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evaluation except controlied ignition. In addition to the
selection process, preliminary details of the PHMS design are
provided, and ongoing work in support of the system is

described.



2.0 Background

In February 1980, the TVA staff was requested by its Boa=4 of
Directors to undertake a preliminary internal study of potential
concepts suitable for mitigation of a degraded core event at
Sequoyan Nuclear Plant. A report of the study was completed on
April 15, 1980, and submitted to the NRC as Volume I of the
Sequoyah Degraded Core Study on September 2, 1980. During the
intensive period of the study, several concepts and combinations
of concepts were evaluated. These included concepts to prevent
or minimize the effects of hydrogen combustion, such as
preinerting with nitrogen, postinerting with Halon, or controlled
combustion with igniters, and concepts to increase containment
capacity for overpressure events such as augmented atmospheric
cooling within the containment, venting containment to the

atmosphere through a filter, to an additional empty containment,

or to another reactor containment. Conceptual designs were
developed for each of these mitigations based on best-estimate
design criteria. Each of these mitigation strategies was
evaluated on their effectiveness, technical feasibility,
additional risk, reliability, and cost. In the event that a
commi . ment to incorporate some mitigation of hydrogen effects
became necessary, the report recommended controlled combustion

with igniters.

In June 1980, a TVA commitment was made to enhance hydrogen
mitigation at Sequoyah. At th=_ \ime, an Interim Distributed
Ignition System (IDIS) was developed vased on the best

information available about postaccident containment



rasponse to a hydrogen release, its distribution, and
combustion. A detailed report on the safety evaluation of the
IDIS was submitted as Volume II of the Sequoyah Degraded Core
Study on September 2, 1980, that included a description of the
system, those events for which it was designed, the physical
phenomena associated with hydrogen combustion, the pertinent
containment processes and design, the expected distribution of
hydrogen in the containment, the anlaysis of containment
conditions during controlled combustion of hydrogen, and the
resulting environmental impact on containment structures and
equipment. Following igniter durability testing at TVA's
Singleton Laboratory and igniter hydrogen combustion performance
testing at Fenwal, Incorporated, and in response to NRC requests
for further information, a revised version of Volume II was
submitted on December 15, 1980. Through these submittals, "TVA
. . by testing and analysis show(ed) to the satisfaction of the
NRC staff that an interim hydrogen control system will provide
with reasonable assurance protection against breach of
containment in the event that a substantial quantity of hydrogen
is generated" as required by the Sequoyah unit 1 operating
license. TVA has continued its research and anlaysis efforts in
the mean time and submitted quarterl’ reports on the work as
required by the operating license. Alsc in response to a
condition in the license, TVA has recently submitted (May 31,
1981) a report resolving all equipment survivability issues

related to controlled combustion of hydrogen inside containment.



3.0 Major and Other Concepts Considered
Based on the information we assembled for Volume I of the
Sequoyah Degradei Core Study (see section 2.0 above) and current
thinking in the industry, four major hydrogen mitigation concepts
were selected for evaluation as a Permanent Hydrogen Mitigation
System (PHMS). These included controlled combustion using
thermal igniters, controlled combustion with thermal igniters
enhanced by spray fogging, postaccident inerting using Halon

1301, and controlled combustion using catalytic combustors. Each

of these concepts will be described briefly in the following and

evaluated in detail in section 5.0. In addition, limited

evaluations have been made for an oxygen removal cocncept using a

gas turbine and for a postaccident carbon dioxide inerting

concept. Results of these evaluations are also included in

section 5.0.

3.1 Major Concepts

3.1.1 Controlled Combustion Using Thermal Igniters

The controlled combustion concept has been explored
in detail over the past year since TVA introduced its
Interim Distributed Ignition System (IDIS). The
concept, as evaluated for the PHMS, is similar in
purpose: to ignite hydrogen at concentrations near
the lower flammability limit to ensure small stepwise
or continucus burning in order that the energy
addition rate to the containment may be moderated as
much as possibie. However, the system evaluated for
the PHMS had additional and relocated igniters,

potentially different types of thermal igniters,



3.1.2

improved reliability and availability, and operator
actuation from the main control room.

Control Combustion Using Thermal Igniters Enhanced by
Spray Fogging

Very fine microfogs have been proposed as a means to
inert a containment postaccident against hydrogen
combustion. However, the concept evaluated by TVA
for the PHMS consisted of larger droplet fogs used
{nstead as a heat sink in conjunction with igniters
to extend the containment capability to accommodate
hydrogen combustion. The spray fog systea evaluated
for the PHMS consisted of spray headers in both the
upper and lower compartments and associated pump~”
controls to provide a continuous, dense fog f .iowing
degraded core events.

Postaccident Inerting Using Halon 1301

Following a degraded core accident, Halon 1301 20uld
be added to the containment atmosphere in sufficient
amounts to inert it against hydrogen combustion. Tre
system considered for the PHMS consisted of discharge
headers, supply tanks, accumulators, and controls to
allow the rapid postaccident injection of Halon.
Controlled Combustion Using Catalytic Combustors

An alternative method for recombining hydrogen
following a degraded core accident uses catalytic
action to enhance and accolerate the process. Two
catalytic combustor applications were considered fer

the PHMS. One involved using a combustor on the



discharges of the reactor vessel vent and the
pressurizer relief line and the other used combustors

in the general open containment volume.

3.2 Other Concepts Considered

3.2.1

302-2

Oxygen Removal Using a Gas Turbine

Reducing the overall containment oxygen concentration
could prevent the uncontrolled combustion of hydrogen
following an accident. Gas turbines have been
proposed as a postaccident means to eliminate
sufficient oxygen.

Postaccident Inerting Using Carbon Dioxide

Similar to Halon 1301, carbon dioxide could be added
in sufficient 2asounts to the containment atmosphere
following a degraded core accident to inert it

agairst hydrogen combustion.



4.0 System Evaluation Criteria
Several criteria were used to compare the suitability of each of
the four candidates for the PHMS outlined in section 3.1. The
comparisons were qualitative in nature and attempted to arrive at
a suitable balance of the factors described in the remainder of

this section.

First, the concept selected for the PHMS must satisfy the
condition in the Sequoyah operating license that requires that
"for operation of the facility beyond January 31, 1982, the
Commission must confirm that an adequate hydrogen control system
for the plant is installed and will perform its intended function
in a manner that orovides adequate safety margins." An adequate
hydrogen mitigation system would be effective in reducing the
risk from reasonalie accident scenarios such as proposed in the
interim rule on October 2 1980, Specifically, "the maximum
duration for hydrogen generation was specified to be eight hours
. « . (and) an upper limit of 75 percent should be used for the
percent of fuel clad that reacts to produce hydrogen.” In
addition, the original plant margins of safety should be

maintained, if possible, even for chese accicents beyond the

design baasis.

The concept selected for the PHMS should be flexible in
application and suitable for further enhancements should such
features become available and are believed to be necessary. In
addition, the selection should not irrevocably commit the plant

to 1 system with severe limitations pending the outcome of the



proposed generic rulemaking on the issue of degraded core

accident mitigation.

The selected concept should be feasible for imme .ate
implementation without requiring extensive further development.
No major unresolved technical issues should remain in the
functional or implementational capability of the concept. The
concept should be able to be designed, procured, installed,

tasted, and approved by January 31, 1982.

The concept should have minimal impact on existing plant systems

providing support functions or features such as physical layout.

The concept selected for the PHMS should avoid adverse
operational impacts. Specifically, life safety, effects of
inadvertent operation, potential uncertainty of the operator to
manually initiate operation, performance monitoring requirements,
preoperational and surveillance testing. maintenance, and

reliability should be considered.

Finally, the concept selection should minimize cost associated
with design, hardware, ~onstruction, downtime, operation, and

maintenance.



5.0 Concepts Rejected for PHMS

5.1

Ma jor Concepts Rejected
The four hydrogen mitigation concepts outlined in section
3.1 were evaluated qualitatively based on the PHMS selection
eriteria discussed in section 4.0. Based on that
evaluation, controlled combustion with thermal igniters
enhanced .+ spray fogging, postaccident inerting using Halon
1301, and controlled combustion using catalytic combustors
were eliminated from consideration for the PHMS. Details of
the evaluations are presented in the rest of section 5.1.
5.1.1 Controlled Combustion Using Thermal Igniters Enhanced
by Spray Fogging
As state . in section 3.1.2, spray fogging could be
used in conjunction with a controlled combustion
system using thermal igniters. Since the fog would
serve as an additional heat sink for containment
pressure suppression and the resulting turbulence
would aid igniter effectiveness, fog addiiion should
accommodate a higher rate of hydrogen combustion.
Our conceptual design of the igniter/spray system
included redundant spray headers and thermal igniters
in all areas of the upper and lower compartment. The
spray rozzles in the present containment spray system
in the upper compartment could probatly be replaced
to produce the desired nominal droplet size of 100
microna. The spray system would require additional
redundant pumping capacity to maintain a drop

density of 0.05 percent by volume. The thermal
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igniter system would be identical to that described

in sections 3.1.1 and 6.0.

Since TVA believes that a controlled combus* .n
system using thermal igniters would meet the
operating license condition of being an "adequate
hydrogen control system" (see section 6.0), we
believe that an enhancement of that system with spray
fogging wo'ild also be adequate. Similarly, it would
satisfy the interim rule and maintain an adequate
marein of safety in the containment pressure
capability. An enhanced system should have even more
flexibility to mitigate a broad spectrum of hydrogen
transients that might result from the degraded core
rulemaking. ¥ wever, there remain enough unanswered
questions about the true magnitude of the enhancement
and whether a practical system could be installed to
maintain the required droplet density against the
effects of agglomeration and rainout to have caused
TVA to reject igniters enhanced by spray fogging for

the PHMS.

The spray fogging concept is not feasible for
immediate implementation at Sequoyah. is not
known presently how much pressure suppression
capability the addition of the spray fog system would
contribute. The conceptual design called for 100

micron drops distributed throughout the containment.
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This would yield benefits mainly for burns occurring
in the lower compartment since %“he present
containment spray system already would produce a
spray in the upper compartment with a median drop
size of 200-300 microns. The latest theoretical and
analytical predictions indicate “axt controlled
combustion would generally occur more often in the
ice condenser upper plenum than in the lower
compartment. In addition, the loss rates for
turbulent containment scale fogs of this droplet size
are unknown but may be so large as to make the
pumping requirements impractical. Sandia National
Laboratories state in NUREG/CR-1762, "Analysis of
Hydrogen Mitigation for Degraded Core Accidents in
the Sequoyah Nuclear Power Plant," that "the
suspension of a large mass of water droplets in the
containment atmosphere for an extended time may be

the most difficult technical problem with fogging .

+« This issue must be settled before fogging

systems can be designed." The makeup supply sysiem
to maintain a fog of specified density would ha.:. to
be sized based on the currently unknown loss rate.
These issues certai. .y could not be resolved
consistent with the January 31, 1982, license

condition.

The addition of a spray fogging system could have a

significant impcet on the existing plant. System
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requirements would include space for pumps,
containment pensetrations, a system of spray headers
and nozzles that could be quite elaborate, and
accompanying instruments and controls. The electric
power requirements for the additional pumps could be
substantial and force additional euergency diesel
capacity to be obtained. An analysis of the negative
pressure following inadvertent spray would also be

required.

The impact on operations of an igniter/spray system
should not be severe since the orly undesirable
effects of inadvertent uperation would be containment
depressurization which could be avoided through
pressure relief modifications. The spray system
would have to be activated early enough in the
accident tc allow the steady-state fog density to be

achieved.

Preoperational teating of the system would be of a
fairly standard type for a mechanical fluid system
except that air instead of water would be used to
verify that flow to each nozzle was unobstructed.
The surveillance test would consist of powering
valves and pumps. Maintenance would consist of
routine mechanical servicing of pumps and valves. A
small amount of plant downtime might be associated

with this testing and maintenance. Reliability of a
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redundant spray fogging system should be good and on
the order of any other large, electrically-powered

mechunical fluid system.

A spray fogging system could be relatively expensive
if an extensive nozzle system or large pumps are
required and if installation ard downtime are

considered.

In conclusion, the use of spray fogging to enhance
the performance of controlled combustion with thermal
igniters was rejected by TVA because of the uncertain
magnitude of the improvement and the unknown spray
droplet loss rate required to size the system.
Efforts underway to help TVA quantify these two
parameters are described further in section 8.0.
5.1.2 Postaccident Inerting Using Halon 1301
As stated in section 3.1.3, Halon 1301 could be
injected into the containment following a degraded
core accident to inert the atmosphere against
hydrogen combustion. Halon 1301 (Cl"38r) is a
halogenated hydrocarbon that was selected as an
inertant because of several favorable qualities.
While most gases used for this purpose work by
diluting oxygen below the mixture's flammability
limits, the Halons work by chemically interrupting
the combustion process. This effect results in less

Halon 1301 being needed to inert a given volume than
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other inertants such as nitrogen or carbon dioxide.
In addition, there is considerable sxperience with
Halons since they are widely used in commercial
applications for fire suppression. Halon 1301 also
has the desirable property that it can be stored as a
liquid under pressure but vaporizes rapidly when

depressurized.

Based on their prior studies and experiments on
reactor containment inerting with Halon 1301,
Atlantic Research Corporation (ARC) was selected to
perform a conceptual design study for an ice
condenser inerting system and to adar<ss inadvertent
actuation, long-term accident recovery, Halon
decomposition, water chemistry, and corrosion
potential. Their final report is in-~luded a3
Attachment A. As st>wn in figure 6 of that report, a
conceptual system could consist of four Halon tanks
and a backup, each pressurized by individual nitrogen
accumulators to maintain the Halon as a liquid and
propel it into the containment when necessary. The
apray headers and nozzles woul!d be located in upper
and lower compartments to ensure that the entire
containment would receive enough Halon to inert each
region. Tk system piping and discharge pressure was
sized to allow the containment to be inerted within

1000 seconds after injection began.



TVA believes that a Halon postinerting system would,
in principle, meet the operating license condition of
being an "adequate hydrogen control system." It would
also satisfy the requirements proposed in the interim
rule and should maintain an adequate margin of safety
under the containment ultimate pressure capability.
In addition, assuming the Halon could be injected
rapidly enough, it should have the flexibility to
inert against a broad spectrum of hydrogen transients
tiat might result from the degraded cor2 rulemaking.
However, there are fairly severe drawbacks to the
actual implementation and use of a Halon system that

have caused us to reject it for the PHMS,

The Halon 1301 postinerting concept is not feasible
for immediate implementation at Sequoyah. Following
its use after an accident, a portion of the injected
Halon would dissolve in the sump water inside
containment. Enough additional Halon could be

initially injected to overcome this loss, but the
dissolved Halon would radiolytically deccmpose to

form HF and HBr in low concentrations (1200 ppm and

400 ppm, respectively). In addition to general

acidic corrosion, poctentially severe stress corrosion
cracking of stainless steel piping could occur due to
the presence of these halides. From section 6.3 of
Attachment A, "without treatment . . . potential

£ists for the following detrimental effacts:
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. Probable stress corrosion cracking of stainless
steel of neated surfaces.

. Possible stress corrosion cracking of stainless
steel in water held above 150°F for an extended
period.

. Extensive crevice corrosion, pitting and galvanic
corrosion initiated during the period of low pH and
high temperature perpetuated by increased

conductivity of the water and presence of bromide

ion."

However, the report goes on to say, "with treatment
. . . Halon decomposition may be avoidable by
addition of -+omide ion (NaBr, KBr, LiBr);
likewise, the pH depression may also be avoided .

. . Either of these should mitigate the general
corrosion and reduce the potential for stress
corrosion cracking. Inhibitors can be added which

may prevent localized corrosion.”

Despite ARC's statement in section 1.0 of Attachment
A that "potential corrosion of metals in the primary
and secondary cocling systems . . . is not a safety
question but rather an economic matter related to
system recovery after a LOCA," TVA believed the issue
was definitely one of long-term operability and
safety and deserved further study. Therefore, we
performed experiments at our Singleton Materials

Engineering Laboratory to investigate the
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metallurgical effects on SS304 o. aqueous bromine and
fluorine solutions in the concentrations predicted by
ARC. The test reports are included in this report as
Attachment B. The test results show these
environments to be very aggressive and that *“he
straight unbuffered solution caused heavy,
intergranular attack. Even when buffered, as
suggested above by ARC, the solutions resulted in
heavy pitting. Note that these tests were conducted
at 200°F because of the umavailability of an
autoclave. In practice, the specimen would see
system temperatures of up to 650°F and attack would
be expected to be even more severe. Based on the
effectsy on the sensitized samples (representing weld
areas), long-term postaccident system integrity would
be questionable. An extensive development and
testing effort would be required to identify whether
a suitable postaccident water chemistry control
method existed and to demonstrate its effectiveness.
The issue certainly could not be resolved consistent

with the January 31, 1982, license conditions.

The addition of a Halon postinerting system would
have a fairly sizable impact on the existing plant.
Space would have to be allocated for the five Halon
tanks and their~ five nitrogen accumulators, two
containment penetrations would have to be added, an

extensive system of injection headers would be
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required to ensure timely coverage of each
compartment, and enough instrumentation and controls
to initiate system injection and monitor its

performance would be neces3ary.

The impact on operations of a Halon postinerting
system could be severe. Stringent guidelines for
system activation would be required to prevent
inadvertent actuation during personnel occupancy
since only about ten minutes would be available to
evacuate before physiological harm results.
Inadvertent operation would also dump the relatively
expensive Halon and require several days of purge and
cleanup. These impacts would naturally cause the
operator to be hesitant about manually initiating the
rystem even during an event when it mizht be needed.
Since the effectiveness of Halcen inerting depends on
complete achievement of the required concentration
everywhere in the containment, the partial or local
injection that might result from a late actuation
eould still allow uncontrolled hydrogen combustion to
seeur. This condition would be compounded by the
additional pressure from the presence of Halon and
thermal decomposition products from the high
¢combustion temperatures. In addition, it is not
certain that for all events leading to ' ydroken
release, the warning signs available to the operator

would be both unmistakable enough to require Halon
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injection and early enough to allow it. Operator
reluctance and unclear guidelines are major drawbacks

to the une of Halon.

Preoperational testing of the system would verify
valve operability and obstruction-free flow (of air)
to each nozzle. The surveillance test would consist
of powering valves and verifying sufficient
accumulator pressure. Maintenance would consist of
routine mechanical servicing of the valves. Little
plant downtime would be requir'” for this testing anc
maintenance. Reliability of a Halon system with a
backup tank and red-ndant valves should be very good

since it is a passive system after valve cycling.

A Halon postiuerting system would be relatively
_xpensive when costs of the Halon itself, the asystem

hardware, installation, and downtime are considered.

In conclusion, the use of Halon postaccideat inerting
for the PHMS was rejected by TVA because of probable
long-term corrosion effects and operational
uncertainties and is not being considered furtaer.
Controlle. Combustion Using Catalytic Combustors

As stated in section 3.1.4, a method of controlled
combustion aliernate to thermal or spark ignition
uses catalytic combustors. The catalytic combustor

operates by providing a noble metal substrate to
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facilitate the reaction of hydrogen and oxygen to
form water vapor. Compared to a thermal recombiner,
a catalytic combustor operates at a higher flow rate
for a given size and should be effective at lower and

higher concentrations of hydrogen.

The conceptual design for the catalytic combustor
system consisted of a combination of two distinct
applications. One type of combustor would be lccated
in the discharge of each vent from the reactor
coolant system (such as reactor vessel head vent and
pressurizer relief line) to burn hydrogen before it
would be released to the contaminant. Another
combustor type would be located in the general
containment volume to bur. any hydrogen in the
atmosphere. A fairly sophisticated mixing system
would be required to remove moisture and add air to
obtain a fuel/air mixture in the operating range of
the vent combustors. A forced-air induction system
would be required to achieve a reasonably fast
throughput rate in the containment combustors.
Fither supplemental cooling or an exhaust gas
distribution system would probably be required for
either type of application to prevent lo~al heating

problems.

In theory, the catalytic combustor concept would

satisfy the operating license condition of being an
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"adequate hydrogen control system." It also would
meet the requirements propcsed in the interim rule
and maint~‘n an adequate margin of safety in the
containment pressure capability. However, the
concept is not suitably develoned to be accepted as=

the PHMS for Sequoyah.

Under ideal operating conditions, controlled
combustion using catalytic combustors may be slightly
more flerible in mitigating any hydrogen transients
that might result from rulemaking than controlled
combustion using thermal igniters. This is because
under ideal conditions (in the absence of any
cetalyst poisons), the catalytic combustor would
operate efficiently at lower hydrogen

concentrations.

Following a degraded core event, the containment
atmosphere could contain some amounts of core fission
products. One of these, methyl iodide (CH3I), was
selected as the basis for catalyst poisoning
experiments performed for TVA by Acurex Corporation.
The studies showed that combustors could remove
hydrogen from the inlet stream at high efficiencies
and velocities in the absence of methyl iodide.
However, at concentrations that could be expected in
the postaccident containment atmosphere, the catalyst

was easily poisoned and eventually deactivated by the
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me*hyl iodide. This effect was dependent on both
methyl icdide and hydrogen concentrations. It was
especially pronounced at the low hydrogen
concentrations where the prospect of using the
catalytic combustor had been proposed as being
particularly attractive. Poisoning at low hydrogen
concentrations would eliminate the major advantage of
catalytic combustors over thermal igniters for

controlled combustion.

The design of a practical steam removal and air
addition mechanism upstream of the vent coabustor
would be a difficult obstacle considering the
variable water, steam, and hydroger flows that could

be expected in the vent line. Unless the mixing

device was able to add sufficient :ir, unburned
hydrogen could pass through the combustor and into
the containment. A more serious problem could be the
potantial for not sufficiently diluting mixtur<s
containing high concentrations of hydrogen before

causing ignition.

The noisoning experiments performed by Acurex :re
bench-scale. Since the poisoning proceeded gradually
along the axis of tl2 catalyst bed, it was proposed
that merely extending the length of the catalyst as
much as necessary %o allow for the maximum expected

deactivation covid overcome the poisoning problem.
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However, TVA believes more accurate predictions of
maximum atmospheric fission produc . concentrations
and larger scale catalyst tests would be necessary
before such basic required information as the number

and size of combustors could be reasonably assured.

The impact on plant features could be significant if
several containment combustors and an accompanying
forced-air induction system were required. Space,
power, and cooling or distribution requirements
cannot be determined at this time but could be

sizable.

The impact on plant operations of a combustor system
should no* be severe. The containment combustors
would have to be activated before hydrogen release to
the containment would be expecte: similar to
initiation «f controlled combustion using thermal
ignitera. Inadverient actuation wouid not cause any
ma jor problems. The vent combustor mixing device
should be automatic sinca the operator could not be
expected to provide control under rapidly changing

conditions.

Preoperational testing of the system would verify the
fan flow rates and the cooling system (if required)
heat removal rates. The surveillance test would

consist of powering the fans and the vent comtustor
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mixing device. The maintenance would be of a routine
mechanical nature unless the catalyst bed required
regeneration or replacement. Some plant downtime
would be required to perform this testing and
maintenance inside containment. Reliability of a
catalytic combustor system should be good unless the
catalyst bed yurforms poorly since the rest of the

system is like any other active mechanical system.

The cost of a catalytic combustor system cannot be
determined at present since the materials and
quantities have not been specified. However, the
cost of a number of large, platinum combustors with
an extensive forced-air induction system and cooling
or distribution system could be fairly sizable. In
addition, the research program that would be
necessary to develop a practical, proven catalytic

combustor . ‘4 be relatively expensive.

In conclusion, due to the poisoning effects observed
at low concentrations of nydrogen, controlled
combustion .eing catalytic combustors does not appear
to be superior to controlled combustion using thermal
igniters. In addition, not enough information is
known about the sizes and numbers of containment
combustors or the deaign of the vent combustor mixing
davice to judge whether a practical avstem could

eventually be developed. Since these issues
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definitely could not be resolved consistent with the
January 31, 198”2, license condition and since the
ecatalytic comoustor system does not appear to be
superior to a thermal igniter system, TVA has
rejected catalytic comoustors for the PHMS for

Sequoyah.

5.2 Other Concepts Rejected for PHMS

5.2-1

Oxygen Removal Using a Gas Turbine

A mixture of air and hydrogen can be rendured
nonflammable by reducing the oxygen concentration
below 5 percent. Gas turbines have been proposed as
a means to rapidly inert the containment by reducing
the oxygen level following a degraded core accident
before hydrogen could be releasd. Such a system
would involve one or more turbines, fuel supply
lines, and monitoring instrumentation and controls.
It would require an additional forced-air induction
system with fans and associated ductwork. It should
alsc include its own supplemental cooling to avoid
impacting the containment heat removal capability.
Using a representative fuel such as methane as
follows,

Cﬁu - 202 — C()2 ¢2H20
estimates were made of some of the combustion
parameters. In order to reduce the containment
oxygen concentration from the original 20 percent to
the required level of 5 percent (conservatively

neglecting the addition of CCZ), two tons of methane



wovld be required and 82 million BT' would be

generated. 7o inert the containment within 30
minutes, an average airflow of 54,000 scfm would be
required.

The installation and operation of a gas turbine
oxygen removal system would have a significant impact
on existing plant systems and features. Several

ma jor auxiliary systems would be required tc support
operation of the turbine. First, a forced-air
circulation system with extensive ductwork would be
necessary to allow high volume throughput.
Maintaining a steady, dry combustible air/fuel
mixture even with such @ circulation system would be
difficult under postaccident containment conditions.
As the overall oxygen concentration became leaner,
airflows much higher than the 54,000 scfm would be
required to prevent flameout and restart. A number
of other auxiliary systems would be needed to support
turbine operation such as cooling of the lubricating
oil and the comoustion chamber walls, Finding
adequate space in the lower compartment of the
containment for the gas turbines and these supporting

systems would be difficult.

The 82 million BTU heat load would be comparable to
the heat load { om combustion of the amount of

hydrogen generated by a 75-percent metal-water
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reaction (1500 lbs HZ). However, unless several
distributed gas turbines were used, the local heating
effects from rapid inerting could be severe if
supplemental cooling were not provided. In addition,
the gas turbine would pose other haszards to the
containment or equipment, including the presence of a
flammable fuel and the potential for internal missile
generation. The reduction in the volume of
noncondensibles in the containment due to depletion
of the oxygen concentration could necessitate opening
the vacuum relief valves to avoid exceeding the
negative pressure capability. Opening these valves
would introduce air which could deinert the
containment after hydrogen had been released. Also,
it would not be desirable to have to defeat any
containment isolation feature. Preventing the
formation of a flammable mixture Auring long-term
accident recovery and hydrogen disposal could be a
difficult problem. Since purging the containment
with air would have to be avoided, provisions for
nitrogen (or some other inertant) purge would be

required.

For the gas turbine system to irert the containment
by the time hydrogen could be reieased, it must be
initiated in time to perform its function. The
previous estimate of 30 minutes to deplete the oxygen

is probably a reasonable minimum time. It would be
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difficult, for all scenarios, for the operator to
determine that the event was seriocus enough to
warrant initiating the gas turbine that far in
advance of hydrogen release into the containment. In
addition, the operator would naturally be reluctant
to activate a system that would impose such a heat
load, cause ice :=.ting, and force a plant shutdown
for several month until he was absolutely sure it

was necessary.

In summary, our evaluation of the oxygen removal
soncept using gas turbines has identified major
impacts on existing plant features, potentially
severe local heat loads, fire and missile hazards,
and perhaps most important, undependable actuation of
the system when needed. These drawbacks preven. the
further consideration of gas turbines for hydrogen

mitigation.

Postaccident Inerting Using Carbon Dioxide

As stated in section 3.2.2, carbon dioxide (COZ)
could be injected into the postaccident containment
atmosphere in sufficient quantities to inert against
the eventual release and combustion of hydrogen.
Such a system would be very similar to the Halon
postinerting system described in section 5.1.2. The
evaluation in that section would be applicable to a

CO system except that more CO would be required to
2 2
4
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inert the containment and that no corrosion problems

would result from the use of coz. The excessive
pressure resulting from the additional amount of gas
required is the major drawback associated with the Co2
postinerting concept. A comparative analysis of the
physical properties of Halon, carbon dioxide, and
nitrogen and the containment pressures following
their injection was submitted in Appendix C of TVA's
first quarterly progress report December 15, 1980.
This analysis showed that the overall pressure
fellewing coz injection after a degraded core
accident would be well above the containment design

pressure, The deliberate overpressurization of the
containment above its design pressure was rejected by
TVA for use at Sequoyah, especially since other
hydrogen mitigation methods such as controlled
combustion using thermal igniters would be able to

prevent excessive postaccident pressures.
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6.0 Concept Accepted for PHMS
Controlled combustion using thermal igniters has been selected by
TVA as the only suitable candidate for the PHMS. As stated in
section 3.1.1, this concept is the same one employed by TVA in
the Interim Distributed Ignition System (IDIS) that has been
installed in Sequoyah units 1 and 2. The operating principle is
straightforward: to reliably ignite hydrogen throughout the
containment at concentrations near the lower flammability limit
to achieve perindic or continuous lean burning in order that the
energy addition rate to the containment may be distributed as
evenly as possible throughout the duration of the hydrogen
combustion part of the accident. Since the containment pressure
response is rate-dependent, this moderated energy addition rate
would allow the active and passive containment heat sinks to
absorb the heat of combustion more effectively and reduce the

overall zontainment pressurization.

The design of the thermal igniter system as evaluated for PHMS
selection is described in some detail in section 7.0. The basic
design as presently contemplated includes a total of 60 igniters
in two trains distributed throughout the containment with at
least one pair of redundant igniters located in each region.

Manual control carability is provided in the main control room.

TVA believes that, in prineciple and in practice, a controlled
combustion system using thermal igniters would satisfy the
operating license condition of being an "adequate hydrogen

contrcl system . . . that provides adequate safety margins." It
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has been demonstrated to meet the requirements of the interim
rule. In additior, analyses have shown that a margin of safety
is maintained below the containment design pressure for a small
break LOCA (320). The thermal igniter system should have good
flexibility to mitigate other hydrogen transients that might be
stipulated in the rulemaking and still maintain a margin of
safety below the containment ultimate capability. Enhancements

suzh as spray fogging are potential additions if necessary and

feasible.

The thermal igniter concept is feasible for immediate
implementation at Sequoyah. Based on testing and extensive
analyses performed for the IDIS over the past year by TVA and
others, the major issues have been identified and resolved and
the system design parameters have been well established. TVA
believes that anv remaining issues could be resolved and NRC
confirmation obtained consistent with the January 31, 1982,
license condition. However, as noted in section 1.0, due to the
protection capability of the currently install:d IDIS and to
avoid a forced shutdown for modifications inside containment, TVA
plans to request approval to replace the IDIS with the PHMS at

the first refueling outage on each unit.

The implementation of an upgraded thermal igniter system would
not have a major impact on present plant features or systems.
Nominal amounts of normal and emergency electrical power would be
required, along with containment penetrations fcr the power

supplies. One switch per train of igniters would be required in
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the main control room. Existing containment instrumentation
would be adequate to monitor system performance. No additional
cooling capacity is required since the thermal igniter system is
designed to depend on the ice condenser and containment sprays
for cooling. Likewise, no added forced eirculation s required
since the air return fans do an acceptable job of mixing and

distribution.

Licensing issues tc be addressed to support the addition of the
upgraded thermal igniter system should not be extensive since TVA
has already made a number of submittals during the past year that
satisfactorily supported TVA's position that the IDIS provided,
with reasonable assurance, protection against breach of
containment. For example, resolution of the equipment
survivability and lccal detonation issues were adaressed in TVA's

report submitted to the NRC in May 1981.

The irpact on operations of a thermal igniter system wouid not
be severe. The systom poses no threat to personnel since it is
not required during normal operation and would normallv be
deenergized. Inadvertent actuation of the syste~ during anv
phase of plant operation presents no threat to personnel or
equipment. This would prevent reluctance by the operator to
activate the system and would enable him to activate it

at a point in the ac:ident before hydrogen could be released ‘.
the containment. The relatively short warmup time for the
thermal igniters following act. stion would contribute to the

high likelihood of their availability.



Preoperational testing of the thermal igniter system would
involve verifying that individual igniter temperatures were
adequate. At that time, the current in each circuit would be
recorded as a baseline for future use in surveillance tests. The
complete igniter system will be periodically tested. This

test, consisting of measuring the current in each circuit and
comparing it with the original baseline, can be performed at the
electrical distribution panel outside caitainment and can detect
the failure of cne or more igniters. Miintenance on the thermal
igniter system is expected to be minimal since the system
consists of electrical components such as thermal igniters
(heaters), transformers, circuit breakers, control switches,
indicating lights, and electrical cables that do not require

ad justment or periodic replacement. The reliability of a thermal

igniter system should be extremely good since there are no moving

parts (other than switches) or no variable controls ( just

ON/OFF).

The cost of design and hardware shculd be moderate for a thermal
igniter system since the technology is prove: and does not need
extensive development. Installation costs should not be
excessive if the work is performed during the first refueling

outage instead of during a special forced outage.

In conclusion, after examining a number of hydrogen mitigation
concepts and evaluating controlled combustion using thermal

igniters enhanced by spray fogging, postaccident inerting using
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Halon 1301, and controlled combustion using catalytic combustors
in particular, TVA has selected controlled combustion usi.g

thermal igniters for the Permanent Hydrogen Mitigation System at

Sequoyah. Although a considerable amount of e~-arience has beer

accumulated with the thermal igniter concept through work on the
IDIS, as described earlier, TVA is pursuing additisnal

confirmaisry studies which are outlined in section 8.0.
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7.0 Preliminary Details of the PHMS

As described in the previous section, controlled combustion using

thermal igniters has been selected for the PHMS at Sequoyah.

Design of the system is currently underway. Preliminary

information abou: the system implementation is provided in this

section including a design requirements document, a description

and justification of igniter locations, and basic operating

procedures.

T.1

7.2

System Design Requirements

The design requirements document used internally by TVA is
provided as Attachment ~.

Description and Justification of Igniter Locations

The principle of the controlled combustion concept selected
for the PHMS i3 to ignite hyd.~gen .t any containment
location as soon as the concentration exceeds the lower
flammability limit. To assure this, a total of 60 igniters
will pe distributed throughout the majoi regions in which
hydrogen could be released or to which it could flow in
significant quantities., There will be at leac” two
igniters, powered from saparate trained source . geunerally
located near the top of each of these regions. See figures

2 through 8 in Attachment C for igniter locations.

Following a degraded core accident, any hydrogen which is
produced would be released from a break or the pressurizer
relief tank into the containment in the lower compartment
inside the crane wall. To cover this source region, there

will be 18 igniters (equally divided between trains) located
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high in the lower compartment inside the crane wall. Four
of the igniters will be equally distributed around the
interior of the crane wall between ice condenser inlet doors
at elevation 730'. Two igniters will be located at the
lower edge of each of the five steam generator and
pressurizer enclosures at elevation 731'. A pair of
igniters will be located in the top of the pressurizer
enclosure at elevation 772'. Another pair of igniters will
be placed above the reactor vessel in the upper reactor
cavity at elevation 730'. Since there are no potential
hydrogen sources in the steam generator enclosures and
significant flows into these enclosures are not expected
from the rest of the lower compartment, igniters will not
be located in the top of these enclosures. The pair of
igniters located at the entrance to each steam generator
ennlosure would ignite 2qy flammable mixtures that may

pass by them.

Any hydrogen not burned in the lower compartment would be
carried up through the ice condenser and into the upper
compartment. To cover these regions, there will be 22
igniters (equally divided hetween trains) located in the ice
condenser and the upper compartment. Since steam would be
ramoved from the mixture as it passed through the ice bed,
thus concentrating the hydrogen, a nonflammable mixture in
the lower compartment could become a flammable mixture in
the ice condenser upper plenum. To provide controlled

combustion in this region, four igniters will be equally
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distributed around the upper plenum at elevation 792'. Six
more igniters will be equally spaced on the crane collector
rails above the ice condenser top deck blanket at elevation
809'. Four igniters will be located around the upper
compartment dome at elevation 846', Four more igniters will
be spaced around the inside of the crane wall below the
upper plenum exit at elevation 787'. An "A" train igniter
will be locatec above the "A" train air return fan at
elevation 755' and a "B" train igniter will be located above
the "8" train fan at elevation 746'. One igniter is also
located on the outer face of each of the two steam generator

chambers at elevation 742'.

The two air return fans provide recirculation flow from the
upper compartment through the accumulator rooms, pipe chase,
and HVAC rooms (the sum of which are referred to as the
"dead-ended" volume) and back into the main area of the
lower compartment. To cover these regions, there will be 20
igniters (equally divided between trains) distributed
throughcut the rooms through which the recirculation f.ow
passes. Four igniters will be equally spaced around the
pipe chase at elevation 689'., A pair of igniters will be
located in each of the four accumulator rooms, the two HVAC
rooms, the instrument room, and the heat exchanger room
between elevations 700' and 716'.

Operating Procedures

Since the principle of controlled combustion using thermal

igniters = i'nite mixtures as they become flammable at any



containment location is fairly straightforward, no
sophisticated operating procedures are necessary. TVA has
not identified any reasonable rationale for individual or
group c.” :rol of “gniters to try to achieve local or partial
combustion. Tnerefore, manual initiation of all igniters by
the operator beicre any potential release of hydrogen into
the containment is the only major objective. Basically, the
PHMS will be initiates manually from the main control room

following any event that requires the use of Emergency

Operating Instruction 1 (EOI-1), "Loss cf Reactor Coolant."”

The igniters will be divided into two reduncdant groups
(trains A and B), with a »natrol switch and status (ON/OFF)
indication for each group located in the main control room.
More detailed information about the system design of the
PHMS and its interaction with other key systems will de

provided by the end of October 1981,
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8.0 Ongoing Work
As mentioned in several sections of this report, TVA is
continuing to pursue information to confirm the effectiveness and
characteristics of controlled combustion for hydrogen mitigation.
The major portion of this effort is being coordinated by the
Electric Power Research Institute (EPRI). A number of areas are
being investigated at several research facilities. Hydrogen
combustion properties such as flame speeds, burn completeness,
lower flammability limits, propagation between mixtures of
different concentration, and effects of obstacles and turbulence
are being examined at the Whiteshell Nuclear Research
Establishment along with the effectiveness of various types of
igniters. At Acurex Corporation and Factory Mutual Research
Corporation, the effects of sprays and fogs are being studied. A
large-scale model of an ice condenser containment is being used
at Hanford Engineering Development Laboratory to investigate
hydrogen mixing and distribution. A detailed explanation, test
matrix, and schedule for the EPRI program was submitted by TVA to

the NRC in our third quarterly report on June 16, 1981.

TVA is presently exploring details of an igniter endurance
testing program to be conducted at our Singleton Labcratory.
Items being investigated include methods to continuously inject
controlled amounts of hydrogen and air into the combustion
chamber, methods for detecting the presence of a hydrogen flame,

and the excent of the test matrix. This program is cu rently scheduled

to be complete by the end of October 198l.



TVA is making arrangements to establish an environmental
qualification testing program for the thermal igniters at Wyle
Lahoratories in Huntaville, Alabama. The igniters will be
subjected to tiv cesigr basis environmental conditions listed in
section 3.11.2 of the Sequoyah FSAR. No hydrogen ignition tests

will be performed by Wyle since they are being conducted at
Singleton, Test schedules, when available, will be

provided.

TVA has committed verbally to analyze the effects ¢ extending

the design basis hydrogen transient into the core reflood and
accident recovery phase. In addition, sensitivity studies ol
further hydrogen-producing scenarios will be pei'formed. The

results of these additional! analyses are scheduled for submittal

in October 1981,

E71163.04
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FOREWORD

This study was jointly funded oy Tem :ssee Valley
Authority, Duke Power and American Electri- Power under
Contract NHo. TV-55205A. The following persons made major
technical contributions to the program: A. J. Biedermann
of C. P. Dillon and Assoclates (Section 5.0); . P. Ross-
meissl of Atlantic Research Corporation (Section 2.0);
Dr. S. A. Turner of Southern Service App. {cations, Inc
(Section 4.0); and Dr. G. von Elbe of Atla.*’ Research
Corporation (Section 5.0).
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1.0 1 TRODUCT AND SOMMARY

A development prograa had been conducted during the mid-seventies
under sponsorship of the Maritize Administration, which established that
Halom 1301 could provide protection against aay combustion hazard that
hydrogen gas might present follcwing a loss-of-coolant accident in rela-
tively szall LWR comtainzents of nuclear-powered ships. That program
comprised analytical study, laboratory experinents and large-scale test-~
ing to define rh- requirexents for a Haloa 1301 system and to exanine
certa.n operational problems that were hypothesized. Full details are
ccatained in reference (1), available through NTIS.

The present study reported here exazminad the question of vhwther a
Halon systes would be suitable for an ice condenser containment. There are
two aspects to the suitability question -~ one concerns safety and is related
to licensing. The conclusion of the study is that a Halon system would pro-
vide full safety. The other aspect of the guestion conceins potantial cor-
rosion of metals in the primary and secondary cooling systenms, which might
arise from a small amount of decompositiou of Halon. This is not a safety
question but rather aa economic matter related to system recovery aiter a
LOCA. The conclusion of the study is that any corrosion problem can prob=
ably be eliminated by adjusting the water cheaistry, and might evea be self-
eliminating. ’

Halon 1301, which has the cheaical formula CFJBt. is a well-known
fire extinguishing and explosion suppressing agent. An inerting system for
asuclear-related application would consist ¢f a predetermined quantity of Halon
stored as a liquified zas ia several scorage vessels near the containment. In
the event of a LOCA, the system could be immediately activated, or alternatively
if aydrcgen concentration reached a certain point, 1301 could be discharged
either automatically or manually iato the containment through a piping and
valve system. Many operational advantages are associated with the sizplicity
of a 1301 system. For example, there are few moving parts, minimal power re-
quirements, complete reliability, relative eccnomy, storage convenience, ease
of periodic testing, and once activated the system requires little furcher
attention.

The quantity of Halom varies with the particular application, beiang de-

pendent zainly on contaimment voluze and amount of hydrogen that could develop.



For an ice condenser containment of the Sequoyah type, the exact requirement
as determined in this study is 236,300 1b mass. This amount of agent would
be stored in four l2-foot diameter vessels, each contaiming 59,075 1lb. In
principle, it is possible to use gases other than Halon 1301 for inerting,
such as nitrogen or carbon dioxide. In practice, however, the storage re-
quirements and the pressures that these gases would produce ja the contain-~
ment would be exc~ssive. Halons other than 1301 also have been considered.
Balon 2402 does not have sufficient vapor pressure for such application.
Halon 1211 may be comparable o 130l.

Halon 1301 is well suited for coutainment vessels because of its
physical and chemical properties and because of its favorable toxicological
characteristics (2,3). Some physical properties are listed in Table 1 and
Figure 1. The chemical properties of Halca 1301 of interest concern its
compatibility with materials of constructiom, its reactivity and thermal
stability. Relevant toxicity and chemical behavic~ are discussed later in
the report.

It is of interest to consider the pressures and temperatures that would
be expected in the event that a noninerted hydrogen-air mixture were ignited.

The tiieorecically calculated values for such mixtures ire presented in Figure 2.

These were computed using JANNAF data and the Atlantic Research thermochemical
code. The explosion curves of Figure 2 refer to the care of ordinary slow
(subsonic) combustion in a closed vessel. The detoration curves give the
pressures and temperatures associated with the supersonic combustion. The
detonation limits are ordinarily given as 18 to 597% hydrogen in air. The
explosion or flammability limits for hydreogen are usually cited as about &

to 95%. Concerming the lower flammability '‘amit, it is true that small flaxe-
lets can be made to propagate at this coocentration; however, no significant
overpressures develop until a mixture streamgth o about 7% is reached. This
can be seen in the data of Figure 3, wnich is taken from reference (4). (In
the figure, overpressures are not prcduced below about 3%, but the authors
reported that with repeates sparking tne liait was lowered to about 7%.)

The tests of Figure 3 were perforzed in a 12-ft. sphere with central spark
ignition. Above about 12% hydrogen, the experimental measurezents coincide
closely with calculated pressures.
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Table 1. Physicel Properties of Halen 1301

Chemical Formula
Molecular Weight
Boiling Poin:
Freezing Point
Critical Temperature
Critical Pressure
Critical Density
Heat of Vaporization

Surface Tension of Liquid
Densiry: Liquid
Saturated Vapor

Heat Capacity

Vapor Pressure

Thermal Conductivity

Solubility in 820

C?slr

149

-72°F

«270°F

152.6°F

575 psia

46.5 1bs/cn ft
35.5 BTU/1b @ 70°F

9.7 dynes /eam @ O°F
4.5 dymes/cn @ 70°F

2.2 1bs/cu £t @ 120°F
98.0 1bs/cu ft & 70°F

16.2 1ts,/cu fr @ 120°F
7.4 1bs’/cu ft @ 70°F

0.257 ~TU/1b °F @ 120°F
0.205 BTU/1b °F @ 70°F
0.176 3TU/1b °F @ O°F

400.4 psia @ 120°F
213.7 psia @ 70°F
71.2 psia @ O°F

0.025 3TU ft/hr °F £t @ 70°F

100 ppm at 15 psia and 120°F
300 ppm at 15 psia and 70°F
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