants, Regulatory Guide 1.37, Rev. 1, March 2007.

Nuclear Regulatory Commission, Service Level |, 1l, and Il Protective
Coatings Applied to Nuclear Power Plants, Regulatory Guide 1.54, Rev. 1,
July 2000.

U.S. Nuclear Regulatory Commission, Control of Ferrite Content in Stainless
Steel Weld Metal, Regulatory Guide 1.31, Rev. 3, April 1978.

U.S. Nuclear Regulatory Commission, Control of Preheat Temperature for
Welding of Low-Alloy Steel, Regulatory Guide 1.50, Rev. 0, May 1973.
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Table 6.1-1

Principal Engineered Safety Feature Pressure Retaining Material
Specifications (Sheet 1 of 3)

ESF Component ‘ Material ‘ Class, Grade or Type
Containment
Containment Vessel Liner SA-516 Gr. 60, 70
Penetrations
Plate SA-516 Gr. 60, 70
SA-537 Cl.1
SA-240 Type 304
SA-182 Gr. F304
Pipe SA-106 Gr. A B
SA-312 Gr. TP304, TP304L
SA-358 Gr. 304, 304L
SA-333 Gr. 6
Flued Head SA-266 Gr. 3
SA-336 Gr. F22
SA-182 Gr. F22, F304, F304L, F316
Containment Spray System
CS/RHR Pump
Pressure casting SA-351 Gr. CF 3 or CF 3M
Gr. CF 8 or CF 8M
Pressure forgings SA-182 Gr. F304 or F304L/LN
Gr. F316 or F316L/LN
Tubes and pipes SA-213 Type 304 or 304L
SA-312 Type 316 or 316L
Closure Stud Bolts SA-193 Gr. B7 or B8
SA 638 G660
Closure Stud Nuts SA-194 Gr.7or8
SA 638 G660
CS/RHR Heat Exchanger
Pressure plates SA-240 Type 304, 304L, 316, 316L
SA-516 Gr. 60, 70
Pressure forgings SA-105 -
SA-182 Gr. F304, F304L, F316,
F316L
SA-350 Gr. LF1, LF2
Tubes and pipes SA-213 Gr. TP304, TP304L,
SA-312 TP316, TP316L
Closure bolts SA-193 Gr. B6, B7, B8, B16
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Table 6.1-1  Principal Engineered Safety Feature Pressure Retaining Material

Specifications (Sheet 2 of 3)

ESF Component

Material

Class, Grade or Type

Closure nuts SA-194 Gr. 2, 2H, 4, 8, 8M, 16
Piping
Class 1 Piping See Table 5.2.3-1
Class 2 Piping SA-312 Gr. TP304, TP304L
SA-358 Gr. 304, 304L
Valve

Class 1 Valves

See Table 5.2.3-1

Class 2 Valves

The material for Class 2
valves are the same as
Class 1. See Table 5.2.3-1

Fitting / Flange

SA-403

Gr. WP304, WP304L, WP304-W,
WP304L-W

SA-182

Gr. F304, F304L

SA-479

Type 304, 304L

Emergency Core Cooling System

Safety Injection Pump

Pressure casting SA-351 Gr. CF-3 or CF-3M
Gr. CF-8 or CF-8M
Pressure forgings SA-182 Gr. F304 or F304L/LN
ASTM A965 Gr. F316 or F316 L/LN
SA-508 Gr.3Cl.1
Tubes and pipes SA-213 Type 304 or 304L
SA-312 Type 316 or 316L
Closure Stud Bolts SA-193 Gr. B6 or B7
SA-638 G660
Closure Stud Nuts SA-194 Gr.6or7
SA-638 G660
Cladding, Buttering Type 308L/309L -
Stainless Steel Strip
Electrode
Accumulator
Pressure plates SA-516 Gr.600or 70
Pressure forgings SA-105 -
SA-182 Gr. F304, F304L, F316
or F316L
SA-350 Gr. LF1 or LF2
Pipes SA-312 Gr. TP304, TP304L,

TP316 and TP316L
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Table 6.1-1

Principal Engineered Safety Feature Pressure Retaining Material
Specifications (Sheet 3 of 3)

ESF Component

Material

Class, Grade or Type

Closure bolts SA-193 Gr. B6, B7, B8, B16
Closure nuts SA-194 Gr. 2,2H, 4, 8,8Mor 16
Piping
Class 1 Piping See Table 5.2.3-1
Class 2 Piping SA-312 Gr. TP304, TP304L
SA-358 Gr. 304, 304L
Valves
Class 1 Valves See Table 5.2.3-1
Class 2 Valves The material for Class 2
valves are the same as
Class 1. See Table 5.2.3-1
RWSP ASTM A 572 Grade 60
ASTM A 240 Gr. TP304L
Fitting / Flange SA-403 Gr. WP304, WP304L, WP304-W,
WP304L-W
SA-182 Gr. F304, F304L
SA-479 Type 304, 304L

ESF Filter System

See Subsection 6.5.1.7

Weld Filler Material

SFA-5.1 E6018, E7018, E6016, E7016

SFA-5.4 E308-16, E309-16, E308L-16,
E309L-16

SFA-5.5 E9018-B3, E9016-B3

SFA-5.9 ER308, ER309, ER308L

SFA-5.11 ENiCrFe-7

SFA-5.14 ERNiCrFe-7

SFA-5.18 ER70S-2, ER70S-3, ER70S-4,
ER70S-6, ER70S-G

SFA-5.22 E309LT1-1/4, E308LT1-1/4

SFA-5.28 ER90S-B3
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Table 6.1-2

Principal Engineered Safety Features Materials Exposed to Core

Coolant and Containment Spray (Sheet 1 of 2)

ESF Component

Material

‘ Class, Grade or Type

Containment

Containment Vessel Liner SA-516 Gr. 60, 70
Penetrations
Plate SA-516 Gr. 60, 70
SA-537 Cl.1
SA-240 Type 304
SA-182 Gr. F304
Pipe SA-106 Gr. A, B
SA-312 Gr. TP304, TP304L
SA-358 Gr. 304, 304L
SA-333 Gr. 6
Flued Head SA-266 Gr.3
SA-336 Gr. F22
SA-182 Gr. F22, F304, F304L, F316

Containment Spray System

Piping
Class 1 Piping See Table 5.2.3-1
Class 2 Piping SA-312 Gr. TP304, TP304L
SA-358 Gr. 304, 304L
Valves
Class 1 Piping See Table 5.2.3-1
Class 2 Piping The material for Class 2
valves are the same as
Class 1. See Table 5.2.3-1
Fitting / Flange SA-403 Gr. WP304, WP304L, WP304-W,

WP304L-W

SA-182

Gr. F304, F304L

SA-479

Type 304, 304L

Emergency Core Cooling System

Accumulator

Pressure plates SA-516 Gr. 60, 70

Pressure forgings SA-105 -
SA-182 Gr. F304, F304L, F316, F316L
SA-350 Gr. LF1, LF2
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Table 6.1-2 Principal Engineered Safety Features Materials Exposed to Core
Coolant and Containment Spray (Sheet 2 of 2)

ESF Component Material Class, Grade or Type
Internal parts SA-240 Type 304, 304L, 316, 316L
SA-182 Gr. F304, F304L, F316, F316L
Pipes SA-312 Gr. TP304, TP304L, TP3186,
TP316L
Closure bolts SA-193 Gr. B6, B7, B8, B16
Closure nuts SA-194 Gr. 2,2H, 4, 8,8M, 16
Piping
Class 1 Piping See Table 5.2.3-1
Class 2 Piping SA-312 Gr. TP304, TP304L
SA-358 Gr. 304, 304L
Valves
Class 1 Valves See Table 5.2.3-1
Class 2 Valves The material for Class 2
valves are the same as
Class 1. See Table 5.2.3-1
RWSP ASTM A 572 Gr. 60
ASTM A 240 Gr. TP304L
Fitting / Flange SA-403 Gr. WP304, WP304L, WP304-W,
WP304L-W
SA-182 Gr. F304, F304L
SA-479 Type 304, 304L
ESF Filter System

See Subsection 6.5.1.7

Weld Filler Material

SFA-5.1 E6018, E7018, E6016,
E7016

SFA-5.4 E308-16, E309-16,
E308L-16, E309L-16

SFA-5.5 E9018-B3, E9016-B3

SFA-5.9 ER308, ER309, ER308L

SFA-5.11 ENiCrFe-7

SFA-5.14 ERNiCrFe-7

SFA-5.18 ER70S-2, ER70S-3,
ER70S-4, ER70S-6,
ER70S-G

SFA-5.22 E309LT1-1/4,
E308LT1-1/4

SFA-5.28 ER90S-B3
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Table 6.1-3 Water Chemistry Specifications of the RWSP

Recommended
Analysis item Unit Standard value Limited value analysis item standard
value
1 Boron ppm - > 4000*
<4200*
2 Chloride ion ppm <0.05 <0.15
3 Fluoride ion ppm <0.05 <0.15
4 Sulfate ion ppm <0.05 <0.15
5 Suspended Solids ppm <0.35 -
6 Silica ppm - - <0.5

*: See US-APWR Technical Specification (DCD Chap. 16)
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6.2 Containment Systems

This section describes the physical attributes of the reactor containment and how these
physical attributes address and satisfy the containment functional design requirements.
This section also describes the following ESF systems directly associated with
containment:

» Containment structure (vessel), including subcompartments
* Containment spray system

* Containment isolation system

» Containment hydrogen monitoring and control system

For each of these systems and structures, this section describes the design bases, the
design features, and the evaluations of the acceptability of the design. For some systems
(such as the containment structure), the design evaluation is conducted in conjunction
with analyses of postulated accidents (documented in Chapter 15, “Transient and Safety
Analyses”), which can release material and energy into the containment, resulting in
increased pressure and temperatures inside the containment vessel. This section
describes the detailed assessments of the mass and energy releases associated with
these postulated accidents.

6.2.1 Containment Functional Design

The containment is designed as an essentially leak-tight barrier that will safely and
reliably accommodate calculated temperature and pressure conditions resulting from the
complete size spectrum of piping breaks, up to and including a double-ended,
guillotine-type break of a reactor coolant or main steam line.

The containment is designed to be compatible with all environmental effects experienced
during normal operations. These include, but are not limited to, containment
temperature, pressure, humidity, presence of fluids (e.g., equipment lubricants and
borated reactor coolant), and other assorted environmental effects of reactor operation,
testing, and maintenance.

The containment is also designed to accommodate conditions during and following
postulated accidents, such as the design basis loss-of-coolant accident (LOCA). These
conditions include elevated temperature, pressure and humidity. Conditions also include
radioactive fission products, NaTB, and borated water. The peak pressure for the most
severe postulated accident does not exceed the containment internal design pressure,
which is 68 psig.

As described in Chapters 3 and 5, systems and components inside containment are
designed, supported, and restrained to withstand postulated normal, seismic and
accident dynamic effects.

The containment function described above is maintained also in the hot shutdown
conditions, Modes 3 and 4 described in Chapter 16, when the postulated accident could
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cause a release of radioactive material in the containment and an increase in
containment pressure and temperature. The conditions for Mode 1 or Mode 2 are
assumed for the containment analyses in this section because the energy sources
including reactor coolant fluid and metal energy, steam generator fluid and metal energy,
core stored energy, and decay heat are much larger than that in the Mode 3 and 4
shutdown condition.

6.2.1.1 Containment Structure
6.2.1.1.1 Design Bases

As presented in Sections 3.2 and 3.8, the containment is designed and constructed to
withstand a broad spectrum of seismic events. To comply with GDC 16, the containment
is designed to ensure leak tightness during normal operations and, under postulated
accident conditions, the containment is designed and built to safely withstand an internal
pressure of 68 psig. The containment design pressure 68 psig is based on the LOCA
event which bounds the SLB event, from the containment peak pressure standpoint.
Adequate design margin is demonstrated by a containment test pressure of 78.2 psig.
The containment design temperature is 300°F.

Table 6.2.1-1 summarizes containment temperature and pressure (and comparisons to
design pressure), for the worst case of postulated breaks, and assumed system and
component failures. Figure 6.2.1-1 through Figure 6.2.1-4 are plots of containment
internal pressure and temperature versus time for the most severe primary and
secondary system piping failures. These figures show that internal containment pressure
is reduced to less than 50% of the peak value 24 hours after event initiation.

Table 6.2.1-1 and Figure 6.2.1-1 through Figure 6.2.1-4 are based on evaluations where
uncertainties and tolerances with respect to the containment and its heat removal
systems are biased to generate conservatively high values. The results show that the
containment heat removal system is adequate to maintain containment conditions within
design limits assuming a worst single failure condition in addition to one heat removal
train being out of service. For primary system piping breaks, loss of offsite power (LOOP)
is assumed. For secondary system piping breaks, the cases where LOOP is not assumed
are also considered, since the LOOP can possibly reduce releases to the containment.
The containment heat removal systems are described in detail in Section 6.2.2.
Additional information about the bases for Table 6.2.1-1 and Figure 6.2.1-1 through
Figure 6.2.1-4 is given in Subsection 6.2.1.1.3.

Subsections 6.2.1.3 and 6.2.1.4 describe evaluations performed to determine the sources
and amounts of mass and energy that might be released into the containment. Specific
time-dependent mass and energy release rate results from these evaluations are
described in Subsection 6.2.1.3 and 6.2.1.4.

The single failure condition related to containment pressure and temperature calculations
is the failure of one of the four emergency power sources. In addition, another
emergency power source is assumed to be out of service, which leads to only two
emergency power sources being available. This results in minimum containment heat
removal capability and minimum safety injection flow. The effect of maximum injection
flow is evaluated assuming all four-train of pumped safety injection operating, combined
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with single failure plus the outage of one train of the four-train containment heat removal
system as a sensitivity study.

The containment depressurization rate, as shown in Figure 6.2.1-1 and Figure 6.2.1-3, is
established by two trains of the containment heat removal systems. These figures show
that internal containment pressure is reduced to less than 50% of the peak value within
24 hours after event initiation, which is consistent with the assumptions used in the
calculations of the offsite radiological consequences of the accident.

Evaluations are performed to calculate a time-dependent “minimum” containment
pressure transient during a postulated LOCA. In this evaluation, which is described in
Subsection 6.2.1.5, uncertainties and tolerances are biased to generate conservatively
low pressure values. The results from this evaluation are used in ECCS performance
analysis reported in the LOCA analyses section in Chapter 15. These minimum
containment pressure values are used for conservatism, because a high containment
pressure value leads to non-conservative fuel clad temperature calculations during the
reflood stage of a large-break LOCA, when the reactor vessel internal pressure is
essentially the same as the containment pressure.

Numerous operational sequences addressing low-power and shutdown operations are
provided in Chapter 19, Subsection 19.1.6.1. These plant operation state (POS) consider
assumed plant configuration, potential initiators and plant response, including the
potential for various loss of decay heat removal capability such as loss of steam
generator(s), CCW/ESWS and RHRS. Remedial operations are described including use
of the CVCS and SIS. These POSs provide a bases for operational responses to the
postulated events.

6.2.1.1.2 Design Features

The containment is a prestressed, post-tensioned concrete structure with a cylindrical
wall, hemispherical dome, and a flat, reinforced concrete foundation slab. It is often
described in this DCD as “prestressed concrete containment vessel” (PCCV),
containment vessel, or simply “containment.” The inner height of the containment is
approximately 226 ft.-5 in and the inside diameter of the containment cylinder measures
approximately 149 ft.-2 in. The containment dome is 3 ft.-8 in. thick, while the
containment wall thickness is 4 ft.-4 in. The inner surface of containment includes a
0.25 in. welded steel plate liner anchored to the concrete. The containment is equipped
with a polar crane, which transfers its load to the containment wall via a crane girder.

The US-APWR containment is designed to withstand a negative pressure of 3.9 psi
(vacuum) relative to ambient (i.e., external pressure 3.9 psig higher than internal
pressure). An evaluation concludes that this design feature provides sufficient margin in
the event of containment pressure reduction caused by inadvertent initiation of the
containment spray system, and discussed in Subsection 6.2.1.1.3.

The containment has a 60-year design life.

The containment is constructed with three large openings: two personnel airlocks and
one equipment hatch.
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All other containment penetrations go to the containment annulus. The containment has
electrical and mechanical penetrations. Piping which penetrates containment is provided
with isolation valves (some penetrations require inside and outside isolation valves). The
annulus emergency exhaust system (Subsection 6.5.2) automatically establishes a
slightly negative pressure in the annulus following a safety injection (Sl) signal, and filters
the exhaust air before discharge.

The refueling water storage pit (RWSP) is located at the bottom of the containment, at
elevation 3 ft.-7 in. The RWSP is roughly configured as a horseshoe-shaped box around
the containment perimeter. A partial sectional view showing the concrete structure and
cladding is shown in Figure 6.2.1-8. The open end of the RWSP is oriented at
containment 0° azimuth (plant north), where the reactor coolant drain tank, reactor
coolant drain pumps and the containment sump are located.

Table 6.2.1-2 lists basic specifications for the PCCV. Figure 6.2.1-5 presents a sectional
view of the containment. Figure 6.2.1-5 through Figure 6.2.1-7 show details of the
personnel air locks and the equipment hatch, as well as major pipe penetrations (steam
and feedwater lines). Section 1.2 describes additional general arrangement drawings
that include the containment structure and major components inside it.

The RWSP is the source of borated-water for emergency core cooling and containment |
spray systems.

The US-APWR containment is basically a PWR dry design. However, it differs from many
other PWR containments, in that the source of emergency core cooling water for the
safety injection system (SIS) and containment spray system (CSS) is located inside the
containment. Thus, there is no need for any “switch-over” of ECCS suction from an
external source to the containment recirculation sump. Bases and analysis related to
ECCS performance are discussed in Subsection 6.2.1.5.

Containment ladders, walkways and gratings are designed as “free-flow, pass through"
and non-pressure retaining, as discussed in Section 3.8. Containment cavities and pits
where water may be trapped during SIS and CSS operation, are shown in Figure 6.2.1-9. |
The potential for water to collect in the locations is accounted for in the containment
design evaluations and is quantified in Figure 6.2.1-10. Water levels of the RWSP are
shown in Figure 6.2.1-11.

Figure 6.2.1-9 through Figure 6.2.1-15 also shows containment drainage paths into the
RWSP. Containment drainage flows through floor openings in the SG compartments to
the reactor cavity, header compartment, and C/V drain pump room. Containment
drainage also flows from the refueling cavity through piping to the header compartment,
although this piping is closed with valves during refueling, as shown in Figure 6.2.1-13.
Overflow pipes, as shown in Figures 6.2.1-12 and 6.2.1-16, are installed to transfer water
from the reactor cavity and header compartment to the RWSP. The overflow pipes are
protected from large debris by debris interceptors, as shown in Figure 6.2.1-14. The
reactor cavity and header compartment overflow pipes are offset from the floor openings
and refueling cavity drain piping. The reactor cavity and header compartment are
connected to equalize water levels between the two compartments. The RWSP overflow
piping to the C/V drain pump room installed above the 100% RWSP water level is not a
containment drainage path during a LOCA. Two check valves installed in series in this
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overflow line prevent water from returning to the RWSP from the C/V drain pump room
after a LOCA, as shown in Figure 6.2.1-15. The C/V drain pump room is therefore an
ineffective volume for containment drainage. Figure 6.2.1-16 and Figure 6.2.1-17
present the plan and sectional view of the RWSP, while Table 6.2.1-3 presents RWSP
design and containment-related features.

The total number, layout and arrangement of the floor openings, debris interceptors, and
overflow pipes is as follows:

» Two floor openings to the C/V drain pump room

* Four floor openings to the header compartment, each with a debris interceptor within
the header compartment

+ Two floor openings to the header compartment, each with a debris interceptor above
the floor opening

» Two floor openings and tunnels which connect the header compartment and reactor
cavity, with one common debris interceptor above both floor openings

» Eight header compartment overflow pipes to the RWSP
* Four reactor cavity overflow pipes to the RWSP

*  One RWSP overflow pipe to the C/V drain pump room with redundant check valves to
prevent post-LOCA containment drainage return flow to the RWSP

As discussed in Chapter 3, the RWSP is designed as seismic category |, Safety Class 2
system, with a RWSP design water peak temperature following LOCA of 270°F. Pressure
in the RWSP air space is relieved to the containment atmosphere. The inside walls and
floor of the RWSP (in contact with 4,000 ppm boric acid solution) are lined with steel plate
clad with stainless steel. The RWSP ceiling (underside of floor at containment elevation
25 ft.- 3 in.) is not expected to be in contact with RWSP boric acid solution, but is clad
with stainless steel plate nevertheless.

The containment test pressure is 78.2 psig, as described in Subsection 6.2.1.1.1. Flow
testing of the spray system is described in Subsection 6.2.2.4.

6.2.1.1.3 Design Evaluation

The GOTHIC computer code is employed to evaluate the performance of the containment
system under postulated accident conditions (Ref. 6.2-1). Both loss of coolant accident
(LOCA) and main steam line break (MSLB) events are considered. The GOTHIC model
includes an integrated simplified primary system model to calculate the long term (post
reflood) mass and energy release. Using a conservative model prescription, GOTHIC
predicts the time dependent containment pressure and temperature and the temperature
of the water in the RWSP. The peak conditions are within acceptable limits and pressure
at 24 hours after event initiation is less than one-half the peak containment pressure.
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6.2.1.1.3.1 GOTHIC Computer Code Overview

GOTHIC is a general purpose thermal-hydraulics code for performing design, licensing,
safety and operating analysis of nuclear power plant containments and other confinement
buildings. GOTHIC was developed for the Electric Power Research Institute (EPRI) by
Numerical Applications, Inc. (NAI) (Ref. 6.2-1). A summary description of GOTHIC
capabilities is given below. More detailed descriptions of the code user options, models
and qualification are documented in References 6.2-1 through 6.2-3.

GOTHIC solves the conservation equations for mass, momentum and energy for multi-
component, multi-phase flow in lumped parameter and/or multi-dimensional geometries.
The phase balance equations are coupled by mechanistic models for interface mass,
energy and momentum transfer that cover the entire flow regime from bubbly flow to film/
drop flow, as well as single phase flows. The interface models allow for the possibility of
thermal non-equilibrium between phases and unequal phase velocities, including
countercurrent flow. GOTHIC includes full treatment of the momentum transport terms in
multi-dimensional models, with optional models for turbulent shear and turbulent mass
and energy diffusion. Other phenomena include models for commonly available safety
equipment, heat transfer to structures, hydrogen burn and isotope transport.

Conservation equations are solved for up to three primary fields and three secondary
fields. The primary fields are steam/gas mixture, continuous liquid and liquid droplet; the
secondary fields are mist, ice, and liquid components. For the primary fields, GOTHIC
calculates the relative velocities between the separate but interacting fluid fields,
including the effects of two-phase slip on pressure drop. GOTHIC also calculates heat
transfer between phases, and between surfaces and the fluid. Reduced equation sets are
solved for the secondary fields by the application of appropriate assumptions, as
described in the reference documents.

The three primary fluid fields may be in thermal non-equilibrium in the same
computational cell. For example, saturated steam may exist in the presence of a
superheated pool and subcooled drops. The solver can model steam, water and
noncondensing gases over of full range of temperature and pressure conditions
anticipated for the design basis accidents.

The steam/gas mixture is referred to as the vapor phase and is comprised of steam and,
optionally, up to eight different non-condensing gases. The non-condensing gases
available in the model are defined by the user. Mass balances are solved for each
component of the steam/gas mixture, thereby providing the volume fraction of each type
of gas in the mixture.

The mist field is included to track very small water droplets that form when the
atmosphere becomes super saturated with steam. The liquid component field allows
particles or liquid globules to be tracked in the liquid phase.

The principal element of the model is a control volume, which is used to model the space
within a building or subsystem that is occupied by fluid. The fluid may include non-
condensing gases, steam, drops or liquid water. GOTHIC features a flexible noding
scheme that allows computational volumes to be treated as a lumped parameter (single
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node) or one-, two- or three-dimensional elements, or any combination of these within a
single model.

Turbulence and molecular diffusion are available to predict the transport of mass,
momentum and energy due to turbulence and molecular behavior in subdivided volumes.
Laminar and turbulent leakage models, which are applicable to lumped parameter and
subdivided volumes, are available to predict flow through small and larger cracks,
respectively.

Solid structures are referred to in GOTHIC as thermal conductors. Thermal conductors
are modeled as one-dimensional slabs for which heat transfer occurs between the fluid
and the conductor surfaces and, within a conductor, perpendicular to the surfaces. The
one-dimensional thermal conductors can be combined into a conductor assembly to
model two-dimensional conduction.

GOTHIC includes a general model for heat transfer between thermal conductors and the
steam/gas mixture or the liquid. There is no direct heat transfer between thermal
conductors and liquid droplets. Thermal conductors can exchange heat by thermal
radiation. Any number of conductors can be assigned to a volume.

Fluid boundary conditions allow the user to specify mass sources and sinks and energy
sources and sinks for control volumes. Thermal boundary conditions applied through a
heat transfer option on a thermal conductor surface can be used as energy sources and
sinks for solid structures.

There are four features in GOTHIC for modeling hydraulic connections, as follows:
* Flow paths
* Network models
+ Cellinterface connections in subdivided volumes
» 3D connectors for subdivided volumes

Flow paths model hydraulic connections between any two computational cells, which
includes lumped parameter volumes and cells in subdivided volumes. Flow paths are also
used to connect boundary conditions to computational cells where mass, momentum and
energy can be added or removed. A separate set of momentum equations (one for each
phase) is solved for each flow path.

Network nodes and links are available specifically for modeling building ventilation or
piping systems. These types of hydraulic connections can include multiple branches
between connected volumes. Network nodes are assigned to the branch points.

Adjacent cells within a subdivided volume communicate across the cell interface, based
on the characteristics of the hydraulic connection. 3D flow connectors define the hydraulic
connection across cell interfaces that are common to two subdivided volumes.
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GOTHIC includes an extensive set of models for operating equipment. These items,
referred to collectively as components, include pumps and fans, valves and doors, heat
exchangers and fan coolers, vacuum breakers, spray nozzles, coolers and heaters,
volumetric fans, hydrogen recombiners, igniters, and pressure relief valves.

Initial conditions allow the user to specify the state of the fluid and solid structures within
the modeled region at the start of a transient. These include the initial temperature and
composition of the atmosphere, the location and temperature of liquid pools, the location
and amount of liquid components, and the temperatures of solid structures within the
building.

Additional resources available to expand the realm of situations that can be modeled by
GOTHIC include functions, control variables, trips and material properties.

6.2.1.1.3.2 GOTHIC Application to Containment Analyses

This subsection provides a brief summary of the methodology used to construct the
containment analytical model and the integrated primary system model for the US-APWR
containment design evaluation (Ref. 6.2-4).

The US-APWR GOTHIC model is similar to the model used by Dominion in its Surry Plant
containment analysis methodology that was previously approved by the NRC (Ref. 6.2-5).
Minor model changes for the containment were made to accommodate the US-APWR
containment design feature locating RWSP in the containment.

A single volume containment model is used. The water in the RWSP is assumed to form
a pool at the bottom of the containment, with appropriate assumptions on the heat and
mass transfer at the pool. The model includes thermal conductors for steel and concrete
and a model for the spray system.

The approach for long term mass and energy release analysis utilizes an integrated
GOTHIC model that calculates both the primary system post reflood behavior following a
LOCA and the corresponding containment response. During a LOCA event, most of the
vessel water is displaced by the steam generated by flashing. The reactor vessel is then
refilled accordingly by the accumulator injection and the high head injection system
(HHIS). GOTHIC is not suitable for modeling the reflood period because it involves
quenching of the fuel rods, where film boiling conditions may exist. Current versions of
GOTHIC do not have models for quenching and film boiling. For the period from LOCA
initiation through the end of reflood, the mass and energy release rates are obtained from
the SATAN-VI(M1.0) and WREFLOOD(M1.0) codes, as described in Reference 6.2-4,
and supplied to the GOTHIC containment model through boundary conditions.

GOTHIC can model the primary system mass and energy release after the core has been
recovered. Beyond this time, injection systems continue to supply water to the vessel.
Residual stored energy and decay heat comes from the fuel rods. Stored energy in the
vessel and primary system metal are also gradually transferred to the injection water,
which eventually spills out of the break and into the containment.

Buoyancy driven circulation through the intact steam generator loops removes stored
energy from the steam generator metal and the water on the secondary side. Depending
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on the location of the break, the water injected into the primary system may pass through
the steam generator on the broken loop and pick up heat from the stored energy in the
secondary system.

Subsection 6.2.1.1.3.3 summarizes key elements of the containment model. The primary
system model is described in Subsection 6.2.1.3 and Reference 6.2-4.

This GOTHIC-based model is used to determine the maximum containment pressure
during a worst-case LOCA and also to determine the minimum or conservatively low
containment pressure as a function of time that is used for evaluations of the ECCS,
which are documented in the accident analyses in Chapter 15. Low containment
pressure is conservative for evaluations of the performance of the ECCS during the
reflood phase of a large break LOCA. This minimum pressure evaluation is described in
Subsection 6.2.1.5.

The GOTHIC computer program is also employed for the evaluation response to
secondary steam system piping failures. In these analyses, GOTHIC is used in
conjunction with the MARVEL-M computer program. MARVEL-M is the source of the
mass and energy flow rates associated with the postulated steam blowdown, which
causes the containment pressure and temperature increase. The use of the MARVEL-M
computer program in these analyses is described in Subsection 6.2.1.4.

6.2.1.1.3.3 Containment Analysis Methodology

This section provides a summary of the methodology used to develop the containment
analysis model for the US-APWR.

Containment Noding

Typical plant licensing analyses for a PWR use a single volume (node) for the
containment, with separate treatment given to sump (RWSP) and containment
atmosphere regions. Inherent in this lumped parameter approach is the assumption that
within each region the fluid is well mixed. During a LOCA or MSLB, the mixing induced by
the break jet is significant. Later in the transient, CSS flow continues to promote mixing in
the containment.

Although GOTHIC has the capability to model the containment in more detail and
calculate the three-dimensional distribution of mass and energy, the lumped parameter
approach is used for the US-APWR containment response model. This approach is
justified by the experimental series of the Carolinas-Virginia Tube Reactor (CVTR), which
were simulated with both lumped parameter and 3D models (Ref. 6.2-3, Ref. 6.2-6). The
CVTR tests were typical of an MSLB located high in the containment except that the
steam was introduced through a diffuser that reduced the jet momentum and mixing.
Results from the subdivided simulations indicate near well-mixed conditions in the upper
containment above the operating deck, but significantly lower and varied temperatures
and steam concentrations in the region below the operating deck. The degree of mixing
was similar during the steam injection while the containment sprays were active. In the
CVTR containment, the operating deck is a major obstruction between the upper and
lower containment, and certainly contributed to the non-uniformity of the atmosphere.
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Experimental results for LOCA type conditions in the Marviken and Heissdampfreaktor
(HDR) containments also indicate significant variation in conditions within the
containment (Ref. 6.2-7). While these test containments are more compartmentalized
than a typical large dry containment, they indicate that some degree of non-uniformity is
possible.

Results from lumped and subdivided GOTHIC models for the CVTR tests indicate that the
predicted peak pressure and temperature from the lumped analysis are larger than in the
subdivided analysis. Prior to the activation of the containment sprays, the major energy
removal mechanism during a blowdown is heat transfer to the containment structures due
to convection and condensation. Even though there may be less than perfect mixing in
the containment, the increased condensation rate in the steam-rich regions more than
compensates for the reduced exposure of the containment structures to the steam from
the break.

The foregoing justification for a single volume approach to predict peak containment
pressure and temperature applies to both DBA LOCA and MSLB conditions. In these
accident scenarios, the high energy region in the containment is large even though the
entire containment might not be fully mixed and the concrete structures are still absorbing
heat when the short duration blowdown is over. After the sprays are activated, the open
regions of the containment are expected to be fairly well mixed and the single volume
lumped model should be representative of the actual conditions (Ref. 6.2-8).

Containment volume input parameters are selected to ensure that the model gives
conservative results. For a given mass and energy release, a low estimate for the free
volume will give higher peak pressure and temperature.

The liquid vapor interface area is used to calculate the heat and mass transfer between
the vapor and the liquid phase. In the single volume containment model, it is set to zero to
isolate the relatively cool water in the RWSP from the remainder of containment. This
prevents the energy in the vapor phase from being transferred to the RWSP water
resulting in higher peak containment temperature and pressure.

Heat Sinks

Conductors are used to model the thermal capacity of various solid structures inside
containment and are the primary heat sink for the blowdown energy. Although two-
dimensional conduction solutions are possible with GOTHIC, the one-dimensional
conductors are consistent with the lumped modeling approach.

It is neither practical nor necessary to model each individual piece of equipment or
structure in the containment with a separate conductor. Smaller conductors of similar
material composition are combined into a single effective conductor. In this combination it
is important to preserve the total mass and the total exposed surface area of the
conductors. The thickness controls the response time for the conductors and is of
secondary importance. Wall conductors are grouped by thickness, with the effective
thickness for a group being defined by
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Conductors with high heat flux at the surface and low thermal conductivity must have
closely spaced nodes near the surface to adequately track the steep temperature profile
that develops within the conductor. The Auto Divide feature in GOTHIC is used to obtain
appropriate noding. This feature sets the node spacing so that the node Biot number,
defined as the ratio of external to internal conductance, is less than 0.1 for each node.

GOTHIC thermal conductors can include multiple layers of different materials. Different
layers are used to model painted surfaces, steel liners over concrete surfaces, and the air
gap between the liner and concrete. Conduction through stagnant air is assumed for

gaps.

The DIRECT heat transfer option of the Diffusion Layer Model (DLM) for condensation in
the GOTHIC code is used for all containment heat sinks. The selected DLM option does
not include enhancement effects due to film roughening or mist formation in the boundary
layer. Under the DIRECT option, all condensate goes directly to the liquid pool at the
bottom of the volume. The effects of the condensate film on the heat and mass transfer
are incorporated into the formulation of the DLM option.

Under the DLM option, the condensation rate is calculated using a heat and mass
transfer analogy to account for the presence of non-condensing gases. It has been
validated against seven test sets as reported in the GOTHIC Qualification Report (Ref.
6.2-3). It also compares well with Nusselt’s theory for the condensation of pure steam
where the rate is controlled by the heat transfer through the condensate film. As shown in
the GOTHIC Qualification Report, the DLM option, without enhancement effects due to
film roughening and mist formation, generally underpredicts the condensation rate and
has previously been accepted for licensing analysis for both LOCA and MSLB (Ref. 6.2-9,
Ref. 6.2-10).

The option of natural convection heat transfer for sensible heat transfer is activated as
allowed by NUREG-0588 (Ref. 6.2-11). The selected natural convection option is for a
vertical wall or cylinder. Although the DIRECT/DLM validation basis includes tests with
forced convection heat and mass transfer, forced convection has not been accepted for
licensing analysis for peak temperature and pressure, and is not used in the evaluation
model.

A characteristic height can be specified for each heat transfer option. This is used to
estimate the film thickness that builds up on the conductor. For typical large dry
containment conditions, the heat and mass transfer is controlled by the boundary layer in
the vapor phase. The resistance through the liquid film is relatively small so the specified
height is of secondary or less importance. In the evaluation model with the DLM option,
the characteristic height is set to DEFAULT, the node height. This gives thick liquid films
which will slightly reduce the heat and mass transfer rates once the film is fully
established. This is conservative for containment pressure and temperature analysis.
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For all containment heat sinks, the conductor face that is not exposed to the containment
atmosphere is assumed to be insulated. This is accomplished by using the Specified
Heat Flux option of the GOTHIC code, with the nominal heat flux set to zero.

Containment Sprays

GOTHIC includes models that calculate sensible heat transfer between the droplets and
the vapor and evaporation or condensation at the droplet surface. The efficiency, i.e., the
actual temperature rise over the difference between the vapor temperature and the
droplet inlet temperature, cannot be directly specified in GOTHIC. The efficiency is
primarily a function of the droplet diameter. The GOTHIC models account for the effect of
droplet diameter through the Reynolds number-dependent fall-velocity and heat transfer
coefficients. A heat and mass transfer analogy is used to calculate the effective mass
transfer coefficient, which is used to calculate the evaporation or condensation.

The spray system is modeled with a flow path that draws water from the RWSP at the
bottom of containment. Pump, heat exchanger and nozzle components located on the
flow path control the water flow and cooling rates and convert the liquid water to droplets
before injecting them into the containment atmosphere. The droplet diameter,
containment height, deposition area and other input parameters are specified as
described in the following paragraphs to achieve a reasonable, but conservative estimate
of the overall spray effectiveness.

Spray nozzles typically deliver a spectrum of droplet sizes. Smaller droplets fall more
slowly and reach equilibrium with the vapor more quickly than larger droplets because of
the larger surface area to mass ratio. GOTHIC does not directly model the droplet size
distribution. It is assumed that the specified diameter is the Sauter mean diameter, 0.04 |
in.

A given mass of droplets at the Sauter mean diameter has the same surface area to
mass ratio as the actual droplet spectrum. The consistency of the surface area to mass
ratio ensures that the heat transfer rate to heat capacity ratio is correctly approximated.

A given mass of droplets at the Sauter mean diameter also has the same total projected
area to mass ratio as the actual droplet distribution. Since the deposition rate is given by
a balance of the body force and the drag force on the projected area, the fall velocity and
deposition rate of the Sauter mean droplets are representative of the full droplet
spectrum.

The droplet fall velocity is a function of the droplet drag coefficient. The coefficients used
in GOTHIC are those recommended by Ishii and include the effects of a large population
of droplets falling together (Ref. 6.2-12).

The droplet heat and mass transfer models have been validated using data from Spillman
(Ref. 6.2-13). The GOTHIC predicted evaporation rate is in the middle of the range of
evaporation rates from experimental data and rates from correlations. Since evaporation
and condensation are controlled by the same mechanism (i.e., turbulent diffusion through
the boundary layer), it is reasonable to expect that GOTHIC fairly represents the
condensation rate.
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The lumped parameter approach assumes that conditions are uniform throughout the
volume. When sprays are injected into a volume, the droplets are assumed to be
uniformly distributed throughout the volume regardless of the specified elevation of the
junction that carries the spray flow. However, in the actual containment there are typically
some regions that are not directly covered by the sprays. The containment geometry
parameters must be set to properly account for the spray heat and mass transfer in the
covered region.

The heat and mass transfer at the spray droplet surface is determined by the droplet and
atmosphere temperatures, the steam content of the atmosphere, the droplet surface area
and the heat and mass transfer coefficients. The heat and mass transfer coefficients
depend on the fluid properties at the given temperatures, the droplet diameter and
pressure, and the fall velocity of the spray droplets.

Appropriate heat and mass transfer coefficients are applied when the droplet diameter is
consistent with the actual spray droplet size and if the fall velocity is correct. Spray
droplets typically reach their terminal velocity within a few feet of the nozzle and the fall
velocity is assumed equal to the terminal velocity for lumped modeling in GOTHIC. The
terminal velocity depends on the droplet diameter and the atmosphere properties.
GOTHIC calculates appropriate heat and mass transfer coefficients when the spray
droplet diameter is set to the actual Sauter mean diameter, as discussed previously.

From the definition of the Sauter mean droplet diameter, the total droplet surface area
exposed to the atmosphere is correct when the total droplet volume suspended in the
atmosphere is correct. Considering the GOTHIC model definitions for suspended droplet
volume and droplet deposition rate, it can be shown that the correct droplet volume and
surface area exposed to the containment atmosphere are achieved when the
containment volume height is set to

e
H=—
A

where 7 is the sprayed volume, assumed to be the upper volume of the operation floor,
and A5 is the floor area where the droplets are deposited.

The sprayed volume, y_, depends on the elevation and spacing of the spray headers, the
spacing and orientation of the nozzles, and the nozzle spray angle. The deposition
area, 4¢, is set to the total horizontal area at the bottom of the sprayed regions where the

spray water collects.

The RWSP water is cooled by the CS/RHR heat exchanger prior to discharging to the
containment through the spray header. The heat exchanger surface areas and heat
transfer coefficients are specified to match the design value of UA (overall heat transfer
coefficient times area) for the containment spray and component cooling water system
(CCWS) heat exchangers.
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6.2.1.1.3.4 Description of Containment Analyses

Evaluations have been performed using the evaluation model described in the preceding
subsections to determine internal containment vessel conditions following a spectrum of
RCS pipe ruptures (LOCA) and MSLB accidents. In these evaluations, all assumptions
and the effects of uncertainties and tolerances have been selected to produce
conservatively high containment internal pressures.

For the LOCA events, the following cases are analyzed for a break spectrum, as
described in Subsection 6.2.1.3.1.

* Double-ended cold leg (pump suction) guillotine break (Discharge coefficient, CD
=1.0)

* Double-ended cold leg (pump suction) guillotine break (Cp = 0.6)

«  3ft?cold leg (pump suction) split break (Cp = 1.0)
* Double-ended hot leg guillotine break (Cp = 1.0)

Initial containment conditions chosen conservatively for the evaluations are listed in Table
6.2.1-4. Assumptions for the containment heat removal and the S| system operability are
shown in Table 6.2.1-5. The inherent conservatisms in the assumptions made in the
analyses regarding initial containment conditions and containment heat removal are as
follows:

» Higher containment initial pressure gives higher air partial pressure and larger
heat capacity in the containment atmosphere, which results in higher pressure
and lower temperature during the postulated accident. Therefore, maximum initial
pressure is assumed for the LOCA analyses, which gives the most severe
containment peak pressure. Minimum initial pressure is assumed for the MSLB
analyses, which gives the most severe containment temperature.

*  Minimum relative humidity is assumed to give higher air partial pressure in the
containment atmosphere, which results in higher pressure during the postulated
accident.

* Containment initial temperature is assumed to be maximum, to give the highest
temperature of the passive heat sinks, and the lowest heat removal from the
containment atmosphere during the accident.

* The temperature of RWSP water and the service water is assumed to be design
maximum to give minimum heat removal by the containment spray systems.

*  RWSP water volume is assumed to be design minimum and does not include
ineffective pool volume, so as to overestimate RWSP water temperature during
the postulated accident.
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For the containment spray system it is assumed that one train is out of service and
another train is lost based on the postulated single failure, which results in the loss
of two out of four trains, to minimize containment heat removal.

The containment spray system is assumed to actuate on the High containment
pressure ECCS signal, with a conservative delay. The containment spray system
total response time of 243 seconds includes emergency generator startup (for
loss of offsite power), block loading of equipment, containment spray pump
startup, and spray line filling, with a conservatively large response time assumed
for each process. The High-3 containment pressure analytical limit of the
containment spray actuation is usually reached before initiation of above
containment spray start up time. If not, the containment spray response time is
based on the time when the High-3 containment pressure is reached.

The conservatisms in the assumptions made in the LOCA analyses regarding ECCS
operability are as follows:

For the high head injection systems (HHIS), it is assumed that one train is out of
service and another train is lost based on the postulated single failure. This results
in the loss of two-out-of-four trains. Uncertainty of the S| system is conservatively
accounted for in the Sl characteristics. A sensitivity analysis confirms that these
conditions are limiting, as described later.

Minimum accumulator water volume and pressure, and maximum injection
resistance are assumed to minimize steam condensation by the injected water.
Sensitivity analyses confirm that these conditions are limiting, as described later.

The non-condensable cover gas (nitrogen) in all accumulators is assumed to be
released directly to the containment using the boundary conditions in the GOTHIC
evaluation model. Total mass of the released nitrogen is calculated on the
assumption that the accumulator is depressurized from the initial pressure to
atmospheric pressure. The nitrogen temperature is assumed 120°F, which is the
maximum operating temperature, although the nitrogen temperature decreases
with nitrogen gas expansion as the water is being injected.

The mass and energy flow rates associated with the LOCA are described in Subsection
6.2.1.3, in which the conservatisms in the assumptions for mass and energy release
analyses are addressed.

Summary results for each LOCA analyzed are presented in Table 6.2.1-6. These results
indicate that the double-ended pump suction guillotine (DEPSG) break, with a discharge
coefficient Cp = 1.0 is limiting and the acceptance criteria related to the LOCA analyses

are satisfied as follows:

The design pressure provides at least a 10% margin above the peak calculated
containment pressure.

The containment pressure is reduced to less than 50% of the peak calculated
pressure within 24 hours after LOCA.

Tier 2
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* The peak containment atmospheric temperature is less than the design
temperature.

Table 6.2.1-6 also lists the figures showing the containment pressure, average
containment atmospheric temperature, and average RWSP water temperature for each
LOCA analyzed.

Sensitivity studies to confirm the analytical conditions for HHSI and accumulator that
result in maximum accident pressure and temperature are prepared for the limiting break
condition. Table 6.2.1-7 shows the results for the sensitivity studies, listing the figures for
the containment pressure, average containment atmospheric temperature, and average
RWSP water temperature for each case analyzed. These results demonstrate the
following:

*  The minimum ECCS flow conditions result in maximum accident pressure and
temperature.

* The accumulator water volume, pressure, and injection resistance assumed for
the limiting case to minimize steam condensation, as described above, give the
most severe results. These parameters, however, do not have large effect on the
peak containment pressure and temperature.

For the MSLB events, a spectrum of pipe breaks and power levels are analyzed. The
methodology, computer code and assumptions for the MSLB mass and energy release
rates are describe in Subsection 6.2.1.4.

The assumptions made in the MSLB analyses regarding initial containment conditions
and containment heat removal are as addressed above.

Table 6.2.1-8 summarizes the results of cases performed for various postulated
secondary steam system piping break sizes and locations to determine the most severe
containment pressure for secondary steam piping system failures. The assumptions
made regarding the operating conditions of the reactor and single active failures are also
listed in Table 6.2.1-8.

The figures illustrating containment pressure, average containment atmospheric
temperature, and average RWSP water temperature, respectively, as a function of time
for each case analyzed, are also listed in Table 6.2.1-8.

These results indicate that the MSLB events give much lower containment pressure than
the LOCA events though they give much higher atmospheric temperature compared with
the LOCA events.

Table 6.2.1-9 lists information relating to structural heat sinks within the containment used
in these analyses. Data for both metallic and concrete heat sinks are presented. Table
6.2.1-10 presents material properties of the passive heat sinks. The mesh spacing for the
heat sinks is automatically set fine enough to accurately model the internal temperature
profile, as described in Subsection 6.2.1.1.3.3. The steel-concrete interface resistance
used for steel-lined concrete heat sinks and the containment shell is set to be
conservatively high by assuming conduction through the air gap to underestimate the
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heat transfer rate. The condensing heat transfer coefficients as a function of time for the
most severe cold leg (pump suction), hot leg, and steam line pipe breaks are graphically
illustrated in Figure 6.2.1-66 through Figure 6.2.1-68.

Table 6.2.1-11 lists selected key events and the times at which they occur following
initiation of the transient for the most severe RCS pump suction pipe break. Table 6.2.1-
12 lists the distribution of energy at various locations within the containment prior to the
event and at certain key times during the transient. Figure 6.2.1-84 provides a graphic
display of the integrated energy content of the containment atmosphere and recirculation
water, as functions of time. This figure includes also the integrated energy absorbed by
the structural heat sinks and removed by the containment spray heat exchangers.

Table 6.2.1-13, Table 6.2.1-14 and Figure 6.2.1-85 provide similar data for the most

severe hot leg pipe breaks. As for the steam line break analyses, Table 6.2.1-15 and
Table 6.2.1-16 list selected key events for the cases giving the highest containment
pressure and the highest containment atmospheric temperature, respectively.

The model utilized in the GOTHIC code for determining the distribution of mass and
energy from the postulated breaks in the containment atmosphere and sump can be
summarized as follows:

*  When the liquid temperature from the break is higher than the saturation
temperature in the containment at the total pressure, then liquid from the break is
assumed to boil and be divided into the saturated steam and the saturated liquid.

* The separated liquid is injected as droplets with a diameter of 0.004 in. This
diameter is small enough to ensure that the droplets reach thermal equilibrium
with the containment atmosphere before entering the liquid phase at the bottom of
the containment. This assumption maximizes the amount of steam generated
from the break flow.

The instrumentation provided to monitor and record containment pressure, temperature,
and RWSP water temperature during the course of an accident within the containment is
described in Section 7.5.

6.2.1.1.3.5 External Pressure Analysis

In the event of inadvertent spray actuation, PCCV would depressurize until the air
becomes approximately the temperature of the spray. A calculation was performed to
calculate the maximum outside to inside differential-pressure.

The following conditions were assumed:
a. The air temperature inside PCCYV is initially 120°F, which maximizes the
temperature differential between the containment atmosphere and the spray,
which is at a temperature of 32°F

b. The PCCV pressure is at —0.3psig
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c. The relative humidity is at a maximum value of 100%

As the air temperature is reduced, the partial pressure of air decreases from 12.692 psia
to 10.765 psia. The steam partial pressure decreases from 1.704 psia to 0.089 psia as
the spray condensates steam and cools the atmosphere.

A PCCV pressure of 10.854 psia is produced, causing a differential pressure of 3.842
psig across PCCV, which is lower than the design external differential pressure.

6.2.1.2 Containment Subcompartments

Several reactor system components are located within subcompartments in the
containment vessel. High-energy lines are routed inside the subcompartments, such as
the branch lines from the reactor coolant piping, feedwater piping, and steam generator
blowdown lines.

6.2.1.2.1 Design Basis

To comply with GDC 4 and 50 of 10 CFR 50, Appendix A (Ref. 6.2-14), subcompartments
within the containment are designed to withstand the transient differential pressures due
to a postulated pipe break.

The US-APWR has the following subcompartments inside the containment:
* Reactor cavity
» Steam generator (SG) subcompartments
* Pressurizer subcompartment

* Pressurizer surge piping room (Underneath the pressurizer subcompartment,
EL. 25 ft.- 3in.)

* Pressurizer spray valve room (South side of the pressurizer subcompartment,
EL. 50 ft.- 2in.)

* Regenerative heat exchanger room (Northwest side of the SG subcompartment,
EL. 50 ft.- 2in.)

* Letdown heat exchanger room (South side of the pressurizer subcompartment,
EL. 50 ft.- 2in.)

Some piping segments of the US-APWR are classified as leak-before-break (LBB). For
these components, it is not necessary to analyze the dynamic effects of a postulated pipe
rupture, including pipe whip, jet impingement loads, and subcompartment pressurization.
Chapter 3, Subsection 3.6.3, discusses LBB criteria and evaluation procedures. One of
the subcompartments that does not need to be analyzed is the pressurizer surge piping

room, because the pressurizer surge line is classified as LBB.
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Analyses are performed to conservatively calculate the peak differential pressure
following the most severe specified pipe rupture for each subcompartment. The
calculated value is then compared to a differential pressure representing the structural
capability of the subcompartment walls, to show the peak differential pressure is within
structural capabilities. These analyses are performed using a detailed evaluation model
employing the GOTHIC computer program (Ref. 6.2-1).

The evaluation of these postulated subcompartment piping breaks is described in
Subsection 6.2.1.2.3. Subsection 6.2.1.2.3 also describes the basis for the selection of
the postulated pipe breaks that are analyzed in detail for each subcompartment. This
selection process factors in the LBB assessments described in Chapter 3,

Subsection 3.6.3.

The US-APWR design does not rely on piping restraints to limit the break area of potential
high-energy piping failures within these subcompartments.

6.2.1.2.2 Design Features

Plan drawings of the subcompartments, component, equipment, vent locations and high
energy line locations used in the GOTHIC model are provided below.

Vent paths such as openings in the walls, floor gratings, etc are considered in the
subcompartment analysis. Vent paths created by the postulated pipe rupture as a result
of insulation collapsing are not credited in the analysis.

Reactor Cavity

The reactor cavity consists of a cylindrical narrow gap between the reactor vessel and the
concrete primary shield wall, the space under the reactor vessel, and the reactor cavity
access tunnel. The area under the reactor vessel is designed to hold molten core debris
in case of a Severe Accident (See Figure 6.2.1-70 and Figure 6.2.1-71). In the reactor
cavity, four direct vessel injection (DVI) lines are connected to the reactor vessel. The
reactor vessel nozzles are considered as the termination points for the high-energy
piping. Subcompartment analysis is required for the reactor cavity, as a 4-inch line break
therein is assumed.

The reactor cavity has multiple vent paths which are capable of discharging the accident
pressure surge into the containment atmosphere. The pressure generated from the pipe
break is assumed to discharge to the SG subcompartment through the reactor coolant
pipe sleeves (EL. 40 ft.- 4 in.) which penetrate the primary shield wall. The SG
subcompartment is open to the containment atmosphere. The pressure is also vented to
the bottom chamber through the gap between the reactor vessel and the primary shield
wall, through the pressurizer surge piping room (EL. 25 ft.- 3 in.), then through the two
vertical vent openings and the personnel access. The pressurizer surge piping room is
open to the SG subcompartment. The paths to the pressurizer surge piping room is not
assumed in the analysis in order to obtain conservative results.
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Steam Generator Subcompartment

Steam generator (SG) subcompartments are composed of the secondary shield walls
surrounding the primary loops from the SGs, and are open at the top of each
subcompartment (see Figure 6.2.1-72 and Figure 6.2.1-73). The subcompartment walls
are designed to protect equipment in other parts of the containment from postulated pipe
ruptures inside the subcompartment. High-energy lines are routed in the
subcompartment, such as the branch lines from the reactor coolant piping, feedwater
piping, and steam generator blowdown lines. The subcompartment analysis is performed
under the condition of a 10-inch diameter break of the RHR pump inlet line, an 8-inch
diameter break of the RHR pump outlet line connected to the reactor coolant piping and a
16-inch diameter break of the feedwater line because the pressure and temperature
conditions and break locations of other lines are covered by these cases.

The subcompartment has an entrance opening for each quadrant at elevations
25 ft.- 3in. and 50 ft.-2 in. The paths to other SG subcompartments and the floor opening
are not assumed in the analysis in order to obtain conservative results.

Pressurizer Subcompartment

The pressurizer subcompartment houses the pressurizer and is located inside a
secondary shield wall at elevation 58 ft.- 5 in. The subcompartment analysis is performed
under the condition of an 8-inch diameter break of the pressurizer pressure relief line and
a 6-inch diameter break of the pressurizer spray line because the pressure and
temperature conditions and break locations of other lines are covered by these cases.

While the top of the subcompartment is covered by a concrete ceiling, two personnel
accesses are provided for the purpose of maintenance and inspection of the pressurizer
relief valve, as shown in Figure 6.2.1-74 and Figure 6.2.1-75. The discharge pressure
from the accident is vented into the containment atmosphere through these openings. An
entrance from the SG subcompartment is also provided at the bottom of the Pressurizer
subcompartment, at elevation 58 ft.- 5 in.

Pressurizer Surge Piping Room

The pressurizer surge piping room is located underneath the pressurizer room at
elevation 25 ft.- 3 in. Since the LBB is applied for the 16-inch pressurizer surge line, a
postulated pipe break is not considered in this subcompartment (See Figure 6.2.1-70).

Pressurizer Spray Valve Room

Pressurizer spray valve rooms are located outside the secondary shield wall, and
adjacent to the pressurizer subcompartment at elevation 50 ft.- 2 in. These rooms are
intended to provide access to the pressurizer spray control valves. There is no
postulated pipe break location in the pressurizer spray valve room, because the terminal
ends of pressurizer spray line are not located in the pressurizer spray valve room and
pressurizer spray line in the pressurizer spray valve room is designed that the maximum
stress range and the cumulative usage factor as calculated by the ASME Code, Section
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Ill does not exceeds the allowable in accordance with the criteria described in Subsection |
DCD 3.6.2.1.1.2.

Regenerative Heat Exchanger Room (Northwest of SG Subcompartment, EL.50°-2")

The regenerative heat exchanger room and the regenerative heat exchanger valve room
are located outside secondary shield walls, at elevation 50 ft.- 2 in. (See Figure 6.2.1-78).
High-energy lines associated with the chemical and volume control system (CVCS),
considered as the postulated pipe break, are routed through the room. The
subcompartment analysis is performed under the condition of a 4-inch diameter break of
the charging line and a 3-inch diameter break of the letdown line. The personnel access
to the room and additional openings are the vent paths to the containment atmosphere.

Letdown Heat Exchanger Room (South Side of Pressurizer Subcompartment,
EL.50’-2”) |

The letdown heat exchanger room is located outside the secondary shield walls, at
elevation 50 ft.- 2 in. (See Figure 6.2.1-79). A high-energy line routed in the room, |
associated with CVCS, is considered as the postulated pipe break. The subcompartment
analysis is performed under the condition of a 4-inch diameter break of the charging line
and a 3-inch diameter break of the letdown line. The personnel access and additional
vent openings are the vent paths to the containment atmosphere.

6.2.1.2.3 Design Evaluation

The GOTHIC computer code is used for the subcompartment differential pressure
analysis (Subsection 6.2.1.1.3.1 and Ref. 6.2-1).

Mass-energy releases used for subcompartment analyses are basically calculated by the
approach to assume a constant blowdown profile using the initial conditions with an
appropriate choked flow correlation (Ref. 6.2-15). The analytical approach with the
computer code and volume noding of the piping system similar to those of small-break
LOCA analyses is used for some subcompartments, depending on the margin of the
design pressure (Ref. 6.2-16).

Initial plant operating conditions assumed for mass and energy releases are the same as
those described in Subsections 6.2.1.3 and 6.2.1.4 for postulated primary and secondary
piping breaks, respectively.

The initial atmospheric conditions within a subcompartment are set to maximize the
resultant differential pressure according to Standard Review Plan (SRP) 6.2.1.2

(Ref. 6.2-17). Air at the maximum allowable temperature, minimum absolute pressure,
and zero percent relative humidity is assumed.

Assumptions with regard to the distribution of mass and energy release are biased
towards maximizing the subcompartment pressure, conforming to SRP 6.2.1.2. Although
the GOTHIC code solves conservation equations for up to three fields (i.e., steam/gas
mixture, continuous liquid and liquid droplet), the vent flow behavior through all flow paths
within the nodalized compartment model is treated as a homogeneous mixture in thermal
equilibrium, with the assumption of 100-percent water entrainment by applying code
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options to force thermodynamic and velocity equilibrium and prevent the deposition of
drops in the volumes. The homogeneous equilibrium is used for vent choking.

The evaluation models do not take credit for the vent areas that change during the
transient as a result of insulation collapsing.

A separate GOTHIC evaluation model is prepared for each subcompartment. In these
models, each subcompartment is divided into nodes, with paths defined to model the
transfer of mass and energy between nodes during the analyzed transient. The
subcompartment nodalization scheme is selected so that nodal boundaries are at the
location of flow obstructions or geometry changes within the subcompartment. These
discontinuities create pressure differentials across nodal boundaries. Within each node,
no significant discontinuities exist, resulting in a negligible pressure gradient within each
node. A sensitivity study that increases the number of nodes until the peak calculated
pressures converge (i.e., increase in the number of nodes results in small pressure
changes) is conducted to verify the nodalization scheme.

A list of high-energy lines within each subcompartment is developed. For each
subcompartment, the high-energy lines excluded from pipe rupture considerations for
dynamic effects from postulated pipe failure due to application of the LBB criterion
discussed in Subsection 3.6.3 are excluded from consideration in the subcompartment
analysis. The remaining lines are grouped according to the pressure and temperature of
the fluid in the line. Certain lines may be excluded from further analysis on a qualitative
basis (i.e., the mass and energy of the lines located in the subcompartment are
compared, to eliminate those lines that clearly do not challenge the bounding failure). A
detailed pipe break simulation is performed for the largest diameter line in each group in
each subcompartment from the lines that remain under consideration. Table 6.2.1-17
provides information about the pipes considered for evaluation of the each
subcompartment.

The analyses generate the mass and energy release as a function of time, the pressure
response as a function of time, and the flow conditions (sonic or subsonic) for all vent
paths up to the time of peak pressure. This information is generated for each
subcompartment for the postulated pipe breaks selected using the methodology above.

The structural design differential pressure of each subcompartment is determined from
MHI's PWR design experience in Japan. The calculated peak differential pressures
during the piping break transients for each subcompartment are compared to the
structural design differential pressures described in Subsection 3.8.3.3. This comparison
demonstrates that the subcompartment walls withstand the peak differential pressures
during postulated breaks of any high-pressure line within any subcompartment.
Reference 6.2-18 describes results of the analyses including detailed analytical
conditions and the sensitivity study related to the number of nodes.

6.2.1.3 Mass and Energy Release Analysis for Postulated Loss-of-Coolant
Accidents

A postulated loss-of-coolant accident (LOCA) transient is typically divided into the
following four phases:
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1. Blowdown phase - which includes the period from accident initiation (when the
reactor is operated at full power) to the time that the RCS pressure reaches
equilibrium with containment.

2. Refill phase - the period when the lower plenum is being filled by ECCS injection
water up to the bottom of the core. This period is conservatively ignored to
maximize the release rate to the containment in the evaluation model described
later.

3. Core reflood phase - begins when the water from the lower plenum enters the
core and ends when the core is completely quenched.

4, Long-term cooling phase - describes the period after the core has been quenched
and energy is released to the containment via reactor coolant by the RCS metal,
core decay heat, and the steam generators.

The mass and energy release is evaluated by a model based on the SATAN-VI(M1.0),
WREFLOOD(M1.0), and GOTHIC computer codes. This evaluation model, which covers
the blowdown, refill, core reflood, and long term cooling phases associated with these
accidents, is described in Reference 6.2-4. Reference 6.2-4 also describes modifications
made to the SATAN-VI and WREFLOOD computer programs to model advanced features
incorporated into the US APWR design. The computer programs with these modifications
are referred to as SATAN-VI(M1.0) and WREFLOOD(M1.0), respectively.

6.2.1.3.1 Break Size and Location

The containment receives mass and energy releases following a postulated LOCA. Three
distinct locations in the reactor coolant system (RCS) loop can be postulated for pipe
rupture:

* Hot leg (between reactor vessel and steam generator)
* Cold leg (pump discharge: between reactor coolant pump and reactor vessel)
« Cold leg (pump suction: between steam generator and reactor coolant pump)

The following is a discussion on each break location.

A double-ended hot leg guillotine (DEHLG) break potentially results in the highest
blowdown mass and energy release rates, because it results in the largest heat transfer
from the core due to the minimum flow resistance between core outlet and the break
location. Although the core flooding rate also would be highest for this break location, the
amount of energy released from the steam generator secondary side is minimal because
the majority of the fluid which exits the core bypasses the steam generators in venting to
the containment. As a result, the reflood mass and energy releases are reduced
significantly as compared to either the pump suction or pump discharge cold leg break
locations, where the core exit mixture must pass through the steam generators before
venting through the break. Therefore the reflood and subsequent post-reflood releases
are not typically calculated for a hot leg break for plants similar to the US-APWR. The
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mass and energy releases for the hot leg break blowdown phase are included in the
scope of the containment integrity analysis.

The double-ended cold leg guillotine pump discharge (DECLG) break location is much
less limiting in terms of the overall containment peak pressure than the double-ended
pump suction guillotine break (DEPSG). The DECLG break blowdown is faster than that
for the DEPSG and more mass is released into the containment. However, the core heat
transfer is greatly reduced, and this results in a considerably lower energy release into
containment.

During the core reflood phase, due to the maximum flow resistance between core outlet
and the break location, the flooding rate and the amount of energy released from the
broken-loop steam generator secondary side are much less than for the DEPSG break.
This results in a much lower energy release rate into the containment.

Also, during the long-term cooling phase, the energy release rate into the containment is
less than that of the DEPSG break. This is because of larger flow resistance between the
core outlet and break location, which results in reduced energy released rate from the
steam generator secondary side. Therefore, the DECLG break is usually not selected for
performance of a containment analysis.

The DEPSG break combines the effects of the relatively high core flooding rate, as in the
hot leg break, and the addition of the stored energy from the steam generators. As a
result, the DEPSG break yields the highest energy flow rate during the post-blowdown
period by including all of the available energy of the RCS in calculating the releases to
containment. This break location is the limiting break for typical dry containment plants
and is the limiting break location for the US-APWR.

The spectrum of breaks analyzed includes the largest hot leg breaks and a range of cold
leg (pump suction) breaks from the largest down to 3.0 ft2. Small pump suction breaks are
representative cases for the spectrum of break size, because the DEHLG and DECLG
breaks are much less severe than DEPSG break as discussed above.

6.2.1.3.2 Mass and Energy Release Data

Table 6.2.1-18 and Table 6.2.1-19 present the calculated mass and energy releases for
the blowdown phase of the break analyzed for the double-ended pump suction and
DEHLG breaks, respectively.

Table 6.2.1-20 presents the calculated mass and energy release for the reflood phase of
the DEPSG break with minimum safety injection. The DEHLG break is evaluated only for
the blowdown phase as described in the preceding subsection.

Table 6.2.1-21 presents the long-term cooling phase mass and energy release data for
the DEPSG break with minimum safety injection.

The safety injection is directed to the downcomer and does not spill from the break
directly to the containment floor.
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6.2.1.3.3 Energy Sources

The following are taken into account as energy sources in the LOCA mass and energy
calculation:

Decay heat

Core stored energy

Reactor coolant system fluid and metal energy
Steam generator fluid and metal energy
Accumulators

Refueling water storage pit (RWSP)

Metal-water reaction (described in Subsection 6.2.1.3.8)

The methods and assumptions to conservatively calculate energy available for release
from these sources are described in Reference 6.2-4. The conservatism in the calculation
of the available energy for each source is addressed as follows:

Margin in volume of 3 percent (which is composed of 1.6 percent allowance for
thermal expansion and 1.4 percent for uncertainty)

Allowance for calorimetric error (+2 percent of core power)

Maximum core stored energy considering fuel burn-up and uncertainty in the
calculation of fuel temperature

Margin in core stored energy (+20 percent)

Maximum expected operating temperature of the reactor coolant system
Allowance in RCS fluid temperature for instrument error and dead band (+4.0°F)
Allowance for RCS pressure uncertainty (+30 psi)

Maximum steam generator mass inventory

Metal-water reaction from one percent of the zirconium in the active core cladding

The stored energy sources and the amounts of stored energy are listed in Table 6.2.1-24.
The curves for the energy release rate and integrated energy released for the decay heat
are shown in Figure 6.2.1-69.
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The consideration of the various energy sources in the mass and energy release analysis
provides assurance that all available sources of energy are included in this analysis.
Thus, the review guidelines presented in SRP Subsection 6.2.1.3 are satisfied.

6.2.1.3.4 Description of the Blowdown Model

A description of the model used to determine the mass and energy released from the
RCS during the blowdown phase in a postulated LOCA is provided in Reference 6.2-4. All
significant correlations are discussed.

6.2.1.3.5 Description of the Core Reflood Model

A description of the model used to determine the mass and energy released from the
reactor coolant system during the reflood phase of a postulated LOCA is provided in
Reference 6.2-4. All significant correlations are discussed.

6.2.1.3.6 Description of the Long-Term Cooling Model

The calculation procedures used to determine the mass and energy released during the
post-reflood phase of a postulated LOCA are described in Reference 6.2-4.

6.2.1.3.7 Single Failure Criteria

Loss of offsite power (LOOP) is assumed in the analyses of mass and energy release.
When the LOOP is assumed, the safety injection (Sl) system is not credited for the
blowdown period. It is assumed that one train of the Engineered Safety Features (ESF) is
out of service. The single active failure that maximizes the energy release to the
containment is the failure of one additional ESF.

This results in the loss of two trains of safeguards equipment. A sensitivity analysis is
performed on the effects of the single-failure criterion for the limiting break. The sensitivity
case assumes maximum safeguards Sl flow where four trains are available. Uncertainty
of the Sl system is also taken into account conservatively for both the minimum and
maximum safeguards Sl characteristics. This sensitivity analysis provides confidence that
the effect of credible failure is bounded.

6.2.1.3.8 Metal-Water Reaction

The LOCA analysis, presented in Chapter 15, demonstrates compliance with 10 CFR
50.46 criteria. It shows that the cladding temperature does not rise high enough for the
rate of the metal-water reaction heat to be of any significance. However, the energy
release associated with the reaction from 1 percent of the zirconium in the active core
cladding, which is one of the acceptance criteria for the LOCA analysis in Chapter 15, has
been considered. This results in additional conservatism in the mass and energy release
calculations since the actual whole core oxidation presented in Chapter 15 is much lower.
The oxidation occurs before the whole core is quenched and the metal-water reaction
time is assumed to occur during the blowdown phase through the reflood phase.
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6.2.1.3.9 Energy Inventories

Table 6.2.1-12 and Table 6.2.1-14 provide the total energy transferred from the primary
and secondary systems to the containment, as well as the energy remaining in the
primary and secondary systems for each source. Table 6.2.1-32 and Table 6.2.1-33 show
mass and energy distribution with additional information concerning inventories,
injections, generated energy and effluent. Values in Table 6.2.1-12, Table 6.2.1-32 and
Table 6.2.1-33 are for the worst cold-leg pump suction break, and those in Table 6.2.1-14
are for hot-leg pipe break at the following times:

« Time zero (initial conditions).

* End of blowdown time.

+ End of reflood time.

» Time of peak pressure.

» Time of full depressurization (1 day or End of Analysis).

6.2.1.3.10 Additional Information Required for Confirmatory Analysis

Table 6.2.1-22 lists elevations, flow areas and hydraulic diameters within the primary
system that are used for these analyses to enable confirmatory analyses to be
performed.

The Sl flow rate as a function of time is presented in Table 6.2.1-23 for the worst DEPSG
break.

6.2.1.4 Mass and Energy Release Analysis for Postulated Secondary-System
Pipe Ruptures Inside Containment

This section describes the analysis used to define the mass and energy release input
data for evaluating the containment response to a variety of main steam system pipe
breaks. Because the containment response to the main feedwater pipe ruptures is not
limiting with respect to either temperature or pressure, the mass and energy release
analysis in this section is presented for only the main steam system pipe breaks inside
containment. The mass and energy release analysis performed on the nuclear steam
supply system (NSSS) is separate from the containment response analysis. Different
sets of assumptions regarding single failures and availability of offsite power may be
made for these two analyses for the purpose of assuring that the analyzed containment
response bounds combinations of plant operating conditions, break characteristics, and
pertinent combinations of assumed failures.

6.2.1.4.1 Sequence of Events and Effects of Transient Phenomena

This section describes the expected sequence of events and system response to the
accident. Analysis assumptions and inputs are discussed in Subsection 6.2.1.4.2.2.
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Steam system piping failures inside the reactor containment could cause releases of
high-energy fluid to the containment interior, which may cause high containment
temperatures and pressures. The temperature and pressure response of the containment
depends on the time-dependent mass flow and enthalpy of the break effluent added to
the containment (mass and energy release). A mass and energy release transient that
results in the limiting containment peak pressure may not be the same transient that
results in the limiting peak temperature. To assure that the containment response is
bounding, a number of mass and energy release cases are defined and analyzed,
representing a wide spectrum of plant operating conditions (initial power, availability of
offsite power), in conjunction with a wide spectrum of size, type and locations of the
piping failure.

In order to understand the basis for selecting the specific cases included in this analysis,
an understanding of the double-ended guillotine break (DEGB) and the split break is
essential.

A DEGB is a break in a main steam line inside containment where the steam line breaks
circumferentially and separates so that the blowdowns from the two ends are
independent. Because the steam lines are connected to a common header outside
containment, a single steam generator would blow down into containment through one
pipe end and the others would blow down into containment through the other, ignoring
main steam check valves. The US-APWR design includes a uni-directional main steam
isolation valve in series with a main steam check valve in each steam line downstream of
the containment penetration. In addition, each steam generator is equipped with a flow
restrictor integral to the steam generator outlet nozzle having a flow area of 1.4 ft2. If all of
the valves were to function as designed, only the affected steam generator would blow
down to the containment due to the main steam check valve in its steam line. This
analysis assumes the failure of the steam line check valve. With that assumption, the
“intact” steam generators also blow down to the containment through the flow restrictors,
and the other end of the DEGB, until they are isolated by their main steam isolation
valves.

A split break is a break in a steam line that does not result in circumferential failure or
separation of the pipe at the break location. If a split break were to occur in one of the
steam lines (again assuming the failure of its main steam check valve), all of the steam
lines would “share” its total break area prior to steam line isolation. Only the faulted loop
would blow down through the break after steam line isolation. The effective break sizes
for the faulted loop and intact loops would depend on the size of the split break relative to
the steam generator flow restrictor.

Another important factor in defining the representative and limiting cases to analyze for
mass and energy release is the automatic steam line isolation logic and its response to
breaks of different sizes. A steam line isolation signal results from a low main steam line
pressure in any loop, or a high-high containment pressure. The time for a low main
steam line pressure signal to occur is shortened for increasing negative steam line
pressure rates. The rate of pressure change is dependent on the break size. For the
DEGBSs, the low steam line pressure provides an immediate steam line isolation signal.
The time to close the main steam isolation valves (MSIVs) includes the time when the
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analytical limit is reached (depending on the break size), plus signal delay time, plus
valve closure time.

Larger split breaks will also result in a low main steam line pressure signal before the
high-high containment pressure signal occurs. As the split break area is decreased, the
times of the steam line isolation signals on low main steam line pressure and high-high
containment pressure will approach each other. The largest break areas which will not
generate a steam line isolation signal from a low main steam line pressure are different at
different initial power levels, due to differences in the blowdown transients. Breaks
smaller than this critical area are less limiting due to their more gradual containment
pressure increase, and breaks larger than this area will be less limiting due to the shorter
duration of the contribution of the intact loops to the containment mass and energy
release.

As a result, the cases selected to be analyzed include the DEGB at various power levels
from hot standby to 102% of full power (in 25% increments), the limiting split breaks
(based on the discussion above) at zero and full power, and the DEGBs at zero and full
power assuming a loss of offsite power.

These cases are defined and summarized in Table 6.2.1-25.

A typical progression of a DEGB from hot standby as it relates to mass and energy
release to containment is as follows.

The DEGB results in an instantaneous initial increase in steam flow, which gradually
decreases during the accident as the steam pressure falls. The energy removal from the
reactor coolant system (RCS) causes a reduction in coolant temperature and pressure.
In the presence of a negative moderator temperature coefficient, the cooldown results in
an insertion of positive reactivity. The effect is the largest at the end-of-cycle. The
cooldown and associated positive reactivity addition may be sufficient to cause the core
to return to power with all the rod cluster control assemblies (less the most reactive rod)
fully inserted. In the analysis, the main steam check valve is assumed to fail in the faulted

loop. The blowdown to containment is uniform with an effective break area of 1.4 ft2 per
loop, three loops blowing down through one end of the pipe, and the remaining steam
generator blowing down through its steam line. The sudden decrease in steam line
pressure results in an immediate steam line isolation signal on low main steam line
pressure. The same signal also actuates the emergency core cooling system (ECCS).
The ECCS signal also isolates the main feedwater and actuates the emergency
feedwater (EFW).

After steam line isolation, the affected steam generator continues to blow down through
the faulted steam line. Assumptions are made for various input parameters to maximize
heat generated in the RCS or transferred to the RCS, to maximize heat transferred to the
affected steam generator secondary fluid, and to minimize the cooldown of the faulted
and intact steam generators. Following steam line isolation, the RCS cooldown becomes
non-uniform, and assumptions for various input parameters are made to maximize heat
transferred to the affected steam generator and allow the intact steam generators to
transfer heat back to the RCS. The EFW flow to the affected steam generator is
automatically isolated. The mass and energy release is terminated when the secondary
inventory is depleted.
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The core is ultimately shut down by a combination of the high concentration boric acid
water delivered by the ECCS and the termination of the cooldown when the steam
generator inventory is depleted. Core response and shutdown after the affected steam
generator blows down is not of concern in this analysis.

DEGB cases initiating from at-power conditions behave in a similar manner, except that
the reactor is tripped, shut down, and returns to power. A higher initial core power
generates increased decay heat and release of stored heat from both RCS and SG metal.
In addition, the decrease in initial steam generator water mass as initial power level
increases affects the rate and duration of the blowdown.

The loss of offsite power cases are very similar, but result in less heat transfer from the
affected steam generator. The ECCS signals generated from low pressurizer pressure,
low main steam line pressure, or high containment pressure, trip the reactor coolant
pumps (RCPs). The RCP trip is ignored for the cases with offsite power available to
maximize the RCS cooldown and associated reactivity and return-to-power response.

The split breaks differ from the DEGBs in that steam line isolation, ECCS, and the other
engineered safety feature functions do not occur immediately. Due to their smaller break
flow, the response of these breaks results in a smaller cooldown and return to power, but
a more prolonged blowdown due to the later steam line isolation time and continued
addition of feedwater prior to steam line and feedwater isolation.

For at-power cases, the following signals are assumed to be available to automatically
trip the reactor (but are not necessarily credited in the analysis):

+ ECCS actuation (low main steam line pressure in any loop, low pressurizer
pressure, or high containment pressure)

*  Over power AT

*  Overtemperature AT

* Low pressurizer pressure

* High power range neutron flux

In addition to the reactor trips listed above, the following engineered safety feature
functions are assumed to be available to mitigate the accident:

¢ Main steam line isolation
* Main feedwater isolation
« EFW isolation on the affected SG

+ ECCS
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Also, the main steam check valves are provided downstream of the main steam isolation
valves to prevent blowdown of the steam generators by reverse flow through the
postulated piping failure in the event the break is upstream of a main steam check valve.
The main steam isolation valves, which provide positive flow isolation in the normal
direction of flow, are fully closed by the following signals:

* Low main steam line pressure
* High main steam line pressure negative rate
» High-high containment pressure
Only safety related equipment is credited in the analysis to mitigate the consequences of

this event. As discussed above, some of the available equipment is not credited in the
analysis.

6.2.1.4.2 Steam System Performance during the Postulated Blowdown
Transient
6.2.1.4.21 Evaluation Model

The mass and energy release from a postulated steam piping failure (main steam line
break) is evaluated with a model based on the MARVEL-M plant transient analysis code
(Ref. 6.2-19). The evaluation model for the mass and energy release analysis of the
main steam line break is the same as described for the core response to the same event
in Subsection 15.1.5.3.1, except that for code inputs reflecting certain conservative
assumptions made for the two different analyses. Key elements of the MARVEL-M model
related to the mass and energy release analysis for the main steam line break that differ
from the description in Subsection 15.1.5.3.1 are described in the following paragraphs.

For calculating mass and energy releases, a reverse steam generator heat transfer
model is used to transfer heat back to the primary side from the intact steam generators
after steam line isolation occurs to maximize the mass and energy release to containment
from the faulted loop. In addition, the unisolated volume of the main feedwater line is
modeled to consider feedwater flashing, providing additional feedwater to the affected
steam generator.

The reactor trip system, engineered safety features (ESF) actuation system, and the ESF
sub-systems credited in the steam line break mass and energy release analyses are
modeled in the MARVEL-M code. Because MARVEL-M models only the NSSS,
containment vessel response and the ESF containment signal are not directly modeled. |
ESF signals generated from containment pressure signals credited in the MARVEL-M
mass and energy release analysis for certain breaks are obtained from the containment
response analysis and manually input to MARVEL-M.

Additional details on selected MARVEL-M capabilities used in the steam line break mass
and energy release analysis are described with applicable input parameters in the
following subsection.
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6.2.1.4.2.2 Input Parameters and Initial Conditions

The following input parameters and initial conditions are used in the MARVEL-M analysis.
Unless otherwise stated, these inputs are common to all of the steam line break mass
and energy analysis cases.

To reduce the number of cases analyzed, failures were combined to create a set
of limiting composite cases rather than evaluate a larger number of individual
cases each characterized by a single failure. As a result, a Failure Modes and
Effects Analysis is not needed or used to document how single failures are
evaluated to determine the limiting single failure. The failures assumed in each of
the composite cases are identified in Table 6.2.1-25, and are individually
discussed below.

The initial values of reactor power are 0%, 25%, 50%, 75%, and 102% for the hot
standby and at-power cases. Because the intermediate power cases are run for
the purpose of establishing sensitivity of the results to initial power level, the
actual power level (without uncertainty) is used. For the full-power cases, a 2%
uncertainty is added to the initial power to maximize the heat generated in the
primary system.

The nominal value of reactor coolant pressure, 2,250 psia, is used for the hot
standby cases. For the at-power cases, an uncertainty of 30 psi is added. Unlike
the departure from nucleate boiling ratio (DNBR) core response analysis for this
event, RCS pressure is not a key parameter in the mass and energy release
analysis. Similarly, the initial pressurizer water level is not a key parameter and is
assumed to be at the programmed value associated with the initial power.

The initial value of reactor coolant average temperature is assumed to be the
557°F no-load temperature for the hot standby cases. For the at-power cases, an
uncertainty of 4°F is added to the normal expected average temperature
corresponding to the power level.

The shutdown margin is assumed to be 1.6% Ak/k corresponding to the most
restrictive time in the core cycle, with the most reactive rod cluster control
assembly (RCCA) in the fully withdrawn position for the cases initiating from hot
standby. For the at-power cases, the reactor trip reactivity is assumed to be the
value that would result in this same shutdown margin at zero power conditions.

For the cases initiating from hot standby, the moderator defect follows the
relationship defined by Figure 15.1.4-1 and the Doppler defect follows the
relationship defined by Figure 15.1.4-2 for the steam line break core response
analysis in Subsection 15.1.5. For the full-power cases, the moderator density
coefficient is assumed to have the maximum value as defined in Subsection
15.0.0.2.4 and the Doppler power coefficient is assumed to be the minimum
feedback limit shown in Figure 15.0-2. For the intermediate power cases (25%,
50%, & 75%), the moderator defect follows the relationship defined by Figure
15.1.4-1 and the Doppler power coefficient is assumed to be the minimum
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feedback limit shown in Figure 15.0-2. These combinations result in the greatest
positive reactivity and maximum power increase.

Although the safety injection performance has little effect on the mass and energy
releases, minimizing the addition of boron is conservative. Consistent with this
assumption, only two safety injection pumps operate to inject borated water from
the refueling water storage pit (RWSP) into the reactor vessel downcomer. This
treatment is consistent with one train assumed to fail and a second train is out of
service. The boron concentration in the RWSP is assumed to be 4000 ppm,
corresponding to the minimum allowable Technical Specification boron
concentration value.

A dry steam blowdown (steam quality = 1.0) is assumed. This assumption
maximizes the energy released from the break. The Moody curve for f(L/D) =0 is
used for calculating the steam flow from the break (Ref. 15.1-4).

Feedwater flow to the affected steam generator is assumed considering increased
feedwater pump flow caused by the reduction in steam generator pressure as
follows:

For the double-ended break, main feedwater flow is assumed to be the maximum
flow based on the assumption that the steam generator is at atmospheric
pressure. For split breaks, main feedwater flow is assumed to match the total
steam flow (including the break flow) in each steam generator until main
feedwater isolation occurs. This maximizes the steam generator mass available
to be released to the containment. In all cases, the maximum feedwater enthalpy
consistent with the initial power is assumed.

EFW is assumed to be initiated at the time of the ECCS signal (t=0 is
conservatively used for the DEGBs) and deliver flow at maximum flow to the
affected steam generator for the purpose of maximizing the blowdown inventory.
The maximum value for EFW enthalpy is assumed to maximize secondary side
energy (all steam generators). The EFW is automatically isolated from the
affected steam generator when the low main steam line pressure signal reaches
the analytical limit.

The mass and energy release analysis conservatively includes decay heat
(maximum value) to maximize the energy addition to the RCS and the RCS
temperature. The total decay heat is calculated in accordance with the
methodology of ANS-5.1-1979.

A reverse heat transfer coefficient is used to transfer heat from the secondary

back to the primary when the steam generator temperature is warmer than the
primary coolant in the steam generator tubes. This occurs in the intact steam

generators after steam line isolation, and maximizes heat input to the primary,

resulting in a more conservative mass and energy release.

The steam generator heat transfer is not assumed to be reduced after steam
generator level decreases below the top of the tubes. This maximizes the
conservative effects described with the heat transfer coefficients above.
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Energy stored in certain RCS and steam generator metal is modeled, and is
allowed to be transferred to the primary coolant in contact with it. This results in a
more conservative mass and energy release.

The faulted steam line is modeled on the loop with the pressurizer. This result in
warmer pressurizer water flow being directed into the affected steam generator,
resulting in a more conservative mass and energy release.

Conservative assumptions for the trip simulation (trip reactivity curve, rod drop
time, reactor trip system signal processing delays) are used in the analysis of at-
power cases. RCCA insertion characteristics assumed in the analysis are
described in Subsection 15.0.0.2.5. This results in a conservatively high
integrated heat input to the RCS.

For the large double-ended guillotine breaks, the reactor is assumed to
automatically trip on the low main steam pressure signal (which also initiates
ECCS, steam line isolation, and other EFW functions). For the smaller split
breaks containment pressure signals are credited in the mass and energy
analysis. An ECCS signal occurs on high containment pressure, which in turn
trips the reactor, isolates main feedwater, and starts safety injection. Main steam
flow is isolated by the high-high containment pressure signal. Table 15.0-4
summarizes the trip setpoints and signal delay times used in the analysis.

For cases assuming availability of offsite power, the RCPs are assumed to
operate for the entire duration of the mass and energy release transient. This is
conservative because the RCPs add thermal energy to the RCS while they are
running, maximize the primary cooldown (and associated return to power), and
distribute the reverse heat transferred from the intact steam generators to the
RCS. The US-APWR has an automatic RCP trip on an ECCS signal; this is
ignored for the cases assuming offsite power available. For the cases analyzed
without offsite power, the RCPs are assumed to trip on the ECCS signal (which
occurs immediately after the break in the model for the cases evaluating offsite
power).

The failure of one main feedwater isolation valve is assumed. Because the main
feedwater regulation valves and main feedwater isolation valves are redundant, a
single failure of one of these valves does not affect the feedwater isolation
function. Feedwater isolation from ECCS actuation is modeled in MARVEL-M,
using the signal and valve closure delays provided in Tables 15.0-4 and 15.0-5.
However, since feedwater flashing provides additional feedwater to the affected
steam generator from the water remaining in the feedwater line, the unisolated
volume of the main feedwater line from the feedwater regulation valve (upstream
valve) to the steam generator is assumed.

The main steam check valve is assumed to fail in the loop where the break inside
containment occurs. This failure assumption results in all steam generators
blowing down to the containment until steam line isolation occurs. This
assumption is particularly important (and conservative) for the split breaks where
steam line isolation does not occur immediately on low main steam line pressure,
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but rather, relies on containment pressure signals. Steam line isolation from
ECCS actuation is modeled in MARVEL-M, using the signal and valve closure
delays provided in Tables 15.0-4 and 15.0-5.

« Because each of the steam generators is equipped with a 1.4 ft? flow restricting
nozzle in its outlet, and because the flow area of any individual steam line is
greater than 4.2 ft? (three times the area of a flow restricting nozzle), the modeled
break area for DEGBs, assuming the main steam check valve failure, is assumed
to be 1.4 ft? per loop prior to steam line isolation and 1.4 ft2 for the only the faulted
loop after steam line isolation.

* For split breaks, the break area will be equally shared between the loops prior to
steam line isolation (assuming a main steam check valve failure in the faulted
loop). After steam line isolation, the break area is the lesser of the split break area
and 1.4 ft? is applied to only the faulted loop steam generator.

* Initial steam generator water mass is calculated based on the normal level at the
initial power plus both a steam generator level uncertainty and a steam generator
mass calculational uncertainty.

* No operator actions are modeled in the mass and energy response analysis.
Table 6.2.1-25 lists specific assumptions used that differentiate each case.
6.2.1.4.2.3 Evaluation Results

Table 6.2.1-26 and Table 6.2.1-27 are tabulations of the mass and energy release data for
the steam piping failure case resulting in the highest containment pressure and
temperature.

The mass and energy release data to containment for the limiting pressure and
temperature cases include the energy transferred from the primary system to the
secondary system. The mass and energy releases assume dry (100% quality) steam,
and no water entrainment is modeled. As a result, steam generator internal elevations,
flow areas, and friction coefficients are not used in the simplified secondary side model in
MARVEL-M. As a result, values for these parameters are not provided for use in
performing confirmatory analysis. Main feedwater flow and enthalpy assumptions for the
affected steam generator are described above in Subsection 6.2.1.4.2.2.

The containment pressure and temperature transients and peak temperature and
pressure resulting from this mass and energy release data are analyzed separately and
described in Subsection 6.2.1.1.3.

6.2.1.5 Minimum Containment Pressure Analysis for Performance Capability
Studies of the Emergency Core Cooling System

The containment pressure and temperature responses, as well as the in-containment
RWSP water temperature response, used for the ECCS performance analysis found in
Subsection 15.6.5 are presented in Figure 6.2.1-80 through Figure 6.2.1-82.
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6.2.1.5.1 Analytical models

The GOTHIC computer code is used to calculate the time dependent minimum
containment backpressure for the ECCS performance evaluation in coping with a
postulated LOCA (i.e., cold leg guillotine and split breaks). The ECCS performance to
reflood and thereby cool the reactor core following a LOCA depends directly on
containment pressure (i.e., the core flooding rate increases with increasing containment
pressure). Subsection 6.2.1.1 clarifies that the US-APWR containment does pressurize
during a large break LOCA. Therefore, analyses that produce the minimum possible
containment backpressure are necessary in order to confirm the conservatism and
validity of the ECCS performance evaluation.

A single volume model in GOTHIC is applied to calculate the containment pressure
response, incorporating conservative volume parameters and multipliers on the heat
transfer coefficients to anticipate uncertainties in the single volume approach. The
modeling approach is similar to the containment integrity analysis described in
Subsection 6.2.1.1.3.3 with some necessary modifications to conform with the

10 CFR 50, Appendix K requirements and those of Branch Technical Position 6-2 for
minimum containment pressure analysis (Ref. 6.2-20).

As discussed in Subsection 6.2.1.1.3.3, a single volume containment model generally
gives higher containment pressure than a subdivided model. However, for the US-APWR
plant, incorporating in-containment RWSP, a single volume model gives much lower
containment pressure by accounting for the heat transfer from containment atmosphere
region to the RWSP, which is cooler than the atmosphere. The RWSP ceiling prevents
direct heat transfer from the steam in the containment to the pool surface. However, the
analysis assuming a single volume model ignores this heat transfer barrier. This
maximizes the heat and mass transfer from atmosphere to the pool. Therefore, a single
volume GOTHIC model for the heat transfer on the pool surface is used for the US-APWR
minimum ECCS backpressure evaluation, in conjunction with acceptable models and
input described in Branch Technical Position 6-2 (Ref. 6.2-20).

6.2.1.5.2 Mass and Energy Release Data

Table 6.2.1-28 presents the mass and energy releases including broken-loop
accumulator spillage to containment for the DECLG break, as computed by the
WCOBRA/TRAC (M1.0) code. The evaluation models which calculate the mass and
energy releases to the containment are described in Subsection 15.6.5. A nominal
DECLG break analysis is performed for the minimum containment pressure. Since
WCOBRA/TRAC has a thermal non-equilibrium scheme, steam and liquid flow from
vessel side break are combined and transferred to GOTHIC as a single mixture. The
mixing minimizes the containment pressure due to the reduction of the available energy
released to the containment vapor space. Then, the conservatively low containment
pressure is applied as a boundary condition in the analysis with the WCOBRA/TRAC
code.
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6.2.1.5.3 Initial Containment Internal Conditions

Initial containment conditions are biased properly for the ECCS evaluation so as to yield a
conservatively low containment back pressure. The following initial values are used in the
analysis:

Containment pressure (psia) 14.4 (minimum value)
Containment temperature (°F) 70 (minimum value)
RWSP water temperature (°F) 32 (minimum value)
Relative humidity (%) 100 (maximum value)
Service water temperature (°F) 32 (minimum value)
Outside temperature (°F) -40 (minimum value)

The containment initial conditions of 70°F and 14.4 psia are representative of the low end
of values anticipated during normal full-power operation. The initial relative humidity is
conservatively assumed to be 100 percent. The initial temperature outside of the
containment is assumed to be the lowest design value temperature. The above values
are consistent with Branch Technical Position 6-2 (Ref. 6.2-20).

6.2.1.5.4 Containment Volume

The volume used in the analysis is 2.86x10° ft3. The estimated free volume is maximized
to ensure conservative prediction of the minimum containment pressure. The volume of
the internal structures and equipment is subtracted from the gross containment volume to
arrive at the maximized net free volume, considering uncertainty.

6.2.1.5.5 Active Heat Sinks

The US-APWR employs the containment spray system (CSS) to maintain the
containment vessel internal peak pressure below the design pressure and reduce it to
approximately atmospheric pressure in a postulated LOCA or MSLB. For minimum
pressure analysis, the assumption of maximum spray effectiveness is conservative.
Maximum effectiveness is achieved by specifying the maximum available spray flow rate
beginning at the earliest possible time assuming offsite power to be available
independent of the ECCS performance evaluation. A small spray droplet size of 0.004
inch is also specified to insure high efficiency. Additional conservatism is included by
setting the incoming spray water temperature to the minimum possible value (32°F)
regarded as identical with the minimum service water temperature. Conditions for the
ESFs used in the analysis are summarized in Table 6.2.1-29.

6.2.1.5.6 Steam-Water Mixing

The ECCS spillage flow is modeled with GOTHIC flow boundary conditions. Mass and
energy injection rates are calculated by the primary system codes. The spillage flow is
conservatively injected as small droplets to ensure equilibrium with the atmosphere

Tier 2 6.2-37 Revision 4



6. ENGINEERED SAFETY FEATURES US-APWR Design Control Document

before reaching the RWSP. Water spillage rates from the broken loop accumulator are
presented in Table 6.2.1-28.

6.2.1.5.7 Passive Heat Sinks

The passive heat sinks and their thermophysical properties used in the analysis are given
in Table 6.2.1-30 and Table 6.2.1-31, respectively. The heat sinks are divided in
accordance with Branch Technical Position 6-2 (Ref. 6.2-20), and are modeled as
described in Subsection 6.2.1.1.3 for containment integrity analysis with the following
exceptions:

1. The conductor mass and surface areas are biased high to cover uncertainties in
the actual mass and area.

2. Material properties are biased high (density, conductivity, and heat capacity) as
indicated in Branch Technical Position 6-2 (Ref. 6.2-20).

3. For conductors that model painted surfaces or include an air gap, such as the
containment liner/concrete structures, the thermal resistance of the paint layer or
the air gap is set to zero.

4. The initial temperature for thermal conductors is set to a low value consistent with
a low ambient temperature.

5. The outside surface of the containment shell is maintained at -40°F throughout the
calculation. The initial through-thickness temperature distribution of the
containment shell is consistent with initial atmosphere temperatures of both sides.

6. For the inside surfaces of thermal conductors, the Tagami/Uchida heat transfer
coefficient option is selected, as described in the following subsection.

6.2.1.5.8 Heat Transfer to Passive Heat Sinks

The following conservative condensing heat transfer coefficient is incorporated in the
GOTHIC code for the exposed passive heat sinks during the blowdown and post-
blowdown phases, in conformance with Branch Technical Position 6-2 (Ref. 6.2-20).

The condensation heat transfer coefficient (H,,,4) as a function of time (t) on the surface
of heat sinks during blowdown period is given as

t
Hcond (t) = Hinit + <lé—lTagami (tenb) - Hinit:{t_]

eob

where Hj,;t is initial heat transfer coefficient (H,it = 8 Btu/ft>-hr-°F), Hragami(teob) is @ peak
condensation heat transfer coefficient by Tagami, which appears at the end of blowdown,
and tg.y, is time of the end of blowdown.
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0.62
0
H, (t,,)=4x72.5%
Tagamt( eob) (th

eob

where Q is total released energy during the blowdown period and V is free volume of the
containment, respectively, and the factor of 4 is consistent with Branch Technical Position
6-2 (Ref. 6.2-20).

Condensation heat transfer coefficient on the surface of heat sinks after the blowdown
period is

Hcond (t) = 12 X HUchida + <&—]Ta,qami (tena ) - 1 2 X HUchida }Xp{_ Oozs(t - Z‘eob )}

where

0.8
Hyps = 79.33{%}
vg

Pys is steam density in the containment volume and p,q is density of gas, respectively.

Transient heat transfer coefficients on the surface of the heat sinks are shown in Figure
6.2.1-83.

6.2.1.5.9 Other Parameters

Containment purge is assumed to be in operation at time zero and air is vented through
containment exhaust lines until the isolation valves fully close, which results in further
minimization of the containment pressure. However, the total amount of purged air
volume is less than 1,500 ft3, which is included in the margin of the initial containment
free volume. Therefore, containment purge is not directly modeled in the analysis. No
other parameters have a substantial effect on the minimum containment pressure
analysis.

6.2.1.6 Testing and Inspection

The preoperational testing and inspection and inservice testing and inspection of the
containment meet ASME Code Section Il requirements for containment vessels. Testing
and inspection of the containment require written nondestructive examination procedures
as required by ASME Code Article CC 5000 (Ref. 6.2-21). A description of the initial test
program for the containment is included in Section 14.2 that applies to construction,
preoperational and startup testing. Subsection 3.8.1.7 includes construction inspection
acceptance criteria. Requirements for the containment structural integrity test,
containment local leak rate, and containment integrated leak rate preoperational tests are
included in Subsections 14.2.12.1.61 through 14.2.12.1.63. Preoperational testing
includes quality control testing of the concrete and concrete constituents in accordance
with the frequencies established by Table CC-5200-1 and examination of the reinforcing
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systems, prestressing systems, and welds in accordance with ASME Code. Structural
integrity testing is required to demonstrate the quality of construction and to verify the
acceptable performance of new design features. Leakage testing of the RWSP liner
(cladding) is performed in accordance with ASME Code requirements. Inspection criteria
are delineated in ASME Code Article CC-5000. Failed inspection areas are repaired in
accordance with ASME Code. The containment is pressure tested at a pressure of at
least 1.15 times the containment design pressure prior to acceptance in accordance with
the requirements of ASME Code Section lll, Article CC-6000 (Ref. 6.2-22).
Preoperational testing is described in detail in Chapter 3, Subsection 3.8.1.7.

The US-APWR containment is designed to permit appropriate periodic inspection of all
important areas. Important areas are penetrations, the liner intersection with the base
concrete inside containment, locations where the floors or platforms are adjacent to the
liner and the vicinity of the crane brackets.

Inservice testing and inspection requirements are described in Subsection 3.8.1.7.
Subsection 6.2.4.4 provides a description of the testing and inspection of the containment
isolation system. The requirements and methods used for containment leakage testing is
presented in Subsection 6.2.6. The containment isolation system testing and the
containment leakage testing are performed to ensure the postulated leakage from a
design basis accident will be within the assumptions provided in Chapter 15, “Transient
and Accident Analyses.”

6.2.1.7 Instrumentation Requirements

Instruments are installed to monitor conditions inside the containment and actuate the
appropriate safety functions when an abnormal condition is sensed. Instruments monitor
containment pressure, temperature, hydrogen concentration and radioactivity, and air
effluent for containment depressurization.

Four narrow-range pressure detectors monitor the containment pressure over a pressure
range of -7 to 80 psig. The pressure detectors are powered from independent Class-1E
sources, are widely separated around the containment, and connect to their associated
transmitters (outside the containment) through oil-filled instrument lines. The
containment pressure activates logic to initiate a variety of ESF functions, which are
discussed in the following sections. Containment pressure is indicated and alarmed in
the main control room (MCR).

Two temperature sensors are installed to monitor the containment air temperature
between 40 and 400°F. The containment temperature is indicated and alarmed in the
MCR, as well as stored in the process computer.

Two wide range level instruments monitor the water level during normal operation and
two narrow range level instruments monitor the water level during accident conditions.

One temperature sensor is installed to monitor the RWSP water temperature. The RWSP
temperature is indicated and alarmed in the MCR, as well as stored in the process
computer.
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Four area radiation monitors are positioned inside the containment. The containment
area radiation monitors detect airborne particulate radioactivity in the containment
circulating air. High radiation in the containment isolates the containment ventilation and
alarms in the MCR.

Section 7.3 describes the instrumentation and controls, including the power supplies, the
actuation logic, and the resulting system/component initiation signals, used for the
automatic ESF actions.

6.2.2 Containment Heat Removal Systems

The containment heat removal system is a dual-function ESF system; containment spray
for fission product removal as described in Subsection 6.5.2, and containment spray for
containment cooling as discussed here. The CSS and the residual heat removal system
(RHRS) share major components which are containment spray/residual heat removal
(CS/RHR) pumps and heat exchangers. The RHR for shutdown cooling is described in
Chapter 5, Subsection 5.4.7.

There are four 50% capacity trains of containment spray, using four dual-purpose CS/
RHR RWSP suction lines, four dual-purpose CS/RHR spray pumps, four dual-purpose
CS/RHR heat exchangers, and a spray ring header composed of four concentric
interconnected rings. To ensure a reliable containment spray pattern coverage, each
spray ring is located at a different containment elevation, and spray rings are supplied
from the four 50% capacity trains of containment spray.

6.2.2.1 Design Bases

The containment spray system (CSS) is designed to perform the following major
functions:

¢ Containment heat removal
* Fission product removal

These functions are provided by safety-related equipment with redundancy to deal with
single failure, environmental qualification, and protection from external hazards.

6.2.2.1.1 Containment Heat Removal

In the unlikely event of a design basis LOCA or secondary system piping failure, the CSS
is designed to limit and control the containment pressure, such that:

* The peak containment accident pressure is well below the containment design
pressure

» The containment pressure is reduced to less than 50% of the peak calculated
pressure for the design basis LOCA within 24 hours after the postulated accident.

The energy releases into the containment for a design basis LOCA and a secondary
system piping failure are described in Subsections 6.2.1.3 and 6.2.1.4, respectively.
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As described in Subsection 6.2.1.1.1, the ability of the containment heat removal system
is evaluated assuming the worst single failure (with removes one train from service)
concurrent with an outage that removes a second train from service. For primary system
piping breaks, loss-of offsite power (LOOP) is assumed. For secondary system piping
breaks, the cases where LOOP is not assumed are also considered, since the LOOP can
possibly reduce releases to the containment.

6.2.2.1.2 Fission Product Removal

The function of containment spray for fission product removal is described in Subsection
6.5.2.

6.2.2.1.3 Compliance with Regulatory Requirements

The CSS design complies with applicable regulatory requirements, including the
following:

1. GDC 2, “Design bases for protection against natural phenomena”
2. GDC 4, “Environmental and dynamic effects design bases”

3. GDC 5, “Sharing of structures, systems, and components”

4. GDC 17, “Electric power systems”

5. GDC 38, “Containment heat removal”

6. GDC 39, “Inspection of containment heat removal system”

7. GDC 40, “Testing of containment heat removal system”

The compliance with these GDC is discussed in Chapter 3, Section 3.1.
6.2.21.4 Reliability Design Bases

The reliability of the CSS has been considered in establishing the system’s functional
requirements, selecting the particular components and their location, and designing the
connected piping. Redundant components are provided where the loss of one component
would impair reliability. Redundant sources of the containment spray (P signal) are
available so that the proper and timely operation of the CSS is ensured. Sufficient
instrumentation is available so that failure of an instrument does not impair the readiness
of the system. The active components of the CSS are normally powered from separate
buses which are energized from offsite power supplies. In addition, redundant emergency
onsite power is available through the use of the emergency power sources to ensure
adequate power for all CSS requirements. Each emergency power source is capable of
driving all pumps, valves, and instruments associated with one train of the CSS. The CSS
receives normal power and is backed up with onsite Class 1E emergency electric power
sources, as noted in DCD Chapter 8.
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The CSS is located in the Reactor Building and the Containment. Both structures are
seismic category | and provide tornado/hurricane missile barriers to protect the CSS. The |
CSS includes four 50% capacity CS/RHR pump trains and assumes one is out of service
for maintenance and one becomes inoperative due to a single failure upon the initiation of
the CSS. The CSS is designed with sufficient redundancy to ensure reliable
performance, including the failure of any component coincident with occurrence of a
design basis event, as discussed in DCD Chapters 3, 7, and 15.

Subsection 6.2.1 discusses the containment environmental conditions during accident
conditions, and Chapter 3, Section 3.11 discusses the suitability of equipment for design
environmental conditions. All valves required to be actuated during CSS operation are
located to prevent vulnerability to flooding.

Protection of the CSS from missiles is discussed in Section 3.5. Protection of the CSS
against dynamic effects associated with rupture of piping is described in Section 3.6.
Protection from flooding is discussed in Section 3.4.

MUAP-08013-P (Ref. 6.2-36) contains requirements for design and evaluation of ECCS
and CSS ex-vessel downstream components to ensure the ECCS and CSS systems and
their components will operate as designed under post-LOCA conditions.

The CSS is designed for periodic inservice testing and inspection of components in
accordance with ASME Code Section XI.

6.2.2.2 System Design

Figure 6.2.2-1 is the flow diagram of the CSS, showing the major components,
instruments, and the appropriate system interconnections. Table 6.2.2-1 presents design
and performance data for CSS components. The performance data for CS/RHR pump
and CS/RHR heat exchanger is shown in Chapter 5, Subsection 5.4.7.

The CSS receives electrical power for its operation and control from onsite emergency
power sources and offsite sources, as shown in Chapter 8. In the unlikely event of a
LOCA or secondary system line break that significantly increases the containment
pressure, the containment spray automatically initiates to limit peak containment pressure
to well below the containment design pressure. In addition to preserving containment
structural integrity, containment spray limits the potential post-accident radioactive
leakage by reducing the pressure differential between the containment atmosphere and
the environment and also ensures atmosphere mixing in containment. |

The CS/RHR system can be manually initiated and operated from the MCR and the
remote shutdown console (RSC). In addition to the typical system status and operating
information (e.g., valve position indication, pump run status), the containment
temperature and pressure are indicated and recorded in the MCR and RSC.

Dual-use components are the CS/RHR heat exchangers and CS/RHR pumps.
Motor-operated valves permit CSS or RHRS recirculation of the reactor core. The four
CSS containment isolation valves are normally closed, but open automatically on a P
signal. The CSS containment isolation valves are interlocked and are allowed to open
only if either of the corresponding two in-series RHR hot leg suction isolation valve is
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closed. Further, the RHR hot leg suction valves are interlocked so that they cannot be
opened unless the corresponding CSS containment isolation valves are closed. This
arrangement prevents the reactor vessel water inventory from being sprayed into the
containment.

Following a DBA, the containment pressure approaches atmospheric pressure. When
the containment pressure is reduced sufficiently and the operator determines that
containment spray is no longer required, the operator terminates containment spray. The
operator closes the containment spray header isolation valves and aligns system flow
through the CS/RHR heat exchanger back to the RWSP through the full flow test line.
The pit water is then recirculated and cooled.

Potential voids, caused by insufficient venting, may be formed in the CS/RHR lines. The
horizontal sections of the CS/RHR piping are designed to have a continuous downward
slope on the pump suction side and a continuous upward slope on the pump discharge
side up to the full-flow test line. Vent valves are included at all local high points on
horizontal sections and inverted-U piping sections and are designed to be accessible and
identifiable. Inservice testing required by Subsection 3.9.6.2 includes periodic testing
through the full-flow test lines located at the high point of the RHR piping to the RCS cold
legs (see Figure 6.2.2-10), which discharge to the RWSP. These tests periodically
discharge potential voids, minimize unacceptable dynamic effects such as water hammer,
and ensure operability of the suction and discharge lines. The vent and pipe slope design
also facilitate system venting following maintenance procedures which are part of the
operating procedures described in Subsection 13.5.2. Subsection 5.4.7.2.1 discusses
gas accumulation for the RHR system, portions of which are shared with the containment
spray system. No additional surveillance requirements are necessary for locations of the
containment spray system which are not shared by the RHR system.

CS/RHR components are procured by qualified vendors, approved to supply under
components and materials. Chapter 14, Section 14.2 “Initial Plant Test Program,”
discusses component and integrated system tests performed prior to un-conditional plant
operations.

6.2.2.2.1 CS/RHR Pumps

These components are included in the RHRS. Four dual-purpose CS/RHR pumps are
provided, one for each of four 50% capacity trains. They are motor-driven centrifugal
pumps with mechanical seals. The pumps are sized to deliver 3,000 gpm at a discharge
head of 410 ft. The 100% capacity design flow rate (two of four 50% capacity CS/RHR
pumps) is based on 15.2 gpm flow per nozzle and 348 nozzles. With a minimum flow rate
for each pump of 355 gpm, the required two-pump 100% flow rate is, thus, 6,000 gpm.
The CS/RHR pump discharge head is based on a static head of 217 ft. and pressure
losses equivalent to 182 ft. Including a margin of 11 ft. The design head of the CS/RHR
pumps is 410 ft.

All four CS/RHR pumps automatically start and the containment isolation valves
automatically open on the receipt of a P signal, delivering a flow from four CSS trains to
the CSS spray rings. Initiating signals, setpoints, logic, and control are described in
Chapter 7, “Instrumentation and Controls” Chapter 8, “Electric Power,” discusses
electrical power supplies and the available sources for the CSS.
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6.2.2.2.2 CS/RHR Heat Exchangers

These components are included in the RHRS. Four CS/RHR heat exchangers are
provided. They are horizontal tube and shell heat exchangers. The CS/RHR system
water flows through the tubes, and the component cooling water flows through the shell.

6.2.2.2.3 Containment Spray Piping

Each of the RWSP suction valves is normally open to ensure that suction piping remains
full and aligned to provide a ready flow path to the CS/RHR pumps. Each CSS train’s
discharge line to the containment spray rings is provided with a normally closed, motor-
operated containment isolation gate valve.

The system piping is normally filled and vented to the containment isolation valves
(CSS-MOV-004A, B, C, and D) at elevation 36.75 ft. (typical for all four 50% containment
spray trains) prior to plant startup. The minimum piping “keep full” level corresponds to
the RWSP 100% water level at elevation 20 ft. - 2 in. A conservative value of |
100 seconds time delay is assumed between the system initiation and the spray ring flow
for purposes of LOCA and the containment response analyses. The delay time
associated with accidents is provided in Subsection 6.2.1.1.3.4 and Table 6.2.1-5.

6.2.2.24 Containment Spray Nozzles

The containment spray nozzles are of the type and manufacture commonly used in
United States commercial nuclear applications. The nozzles are fabricated from

304 stainless steel, and each is fitted with a 0.375 in. orifice. As shown in Figure 6.2.2-2,
the one-piece construction provides a large, unobstructed flow passage that resists
clogging by particles, while producing a hollow cone spray pattern. Figure 6.2.2-3 shows
each nozzle’s orientation on a spray ring. The nozzle orientation is identified as vertical
down (No. 1 nozzle, R-5605); 45° from vertical down (No. 3 nozzle, R-5604); and
horizontal (No. 2, and No. 4 nozzles, R-5603). Figure 6.2.2-4 presents the spray pattern
and typical spray coverage of each nozzle type.

Figure 6.2.2-5 is a sectional view of containment showing the elevation of the spray rings
(A, B, C, and D) and the typical spray pattern from the nozzle to the containment
operating floor level (elevation 76 ft. - 5 in). Figure 6.2.2-6 presents a plan view showing
the location of each nozzle on each spray ring and the predicted spray coverage on the
operating floor of the containment. Figure 6.2.2-6 also tabulates the number and
orientation of the nozzles on each spray ring. Of the 348 containment spray nozzles
distributed among the four containment spray rings, there are only four vertical up No. 4
nozzles (R-5603)—one on each spray ring. In addition to their spray function, these
nozzles also serve as the high point vent on each spray ring.

6.2.2.2.5 Refueling Water Storage Pit

The RWSP is the protected, reliable, and safety-related source of boric acid water for the
containment spray and Sl. (Section 6.3 describes the Sl function for the US-APWR
ECCS.) The RWSP also is used to fill the refueling cavity in support of refueling
operations. The RWSP is located on the lowest floor inside the containment, with a

84,750 ft3 capacity available, it is designed with sufficient capacity to meet long-term

Tier 2 6.2-45 Revision 4



6. ENGINEERED SAFETY FEATURES US-APWR Design Control Document

post-LOCA coolant needs, including holdup volume losses. Potential holdup areas
within the containment are depicted in Figure 6.2.1-9. The overflow piping provides the
replenishment functions necessary for the ECCS to perform its safety function. The total
water volume held up in the containment is shown in Figure 6.2.2-7. Figure 6.2.2-7
shows the RWSP capacity requirements for refueling and LOCA. The RWSP is
configured as a rough horseshoe-shaped box around the containment perimeter. The
open end of the RWSP is oriented at the containment 0° azimuth (plant north), where the
reactor coolant drain tank, reactor coolant drain pumps, and the containment sump are
located. Figure 6.2.1-16 and Figure 6.2.1-17 present plan and sectional views of the
RWSP. Subsection 6.2.1 describes the RWSP and its containment-related features and
functions as part of the containment structure.

As discussed in Chapter 3, the RWSP is designed as Equipment Class 2, seismic
category |, with a maximum operating temperature of 270°F. Pressure in the RWSP air |
space is relieved to the containment atmosphere, but the RWSP is designed to withstand
a containment pressure of 9.6 psi. (9.6 psi is the differential pressure between
containment atmosphere and the RWSP air space during a LOCA.) The inside walls and
floor of the RWSP in which contact with 4,000 ppm boric acid solution are lined with
stainless steel clad steel plate. The RWSP ceiling (underside of floor at containment
elevation 25 ft. - 3 in.) is not normally in contact with the RWSP boric acid water, but is
clad with stainless steel plate.

The coolant and associated debris from a pipe or component rupture (LOCA), and the
containment spray drain into the RWSP through 12-in diameter overflow pipes, as shown
in Figure 6.2.1-12, which provide return flow from the reactor cavity and header
compartment. The reactor cavity and header compartment overflow pipes are offset from
the SG compartment floor openings and refueling cavity drain piping. There are two sets
of four overflow pipes from the header compartment to the RWSP, and one set of four
overflow pipes from the reactor cavity to the RWSP. To minimize containment humidity
(due to evaporation from the RWSP), the discharge of the overflow piping extends below
the normal 100% RWSP water level. Each overflow pipe discharges into a return flow
water baffle. The reactor cavity and header compartment receive containment drainage
through floor openings in the SG compartments, as discussed in Subsection 6.2.1.1.2.
Mesh debris interceptors are installed above the floor openings and within the header
compartment as shown in Figure 6.2.1-14. The debris interceptors are designed with an
8-in x 8-in mesh, which is smaller than the overflow pipe diameter to prevent clogging of
the overflow piping. The debris interceptors are necessary for ECCS operation, and are
therefore classified as safety-related and seismic category | components. The header
compartment also receives return flow from the refueling cavity, which is protected from
large debris by grating in the upper core internal laydown pit (as discussed in DCD
Section 6.2.2.3.11). The design basis of postulated debris is defined as “fines” and all of
this debris is assumed to enter the RWSP in the safety evaluation of the sump
performance (Reference 6.2-34).

The RWSP vents are installed through the RWSP ceiling and discharge into the
containment atmosphere above. The vents act to equalize the RWSP and the
containment free volume air pressure, when the SI pumps or CS/RHR pumps take
suction and draw down the RWSP water level. The vents consist of five pairs of vents to
mix the RWSP air with the containment free volume air during post-LOCA. Each pair of
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vent pipes terminates below the normal RWSP water level to minimize the release of
vaporized RWSP water into the containment atmosphere during normal plant operation.

As shown in Figures 6.2.2-8 and 6.2.2-9, each quadrant of the RWSP contains paired
suction piping and the suction pit arrangements for the CS/RHR pumps and S| pumps.
The open end of each suction pipe is equipped with a debris strainer (emergency core
cooling/containment spray (ECC/CS) strainer) that satisfies the Safety Evaluation (SE) of
NEI 04-07, “PWR Sump Performance Evaluation Methodology" and conforms with the
guidance in RG 1.82 (Ref. 6.2-23).

Table 6.2.2-2 presents a comparison of the RWSP recirculation intake debris strainer
(ECC/CS strainer) design to the guidance of RG 1.82 (Ref. 6.2-23).

The RWSP also is equipped with two spargers (diffusers), which are large stainless steel
right circular cylinders that are capped and drilled; each sparger is located near the
bottom of the RWSP at containment 90° (plant east) and 270° (plant west) azimuth. The
spargers receive, and diffuse into the RWSP water, high-energy (but low volume and
flow) water from emergency letdown lines and CS/RHR pump suction relief valves. The
emergency letdown lines (described in Subsection 6.3.2) are directed to separate RWSP
spargers. The RWSP is equipped with an overflow pipe to accommodate a level change
from such discharges, as shown in Figure 6.2.1-15.

6.2.2.2.6 ECC/CS Strainers

ECC/CS strainers are included in the ECCS. Figures 6.2.2-8 and 6.2.2-9 show four
separate, independent, and redundant 50% capacity sets of ECC/CS strainers located in
the RWSP. Only two of the four safety trains are conservatively assumed for evaluating
pump performance during an accident. A passive disk layer type of strainer system with a

minimum of 2,754 ft? of surface area per sump (or 5,508 ft2 for two strainer trains) is
applied. Fabrication tolerances shall be specified during strainer procurement to provide

the per-sump minimum surface area of 2,754 ft2 for the as-built strainers. The strainer is
principally constructed of perforated plate with a square flange at the bottom for
attachment to the supporting plate, which covers the sump pit. The strainers and
supporting plates are constructed of corrosion-resistant stainless steel. The nominal
diameter of holes is designed to be equal to or less than 0.066”, consistent with the
narrowest gap in the systems downstream of the strainer.

The strainer design (Figures 6.2.2-8 and 6.2.2-9) is composed of modular components,
and is consistent with Regulatory Guide (RG) 1.82 (Ref. 6.2-23) guidance as follows
(also, see Table 6.2.2-2, “Comparison of RWSP Recirculation Intake Debris Strainer
Design to RG 1.82 Requirements”):

* Four independent sets of strainer systems are provided inside the in-containment
refueling water storage pit (RWSP) and are designed to be fully submerged during all
postulated events requiring the actuation of the ECCS with a minimum RWSP water
level of 1-ft above the top of the strainer,

* The ECC/CS strainers limit debris from entering the safety systems that are required
to maintain the post-LOCA long term cooling,
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* The design precludes the water that drains into the RWSP from impinging directly on
the strainers,

* The strainers are well isolated from postulated pipe break jets and missiles,

» The strainers’ large surface area provides low flow rate on the strainer surface, thus
minimizing head loss from debris accumulation,

* The perforated plates are designed to prevent flow blockage and to assure core
cooling,

* The strainers are constructed of corrosion resistant materials,
* The strainers are sized to maintain the performance of the safety-related pumps,
* The strainers are designed to meet seismic category | requirements, and

* When operational, the strainers are to be periodically inspected during plant
shutdowns.

As described in Chapter 3, the ECC/CS strainers are Equipment Class 2, seismic
category |. Principal design features of the strainers are provided in Table 6.3-5.
Additional design attributes are described in the US-APWR Sump Strainer Performance
document (Ref. 6.2-34), Subsection 6.2.2.3 “Design Evaluation,” Table 6.3-5 “Safety
Injection System Design Parameters,” and in the associated referenced documents listed
in Section 6.2.9 that include References 6.2-36 and 6.2-38.

6.2.2.2.7 Major Valves

Containment isolation is discussed in Subsection 6.2.4. Control (including interlocks) and
automatic features of containment isolation valves are discussed in DCD Chapter 7,
Section 7.3.

6.2.2.2.71 CS/RHR Pump RWSP Suction Isolation Valve

There is a normally open motor-operated gate valve in each of the four CS/RHR pump
suction lines from the RWSP. These valves would remain open during normal and
emergency operations. The valves are remotely closed by operator action from the MCR
and RSC only if a CSS had to be isolated from the RWSP to terminate a leak or during
RHR cooldown operation where the isolation from the RWSP is required. During pump/
valve maintenance, these valves are also closed. The open or closed valve position for
these valves is indicated in the MCR and RSC. The four CS/RHR pump RWSP suction
isolation valves (CSS-MOV-001A, B, C, and D) are Equipment Class 2, seismic
category |I.

These valves are interlocked and are allowed to open only if the two in-series RHR hot
leg suction isolation valves are closed.
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6.2.2.2.7.2 Containment Spray Header Containment Isolation Valve

There is a normally closed motor-operated gate valve in each CS/RHR heat exchanger
outlet line. These valves are open automatically on receipt of a containment spray signal.
The valves can be closed remotely by operator action from the MCR and RSC if
containment isolation is required or during RHR cooldown operation where the isolation
from the containment spray header is required. The open or closed valve position, for
these valves, is indicated in the MCR and RSC. The four containment spray header
containment isolation valves (CSS-MOV-004A, B, C, and D) are Equipment Class 2,
seismic category I.

These valves are interlocked and are allowed to open only if two in-series RHR hot leg
suction isolation valves are closed. In addition, the electrical power for these valves are
removed to prevent an inadvertent opening and actuation of containment spray during
RHR cooldown operation.

6.2.2.2.7.3 Containment Spray Header Containment Isolation Check Valve

One swing check valve is aligned in each CS/RHR heat exchanger outlet line as a |
containment isolation valve. The containment spray header containment isolation check
valves (CSS-VLV-005A, B, C, and D) are Equipment Class 2, seismic category |. |

6.2.2.3 Design Evaluation

Because smaller spray droplets fall more slowly and reach equilibrium with vapor more
quickly than larger droplets, the US-APWR uses a Sauter mean diameter of
1,000 microns as the assumed droplet size for analysis purposes.

This value is obtained by the following formula:
S (nxd®)/ ¥ (nxd?) pm

The value of the n and d variables are empirical data obtained using the spray nozzle
design shown in Figure 6.2.2-2, where:

n = number of droplets in specified diameter range
d = diameter of droplet

While a given mass of drops at the Sauter mean diameter has the same surface to mass
ratio as the actual drop spectrum, the consistency of the surface to mass ratio ensures
that the heat transfer rate to heat capacity ratio is correctly approximated. Thus, the
Sauter mean diameter of 1,000 microns is conservative and possesses a consistent
surface to mass ratio for use in the GOTHIC (Ref. 6.2-1, 6.2-2, 6.2-3) computer analysis
code.

Containment spray patterns, containment spray elevation and plane drawings are
provided in Figures 6.2.2-5, 6.2.2-6. These drawings demonstrate adequate coverage
and overlap.
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Table 6.2.2-3 is a failure modes and effects analysis of the CSS and demonstrates
sufficient reliability.

The containment design heat removal evaluations documented in Subsection 6.2.1.1
includes the effects of the CSS operation (including single failure considerations). Table
6.2.1-5 provides ESF system parameters relating to event sequences such as ECCS and
CSS actuation timing. Table 6.2.1-5 also provides both full capacity and partial capacity
(used for containment design evaluation) system operation parameters. These
evaluations conclude that the acceptance criteria are met, and the CSS design is
acceptable. Subsection 6.2.1.1 includes information about the energy content of the
containment atmosphere and the recirculation water during the transients that are
evaluated.

Information on the integrated energy content of the containment atmosphere and RWSP
water as functions of time following the postulated design basis LOCA and the integrated
energy absorbed by the structural heat sinks and CS/RHR heat exchangers is provided in
the following Tables and Figures:

+ Table 6.2.1-12, Distribution of Energy at Selected Locations within Containment
for Worst-Case Postulated DEPSG Break

+ Table 6.2.1-14, Distribution of Energy at Selected Locations within Containment
for Worst-Case Postulated DEHLG Break

* Figure 6.2.1-84, Containment Energy Distribution Transient for DEPSG Break
(Cp=1.0)

* Figure 6.2.1-85, Containment Energy Distribution Transient for DEHLG Break
(Cp=1.0)

The Sump Strainer Performance (Ref. 6.2-34) and Downstream Evaluation (Ref. 6.2-36)
reports address Generic Safety Issue (GSI) 191. The key information essential to address
GSI-191 is summarized in the following subsections.

6.2.2.3.1 Break Selection

The US-APWR design considers potential pipe breaks in the primary coolant system
piping, loss of coolant accident (LBLOCA), and relies on the ECCS sump recirculation for
its mitigation. Also, the reactor coolant system (RCS) piping small break LOCAs
(SBLOCAs) require ECC/CS sump recirculation. In addition, the secondary side system
pipe breaks (i.e., Main Steam and Feed Water (MS/FW)) require sump operation.

The break sizes of the primary and secondary pipe breaks considered are double-ended
guillotine breaks (DEGB). The basis for this break size selection is to provide the largest
volume of debris from insulation and other materials that may be within the region
affected by the postulated break. For the break selection, the following break location
criteria, which are recommended in the SE of NEI 04-07 and comply with RG 1.82, are
considered:
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1. Pipe break in the RCS or MS/FW with the largest potential for debris;

2. Large breaks with two or more different types of debris;

3. Breaks with the most direct path to the sump;

4. Large breaks with the largest potential particulate debris to insulation ratio by
weight, and;

5. Breaks that generate a "thin-bed," high particulate with 1/8-inch thick bed.

Ref. 6.2-34 applies the criteria above and concludes that the MCP break, 31-inch ID, is
the limiting break location in terms of debris generation, transport and head loss for the
strainer.

6.2.2.3.2 Debris Source Term

The debris source term of the US-APWR that challenges sump performance consists of
non-chemical debris (insulation, coatings, latent fiber, sludge, miscellaneous debris such
as stickers, tape, etc.) and chemical debris (including aluminum) in the containment. The
chemical debris that would precipitate during long-term core cooling is determined by the
US-APWR chemical effects tests (Ref. 6.2-38). Also, refer to Subsection 6.1.1.2.3,
“Composition, Compatibility, and Stability of Containment and Core Coolants,” which
denotes that the use of aluminum within containment is limited to minimize the generation
of chemical debris during an accident.

The principal insulation used in the containment is reflective metal insulation (RMI). RMI
is used for the reactor vessel, steam generators, pressurizer, primary and secondary
main and branch lines, and other equipment and piping that require insulation in areas
that are potentially subject to jet impingement from high-energy line breaks (HELB). The
use of fibrous insulation is eliminated from the ZOI. Pre-formed, buoyant-type insulation is
used as anti-sweat insulation chiller piping. The buoyant insulation is not considered to
challenge strainer performance for plants with fully submerged strainers per the SE of
NEI 04-07 since this debris would not transport to the strainer, and therefore it is excluded
from debris source.

Insulation is a purchased product and its use is controlled to meet the parameters
provided in the US-APWR Sump Strainer Performance document (Ref. 6.2-34).

Methods used to attach insulation to piping and components in containment are as
follows:

* Reflective Metal Insulation (RMI) consists of pre-fabricated units (metal jackets)
engineered as integrated assemblies to fit the surface that is being insulated. The
RMI insulation is supported by the insulated surface or by existing lugs or
brackets. Welding is not allowed to attach insulation to the insulated surface. The
metal jackets are provided with quick-release latches, closure handles and
positive-lock type latches as required.
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* Anti-sweat Insulation forms a system comprised of pre-fabricated units (modules
or panels) engineered as integrated assembilies to fit the insulated surface. This
insulation is held in place with sealant or equivalent.

As discussed in Subsection 6.1.2, DBA-qualified epoxy coatings are applied in the
containment in accordance with RG 1.54 (Ref. 6.2-41).

Programmatic controls will be established to ensure that potential sources of debris
introduced into containment (e.g., insulation, coatings, foreign material, aluminum), and
plant modifications, will not adversely impact the ECC/CS recirculation function. These
programmatic controls will be established consistent with guidance provided in RG 1.82,
Rev. 3 (Ref. 6.2-23), in order to ensure that potential quantities of post-accident debris
are maintained within the bounds of the analyses and design bases that support
Emergency Core Cooling (ECC) and Containment Spray (CS) recirculation functions and
to ensure that the long term core cooling requirements of 10 CFR 50.46 are met. Table
6.2.2-2 presents a comparison of the RWSP sump strainer design to the guidance of RG
1.82. Also, refer to Subsection 6.2.2.3.12 and 6.2.2.3.13, “Downstream Effects — In-
Vessel/Ex-Vessel.”

The following is a summary of the programmatic controls that will be implemented to
ensure that activities are conducted in a manner that ensures ECC/CS strainer operation,
and limits the quantity of latent (unintended dirt, dust, paint chips, and fibers) and
miscellaneous (tape, tags, stickers) debris inside containment:

* Preparation of a cleanliness, housekeeping and foreign materials exclusion
program. This program addresses latent and miscellaneous debris inside
containment (Ref. 6.2-40). An acceptance criterion below the conservative
assumption of [200 Ibs]* for latent debris (unintended dirt, dust, paint chips, and
fibers which principally consist of fiber and particulate debris) inside containment
will be established consistent with MUAP-08001-P Sump Strainer Performance
Evaluation (Ref. 6.2-34). The program will also ensure that the quantity of
miscellaneous debris in containment will be limited such that the allocated [200

ft2]* strainer surface area per sump margin per MUAP-08001-P, will be met to
ensure ECC/CS strainer operation. A cleanliness, housekeeping and foreign
materials exclusion program will be established by the COL Applicant.

*  Procedures will be implemented to ensure administrative controls are established
for regulatory and quality requirements, for plant modifications and temporary
changes, which include consideration of debris source term (i.e., RMI insulation,
fiber insulation, inventory of: aluminum, latent debris and miscellaneous debris)
introduced into the containment that could contribute to sump strainer blockage.
The procedure will ensure that the quantity of RMI and fiber insulation within the
ZOls will be consistent with the design basis debris described in the Table 6.2.2-4,
and will ensure that the aluminum in containment exposed to containment spray

water is limited to equal or less than 810 ft2. Included will be requirements for
controlling temporary modifications to systems, structures and components
(SSCs) in a manner which ensures compliance with 10 CFR 50.46. Future plant
modifications will be evaluated in accordance with the requirements of 10 CFR
50.59 and 10 CFR 52.63.
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Information in this subsection that is italicized and enclosed in square brackets with an
asterisk following the closing bracket is a special category of information designated by
the NRC as Tier 2*. Any change to this information requires prior NRC approval.

6.2.2.3.3 Debris Generation

The SE of NEI 04-07 guidance report (GR) (Ref. 6.2-24) and the NRC letters to NEI (Ref.
6.2-46 and 6.2-47) are used to determine the zone of influence (ZOlI) for generating
debris. The diameter of the ZOI for RMI debris generation is 2 inside diameters of the
worst-case break line and 4 inside diameters for coating debris. For the sump
performance evaluation, the design basis debris quantities are based on the following:

Maintenance activities, including associated temporary changes, will be subject to
the provisions of 10 CFR 50.65(a)(4), which requires a licensee to assess and
manage the increase in risk that may result from the proposed maintenance
activities, prior to performing the activities. These activities may be shown to be
acceptable with respect to the ECC/CS strainers by any of the following means:

1. performing the maintenance activities when the ECC/CS strainers |
are not required to be operable and restoring conditions consistent
with the design bases prior to re-establishing operability;

2. conducting a deterministic evaluation that concludes the specific |
activities do not create a condition that adversely affects strainer
performance;

3. controlling the maintenance activities within the bounds |

established by approved programs that assure no adverse impact
(e.g., activities do not result in exceeding limits established for
temporary use of material inside containment), and;

4, performing a risk assessment for a specific activity.

Combined License Applicant Item COL 17.6(1) addresses development and
implementation of the maintenance rule program in accordance with 10 CFR
50.65.

A containment coating monitoring program will be implemented in accordance
with the requirements of Regulatory Guide 1.54, Revision 2 (Ref. 6.2-41). The
coatings program is described in Subsections 6.1.2 and 6.2.2.3.9.

For RMI insulation, all insulation on a cross-over leg (CO/L) is considered to
generate debris.

No design fiber insulation debris is generated within the ZOI. As an operational
margin for future plant modification, fiber insulation debris is assumed and
included in the strainer design.
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* For coating debris, the generated debris volume is based on the surface area for
the ZOI from the main coolant pipe break and a conservative coating thickness.
As an operational margin for the plant, an additional amount of coating debris is
assumed and included in the strainer design.

For latent debris, [200 Ibs]* of fiber and particulate is applied, as recommended in the
guidance (Ref. 6.2-24). Specific material types for miscellaneous debris, such as tapes,

tags or stickers, reaching the strainer are not specified. Instead, a [200 ft2]* penalty of
sacrificial strainer surface area per sump is considered as a margin for future detailed
design and installation. These debris sources are controlled by the foreign material
exclusion program that will be established by the plant owner.

The design basis debris for sump strainer performance is summarized in Table 6.2.2-4.
More detailed information is provided in the Sump Strainer Performance Evaluation
document (Ref. 6.2-34).

Information in this subsection that is italicized and enclosed in square brackets with an
asterisk following the closing bracket is a special category of information designated by
the NRC as Tier 2*. Any change to this information requires prior NRC approval.

6.2.2.3.4 Debris Characteristics

The US-APWR assumes that all fiber debris within the ZOl is “fines”. The specification of
debris characteristics used for the sump performance evaluation is determined based on
the SE of NEI 04-07 (Ref. 6.2-24). The SE classified fibrous debris into four groups as
follows:

1. fines that remain suspended,

2. small piece debris that are transported along the floor,

3. large piece debris with the insulation exposed to potential erosion, and

4. large debris with the insulation undamaged but still protected by a covering and

thereby preventing erosion.

Fine fiber debris is considered suspended and transportable to the strainer. The post-
LOCA 30-day erosion of small fiber debris into fines does not require consideration,
because all fiber debris is already assumed to be fine.

RMI insulation debris is assumed to consist of 75 percent small fines and 25 percent
large pieces, in accordance with the SE of NEI 04-07 (Ref. 6.2-24). The RMI debris is
considered as “non-suspended” in the sump pool due to its specific gravity. For RMI
debris characterization, the effect of erosion during the 30 days of post-LOCA operation is
not required.

Coating debris within the ZOl is assumed to consist of 100 percent fines, in accordance
with the SE of NEI 04-07 (Ref. 6.2-24). The effect of erosion is not considered for coating
debris because coating debris is defined as fines.
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The latent debris characteristics are based on the SE of NEI GR (Ref. 6.2-24). Latent
fiber comprises 15 percent (by mass) of the total latent debris loading. The latent fiber is
comparable to fiberglass “NUKON™” insulation and is considered to be fines, as
discussed above. The remainder of the latent debris consists of particulate debris, such
as latent dust and dirt. Size distribution for latent particulate debris is based on the
guidance found in NUREG CR-6877 (Ref. 6.2-39). The effect of erosion is not required to
be considered for latent debris.

6.2.2.3.5 Debris Transport

Debris transport is the estimation of the fraction of debris that is transported from debris
sources (break location) to the sump strainer. The US-APWR assumes that all debris
generated in the containment is transported to operable sumps. No debris entrapment in
containment is credited in the debris transport evaluation.

The US-APWR has four ECC/CS trains with an independent strainer for each train. The
design requires a minimum of two trains in operation, thereby assuming one train is out of
service due to on-line maintenance and another one has a single failure. Therefore,
transported debris in the sump pool is assumed to be distributed to two, three, or four
sumps. The number of operable sumps during LOCA is a key parameter to determine the
debris distribution to each sump. This logic establishes the conditions for subsequent
evaluations.

For the strainer head loss evaluation, the number of available sumps should maximize
the head loss, i.e., assume only two operable sumps. For the bypass debris, the number
of operable sumps should maximize the amount of bypass debris, i.e., assume four
operating sumps. A more detailed discussion is provided in the Sump Strainer
Performance (Ref. 6.2-34).

6.2.2.3.6 Debris Head Loss

The design basis strainer head loss (i.e., 4.0 ft of water at 120° F) is established to
evaluate available Net Positive Suction Head (NPSH) of ECC/CS pumps (See
Subsection 6.2.2.3.7). The prototypical strainer head loss tests (Ref. 6.2-34) support the
design basis strainer head loss with margin.

6.2.2.3.7 Net Positive Suction Head

From the Sump Strainer Performance (Ref. 6.2-34), available Net Positive Suction Head
(NPSH) was calculated using the most limit