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DISCLAIMER

The study of degraded cor: accidents at the Sequoyah Nuclear Plant,
their effects, and their mitigutions, described in the accompanying
report was performed in the 6-week period concluded April 15, 1980.
Of necessity, due to the limited duration of the study and the
state-of-the-art information available to TVA, several limitations
were in order.

First, the calculational techniques to aralyze the course of degraded
cere accidents and their effects on containment were not available
since those events are not included in the current plant design bases,
As a result, simplifying assumptions and methods were relied on when
necessary to estimate the accident consequences.

Second, the evaluations of the overall risk posed by Sequoyah with

and without additional accident mitigations are somewhat subjective
due to the limited time and data available for probability and
consequence estimation. Only a limited number of accident sequences
were exumined and best-estimate judgments were made for the associated
containment failure probabilities.

Third, the level of detail and degree of feasibility achievable in

the conceptual des.gns of the mitigations were restricted by the
available time and personnel. Further effort might result in somewhat
different design..

Fourth, the costs that were originally estimated for the design,
construction, and operation of each of the mitigation concepts have
not been included in this version of the report.
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SUMMARY

A preliminary evaluation of events beyond the design basis leading
to reactor fuel element damage and generation of hydrogen at the

Sequoyah

Nuclear Plant has been performed. The purpose of this

evaluation was to develop additional information about such events
and to compare the relative merits of concepts that have been

suggested

to mitigate the consequences of such events. This

information cerves as a basis for further TVA action.

OQur ccnclusions based on this study are:

1.

The risk due to core damage events is sufficiently small to allow
continued operation of Sequoyah. This is based on the following
findings:

a.

The risk from these events is comparable to that at Surry
which was used in the Rasmussen study (WASH-1400); recent
information has indicated that the risk is less than
originally estimated in that study.

The differences in containment design between Sequoyah and
PWR's with large "dry" containments do not lead to increased
risk.

The Sequoyzh containment can be expected to survive a Three
Mile Island-type event with burning of hydrogen up to at
least that produced by 20-percent metal-water reaction.

TVA has taken substantial measures since ™I to reduce the
likelinhood of core damage due to small loss-of-coolant
accidents.

If the licensing process allows, TVA should not proceed with
implementing a mitigation concept at this time. This is based
on the above assessment and the following findings.

al

The one concept (inerting containment with nitrogen during
operation) that fully prevents hydrogen combustion has
serious safety problems and ma jor costs due to large plant
downtimes.

Other concepts provide partial protection, but involve
additional risks or major technical problems.

Because no concept was identified which provides substantial
additional capabi’ity to handle hydrogen without major
additional risks or technical problems, further study of
options could lead to a better decision.
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Venting of containment, especially filtered vented containment,
provides very 1ittle protection for hydrogen effects. The
pressure increase rate is too fast for realistic vent sizes.
However, these concepts can provide prntection for other slower
overpressure transients.

If a mitigation concept must be selected now, we recommend
installation of the ignition sources. Even though igniters do
not provide complete protection, they would give the plant
operators a way to ensure that the hydrogen burns at low
concentration, at least for those events where the buildup of
hydrogen is slow. Work needed to implement this concept
includes:

a. A development program for the igniters.

b. A program for analyzing a range of events involving core
damage to jdentify timing of events, the rate of release
of hydrogen to containment, and the time and spatial
dependence of hydrogen and oxygen concentrations.

=5 Selection of locations for igniters.

d. A testing program to verify the system.

e. A program for analyzing the effects of combustion on
equipment in containment and the containment itself.

Procurement of ignters and additional hydrogen analyzers.

g Installation and testing.

Qur preferred approach is:

1.

For Seauoyah unit 1, full power license, demonstrate by analysis
that the risk is no greater than for current operating PWR's

and verify by more detailed analysis the containment's capacity
to tolerate limited hydrogen burning. a

Find out if some of the technical problems with the concepts
can be resolved and the additional risks minimized through a
research and development program.

Continue our investigation of the basic events to improve our
understanding. This will serve as a basis for later decisions
and may give additional insight into how the events may be
prevented.

Actively participate in NRC's proposed rulemaking proceedings

by developing and sharing information on the subject. A probable
outcome is a decision on how severe an event (degree of core
damage/core melt) should be designed for.
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TECENICAL SUMMARY

Purpose

The purpose of this report is to explore the phenomena associated with
the generation and release to containment of substantizl amounts of
hydrogen due to events lzading to core damage and to evaluate the
relative potential of various concepts put forward to control these
phencmena. The report addresses these matters for the Sequoyah
Huclear Plant. The overall objective is to provide guidance for
further TVA action in regard to these matters.

Background

Light water cooled nuclear power plants are designed to prevent and
mitigate accidents which could lead to significant core damge (i.e.,
reduced fuel pin integrity due to overheating and oxidation cof the
zirconium leading to cladding failure). Major design measures,
analysis, and equipment have been used to provide assurance that such
damage won't occur. In addition to the attention given the subject
by the nuclear steam supply system vendors and the Nuclear
Regulatory Commission (and its predecessor, the Atomic Energy
Commission), TVA has expended considerable attention by inhouse
experts on accident prevention and mitigation. Nonetheless,
significant core damage did, in fact, occur at Three Mile Island
unit 2 (TMI-2). This event called for a reassessment of the
likelihood and consequences of such an event even though the
consequences at TMI-2 were much less severe than other events
considered in plant design.

Hydrogen Effects

In order to produce reasonable thermal efficiencies, reactor coolant
systems operate at moderately high pressures and temperatures. If
the reactor coolant is lost due to rupture of the system or other
reasons, cooling water must be injected to carry off the energy
released by the decay of fission products contained in the irradiated
fuel. If cooling water is not injected or is not effectively conveyed
to the core, the fuel pins heat up. At elevated temperatures, the
zirconium clad oxidizes (if steam is present), resulting in a loss

of clad strength, release of energy, and production of hydrogen.

The hydrogen is released to the containment building. If the amount
is sufficient, the hydrogen can burn in the containment, resulting

in a large energy release to containment, increasing the containment
temperature ind pressure. If the burn is big enough and fast enough,
the containment could fail due to excessive pressure, releasing
{ission products to the environment.

If core cooling is reestablished in time (as was done at Three Mile
Island), the damage can be limited; if not, progressive core damage
oceurs, leading to complete collapse of the core (core melt).

If complete core melt occurs, the hydrogen and other noncondensible
gases could cause containment failure due to overpressure even without



hydrogen ccmbustion.

Events Which Could Lead to Ccre Damage

Core damage cannot occur if core cooling systems function after an
accident, The cooling systems are redundant and independent with
redundant sources of power. Therefore, multiple equipment failures
or operator errors are required to occur for failure of the cooling
systems. We have studied the three most important initiating events:
the large loss-of-coolant accident; the smll loss-of-coolant
accident, and failure of secondary side heat removal system. If these
inititing events are accompanied by failure of all core cooling
systems, core damage will occur. There is some time, before
significant core damage exists, for the operator to take remedial
action to restore cooling (from a few minutes to about a couple of
hours, depending on the event), thereby arresting damage. In this
time, the water in the reactor boils away and the core heats up.

If remedial action is not taken, oxidation of the fuel procesds fairly
rapidly (in a few minutes time) until a significant fraction of the
clad is oxidized (50-75 percent). If remedial action is taken in
this time pericd, damage can be arrested while the core is a coolable
geometry. If remedial action does not take place, melting occurs

and the core fragments fall to the bottom of the reactor vessel.
After a period of time, vessel failure can occur due to heating and
melting, dropping the fuel-clad-vessel metal mixture (corium) into
the reactor vessel cavity where it reacts with water to produce steam
and with the concrete to produce noncondensible gases. Hydrogen is
produced by oxidation of the core supports, the vessel itself, and
the remaining clad.

It has been postulated that eventually the core could melt its way
through the containment concrete leading to releases of fission
products to the ground water. Recent information indicates that this
will probably not occur.

Sequovah Containment Design =

The Sequoyah containment, along with several other plants, differs
frcm the containment used at TMI-2. Sequoyah uses a pressure
suppression type containment, wherein a large bed of ice is used to
condense steam and remove energy. Some other plants use a pool of
water instead of ice. The pressure suppression concept leads to
smaller containments with lower design pressures (typically 1/2 to
1/3 the size and 1/3 to 1/4 the design pressure of "dry containments")
and increased compartmentation. It is expected that these
characteristics could lead to a different response to significant
hydrogen generation. The large, passive heat sink (ice or pool) is
an excellent means of removing heat; on the other hand, the lower
volume results in higher hydrogen concentrations (for the same amount
of hydrogen produced) while the lower design pressure allows less
pressure buildup in containment.
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Prevention

Prevention is more useful than mitigation; TVA has responded 1o the
THMI event (through its Nuclear Program Review) with a number of steps
to prevent accidents like that at TMI. These steps included:

Y. Increased training of operators, improved procedures, and
improved information to the operator to: (a) reduce the
likelihood of cperator errors negating the safety features
provided to prevent and mitigate accidents; (b) help the operator
diagnose events; and (c) help the operator respond to unexpected
conditions.

2. Features to remove gases from the reactor coolant system
which might prevent cooling water from getting to the core.

2. Improved equipment to further prevent the occurrence
of a small loss-of-coolant event like TMI-2,

4, A special test program at Sequoyah to demonstrate natural
circulation cooling of the core and provide experience to the
operators.

Risk

TVA has evaluated the risk due to core damage using methodology
similar to that used in the Reactor Safety Study, WASH-1400. The
results indicated that the risk for Sequoyah is roughly the same as
for other pressurized water reactors; that is, the containment has
Somewhat less capability for accommodating noncondensibles, but this
csmall additional risk is balanced by the presence of passive

heat removal capability and other advantages. We believe that the
preventative measures incorporated since the Three Mile Island event
further reduce the risk.

Inherent Capability

Our analysis demonstrates that Sequoyah could safely withstand an
event like Three Mile Island unit 2 which included combustion of
hydrogen equivalent to 20 percent metal-water reaction. That 19,

if all the hydrogen produced as a result of oxidation of 20 percent
of the fuel clad burned, the resulting containment pressure would

be approximately equal to the predicted ultimate strength of the
containment. When coupled with TVA's preventative measures, this
inherent capability provides increased confidence that the risk from
core damage events is acceptably low.

Mitigation Potential

Notwithstanding the above, we have performed a preliminary evaluation
of various concepts suggested for mitigating the effects of core
damage (including the effects of hydrogen). These concepts are listed
in table 1 along with comments on their effectiveness and ma jor
drawbacks. In general, our conclusions were:

- Some concepts promise to be effective for protecting against
failure due to hydrogen burning or failure due to other

xii



overpressure causes, but no single concept is effective for both.

- Scze concepts, although effective for either hydrogen or
. overpressure, pose significant safety concerns.

- To provide substantial protection for all core damage events would
require a combination of mitigating concepts (i.e., one concept
to mitigate hydrogen combustion and one to mitigate other
overpressure causes).

- The most widely publicized concept, filtered vented containment,
provides little added protection from the effects of hydrogen but
involves a very significant risk of its own since it uses
deliberate release of radioactive gases to the environment.

- The potentially most effective mitigator of hydrogen effects
(containment inerting) is used by TVA in its Browns Ferry Nuclear
Plant. However, we have concluded that its use at Sequoyah could actu-
ally increase risk due to reduced inspections inside containment
and increased hazards to personnel,

- It appears that with additional research and development, an
acceptable mitigation scheme could be developed if required.

Mitication Strategies

Based on what we know at this time, we believe that the following
levels of added protection might prove feasible if required.

- Increase the Amount of Hydrogen that can be Accommodated

1. Use distributed ignition sources to burn hydrogen at low
concentration (4-6 percent) to minimize buildup.

2. Use halon injection to suppress combustion.

3. Provide an additional containment structure with a high
capacity wixing system to reduce the concentration.

These can be used individually or in combination. Item 2 requires
researcu to identify the long range incontainment behavior of halon
to assure that essentizl equipment would not be damaged. It
appears that these steps singly or in combination could increase
the capacity to withstand hydrogen effects by 50 to 300 percent.
Ignition sources are preferred over halon injection because of
ccacern over the affect of decomposition of halon in the long term.

- Provide Complete Protection from Hydrogen Combustion

l. Only containment inerting will provide complete protection.

Containment inerting has additional inherent risks

(reduced safety system reliability because of reduced

containment access for inspection, maintenance, and repair)
. and high cost.

x$11



- Provide Protection from all Core Damage/Core Melt Phenomena that
czn Lead to Overpressure Failure, Includinz Hydrogen Combustion

‘ 1. Sis'nificant protection by providing ignition sources and/or
halen injection and one of the vented containment concepts.

2. Complete protection by providing containment inerting and
additional containment

The costs for these options would be on the order of to
per plant plus an operating cost of up to
dollars per year. Note that there are other
containment failure modes (isolation failure, steam explosions,
missiles) that would not be mitigated by these measures,
although these failure modes are considered less likely than
overpressure.

Pt

E’:

Our investigation shows:

- wWhile ice condensers and other suppression type containments react
differently than "dry" coﬁta;nments, the overall risk is not
significantly different.

- Sequoyzh has inherent ability to withstand the effect of burning
the hydrogen produced by oxidation of about 20 percent of the
fuel clad.

- Several ccncepts investigated appear to have some potential for
mitigating the effects of hydrogen combustion or containment
overpressure. However, all of the concepts capable of mitigating
hydrogen effects pose additional safety concerns or have major
technical problems.

- Some concepts investigated appear to be effective in preventing
uncentrelled combustion; some appear to-be effective in preventing
overpressure failure due to noncondensible gases. No concept
identified appears to be effective for both.

- A combination of concepts might provide additional protection,
but substantial research and development will be required to obtain
an acceptable design.

xiv




TECHNICAL SUMMARY
TABLE 1

MITIGATION CONCEPTS

Concept Comments
Inerted Containment Effective for preventing hydrogen

combustion; significant safety

concerns due to reduced access to
containment equipment and hazard to
personnel. Ineffective for containment
overpressure protection.

Halon Injection Moderately effective for preventing
hydrogen combustion; questions exist
in regard to Halon's long term behavior
and effect on equipment; ineffective
(may aggravate the situation) for
containment overpressure protection.

Ignition Sources Moderately effective for all but rapid
releases; potential for misoperation;
minor impact on containment

overpressure.
Filtered Vented Limited benefit for protection from
Centainment hydrogen combustion effects; moderately

effective for containment overpressure
protection; the deliberate release of
noble gases is a major safety concern.

Additional Containment Somewhat effective for protection
against the effects of (and preventing)
hydrogen combustion. Effective for
containment overpressure protection;
expensive.

Coupled Containment Similar to additional containment but
somewhat less effective because second
containment may not be available v
all times the first unit is oper:ting;
safety concern in regard to impact on
nonaccident unit.
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1.0 Furpose

The purpose of this study was to assess current containment
capabilities and to identify and evaluate concepts for the mitigation
of the consequences of core damage, including hydrogen generation,

in order to prevent failure of the containment. The results are
intended to provide additiocnal insight into the events that could
lead to significant hydrogen generation, the effects of such
quantities of hydrogen, and the relative benefit, cost, and drawbacks
of various mitigation concepts. While the subject is applicable to
all TVA nuclear plants (particularly those incorporating pressure
suppression type containments), Sequcyah plant characteristics were
used in this study.
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2.0 Scope
The ccoupe of this study included six major areas cf effort:
¥

2.1 Identificaticn of key accident sequences - ~ A discrete

runber of accident sequences were selected for use as representative
of' a wide range of types (smell loss-of-coolant accident (LOCA), large
LOCA, ete.) and severities (moderate core damage, severe core damage,
etc.) cf potential accidents at Sequoyah.

2.2 Analysis of present Sequoyah containment for key zccident
sequences - - The physical conseauences of the key accidents and their
effects on the present SCN containment were analyzed. The current
'isks from these key accidents without additional mitigation were

also estimated.

2.3 Identification of mitigation concepts for key accident sequences
- - Concepts for mitigation of various consequences of the key
accidents were identified based on prior industry
experience,feasibility, or current regulatory attention.

2.4 Development of mitigative conceptual designs - Conceptual designs
were produced for the identified mitigation schemes. This included
general arrangement of compcrnents, bill of materials, and
icentification of principal engineering factors.

2.5 Evaluation of mitigative concepts- - The conceptual designs were
eacn evaluated from several stancpoints - physical effectiveness,
risk reduction, cost, cdesign and construction schedules, nuclear
safety, operaticnal impact, feasibility, etc.

2.6 Recommendations for future study - - The experience gained in

trese efforts has made it possible to recommend specific areas uhere
further research and developrent would be useful.
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3.0 Introduction

One of the design basis accidents for Sequoyah is a large LOCA. The
consequences of this accident would include large mass and energy
releases from the primary system rupture followed by the generation
of szall amounts of hydrogen in the reactor core and in the
containment. Sequoyah safety systems currently include both active
and passive measures to mitigate these accident consequences. To
mitizate the primary fluid loss and the accompanying pressure and
temperature effects, high and low pressure injection systems actively
reflood and cool the primary system, containment spray systems
actively cool the containment atmosphere, the ice condenser passively
cools the containment atmosphere, and the containment structure itself
is designed to .2tain its integrity at pressures above those
expected. To handle the hydrogen produced, recombiners remove it
from the containment atmosphere. These systems have the capability
to alleviate all of the consequences of the current design basis
accidents with adequate margin.

The accident at Three Mile Islarnd involved mode*ate mass and energy
releases from the primary system through a stu.k-open relief valve.
This was effectively a small LOCA, and the appropriate safety systems
were automatically initiated as designed. Manuzl override of the
high pressure injection system by the operators at TMI led to
uncevering the core for longer periods than in any of the design basis
accidents. This resulted in extensive core damage accompanied by
hydrogen generation significant'y above that considered in

design. For this reason, TVA is reassessing the effect of hydrogen
on plant safety.

The best approach to prevent hydrogen from jeopardizing plant safety
is to prevent its formation in significant quantities by maintaining
adequate core cooling. The emergency core cooling systems are
redundant, qualified systems whose performance has been evaluated
conservatively in great detail to ensure their effectiveness. They
have received the most attention of any plant system. Nothing in
the TMI experience indicated that they were not adequate. TVA
therefore believes that the Emergency Core Cooling Systems (ECCS) at
Sequoyah are sufficiently reliable to perform their intended
functions, and that complete failure of the ECCS is of sufficiently
low probability. However, TVA is responding to the TMI accident
throuzh commitments made in its TVA Nuclear Program Review ("Blue
Book" and "Crecn Book") to make improvements in several areas. These
include instrumentation changes to make more information available
to the cperator, hardware changes to make improved system operating
modes available for the operator's use, and intensified training of
the cperators to respond more effectively to inadequate core cooling
incidents. As a result of these post-TMI efforts to incorporate
improvements in both hardware and procedures, we feel that the
likelihood of Sequoyah experiencing inadequate core cooling has been
significantly reduced. The Nuclear Safety Analysis Center of the
Electric Power Research Institute has estimated that risk has already
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he contzinment during a LOCA. The containment spray system removes
gt i{rcm the containment atmosphere initially by the addition of
witer from the refueling water storage tank (RWST). V¥When the water
supply in thre RUST is exhausted, the supply for the pumps is changed
from the tank to the emergency sump located in the containment.
Fater from the sump is run through heat exchanzers in the residual
heat removal (RHR) system and the containment spray system to remove
neat from the contzinment sump water znd thereby from the containment.

(%
.

he

4.1.4 FHydrocen Control Systems

Several safety systems are incorporated into the design of the
Sequeyah containment to mitigate the effects of hydrogen production
following the original design basis accident. The hydrogen mitigation
systems function following the accicdent to detect, mix, and consume
the hydrogen produced. Each subsystem presently incluced in the
Sequoyzh cdesign is briefly described in Appendix A.5 as to function
and operation principle. The systems employed will adequately process
all of the hydrogen postulated in the original design basis accident
scenzrio with 100-percent margin. They include hydrogen analyzers

for postaccident monitoring, electric hydrogen reccmbiners for removal
of hydrogen, a containment mixing system to prevent pockets of
hydrogen at higher concentraticns than the general containment
airspace, and a =mall hydrogen purge system as a backup to the
recombiners.

4,2 Present Desien Eases

Trhe cenlainnment is designed to assure that an acceptable upper limit
of lezkage of radicactive material is not exceeded under design basis
accident cocnditions. The design basis for the containment is
generally taken to be the ccmplete severance of a large reactor
coolant system pipe at a locction which results in the worst
consequences for the containment. See Appendices A.3 through A.3.2
for further discussion of the containment design bases including mass
and energy release and formation of hydrogen.

4.2.1 Accidents

The limiting design basis accidents for the containment are loss-of-
coolant accidents (LOCA) due to their potential release of
radiocactivity. A spectrum of LOCA's are studied from small pipe
breaks (pipes less than 2" in diameter) to a break in the largest
wain ccolant pipe (approximately 30" in diameter). Most studies
perferried to date concentrated on the large pipe break because it

w“as believed to present the greatest challenge to the fuel cladding,
the containuent, and the plant safety systems. The analysis of such
acclidents is extremely complex and requires the consideration cf heat

transfer, fluid flow, neutronics, and the interaction of safety
systenms.

§.2.),

P

liags and Energy Releases

Following a postulated rupture of the Reactor Coolant System (RCS),
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steam and water are released into the containment. Initially, the
water in the RCS is subcooled at a high pressure. When the break
ccecurs, the water passes through the break where a portion flashes

to steam at the lower pressure of the containment. These releases
continue until the RCS depressurizes to the pressure in the
containment (end of blowdown). At that time, the vessel is refilled
by water from the accumulators and Safety Injection (SI) pumps. Water
flowing from the accumulators and SI pumps start to fill the downcomer
causing a driving head across the vessel which forces water into the
hot ccre. When a level two feet below the top of the core is reached,
the core is assumed to be reflooded and totally quenched, leaving

only dacay heat to generate steam.

The LOCA analysis calculational model is typically divided into three
phases: (1) blowdown, which includes the period from accident
cccurrence (when the reactor is at steady state full power cperation)
to the time when zero break flow is first calculated; (2) refill,
which is from the end of blowdown to the time the ECCS fills the
vessel lower plenum; and (3) reflood, which begins when water starts
moving into the core and continues until the end of the transient.

4.2.1.2 Design Basis Noncondensible Gas Production

Another source of mass that must be considered in containment design
is the production of noncondensible gases during the accident. It
is possible for nitrogen gas to enter the containment from the passive
emergency ccre cooling system components. This source, while not
significant for containment pressurization, is considered in the
containment analysis. More importantly, the production of flammable
gases is of concern. The more severe loss-of-coolant accidents
postulated for plant design may result in the production of excess
hydrogen which ultimately ends up in the containment air space.
Depending on the final volumetric concentration of the hydrogen and
the quantity of oxygen present, the gas can be a fire hazard, an
explosion hazard, or too diffuse to chemically react.

Several sources of hydrogen have been identified for the LOCA. These
include dissolved hydrogen in the reactor coolant system, which is
released during blowdown; radiolysis by fission product deccmposition
of the coolant; fuel cladding oxidation from high fuel cladding
temperatures concurrent with steam flow over the clad; and corrosion
of zinc-ccated surfaces in the containment interior by spray water
concurrent with high ambient containment temperatures. Approximate
quantities of gas produced by each mechanism are shown in table 4-1.
It should bte noted for the design basis event that the zirconium
cladding reaction is important in the short term and the other
production mechanisms are important in the long term.

See Appendices A.3 through A.3.2 for further discussion of the

containment design bases, including mass and energy release and
hydrogen formation.
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TABLE 4-1

DESIGN BASI3 HYDROGEN SOURCES

Source Potential H, (lbm)
Zirconium (43,204 lbm Zr) 3 percent RXN 57
Primary System Dissolved Gas 6
Aluminum Corrosion (long term) 142

Zinc (long term - paint, galvanized
steel corrosion)*®* 1800

¥Most of the zinc is in the ice condenser components which remain
at a low temperature and low corrosion rates until late in the
accident.

£50107.01



4.,2,2 Analytical Tools

Some of the most difficult problems to analyze are the thermal
hydraulic problems encountered in reactor safety. Even with advanced
computers, it is difficult to completely analyze all but one or two
dimensicnal thermal-hydraulic problems. A brief introduction to the
analytical tools available to study the loss of coolant accident and
their limitations is necessary to a complete overview of the predicted
plant response to the events described in this report.

4,2.2,1 Primary System Thermal Hydraulic Programs

The prirmary system pressure, temperature, and flow response to various
postulated accidents is calculated using state-of-the-art computer
codes. The software tools numerically approximate the mass, momentum,
and erergy conservation equations for a series of interconnected
volumes and flow paths simulating the reactor system. The Westinghouse
WFLASH (4-1) and SATAN (4-2) codes typify the design tools used for
Sequoyah primary system analysis. These codes, as well as more
recently developed programs that encompass greater detail, are
discussed in Appendix A.4.1.

The currently available codes treat the behavior of steam and water
mixtures but do not follow the presence of a noncondensible gas (e.g.,
nitrogen, hydrogen, and other noncondensibles) in the primary system.
This limitation is not a problem for the design basis accidents since
the production of large quantities of noncondensibles is not predicted.

4.2.2.2 Containment Thermal Hydraulic Programs

The current design basis analyses performed to determine containment
design parameters consider the addition of water or steam from a
spectrum of pipe breaks in either the RCS or the secondary side of
the steam generators. Computer ccdes have been written which again
use the conservation of mass, energy, anr momentum to evaluate the
pressure and temperature inside the cont inment at any peint in time.
Heat transfer coefficients, ice melt rates, and other critical factors
required to evaluate the performance of the ice condenser are
determined empirically for various mass and energy release rates.
The LOTIC (long term ice condenser code) computer code (4-3) was
developed by Westinghouse specifically to evaluate ice condenser
containments and was used “o evaluate the Sequoyah containment. As
in the case of primary system computer codes, the LOTIC code has not
been written to treat hydrogen separately. A detailed discussion

of the capabilities of LOTIC may be found in Appendix A.H4.

4.2.3 Predicted Plant Response

Studies of the design basis LOCA at Sequoyah indicate approximately
1-3 percent of the core zircaloy fuel cladding is calculated to



cxidize basad on conservative 10CFR Appendix K computer models.
Although the core i3 calculated to uncover and to heat up to the
temperature where zircaloy oxidation rates are high, the core is
quickly reflooded and cooled by the emergency core cooling systems,
thus limiting oxidation. Production of hydrogen from the oxidation
of core metal is therefore not expected to exceed 60 pounds of gas.
o nydrozen ieneration is predicted from the vessel steel or from
stainless steel cladding of the vessel since these materials do not
heat up to reaction temperatures during the accident. The containment
spray system is designed to operate throughout the accident, and the
ccmbination of spray water and containment temperature will corrode
the centainuent painted surfaces and any aluminum present during the
long term, Additional hydrogen will be produced by fission product

radiolysis of water in the core and sump. This source also generates
xycen during the process which must be considered for inerted
ontainment designs.

The initial release of hydrogen from core cladding oxidation after
a design basis LOCA is accommodated by dilution in the containment
air space. Long term hydrogen sources are accomaodated by the use
of the hydrogen recombiners which heat the hydrogen/air mixture
initiating chemical recombination to produce water vapor. Typical
hydrogen production rates from the above sources are shown in figure
4-3. Assuming at least one recombiner is started in the first day
follcwing the accident, the containment hydrogen does not exceed the
4 percent flammability limit as indicated in figure 4-4, If no
reccmbiners are available, the hydrogen purge system can be started
several days into the accident to maintain hydrogen concentrations
within acceptable limits.

In the event of the design basis LOCA, the maximum containment
pressure is 11.8 psig. Figures 4-5 and 4-6 provide the containment
pressure and temperature response curves for this event. As can be
seen in the pressure response curve, the containment rapidly
pressurizes due to large mass and energy releases that occur during
the blowdown pericd. The containment pressure starts dropping as

the steam condensation rates in the ice condenser exceed the steam
releases from the primary system due to decay heat and steam generator
sensible heat. This trend continues until iée melt at approximately
4000 seconds. Over the next several hundred seconds, the containment
pressure rises to its maximum value. The containment spray systems
then maintain the pressure within the containment design limits once
the ice has melted and in the long term gradually reduce the pressure
to near atmospheric.,

4.3 Ramifications of TMI on Current Design Bases

The azccident that occurred at the Three Mile Island facility on March
28, 1979, has led to the reassessment of the design basis hydrogen
production at Sequoyah. The event was primarily a small break LOCA
with inadequate ccre cooling. The LOCA resulted from a stuck-
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cpen pressurizer power operated relief valve which was not recognized
by the cperators. The emergency core cooling was severely degraded
by izproper operator action which was based on conflicting
instrumentation and training that did not cover the event. The
degraded cooling led to hydrcgen generation which exceeded that
normally considered in plant design.

4,3.1 TMI Challenge to Containment Desizn

Following the accident at Three Mile Island, it was known that a
significant amount of hydrogen was p.oduced and burned, generating

a 28 psig pressure spike in the containment as shown in figure 4-7
(4-4). This pressure spike, had it occurred at Sequoyah, would have
challenged the containment integrity since it ex~eeued the Sequoyah
design pressure. It is not expected that the coiatainment would have
failed due to the design margin present. There is considerable
uncertainty concerning the actual quantity of hydrogen produced and
burned at T™I. Since the total hydrog.. influences the maximum
centainment pressure following a burn, the various estimates for

TMI are described below.

Several separate organizations have examined the plant instrumentation
recordings using various approaches to determine the amount of
hydraogen produced during the course of the accident. The original
analysis was performed by the NRC and indicates that 452 pounds of
hydrozen were burned at ™I (4-5). Other organizations more recently
have calculated a wide range of hydrogen burning from 400 pounds to
1160 pounds. Most agree that the data is sparse and not very
conclusive. For example, the containment temperaturg instrumentation
indicated a temperature increase to a maximum of 190 F during the
hydrogen burn, whereas a theoretical temperature of over 1000 F was
possible. The results of the various investigations are presented

in Table 4§-2,

Several indications show that it is possible the hydrogen burn was
localized. This could result in significantly higher temperatures
in localized areas of the containment without affecting the general
atmospheric temperature throughout the volume thus explaining the
temperature dilemma. The presence of steel and concrete heat sinks
may also have absorbed significant amounts of energy.

It is important to note that not all of the hydrogen generated was
burned. Considerable hydrogen remained in the reactor coolant system
bcth in the hydrogen bubble above the core and dissolved in the
primary system water as can be seen in Table 4-2. Also, not all of
the hydrogen released to the containment atmosphere burned since
approximately 1.7 percent hydrogen by volume remained following the
burn. If the same conditions resulted at Sequoyah, more than 452

pounds of hydrogen could probably be accommodated without containment
failure.
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S1-4

Usygen ucpletion
AP Methad

Core Heatup

Details of Above:

P R —— L —

TABLE k-2
THREE MILE ISLARD HYDROGEN PRODUCTIOCN ESTIMATES

Hydrogen Burned Hydrogen Produced

400-1160 .. 670-1286 1b.
1002 1b.

440-1320 1b.

564-588 0.

liot Determined

Determination Type Hy Burned H, in Air RCS RCS Hz Generated Total
by Analysis ib. (Ugburncd) Bubble Dissolved
MSAC 1. Praburn 02 Depletion 0 680 3C0 63 1048
2. Farch 31 . 820 144 172 72 1208
3. Aprii 1-2 x 400 178 0 72 670
4. June 1 - ' 1080 52 0 2 1134
5. Auqust 2 = 1160 52 0 2 1214
Kemany Av 538 15¢ '8 184 244 72 1002
02 Depletion 872 158 184 72 1288
Sandia 1. Upper |Core Heatup 1320
2. ‘Lower R 440
3. Rest
Guess ¥ 770
sattelle, !
Colunbus Av 564
02 Lepletion 1034
NRC Unknown 452

References: 1.

077m66/1

uclear Safetx Analvsis Center, "Analysis of Three Mile Island - Unit 2 Accident,” Appendix HYD, Electric Power Research
Institute, KSAC-1, July 1979. :

Robert E£. English, "Technical Staff Analysis Report on Chemistry,” Technical Assessment Task Force, October 1979,
Randall X. Cole, Jr., “Ggreratio of Hydrogen During the First Three Hours of the Three Mile Island Accident,” Sandia

Laboratory, NUREG/CR-0913, July 197S. "
R. 0. Yooton, R. S. Denn’ng, P. Cybulskis, “Analysis of the Three Mile Island Accident and Alternative Sequences,
Battelle Colunbus Laboratories, NUREG/CR-1219, January 1980.



Essentially all the investigations that were performed ignore the
temperature dilemma and use three basic techniques to determine the
hydrogen generation at TMI:

1. Oxygen depletion - Chemical analysis of the containment air space
indicates that the oxygen concentration at various times following
the accident was less than that normally found in air. By
assuming the depletion was caused by the burning of hydrogen,
the amount burned can be determined.

2. Delta P - The hjydrogen required to generate the pressure spike
observed at TMI can be calculated theoretically since the energy
released by burning is known.

3. Core heatup - Examination of the thermal hydraulics during the
accident can be performed from the few data available to determine
the core heatup, cladding oxidation, and hydrogen generation.

The exact thermal hydraulic behavior is not well known, but the
values generated using this technique agree reasonably well with
the other methods.

%4.3.2 Consideration of Inadeguate Core Cooling

The primary objective during or following any accident is to
maintain adequate core cocling so that the core integrity is
preserved and most of the radicactivity is maintained within the
fuel rods. Additionally, significant hydrogen can only form when
the zirconiumoclad fuel rods are allowed to exceed temperatures
of about 2200° F. The best approach in preventing core
degradation, which results in tie release of radioactivity and
hydrogen generation., is to maintain adequate core cooling.

Diagrammatically, the events following a LOCA where adequate core,
cooling exists are shown in figure 4-8. Dotted lines are
included for processes that are not expected to occur. The
diagram is modified as shown in figure 4-9 in the case of
inadequate core cooling. The problem now includes a significant
number of undesirable effects not considered in the design basis
analysis. Indeed, the key to the event is therefore the
ocperability of the emergency core cooling systems. These systems
have been evaluated conservatively to ensure their effectiveness
and have received considerable attention in the past. One change
made to the ECCS as a result of the T™I experience was to
eliminate their actuation based on low pressurizer water level,
thus improving reliability. TVA had identified concerns on its
Bellefonte plant that, for certain small loss of coolant accidents
where ECCS injection is limited because of the repressurization
of the reactor coolant system, the operator might not have
sufficient information to identify the appropriate corrective
action., The accident at TMI bore out th2 validity of these
concerns., As a result, the automatic stzatus monitoring system
which monitors components or systems important to safety,
including the ECCS, is being extensively expanded. Other TVA
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FIGURE 4-8
LOCA
WITH ADEQUATE CORE

COOLING
(See Reference 6-7)
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FIGURE 4-9
LOCA
WITH INADEQUATE CORE COOLING
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actions to prevent a similar occurrence at Sequoyah are described
below,

In the area of plant transient analysis and operator training,

it was noted that the TMI operators were relying on procedures
that did not adequately address small LOCA's and were relying

on instrumentation (pressurizer level) which indicated adequate
core cooling even though the core was overheating as indicated

by other available instruments. Small LOCA's have not received
the extensive analysis attention given larger LOCA's. As a
result, the cperators were relatively unprepared for the events
and conditions that occurred. To assure that this condition does
not occur at Sequoyah, TVA is taking the following steps:

1. Improving operating »rocedures to assure they adequately
reflect the design intent.

2. Participating in a joint effort with other utilities to study
small LOCA's, inadequate core cooling, and similar events
for improved understanding of the phenomena and to determine
required mitigative actions.

3. Basad upon the studies outlined in 2, additional training
will be given to operators to prepare them to reccgnize the
events and take proper mitigative action.

In additicn to improved procedures and additional analyses,
cseveral hardware and instrumentation changes are planned. It

has long been recognized that inadvertent opening of the
pressurizer relief valves or safety valves or their failure to
close could cause a small LOCA. For this reason, downstream
"block" valves were installed on relief valve lines and
temperature detectors were provided on the lines to detect an
open relief or safety valve. At TMI, the relief valve stuck open,
but the operator, for various reasons, did not promptly identify
the problem. Sequoyan has direct, positive indication of relief
valve position in the control room. This will provide the
operator with reliable information to isclate the downstream block
valve, terminating a transient if a valve should stick open.
(Biock valves are not installed on safety valve lines since this
could prevent the safety valves from performing their essential
function, and safety valves are much less prone to fail since

the relief valves provide sufficient capacity for most events,
reducing the times the safety valves cperate.) TVA is providing
acoustic monitors to alert the operator to an open safety valve
50 that he can take appropriate steps to mitigate the event.

Other hardware changes are planned to ensure that the operator

has adequate knowledge that inadequate core cooling may be
approaching or existing. These include:
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1. The range of the incore thermocouples has been extended to
give the operator a positive indication of temperatures in
the core region even in an event where the core is
inadequa‘.ely cooled.

2. Instruments have been provided at Sequoyah which will give
a direct indication to the cperator when the primary system
is approaching the boiling point.

3. Instruments to indicate in the main control rocm the water
level in the reactor pressure vessel are being provided at
Sequoyah and will be installed by January 1981.

4, Sampling capability of the primary system coolant will be
provided. This capability will allow detection of failed
fuel (4-5, 4-7).

DAQ3:NSAHYD.P2
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5.0 Fisk Analysis of Present Sequoyah Capability for Key Aceident
scquences

5.1 Ceneral Descripticn

There are several potential accident sequences which ecnuld lead to
plant damage. Most of these accidents do not invelve risk to the
puLlie., For this study, the important accidents are cnes involving
core camage. These events have a relatively low probability of
ocourrence but have relatively severe consequences., In this study,

a risk evaluation of the present Sequoyah design was made by
corparison with the reference plant (Surry Nuclear Plant) of the WASH-
1400 study. Vhere applicable, the Surry results have been adjuzted
to Sequoyah assumptions in order to provide the greatest parity for
comparing the results of the plant studies. The results of this risk
evaluation provide an indication of the relative risk from the
Sequoyah Plant and which accidents should be used as a basis for
evaluation of mitigation technigues for degraded core phenomena such
as hydrogen evoluticn, rapid energy releases, etc. These results

are discussed in the remainder of this section. For an understanding
ef the methods used to arrive at risk in WASH-1400 and this study
rzfer to Appendix B.

The deminant accident sequences resulting in core melt and containment
failure for the WASH-1400 (Surry) study are shown in table 5.1.
Sequoyah dominant sequences are shown in table 5.2. A comparison

of the Surry-Sequoyah release category failure probabilities is shown
graphically in figure 5-1.

5.2 Analysis Assumptions

The initiating event probabilities used in WASH-1400 for the large
and small LOCA's were used in the Sequoyah analysis. The_ probability
of intcrfacigé check valve failure was reduced from 1X10  per reactor
year to 1X10 per reactor year at both Surry and Sequoyah to account
for irmprovements in monitoring procedures instituted since the WASH-
1400 study was performed. The frequency of loss of offsite power
coupled with the failure of the diesel generators to function was
taken as 1X10°° per reactor year at Sequoyah. The frequency of loss
of offsite power at Sequoyah was based on data specific to the
Sequoyah plant.

For large LOCA sequences and transient sequences, the probability 3
cf containment failure due to a steam explosion was taken to be 1X10~
for Loth Surry and Sequoyzh. For small LOCA sequen:ces, the
prcbabilitguof contzinment failure due to a steam explosion was takgg
to be 1X10  for bcth Surry and Sequoyah. WASH-1400 used used 1X10
for the probability of failure due to explosion for Surry, but recent
inforrmation has indicated the steam explosion risk is much less than
telieved in 1975. For containment leakage, the_grobability of
ccntainment isolztion failure was taken as 1X10 for both Surry and
Jequoyah, These assumptions are summarized in table 5-3. Symbols
are explained in table 5-4.

For Sequoyah, failure of the reactor protection system scram function
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TALLE 5-1

ROBASILITIES OF DOMINANT ACCIDENT
SEQUENCES FOR WASH-1400 (ADJUSTED)
RELFASE CATEGORY

Juitiating 6 7

Fvent

AB - ¢_ AD - €
1x10°%° 2x10°8

ADF - ¢ A - & _
1x10 19 1x10°©

AF - ¢
¢x10 19

"5.9x10"%  3.8x10°%

S8 - = $iB -y §D - « $;CD -'?l SiH - B S;DF - € $;D - ¢

3x10713 4x10°19 3x10°10 110 5x10 2 3x10°10 3x10 © I
5;CD - = S;B - ¢ S} - = SiD-§ §;B-¢ Sii-¢
7x10°13 1x10° 10 3x10°1° 6x10 ? 2x10 ¢ Ix10 €
51 $1F - S{HF ~-_ S4F - & S;H¥ - =2 |
. Ix10° 12 610 I 3510 8 ‘ix10710 |
8,6 - & 5;6 - é
3x10712 3x10 #

6.9x10710  6.8x107%  6.1x10°8 1.2x10°%  6.2x10°%  6.0x10°°  6.0x10°®

S8 - = §,8 - §;D - « S.DG - §zD - SoB - ¢ S0 - ¢
¥ 312

1x107 12 1x10 9 9x107 10 1x10 2x10 8 8x10 9 9x10 &
SoF -« SHF -y Sg -« Sill - B, SiCD -&  Sgl- g
i axetle Tgxenie x10 *  2x107% 6x10
\
Sy §$oMC -« S8 -8 S F - 8 SyMF - ¢ |
2x10712 4x10° 10 1x10°7 1x107°9
. 826 - & Sz - 8 |
gx10°12 2x10° ¢ |
\
§;C - « Gzc'é |
251010 9x10 8 |

2.3x10°%  2.3410°77  2.3x10°¢  2.5x10°7  2.5x10°7  2.0x10°%  2.0x107%
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TARLE g.2

PROBABILITIES OF I:CMINANT ACCIDEN

Relcase Categories

Initisting

5-4

F,v."-l l 3 6 S
G - MIF - y,8 AG - y,8 AM - y,6
6.0x10™ 11 3.0x10°# 6.0x10 8 4.6x10°7
A LIF - « AD - ¥,8
3.0x107 %! 1.9x1077
4.0x10"? 3.9x10 8 7.0x1078 7.3%x10°8 6.7x10°7
§46 - = SyHF - 1,6 §:6 - )',6 5,FG - B S$¢D - Y.b
1.8x10 11 9.0x10°8 1.8x1077 5,9x10 12 1.05x10° €
54 SyHF - « $,CFG - B SH - y,8
9.0x10" 12 3.1x10712 4.8x10°7
1.1x1078 1.1x1077 2.0x1077 1.7x1077 1.5x10°®
§46 - & S,F - y,68 §26 = v,6 S,CDF - B SzD - y,6
6.0x10" 1} 3.0x10°7 6.0x10"7 5.9x10° 11 3.5x10°¢
S3iF - = S,DF - Y,G S,CHF - [ SzH - Y,G
3.0x10711 1.2x10° 8 3.2x10" 11 1.6x10°®
S2 SoC0F - = S,CLF - ¥,6 §;FG - B S;L - y,6
5.9x10 13 5.9x10°° * 2.0x10™ 11 3,0x1077
SzC"F ‘g y,é 52CFG - B 52D = ﬂ
3.2x107° 1.0x10” 11 3.5x10°8
S,HF - B
3.0x10°¢
4.0x10°8 3.9x10°7 6.9x1077 6.1x10°7 6.1x10° 8
TBBZ - v,0
1.0x10°€
TyBy - « T,L - v.6 TyB2 - B
1.0x10710 5.0x1079 1.0x10°8
T Tglhd - v,6
2.4v0° 9
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TABLE 5-3

Failure Probabilities Used for the Sequoyah .nalysis

A S1 S2 Ta TB
-4 -4 -3 -6
I8 1.0 x 10 3.0 x 10 1.0 x 10 1.0 x 10 3¢
-6 -6 -6
Rl 1.0 x 10 1.0 x 10 1.0 x 10
-6
31 1.0 x 10
-6 -5
B2 1.0 x 10 1.0 x 10
-5 -5 -3
C 1.7 x 10 1.7 x 10 1.7 x 10
- - - -3
D 1.9 x 10 3 3.5 x 10 3 3.5 x 10 3 3.5 x 10
-l
E 1.0 % 10
F 3.3x 1070 3.3x 1073 3.3 x 1073
G 6.0 x 1077 6.0 x 10°% 6.0 x 107Y
H 4.6 x 10-3 1.6 x 10-3 1.6 x 10-3

5 3.5 x 10-5 3.5 x 10-5 3.5 x 10-5

‘ll' K 3.5 x 1C >
-4 -3 -4

L 3.0 x 10 8.0 x 10 1.0 x 10
-6 -5
M 1.0 x 10 1.0 x 10
-3 -3
0 2.3 x 10 2«3 2 10
-5 -5
P 1 4.3 x 10 4.3 x 10
-5
Q 502 x (O
-3 -3 -3
X 1.8 x 10 1.8 x 10 1.8 x 10
-6 -5 -6
A 1.0 x 10 1.0 x 10 1.0 x 10
-3 -3 -3
Cres 127 % 10 1.T x 10 1sT X 10
-4 -4 -4
Hrse 3.0 x 10 3.0 x 10 3.0 x 10
CHF#% 8.3x 107  3.2x10% 3.2x 100
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TABLE 5-3 (Contin.)

Containment failure modes

-3 -4 -4 -4 -4
4 1.0 x 10 1.0 x 10 1.0 x 10 1.0 x 10 1.0 x 10

-2 -2 -2 -2 -2
Ve | 1.0 x 10 1.0 x 10 1.0 x 10 1.0 x 10 1.0 x 10
h I .99 .59 .99 .99 .99

)

*For the TpBy sequences, Tg = 1.0

RBECF, CHF, and HF are common mode failures whose probabilities of occurrence

are unique and are not independent.
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TABLE 5-4
Explanation of Symbols

Large LOCA (> 6")

Initiating Event

Loss of all electric power

Loss of direct current power

Loss of alternating current power
Containment spray injection

Emergency core injection

Emergency cooling functiocnability
Containment spray recirculation
Containment heat removal (ERCW, CCW)
Emergency core recirculation

Reactor protection system

Auxiliary Feedwater System

Secondary side relief valves

Containment emergency safety features (C, F, G)
Primary side relief valves (fail to open)
Primary side relief valves (fail to close)
Reactor pressure vessel rupture

Small LOCA (6"s x < 2")

Small LOCA (=£ 2")

Transient, loss of all ac power
Transient, loss of main feedwater system

Interfacing check valve failure
Air return fans

Ice condenser

Containment failure due to steam explosion
Containment failure due to containment leakage
Containment failure due to hydrogen burn
Containment failure due to overpressurization

Containment failure due to meltthrough of the containment basemat



was not assumed to initiate a core melt sequence based on analyses
perforned by Westinghouse.

5.3 Dcminant Seguences

The more important Sequoyah accident sequences from a risk standpoint
were found to be:

1. A lcss of main feedwater transient (T) followed by failure of
the de power system (B,) followed by containment failure due to
hydrogen burning or overpressurization.

2. Small LOCA's (S,) followed by failure of the containmant heat
removal system (G) %ollowed by containment failure due to hydrogen
burning or overpressurization.

3. Small LOCA's (S,) followed by failure of the emergency core
cooling recirculation system (H) and the containment spray
recirculation (F) followed by containment failure due to hydrogen
burning or overpressurization.

4. Small LOCA's (S,) followed by failure of the emergency core core
injection system (D7 followed by containment failure due to hydrogen
burning or overpressurization.

5. Small LOCA's (S,) followed by failure of the emergency core
recirculation systei (H) followed by containment failure due to
hydrogen burning or overpressurization.

5.4 Sequoyah and Surry Comparisons

A comparison of Sequoyah to Surry indicates that the Sequoyah accident
sequences are relatively less probable for high consequence categories
(risk categories 1, 2, and 3) and relatively more probable for low
consequence categories. The major factors in this difference are

the containment failure probabilities for hydrogen burn and
overpressurization. Sequoyah has an ice condenser and, as such, has

a smaller free volume than the Surry dry containment. Similarly,

the Surry containment is capable of withstanding a higher internal
pressure than is Sequoyah's. The Surry assumption for probability

cf containment failure given a hydrogen burn or overpressurization
varied from 0.1 to 7.9. The Sequoyah evaluation assumed a containment
failure probability of 0.99 for sequences including hydrogen burn

or overpressurization. The hydrogen burn and the overpressurization
are the dominant containment failure modes in release categories 4

and 5 and thus have the largest single influence on the probabilities
in this category being higher than for Surry.

The Sequoyah analyses of the dominant sequences and their contribution
to the overall risk were performed based on the results of a limited
number of detailed evaluations of accident sequences and other
qualitative studies.
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6,0 Accidents Beyond the Design Bases

The accidents considered by this report for the Sequoyah plant involve
changes fron design basis sonsiderations in the area of? different
phencmenology inherent in the accident; modifications to the
analytical tools because of the new phenomena present; analyses of

the plant response to more severe events; and an assessment of the
risk present during degraded scenarios. Each of these is discussed
for the cvents jdentified as key during the risk assessment.

6.1 Phencmenological Consequences of Key Accident Scenariocs

The key accident sequences that have been jdentified result in several
phenomena which are more severe than previously considered in design
basis events. These phenomena include production of noncondensible
gas significantly beyond that normally considered in plant design,

the possibility of hydrogen deflagration (burning), and the
possibility of hydrogen detonation (explosion). in addition, the
enercy release rates for sequences ending in core melt are drastically
different. Large release rates occur late in the transient, and,

in some cases, they exceed the rates during the blowdown period at

the beginning of the accident. The studies performed for this report
consider two Lypes of scenarios: accidents leading to large
quantities of hydrogen; and accidents leading to large quantities

of hydrogen and followed by total core melt with the subsequent
production of concrete decomposition gases.

The basie sequences chosen for additional consideration are: (1)
a large pipe break in the primary coolant system with a concurrent
loss of all active emergency core cooling systems (ECCS); (2) a small
reactor coolant system break with a concurrent loss of high pressure
injection; (3) a small reactor coolant system break with the loss
of all ECCS due to an inability to recirculate water from the
mergency sump after the refueling water storage tank has been
emptied; and (4) a transient caused by the loss of the main condenser,
loss of all auxiliary feedwater, and loss of high pressure injection.
Using the designation provided in the Reactor Safety Study, WASH-1400,
Case 1, is designated AD, Case 2 1s SZD’ Case 3 is a modification
of the S,D sequence, and Cass 4 was sEélected by TVA due to the
probabil%ty of occcurrence. The mass and energy releases and hydrogen
generation rates for Case 4 are essentially the same as the event
WASH-1400 designated TMLB' which is a loss of all ac power. Each
of these events, if allowed to proceed unchecked, results in a
meltdown of the reactor core. A wide time span is coverrd by the
choice of these events. The large break proceeds to core melt very
rapidly while in the Case 4 transient; core melt does not occur for
several hours after the in‘tiation of the event.

6.1.1 Hydrogen and Other Noncondensible Gas Production

Hydrogen gas is generated in the core melt sequences from both
clzdding oxidation and vessel oxidation. In an inadequate core
coolir = event (AD, S.D, TMLB', etc.), the cladding oxidizes

rapidly due to the h%gh temperatures present until sufficient steam
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is no longer available for the reaction. Various researchers estimate
as much as 60-80 percent of the core may oxidize before melting
occurs. The formation of eutectics between the cladding and the fuel
complicates the physics of the process and leads to uncertainties

in the total production. Reucticns of this magnitude would produce
sufficient hydrogen to approach explosive concentrations in the
containment at Sequoyah (approximately 1200-1800 pounds hydrogen).

Core melt gases are also generated by the decomposition of limestone
in the presence of the molten steel, fuel, cladding, and control rod
rmaterizl from the core. Both carbon dioxide and the flammable carbon
monoxide are produced during the decomposition process. Decay heat
providey energy to maintain the core debris at elevated temperatures
during this period.

6.1.2 Hydrogen Combustion

Eydrogen is a flammable gas that when oxidized can release large
amounts of energy. For each pound burned, approximately 61,084 Btu
of heat is produced. Hydrogen can burn in two ways, depending on
the cconcentration present. The first is known as deflagration which
is a slow burn characterized by low veiocities of flame propagation.
The deflagration concentration is approximately 4 percent hydrogen
by volume, Above this concentration, the hydrogen will buin upward
from the point of ignition due to the buocyancy forces present as the
hot gases evolve durfng the burn. Ornce concentrations of 8 percent
and above are reachec, the flame will propagate in both upward and
downward directions dve to the turbulence present. It is estimated
that 50 percent of the hydrogen will burn in a 5.6 percent hydrogen
mixture, whereas nearly 100 percent of the hydrogen may be consumed
in the deflagration of a 10 percent hydrogen mixture., A flammability
limit chart fic¢ hydrogen, air, and steam mixtures is shown in figure
6-1. It should be noted that the initial temperature and pressure
of the mixture affects the flammability limits.

Once a concentration of 18 percent is reached, the potential for
detonation or explosion exists. The reaction begins as a deflagration
but transitions to a detonation when shock waves, formed during the
turbulent burning, reflect from containment walls and reinforce the
burning process until the reaction proceeds at the speed of sound

or above in the mixture. Substantial energy can exist in the shock
wave which ‘mpacts surfaces in the containment. Fortunately, large
metal-water reactions are required before this volumetriec
concentration limit is reached at Sequoyah.

Several modes of burning and their i-pact on the Sequoyah design are
discussed below:

1. Slow Burning During Release

The hydrogen can burn in air if both hydrogen and oxygen have
sufficiently high concentrations (greater than 4-6 percent for
hydrogen and 5 percent for oxygen). Disregarding the dilution
effect of steam, at least 12-18 percent zirconium water reaction
is required to reach this high hydrogen concentration.



FIGURE 6-1
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If the hydrogen is reseased slowly from the reactor coolant system
(over a period of about 30 minutes tor a 25 percent metal-water
reaction) and is burned as released or periodically burned as

the ccentainment hydrogen concentration exceeds 4 percent, the
resulting heat released to the containment could be removed
through the containment sprays and heat exchangers and by transfer
of heat to the structural heat sinks. Burning the amount of
hydrcgen estimated to have been burned at TMI would add less than
30 million Btu's to the containment. This amount could be easily
handled in a 30-minute period by the containment sprays and heat
sinks without a significant increase in containment pressure.

2. Combustion of Hydrogen (Deflagration) After Accumulation

Energy released by burning hydrogen is depoesited in the
containment atmosphere. If released over a short period of time,
the temperature of the air in containment will be greatly
increased, resulting in increased containment pressure. The
containment temperature and pressure then drop as heat is
transferred to metal and concrete in the containment and also
removed by the containment spray system.

3. Sporadiec, Localized Hydrogen Burning or Detonation

If hydrogen concentrates in localized areas of containment and
burns/detonates locally on a periodic basis, a condition somewhere
between 2 and 4 results where small pressure/temperature spikes
occur, decaying to a steady state until the next event. This
condition might occur if there is inadequate mixing, or if a
periodic or concinuous ignition source exists.

4, Hydrogen Detonation

If hydrogen is available in sufficient concentration (15-20
percent) with air, a detonation may occur. A detonation is
characterized by extremely rapid combustion which takes place
within a high velocity shock wave. The possibility of occurrence
and the nature of a detonation is affected by geometry, presence
of ignition sources and diluting media (such as steam). At TMI,
at least a rapid combustion (deflagration) occurred. The exact
effect of a detonation on the Sequoyah containment is unknown.
Since it would depend greatly on the lccation and total quantity
of hydrogen involved. The potential exists fcr containment
overstressing.

6.1.3 Core Melt Energy Consideration Due to Steam

There are three basic periods of steam generation to consider in
degraded core accident sequences. These periods are: primary system
blowdown; core slump into water remaining in the bottom of the reactor
vessel; and reactor vessel melt through into water in the lower
reactor cavity. The blowdown period mass and energy releases for

the large or small break sequences are essentially the same for both
design basis and extended design basis accident sequences. These
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releazas are controlled by the break size and the initial reactor
coolant system pressure and temperature. Active emergency core
cooling systems have little impact on this portion of the mass and
enerzy releases., For a transient case such TMLB', the blowdown period
occurs in intermittent steps. The reactor coclant system heats up
and in the process increases in pressure until the relief valves on
the pressurizer open. The loss of mass out the relief lines drops
the recactor vessel temperature and pressure until the valves close
and then the process begins again. Decay heat is the driving
mechanism for this event. The blowdown period for a large break lasts
around 30 seconds., Small break blowdowns last longer, but the initial
rapid depressurization of the reactor coolant system occurs in a

relatively short period of time. The blowdown portion of the TMLB'
event lasts several hours.

Based on the MARCH calculations described in section 6.2.2, core slump
into the bottom of the vessel occurs in 1270 seconds for a large break
LOCA, 7000 seconds for a small break LOCA , and 13,400 seconds for

a TMLB' transient. Only small amounts of water rerain in the bottom
of the reactor vessel at the time of core slump and containment
cenditions are not appreciably affected due to this part of the
transient. Shortly after core slump, reactor vessel meltthrough
occurs., When the molten mass of fuel, reactor internals, and reactor
vessel metal falls int» the pool of water standing in the reactor
cavity, large quantities of steam are generated. The energy release
rates due to vessel meltthrough are on the same order of magnitude

as a large break blowdown. This energy addition was considered in

the present study.

Steam explosions, while a potential source of large amounts of energy,
were not considered. The phrsical phenomena associated with such
explosions are complex and are not yet completely understood.

Minimal experimental data exists, particularly as it relates to the
behavior of molten UO,(fuel) in water. The WASH-1400 conclusion that
the probability of a UO,-water reaction resulting in a steam explosion
causing containment failure was low has been used as a basis for not
considering the event until there is more understanding of the
processes involved. Recent studies also support this conclusion.

6.2 Analytical Tools

Section 4,2.2 discussed analytical tools used to evzluate current
design basis accidents. The following is a discussion of the
techniques which are available for analyzing events beyond the design
basis.

6.2.1 Limitations of Present Computer Codes

Computational software is not yet available to accurately model the
dynamics of severely degraded accidents. For example, primary system
codes do not model multicomponent mixtures, nor do containment codes
consider concentrations of individual gas species where the species
concentration is modified by chemical reaction as in the case of
hydrogen burning. Most primary system and containment computer codes
have previsions for modeling some of these processes, but not in a
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best estimate manner. Some of these limitations are discussed below,
since they influenced tiechniques used in this study to approximate
the accident behaviors.

6.2.1.1 Primary System Analysis

The analysis of the key accident sequences selected is considerably
wore complex than the analysis of present design basis acciderts since
the computatioral tools for the severely degraded accidents are not
yet fully developed. As mentioned previously, the current primary
system thermal hydraulic codes do not model multicomponent two phase
flow and therefore cannot track the evolution and distribution of
significant quantities of hydrogen and other noncondensidbles in the
primary system. For the degraded conditions that result in the key
sequences described, the hydrogen production could be large, and in
the cas~ of small break accidents may remain in the primary system
for extended periods of time.

Provided the hydrogen gas does become trapped in the primary system,
redistribution of the gas may occur such that heat transfer in the
steam generators is influenced. Heat transfer is impaired by
mechanisms associated with the presence of the noncondensible gas

in the condensation boundary layer located at the steam generator
tube surface. For events where steam generator function has already
been lost or impaired, this will be of little consequence.
Alterations in the primary system void fraction distribution and flow
regimes are also poscible, depending on the quantities of
noncondensible gas present. Both characteristics of the flow have
the potential to reduce core heat transier. Modifications to the
advanced thermal hydraulie code TRAC (6-1) are underway to add a
noncondensible gas field for the study of these effects. Appropriate
changes to the metal-water reaction model to include the production
of hydrogen and consumption of steam by the oxidati-n process will

be necessary. TVA has also been encouraging the Electric Power
Research Institute to modify their RETRAN (6-2) code to include these
effects through our participation in the RETRAN Utility working group.
The extension is being considered for a future version.

Unfortunately, a best estimate hydrogen release for containment
studies was therefore not available. Hydrogen production rates from
the MARCH code were used instead with the assumption that the break
size was large enough to transfer all hydrogen from the primary system
to the containment as it was produced.

6.2.1.2 Containment Codes

Accidents that involve a degraded core require the consideration of
many factors that are also not presently included in the containment
codes. These factors include the addition of large quantities of
noncondensibles at very high temperatures to the containment
atmsphere, the addition of energy due to hydrogen or carbon monoxide
burning, and the change in masses of atmospheric constituents due

to burning (i.e., 2H, + O2 = 2H,0). Experiments which determine

ice condenser perforfance paraméters have not been performed for the
case of very high temperatures and large quantities of noncendensibles
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acssociated with degraded core scenarios. When burning occurs,
centainment temperatures exceed the limits of the table functions
that existing codes use to evaluate the properties of steam.

fodifications to the codes are also required to allow modeling of
features used in various degraded core mitigation concepts. Features
such as opening or closing a vent as a function of time, and
calculation of pressure drops in gravel bed filtration systems are
not presently in the available codes.

6.2.2. The MARCH Computer Code

The Battelle Cnlumbus Laboratories are currently developing a computer
tool to study light water reactor meltdown accident response
characteristics (MARCH) that overcomes limitations of the primary
system and containment codes described above (6-3). Although
considerable work has been expended on the understanding of breeder
reactor hydrodynamic disassembly and energetic meltdown accident
characteristics, as exemplified by the computer codes SAS3A (6-4),
and SIMMER (6-5) used in breeder accident mod:ling; comparatively
little effort has been expended on the development of light water
reactor (LWR) meltdown codes. Alternatively, light water reactor
research has concentrated on prevention and mitigation of accidents
before the comparatively benign meltdown occurs, thereby reducing
the risk of core melt to an extremely low level. Howzver, the
experience gained i1n the breeder siudies may be applied to the LWR
meltdown accident. In addit.on, some LWR specific reseach has been
dene and several codes have been used to study aspects of the meltdown
problem, NURLOC (6-6,6-7) and CHEMLOC (6-8,6-7) are two such codes
used to model the fuel rod heatup, oxidation, and melting process.
Also the BOIL computer code was written for the reactor safety study
(WASH-1400) to determine the time required for fuel failure, melting,
and reactor vessel meltthrough. BOIL and a concrete interacton code,
INTER, are immediate predecessors to MARCH and are employed as
subroutines within the code.

Tr2 MARCH computer models contain sufficient detail to follow an
accident into the phase where considerable hydrogen is produced by
cladding heatup and reaction. Models permit parametric studies of
core melt encompassing slumping of the fuel bundles followed by
pressure vessel meltthrough. Although the thermal hydraulic models
do cover most of the accident physics, they are not as detailed as
the models in the RELAP (6-10) blowdown code and other vendor codes
used for less severe accidents. No comparisons have been made to
BEACON (6-9), the current best estimate containment code, or the RELAP
primary system code. MARCH functions in many ways as a simplified
coupling of these two codes with th2 necessary extensions to
incorporate core melt, Because of the lack of comparisons for MARCH
results and the fact that the code has not been made publicly
available by its authors, the conservatism present in the code is
not known. Several of the meltdown models may be nonmechanistic and



therefore may not reflect the actual ccore behavior. Examination of
the ccde details will be required in future efforts before a final
design is produced based on MARCH hydrogen production estimates.
Areas needing further development or experimentation include: the
melting and slumping of the reactor core in the vessel, the degree
of metal-water reaction during the core melt process (both invessel
and exvessel), the amount of core internal structure and vessel
material that participates in the melt, and the formation, quenching,
and coclability of the debris bed. The MARCH subrcutines are
deseribed in Appendix C.

6.2.3 Physical Analysis of Present Sequoyah Capability for Accident
Sequences

The accident sequences discussed in section 6.1 have been applied
to the Sequoyah design to determine the design margins available in
the containment. For events where the capacity of the containment
is exceeded, mitigating devices are examined to determine this
effectiveness in ensuring containment integrity. The containment
analyses have been based on studies done by Battelle Columbus
Laboratories, using the MARCH computer code, for a Sandia study of
Sequoyah. The noncendensible gas production is discussed followed
by the expected containment response in the following section.

6.2.3.1 MARCH !'sncondenzibles

The MARCH computer code has been applied to several key sequences
used in this report. The computer results have been provided by
Battelle via Westinghouse and were used in this study because of the
limitations of other codes available Lo TVA at the cime of this
study. MARCH is not presently released for public use so that data
was limited t» the studies provided by the indirect channel,

Steam production for these cases is shown for the AD, S.D, and TMLB'
accidents in figures (6-2 through 6-4). The hydrogen gefieration is
shown in figures 6-5 through 6-7. Since the cases all lead to complete
core melt, both carbon dioxide and carbon monoxide evolve from
conerate interaction with the molten core debris. These gases are
plotted in figures 6-8 through 6-10 , where the time for their
evolution is seen not to begin until late in the transient as
expected. The noncondensible gases and steam act as forcing functions
for the containment pressure as describ~4 below.

6.2.3.2 Containment Response

Analyses of containment pressure and temperature transients from
degraded core accidents were performed using hand calculations. Hand
calculations were used because of a lack of computer codes in the
industry with features that allow detailed consideration of
containment phenomena occurring for the events under study. The
calculations were conducted on a time history basis using the
principle of conservation of mass and energy and the ideal gas law.
The release rates of steam, hydrogen, carbon monoxide, and carbon
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dioxide for various accidents provided in the MARCH code were
reviewed, and the S,D case was chosen for detailed analysis. The
S.M case is a smll break LOCA with loss of high pressure injection.
This case was beliesved to provide a general picture of the conditions
that would exist as a result of any accident involving a degraded
core. Amounts of hydrogen were allowed to accumulate corresponding
to a 20 percent Zr-H.0 reaction and a 60 percent Zr-H,0 reactiocn.
When the hydrogen reaches these ilimits, it was assumes to burn in
five seconds, and the resulting containment temperatures and pressures
were calculated. The containment response was also calculated for
the S D case assuming that the nydrogen was burned as it was
produced. This case was analyzed from the initiation of hydrcgen
production until core melt.

The analyses were performed using the following ascumptions:

1. Only the upper compartment was modeled. This assumption was made
primarily to simplify the calculations; however, it is believed
to be justified. First, for the four major accident sequences
studied, large amounts of ice (over one million pounds) remain
in the ice condenser at the time of core melt and will be capable
of removing significant amounts of energy released by the burning
of hydrogen in the lower compartment. The inclusion of the lower
compartment and ice condenser in the model would result in lower
overall pressures inside containment. However, it is not believed
that this represents an undue amount of conservatism.

2. The containment spray system was included (which is consistent
with the S,D sequence). One train of spray was modeled with a
flow rate of 4750 gpm. For the rapid burn cases, the entire spray
flow was assumed to vaporize due to atmospheric temperatures that
were much higher than the saturation temperature of steam
associated with the containment pressure at each point in time.
For the burn as generated case, the mass of spray water veporized
was determinzd based on saturation pressure in the containment.
The partial pressure of steam produced by vaporizing the spray
water was considered. >

3. Passive heat sinks were neglected. For periods when rapid burning
of large quantities of hydrogen occurs the passive heat sinks
have a minimal impact on the peak containment pressure or
temperature. The heat sinks will affect the duration of a
transient. The impact of the heat sinks on burning small
quantities of hydrogen can be ignored due to the effectiveness
of the spray system in removing the energy released during these
periods.

4. Hydrogen was uniformly distributed throughout the entire
containment on a volume fraction basis. A hydrogen collection
system is provided at Sequoyah which prevents the accumulation
of hydrogen in the steam generator and pressurizer enclosures,
the reactor cavity, and the containment dome. This system is




connected to the air return fans which circulate ccpious

quantities of air throughout the entire containment and provide
for excellent mixing.

For cases where hydrogen was allowed to accumulate prior to

ignition, a flame speed of approximately 10 ft/sec was used during
the burn period.

Initial conditions (prior to the generation of any hydrogen) were
taken from LOTIC runs performed by Offshore Power Systems. This
provided initial temperatures, pressures, and distributions of
steam and air throughout the containment.
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6.2.3.2 1 Twenty Percent Zr-H_0 Reaction - Rapid Burn

A metal water reaction oxidizing 20 percent of the zirconium cladding
produces 420 pounds of hydrogen. In the SZD sequence, this hydrogen
is released to the containment as producedt All 420.pounds will

be in containment at 4500 seconds after the start of the accident.

A rapid burn of accumulated hydrogen results in a containment
pressure of 54.3 psia and an atmospheric temperature of 960O F.

The ceontainment pressure and temperature profiles for this case are
provided in figures 6-11 and 6-12.

6.2.3.2.2 Sixty Percent Zr-H.0 Reacticn - Rapid Burn

=

A rapid burn of 1325 pounds of hydrogen produces a peak coptainment
pressure of 126 psia with a concurrent temperature of 2713°F. This
quantity of hydrogen, corresponding to approximately 62 percent metal-
water reaction, is released at 6970 seconds after the start of the
accident in the S,D sequence. Figures 6-13 and 6-1Y4 provide the
pressure and temp%rature profiles for this case.

6.2.3.2.3 Burn Hvdrogen as Generated

In this case the containment pressure stayed below the aesign
pressure of 26.4 psia from the start of the accident until 9651
seconds. During this period of time hydrogen is produced as the
core is uncovered. At about 7000 seconds, the production of nydrcgen
drops sharply as the water in the reactor vessel has all boiled off.
wWhile significant quantities of hydrogen are generated, they are
released steadily over time and the spray system is capable of
removing the heat of combustion without exceeding the containment
design pressure. For tne period of time between 7000 and 9651
seconds, the core continues to heat up due to the decay of fission
products and at the end of this period the core melts through the
bottom of the reactor vessel and falls into the reactor cavity.

The water in the reactor cavity oxidizes the remaining cladding.
This occurs with extreme rapidity and the hydrogen associated with
the remaining 30 percent of the zirccnium cladding is generated in
less than 10 seconds. The burning of this release produces a
containment pressure of 80 psia (see figures 6-15 and 6-16).

A detailed comperr analysis of each transient would be preferable
to the hand calculations used; however, these results represent a
reascnable and conservative approach to the problem based on the
information and methods presently available.

6.3 Plant Capabilities to Withstand Extended Design Basis Events

The Sequoyah containment systems have built-in margins which would
allow the plant to withstand events more challenging than those
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cons;dereq in the original design. Some cf the more useful for
dealing with hydrogen are discussed below:

6.3.1 Containrment Structure

The containment design pressure is 26.4 psia. However, there

are very large margins in this value. The containment steel is not
expected to yield until a pressure greater than 37.4 psia

is reached, and the cecntainment ultimate strength corresponds to a
pressure of 57.9 psia. The containment can withstand pressure

more than three times design without a significant probability of
failure,

6.3.2 Ice Condenser

The actual ice loading at.Sequoyah was 2.97 x 106 pounds compared

with a value of 2.45 x 10 pounds used in ghe design analyses. This
represents an added heat sink of 130 X 10° Btu's available to
accommodate heat from hydrogen burn effects.

6.3.3 Containment Spray Systems

The Sequoyah ccntainment is equipped with two spray systems composed
of four independent subsystems. Each subsystem has its own piping,
pumps, and headers. The spray system is capable of injection 13,500
gpm. The analysis of the current design basis events used a spray
flow rate of 6750 gpm. The evaluations of the events studied

used a spray rate of 4750 gpm.

DAO3:NSAHY1.PB
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7.0 Xitization Concepts

Zused on our knowledge of hydrogen and other core damage-related
shenomena and concepts proposed by TVA and others, the following
ceneepts were identified as those havirg the most promise and being
worthy of study for mitigating the effects of hydrogsn and containment
overpressurization:

Inerted containment
H2leon injection
Ignition sources
Augmented cooling
Filtered vented containment
Additional containment
Coupled containment
Oxygen removal oy chemical reactant
Passive enclosure

truntural reinforcement
Combinations of the above

W OO Zw) iV -
.

s
- O
- -

Cencepts 1, 2, 3, and 8 provide some protection from the effects of
hycdrogen combustion., Concepts 4, 5, 6, 7, 9, and 10 provide

some protection of the containment due to the effects of overpressure.
These concepts were given a screening evaluation in terms of
adaptability to existing plants and plants under construction, safety,
and feasibility. This preliminary screening resulted in the
elizninaticn of oxygen removal by chemical means, passive enclosure

and structural reinforcement concepts for being infeasible,
iwpractical, or ineffective for Sequoyah. The preliminary study also
concluded that for a number of accident sequences, many of the
concepts under consideration may not be sufficient to cope with all of
the effects of core degradation and would have to be considered in
combination with other mitigation techniques. Such combinations would
coneist of one of the concepts which provide protection from

hydrogen combustion and one of the concepts which provide protection
from containment overpressure.

7.1 Inerted Containment

To prevent hydrogen combustion, prior to reactor startup and
operation, containment atmosphere would be diluted with nitrogen until
the oxygen concentration is reduced to less than 4 percent by volume.
The nitrogen could be introduced into containment through existing
ventilaticn and purging ducts. Nitrogen would either be supplied

ty an outside vendor or a moderate sized manufacturing facility
censite. 211 areas in containment must be provided with life support
equipment and gas monitors. Modifications such as replacing air with
nitrogen in the compressed air system will be required to eliminate
oxygen sources in the containment. The systea should te designed

to rzpidly reduce the containment oxygen concentration to mininize
plant dountime.




7.2 Hzlon Injection

Bzlcn is a fire suppreszant that in sufficient quantities may prevent
burnins and detonation of hydrogen in the contairnment. This concept
conslsts of gpray headers at various locatiocns in crﬂtgln.ent fed

ty preossurized tanks located outside containment. Halon would be
injected into the containment over a short time interval upcn
inc;cat: cn of a failure which may lead to significant hydrogen

neration or upon detection of a significant concentration of
LJLFLu.ﬂ in containment. The effect would be to create an inerted
atrmosphere postaccident. In contrast to oxygen depletion, such as
b/ dilution with nitrogen, the halen apparently absorbs the burn
ener;y .ﬁp idly by chemical processes, thus preventing the flame front
frow propagating.

7.3 Izniticn Sources

This concept i aimed at controlling hydrogen buildup within
containment. * hydrogen is released to the containment slowly and
burned at relz vely low concentrations, it can be controlled

without severl_  verpressurizing the containment (which cculd occur
if it is allowec co build up in large amounts and is ignited at
randcn). The concept consists of ignition sources located throughout
containment in areas where hydrogen would potentially accumulate and
additicnal hycdrogen mcnitors to provide indication of Lhe buildup.
Upon indication, the igniters would be activated. Continued
monitoring would previde indicaticn of the need to deactivate the
igniters (i.e., if hydrogen buildup is too rapid). Since the ignition
system will be designed to burn hydrogen in low concentrations, this
will require an open flzme or its equivalent.

7.4 Auzmented Cooling

Additional containment cooling would help remove heat from the
containment, thus reducing the containment pressure. There are

several potential ways to increase the cooling capacity of the
containment such as additional containment sprays, additional air
coclers, and other heat sinks. Because of containment space
lirmitations, passive heat sinks could be considered only in
cenjunction with other concepts such as an additional containment
volume. While additional active cooling may not be sufficient for
mitigaticn of large energy releases of short duration, it may be
satisfactory fer energy removal under slow controlled hydrogen
burning.

7.5 Filtered Vented Containment

This concept provides containment pressure relief through a vent by
flow of noncondensibles, steam, and energy. The flow is vented
throush a mechanism such as a suppression pool or gravel bed to remove
heat and steam. The flow proceeds through a sand filter for
acditional remcval of moisture and radicactive materials and through
acditionz2l filters such as particulate and/or charcoal for high
efficiency removal of radionuclides. Remaining noncondensible gases
and rzdicastive noble gases are discharged to the atmosphere via a
stack to provide elevated release and dispersion. The design must



—

provice for capture and postaccident cleanup of radicactive liquids
and filters and for removal of fission product decay heat. Hydrogen
nust te prevented from uncontrolled burning within the vent system.
This ccncept allows controlled, reduced releases to the environment to
prevent an uncontrolled release that could occur following containment
failure,

7.6 Additicnal Containrent

This ccncept grovides containment overpressure protection with
additional volume and heat sinks to hold some of the noncondensible
gases, steam, and esnergy generated from an event inveolving core
damage. The additional containment volume would be ccupled to the
existing containments via a large vent whi-h could be opened during
an accident if conditions warranted. One additicnal containment would
serve all units at a plant sgte.- A preliminarg estimate of the size
required is between 1.5 X 10 £t and 3.5 X 10° free volume,

7.7 Coupled Containment

The coupled containment concept is identical tc the proceding concept
except that it makes use of the second nuclear unit's containment

to preovide the additional volume for overpressure protection (all
TVA nuclear plants have two or more units per site). For pressure
suppression containments, the second unit may provide a large amount
of additional cooling.

7.8 Oxycen Removal by Reaction

Wnile in theory this concept has merit, our preliminary investigation
found no chemical which would permanently remove the oxygen or remove
it quickly and reliably. 1t appears that extensive research is needed
to advance this concept to a stage permitting a ccnceptual design.
Thus, this concept was not considered further in this study.

7.9 Passive Enclosure

-

The passive enclosure concept has previously been considered as an
zlternate containment concept in which the entire reactor coolant
system is encased in a guard pipe/chamber arrangement. For use as

a rmitigation technique of degraded core events, the device would be
desigcned to withstand extremely high pressures. It would provide

2 mini-contzainment around the entire primary system and be designed
to retard melt through. Cooling would be incorporated. This concept;
however, is impractical for current TVA plants and was eliminated
frem further consideration.

7.10 Passive Structural

£ ccncept mzy be used in limited cases. The purpose is to enhance
cntairment load-bearing capability by structural reinforcement.

D -
o

A review of TVA plants indicated that significant strengthening cannot
te achieved within practical means. No further consideration of
reinforcement was made in this study.

f o






8.0 Hisk Assessment of Mitigzation Concepts

A prelininary risk assessment of selected events was performed to
provide an approximate quantification of the reduction in risk
associated with the addition of various mitigation concepts for
accidents resulting in reactor core degradation. This assessment
does not quantify the change in total risk to the public, only the
change in the probability of containment failure for the selected
avents., Also, the assessment did not take into account that the
additicn of mitigation concepts could potentially increase the risk
to the pudblic for design basis events (e.g., if the operator
inadvertiently opened valves in the line to the filter bed used in
the filtered vented containment concept, the dose to the publie would
be increased).

Based on analyses of selected events beyond Lhe design basis LOCA

that threaten containment integrity, event trees were prepared using
methods similar to those used in WASH-1400. The event trees were
prepared for the present plant design and then redone to accoun: for
the benefits of each concept or combination of concepts. These were
used to estimate how frequently and by what mode the containment would
fail (leakage, hydrogen burn, steam explosion, noncondensible gas
producticn). Table 8-1 summarizes the reduction in containment
failure due to various mitigative strategies for a particular small
LOCA event (S,D). The numbers in this table are not representative
of large LOCAes and transients and may not be representative of other
small LOCA's., For these other events, the numbers may change in
absolute value and/or relative to one another. This is because the
ccnsequences of different accidents vary in both rate and magnitude
(as described in section 6.2.3.1 for the sequences used in this study)
such that the different mitigative strategies have varying degrees

of benefit. In addition, there are other important accident sequences
that may lead to containment failure (e.g., failure to close all
isolation valves or interfacing check valve failure) that dc not
involve either hydrogen burning or overpressure. None of the
mitigations studied here could reduce the risk from those

sequences. Under no circumstances should the containment failure
probability reductions presented in Table 8-1 be generalized to imply
any similar overall risk reduction for Sequoyah.

Concepts which employ containment inerting involve the additional

risk of having an accident because of reduced access to ccntainment
for inspection, maintenance, and repair. While this risk is difficult
to quantify, a small increase in the probability of failure of a
safety system may outweigh the potential benefits from including
hydrogen mitigation in the ilant design. Effects of this type are
not reflected in the results in Table 8-1.

8-1



TABLE 8-1

REDUCTION IN PROBABILITY OF CONTAIN™ENT FAILURE BY
- VARICUS MITIGATION STRATEGIES FOR A SMALL LOCA
EVENT RESULTING IN CORE DAMAGE (SZD)

L g

Reduction Effectiveness for the PFobabilit}:bf
Containme:n* Failure <

™ -~ k-
Partial Core Damage3* = _Core Melt LR
, e
Hydrogen Burd_~\ "| Hydrogen Burn
Generated e All |  Generated All
Mitization Stratezy Failure ™ Failures Failure Failures
: ! -
Ignition Sources .~ 7T, 70 : R LR 7
Halon Injection .° 70 - 10 175 11
Nitrogen Inerting 100 100 100 20
Filtered Vented . # g
Containment N ;15 L 9 8
Additional Large Ty Lo, 2
Containment . LA 3 e 34 16 15
Coupled Containment T30 " 30 5 5
Filtered Verted . '3
Containment and : ‘3u
Inerting : - 100 100 100 87
Large Containzent and A
Inerting 100 100 - 100 96
L P “

1. These reductions are for the 32D case only and cannot be applied to any
other event. -

2. The numbers represent the percentage o. times, given that the event ocecurs,
that the particular mitigation strategy would prevent containment failure.

3. Partial core damage represents a level of damage where it is possible to
terminate the event if cooling water can be restor~d to the core. For the
S,D case, this damage level corresponds to 60-65 p:arcent clad oxidation;
for other events, this level may be much lower. Once the partial core
damage upper bound is reached, the event proceeds to core melt with extreme
rapidity.

4. All failures occurring as a result of the SZD event (e.g., overpressure
due to noncondensible gas production).
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9.0 Mitirative Conceptual Designs

Zach of the seven mitigations described in section 7.0 was implemented
in a conceptual design by various architect-engineering and TVA design
organizations based on the preliminary design criteria summarized

in Appendix D. These criteria include performance eriteria,
environmental conditions, operating modes, seismic criteria, passive
vs. zctive components, and safety-related versus nonsafety-related
qualification. It should be emphasized that none of the designs were
implemented as safety-grade for this study except where required to
prevent degradation of current safety systems (e.g., contianment
isolation valves). In the absence of any clear regulatory directives
and due to the brief duration of this study, this decision was made
purposefully to simplify the mitigation designs and not escalate their
cost. More rigorous critiera would have a major impact on cost.

The desizns based on these criteria included enough detail to evaluate
feasibility, safety, scheduling, and cost. The results of these
evaluations are summarized in this section.

9.1 Filtered Vented Containment

9.1.1 GCeneral Description

The filtered vented containment (FVC) system will allow high
temperature and pressure gases to be vented from either containment
after an accident through iodine and heat removal subsystems and

a particulate removal subsystem before being released to the
atmosphere.

The system, as shown in figures 9-1 and 9-2, will penetrate each
containment structure with two 36-inch lines. Each line has three
principal isolation valves: one inside the primary containment, one
in the annulus, and one outside the concrete secondary containment.

Each line also has a rupture disk which opens at 35 psia. The two
lines from each contianment tie into a 54-inch header in an
underground valve pit. Each line will have an isolation valve to
isclate the containments from each other and to prevent contamination
of the lines not in use.

A common SY-inch line will be routed to a second underground valve
pit where it will spliit into two S4-inch discharge headers, each with
its own isolation valve. One of these Si4-inch headers, the pool vent
gas discharge header, is empl-yed when the affected containment
presure is at or above 5 psig, and releases the gas under a pool of
chemically treated water through a distribution network.

The other 5Y4-inch header, or the pool bypass vent gas headzr,
discharges the gas into the air space over the pool and is used waen
the affected containment pressure is approximately 5 psig or below.

The pool of chemically treated water, located in the lower portica
of the filtration building, will serve as the primary steam
condensing, heat removal, and iodine removal mechanism during use

of the system. It is also the source of water for the iodine removal
spray subsystem, which is located at the top of the air space above
the pool. When the vented filtered cotnainment system is required
to operate, a vertical turbine pump will di: :harge the chemically

9-1
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treated water to the spray aeaders.

-3

e

o =
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U 2 5
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vented containment gas mirxture will rise through the iodine
sprays above the pool and flow upwards through a sand filter.

er will act as a high efficiency particulate and heat

sorving filter which has the ability to withstand the high heat

nd pressure cxpected after an accident.

IS e

The sand {ilter is composed of layers of progressively smaller gravel

and zand covered by two layers of larger gravel and sand. The

verturden of larger sand and gravel is needed to maintain the sand
ter's Integrity and to prevent dusting.

The vented containment gas will exit the sand filter into a plenum
above, where it will be mixed with outside dilution air. The quantity
of dilution air is sufficient to keep the hydrogen concentration of
the vented gas btelow the explosive threshold.

when the accident occurs and core damage becomes likely, the
appropriate containment isolation valves would be opened. This action
viould not initiate flow to the FVC system until containment pressure
ré.ched the setpoint of the inline rupture disks (35 psia). The
appropriate flow path isolation valve would also be cpened. The other
valves in the system should all have been prealigned so that no other
valve operation would be required. Once the containment isolation
valves have teen cpensd, creating the possibility of FVC systenm
operation, the iodine removal spray supply pump should be started.

when the rupture disk finally blows, the containment vent gas will
travel down the 54-inch gas supply pipinz, into the sparger piping,
throuzh the pcol and iodine removal sprays and into the particulate
sard filter. This path of gas venting could continue until an
izolation valve is closed or until the pressure in containment fails
belcw a pressure of about 5 psia (the neminal heigiat of the pool water
plus systen lcsses). When the vent gas supply line flow indicator
indicates little or no flow, or when the containment pressure
indicators indicate a pressure of about 5 psig, the pool discharge
vent gas header isolation valve should be closed zrd the pool bypass
vent gas header [solation valve should be opened. This action would
transfer the system to the low capacity/pressure mode of operation.

The cortined containment vent gases and dilution air exit the
building through the buckdraft dampers and flows through an
uncdergreund discharge tunnel where it is monitored for radiation
levels, temperature znd flow. The vented gases are released to the
atrncsprnere via a 400-foot freestanding vent stack.

Twe large exhaust fans are also provided to maintain either primary
containment at a slightly negative pressure if the containment
izolation function is degraded. Exhausted containment atmosphere
wculd bypass the suppression pool via the pool bypass vent gzs

header. It would pass through the iodine rermoval sprays above the
pool, through the sand filter, and be exhausted through the vent
Stack. Auxiliary subsystems are provided to maintain proper chemistry
in the pool, supply building heating and ventilation, and supply

9-4 -
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deacntamination availability.

9,1.2 System Cperating “odes

9.1.2.)1 Bich Capacity/Pressure Venting

=ra zocidonts that the filtered vented contazinment system is designed
to mitigate will generate pressures of 35 psia or greater. At this
pressure, a maximum flow rate of 467,000 efm could be sent to the
FVC cystem. There is a distinct flow path in the FVC systenm for
handling the ccombination of high pressure and high flow capacity.
The flew path which is utilized for cases where high capacity and

pressure are not present is described in section 9.1.2.2,

After the sprey system has condensed the steam, approximately 300,000
cfm of gas will leave the pool area and be forced under pressure
tarough the sand filter directly above the pocl. The intermediate
sand layers will capture and retzin any particulate matter in the
gzas stream. Upon passing through the sand and gravel layers, the

zes will enter the dilution plenum. In this mode of operation,
dilution fans will supply 300,000 cfm of outside air to lower the
hydrogen cencentration.

s zas is forced through a bank of gravity dampers, into the discharge
tunnel. Frecm there, the gas will be discharged thrcugh the discharge
vent stack.

-
e
Lae

9.1.2.2 Low Capacity/Pressure Venting

\hen the pressure in the postaccident containment has receded to
coproxinmately 5 psig, it will no longer be possible or necessary

to pass the zas through the pool of water. By closing the pool
discharge vent gas header isolation valve and opening the pool bypass
vent cas header isolation valve, the system will be able to continue
venting the containment. This valve line-up puts the system in the
low capacity/pressure venting mode. In this mode of operation, the
vent gas discharges across the surface of the pool's water and travels
trhrough the iodine removal sprays and on to the particulate sand
filter. The spray supply pump should be in operation in this mode

in crder %o cool the gas and remove iodine. After leaving the water
spray system, the air flow path is identical to the high pressure
rnoce of cperation. However, the flow rate of zas from the containment
is substantially reduced,

9.1.2.3 Partial Vacuum Venting

If a containment isolation function has teen degraded, the partial
vacuum venting mode of operation may be used.

Tn this mode, the containment vent gas flow path to the filtration
tuilding is identical to the low capacity/pressure venting mode with
respect to the valve line-up. Operation of the iodine removal spray
subsysten will probably be required, depending upon ccnditions in
the affected contazinment.
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[te fiow of pas will te frem low flow to 60,000 cfm, depending upen
thne cxtent of degradation of the cortainment iseclation. The gas flcw

17411 be drawn through the sand filter by use of the vacuum exhaust

fans, The intermedizte sand layers will capture and retain any
par-ticulate matter in the gas stream.

Uson passing through the sand and gravel layers, the gas will ente
fﬂc diluticn pienum. The dilution fans are not operating in tn*s
moce, and their discharge valves are shut. The gas is then drawn
thrcuszh the two vacuum exhaust fans and exhausted through .ae
dizcharge tunnel to the discharge vent stack.

G.1.3 Evaluaticn

9,1.3.1 Physical Effectiveness

The sand filter used in the system is of proven design and is
irherently sturdy. It is relatively self-csealing and has the ability
to withstand shock loadings and large changes in upstream pressure
without becoming inoperative. It has a high heat retention capacity,
iz fire resistant, inert to chemical attack, and its efficiency
improves with life (to the point of breakthrougin). However, sand
filters require large area, have little design flexibility within
coct and efficiency limits, and require higher operating pressures
than other particulate filters. In addition, decontarination and
dizposal of the spent media would be difficult and expensive.

Tae mechanical ventilation system was selected to dilute the gases
lezving the sand filter with outside air to keep the hydrogen
concentration below the detonation threshold, since detonations within
the filtration system are unacceptable. Dilution was selected instead
of a controlled combustion because it is a more reliable method even
though it increases the size of the system components. Other
disadvantages of this active system are that it needs electrical power
znd pericdic maintenance. In addition, dilution downstream of the
sand filter does not prevent detonable mixtures from being formed
in the zir space between the water pool and the sand filter. The
amage potential of a detonation in this region may be significant
even though the filtraticn building is a relatively massive
structure. Disadvantages of dilution upstream of the sand filter
would include requiring a larger filter area and higher fan static
pressure,

Trte iocdine removal subsystem inclules a water pool and a spray system
which have the advantar-; of proven effectiveness for iodine capture
by a btuffered sodiv. thiosulfate spray, a proven effectiveness for
steam condensatica and heat removal by a water pool, gas strean
prefiltering, and simple operztion and control. The disadvantages
inelude the need to pericdically test and maintain the chemical
solution and the need for an active, very reliable spray pump. The
only other viable iocdine removal system would require charcoal filters
xhivh have the relative advantage of longer maintenance or replacement
intervals and the relative disadvantage of higher initial and
replacenent cost, the need for cooling ! ~th the gas upstrean of the
filters and the filters themselves and the need for filter fire

9-6



protection.

If a large fraction of the nonccndensible gases in the ccntainment
were vented, excessive vacuum could result as “he atmosphere i: cooled
and tre steam ccndenses. No provisicns are included in the design

for adequats tackflow through the vent or for any other replacement
of nonccndiensible gases.

ibl
s1

2t least 42 months are estimated for filtered vented containment
engineering design and construction time, accounting for maximum
sotential benefit from overlap. This estimate includes no time for
licensing or safety evaluations which could have a very significant
impact on the schedule due to the controversial nature of this
mitigation.

9.1.3.3 Cost

A total cost of is estimated for design and construction
of the filtered vented containment system for Sequoyalh.

0.2 Additional Containment Volume

G.2.1 Ceneral Descrintion

A vent system to an additional containment volume will also allow
high temperature and pressure gases to be vented from either
contairment after an accident. However, the gas stream will not be
filtered and released from a stack as in the FVC system described
in section 9.1 but will be contzined within the added builcing as
it is vent:d.

The sy<.em s chown in figure 9-3 will penetrate each containment
structure with one 48-inch line. Each line has three isolation valves
and a rupture disk as in the FVC system. The lines from each
containment are routed un 2rground and tie inta a ¢ gn 48-inch line
which then continues underground to the 1.5 million ft added
contazinment structure. This additional volume will serve as a mass
and energy sink to reduce the pressure loading on the original, vented
centainment structure.

€.2.2 Systen Operating Mode

The vent to the additional containment allows both high
capacity/pressure venting and lcw capacity/pressure venting t.rough
the szme flow path since no major pressure drops are encountered.
No valve realignment is necessary since the original containment will
vent until the flow stops when the pressure are equalized. At this
ime, . .me necessary backflow will prodbatly occur &s the original
contazinment coecls further. No provision for partial vacuum venting
has teen included in this design.

9-7
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9.2.3 Evaluation

9,2.3.1 Physical Effectiveness

Venting to an additional containment volume shculd be very reliable
using this design. Other than prealigning the containment isolation
valves, no active components are required for the vent system to
functicn during the entire course of the eveat. Increasigg the volume
of the additional containzent to three or four million ft~ should be
considered since the pressure reduction with the 1.5 million ft~volunme
was not adequate for all the accident sequences evaluated.

9.2.3.2 Schedule

At least 36 months are estimated for the additional contzinment vent
engineering design and construction time zccounting for maximum
potential benefit from overlap. This estimate includes no time for
licensing or safety evaluaticns.

2.2.3.3 Cost

A tctal cost of is estimated for design and construction
of the additional containment vent for Sequoyah.

0.3 Coupled Ccntainment

9.3.1 GCeneral Description

The coupled containment vent system will allow high temperature and
pressure gases to be vented from either containment to the other after
an accident. The gas stream will not be filtered and released as
descrited in secticn 9.1 but will be contained as it is vented similar
to the additional containment as described in section G.Z2.

The system as shown in figure 9-4 will penetrate each containment
structure with one 24-inch line. Each line has three isolation valves
and a rupture disk as in the FVC system. The line between the
containments is routed underground. The coupled containment will
serve as a mass and energy sink with both active and passive heat
removal to reduce the pressure loading on the original containment
experiencing the accident.

9.3.2 System Operating Mode

Similar to the vent to the additional containment, the vent to the
coupled containment allows both high capacity/pressure venting and
low capacity/pressure venting, venting until the containment
pressures are equalized, and necessary backflow. Again, no provision
for partial vacuum venting has been included in this design.

9.3.3 Evaluation

9.3.3.1 Physical Effectiveness

Venting to the coupled containment would not be as reliable as venting
to an additional containment since more isolation valves must be
opened in the vent path. In addition, operator action from both units

-9
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is required to prealign both sets of isclation valves. However, no
other zc¢tive compenents are required for venting. Increasing the
vent size to 48 inches should be considered to improve its
effectiveness.

§.3.3.2 Schedule

At least 15 months are estimated for the coupled containmant
engineering design and construction time accounting for maximum
potential benefit from overlap. This estimate includes no tim
licensing or safety evaluations which could have a significant -.p.ct
cn the schedule.

9.3.3.3 Cost

A total cost of is estimated for design and construct on
of the coupled vent for Sequoyah.

9.4 Augmented Cintainment Cooling

9.4,1 Ceneral Description

Augmented containment cooling was accomplished in this conceptual
design by containment air cooling. It was proposed in the design
that the existing upper and lower compartment air coolers (see figu. :
9-2) be modified so that they would be environmentally qualified for
the accident conditions. None of the air coolers are currently
claiced to serve for postaccident heat removal. To qualify the
coolers, neW fan motors and controls would be required along with
sone revisions to the present ERCW control logic.

9.4,2 Svstem Operating Mode

The zugmented cooling from the contazinment air coolers will be
automatically initiated upon signals of high containment pressure
and temperature after a LOCA, without waiting for indication of
hycrogen generation. The coolers will constantly be removing heat
at their paxiomum rated capacity and will be available to mitigate
heat added during potential hydrogen combustion.

©.4.3 Evaluation

9.4.3.1 Physical Effectiveness

The cooling from the four upper and four lower compartment air coclery
should be reliable since they receive trained power and zre
seismically qualified. However, the active components (motors,
controls) may not survive in the elevated temperature following a
postulated hydrogen burn. In addition, the coolers' limited short
term heat removal capacity is not effective for the rapid energy
acdition rates that could result from some hydrogen burns.

G.4.3.2 Schedule

At least 18 months are estimated for the augmented cooling engineering

9-11
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rocurement, and construction time accounting for maximum
benefit from overlap.

b= 3

9.4.3.3 Cost

A tctal cost of is estimated for design and ccnstruction
of tlhie augmented cooling at Sequoyah.

9.5 Containment Inerting

9.5.1 General Deseription

The centainzent inerting system designed for this study prevents
cexbustible hydrogen-air mixtures from being formed after a LOCA by
replacing the air in the containment with nitrogen when the reactor

is brought to power and by maintaining this inert atmosphere during
norral cperation. Liquid nitrogen, stored in Lanks onsite, is
veaporized and blown into the ontainment using the present ccntainment
purge zir supply system, which can be modified for mcre efficient
supply and exhaust.

The system, as shown in figure 9-6, takes advantage of the fans and
supply and exhaust ducts of the present 28,000 cfm capacity purge
system. Supplyging nitrogen at this rate will replace the
1.2 nillion ft-of air in the containment building every 45 minutes.
It was estimated that eight to ten volume changes would be necessary
to reduce the remaining oxygen concentration to the design level of
U percent. This would require about 140,000 gallons of liquid
rezen for each period of inerting so tank storage capacity of
160,000 gallens per unit was included in the design. Vaporizing
nitrog.a for the 28,000 cfm flow rate requires a heating unit of 8.5
W capacity.

After vaporization, the nitrogen enters the purge air system upstream
of the pair of supply fans which discharge into the containment.

The present distribution system could be modified by routing ring
headers around the upper compartment and around the lower compartment
inside and outside the crane wall with branch lines into compartments
-with poor circulation. Nitrogen to the ice condenser compartment
must be supplied at 15F in a separate header to prevent ice
sublimation as much as possible. Provisions were made in the design
to cdeinert the instrument room separately to allow freer access while
the rest of the containment is still inerted. The present exhaust
system could be modified by taking suction from the present hydrogen
collection system which draws air from all the major compartments.
Some mixing fans would probably be required, and any additional
modifications could be made after an onsite survey of the
containment,

Since automatic control of the inerting system would be very difficult
to design and operate, the design specifies mznual control by the
operater. Extensive information on loczl gas concentrations would

be provided so the operator could adjust the flow rates as necessary
to ensure good mixing.

9-13
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g to allow 2ffective inerting would change the

ial control and service air systeu to nitrogen inside
Y g3 is would require a separate nitrogen makeup supply

th ~ta own 150 kW vaporizer. The four pressurizer safety zad
*eesurizer spray velves that require essential air could be replaced
th nenair-operated valves.

1 access for ice condenser equipment inspection and

tenznce (which occurs daily) and other purposes while the

ta- ent s inerted would require portable air packs. Access even
en :'e containment is cdeinerted would require portable oxygen
riters to avoid lcecal pocketing of nitrogen.
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.
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-
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2sign included provisions for maintaining ar inert nitrogen 3
phere in an additional contzinment building of 1.5 millicen ft
cgerited in section G.2. The amount of stered nitrogen would
cilar, but the design flow rate would be much less since no
forced dewntime is involved. The supply, exhaust, mixing, and control
systens would be simpler since the added containment building would
not ke as compartmentalized.

9.5.2 Systenm Operating Modes

“itrogen to inert the containment, supplied at the maximum flow rate
or 28,000 cfm, will require six to eight hours to reduce the oxygen
concentration below 4 percent. Deinerting with air to reach oxygen
levels of 16-18 percent may take slightly less time at that flow
rate. If supply and exhaust at these large flow rates is not allowed
due to licensing restrictions (e.g., if the reactor is at po»er)
correspondingly longer times would be required. The containment
instrutient room is capable of being deinerted separately in this
design. A constant makeup flow of nitrogen will be required for the
valve control system inside containment.

O
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«£.3.1 Physical Effectiveness -

This cesign has an elaborate supply, exhaust, and monitering system
and cnould te able to effectively inert and deinert the containment.
The aigh flow rate of 28,000 cfm would allew faily rapid inerting,
tut ray not De practical to achieve in a nitrogen supply systen.
Czygen pocrels may still exist after inerting in compartments with
poor circulation but cshould not be significant in the event of a
"wdrogen releace. Nitrogen pockets remaining after deinerting could
Se significant to worker life safety. Deinerting the instrument room
Scparately would nct Le very effective without further modifications
to the room to maintain a breathable atuosgpnaere. Any inerting systen
that disturbs the ice condenser atmosphere .ill increase the
sutlimation rate, but the cold air supplied by this system should
have as little impact 2s possible. Any inerting system that raintains

the inert atmosphere during personnel access is very hazardous to
life os well as causing inefficient werking conditions and limited
zccass cdurations (see Section 10.3.1).
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8.5.2.2 Schedule

least 30 months are estimated for the containment inerting system
gineering design and construction time accounting for maximum
tential benefit for overlap. This estizmate includes no tize for
fety evaluations.

9.5.3.3 Cost

A totzl cost of is estimated for the design and
constructicn of the containment inerting system for Sequoyah and an
addis: sost af is estimated for the design and
constructicn of the inerting system for an additional containnent.
These costs include and y respectively, for the cost
of encugh nitrogen to inert the two present containments and the
additicnal containment once.

9.6 EHalon Injection

9.6.1 Cen+. 1 Deserintion

The containment halon injection system prevents combustible hydrogen

air mixtures from being formed after a LOCA by adding er.ough Halon
1301 (C Br F,) pos.accident to occupy at least 31.4 percent of the

centainment éolume. Liquid hhlon, stored in tanks onsite, is supplied
to four containment halon ring headers and injected and vaporized
hrough nozzles,

To pestinert the containment would.require 11,000 gallons of halon
which is divided among four 750 ft-tanks, cne per header. Each

halon tank has its own 750 ft~nitrogen accumulator at 650 psig to

to =upply injection pressure. The halen tank level is monitored to
autczatically shut the isolation valves upon low tank level to reduce
the zzmount of nitrogen injected into the containment.

The halon is supplied to the containment through three individual
6-inch ring headers in the upper compartment and one in the lower
cozpar*ment. Smaller branch lines will be provided into the various
enclesed areas of the lower compartgent. At least one nozzle will
be proviced for about every 2000 ft of containment free volume.

9.6.2 Systenm Ope'ating Vode

The containpent isolation valves betwen the halon tanks and the ring
heacers would be automztically opened upon a high contzinment pressure
sigral followed by a low reactor vessel water level signal. However,
wanual operaticn of arotner isolation valve at each tank would be
required btefore halon could begin to be injected. This is to reduce
the pctential for inadvertent zctuation. The halon would be injected
in a maximum of 30 minutes after an accident, assumming it is all
vaperized in the line before it passes through the nozzles. The flow
would prodably be somewhat faster in practice.

9-16



9a6.3 Byeluation
9.6.3.1 Phvsical Effectiveness

The postaccident injection rate in this design should be fast enough
to effectively inert the containment before significant amounts of
hydrcgen are released if the manual actuation by the operator follows
the automatic trip fairly quickly. Operation of the air return fans
should promote zdequate mixing so that the hazards from any remaining
noninerted areas are insignificant. Inadvertent zctuation of the
halen injection system as designed could be catastrophic. Unless
sufficient heat is being added to the containment atmosphere (such

a3 occurs following a LOCA), the heat removed to vaporize the injecte'’
halon may result in a drastic depressurization of the containment.

In addition, the halon injection occurs at a higher rate when
sufficient heat of vaporization is not readily available. Further
analysis would be required to size any additional vacuum breakers

or halon heaters that might be necessary. Inadvertent actuation when
personnel are pr2sent could also be hazardcus if portable air packs
were not izmediately available., This design also suffers from the
environmental ard cleanup problems that would result from any massive
injection of halion.

9.6,.3.2 Schedule

At least 30 months are estimated for the halon injection system
engineering design and construction time accounting for maximum
potential benefit from overlap. This estimate includes no time fecr
licensing or safety evaluations. "

9.6.3.3 Cost

A total cost of is estimated for design and constructicn
of the halon injection system for Sequoyah.

9.7 Ignition Sources

9.7.1 General Description

~ The design for controlled burning of any hydrecgen released after o
LOCA, before a detonable concentration can be reached, includes a
system of ignition sources and hydrogen monitors located throughout
the containment. The potential hydrogen release points were located
and the ensuing circulation paths were analyzed. Ignition sources
were then located to efficiently burn the hydrogen.

Since mixi  , helps prevent locally high concentrations of hydrogen,
aids ‘n completing the combustion process, and allows the maximum
u-e of the containment heat sinks, the design for controlled burning
specified continuous operation of the air return fans with the :
hydrogen collection sy:tem after an accident. Containment spravs
would also promote good mixing as well as aiding in removal of heat
from the burning. '

The igniticn system consists of 12 igniters placed in various
relatively open azreas within the containment as shown in figures 9-7

through 9-10. Any hydrogen release from a rupture in the reacto
-
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rirary locp or from pressure-relieving devices will cecur in the
oner carpertrent of Lhe containment. line of the igniters zre

cated in this pertion of the containwent to burn the hydrogen as
foon us it recches a combustible level. If the hydrogen is suept

to the upper c “paru ient, three igniters in this area will burn

drogen in the same manner. In addition to the 12 igniters,

@ 28 Lurners with integral igniters are lccated in the lower

wcﬂ;“":.-.t above the pressurizer relief tank (gse figure 29-11), where
will bura hycéregen from the reactor head vent or the relief tank

vcnt.

initing hydregen-air-steam mixtures at low concentrations of hydrogen
4-3 percent) requires a uniform, well controlled, hot ignition
fourc2. The design specified an option of contlnuously operated glow
plugs or cyelically operated arc igniters. These should be equivalent
to rlame igniters and easily meet the minimum flash point temperature
ef hydrogen-air mixtures. The igniters will be shielded to prevent

water zcpra ;= from impinging on them.

Ui B o ]

(e

«T+2 Erstem Cgerating Modes

-

ine lzniters should be started automatically upon an accident signal
or znually if the hydrogen analyzers indicate the presence cof
nydrozen belew detonable concentrations. Hydrogen levels sheuld be
indivicdually monitored at each igniter location with indication in

the rain ccntrol room. OGCreat care must be tzken to ensure that
igniters are not operated when th. potential for hydrogen cdetonation
exists, .

9.7 .2 Evaluation

S5.7.3.1 Phvsical Effectiveness

The air return fans should provide mixing between the up pper and lower
corpartrments that is adequate for dispersion and combustion of the
hydrezen. Some additional mixing fans may be required in loca.ized

cac-ended volumes. With adequate mixing, the igniters as located |
n this ue51bn should ensure that combusticn would be fairl y cocmplete |
or lcw hydrogen release rates and should burn most of tie hydrogen |
or larger releases. The intermittent energy addition that would

ult from these stcp’iqe burns 2s the hydrogen reaches combustible

cenlrations should be within the concainment heat removal

Careful hydrogen level monitoring must be performed for

itcr vperation, and careful contrel of the flou to the waste

s weuld also be required. Local flame and tenm peErature
1o

d b2 considered for ecach of the selected igniter
I
e
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advertent actuaticn when excessive hydrogen or other |
materials (solvents, paints, ete.) are present could be
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wenEcule

ot lczst 18 ronths are estirated for thu ignition system engineering
cesipgn and construction tinme accountir 3 for maxirum potcéntial benefit
from everlap.
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10,0 Evaluation of the Alternative Concepts

The evaluation of the alternative concepts included the potential
benafits, problems, and costs. This evaluation stressed the relative
merits of each concept; definitive and quantitative evaluations would
require additional design detail, analyses, and research. None-
theless, this evaluation does provide a good comparison of relative
merit. Limitations of this study are discussed in section 12.

101 Uverview

No individual concept or combination of concepts is without
sizgnificant drawbacks or uncertainties. However, several appear
teciinically feasible and relatively effective at mitigating the
effects of core damage.

The ceoncepts for hydrogen burn suppression (nitrcgen inerting, halon,
and iznition socurces) provide varying degrees of protection from the
effects of hydrogen combustion, but provide essentially no protection
fronm overpressure due to noncondensible gases. These concepts are
discussed in section 10.3.

The vented containment concepts (filtered venting, additional
containment, and coupled containment) provide less protection from
the effects of hydrogen but provide substantial protection from
overpressure due to noncondensible gases. These concepts are
dicscussed in section 10.4,

19,2 Evaluvation Basis

The following factors were considered in judging the relative merits
of each concept:

Effectiveness - The ability of the concept to accommodate the
effects of core degradation, including hydrogen g:zneration.

Technical Feasibility - The present capability to implement each
concept, emphasiiing any serious technical problems.

Additional Rick - Hazards to nuclear safety that may accompany
each cecncept.

Reliability - The degree of assurance that the system would

be available and used when needed. This includes the inherent
reliability of the system and the need (and time and information
available) for operator action.

Cost - Includes capital costs, reductions in plant availability,
and operating cost. Special research and analysis costs have not
been included. These may be large and cannot be estimated at this

time.
10.3 Concepts to Prevent or Minimize Hydirogen Combustion

The three ccncep's evaluated are inerting the containment (with
nitrogen during operation), halon (postaccident inerting), and
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ignition sources (controlled burningj. The first two prevent
combustion, while the latter attempts to .-emove hydrogen to prevent
the razpid corbustion of a large accumulatior. Theze three concepts
do not require major new structures, but dc¢ require a significant
amount of equipment. Since our evaluation indic. :es that (for events
where ccontainment cooling is available) the plan' can withstand the
releases of energy and noncondensibles (except the energy of hydrogen
burning rapidly) for events up to core melt, these concepts can
provide substantial protection for noncore melt accidents. These
concepts do not provide any protection against overpressure failure
due to the steam and gas relecases during a core melt.

10:3.1 Containment Inerting with Nitrogen

Effectiveness - No significant sources of oxygen into containment
during operation have been identified (except the compressed air
system which would be medified to eliminate this potential source).
Therefore, inerting should be fully effective at preventing
postaccident hydrogen combustion. The additional partial pressure
of hydrogen cculd lead to containment pressures above design, but
still well within the capability of the containment. The increased
containment pressure could lead to some increase in leakage, but the
secondary containment features at Sequoyah would minimize the impact.

Technical Feasibility - Based on our experience at Browns Ferry,
this concept is feasible, but technical problems exist. The
compartmentalization at Sequoyah will require extensive measures
to eliminate trapped pockets of oxygen. Of more concérn is the
problem of reduced access for inspection and maintenance.

Additicnal Risk - An inerted ice condenser containment causes a major
additional risk to the operator. Ice condenser containments require

a significant increase in containment entries over other types of
containments. This increase is due to both additional surveillance
required by technical specifications and additional inspection and
maintenance on the ice condenser system components. Technical
specifications require weekly visual inspections, while current
experience at Sequoyzh and other ice condenser plants indicates that
containment entries are required every two days to perform maintenance
on the ice condenser systems, particularly the air handling units.
Based on this high rate of maintenance, entries are required daily

to inspect thess units. "a addition, ice weighing activities are
expected to require several weeks per year with a crew of people
inside all day. Even assuming thai all possible plant modifications
are made to reduce access requirements for maintenance, it is
estimated that personnel entries would still be required at least

16 times per year with an associated forced downtime of 15 percent.
Industrial experience has shown that personnel occupancy in inerted
enclosures can be extremely hazardous. Even while deinerted, there

is a risk of a pocket of nitrogen existing that could threaten
workers.

In addition, the reduced access for inspection and maintenance will
reduce the reliability of other plant systems, Fxperience has
indicated that other (nonice condenser) maintenance will require
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centainment entry on a weekly basis. This includes instrument, pump,
and valve repairs. Reduced maintenance could increase the possibility
er severity of accidents. Often, it is desirable to enter the
containzent for manual valve operations in the event remote opcration
fails., Reduced zccess will inhibit such repair activities in the
event of nonpipe break acciden‘s. This additional risk appears
significant.

iability - Since inerting would take place prior to going
to power, after which the system is passive and the status of
containment can be monitored, this concept is judged to be very
reliable.

Rel

Cost = While the capital costs are moderate, the cperational
costs are very high due to the cost of large quantities of
nitrogen, the additional downtime for inerting/deinerting, and
the forced outages for increased maintenance in countainment. All
costs are in 1980 dollars and for a 2-unit plant.

Capital C3st -
Nitrogen Cost - /yr.
Inert/Deinert Loss of Availability - /yr. (minimum)

fdditional downtime would be reguired to perform maintenance that
cannot be done in an inerted centainment. Also, the periodie
inerting and deinerting operations would increase the rate of ice
loss in the ice condenser and force its earlier replacement with
concurrent downtime of several months. Neither of these operating
costs have been included in the estimate above but could be
substantial.

10.3.2 Halon

Effectiveness - There is fairly good evidence that Halon 1301

can suppress hydrogen ccmbustion. However, there is some question
about its long term behavior in containment. If it decomposes

or is removed by the containment sprays or ice, combustion could
still take place, probably at a high hyd-ogen concentration.

These questions must be answered before it can be concluded that
halon would be effective. (Also, see Reliability below).

Technical Feasibility - The system is very similar to installed
fire suppression systems and should not cause significant
technical problems except in scaling up to such a large volume
with the need for uniform injection and good mixing. Since steps
have to be taken to prevent inadvertent operation (which could
pose a life safety and containment pressure problem), and since
the operator mist have sufficient warning of a potential hydrogen
release to actuate the system manually, the controls may be
complicated. It is thought to be feasible.

fdditional Risk « Halon can be a hazard to personnel. We Jjudge

this hazard to be small since the probability of inadvertent
actuation can be kept low.
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Halon itself can cause some risk of containment failure. We
believe that the risk of containment overcooling during normal
operation can be minimized. If halon were injected aftar a
hydrogen burn or when high pressure exists in containment, the
additional partial pressure (even accounting for the cooling
effects of halon) could cause failure due to overpresstére

In addition, the decomposition products of halon include certain
acids, halogens, and other substances which have th potential

for inducing cracking in stainless steel, degrading other equipment
materials, and complicating any cleanup cperations. This may
ultimately prove to be so severe as to preclude its use.

Reliability - The system is very similar to installed fire
suppression systexs and should be reliable mechanically. However,
since the system must be actuated by the operator, there is scae

risk that the operator will fail to recognize the need’ to actuate
the system.

Cost - The principal costs are due to the halon, mechanical
equipment, controls, and instrumentation.

Capital Cost -

10.3.3 Ignition Sources

-~

Effectiveness - Ignition sources are effective only for those
events where the hydrogen evolution and rate of burn will be slow .
the order of the heat removal capability of the containment sprays).
Such conditions occur when the hydrogen concentration in
containment is between 4 and 8 pe.cent. Ignition would be most
effective in the lower compartment because of the availability

of heat removal in the ice condenser. However, it is not certain
that reliable burning can be achieved in the lower compartment

due to the presence of steam in large quantities and the relativa
lack of air. Above a hydrogen concentration of 8 percent, burn -
occurs very rapidly, producing energy at a rate which: cannot be
removed quickly by the containment cooling systems if a large
quantity of hydrogen is available.

Techniczl Feasibility -~ We believe that the igniters can be
developed although considerable research and testing will be
needed. Further analysis is required to establish how many are
needed and where to locate them. Controlled ignition of the
effluent from the reactor vessel head vent prior to mixing in tt
containment may require a more scphisticated system than in open
areas, but may be feasible.

Additional Risk - The igniters could czuse combustion that
otherwise might take place. We believe this risk is smll since
there are already mechaniszs in containment which will probably
cause ignition sooner or later. Local effects of controlled
burning could be severe.

10-4
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Feliability - At least some degree of operator action is
required. It appears that ccmplex guidelines will be required
for wnich igniters to use, when to use them, and when not to uze
them. The chance of cperator error is therefore significant.

Cost - The major cost items are hardware, controls, and
instrumentation.

Capital Cost =~

10.4 Concepts to Increase Containment Capacity for Overp.essure
Events

The four concepts evaluated are filtered vented containment (relief
through filters to atmosphere), additional containment (an added
containment building), coupled containment (connecting both
containments at a 2-unit site), and additional containment ccoling
(heat exchangers to cool the containment air). The first three
srovide protection against containment overpressure by

relieving some of the gases to the environment or another structure.
The last provide. protection by serving as a backup to the containmer
sprays and by removing steam to allow for more noncondensible gases.
All involve major construction and design efforts. The first three
provide limited protection freom the effects of hydrogen by reducing
the hydrogen in containment and providing relief for slow to moderate
pressure iqpreases.

10.8.1 Filtered Vented Containment

Effectiveness - Since venting is to the environment, this concept
provides unlimited total relief capacity. However, its effectiveness
is limited for rapid pressure transients because of practical vent
sizing which limits the rate of relief. The concept does not provide
complete mitigation since deliberate releases of radioruclides are
used to prevent against accidental releases due to containment
failure. In fact, the release of noble gases could be nearly as
severe as for cocntainment failure; the release of halogens and
particulates can be reduced by about a factor of 100.

Effectiveness as a mitigator of hydrcgen is limited to: those
events that are relatively slow such that operator action can take
place before any major pressure increase (to reduce the amount

of gases inside coutainment); and those events that result in slow
to moderate pressure increases.

It is believed the effectiveness in practice would be reduced due

to a natural reluctance by the operator to use a system which involves
a deliterate radicactive release of large magnitude. (A relief
duration of only a few seconds could lead to releases many times that
from the worst event presently analyzed for the design basis.)

Technical Feasibility = Overall, it is felt that the system cculd
be designed and constructed to work. There are several areas
where research and/or development are required, including:

1. The connection to containment is a difficult design problem.
The principal concerns are modifying an existing design to
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ninimize loads on containment and ensuring the integrity of the
relief line.

2. The choice and design of the heat removal facility (pool or

. sani/gravel bed) will require extensive analysis and possibly
some2 research. Concerns include structural provisions for
dynamic loads, draining of the bed, and long term behavior.

3. If hydrogen and oxygen mixtures must be handled, a hydroger
burning chamber or dilution system must be provided. It is not
known at this time if such systems can be designed to function
reliably.

4. The effectiveness of various types of particulate and iodine .
removal filters vhen subjected to large, high temperature, high
moisture content flows should be demonstrated.

Additional Risks - This concept involves deliberate releases;
therefore, it only reduces.rather than eliminates risk. It is
estimated that the whole body dose would be in excess of 900 REM in
the low population zone compared to the Sequoyah FSAR LOCA whole body
dose of 2.4 REM in the LPZ. In addition, venting could result in
undesirable doses to the operators in the control room. Also, the
system can lead to violation of containment by inadvertent operation
when not needed. There is some possibility that if the system is
used for less severe events in conjunction with containment sprays,
the containment pressure could go sufficiently subatmospheric to
threaten the co-tainment structurally or the core cooling systems
due to inadequate NFSH.

Reliability - The mechanical reliability is high because the system )
is essentially passive. Some designs employ active filtration, heat !
removal, or hydrogen control compecnents, though. However, operator

action is required to control the system. Considering the impact

of using the system (deliberate releases) and the short amount of

time in some postulated events for meking the decisions, it is

believed that the chance of misoperation or delayed operation could

be significant. i

Cost -~ The cost is largely in constructing the facility with some
maintenance cost (not estimated).

Capital Cost -

10.4.2 - Additional Containment

Effectivess - Since venting is to an additional containment, tﬁis
concept provides a large but finite total relief capacity. Its
effectiveness is limited for rapid pressure transients because of
practical vent limits (but larger venting rates than for filtered
vented containment can be handled). The concept does provide complete
mitigation for those events within its capacity since no deliberate
release to the environment occurs.

. Effectiveness as a hydrogen mitigator is limited similarly as the

10-6
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filtered vented system to those events allowing operator prealiznment
of isolation valves and involving slcw to moderate pressure increases.
(It may be possible, however, to make the isclation valves automatic.)

Technical Feasibility - This concept is also believed to be feasible
and does not involve the technical problems of filtratien. However,
the problems of containment/vent structural attachment and the
adequate treatment of the hydrogen in the effluent remain,

Additional Risks - No additional risks were identified.

Reliability - The mechanical reliability is high because the
isolation valves are the only active components required. However,
operator action is required to actuate the valves which introduces
some chance of delayed operation.

Cost =~ The cost is in constructing the vent system and the additional
ccntainment structure.

Capital Cost -
This cost is for a 1.5 million cubic foot containment. A containment
with more capacity (3 0 million cubic feet) may be required for
mitigating 21l core melt pressure effects. It would cost

appreximately .

10.4.3 Coupled Containment .

Effectiveness - Since venting is to the other reactor containment
building, this concezt provides a finite total relief capacity, even
though some benefit may be obtained from the other unit's heat removal
and pressure suppressicn systems. Again, the effectiveness is limited
for rapid pressure transients because of vent size limitations. The
coupled concept does provide complete mitigation for those events
within its capacity since no deliderate environmental release occurs.

Effectiveness for hydrogen mitigation is also limited to those events
allowing anticipatory operator actuation of-isolation valves and
involving slow to moderate pressure increases.

Technical Feasibility - The coupled concept is believed to be
feasible, but still faces the structural problem of containment/vent
attachment without allowing excessive accident loads to be transmitted
between units.

Additional Risks - In principle, venting between containments should
not cause prcblems in the second unit that do not potentially already
exist in the first one. However, some equipment failure or
misoperation in the second unit could result due to the environmental
effects of the effluent from the first. This is especially likely
due to the high temperatures that could result from hydrogen
corbustion. In any case, the detrimental effects of radiocactive
contanination and reduction in accessibility, need for cleanup, ete.,
would be doubled.

10-7




Reliability - The mechanical reliability should be high since the
isolation valves are the only active components., However, more valves
are involved than for venting to an additional containment and
anticipatory cperator action from both units is required to actuate
the valves. In addition, the significant impact of using the system
{contaninating the other unit) suggests that the chance of
misoperation or delayed operation could be significant.

Cost - While the cost in constructing the coupied vent system is
moderate, the operaticnal cost would be very high due to the
additional downtime that would be forced. The units would have to

be cperated in conjunetion since one could not be at power while the
containment of the other was open because of maintenance, refueling,
or initial construction. This could almost double the expected unit
downtime as well as greatly complicating outage planning and personnel
requirements.

Capital Cost -

10.4.4 Augmented Cooling

Effectiveness - The practical short term heat removal capacity of
air coolers or additional containment sprays is limited to the
moderate energy addition rates frcm partial or intermittent hydrogen
burns. The air coolers or current sprays are ineffective in removing
energy from rapid combustion.

Technical Feasibility - This concept is technically feasible since

air cooling and sprays are currently used for containment heat
removal, either normally or postaccident.

Additional Risks - No additional risks were identified.

Reliability - The mechanical reliability is fairly high. Operator
actuation would not be required L.>ause the systems could initiate
automtically on accident signals :zince no additional risks are
involved. -

Cost - The cost is in the initial installation of the equipment.
Capital Cost -

.5 Concepts to Mitigate the Combined Effects of Hyvdrogen
mbustion and Containment Overpressure

10
Co

Concepts have been discussed in this section which could alleviate
some aspects of core damage. Some concepts would prevent the failure
of containment by eliminating the rapid energy released with hydrogen
burns. Others attempt to prevent the failure of containment due to
overpressure by removing mass and energy in large amounts. No single
concept studied was fournd capable cf preventing containment failure
due tc % th mechanisms. Thus, combinations of the concepts were
evalu-r d for mitigating the main effects of core melt.
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A review of the indivicdual concepts show that venting to an additicnal
containment in combination with either halon injection or centainment
inerting with nitrcgen my provide complete protection. Each of these
combinaticons involves major construction, extremely high cost, and
may drasticzlly affect operations.,

Effectiveness - When coumbined with venting to an additional
containment, either halon injection or inerting with nitrogen appears
to be capable of preventing containment failure due to either hydrogen
combusticn or overpressure. However, the additional containment would
also have to be inerted or provided with a halon injeation system,
depending on the option selected for the original containment. This
is because venting from a halon-injected or an inerted containment
into an air-filled additional containment could alter the overall

gas concentrations enough t¢ make combustible mixtures possible.

Technical Feasibility - There is nothing inherent in either of the
combinations which would preclude the use of the concepts in a
combination. However, each of the concepts has serious technical

problems which must be solved before they could be used, individually
or in combination.

Additional Risks - There are no additional risks by using these
concepts in combination beyond those identified for each separately.

Reliability - The combination with nitrogen inerting should be as
reliable as the individual venting to an additional containment since
the inerting is judged to be very reliable, However, the combination
of halon injection and venting would not be as reliable since two

separate active systems, each actuated manually by the cperator, would
be required to operate.

Cost =~ While the capital costs for both optinns are similar
( for inerting/venting and for halon/venting),

the cperaticnal costs of inerting are very high as described in
section 10.3.1,5.

NSAHY6.PB
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11.0 Conclusions and Recommen-.ations

i 5 0 Conelusions

11.1.1 These studies have shown that the overall risk to the public
from the Sequcyah plant is about the same as the NRC reference plant
which has a dry containment and, thus, Sequoyah presents no special
risk to the publiec.

11.1.2 The Sequoyah plant containment was found capable of
withstanding a hydrogen burn from an amount of hydrogen generated
in the oxidation of approximately 20 percent of the zircaloy fuel
¢ladding without any additional mitigation.

11.1:3 All concepts studied ‘n this report were found to have
serious technical and/or operational problems which need extensive
research and development before design work could proceed.

11.1.4 Containment inerting was found to be the most reliable of
those cconcepts which control or prevent hydrogen, but it is extremely
expensive, would likely cause personnel deaths, and may lead to
reduced maintenance and safety. The halon suppression concept has

few of these problems, but has serious technical concerns with its
actual performance in a postaccident contoinment environment. An
ignition system also has suvme technical qu3stions requiring resolution
and is not effective for complete reaction ~f cthe zircaloy fuel
cladding.

11.1.5 Of those concepts which prevent containment overpressure,
venting to an additional containment appears to be the best. Although
it is more expensive th-: filtered venting, it is simpler and releases
no radioactivity to the publiec. The major drawback of the filtered
vented containment is a large dose to the public. The coupled
containment concept is too restrictive on operation.

EY.1:0 To mitigate the conseqences of an accident resulting in
100 percent zircaloy clad reaction with water or one that proceeds
to complete core damage, two or more of the concepts described in
this study must be used, at least one each from hydrogen control and
one from overpressure prevention.

11,2 Recommendations

1X.2:1 These studies have shown that (1) Sequoyah is comparable
to the best plants cperating in the U.S. in terms of risk to the
publiec, (2) Sequoyah containment can withstand a burn of hydrogen
equivalent to 20-percent metal-water re.tion, or about the same as
the NRC estimate of the hydrogen burned at Three Mile Island, and
(3) all concepts of mitigation of hydrogen effects studies clearly
need substantially more research and development. Based on these
coneclusions, we recommend that no commitments to specific mitigation
devices be made at this time. Further investigation and development
of the most promising concepts identified in this study or which may
be proposed are recommended.
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11.2.2 In the event that a commitment to incorporate some
mitigation of hydrogen effects becomes necessary, the following
approach is recommended:

Commit to an ignition system - Although this system is not
effective for 100-percent reaction of the zircaley fuel cladding
and does not reduce the overall risk significantly, it may handle
hydreogen releases up to 60 percent metal-water reaction, which

is the upper range of the estimates of hydrogen generated at
Three Mile Island ("MI). This system has the advantages of short
implementation time follo ving further developmw.ntal work, low
rick of jecpardizing current safety, relatively low cost, no
effect on oreration, and can be treated as a temporary measure
until the NRC has gone to rulemaking on hydrogen.

11.2.3 In the event that a commitment to incorporate mitigation
of hydrogen effects for 100-percent zircaloy cladding-water reaction
and/or complete core degradation becomes necessary, the following
approach is recommended:

The best mitigation requires the combination of venting with
preventicn of the hydrogen burn. We recommen! that this option
be committed to, only if no choice is given. The best concepts
when considering effectiveness, life safety, operational
problems, costs, and improvement of risk to the public is the
nalon suppression system plus venting to an additional
containment; however, the halon system has serious technical
problems which may not be resolvable before desizgn must begin.
Therefore, at this time, nitrogen inerting plus venting to an
additional containment must be recommended. It is reliable,
but has very serious operaticral problems, is extremely
expensive, and poses some safety problems.

11.2.4 As a result of our findings, we recommend that TVA
discourage NRC from use of the filtered venting concept as the
requirement of the rulemaking process because of the large radiation
dose to the public, which» may be in excess of 900 REM body dose in
the low population zone a Sequoyah.

E50243.01
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APPENDIX A

CURRENT DESIGN AND BASES

A.1 The Reactor Core, Fuel, and Coolant System

The reactor core is comprised of an array of fuel assemblies which
are identical in mechanical design, but different in fuel enrichment.
The core is cooled and moderated by light water at a pressure of 2250
psia in the reactor coolant system. The moderator cooclant contains
boron which is varied as required to control relatively slow
reactivity changes including the effects of fuel burnup. The
primary barrier to radiation release is composed of the individual
power producing fuel rods in the core. Two hundred and sixty=-four
fuel rods are mechanically joined in a square array to form a fuel
assembly. The fuel rods are supported in intervals along with their
length by grid assemblies whir maintain the lateral spacing between
the rods throughout the desigr. fe of the assembly. The fuel rods
consist of uranium dioxide cera pellets contained in slightly cold
worked Zircaloy-4 tubing which i. wgged and seal welded at the ends
to enapsulate the fuel., The Zirca. _ -4 is primarily composed of
zircorium metal. A schematic of the fuel rod is shown in figure A-1.
The fuel pellets are right eircular cylinders consisting of slightly
enriched uranium dioxide powder which has been compacted by cold

. pressing and then sintered to the required density. The ends of each
pellet are dished slightly to allow greater axial expansion at the
center of the pellets. Power is produced volumetrically by the
fission reacticn within individual uranium pellets. Thermal energy
is transferred across the gap to the cladding that serves as the heat
transfer surface to the primary coolant. To avoid overstressing of
the clad or seal welds, void volume and clearances are provided
within the rods to accommodate fission gases released from the fuel,
differential thermal expansion between the clad and the fuel, and
fuel density changes during burnup. At assembly, the pellets are
stacked in the clad to the required fuel height, a spring is then
inserted into the top end of the fuel tube, and the end plugs pressed
into the ends of the tube and welded. All fuel rods are internally
pressurized with helium during the welding process in order to
minimize compressive clad stresses and creep due to coolant operating
pressures. The fuel rods retain all fission gases and radicactive
fission preducts unless the cladding is breached by mechanisms present
during an accident. One function of the reactor coolant system is
to ensure the cladding remains covered and cooled to prevent clad
melt during normal and accident events.

The reactor coolant system shown in figure A-2 consists of four
similar heat transfer loops connected in parallel to the reactor
pressure vessel, Each loop contains a reactor coolant pump, steam
generator, and associated piping and valves. In addition, the system
includes a pressurizer, a pressurizer relief tank, interconnecting

. piping, and instrumentation necessary for operational control. All
the above components are located in the containment building.
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During operation, the RCS transfers the heat generated in the core
to the steam generators where steam is produced to drive the turbine
generator. Borated demineralized light water is circulated in the
RCS at a flow rate and temperature consistent with achieving the
design reactor core thermal-hydraulic performance. The water also
acts as a neutron moderator and reflector and as a solvent for the
neutron absorber used in chemical shim control.

The RCS pressure boundary provides a barrier against the release of
radicactivity generated within the reactor and is des.gned to ensure
a high degree of integrity throughout the life of the plant. Its
extent is defined as:

1. The reactor vessel including control rod drive mechanism
housings.

2. The reactor coolant side of the steam generators.

3 Reactor cousant umps.

4, A pressurizer attached to one of the reactor coclant loops.
5. Safety and relief valves.

6. The interconnecting piping, valves, and fittings between the
principle components listed above.

T The piping, fittings, and valves leading to connecting auxiliary
or support systems up to and including the containment isolation
valves.

RCS pressure is controlled by the use of the pressurizer where water
and steam are maintained in equilibrium by electrical heaters and
water sprays. Steam can be formed (by the heaters) or condensed (by
the pressurizer spray) to minimize pressure variations due to
contraction and expansion of the rezctor coolant. Three spring-loaded
safety valves and two power-operated relief valves are mounted on

the pressurizer and discharge to a relief tank, where the steam is
eondensed and cooled by mixing with water. These valves ensure the
integrity of the RCS during overpressure events. For accidents

where the pressure boundary integrity is lost, emergency core cooling
systems are used to maintain core cooling within the RCS. This
entails removal of both stored and fission product decay heat from
the reactor core, Systems employed in this function include: cold
leg .~ ‘ection accumulators; upper head injection accumulators;
residual he:t removal pumps and heat exchangers; centrifugal charging
pumps; safety injection pumps; and indirectly the auxiliary feedwater
system which maintains steam generator secondary inventory.

A.2 Containment
The contaiument is divided into three compartments: The lower

compartment; the upper compartment; and the ice condenser
compartment. The lower compartment completely encloses the reactor
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coolant system equipment. The upper compartment contains the
refueling canal, refueling equipment, and the polar crane used during
refueling and maintenance operations. The upper and lower
compartments are separated by the operating deck, which provides a
low-leakage barrier between these two compartments. The ice condenser
connects the lower compartment to the upper.

The ice condenser concept utilizes a large mass of ice to condense
escaping high-energy steam from postulated loss-of-coolant ‘accidents
(LOCA) or steam line break accidents. The rapid condensation of steam
in the ice bed keeps the maximum containment pressure relatively low
while maintaining the capacity to absorb a continuing high energy
input from the reactor core and reactor coolant systems. The ice
condenser is made up of 24 individual bays which form a 300" arc
inside containment. Each bay consists of three major sections: A
lower plenum; an ice bed; and an upper plenum (figure A-3). The lower
plenum is i.c.ated from the lower compartment by doors in each bay
that open at a differential pressure of 0.007 psi. The ice bed
contains a minimum of 2.45 million pounds of ice. The ice is stacked
in columns one foot in diameter and 48 feet high. The upper plenum
contains cooling units used to maintain the low ice bed temperatuce
during normal plant operations. The upper plenum is separated from
the ice bed and the upper compartment by two sets of doors that will
open with a differential pressure of 0.028 psi.

In the event of a LOCA, steam pressurizes the lower compartment which
opens the lower inlet doors. An air-steam miature enters the ice bed
where all the steam is condensed. The rising air then causes the

top two sety of doors to open and then flows into the upper
compartment. To provide maximum use of the ice bted, air return fans
are provided which circulate containment atmosphere through the ice
bed condensing steam released after the initial pressurization. When
all the ice has melted, the spray system located in the upper
compartment removes the remaining energy released tc the

containment.

A.3 Design Bases of Containment

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 pipe severance of the largest main
reactor coolant pipe. Characterising 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 an ice condenser containment will result
in the maximum containment pressure rise; that accident currently

is the double-ended severance of one of the main reactor coolant
pipes. The design basis accident is therefore defined to be the
double-ended reactor coolant loop pipe break. Postblowdown energy
releases are also accommodated without exceeding containment design
pressure.

A.3.1 Mass and Energy Releases
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Following a postulated rupture of the Reactor Coolant System (RCS),
steam and water are released into the containment. Initially,

the water in the RCS i=s subcooled at a high pressure. When the break
occurs, the water pac : through the break where a portion flashes

to steam at the lowc .essure of the containment. These releases
continue until the his denressurizes to the pressure in the
containment (end of blowcown). At that time, the vessel is refilled
by water from thf -ccumulators and Safety Injection (SI) pumps. The
analysis assu’ aat the lower plenum is filled with saturated water
at the end of blowdown to maximize steam releases to the containment.
Therefore, the water flowing from the ace~ulators and SI pumps start
to rill the downcomer causing a driving heaa across the vessel which
forces water into the hot core.

During the reflood phase of the accident, water enters the core where
a portion is converted to steam which entrains an amount of water

into the hot legs at a high velocity. Water continues to enter the
core and release the stored energy of the fuel and clad as the mixture
height in the core increases. When the level, two feet below the

top of the core, is reached, the core is assumed to be totally
quenched, which leaves only decay heat to generate steam. This type
of break is analyzed at three locations.

The location of the break can significantly change the reflood
transient. It is for this reason that the hot leg, pump suction,

and cold leg break locctions are analyzed. For a cold leg break,

all of the fluid which le-ves the core must vent through a steam
generator and becomes superheated. However, relative to brezxs at
other locations, the core flooding rate (and therefore the ra:e of
fluid leaving the ~~re) is low because all the core vent path:' include
the resistance of the reactor coolant p.~». For a hot leg pipe *eak,
the vent path resistance is relatively low, which results in z - zh
core flooding rate, but the majority of the fluid which exits the

core bypasses the steam generators in venting to the containment.

The pump suction break combines the effects of the relatively high
core flooding rate, as in the hot leg break, and steam generator ,eat
addition as in the cold leg break. As a result, the pump suction
breaks yield the highest energy flow rates during the postblowdown
period. The spectrum of breaks analyzed includes the largest cold
and hot leg breaks, reactor inlet and outlet, respectively, and range
of pump suction breaks. Because of the phenomena of reflood as
discussed above, the pump suction break location is the worst case.
This conclusion is supported by studies of smaller hot leg breaks
which have been shown, on similar plants, to be less severe than the
double ended hot leg. Cold leg breaks, however, are lower both in
the blowdown peak and in the reflood pressure rise. Thus, an analysis
of smaller pump suction breaks is representative of the spectrum of
break sizes,

The LOCA analysis calculational model is typically divided into three
phases: (1) blowdown, which includes the period from accident
occurrence (when the reactor is at steady state full power operation)
to the time when zero break flow is first calculated; (2) refill,
which is from the end of blowdown to the time the ECCS fills the
vessel lower plenum; and (3) reflood, which begins when water starts
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moving into the core and continues until the end of the transient.
For the pump suction break, consideration is given to a possible
fourth phase; that is, froth boiling in the steam generator tubes
after the core has been quenched. (See reference A-1 for a
description of the calculational model used for the mass and energy
release analysis.)

A.3.2 Noncondensible Gas Proauction

Another source of mass that must be considered in containment design
is the production of noncondensible flammable gases. The more severe
loss-of-coolant accidents ; “sti:lated for plant design may result in
the production of excess hydrcgen which ultimately is released tc

the containment air space. Depending on the final volumetric
concentration of the hydrogen and the quantity of oxygen present,

the gas can be a fire hazard, an explosion hazard, or too diffuse

to chemically react.

The corrosion of metals in the presence of water at temperatures
characteristic >f light water reactors has been recognized for many
years and many studies of the phenomena have been conducted.
Fortunatley, the oxidation rates at operating temperatures are
extremely low and do not pose a problem for the design life of the
fuel assemblies or the reactor vessel. At elevated temperatures
encountered during mitigated accidents, the corrosion rates become
moderate and some damage to the fuel cladding is expected. Baker

and Just defined an upper bound on the oxidation expected for the
Zircaloy fuel cladding useg in light water reactor systems (A-2).

At temperatures below 2200° F, the oxidation does not degrade the
cladding fission product barrier. For this reason and others, all
power reactor designs use this limit as one of the ceriteria for the
effectiveness of the emergency core cooling sxstems. For excessively
high temperatures expected at clad melt (4000  F and above) the
reaction rates for Zircaloy and water become large and, in addition,
oxidation of other metals becomes important. Since the vessel is
ccmpr.sed of stainless and carbon steels, at melting temperatures
these can account for thousands of pounds of hydrogen. Reaction
equations for various metals (in the Arrhen‘us equation form) are
shown in Table A-1. At Sequoyah, the total :irconium present for
oxidation is approximately 43,204 pounds which, if oxidized,
completely produces about 2000 pounds of hydrogen (figure A-4) .

The concentration by volume percent in the Sequoyah containment based
on various clad reaction percentages is shown in i1igure A-5. The
exothermic oxidation ‘waction alone accounts for 2805 Btu's per pound
of zirconium oxidized. Only 18 percent reaction can be accommodated
by dilution in the containment before the flammable limit of 4 percent
by volume is reached. However, considerable oxidation must occur
before the detonation limit of 18 percent is reached. For each pound
of aircaloy oxidized, 7.88 cubic feet of hydrcien at STP is released
(32" F, 14.7 psia).

Another source of hydrogen is the corrosion of zinc primers and
aluminum metal inside the containment. These sources along with sump
radiolysis are slow in evolution and are important in design for long
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TABLE A-i

(Sae references 6-7 and A-4)

METAL-WATER CORROSION RATE PARAMETERS

Metal A 6 B
Zirconium* 33.3 X 192 -45,500
Stainlizss Steel¥*# 2.4 X 10 5 -84,300

UOZ'*‘ 1.65 X 10 -50,800
2

W™ = At exp (B/RT)

where t = time (sec) a
R = gas constant 1.987 cal/mole K
T = temperature K
*W = weight (mg) zirconium reagted per cm2 area
*#y = oxygen uptake (mg) per cm” area
k®%¥yY = oxygen absorbed (mg) per cm” area
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term control., The corrosion reaction is similar to that discussed
above; however, it occurs at a much lower temperature characteric

of the post-LOCA containment environment. Normally, this reaction
would not be rapid enough for considertaion; howsver, very extensive
surface arsas render this source important.

The production of noncondensible gas inside a pressurized water
reacter (PWR) primary system occurs during normal plant operation.
Hydrcgen and oxygen gas are simultaneously generated by the
dissociation of core coolant via ionizing radiation in a PWR,
Fortunately, a radiolysis back reaction operates concurrently which
reconmbines the oxygen and hydrogen present to again form water.
Provided excess hydrogen is placed in solution in the primary system
coolant, free oxygen generated will not remain because of this
reccmbination reaction, thereby preventing any flammable m’ :ture
formation within the reactor coolant loops. The plant cheu.cal and
volume control system ensures excess hydrogen is present in solution.
As long as the hydrogen remains in solution and inside the reactor
coolant pressure boundary, it represents no hazard to the
containment. However, when the primary fluid 1s discharged to the
containment, the dissolved hydrogen gas may come out of solution at
the lower pressure of the containment. Solubility of hydrogen in
the water at the temperature and pressure characteristic of the
reactor ccolant system before the accident determines the maximum
hydrogen that may be released. In addition, radiolytic decomposition
of the water in the core and the sump is assumed to favor the
dissociation reaction, producing hydrogen which separates from the
coolant. The production rate depends on the quantity of fission
products released to the coolant and the core power history.’
Appropriate pessimistic assumptions are made during analysis to bound
the production of gas by this mechanism.

A.4 Computer Programs for Analysis

A.4.1 Current Thermal-Hydaulic Programs for Primary System Analysis

The reactor coolant system response to accident initiating events

is studied using advanced thermal hydraulic computer codes. These
software tools numerically approximate the continuity, momentum, and
mergy equationg for a series of interconnected control volumes.
Those most frequently used are the one dimensional RELAP 4(6-10) ,
RETRAN (6-2), and in the case of Sequoyah, the Wertinghouse WFLASH
(4=1), and Westinghouse SATAN (4-2) codes. These programs predict
the behavior of fluid systems when subcooled liquid, satuarated vapor,
superheated vapor, and when the more physically complex two-phase
(liquid and vapor) mixtures exist. The codes approximate the reactor
system as a series of fluid control volumes and flow paths.

Homozeneity of the fluid is assumed which means that the liquid and
vapor phases in a given volume are intimately mixed and flow in the
came direction with the same velocity. Thermal equilibrium is also
assured between fluid phases indicating that the liquid and vapor
in a volume are at the same temperature.

Some of these codes include additional models that relax some of the
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above assumptions, particularly the assumption that the vapor and
liquid move at the same velocity. This is necessary for the proper
modeling of small break loss-of-coolant accidents where the vapor
produced during depressurization has sufficient time to bubble through
the iiquid, slipring past the slower moving fluid. The additional
models only modif,” the fluid solution which remains basically
hemogeneous.

Curr.nt research has led to the development of computer programs that
solve a wore complete set of equations, describing the liquid and
vapor phases separately with ccupling terms between phases to detail;
for example, the drag of the vapor flow on the liquid. These codes
include RELAPS (A-3) and the advanced multidimensional program TRAC
(6-1). Thermal nonequilibrium is incorporated to accurately describe
injection of cold emergency core cooling water into the primary system
fluid which is at elevated temperature. These codes represent the
state-of-the-art in reactor system mathematicai description.

All of the above codes are single component, two-phase approximations
to the fluid behavior. Vapor and liquid phases of water may Te
present simultaneously, but other ccmponents (e.g., nitrogen,
hydrogen, and other nonccndensible gases) cannot be followed using
these programs. This limitation is not a problem since significant
core oxidation followed by a large hydrogen production rate has rot
been predicted for the present design basis accident. Because the
computer models do not determine the physics associated with the
presence of hydrogen and noncondensible gases in general, the
distribution of the gas through the primary system cannot be derived
directly from the vendor analyses. For the purpose of containment
analysis, it is assumed that the hydrogen does not collect within

the primary loop, but is released directly into the containment within
two minutes of 1ts production. This is not unreasonable in the design
basis large LOCA due to the rapidity at which mass is released from
the primary system via the break. However, the single component
limitation is a problem for the inadequate core cooling events.

A.4.2 Current Thermal-Hydraulic Program for Containment Analysis

The Sequoyah containment was analyzed using the LOTIC (4-3) computer
code. The Westinghouse LOTIC code (Long-Term Ice Condenser Code)

has the capability to properly describe the postblowdown period in

the ice condenser containment. Not only are the upper, lower, and

ica condens 'r volumes described, but also the ice condenser is divided
into six circumferential sections, each with two vertical divisions.
Another significant feature of the code is the two sump configuration
(active and stagnant sumps) such that the sump level increase and
temperature history of the containment is accurately modeled. The

code also describes the performance of the air recirculation fan in
returning upper compartment air to the lower compartment. Coupling

of residual and component cooling heat exchangers is provided to give
an accurate indication of performaice for these heat exchangers.

The spray heat exchanger performance is also accurately modeled in
the transients. Tha basic equations used are the standard transient
mass and energy balances and the equations of state used in any
containment transient, but appropriately coupled to the multi-volunme
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ice condenser containment. The c. .. also considers noncondensible
accunulator gas added to the containment and the displacement of free
voluse by the refueling water storage tank volume.

The LOTIC ccde, as do the primary system codes, uses the control
volume technique to represent the pnysical geometry of the system.
Fundamental mass and energy equaticns wre applied to the appropriate
control volumes and solved by suitable numerical procedures. The
initial ccnditions of the containment by compartment is specified
befere blowdown. Ice melt is calculated for the blowdown period based
on the mass and energy released to the containment. After the RCS
blowdown, the basic LOTIC code assumption is made that the total
pressure in all compartments is uniform. This assumption is justified
by the fact that after the initial blowodown of the RCS, the remaining
rmass and energy released from this system into the containment are
small and very slowly changing. The resulting flow rates are unable
to maintain significant pressure differentials between the containment
compartments.

Tests have been performed by Westinghouse at their Waltz Mill facility
to demonstrate the long term performance capability of the ice
condenser, Specifically, these te:ts verified the ability of the

ice condenser to reduce the cont~‘.ment pressure within a few minutes
following the blowdown, and have provided ice condenser

performance parameters for tests simulating the long term =ddition

cf residual heat.

The thermodynamic 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 of proolem 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 rssults from the ice
condenser test facility. These phases are.the blowdown period, the
depressurization period, and the long term period.

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. When the circulation fan is in operation, the
fan flow and the reactor coolant system boiloff are mixed before
entering the lower compartment. The air is considered a perfect gas,
and the thermodynamic properties of steam are taken from the ASME
Steam table.

The condensation of steam is assumed to take place in a condensing
ncde located, for the purpose of calculation, between the two control
volumes in the ice storage compartment. The exit temperature of the
air leaving this node is set equal to a specified value which is equal
to the temperature of the ice filled control volume of the ice storage
compartment.
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A.5.1 MNydrcien Analyzers

Hydrogen detection and monitoring postaccident is essential to
determine the proper time for mitigation of accumulated hydrogen.
This function is accomplished by the hydrogzen analyzer system. The
analyzer system is normally in a standby mode and calibrated, ready
for immediate cperation. In addition, sampling may be performea by
removing gas from the containment and analyzing it in the chenistry
lab as a backup.

The analyzers are located in the annulus and are constructed of
materials compatible with the environmental conditions expecter
postaccident in the annulus area. Controls are located in the main
control room and on a remote panel located in the auxiliary building
in an area accessible postaccident. The system is designed to sample
the containment atmosphere for the presence and concentration of
hydrogen and is completely redundant (2 per unit), It is also
designed to operate continuously during and following an accident
ovep the containment conditions of 2 to 50 psig and 40 to

290°F. Concentration indicators and system alarms for both analyzer
systems are located in the main control room.

The accurate measurement of hydrogen in the presence of nitrogen,
oxygen, and water vapor is possible because the thermal conductivity
of hydrogen is approximately seven times greater than nitrogen,
Oxygen, or water vapor, which have nearly identical thermal
conductivities at tne filament operation temperature of approximately
S500°F, Hydrogen measurement is accomplished by using a thermal
conductivity measurement cell and a catalytic reactor. The sample
first flows through the reference section of the cell, then passes
through *.e catalytic converter where free oxygen is catalytically
recombined with hydrogen to form water vapor, and finally, flows
through the sample section of the measuring cell. The hydrogen
content is indicated by the difference in thermal conductivity between
the sample and reference sides of the cell.

The system currently analyzes H, concentrations over the range of

0 to 10 percent, with 1 percent“of full scale accuracy; however,
through inquiries with the manufacturer, it has been determined that
Lhe analyzer could be altered to read over the scale 0 to 25 percent
wth only minor modifications.

A.5.2 Electric Hydrczen Recombiners

The accumulation of hydrogen in the primary containment building is
controlled via the hydrogen recombiners. The recombine.'s are manually
initiated by the operator based on information from the hydrogen
detection system. After an initial warmup time of five hours, the
recombiners will begin depleting the hydrogen at a relatively slow
rate. At the maximum design hydrogen concentration of 4 percent by
volume, the recombiners will process 1.35 pounds hydrogen per hcur
for each operating recombiner (twu available). This recombination
rate is approximately equal to the hydrogen production from sump and
core water radiolysis in the first few hours of the accident and is
sufficient to equal or exceed sump radiolysis, aluminum corrosion,
and zine corrosion at times later in the accident. The short-term

A-15




hydrogen generation by the zirconium-water reaction in the core is
accommodated by dilution into the containment volume.

Recombination of hydrogen and oxygen is accomplished by electric
heating in the permanently installed recombiner units. The
reccombiners are sized to process a sufficient amount of containment
atmosphere such that the containment hydrogen concentration remains
below flammability limits after the relzase of hydrogen from a 5-
percent metal-wat-r reaction assuming only one recombiner is
functioning. A5 a result of these design parameters, each primary
containment building is supplied with two such recombiners, each with
a minmum capacity to process 100 SCFM of containment atmosphere even
in the sc rere post-LOCA containment environment.

Containment air is drawn into the unit by natural convection, passing
first through the preheater section. This section consists of the
annular space between the heater-recombination section duct and the
external housing. The temperature of the incoming air is increased
by heat losses from the heater section. This reduces external heat
loss and results in increased efficiency of the unit. The preheated
air passes through an orifice plant and enters the heater-
recombination section which consists of a thermally insulated vertical
metal duct enclosing five assemblies of metal-sheathed electrical
heaters. Each heater assembly contains individual Jeating elements,
and the operation of the unit is virtually unafiected by the failure
of a few individual heating elements. The ingoming air is heated

to a temperature in the range of 1150 to 1400°F, where recombination
of hydrogen and oxygen occurs. The air from the heater-recombination
section finally enters an exhaust section where it is mixed with
cocoler containment air before being discharged from the unit.

Tests have verified that the recombination of hydrozen and oxygen

in the unit is not the result of a catalytiec surface effect but occurs
as a result of the increased temperature of the process gases. The
performance of the unit is, therefore, unaffected by fission products
or other impurities which might poison a catalyst. However, should
the hydrogen concentration exceed 6 percent by volume, it may be
necessary to terminate recombiner operation to preclude initiation

of a hydrogen deflagration by the recombiners.

A.5.3 The Hydrogen Purge System

The hydrogen purge system is a backup to the hydrogen recombiners
chould they be unavailable. The system consists of two subsystems;
an exhaust subsystem and a dilutent air supply.

The hydrogen purge exhaust subsystem consists of a single penetration
in the primary containment wall equipped with two normally closed,
remote manually operated isolation valves, one on either side of the
centainment wall; one pneumatically operated annulus purge exhaust
valve located within the annulus; and two 1/2-inch leakoff nipples
located between the outboard isolation valve and the annulus purge
exhaust valve. With the containment isolation valves open and the
annulus purge exhaust valve closed, a flow path is established from
the .rimary containment through the leakoffs and into the annulus,
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which will mer=‘* surging of the containment for hydrogen control
subsequent to a LOCA. The impetus for flow i3 provided by the
differential pressure between the primary containment and annulus.
If the concentration cannot be maintained below 4 percent through
the leakoff path, the annulus purge valve will be opened to supply
diluted air for a minimum time sufficient to maintain the hydrogen
concentration below the flammable limit. The containment effluent,
purged 3br hydrogen control, will flow directly to the anaulus where
it will mix with the annulus atmosphere and be filte~ed by the air
cleanup system prior to discharge to the outside environment.

Dilution air flow is introduced into the containment from the service
air system. The service air system has provisions enabling it to
receive diesel power. The dilution supply subsystem consists of a
single 2-inch penetration in the primary containment wall equipped
with provisions for containment isolation. The inboard containment
isolation feature is a check valve located in the primary
containment. The outboard containment isolation feature is a double
O-ring sealed flange located in the auxiliary building. A pressure
hose will be required to provide a flow path from a service air
flange. Operation of this subsystem is accomplished by removing the
flange and coupling a service air hose to the pipe penetration. The
system is sized to provide 60 SCFM of dilution air at a service air
pressure of 60 psig.

A.5.4 Containment Mixing System

Mixing of the containment atmosphere to minimize localized
concentration of hydrogen is accomplished by the containment air
return fan system. The associated ductwork consists of: two 12-inch
ducts (one connected to each air return fan housing) which draw air
in from the containment dome region; one 8-inch duct which circles
the containment removing air from accumulator rooms and other dead-
ended spaces and terminates at each air return fan housing; one 8-inch
duct which circles the :rane wall, removing air from steam generator
and pressurizer compartments and terminates at each air return fan
housing; two 8-inch pipes (one connected to each air return fan
housing) which remove air from above the spent fuel pool; and a main
duct betwecen the upper and lower compartment through the divider deck
that includes the nonreturn dampers.

The ductwork described above is embedded in concrete, where possible,
to prevont damage from buildup of pressure during a LOCA. Ductwork
not protected by embedment is designed to withstand the LOCA
environment. Rapid pressure buildup in ductwork in the upper
containment compartment is precluded by nonreturn dampers which
prevent the high pressure LOCA effluent flowing from lower to upper
compartment.




APPENDIX B
RISK ANALYSIS BACKGROUND AND
IDENTIFICATION OF ACCIDENT SEQUENCES

The safety of nuclear power plants can be addressed in terms of risk.
Risk of a specific event is defined as the product of (1) the
probability of occurrence for that event and (2) the consequences

of that event. Both entities must be considered simultaneously to
obtain the overall plant safety.

The first extensive evaluation of nuclear power plant risk was
raleased in 1975 by a group heacded by Dr. Norman Rasmussen of MIT.
Known as the Rasmussen Report or the Reactor Safety Study, WASH-1400
was the first concentrated effort to provide an analytical assessment
of the safety of a nuclear powsr plant using probabilistic
methodologies. The WASH-1400 study addressed plant, system, and
component failures, radiological assessments of accidents, and
comparisons of risks associated with other common risks (such as
airline accidents, natural phenomenon, etc.). The basic concept used
in the WASH-1400 study was to estimate the risk of a nuclear power
plant through an extensive evaluation of key and dominant sequences.
Key sequences are plant failures which are representative of many
other combinations of system and containment failure states. Dominant
sequences are those sequences which are considered to have the highest
probability of occurrence.

The WASH-1400 study provided an estimate of plant risks based on
determining the probability for a particular sequence of system
failures given an initiating event and then determining the
consequences of such a failure sequence. The initiating events chosen
for WASH-1400 consisted of large and small loss-of-coolant accidents,
normal operating transients, and some special case failures. The
study selected the Surry Nuclear Plant as the representative
prassurized water reactor design. The Surry plant uses a Westinghouse
nuclear steam supply system enclosed in a dry containment.

for each initiating event a decision was made as to what safety
systems would be required to mitigate the consequences of the
initiating event. An event tree was then developed for each
initiating event in order to determine all the possible system failure
sequences which could occur (see figure B-1 for an example) . Many
potential sequences in the event tree were eliminated from detailed
consideration because the failure of certain systems would make
immaterial the success of other syst-ms needed later in the sequence.

Each of the safety systems identified for use in mitigating the
initiating events were then qualitatively and quantitatively analyzed

in order to obtain an estimate of the probability that the system

would fail to accomplish its intended function. These system failures
will, in general, b2 independent (dependence being accounted for in

the construction of the event tree).

Having found the probability of a particular sequence, the appropriate
containment failure mode must be determined for each sequence. When
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NS4 EVENT TREE - LANUE LOCA (D > 6*)

Fieure B-1
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a particular containment failure mode was selected for a sequence (a
sequence may have more than one possible tailure mode), the
probability of that containment failure mode was estimated based on
quantitative and qualitative analysis.

The next step was to estimate the magnitude of the consequences which
could result from nuclear plant accidents, WASH-1400 did this by
defining nin~ release categories for a PWR which distributed by
magnitude the fission product releases of the accidents and by
assigning each key sequence to one of the nine categories. Category
one was defined to have the most severe fission product releases and
category nine the lea=t severe. Categories one through seven wera
core melt sequences.

The selection of a release category for a particular Sequoyah accident

sequence was made using WASH-1400 as a guide. However, the
uncertainties in the analysis techniques, computer codes, and data

require that the possibility be ccnsidered that a sequence has been
placed in an incorrect category. The WASH-1400 study accounted for
this possibility through the use of sequence smoothing. This method
was also used in the Sequoyah analysis. Smoothing is a method for
incorporation of possible release variations, and it assumes that
the releasce category chosen for a particular sequence was the c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>