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6.0 ENGINEERED SAFETY FEATURES
6.1 ENGINEERED SAFETY FEATURE MATERIALS
6.1.1 Metallic Materials

6.1.1.1 Materials Selection and Fabrication

Typical material specifications used for the principal pressure retaining applications in
components in the Engineered Safety Features (ESF) are listed inTable 5.2-9. All
materials utilized are procured in accordance with the material specification
requirements of the ASME Boiler and Pressure Vessel Code, Section lll, plus
applicable and appropriate Addenda and Code Cases.

The welding materials used for joining the ferritic base materials of the ESF conform
to, or are equivalent to, ASME Material Specifications SFA 5.1,5.2,5.5,5.17,5.18, and
5.20. The welding materials used for joining nickel-chromium-iron alloy in similar base
material combination and in dissimilar ferritic or austenitic base material combination
conform to ASME Material Specifications SFA 5.11 and 5.14. The welding materials
used for Joining the austenitic stainless steel base materials conform to ASME Material
Specifications SFA 5.4 and 5.9. These materials are tested and qualified to the
requirements of the ASME Code, Section Ill and Section IX rules and are used in
procedures which have been qualified to these same rules. The methods utilized to
control delta ferrite content in austenitic stainless steel weldments are discussed in
Section 5.2.5.7.

The parts of components in contact with borated water are fabricated of or clad with
austenitic stainless steel or equivalent corrosion resistant material [Ref. 4]. The
integrity of the safety-related components of the ESF is maintained during all stages of
component manufacture. Austenitic stainless steel is utilized in the final heat treated
condition as required by the respective ASME Code Section || material specification for
the particular type or grade of alloy. Furthermore, it is required that austenitic stainless
steel materials used in the ESF components be handled, protected, stored, and
cleaned according to recognized and accepted methods which are designed to
minimize contamination which could lead to stress corrosion cracking. The rules
covering these controls are stipulated in Westinghouse process specifications, which
are discussed in Section 5.2.5.1. Additional information concerning austenitic
stainless steel, including the avoidance of sensitization and the prevention of
intergranular attack, can be found in Section 5.2.5. No cold worked austenitic stainless
steels having yield strengths greater than 90,000 psi are used for components of the
ESF within the Westinghouse standard scope.

Westinghouse supplied components within the containment that would be exposed to
core cooling water and containment sprays in the event of a loss-of-coolant accident
utilize materials listed in Table 5.2-9. These components are manufactured primarily of
stainless steel or other corrosion resistant, high temperature material. The integrity of
the materials of construction for ESF equipment when exposed to post design basis
accident (DBA) conditions has been evaluated. Post-DBA conditions were
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conservatively represented by test conditions. The test programm performed by
Westinghouse considered spray and core cooling solutions of the design chemical
compositions, as well as the design chemical compositions contaminated with
corrosion and deterioration products which may be transferred to the solution during
recirculation. The effects of sodium (free caustic), chlorine (chloride), and fluorine
(fluoride) on austenitic stainless steels were considered. Based on the results of this
investigation, as well as testing by ORNL and others, the behavior of austenitic
stainless steels in the post-DBA environment will be very acceptable. No cracking is
anticipated on any equipment even in the presence of postulated levels of
contaminants, provided the core cooling and spray solution pH is maintained at an
adequate level. The inhibitive properties of alkalinity (hydroxyl ion) against chloride
cracking and the inhibitive characteristic of boric acid on fluoride cracking have been
demonstrated. Note that qualified coatings inside primary containment located within
the zone of influence are assumed to fail for the analysis in the event of a loss-of-
coolant accident. The zone of influence for qualified coatings is defined as a spherical
zone with a radius of 10 times the break diameter. Coatings on exposed surfaces
outside the zone of influence within the containment are not subject to breakdown
under exposure to the spray solution and can withstand the temperature and pressure
expected in the event of a loss-of-coolant accident.

6.1.1.2 Composition, Compatibility, and Stability of Containment and Core Spray

6.1-2

Coolants

The vessels used for storing ESF coolants include the accumulators and the refueling
water storage tank.

The accumulators are carbon steel clad with austenitic stainless steel [Ref. 4].
Because of the corrosion resistance of these materials, significant corrosive attack on
the storage vessels is not expected.

The accumulators are vessels filled with borated water and pressurized with nitrogen
gas. The nominal boron concentration, as boric acid, is 3150 ppm. Samples of the
solution in the accumulators are taken periodically for checks of boron concentration.
Principal design parameters of the accumulators are listed in Table 6.3-1.

The refueling water storage tank is a source of borated cooling water for injection. The
nominal boron concentration, as boric acid, is 3200 ppm . The temperature of the
refueling water is maintained above the solubility limit for the maximum boron
concentration. Principal design parameters of the refueling water storage tank are
given in Section 9.2.7.

The ice in the ice condenser is borated by adding sodium tetraborate to the ice. The
aqueous solution resulting from the melted ice has a nominal boron concentration of
1900 +100 ppm. In the event of an accident, this solution would be delivered to the
containment sump. Containment sump pH is also controlled by the sodium tetraborate
intheice. The pH of the ice is maintained between 9.0 and 9.5, which results in a sump
pH of at least 7.5.
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Information concerning hydrogen release by the corrosion of containment metals and
the control of the hydrogen and combustible gas concentrations within the containment
following a LOCA is discussed in Section 6.2.5.

6.1.2 Organic Materials

For paints and coatings inside containment, the conformance with Regulatory Guide
1.54 is described in Section 6.1.4.

Organic materials within the primary containment are identified and quantified
according to the following categories: electrical insulation, surface coatings,
miscellaneous ALARA (catch basin), containment and shielding (lead blankets), ice
condenser equipment, and identification tags for valves and instruments. There is no
wood or asphalt inside the containment. The effects of elastomers and plastic on
hydrogen generation have been evaluated and determined to be inconsequential.
Therefore, the quantities identified below are considered historical and need not be
revised due to design changes.

The information in this section is based on a single reactor unit.

6.1.2.1 Electrical Insulation

The typical types of electrical cable insulation/jacket material that are utilized within the
primary containment are: silcon rubber, polyethylene, ethylene rubber,
chlorosulfonated polyethlene, polylefin, cross linked polyethlene, kapton. These
materials are not significant contributors to hydrongen generation during a design
basis accident (approximately 28,000 lbs).

6.1.2.2 Surface Coatings

Material Mass, Ibs

Concrete Surfaces:
Epoxy 2070
Phenolic-epoxy 300
Steel Surfaces:
Phenolic-epoxy 1810

Steel surfaces are undercoated with approximately 85% zinc in a silicate binder
(carbozinc 11), or epoxy, such as Amerlock 400.

Protective coatings for use in the reactor containment have been evaluated as to their
suitability in post-DBA conditions. Tests have shown that the epoxy and modified
phenolic systems are the most desirable of the generic types evaluated for in-
containment use. This evaluation considered resistance to high temperature and
chemical conditions anticipated following a LOCA, as well as high radiation resistance
[Ref. 2]. Coating systems qualified as CSL-1, for one plant may be used by the other
plants provided the applicable DBA requirements for the area where it is to be used are
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enveloped by the qualification testing system. These requirements include but are not
limited to temperature, pressure, radiation and spray solution.

6.1.2.3 Ice Condenser Equipment

6.1.2.4 ldentification Tags

Material Mass, Ibs
Lower Door Seals (Styrene butadiene) 530
Equipment Access Door Seals (Natural rubber) 5
Vent curtain (Laminated mylar) 5
Ice Condenser Seal:
Natural Rubber 600
Nylon 360
Miscellaneous Washers:
Noryl SEIOO (phenylene oxide) 50
Gasketing Material:
Neoprene 5060
Drain Line Expansion Joint
Material Mass, Ibs
Valves:
ABS (acrylonitrile-butadiene-styrene) 50
Instruments:
ABS (acylonitrile-butadiene-styrene) 30
6.1.2.5 Valves and Instruments within Containment
Material Mass, Ibs
Diaphragms, O-Rings, Solenoid Seals:
Buna-N (acrylonitrile-Butadiene) 130

6.1-4
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6.1.2.6 Heating and Ventilating Door Seals

Material Mass, Ibs
Neoprene (chloroprene) 100
6.1.2.7 Miscellaneous
Material Mass, lbs
Catch Basins (polyethylene) 100
Lead Shielding Blankets (Hypalon, Vinyl, 1200

Methyllpolysiloxance)

6.1.3 Post-Accident Chemistry

Following a LOCA, the emergency core cooling solution recirculated in containment is
composed of boric acid (H3BO3) from the reactor coolant, refueling water storage tank
(RWST), cold leg accumulators and affected injection piping, lithium hydroxide (LiOH)
from the reactor coolant and sodium tetraborate (Na,B,407) from the ice in the ice
condenser.

6.1.3.1 Boric Acid, H;BO;

Boric acid up to a maximum concentration of 3300 ppm boron, can be found in the
reactor coolant loop (4 loops, reactor vessel, pressurizer), and boric acid at a maximum
concentration of 3300 ppm boron is found in the cold leg injection accumulators, the
refueling water storage tank, and in associated piping. This limit may be exceeded
during Mode 6 operation. These subsystems, when at maximum volume, represent a
total mass of boric acid in the amount of 93,928 pounds.

6.1.3.2 Lithium Hydroxide

Lithium Hydroxide at a maximum concentration of 7.6 ppm lithium is found in the
reactor coolant system for pH control.

6.1.3.3 Sodium Tetraborate

Sodium tetraborate is an additive in the ice stored in the ice condenser for the purpose
of maintaining containment sump pH of at least 7.5 after all the ice has melted.

The minimum amount of ice assumed in the Post-LOCA sump pH analysis is 2.26 x
108 Ibs [Ref. 3]. Boric acid and NaOH are formed during ice melt following a LOCA
according to the following equation:

Na,B,0, +7H,0 — 2NaOH + 4H,BO,
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6.1.3.4 Final Post-Accident Chemistry

The final post-accident sump pH is greater than 7.5. The estimated sump pH versus
time calculation indicates that the post-LOCA sump pH remains within the allowable
range of 7.5 to 10.0 for the duration of the event.

6.1.4 Degree of Compliance with Regulatory Guide 1.54 for Paints and Coatings

6.1-6

Inside Containment

TVA is committed to adhere to Appendix B of 10 CFR 50 and ANSI N45.2 as required
to produce a quality end product. Basically, it is TVA's position that the Quality
Assurance Program (QA) for protective coatings inside the containment should control
four activities in the coating program. The four major areas to be controlled are:

(1) The coating material itself, by extending requirements on the manufacturing
process and qualification of coating systems through the use of applicable
portions of ANSI Standards N101.2 and N512.

(2) The preparation of the surface to which coatings are to be applied.
(3) The inspection process.
(4) The application of the coating systems.

All four of these controlled activities have appropriate documentation and records to
meet Appendix B requirements.

TVA agrees with Regulatory Guide 1.54, except the endorsement to ANSI N101.4 in
paragraph C.1.

TVA's protective coating application program within the containment is in conformance
with Appendix B to 10 CFR 50 and ANSI N45.2. In addition, applicable provisions
found in ANSI N101.4 have been incorporated into TVA surface preparation, coating
application/inspection specifications, and coating QA procedures.

Unqualified/uncontrolled coatings are accounted for and maintained within the limits

specified in the analysis for containment coatings and in the transport analysis for the
zone of influence. The zone of influence is defined as that area at the water surface
into which a falling paint particle does not settle to the bottom, but rather, is transported
to the sump strainer assembly by the flow of water.

REFERENCES

(1) WCAP-7803, "Behavior of Austenitic Stainless Steel in Post Hypothetical
Loss of Coolant Environment."

(2) WCAP-7825, "Evaluation of Protective Coatings for Use in Reactor
Containment.”
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6.2 CONTAINMENT SYSTEMS
6.2.1 Containment Functional Design
6.2.1.1 Design Bases

6.2.1.1.1 Primary Containment Design Bases

The containment is designed to assure that an acceptable upper limit of leakage of
radioactive material is not exceeded under design basis accident conditions. For
purposes of integrity, the containment may be considered as the containment vessel
and containment isolation system. This structure and system are directly relied upon
to maintain containment integrity. The emergency gas treatment system and Reactor
Building function to keep out-leakage minimal (the Reactor Building also serves as a
protective structure), but are not factors in determining the design leak rate.

The containment is specifically designed to meet the intent of the applicable General
Design Criteria listed in Section 3.1. This section, Chapter 3, and other portions of
Chapter 6 present information showing conformance of design of the containment and
related systems to these criteria.

The ice condenser is designed to limit the containment pressure below the design
pressure for all reactor coolant pipe break sizes up to and including a double-ended
severance. Characterizing the performance of the ice condenser requires
consideration of the rate of addition of mass and energy to the containment as well as
the total amounts of mass and energy added. Analyses have shown that the accident
which produces the highest blowdown rate into a condenser containment will result in
the maximum containment pressure rise; that accident is the double-ended guillotine
or split severance of a reactor coolant pipe. The design basis accident for containment
analysis based on sensitivity studies is therefore the double-ended guillotine
severance of a reactor coolant pipe at the reactor coolant pump suction. Post-
blowdown energy releases can also be accommodated without exceeding
containment design pressure.

The functional design of the containment is based upon the following accident input
source term assumptions and conditions:

(1)  The design basis blowdown energy of 317.3 x 108 Btu and mass of 502.7 x
103 Ib put into the containment. (See Section 6.2.1.3.6)

(2) A core power of 3411 MWt (plus 2% allowance for calorimetric error). (See
Section 6.2.1.3.6)

Containment Functional Design 6.2.1-1
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6.2.1-2

(3) The minimum engineered safety features are (i.e., the single failure criterion
applied to each safety system) comprised of the following:

(a) The ice condenser which condenses steam generated during a LOCA,
thereby limiting the pressure peak inside the containment (see Section
6.7).

(b) The containment isolation system which closes those fluid penetrations
not serving accident-consequence limiting purposes (see Section
6.2.4).

(c) The containment spray system which sprays cool water into the
containment atmosphere, thereby limiting the pressure peak
(particularly in the long term - see Section 6.2.2).

(d) The emergency gas treatment system (EGTS) which produces a
slightly negative pressure within the annulus, thereby precluding out-
leakage and relieving the post-accident thermal expansion of air in the
annulus (see Section 6.5.1).

(e) The air return fans which return air to the lower compartment (See
Section 6.8).

Consideration is given to subcompartment differential pressure resulting from a design
basis accident discussed in Sections 3.8.3.3,6.2.1.3.9, and 6.2.1.3.4. If a design basis
accident were to occur due to a pipe rupture in these relatively small volumes, the
pressure would build up at a faster rate than in the containment, thus imposing a
differential pressure across the wall of these structures.

Parameters affecting the assumed capability for post-accident pressure reduction are
discussed in Section 6.2.1.3.3.

Three events that may result in an external pressure on the containment vessel have
been considered:

(1) Rupture of a process pipe where it passes through the annulus.
(2) Inadvertent air return fan operation during normal operation.
(3) Inadvertent containment spray system initiation during normal operation.

The design of the guard pipe portion of hot penetrations is such that any process pipe
leakage in the annulus is returned to the containment. All process piping which has
potential for annulus pressurization upon rupture is routed through hot penetrations.
Section 6.2.4 discusses hot penetrations.

Inadvertent air return fan operation during normal operation opens the ice condenser
lower inlet doors, which in turn, results in sounding an alarm in the MCR. Sufficient
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time exists for operator action to terminate fan operation prior to exceeding the
containment design external pressure.

The logic and control circuits of the containment spray system are such that
inadvertent containment spray would not take place with a single failure. The spray
pump must start and the isolation valve must open before there can be any spray. In
addition, the Watts Bar containment is so designed that even if an inadvertent spray
occurs, containment integrity is preserved without the use of a vacuum relief.

The containment spray system is automatically actuated by a hi-hi containment
pressure signal from the solid state protection system (SSPS). To prevent inadvertent
automatic actuation, four comparator outputs, one from each protection set are
processed through two coincidence gates. Both coincidence gates are required to
have at least two high inputs before the output relays, which actuate the containment
spray system, are energized. Separate output relays are provided for the pump start
logic and discharge valve open logic. Additional protection is provided by an interlock
between the pump and discharge valve, which requires the pump to be running before
the discharge valve will automatically open.

Section 3.8.2 describes the structural design of the containment vessel. The
containment vessel is designed to withstand a net external pressure of 2.0 psi. The
containment vessel is designed to withstand the maximum expected net external
pressure in accordance with ASME Boiler and Pressure and Vessel Code Section llI,
paragraph NE-7116.

6.2.1.2 Primary Containment System Design

The containment consists of a containment vessel and a separate Shield Building
enclosing an annulus. The containment vessel is a freestanding, welded steel
structure with a vertical cylinder, hemispherical dome, and a flat circular base. The
Shield Building is a reinforced concrete structure similar in shape to the containment
vessel. The design of these structures is described in Section 3.8.

The design internal pressure for the containment is 13.5 psig, and the design
temperature is 250°F. The design basis leakage rate is 0.25 weight percent/24 hr. The
designh methods to assure integrity of the containment internal structures and sub-
compartments from accident pressure pulses are described in Section 3.8.

6.2.1.3 Design Evaluation

6.2.1.3.1 Primary Containment Evaluation

(1) The leaktightness aspect of the secondary containment is discussed in
Section 6.2.3. The primary containment's leaktightness does not depend on
the operation of any continuous monitoring or compressor system. The leak
testing of the primary containment and its isolation system is discussed in
Section 6.2.6.
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6.2.1.3.2

6.2.1.3.3

6.2.1-4

(2) The acceptance criteria for the leaktightness of the primary containment are
such that at containment design pressure, there is a 25% margin between the
acceptable maximum leakage rate and the maximum permissible leakage
rate.

General Description of Containment Pressure Analysis

The time history of conditions within an ice condenser containment during a postulated
loss of coolant accident can be divided into two periods for calculation purposes:

(1)  The initial reactor coolant blowdown, which for the largest assumed pipe
break occurs in approximately 10 seconds.

(2) The post blowdown phase of the accident which begins following the
blowdown and extends several hours after the start of the accident.

During the first few seconds of the blowdown period of the reactor coolant system,
containment conditions are characterized by rapid pressure and temperature
transients. It is during this period that the peak transient pressures, differential
pressures, temperature and blowdown loads occur. To calculate these transients a
detailed spatial and short time increment analysis was necessary. This analysis was
performed with the Transient Mass Distribution (TMD) computer code (Reference 4)
with the calculation time of interest extending up to a few seconds following the
accident initiation (See Section 6.2.1.3.4).

Physically, tests at the ice condenser Waltz Mill test facility have shown that the
blowdown phase represents that period of time in which the lower compartment air and
a portion of the ice condenser air are displaced and compressed into the upper
compartment and the remainder of the ice condenser. The containment pressure at or
near the end of blowdown is governed by this air compression process. The
containment compression ratio calculation is described in Section 6.2.1.3.4.

Containment pressure during the post blowdown phase of the accident is calculated
with the LOTIC code which models the containment structural heat sinks and
containment safeguards systems.

Long-Term Containment Pressure Analysis

Early in the ice condenser development program it was recognized that there was a
need for modeling of long-term ice condenser containment performance. It was
realized that the model would have to have capabilities comparable to those of the dry
containment (COCO) model. These capabilities would permit the model to be used to
solve problems of containment design and optimize the containment and safeguards
systems. This has been accomplished in the development of the LOTIC code 1,

The model of the containment consists of five distinct control volumes; the upper
compartment, the lower compartment, the portion of the ice bed from which the ice has
melted, the portion of the ice bed containing unmelted ice, and the dead ended
compartments. The ice condenser control volume with unmelted ice is further
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subdivided into six subcompartments to allow for maldistribution of break flow to the
ice bed.

The conditions in these compartments are obtained as a function of time by the use of
fundamental equations solved through numerical techniques. These equations are
solved for three distinct phases in time. Each phase corresponds to a distinct physical
characteristic of the problem. Each of these phases has a unique set of simplifying
assumptions based on test results from the ice condenser test facility. These phases
are the blowdown period, the depressurization period, and the long term.

The most significant simplification of the problem is the assumption that the total
pressure in the containment is uniform. This assumption is justified by the fact that
after the initial blowdown of the reactor coolant system, the remaining mass and
energy released from this system into the containment are small and very slowly
changing. The resulting flow rates between the control volumes will also be relatively
small. These small flow rates then are unable to maintain significant pressure
differences between the compartments.

In the control volumes, which are always assumed to be saturated, steam and air are
assumed to be uniformly mixed and at the control volume temperature. The air is
considered a perfect gas, and the thermodynamic properties of steam are taken from
the ASME steam table.

For the purpose of calculation, the condensation of steam is assumed to take place in
a condensing node located between the two control volumes in the ice storage
compartment.

Containment Pressure Calculation

The following are the major input assumptions used in the LOTIC analysis for the pump
suction pipe rupture case with the steam generators considered as an active heat
source for the Watts Bar Nuclear Plant containment:

(1) Minimum safeguards are employed in all calculations, e.g., one of two spray
pumps and one of two spray heat exchangers; one of two RHR pumps and
one of two RHR heat exchangers providing flow to the core; one of two safety
injection pumps and one of two centrifugal charging pumps; and one of two
air return fans.

(2) 2.26 x 108 Ibs. of ice initially in the ice condenser which is at 15°F.

(3) The blowdown, reflood, and post reflood mass and energy releases
described in Section 6.2.1.3.6 were used.

(4) Blowdown and post-blowdown ice condenser drain temperatures of 190°F
and 130°F are used[®l.

(5) Nitrogen from the accumulators in the amount of 2955.68 Ibs. included in the
calculations.
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(6)

(7)

(8)
9)

(10)

(11)

(12)

Essential raw cooling water temperature of 88°F is used on the spray heat
exchanger and the component cooling heat exchanger. Note: The
containment analysis was run at an ERCW temperature of 88°F although the
containment spray, component cooling, and residual heat removal heat
exchanger UA values are based on an ERCW temperature of 85°F to provide
additional conservatism.

The air return fan is effective 10 minutes after the transient is initiated. The
actual air return fan initiation can take place in 9 + 1 minutes, with initiation as
early as 8 minutes not adversely affecting the analysis results.

No maldistribution of steam flow to the ice bed is assumed.

No ice condenser bypass is assumed. (This assumption depletes the ice in
the shortest time and is thus conservative.)

The initial conditions in the containment are a temperature of 100°F in the
lower and dead-ended volumes, 80°F in the upper volume, and 15°F in the
ice condenser. (Note: The 80°F temperature in the upper compartment is a
reduction from the 85°F lower Technical Specification limit to account for the
upper plenum volume of the ice condenser which is included in upper
compartment volume for the analysis. The volume is adjusted to maximize air
mass and the compression ratio.) All volumes are at a pressure of 0.3 psig
and a 10-percent relative humidity, except the ice condenser which is at
100—percent relative humidity.

A containment spray pump flow of 4000 gpm is used in the upper
compartment. The analyzed diesel loading sequence for the containment
sprays to energize and come up to full flow and head in 234 seconds is
tabulated in Table 6.2.1-25.

A residual spray (2000 gpm design, 1475 gpm analytical) is used. The
residual heat removal pump and spray pump take suction from the sump
during recirculation.

During the recirculation phase of a LOCA mass and energy release transient,
a portion of the RHR pump flow can be diverted to the RHR sprays. The
minimum time before RHR spray can be placed in service, as indicated in the
Watts Bar Nuclear Plant System Description N3-72-4001, R19, Containment
Heat Removal Spray System, is at least 1 hour after LOCA initiation to ensure
adequate RHR flow to the core to remove the initial decay heat. Based on the
preceding criteria, the RHR spray initiation was modeled at 4346.7 seconds
into the LOCA containment response transient.

A discussion of the core cooling capability of the emergency core cooling
system is given in Section 6.3.1 for this mode of operation.
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(13)

(14)

(15)

(16)
(17)

(18)

(19)

(20)

(21)

(22)

Containment structural heat sink data is found in Table 6.2.1-1. (Note: The
dead-ended compartment structural heat sinks were conservatively
neglected.)

The operation of one containment spray heat exchanger (UA = 2.44 x 108
Btu/hr-°F incorporating a 10% tube plugging margin) for containment cooling
and the operation of one RHR heat exchanger (UA = 1.496 x 108 Btu/hr-°F)
for core cooling. The component cooling system heat exchanger UA was
modeled at 5.778 x 108 Btu/hr-°F.

The air return fan returns air at a rate of 40,000 cfm from the upper to lower
compartment.

An active sump volume of 51,000 ft3 is used.

The pump flowrates vs. time given in Table 6.2.1-2 were used in support of
RWST draindown. (These flow values reflect ECCS pumps at runout against
the design containment pressure, using the minimum composite pump
curves shown in Figures 6.3-2, 6.3-3, and 6.3-4, which are degraded by 5%
and bound what is achievable in the plant. Switchover times from injection to
recirculation that are achievable in the plant for each ECCS pump were
conservatively modeled in the analysis.)

A power rating of 102% of licensed core power (3411 MWH) is assumed, but
not explicitly modeled. [Decay heat is based on a reactor power of 3479.22
MWt (+2%) for mass and energy release computations. See Section
6.2.1.3.6.]

Hydrogen gas was added to the containment in the amount of 25,230.2
Standard Cubic Feet (SCF) over 24 hours. Sources accounted for were
radiolysis in the core and sump post-LOCA, corrosion of plant materials
(aluminum, zinc, and painted surfaces found in containment), reaction of 1%
of the Zirconium fuel rod cladding in the core, and hydrogen gas assumed to
be dissolved in the reactor coolant system water. (This bounds tritium
producing core designs.)

The containment compartment volumes were based on the following: upper
compartment 645,818 ft3, lower compartment 221,074 ft3, and dead-ended
compartment 146,600 ft3. (Note: These volumes represent TMD volumes.
For Containment Integrity Analysis, the volumes are adjusted to maximize air
mass and the compression ratio.)

Subcooling of emergency core cooling (ECC) water from the RHR heat
exchanger is assumed.

Essential raw cooling water flow to the containment spray heat exchanger
was modeled as 5,200 gpm. Also, the essential raw cooling water flow to the
component cooling heat exchanger was modeled as 6,250 gpm.
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(23) The decay heat curve used to calculate mass and energy releases after
steam generator equilibration is the same as presented in the mass and
energy release section of the FSAR (subsection 6.2.1.3.6).

With these assumptions, the heat removal capability of the containment is sufficient to
absorb the energy releases and still keep the maximum calculated pressure well below
design.

The following plots are provided:

Figure 6.2.1-1, Containment Pressure Versus Time

Figure 6.2.1-2a, Upper Compartment Temperature Versus Time

Figure 6.2.1-2b, Lower Compartment Temperature Versus Time

Figure 6.2.1-3, Active and Inactive Sump Temperature Transients

Figure 6.2.1-4, Melted Ice Mass Transient

Figure 6.2.1-4a, Comparison of Containment Pressure Versus Ice Melt

Tables 6.2.1-3 and 6.2.1-4 give energy accountings at various points in the transient.

As can be seen from Figure 6.2.1-1 the maximum calculated Containment pressure is
12.47 psig, occurring at approximately 4346 seconds.

Structural Heat Removal

Provision is made in the containment pressure analysis for heat storage in interior and
exterior walls. Each wall is divided into a number of nodes. For each node, a
conservation of energy equation expressed in finite difference forms accounts for
transient conduction into and out of the node and temperature rise of the node. Table
6.2.1-1 is a summary of the containment structural heat sinks used in the analysis. The
material property data used is found in Table 6.2.1-5.

The heat transfer coefficient to the containment structures is based primarily on the
work of Tagami, Reference [21]. An explanation of the manner of application is given
in Reference [3].

When applying the Tagami correlations a conservative limit was placed on the lower
compartment stagnant heat transfer coefficients. They were limited to 72 Btu/hr-ft2.
This corresponds to a steam-air ratio of 1.4 according to the Tagami correlation. The
imposition of this limitation is to restrict the use of the Tagami correlation within the test
range of steam-air ratios where the correlation was derived.
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6.2.1.3.4 Short-Term Blowdown Analysis

TMD Code - Short-Term Analysis

(1)

(2)

Introduction

The basic performance of the ice condenser reactor containment system has
been demonstrated for a wide range of conditions by the Waltz Mill Ice
Condenser Test Program. These results have clearly shown the capability
and reliability of the ice condenser concept to limit the Containment pressure
rise subsequent to a hypothetical loss-of-coolant accident.

To supplement this experimental proof of performance, a mathematical
model has been developed to simulate the ice condenser pressure
transients. This model, encoded as computer program TMD (Transient Mass
Distribution) Reference [4], provides a means for computing pressures,
temperatures, heat transfer rates, and mass flow rates as a function of time
and location throughout the containment. This model is used to compute
pressure differences on various structures within the containment as well as
the distribution of steam flow as the air is displaced from the lower
compartment. Although the TMD code can calculate the entire blowdown
transient, the peak pressure differences on various structures occur within
the first few seconds of the transient.

Analytical Models (No Entrainment)

The mathematical modeling in TMD is similar to that of the SATAN blowdown
code in that the analytical solution is developed by considering the
conservation equations of mass, momentum and energy and the equation of
state, together with the control volume technique for simulating spatial
variation. The governing equations for TMD are given in Reference [4].

The moisture entrainment modifications to the TMD code are discussed, in
detail, in Reference [4]. These modifications comprise incorporating the
additional entrainment effects into the momentum and energy equations.

As part of the review of the TMD code, additional effects are considered.
Changes to the analytical model required for these studies are described in
Reference [4].

These studies consist of:

(a) Spatial acceleration effects in ice bed
(b) Liquid entrainment in ice beds

(c) Upper limit on sonic velocity

(d) Variable ice bed loss coefficient

(e) Variable door response

()  Wave propagation effects
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Additionally the TMD code has been modified to account for fluid compressibility
effects in the high Mach number subsonic flow regime.

Experimental Verification

The performance of the TMD code was verified against the 1/24 scale air tests and the
1968 Waltz Mill tests. For the 1/24 scale model the TMD code was utilized to calculate
flow rates to compare against experimental results. The effect of increased
nodalization was also evaluated. The Waltz Mill test comparisons involved a
reexamination of test data. In conducting the reanalyses, representation of the 1968
Waltz Mill test was reviewed with regard to parameters such as loss coefficients and
blowdown time history. The details of this information are given in Reference [4].

The Waltz Mill Ice Condenser Blowdown Test Facility was reactivated in 1973 to verify
the ice condenser performance with the following redesigned plant hardware scaled to
the test configuration:

(1) Perforated metal ice baskets and new design couplings.

(2) Lattice frames sized to provide the correct loss coefficient relative to plant
design.

(3) Lower support beamed structure and turning vanes sized to provide the
correct turning loss relative to the plant design.

(4) No ice baskets in the lower ice condenser plenum opposite the inlet doors.

The result of these tests was to confirm that conclusions derived from previous Waltz
Mill tests have not been significantly changed by the redesign of plant hardware. The
TMD Code has, as a result of the 1973 test series, been modified to match ice bed heat
transfer performance. Detailed information on the 1973 Waltz Mill test series is found
in Reference [5].

Application to Plant Design (General Description)

As described in Reference [4], the control volume technique is used to spatially
represent the containment. The containment is divided into 50 elements to give a
detailed representation of the local pressure transient on the containment shell and
internal concrete structures. This division of the containment is similar for all ice
condenser plants.

The Watts Bar plant containment has been divided into 50 elements or compartments
as shown in Figures 6.2.1-5, 6.2.1-6, 6.2.1-7, and 6.2.1-8. The interconnections
between containment elements in the TMD code is shown schematically in Figure
6.2.1-9. Flow resistance and inertia are lumped together in the flow paths connecting
the elements shown. The division of the lower compartments into 6 volumes occurs at
the points of greatest flow resistance, i.e., the four steam generators, pressurizer and
refueling cavity.
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Each of these lower compartment sections delivers flow through doors into a section
behind the doors and below the ice bed. Each vertical section of the ice bed is, in turn,
divided into three elements. The upper plenum between the top of the ice bed and the
upper doors is represented by an element. Thus, a total of thirty elements (Elements
7 through 24 and 38 through 49 are used to simulate the ice condenser). The six
elements at the top of the ice bed between bed and upper doors deliver to element
number 25 the upper compartment. Note that cross flow in the ice bed is not
accounted for in the analysis; this yields the most conservative results for the particular
calculations described herein. The upper reactor cavity (Element 33) is connected to
the lower compartment volumes and provides cross flow for pressure equalization of
the lower compartments. The less active compartments, called dead-ended
compartments (Elements 26 through 32 and 34 through 37) outside the crane wall are
pressurized by ventilation openings through the crane wall into the fan compartments.

For each element in the TMD network the volume, initial pressure and initial
temperature conditions are specified. The ice condenser elements have additional
inputs of mass of ice, heat transfer area and condensate layer length. For each flow
path between elements flow resistance is specified as a loss coefficient "K" or a
fraction loss "L/D" or a combination of the two based on the flow area specified
between elements. Friction factor, friction factor length and hydraulic diameter are
specified for the friction loss.

Additionally, input for each flow path includes the area ratio (minimum area/maximum
area) which is used to account for compressibility effects across flow path contractions.
The code input for each flow path is the flow path length used in the momentum
equation. The ice condenser loss coefficients have been based on the 1/4-scale tests
representative of the current ice condenser geometry. The test loss coefficient was
increased to include basket roughness effects and to include intermediate and top
deck pressure losses. The loss coefficient is based on removal of door port flow
restrictors.

To better represent short term transients effects, the opening characteristics of the
lower, intermediate, and top deck ice condenser doors have been modeled in the TMD
code. The containment geometric data for the elements and flow paths used in the
TMD code is confirmed to agree with the actual design by TVA and Westinghouse. An
initial containment pressure of 0.3 psig was assumed in the analysis. Initial
containment pressure variation about the assumed 0.3 psig value has only a slight
affect on the initial pressure peak and the compression ratio pressure peak. TMD input
data is given in Tables 6.2.1-6 and 6.2.1-7.

The reactor coolant blowdown rates used in these cases are based on the SATAN
analysis of a double-ended rupture of either a hot or a cold leg reactor coolant pipe
utilizing a discharge coefficient of 1.0. The models and assumptions used to calculate
the short-term mass and energy releases are described in Reference [9]. Tables
6.2.1-23 and 6.2.1-24 present the mass and energy release data used for this analysis.

A number of analyses have been performed to determine the various pressure
transients resulting from hot and cold leg reactor coolant pipe breaks in any one of the
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six lower compartment elements. The analyses were performed using the following
assumptions and correlations:

(1) Flow was limited by the unaugmented critical flow correlation.

(2) The TMD variable volume door model, which accounts for changes in the
volumes of TMD elements as the door opens, was implemented.

(3) The heat transfer calculation used was based on performance during the
1973-1974 Waltz Mill test series. A higher value of the ELJAC parameter has
been used and an upper bound on calculated heat transfer coefficients has
been imposed!l.

(4) One hundred percent moisture entrainment was assumed.
(5) Compressibility effects due to flow area contractions were modeled.

Figures 6.2.1-10 and 6.2.1-11 are representative of the typical upper and lower
compartment pressure transients that result from a hypothetical double-ended rupture
of a reactor coolant pipe for the worst possible location in the lower compartment of the
containment; i.e., hot leg and cold leg breaks in Element 1.

Initial Pressures

Results of the analysis for the Watts Bar Plant are presented in Tables 6.2.1-8 through
6.2.1-11. The peak pressures and peak differential pressures resulting from hot and
cold leg reactor coolant pipe breaks in each of the six lower compartment control
volumes were calculated.

Table 6.2.1-8 presents the maximum calculated pressure peak for the lower
compartment elements resulting from hot and cold leg double ended pipe breaks.
Generally, the maximum peak pressure within a lower compartment element results
when the pipe break occurs in that element. A cold leg break in Element 1 creates the
highest pressure peak, also in Element 1, of 18.5 psig.

Table 6.2.1-9 presents the maximum calculated peak pressure in each of the ice
condenser sections resulting from any pipe break location. The maximum peak
pressure in each of the ice condenser sections is found in the lower plenum element
of the section. The peak pressure was calculated to be 13.9 psig in Element 40.

Table 6.2.1-10 presents the maximum calculated differential pressures across the
operating deck (divider barrier) between the lower compartment elements and the
upper compartment. These values are approximately the same as the maximum
calculated differential pressure across the lower crane wall between the lower
compartment elements and the dead ended volumes surrounding the lower
compartment. The peak differential pressure of 16.6 psi was calculated to be between
Elements 1 and 25 for a cold leg break.

Table 6.2.1-11 presents the maximum calculated differential pressures across the
upper crane wall between the upper ice condenser elements and the upper
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compartment. The peak differential of 8.4 psi pressure was calculated to be between
Element 7-8-9 and 25 for a hot leg pipe break.

Consideration is given to the calculation of subcompartment pressures (and pressure
differentials) for cases other than the design basis double ended reactor coolant pipe
rupture in the lower compartment. Discussion of these analyses is treated in Section
6.2.1.3.9.

Sensitivity Studies

A series of TMD runs for D. C. Cook investigated the sensitivity of peak pressures to
variations in individual input parameters for the design basis blowdown rate and 100
percent entrainment. This analysis used a DEHL break in Element 6 of D. C. Cook.
Table 6.2.1-12 presents the results of this sensitivity study.

As part of the short-term containment pressure analysis of ice condenser units, the
pressure response to both DEHL and DECL breaks are routinely considered for each
of the loop compartments.

Choked Flow Characteristics

The data in Figure 6.2.1-12 illustrate the behavior of mass flow rate as a function of
upstream and downstream pressures, including the effects of flow choking. The upper
plot shows mass flow rate as a function of upstream pressure for various assumed
values of downstream pressure. For zero back pressure (P4 = 0), the entire curve
represents choked flow conditions with the flow rate approximately proportional to
upstream pressure P,. For higher back pressure, the flow rates are lower until the
upstream pressure is high enough to provide choked flow. After the increase in
upstream pressure is sufficient to provide flow chokings further increases in upstream
pressure cause increases in mass flow rate along the curve for P4 = 0. The key point
in this illustration is that flow rate continues to increase with increasing upstream
pressure, even after flow choking conditions have been reached. Thus, choking does
not represent a threshold beyond which dramatically sharper increases in
compartment pressures could be expected because of limitations on flow relief to
adjacent compartments.

The phenomenon of flow choking is more frequently explained by assuming a fixed
upstream pressure and examining the dependence of flow rate with respect to
decreasing downstream pressure. This approach is illustrated for an assumed
upstream pressure of 30 psia as shown in the upper plot with the results plotted vs.
downstream pressure in the lower plot. For fixed upstream conditions, flow choking
represents an upper limit flow rate beyond which further decreases in back pressure
do not produce any increase in mass flow rate.

Compression Ratio Analysis

As blowdown continues following the initial pressure peak from a double-ended cold

leg break, the pressure in the lower compartment again increases, reaching a peak at
or before the end of blowdown. The pressure in the upper compartment continues to
rise from beginning of blowdown and reaches a peak which is approximately equal to
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the lower compartment pressure. After blowdown is complete, the steam in the lower
compartment continues to flow through the doors into the ice bed compartment and is
condensed.

The primary factor in producing this upper containment pressure peak and, therefore,
in determining design pressure, is the displacement of air from the lower compartment
into the upper containment. The ice condenser quite effectively performs its function
of condensing virtually all the steam that enters the ice beds. Essentially, the only
source of steam entering the upper containment is from leakage through the drain
holes and other leakage around crack openings in hatches in the operating deck
separating the lower and upper portions of the containment building.

A method of analysis of the compression peak pressure was developed based on the
results of full-scale section tests. This method consists of the calculation of the air
mass compression ratio, the polytropic exponent for the compression process, and the
effect of steam bypass through the operating deck on this compression.

The compression peak pressure in the upper containment for the Watts Bar plant
design is calculated to be 7.81 psig (for an initial air pressure of 0.3 psig). This
compression pressure includes the effect of a pressure increase of 0.4 psi from steam
bypass and also for the effects of the dead-ended volumes. The nitrogen partial
pressure from the accumulators is not included since this nitrogen is not added to the
containment until after the compression peak pressure has been reduced, which is
after blowdown is completed. This nitrogen is considered in the analysis of pressure
decay following blowdown as presented in the long term performance analysis using
the LOTIC code. The following sections discuss the major parameters affecting the
compression peak. Specifically they are: air compression, steam bypass, blowdown
rate, and blowdown energy.

Air Compression Process Description

The volumes of the various containment compartments determine directly the air
volume compression ratio. This is basically the ratio of the total active containment air
volume to the compressed air volume during blowdown. During blowdown air is
displaced from the lower compartment and compressed into the ice condenser beds
and into the upper containment above the operating deck. It is this air compression
process which primarily determines the peak in containment pressure, following the
initial blowdown release. A peak compression pressure of 7.81 psig is based on the
Watts Bar Plant design compartment volumes shown in Table 6.2.1-13.

Figure 6.2.1-13 shows the sensitivity of the compression peak pressure with different
air compression ratios.

Methods of Calculation and Results

Full-Scale Section Tests

The actual Waltz Mill test compression ratios were found by performing air mass
balances before the blowdown and at the time of the compression peak pressure,
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using the results of three full-scale special section tests. These three tests were
conducted with an energy input representative of the plant design.

In the calculation of the mass balance for the ice condenser, the compartment is
divided into two sub-volumes; one volume representing the flow channels and one
volume representing the ice baskets. The flow channel volume is further divided into
four sub-volumes. The partial air pressure and mass in each sub-volume is found from
thermocouple readings by assuming that the air is saturated with steam at the
measured temperature. From these results, the average temperature of the air in the
ice condenser compartment is found, and the volume occupied by the air at the total
condenser pressure is found from the equation of state as follows:

_ M82R8T82 (1)

\Y
a2 |:>2

where:

V4o = Volume of ice condenser occupied by air (ft3)
Mo = Mass of air in ice condenser compartment (Ib)
T2 = Average temperature of air in ice condenser (°F)
P, = Total ice condenser pressure (Ib/ft2)

R, = ldeal gas constant

The partial pressure and mass of air in the lower compartment are found by averaging
the temperatures indicated by the thermocouples located in that compartment and
assuming saturation conditions. For these three tests, it was found that the partial
pressure, and hence the mass of air in the lower compartment, was zero at the time of
the compression peak pressure.

The actual Waltz Mill test compression ratio is then found from the following:

_ V,+V,+V; @
Vy+V,,

where:
V, = Lower compartment volume (ft3)

V, = Ice condenser compartment volume (ft3)
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V3 = Upper compartment volume (ft3)

The polytropic exponent for these tests is then found from the measured compression
pressure and the compression ratio calculated above. Also considered is the pressure
increase that results from the leakage of steam through the deck into the upper
compartment.

The compression peak pressure in the upper compartment for the tests or containment
design is then given by:

P = P,(C)" +APy 3)
where:

Po = Initial pressure (psia)

P = Compression peak pressure (psia)

C, = Volume compression ratio

n = Polytropic exponent

APyeck = Pressure increase caused by deck leakage (psi)

Using the method of calculation described above, the compression ratio is calculated
for the three full-scale section tests. From the results of the air mass balances, it was
found that air occupied 0.645 of the ice condenser compartment volume at the time of
peak compression, or

V,, = 0.645 V, (4)

The final compression volume includes the volume of the upper compartment as well
as part of the volume of air in the ice condenser. The results of the full-scale section
tests (Figure 6.2.1-14) show a variation in steam partial pressure from 100% near the
bottom of the ice condenser to essentially zero near the top. The thermocouples and
pressure detectors confirm that at the time when the compression peak pressure is
reached steam occupies less than half of the volume of the ice condenser. The
analytical model used in defining the containment pressure peak uses upper
compartment volume plus 64.5% of the ice condenser air volumes as the final volume.
This 64.5% value was determined from appropriate test results.

The calculated volume compression ratios are shown in Figure 6.2.1-15, along with the
compression peak pressures for these tests. The compression peak pressure is
determined from the measured pressure, after accounting for the deck leakage
contribution. From the results shown in Figure 6.2.1-15, the polytropic exponent for
these tests is found to be 1.13.
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Plant Case

For the Watts Bar design, the volume compression ratio is calculated using Equation
2, modeling the upper plenum as part of the upper compartment, and Table 6.2.1-13
as:

1,077,012

Cr = 592,818+ [0.645 X 110, 520]

6)

C, = 1.4095

The peak compression pressure, based on an initial containment pressure of 15.0 psia
(0.3 psig), is then given by Equation 3 as:

P;=15.0 (1.4095)"13 + 0.4
P35 = 22.507 psia or 7.81 psig

This peak compression pressure includes a pressure increase of 0.4 psi from steam
bypass through the deck (see Section 6.2.1.3.5).

Sensitivity to Blowdown Energy

The sensitivity of the upper and lower compartment peak pressure versus blowdown
rate as measured from the 1974 Waltz Mill Tests is shown in Figure 6.2.1-16. This
figure shows the magnitude of the peak pressure versus the amount of energy
released in terms of percentage of RCS energy release rate.

Percent energy blowdown rate was selected for the plot because energy flow rate more
directly relates to volume flow rate and therefore pressure. There are two important
effects to note from the peak upper compartment pressure versus blowdown rate:

(1) the magnitude of the final peak pressure in the upper compartment is low (about 9
psig) for the plant design DECL blowdown rate; (2) even an increase in this rate up to
141% of the blowdown energy rate produces only a small increase in the magnitude of
this peak pressure (about 1 psi). The major factor setting the peak pressure reached
in the upper compartment is the compression of air displaced by steam from the lower
compartment into the upper compartment. The lower compartment initial peak
pressure shows a relatively low peak pressure of 12.9 psig for the design basis DECL
blowdown rate, and even a substantial increase in blowdown energy rate (141%
reference initial DECL) would cause an increase in initial peak pressure of only 3 psi.
The peak pressure in the lower compartment is due mainly to flow resistance caused
by displacement of air from the lower compartment into the upper compartment.

Effect of Steam Bypass

The sensitivity of the compression peak pressure to deck bypass is shown in Figure
6.2.1-17, which shows that an increase in deck bypass area of 50% would cause an
increase of about 0.2 psi in final peak compression pressure. Also, it is important to
note that the plant final peak compression pressure of 7.81 psig already includes a
contribution of 0.4 psi from the plant deck bypass area of 5 ft2.
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This effect of deck leakage on upper containment pressure has been verified by a
series of four special, full-scale section tests. These tests were all identical except
different size deck leakage areas were used.

The results of these tests are given in Figure 6.2.1-18 which includes two curves of test
results. Each curve shows the difference in upper compartment pressure between one
test and another resulting from a difference in deck leakage area. One curve shows

the increase in upper compartment pressure at the end of the boiler blowdown (after

the compression peak pressure, at about 50 seconds in these tests), and the second
curve shows the increase in upper compartment peak pressure (at about 10 seconds
in these tests). It should be noted that the pressure at the end of the blowdown is less
than the peak compression ratio pressure occurring at about 10 seconds for reference
blowdown test.

The containment pressure increase due to deck leakage is directly proportional to the
total amount of steam leakage into the upper compartment, and the amount of this
steam leakage is, in turn, proportional to the amount of steam released from the boiler,
less the inventory of steam remaining in the lower compartment. Notably, the increase
in upper compartment compression peak pressure is substantially less than the upper
compartment pressure increase at the end of blowdown, because the peak
compression pressure occurs before the boiler has released all of its energy.

The calculated maximum pressure rise due to deck leakage (when all of the boiler
energy release has occurred) is also shown in Figure 6.2.1-18. The slope of this curve
is 0.095 psi/ft2 for the tests and is equivalent to 0.107 psi/ft2 for the plant design. The
difference between the two coefficients is due to a small difference in upper
compartment volume between the plant design and these tests.

As shown in Figure 6.2.1-18, the calculated curve for maximum pressure increase at
the end of blowdown agrees closely with the measured curve at small deck leakage
areas but deviates at larger leakage areas. This deviation apparently results from the
condensation of upper compartment steam by the walls of the upper compartment and
by the ice at the top of the condenser during the tests. Pressure would also be reduced
by heat losses in a plant; however, for conservatism, no credit is taken for this effect.
As demonstrated by tests, the compression peak pressure in the upper compartment
occurs before the boiler releases all of its energy, and the measured increase in peak
compression pressure due to increased deck leakage, is proportionately reduced. For
the case of the plant design, the final peak compression pressure is conservatively
assumed to occur when the reactor coolant system release is 75% of its total energy.
This value is selected as a reference value, based on the results of a number of tests
conducted with different blowdown rates and total energy releases, as shown in Figure
6.2.1-19. The actual deck leakage coefficient is therefore:

AP, ,
= 0.107 x 0.75 = 0.080psi/ft2
Adeck
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The divider barrier including the enclosures over the pressurizer, steam generators
and reactor vessel, is designed to provide a reasonably tight seal against leakage.
Holes are purposely provided in the bottom of the refueling cavity to allow water from
sprays in the upper compartment to drain to the sump in the lower compartment.
Potential leakage paths exist at all the joints between the operating deck and the pump
access hatches and reactor vessel enclosure slabs. The total of all deck leakage flow
areas is approximately 5 ft2. The effect of this potential leakage path is small and is
found to be:

APdeck =5x0.080=04 pSl

In the event that the reactor coolant system break flow is so small that it would leak
through these flow paths without developing sufficient differential pressure (1 Ib/ft2) to
open the ice condenser doors, steam from the break would slowly pressurize the
containment. The containment spray system has sufficient capacity to maintain
pressure well below design for this case.

The Watts Bar Nuclear Plant and the Sequoyah Nuclear Plant are geometrically very
similar. Some differences between the two plants, are the design pressure, spray flow
rates, and a slight difference in thermal ratings. The fact that the spray flow rate is
higher for the Sequoyah plant (4750 gpm versus 4000 gpm) is offset by Watts Bar's
higher maximum internal pressure (15 psig versus 12 psig). The following discussion
presents the deck leakage analysis performed for the Sequoyah plant. The purpose
of this analysis is only to show the substantial margin which exists between the design
deck leakage of 5 ft? and the tolerable deck leakage. The Sequoyah analysis which
shows conservatism by a factor of 7, is more than sufficient for this purpose.

The method of analysis used to obtain the maximum allowable deck leakage capacity
as a function of the primary system break size is as follows.

During the blowdown transient, steam and air flow through the ice condenser doors
and also through the deck bypass area into the upper compartment. For the
containment, this bypass area is composed of two parts, a known leakage area of 2.2
ft2 with a geometric loss coefficient of 1.5 through the deck drainage holes location at
the bottom of the refueling canal and an undefined deck leakage area with a
conservatively small loss coefficient of 2.5.

A resistance network similar to that used to TMD is used to represent 6 lower
compartment volumes each with a representative portion of the deck leakage, and the
lower inlet door flow resistance and flow area is calculated for small breaks that would
only partially open these doors. The coolant blowdown rate as a function of time is
used with this flow network to calculate the differential pressures on the lower inlet
doors and across the operating deck.

The resultant deck leakage rate and integrated steam leakage into the upper
compartment is then calculated. The lower inlet doors are initially held shut by the cold
head of air behind the doors (approximately one pound per square foot). The initial
blowdown from a small break opens the doors and removes the cold head on the
doors. With the door differential removed, the door position is slightly open. An
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additional pressure differential of one pound per square foot is then sufficient to fully
open the doors. The nominal door opening characteristics are based on test results.

One analysis conservatively assumed that flow through the postulated leakage paths
is pure steam. During the actual blowdown transient, steam and air representative of
the lower compartment mixture leak through the holes, thus less steam would enter the
upper compartment. If flow were considered to be a mixture of liquid and vapor, the
total leakage mass would increase, but the steam flow rate would decrease. The
analysis also assumed that no condensing of the flow occurs due to structural heat
sinks. The peak air compression in the upper compartment for the various break sizes
is assumed with steam mass added to this value to obtain the total containment
pressure. Air compression for the various break sizes is obtained from previous
full-scale section tests conducted at Waltz Mill.

The allowable leakage area for the following reactor coolant system (RCS) break sizes
was determined: DE, 0.6 DE, 3 ft2, 10 inch diameter, 6 inch diameter, 2 inch diameter,
and 0.5 inch diameter. The allowable deck leakage area for the DE break was based
on the test results previously discussed. For break sizes of 3 ft? and 0.6 DE, a series
of deck leakage sensitivity studies were made to establish the total steam leakage to
the upper compartment over the blowdown transient. This steam was added to the
peak compression air mass in the upper compartment to calculate a peak pressure.
Air and steam were assumed to be in thermal equilibrium, with the air partial pressure
increased over the air compression value to account for heating effects. For these
breaks, sprays were neglected. Reduction in compression ratio by return of air to the
lower compartment was conservatively neglected. The results of this analysis are
shown in Table 6.2.1-14. This analysis is confirmed by Waltz Mill tests conducted with
various deck leaks equivalent to over 50 ft2 feet of deck leakage for the double-ended
blowdown rate and is shown in Figure 6.2.1-20.

For breaks of 10 inch diameter and smaller, the effect of containment sprays was
included. The method used calculates, for each time step of the blowdown, the amount
of steam leaking into the upper compartment to obtain the steam mass in the upper
compartment. This steam was mixed with the air in the upper compartment, assuming
thermal equilibrium with air. The air partial pressure was increased to account for air
heating effects. After sprays were initiated, the pressure was calculated based on the
rate of accumulation of steam in the upper compartment.

This analysis was conducted for the 10 inch, 6 inch, and 2 inch break sizes, assuming
one spray pump operated (4750 gpm at 100°F). As shown in Table 6.2.1-14, the 10
inch break is the limiting case for the given range of break sizes.

A second, more realistic, method was used to analyze the 10 inch, 6 inch, and 2 inch
breaks. This analysis assumed a 30% air and 70% steam mix flowing through the deck
leakage area. This is conservative considering the amount of air in the lower
compartment during this portion of the transient. Operation of the deck fan increases
the air content of the lower compartment, thus increasing the allowable deck leakage
area. Based on the LOTIC code analysis, a structural heat removal rate of over 6000
Btu/sec from the upper compartment is indicated. Therefore, a steam condensation
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rate of 6 Ibs/sec was used for the upper compartment. The results indicate that with
one spray pump operating and a deck leakage area of 50 ft2, the peak containment
pressure is below design pressure.

The 1/2 inch diameter break is not sufficient to open the ice condenser inlet doors. For
this break, the upper compartment spray is sufficient to condense the break steam
flow.

In conclusion, it is apparent that there is a substantial margin between the design deck
leakage area of 5 ft2 and that which can be tolerated without exceeding containment
design pressure. A preoperational visual inspection is performed to ensure that the
seals between the upper and lower containment have been properly installed.

Mass and Energy Release Data

Long-Term Loss-of-Coolant Accident Mass and Energy Releases

The evaluation model used for the long-term LOCA mass and energy release
calculations is the March 1979 model described in Reference 20. This evaluation
model has been reviewed and approved by the NRC.

The time history of conditions within an ice condenser containment during a postulated
loss-of-coolant accident (LOCA) can be divided into two periods:

1. The initial reactor coolant blowdown, which for the largest assumed pipe break
occurs within approximately 30 seconds.

2. The post blowdown phase of the accident which begins following the blowdown and
extends several hours after the start of the accident.

LOCA Mass and Energy Release Phases

The containment system receives mass and energy releases following a postulated
rupture in the RCS. These releases continue over a time period, the LOCA analysis
calculational model is typically divided into four phases:

1. Blowdown - the period of time from accident initiation (when the reactor is at steady-
state operation) to the time that the RCS and containment reach an equilibrium state
at containment design pressure.

2. Refill - the period of time when the reactor vessel lower plenum is being filled by
accumulator and Emergency Core Cooling System (ECCS) water. At the end of
blowdown, a large amount of water remains in the cold legs, downcomer, and lower
plenum. To conservatively consider the refill period for the purpose of containment
mass and energy releases, it is assumed that this water is instantaneously
transferred to the lower plenum along with sufficient accumulator water to
completely fill the lower plenum. This allows an uninterrupted release of mass and
energy to containment. Therefore, the refill period is conservatively neglected in the
mass and energy release calculation.

Containment Functional Design 6.2.1-21



WATTS BAR WBNP-106

6.2.1-22

3. Reflood - begins when the water from the reactor vessel lower plenum enters the
core and ends when the core is completely quenched.

4. Post-reflood (Froth) - describes the period following the reflood transient. For the
pump suction break, a two-phase mixture exits the core, passes through the hot
legs, and is superheated in the steam generators prior to release to containment.
After the broken loop steam generator cools, the break flow becomes two phase.

Break Size and Location

Generic studies have been performed with respect to the effect of postulated break
size on the LOCA mass and energy releases. The double-ended guillotine break has
been found to be limiting due to larger mass flow rates during the blowdown phase of
the transient. During the reflood and froth phases, the break size has little effect on the
releases.

Three distinct locations in the RCS loop can be postulated for pipe rupture:
1. Hot leg (between vessel and steam generator)

2. Cold leg (between pump and vessel)

3. Pump suction (between steam generator and pump)

For long-term considerations the break location analyzed is the pump suction double-
ended guillotine (DEPSG) (10.46 ft2). The pump suction break mass and energy
releases have been calculated for the blowdown, reflood, and post-reflood phases of
the LOCA for each case analyzed. The following paragraphs provide a discussion on
each break location.

The hot-leg double-ended guillotine has been shown in previous studies to result in the
highest blowdown mass and energy release rates. Although the core flooding rate
would be the highest for this break location, the amount of energy released from the
steam generator secondary is minimal because the maijority of the fluid that exits the
core bypasses the steam generators, venting directly to containment. As a result, the
reflood mass and energy releases are reduced significantly as compared to either the
pump suction or cold-leg break locations, where the core exit mixture must pass
through the steam generators before venting through the break.

For the hot-leg break, generic studies have confirmed that there is no reflood peak (that
is, from the end of the blowdown period the containment pressure would continually
decrease). The mass and energy releases for the hot-leg break have not been included
in the scope of this containment integrity analysis because, for the hot-leg break, only
the blowdown phase of the transient is of any significance. Since there are no reflood
or post-reflood phases to consider, the limiting peak pressure calculated would be the
compression peak pressure and not the peak pressure following ice bed melt-out.

The cold-leg break location has been found in previous studies to be much less limiting
in terms of the overall containment energy releases. The cold-leg blowdown is faster
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than that of the pump suction break, 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. Studies have determined that the blowdown
transient for the cold leg is less limiting than that tor the pump suction break. During
cold-leg reflood, the flooding rate is greatly reduced and the energy release rate into
the containment is reduced. Therefore, the cold-leg break is not included in the scope
of this analysis.

The pump suction break combines the effects of the relatively high core flooding rate,
as in the hot-leg break, and the addition of the stored energy in the steam generators.
As a result, the pump suction break yields the highest energy flow rates during the
post-blowdown period by including all of the available energy of the RCS in calculating
the releases to containment. This break has been determined to be the limiting break
for all ice condenser plants.

In summary, the analysis of the limiting break location for an ice condenser
containment has been performed. The DEPSG break has historically been considered
to be the limiting break location, by virtue of its consideration of all energy sources in
the RCS. This break location provides a mechanism for the release of the available
energy in the RCS, including both the broken and intact loop steam generators.
Inclusion of these energy sources conservatively results in the maximum amount of ice
being melted in the event of a LOCA.

Application of Single-Failure Criteria

An analysis of the effects of the single-failure criteria has been performed on the mass
and energy release rates for the pump suction (DEPSG) break. An inherent
assumption in the generation of the mass and energy release is that offsite power is
lost. This results in the actuation of the emergency diesel generators, required to power
the Safety Injection System. This is not an issue for the blowdown period, which is
limited by the compression peak pressure.

The limiting minimum safety injection case has been analyzed for the effects of a single
failure. In the case of minimum safeguards, the single failure postulated to occur is the
loss of an emergency diesel generator. This results in the loss of one pumped safety
injection train, that is, ECCS pumps and heat exchangers.

Basis of the Analysis
I.  Significant Modeling Assumptions

The following summarized assumptions were employed to ensure that the mass and
energy releases were conservatively calculated, thereby maximizing energy release to
containment:

1. Maximum expected operating temperature of the RCS at 100-percent full-power
conditions: (619.1°F)
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10.

11.

12.

An allowance in temperature for instrument error and dead band was assumed on
the vessel/core inlet temperature (+7.0°F)

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

Core rated power of 3,411 MWt
Allowance for calorimetric error (+2.0 percent of power)

Conservative coefficient of heat transfer (that is, steam generator
primary/secondary heat transfer and RCS metal heat transfer).

Core-stored energy based on the time in life for maximum fuel densification. The
assumptions used to calculate the fuel temperatures for the core-stored energy
calculation account for appropriate uncertainties associated with the models in the
PAD code (such as calibration of the thermal model, pellet densification model, or
clad creep model). In addition, the fuel temperatures for the core-stored energy
calculation account for appropriate uncertainties associated with manufacturing
tolerances (such as pellet as-built density). The total uncertainty for the fuel
temperature calculation is a statistical combination of these effects and is
dependent upon fuel type, power level, and burnup.

An allowance for RCS initial pressure uncertainty (+70 psi)
A maximum containment backpressure equal to design pressure

A provision for modeling steam flow in the secondary side through the steam
generator turbine stop valve was conservatively addressed only at the start of the
event. A turbine stop valve isolation time equal to 0.0 seconds was used.

As noted in Section 2.4 of Reference 20, the option to provide more specific
modeling pertaining to decay heat has been exercised to specifically reflect the
Watts Bar Nuclear Plant Unit 2 core heat generation, while retaining the two sigma
uncertainty to assure conservatism.

Steam generator tube plugging leveling (0-percent uniform)
a. Maximizes reactor coolant volume and fluid release
b. Maximizes heat transfer area across the steam generators tubes

c. Reduces coolant loop resistance, which reduces the Ap upstream of the break
and increases break flow

Containment Functional Design



WATTS BAR WBNP-106

II. Initial Conditions
Table 6.2.1-15 presents the System Parameters Initial Conditions utilized.

Thus, based on the previously noted conditions and assumptions, a bounding analysis
of Watts Bar Nuclear Plant Unit 2 is made for the release of mass and energy from the
RCS in the event of a LOCA.

Blowdown Mass and Energy Release Data

A version of the SATAN-VI code is used for computing the blowdown transient, which
is the code used for the ECCS calculation in Reference 22. The SATAN-VI code
calculates blowdown (the first portion of the thermal-hydraulic transient following break
initiation), including pressure, enthalpy, density, mass, energy flow rates, and energy
transfer between primary and secondary systems as a function of time.

The code utilizes the control volume (element) approach with the capability for
modeling a large variety of thermal fluid system configurations. The fluid properties are
considered uniform and thermodynamic equilibrium is assumed in each element. A
point kinetics model is used with weighted feedback effects. The major feedback
effects include moderator density, moderator temperature, and Doppler broadening. A
critical flow calculation for subcooled (modified Zaloudek), two-phase (Moody), or
superheated break flow is incorporated into the analysis. The methodology for the use
of this model is described in Reference 20.

Table 6.2.1-16 presents the calculated LOCA mass and energy releases for the
blowdown phase of the DEPSG break. For the pump suction breaks, break path 1 in
the mass and energy release tables refers to the mass and energy exiting from the
steam generator side of the break; break path 2 refers to the mass and energy exiting
from the pump side of the break.

Reflood Mass and Energy Release Data

The WREFLOOD code used for computing the reflood transient is a modified version
of that used in the 1981 ECCS evaluation model, Reference 22. The WREFLOOD
code addresses the portion of the LOCA transient where the core reflooding phase
occurs after the primary coolant system has depressurized (blowdown) due to the loss
of water through the break and when water supplied by the emergency core cooling
refills the reactor vessel and provides cooling to the core. The most important feature
is the steam/water mixing model.

The WREFLOOD code consists of two basic hydraulic models - one for the contents
of the reactor vessel and one for the coolant loops. The two models are coupled
through the interchange of the boundary conditions applied at the vessel outlet nozzles
and at the top of the downcomer. Additional transient phenomena, such as pumped
safety injection and accumulators, reactor coolant pump performance, and steam
generator release are included as auxiliary equations that interact with the basic
models as required. The WREFLOOD code permits the capability to calculate
variations (during the core reflooding transient) of basic parameters such as core
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flooding rate, core and downcomer water levels, fluid thermodynamic conditions
(pressure, enthalpy, density) throughout the primary system, and mass flow rates
through the primary system. The code permits hydraulic modeling of the two flow paths
available for discharging steam and entrained water from the core to the break; that is,
the path through the broken loop and the path through the unbroken loops.

A complete thermal equilibrium mixing condition for the steam and emergency core
cooling injection water during the reflood phase has been assumed for each loop
receiving ECCS water. This is consistent with the usage and application of the
Reference 4 mass and energy release evaluation model. Even though the Reference
20 model credits steam/mixing only in the intact loop and not in the broken loop,
justification, applicability, and NRC approval for using the mixing model in the broken
loop has been documented (Reference 23). This assumption is justified and supported
by test data, and is summarized as follows.

The model assumes a complete mixing condition (that is, thermal equilibrium) for the
steam/water interaction. The complete mixing process is made up of two distinct
physical processes. The first is a two-phase interaction with condensation of steam by
cold ECCS water. The second is a single-phase mixing of condensate and ECCS
water. Since the steam release is the most important influence to the containment
pressure transient, the steam condensation part of the mixing process is the only part
that need be considered. (Any spillage directly heats only the sump.)

The most applicable steam/water mixing test data has been reviewed for validation of
the containment integrity reflood steam/water mixing model. This data is generated in
1/3 scale tests (Reference 24), which are the largest scale data available and thus
most clearly simulate the flow regimes and gravitational effects that would occur in a
pressurized water reactor (PWR). These tests were designed specifically to study the
steam/water interaction for PWR reflood conditions.

From the entire series of 1/3 scale tests, one group corresponds almost directly to
containment integrity reflood conditions. The injection flow rates from this group cover
all phases and mixing conditions calculated during the reflood transient. The data from
these tests were reviewed and discussed in detail in Reference 20. For all of these
tests, the data clearly indicate the occurrence of very effective mixing with rapid steam
condensation. The mixing model used in the containment integrity reflood calculation
is therefore wholly supported by the 1/3 scale steam/water mixing data.

Additionally, the following justification is also noted. The post-blowdown limiting break
for the containment integrity peak pressure analysis is the DEPSG break. For this
break, there are two flow paths available in the RCS by which mass and energy may
be released to containment. One is through the outlet of the steam generator, the other
is via reverse flow through the reactor coolant pump. Steam that is not condensed by
ECCS injectionin the intact RCS loops passes around the downcomer and through the
broken loop cold leg and pump in venting to containment. This steam also encounters
ECCS injection water as it passes through the broken loop cold leg, complete mixing
occurs and a portion of it is condensed. It is this portion of steam, which is condensed,
for which this analysis takes credit. This assumption is justified based upon the
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postulated break location and the actual physical presence of the ECCS injection
nozzle. A description of the test and test results is contained in References 20 and 24.

Table 6.2.1-17 presents the calculated mass and energy release for the reflood phase
of the pump suction double ended rupture with minimum safety injection.

The transients of the principal parameters during reflood are given in Table 6.2.1-18.
Post-Reflood Mass and Energy Release Data

The FROTH code (Reference 9) is used for computing the post-reflood transient. Th