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ABSTRACT

This document summarizes what has been learned from generation of hydro-
gen in the reactor core and the hydrogen burn that occurred in the containment
building of the Three Mile Island Unit No. 2 (TMI-2) nuclear power plant on
March 28, 1979. During the TMI-2 loss-of-coolant accident (LOCA), a large

quantity of hydrogen was generated by a zirconium-water reaction.

The hydrogen burn that occurred 9 h and 50 min after the initiation of
the TMI-2 accident went essentially unnoticed for the first few days. Even
though the burn increased the containment gas temperature and pressure to
1,200 °F (650 °C) and 29 1b/in? (200 kPa) gage, there was no serious threat

to the containment building.

The processes, rates, and quantities of hydrogen gas generated and
removed during and following the LOCA are described in this report. In
addition, the methods which were used to define the conditions that existed
in the containment building before, during, and after the hydrogen burn are
described. The results of data evaluations and engineering calculations are
presented to show the pressure and temperature histories of the atmosphere

in various containment segments during and after the burn.

Material and equipment in reactor containment buildings can be
protected from burn damage by the use of relatively simple enclosures or

insulation.
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1.0 PURPOSE AND OBJECTIVES

The purpose of this report is to summarize the many lessons that have
been learned as a result of the hydrogen burn which occurred in the Three
Mile Island Unit No. 2 (TMI-2) nuclear power plant containment building.
Information was collected using the following methods:

e Analysis and evaluation of recorded data and evidence of damage
e Related test programs at other facilities

e Theoretical and empirical analyses of the accident, hydrogen gen-
eration, hydrogen-air reactions under various containment condi-
tions, and heating of various types of receptors from exposure to
the burn transient

e Comparative design analyses that provide protective measures to
ensure that equipment will not be thermally damaged by a containment
hydrogen burn.

The objectives of this report are to:

e Document, primarily by direct references, the related work that
has been performed

e Evaluate and resolve to the extent practicable the areas where
unresolved technical questions persist

o Determine and document the temperature and pressure histories of
various segments of the containment atmosphere for use in predict-
ing damage potential from postulated similar hydrogen burns

e Provide guidance that will be useful in the design of temperature-

sensitive, in-containment equipment, to ensure that it would not
be damaged from a postulated hydrogen burn.

1-1
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2.0 SUMMARY AND CONCLUSIONS

The analysis of data available from the TMI-2 accident indicates that
the hydrogen generation rate peaked at more than 20 kg/min (8,000 ft:/min
standard) shortly after 0654 when the hot reactor core was quenched. Just
prior to that period, the zirconium-water reaction may have been steam-limited.
Approximately 400 kg of hydrogen gas was generated between 0612 and 0700,
and approximately 460 kg of hydrogen gas had been generated by 0748.

The hydrogen was released to containment from the reactor cooling system
through the pressurizer and reactor coolant drain tank at a vent located on
the west side, below the floor at Elevation 305. The hydrogen concentration
was high in that area just prior to the burn. Based on accurately timed
pressure data, it is likely that the burn originated in that area. It is
also 1ikely that the last regions to burn were the enclosed stairwell and
elevator hoistway where, coincidentally, the hydrogen concentrations were
lowest. The hydrogen had become well-mixed throughout containment except in
the enclosed stairway and elevator hoistway areas, and probably averaged
just below 8%. The burn moved primarily up the open stairway on the west
side and laterally toward the east, below the reactor dome and the floors at
Elevations 305 and 347.

The hydrogen burn occurred throughout essentially all of the
2,033,000 ft* (57,600 m*) containment during a period of approximately 12 s.
Less than 5% of the burning took place in the first 6 s, less than 40%
during the next 3 s, and more than half of the burning occurred during the
last 3 s. There was no detonation. The hottest gas was the gas that burned
at approximately 6 s prior to the end of the burn. Even though the gas was
losing heat to the unburned gas and surrounding surfaces after it burned,
compression heating was dominant and significantly increased its temperature
until the pressure peaked. The atmosphere in the upper dome of the contain-
ment became hotter and stayed hotter longer than in smaller, more congested
compartments primarily because of its high volume-to-surface-area ratio,
which resulted in lower cooling rates. This hotter condition was also a
result of the more complete burning that would have occurred in that large
open region. Burn damage to receptors was therefore highest in that region.

The predominant path of the hot steam and gas leaving the reactor coolant
drain tank vent was determined to be up through the stairway opening at
Elevation 305 then to the air coolers at Elevation 330. Steam condensation
caused everything in the region of that path to become very wet and signifi-
cantly minimized burn damage to receptors located there. The water spray,
which started 32 s after the burn, rapidly cooled the hot gases in the
region above Elevation 347 and quenched the objects that were charring and
burning. Therefore, many objects were preserved in their partially burned
state, which allowed relatively complete evaluations. Typically, the burn
damage (and lack of burn damage) is explainable with 1ittle or no
speculation.

2-1
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A comparison of the burning rates, peak pressures, and cooling rates
show the effects of scale during the burning of mixtures of approximately
8% hydrogen in air in vessels with greatly different sizes. Peak pressures
are lower and cooldown rates are faster in smaller vessels because of the
smaller volume-to-surface-area ratios. However, the total time for this
particular gas mixture (approximately 8% hydrogen in air, which is just
below the 1imit where downward flame propagation can occur in quiescent
hydrogen-air mixtures) to burn was similar in each vessel; therefore (as a
result of buoyancy effects) burn velocities are much higher in large vessels
than in small vessels. The burn velocities in these tests were reasonably
proportional to a characteristic length such as diameter, or the cube root
of the volume. Typical burning velocities in the TMI-2 containment during
the last few seconds of the burn were probably up to approximately 50 ft/s
(15 m/s). Velocities of gases moving through openings in a partially
enclosed compartment (room A) apparently reached approximately 250 ft/s

(75 m/s).

Approximately 460 kg of hydrogen gas was accounted for; approximately
320 kg was converted to water vapor during the hydrogen burn; approximately
110 kg was removed by a hydrogen recombiner; and approximately 30 kg was
eventually vented to the outside atmosphere.

Design analyses show that enclosures such as standard electrical panels
and conduit are sufficient to protect most types of wiring and electronic
equipment from overheating during a hydrogen burn, even if the burn occurs
in the enclosure. It is concluded that equipment which has been qualified
to withstand a typical loss-of-coolant-accident (LOCA) environment would
likely also withstand the effects of a hydrogen burn; this would surely be
the case if the results of a thermal analysis similar to that demonstrated
in this document were appropriately considered during the design of the

equipment.

2-2
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3.0 BACKGROUND

3.1 LOSS-OF-COOLANT ACCIDENT

The LOCA that occurred at TMI-2 began at 0400 on March 28, 1979. There
were many contributing causes to the accident: design, maintenance, opera-
tion, communication, and training errors.

The only significant load applied to the containment building was the
hydrogen burn that occurred 9 h and 50 min after the initiation of the LOCA.
The steam release from the relatively slow blowdown of the reactor cooling
system had increased the containment pressure to a peak of less than 5 1b/in?
or 34 kPa (gage) while the peak pressure rose to almost 30 1b/in? or
206 kPa (gage) during the hydrogen burn. The pressure pulse was recorded as
a single sharp spike on the reactor building pressure stripchart recorder
(fig. 3-1). This recorded spike was first considered a false electrical
noise signal such as might be caused by a ground fault (Rogovin 1980).
However, a careful analysis of other recorded temperature and pressure data
showed conclusively that a hydrogen burn had occurred in the containment
building. The containment building was designed to safely withstand an
internal pressure of 65 1b/in? or 450 kPa (gage) and studies show that it
would withstand much higher pressures; therefore, the hydrogen burn was not
a serious threat to the containment building.

The probability of such an accident occurring was very low, but because
of the increased awareness and improvements to correct potential problems
and errors resulting from this accident, the probability of nuclear accidents
of any kind has been reduced. Also, the consequence of the TMI-2 LOCA in
terms of health effects was very low because of the performance of the con-
tainment building. However, because of the potential threat, the TMI-2 hydro-
gen burn and hydrogen technology in general have received considerable study
and attention since the accident. Interest in hydrogen control was further
enhanced as a result of the Chernobyl Unit 4 nuclear reactor accident on
April 26, 1986.

3.2 PREVIOUS STUDIES

Studies conducted as a result of the TMI-2 hydrogen burn can be cate-
gorized as follows:

® Analysis of hydrogen generation, release, and mixing

e Analyses of the TMI-2 hydrogen burn

® Analysis of damage resulting from the TMI-2 hydrogen burn

e Experimental studies of hydrogen burn characteristics and damage

e Prevention and mitigation studies.

3-1
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Key references for each of these topics are discussed in the following
sections.

3.2.1 Analysis of Hydrogen Generation,
Release, and Mixing

This subject has been addressed by Baker (1983), Bloom et al. (1983),
Cole (1979), Henrie and Postma (1983a), NSAC (1980), Postma and Hilliard
(1985), Rogovin (1980), Thomas (1985), and Zalosh et al. (1985). These
studies show that 350 to 500 kg of hydrogen was produced during the first
3 h of the accident, and that most of the hydrogen was released to the con-
tainment and was well-mixed during the first 9 h of the accident. This work
is further discussed in sections 4.2 and 4.3.

3.2.2 Analysis of the TMI-2 Hydrogen Burn

The first detailed report of the TMI-2 hydrogen burn was reported by
NSAC (1980); the TMI-2 burn was more broadly reported by Henrie and
Postma (1983a) and by Zalosh et al. (1985). These studies show that the
burn probably started in the basement and the flame front progressed rapidly
throughout essentially all of the containment. The burn resulted in higher
temperatures for longer periods at high elevations and in open regions where
the gas-volume-to-heat-sink-area ratio is high. Analyses of the available
data and logic relating to the probable burn origin, pathway, and
characteristics of the burn are presented in section 4.0.

3.2.3 Analysis of Damage Resulting From the
TMI-2 Hydrogen Burn

The evidence of fire damage from the TMI-2 hydrogen burn is unique com-
pared with that in typical fires, since the fire swept through the building
so quickly and the heated gases cooled so rapidly that scorching and burning
were evident, but none of the many small fires which started were sustained.
Therefore, most of the heat damage and burn evidence was preserved. The
many instances where flammable materials were not scorched or burned provide
additional bases for analyses. Essentially all of the burn damage, both
heat and pressure related, is explainable (Alvarez et al. 1982; Alvarez 1984,
1985; Eidam and Horan 1981; Henrie and Postma 1983a; Murphy et al. 1985;
Richards and Dandini 1986; Trujillo et al. 1986; Zalosh et al. 1985).

3-3
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3.2.4 Experimental Studies of Hydrogen Burn
Characteristics and Damage

The interest created by the TMI-2 hydrogen burn has resulted in many
experimental investigations of hydrogen burn characteristics in both large
and small containment vessels and of hydrogen burn damage to wiring and
instrumentation (Achenbach et al. 1985; Ashurst and Barr 1982; Benedick et al.
1984; Berlad et al. 1982; Berman and Lee 1984; Berman and Hitchcock 1985;
Dandini 1985; Helbert et al. 1984; Hertzberg 1981; Hertzberg and Cashdollar
1983; Kempka et al. 1984; Lee 1981; Ratzel 1985; Ratzel and Shepherd 1985;
Sherman 1985; Soberano 1984; Thompson et al. 1987; Torok et al. 1983).

3.2.5 Prevention and Mitigation Studies

As a result of the TMI-2 hydrogen burn, the prevention or mitigation of
the damaging effects of hydrogen burn environments have been studied, largely
in support of operating licenses for light-water-cooled nuclear power plants
in the United States. These studies include the survivability of safety-
related components in hydrogen burn environments (Berman 1986; Nelson and
Berman 1983, 1984). As a result of many hydrogen control studies, regulatory
organizations have established requirements and standards for hydrogen contrcl
in water-cooled nuclear power plants (NRC 1985, 1986).

3.3 PREVIOUSLY UNRESOLVED TECHNICAL QUESTIONS

An evaluation of the literature cited in section 3.2 indicated that
questions still remained concerning the TMI-2 LOCA which required further
investigation and documentation:

1. At what rates and during which time period(s) was the hydrogen
generated? (See section 4.3.)

2. MWhere was the hydrogen stored in the Reactor Cooling System (RCS)
until it was released to the containment building? (See
section 4.3.)

3. Where in the containment did the hydrogen burn originate and what
were the pathways as the flame front moved through the containment?
(See section 4.7.2.)

4. Was there any effect of scale evidenced by this large hydrogen
burn when compared with burns in smaller enclosures? (See
section 4.7.3.)

5. Did a hydrogen detonation occur or was the reaction limited to a
deflagration? (See section 4.6.1.)

3-4
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How uniform was the pressure in various parts of the containment
during the hydrogen burn and why did the containment pressure as
indicated by the B steam generator pressure instrument lag that of
the A instrument? (See section 4.7.1 and appendixes A and B.)

What was the time-temperature history of the atmosphere in various
regions of the containment? (See sections 4.7, 5.1, and appendix C.)

What caused the nonuniform lateral scorching of the polar crane
pendant cable? (See section 4.7.4.)

What was the most likely temperature history of various equipment
items exposed to the hydrogen burn and the hot gases left in the
wake of the burn? (See sections 4.6.5 and 5.2.)

Would a postu]afed future hydrogen burn in a reactor containment
building be worse than the one experienced in the dome of the TMI-2
containment building? (See section 5.2.1.)

What design guidelines and steps will ensure that a component will

not fail as a result of a TMI-2-type hydrogen burn? (See
section 5.2.)

3-5
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4.0 HYDROGEN GENERATION AND REMOVAL

In this section, the TMI-2 Reactor cooling system and containment build-
ing are described and hydrogen generation, storage, release to containment,
mixing, burning, controlled recombining, and venting are discussed. The
hydrogen burn is characterized and temperatures and pressures are shown as a
function of time during the burn and cooldown period.

4.1 REACTOR COOLING SYSTEM AND CONTAINMENT
BUILDING FEATURES

The containment building, which was designed to reliably withstand an
internal pressure of 65 1b/in? or 450 kPa (gage) with a significant factor
of safety, easily contained the 30 1b/in? or 206 kPa (gage) pressure created
by the hydrogen burn.

The containment building consists of a large, domed, cylindrical steel
shell surrounded by reinforced concrete; the inside diameter and height are
approximately 130 ft (40 m) and 190 ft (68 m), respectively. The basement
floor is at Elevation 282, the main entry floor at Elevation 305, and the
upper floor at Elevation 347 (fig. 4-1). Plan views at each of the three
floor levels and from the dome region at Elevation 450 (approximately) are
shown in figures 4-2, 4-3, 4-4, and 4-5 (Eidam and Horan 1981). A simplified
diagram of the reactor cooling system is shown in figure 4-6 (NSAC 1980).

4.2 DATA SOURCES

Even though no instrumentation had been installed in the TMI-2 contain-
ment building to record the characteristics of a hydrogen burn, there were
many instruments installed for other purposes that sensed and recorded many
of the burn characteristics:

e A stripchart that continuously displayed the containment building
pressure (see fig. 3-1)

® A reactimeter that recorded 22 channels of data every 3 s

® An alarm printer that recorded the time when computer-monitored
events occurred

® A utility printer that provided special summary, trend, and
sequence-of-events reports from the computer when requested by the

operator

® A 24-point temperature recorder that printed ambient air
temperatures every 6 min at 12 locations in the containment
building.

4-1
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Because of the infrequency of reports (a 30-s scan period for the com-
puter temperature data and a 6-min period between recorder point printouts)
and the relatively large thermal lag built into the rugged temperature sen-
sors, the recorded temperature data have not proven to be as useful as the
pressure data in helping to establish the burn characteristics. Conversely,
the containment building pressure was continuously recorded on a stripchart
and recorded every 3 s by the reactimeter as a change in the reference pres-
sure (containment atmosphere) for the two steam generator pressure monitors.
Further, pressure events (pressure switch trips and resets) monitored by the
computer were timed to the second on the alarm printer. The sequence-of-
events reports recorded on the utility printer indicate the time of each
event to the nearest millisecond. The availability of this recorded temp-
erature and pressure data made the TMI-2 hydrogen burn the best-recorded,
large-scale (57,600 m® or 2,033,000 ft*), contained, premixed gas burn in
history. .

4.3 HYDROGEN EVOLUTION AND STORAGE IN THE
REACTOR COOLING SYSTEM

Hydrogen is generated in a degrading water-cooled nuclear reactor by
radiolysis and metal-water reactions. In the TMI-2 LOCA, hydrogen generated
by radiolysis was probably insignificant compared with that generated by the
reaction of zirconium with water. Baker (1983) provided data from a number
of researches which show that zirconium-water reaction rates are highly temp-
erature dependent. Using these data, figure 4-7 was prepared. Note that
the data sources are in reasonably good agreement and that very 1little hydro-
gen is generated until zirconium temperatures exceed 1,200 °F (650 °C).

There are many difficulties and uncertainties associated with the calcu-
lation of hydrogen generation rates and quantities that occurred during the
TMI-2 event. If the calculations rely on the use of empirical metal-water
reaction rate versus temperature data, some of the uncertainties include, or
are a result of:

e Time the core began to uncover

e Coolant makeup flow rates and boil-down rates

e Changing heat movement means, paths (horizontal and vertical com-
ponents), and rates with changing water levels, steam generation
rates, hydrogen generation rates, and physical changes such as

cladding ballooning from overheating and cladding swelling from
oxidizing

e Changing surface areas as cracking and flaking of oxide layers
expose more unoxidized metal

e Zircaloy melting and relocation to generally colder regions and
resulting reduced exposed-surface areas

e Timing and effects of core shifts, core quenching, core collapse,
core reheating, etc.
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Another approach to approximating TMI-2 hydrogen generation rates is to
evaluate the TMI-2 reactor cooling system thermal-hydraulic data along with
available hydrogen accounting information. This approach is presented in
section 4.3.1.

4.3.1 Hydrogen Evolution

In the TMI-2 LOCA, steam from the reactor core moved to the pressurizer,
out through the pressurizer relief valve to the coolant drain tank, and to
the containment building. The water level in the TMI-2 reactor dropped to
below the top of the active fuel and the upper region of the core started to
overheat as early as 0550; this time is shown as the MAAP best estimate by
Kenton et al. (1986). The MAAP best estimate is that by 0610 the water level
in the core was below 7 ft (up from the bottom of the 12-ft-high active core
section). As the zirconium cladding was uncovered and its temperature
approached 1,200 °F (650 °C), hydrogen generation started. Since the
zirconium-water reaction is highly exothermic, temperatures rose at increasing
rates. By 0612, the amount of hydrogen gas generated was significant enough
to block steam flow to the once-through steam generator A (0TSG-A). The
secondary side of OTSG-B had boiled dry, and was, therefore, thermally iso-
lated from the primary system. However, the water level in the secondary
side of OTSG-A had just been raised to the 50% operating range level
(Rogovin 1980). Refluxing was occurring as evidenced by an increased reduc-
tion in_the primary system pressure. The cold water addition to OTSG-A also
reduced steam pressures initially, but the pressure leveled off as tempera-
tures stabilized. Then at 0612, the OTSG-A steam pressure started decreasing
again at the same rate it had been decreasing when the secondary side was
dry, indicating that it was no longer refluxing. Also, at 0612, the primary
system pressure reversed its downward trend and started to increase. One
explanation for this behavior would be hydrogen-blocking of OTSG-A and the
accumulation of hydrogen and superheated steam in the primary system.
Following Kenton et al. (1986), the amount of hydrogen required to
effectively block steam flow to OTSG-A would be very small (possibly less
than 1 kg), when the secondary water level was near (apparently not more
than a few feet higher) that of the primary side. This appears to have been
the case, as is shown in section 4.3.2.

After approximately 0610, hydrogen was generated at an increasing rate
until approximately 0700 when the core had been quenched and cooled. After
the quench, the partially cooled core collapsed and began reheating. Water
levels again decreased, as indicated by an analysis of self-powered neutron
detector data. However, at 0720:30, a makeup pump (MUP-1C) was started and
was left on until the core was completely flooded and the pressurizer was
refilled. The cooling effect decreased the system pressure and caused the
pressurizer to start to drain and also caused some of the hydrogen and water
vapor in the steam generators to flow to the reactor vessel. Reactimeter
data show that the only significant steam-generating quench of hot materials
caused by operation of the makeup pump started at 0722:30. The system pres-
sure leveled off and flow from the pressurizer stopped for approximately
30 s. Since that transient was so small compared with the one at 0654 or
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the one to follow at 0745, it is certain that the upper half of the core, in
its quenched and collapsed condition, had not overheated to the extent that
it produced large quantities of hydrogen for a second time. Water from the
makeup pump continued to enter the reactor vessel and at 0728, its level
exceeded that of the nozzles; the water then flowed into the hot legs and
pressurizer. There is no evidence that the water level in the reactor
vessel has ever been below the level of the nozzles since that time.
Therefore, the upper half of the core has not been reheated and it can be
concluded that essentially all of the damage to the upper half of the core
occurred before 0723. An evaluation of the extensive damage to the upper
half of the core indicates that approximately 40% (not fully substantiated
at this time) of the total zirconium in the core, or approximately 9,400 kg
was oxidized in that region. The reaction of that much zirconium with water
would produce over 400 kg of hydrogen, or approximately 90% of the total
hydrogen accounted for by Henrie and Postma (1983a).

Even after the damaged core had been reflooded and was underwater,
coolant flow through the core was blocked by the solid/molten mass of core
materials. This mass reheated (from fission product decay heat), remelted,
and continued to grow. That condition was terminated by 0748, when
approximately 20 tons (Carlson and Cook 1985) of molten core material had
flowed laterally and down around the lower core support structure, into the
lower head region of the reactor vessel, where it solidified and fragmented.
The amount of hydrogen produced during this time period (0723 to 0748) was
only a small fraction of that generated earlier. While the molten mass was
forming, the area exposed to water was relatively small; when the molten
material was quenched, it already contained significant quantities of
oxygen. The quantity of hydrogen produced appears to have been approxi-
mately 60 kg (460 kg total minus 400 kg produced earlier). There appear to
have been no high-temperature core conditions after 0748 that would have
resulted in significant hydrogen production from metal-water reactions.

To approximate timing and rates of hydrogen production, an analysis of
the RCS pressure history was made, and two bounding sets of assumptions
(cases 1 and 2) were established to relate hydrogen produced to system
pressure. The results are shown in figure 4-8.

The case 1 analysis is based on the production of 400 kg of hydrogen
by 0658, and an arbitrary assumption that the hydrogen generation rate
remained constant through the core quench. This analysis indicates that the
average hydrogen generation rate (slope) during the last 3 min prior to core
flooding was approximately 20 kg/min. To approximate the hydrogen generated
during that period, the nominal 20 kg/min generation rate was extended for
3 min to produce approximately 60 kg.

The maximum generation rate during the quench period may have been
much higher than 20 kg/min and the total quantity of hydrogen generated may
have been much more than 60 kg. The sudden increase in generation rate
during the quench might be explained by a geometry change involving
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fragmentation of the cladding that greatly increased the area of unoxidized
and partially oxidized zirconium exposed to the steam. The resulting
increases in reaction rates and temperatures would have been high under those
conditions. Case 2 represents these conditions and is based on the assump-
tion that hydrogen generation is proportional to system pressure, even
through the quench transient.

An analysis of steam generation rate versus water level in the core was
made and compared with the hydrogen generation rates. It appears that for
the few minutes preceding the quench, the steam generation rate was low
enough to have limited hydrogen production to approximately 20 kg/min, which
indicates that for case 1, the reaction may have been steam-limited during
that period. The analysis also indicates that the reaction would not have
been steam-limited during that period for case 2 conditions; therefore, the
increased hydrogen generation rate during the quench would not have been
caused simply by the increased availability of water vapor during the quench.

An apparent problem with the case 1 results is that so much energy would
have been released from the exothermic metal-water reaction before the quench
that it would have caused more damage to the core, core former, and plenum
assembly than has been observed. In case 2, more than half of the hydrogen
is generated during the core quench. Most of that reaction heat would have
been used in the boiling of water, which would minimize metal overheating.
Therefore, the case 2 result appears to be more correct than that of case 1.
Also, the result of case 2 is much closer than case 1 to that of SCDAP
(A11ison et al. 1985) and MAAP (Kenton et al. 1986).

From postaccident evaluations of the core debris, core temperatures
approached 3,100 K (5,100 °F), the melting point of uranium dioxide (Cook
and Carlson 1985). This peak temperature condition probably occurred during
the quench period. :

4.3.2 Hydrogen Storage in the Reactor Cooling System

The large regions of the RCS that held hydrogen during the accident are
the reactor dome, pressurizer, hot legs, and the upper sections of 0TSG-A
and 0TSG-B. The quantity of hydrogen stored in the hot legs and hydrogen-
blocked steam generators can be approximated from available system-pressure
and steam-pressure data. The steam pressure on the primary side of the near-
idle steam generators is essentially identical to that on the secondary side;
any difference between the system total pressure and the steam pressure can
be attributed to the presence of a noncondensable gas, or hydrogen in this
case.

Pressure data from the reactimeter, computer utility printer, and the
RC-3A-PT3 stripchart were obtained and correlated. Dynamic conditions and
differences in elevation were accounted for in preparing the basis for cor-
recting (calibrating) the stripchart record. A corrected stripchart pressure
history for the period 0610 to 0655 was prepared and compared with the com-
posite pressure history prepared by the NSAC (1980). Steam pressures
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and system pressures above »1600 1b/in? (11,000 kPa) are available from the
reactimeter. These data are shown in table 4-1. From those data, the hydro-
gen concentration at the interface with water in the steam generators can be
calculated (total pressure minus steam pressure, divided by total absolute
pressure). The hydrogen concentration results are presented in figure 4-9.

Based on the apparently conservatively low assumption that hydrogen
concentration decreases linearly from its maximum at the water interface in
the steam generators to zero where the hot leg attaches to the reactor vessel,
and making appropriate temperature connections, total quantities of hydrogen
were calculated. The results are plotted in figure 4-10. Since water in
the secondary side of 0TSG-B had boiled dry before 0610, hydrogen quantities
stored in OTSG-B could not be approximated until after the secondary water
level had been raised to the 50% operat1ng range and conditions had stabi-
1ized at approximately 0650.

Note from figure 4-9 that hydrogen was apparently accumulating in OTSG-A
as early as 0610. Also note from figure 4-10 that at 0712, the calculated
total quantity of hydrogen in the two steam generators and hot legs exceeded
300 kg. The void volume in the hot legs and steam generators (3,750 ft® or
106 m*) at that time was approximately 63% of the total RCS void volume.
(The void volume in the pressurizer was approximately 250 ft® or 7 m*® and
the void volume in the reactor vessel was approximately 2,000 ft® or 57 m3.)
Since the heat source was in the reactor vessel, the temperature and vapor
content there was higher than that in the hot legs and steam generators.
Consequently, the amount of hydrogen in the hot legs and steam generators
would have been higher than 63% of the total, which indicates good agreement
(>300/>.63 = 400) with the previously determined total of 400 ké of hydrogen
at that time.

4.4 HYDROGEN RELEASE AND MIXING IN CONTAINMENT

Hydrogen and steam were released from the RCS primarily through the
pressurizer relief valve (PRV) and piping, to the reactor coolant drain tank
(RCDT), then through a failed rupture disk in the discharge duct and on to
the containment. The initial hydrogen release occurred between 0612, when
hydrogen generation started, and 0619, when the PRV closed. Since hydrogen
concentrations and RCS pressures were low at the time, the hydrogen released
during that period was probably less than 10 kg. The PRV was opened for a
total of 3 1/2 min between 0712 and 0719. From pressure changes, it is
estimated that approximately 50 kg of hydrogen was released during that
period.

After 0730, water levels were high in the RCS and the hydrogen was
trapped (water-blocked) in the reactor dome, steam generators, and hot legs.
Approximately 80 kg of this hydrogen escaped between 0830 and 0920 when the
PRV was opened, pressures were reduced, and water levels were lowered. The
RCS pressure was again increased and the PRV was cycled for an extended
period; however, the hydrogen was trapped and little was released.
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Total Pressure in the Reactor Cooling System and
Steam Pressure in the Once-Through Steam Generators (0TSG-A
and -B), in 1b/inZ (gage), During the Principal Hydrogen

Generation Period.

Total pressure Steam pressure
Time
cor':SpAoSite cgrl;gggiie OT5G-A OT5G-8

0610 610 631 600 a
0612 603 621 591 a
0614.5 615 636 579 a
0627 680 685 518 a
0637 805 831 457 a
0654.5 1200 1244 358 140
0655.5b 1674 1674 361 718
0657 1990 1990 354 577
0658 2026 2026 348 545
0700 2043 2043 327 458
0705 2051 2051 281 359
0710 2100 2100 241 363
0712.3c 2119 2119 224 370
0715.5d 1907 1907 206 375
0718.6¢ 1920 1920 189 377
0719d 1887 1887 185 376
0720.5¢ 1883 1883 181 376
0723 1721 1721 163 372
0724 1637 1637 157 370

aThe secondary side of OTSG-B had boiled dry, therefore, the steam pressure

on the primary side is unknown.
bAfter 0655, all data are from the reactimeter.
cPressurizer relief valve opened.
dPressurizer relief valve closed.

eMakeup pump (MUP-1C) came on.
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At about 1155, the RCS pressure and water level again became low enough
to release trapped hydrogen through the open PRV to containment. When the
PRV was closed at 1306, approximately 370 kg of hydrogen gas had been
released to containment (Henrie and Postman 1983a); therefore, approximately
230 kg of hydrogen was released to the containment building from the RCS
between 1155 and 1306.

The RCDT discharge duct terminates below the Elevation 305 floor at a
point reasonably close to the west stairway, which is open at each floor.
The discharge of steam at this point is confirmed by temperature increases
indicated by a sensor (point No. 13 on the multipoint recorder) located at
Elevation 326 in the vicinity of the stairway. The sensor reacted quickly
to steam discharged from the RCDT exhaust duct, indicating that the steam
plume had passed.

The buoyant steam-hydrogen mixture would be expected to spread
laterally below the floors at Elevations 305 and 347 and flow upwardly
through openings that include many small penetrations, the open stairway,
floor gratings, and the 4-in.-wide annular seismic gaps that exist between
each floor and the containment shell. Because of its size and proximity,
the stairway opening on the west side served as the main pathway for the
hydrogen-steam mixture to flow into the room above Elevation 305. Movement
was then predominantly upward and to the southeast to the air-cooler inlets.
This primary flow path is conclusively shown by a study of the locations of
the containment atmosphere temperature sensors and the temperature changes
as hot steam-hydrogen mixtures are released from the RCDT.

The hot steam-hydrogen mixture is initially buoyant and tends to \
stratify in the upper portions of each compartment it enters. The tendency
of hydrogen-steam mixtures to stratify is opposed by a number of mixing
processes:

e Entrainment by the exiting jet or plume

e Natural convection due to temperature gradients along wall
surfaces

e Molecular diffusion
e Momentum of air exiting from air-cooler outlet ducts
e Interroom mixing caused by air flow from the air coolers.

The extent to which these mixing mechanisms would produce a well-mixed
atmosphere can be inferred from the results of large-scale containment
mixing experiments reported by Bloom et al. (1983). In the cited tests,
hydrogen-steam mixtures were released from ducts into an air-filled
containment. The diameter of the test vessel was 25 ft; the height was
15 or 50 ft depending on test configuration. While a detailed discussion of
mixing test results is beyond the scope of the present study, the following
key results are cited as applicable to the TMI-2 incident.
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e Turbulent mixing in the jet or plume always caused the
hydrogen/steam plume to be greatly diluted by the surrounding
atmosphere before the plume reached the top of the test compartment.

e During the hydrogen release period, hydrogen concentrations in the
test compartment were much higher than average only in the plume
originating from the outlet duct.

e Following the termination of the hydrogen source, significant
hydrogen concentration gradients persisted for appreciable times
only when active mixing processes were absent and when natural
convection was minimal.

e MWhen wall and gas temperatures differed by a few degrees centigrade,
natural convection alone was an effective mixing mechanism.

In the TMI-2 containment, all of the mixing mechanisms discussed in
this section were operational when hydrogen was being released. Temperature
differences of 10 °C to 30 °C typically existed between gas and walls,
ensuring the existence of turbulent boundary layers on walls. Also, the
coolers recirculated air an average of once every 8 to 9 min. For most of
the hydrogen in containment, these mixing processes had more than one hour
to operate, making it almost certain that the bulk of the hydrogen would
have been well-mixed throughout the containment space.

The relatively small quantity of hydrogen released during the period
when the PRV was open immediately before the burn would not have had time to
become well-mixed. The gas in this plume would have been enriched in water
vapor and hydrogen compared with the remainder of containment. Except for
the region of the vent plume and in unvented compartments such as the
elevator hoistway and the enclosed stairway, it is unlikely that concen-
tration differences as much as 1% hydrogen could have existed between the
upper containment and regions below Elevation 305.

4.5 PREBURN CONDITIONS

Preburn conditions in the containment atmosphere were identified by
Henrie and Postma (1983a). The conditions, based on extensive analysis of
data, are summarized in table 4-2.
4.6 ENGINEERING ANALYSIS OF KEY BURN PARAMETERS

Several characteristics of hydrogen burns are important in determining

damage to the containment building and its contents. These burn character-
istics depend on the preburn gas composition and the physical structure of
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the containment building. In this section, key burn parameters are analyzed
to determine the numerical values that apply to the TMI-2 burn and illustrate
the degree to which the parameters are expected on the basis of engineering
analysis.

Table 4-2. Preburn Conditions.

Parameter

Preburn value

Hydrogen concentration (average)
Gas temperature (average)

7.9% (wet basis)
128 °F (53 °C)

Containment pressure 16.0 1b/in? (absolute)

(110 kPa)
3.5% (wet basis)
Yes (or just turned off)

235,000 ft3/min
(absolute) (111 m3/s)

Well-mixed except
in source plume

2,033,000 ft?
(57,600 m*)

Water vapor concentration
Hydrogen source on
Air cooler flow rate

Atmosphere uniformity

Total gas volume

4.6.1 Deflagration Versus Detonation

Deflagrations are combustions that occur relatively slowly. A flame
front propagates from its inception point at speeds well below sonic (based
on the speed of sound in the unburned gas) and as a result, the unrestricted
sections of a contained atmosphere are compressed at essentially the same
rate. Detonations, conversely, involve reactions in wave fronts that propa-
gate through the gas at supersonic speeds (also based again on the sonic
velocity in the unburned gas). The shock wave that accompanies the
detonation imparts a transient load on structures that is not present in
deflagrations. Because containment response to the two reaction types would
be considerably different, the TMI-2 hydrogen-oxygen reaction was studied
for evidence that would characterize it as a deflagration or a detonation.

4.6.1.1 Preburn Hydrogen Concentration. For mixtures of hydrogen in air
with hydrogen concentrations below 14%, detonations are not possible

(NSAC 1980). This 1imit is far above the average hydrogen concentration in
the preburn atmosphere at TMI-2 (Henrie and Postma 1983a), and it can be
concluded that a detonation was not possible in most, if not all, of the gas
volume. Previous studies (Henrie and Postma 1983a) have shown that hydrogen
and steam were being vented from the reactor coolant drain tank when the
burn occurred. Therefore, the possibility of a detonation in the mixing
zone of the release where higher hydrogen concentrations could exist has
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been considered. The presence of steam in the mixture being released from
the drain-tank vent represents a diluting effect that prevents detonable
concentrations in the mixing zone. This is illustrated in figure 4-11 where
the detonable region is shown on a triangular composition diagram. Composi-
tions in the mixing zone fall on a straight 1ine connecting the source con-
centration with the mixed or bulk concentration.

The gas exiting from the drain tank would be mostly steam because the
water in the drain tank would be close to the boiling point. If the water
was 3 °C cooler than the boiling point, the mixture being released would be
91% steam and 9% hydrogen. As indicated by the mixing line on figure 4-11,
a detonable concentration is not reached. A hypothetical mixture that would
be detonable can be identified by drawing a line from the bulk composition
that just intersects the detonable 1imits. As indicated in figure 4-11, the
hypothetical mixture contains approximately 32% hydrogen. This composition
corresponds to a mixture saturated with water vapor at a temperature some
10 °C below the boiling point, an unlikely condition at that time.

While the hypothetical mixture of 32% hydrogen represents the leanest
source mixture that could produce a detonable concentration in the mixing
zone, much higher hydrogen concentrations (lower water concentrations) would
be required to produce a large enough gas volume well inside the detonable
region to yield a measurable detonation. Therefore, it is concluded that a
detonation was impossible in the bulk of the gas, and that the probability
of achieving even locally detonable concentrations in the mixing zone was
remote.

4.6.1.2 Propagation Velocities. In detonations, the reacting shock wave
travels in excess of the speed of sound in the unburned gas. For the TMI-2
preburn gas composition, the sonic velocity is estimated to be 1,230 ft/s
(375 m/s); therefore, a sonic wave would travel the maximum dimension of the
containment building in less than 0.16 s. However, numerous independent
pressure-measuring devices showed that the burn occurred over a time
duration longer than 12 s. Based on the measured pressure rise time, which
was very long compared with that expected from a detonation, it is concluded
that the hydrogen-oxygen reaction proceeded as a deflagration.

4.6.1.3 Mechanical Damage Inside Containment. Mechanical damage resulting
from the hydrogen burn is wholly consistent with a deflagration (Eidam and
Horan 1981): barrels were partially collapsed and doors opened. If a
detonation wave had traveled through the containment, evidence of shattered
glass and the translocation of unsecured light-weight structures would be
expected. No such evidence exits. It is therefore concluded that the
hydrogen-oxygen reaction proceeded as a deflagration rather than a
detonation.
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Figure 4-11. Composition Diagram Showing Hydrogen Concentrations
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4.6.2 Pressure Rise Rate

During a hydrogen burn in containment, the gas pressure rises as a
result of the increase in temperature. The pressure rise rate is,
therefore, a reflection of the burning rate and is of interest because it
characterizes the burn.

For the TMI-2 burn, pressure rise rates were obtained from pressure
data recorded from secondary steam-pressure measuring instrumentation of the
OTSG-A and OTSG-B. Pressures obtained from the reactimeter for OTSG-A,
starting at the beginning of the burn, are shown plotted in appendix A.
Average pressure rise rates are tabulated in appendix B.

4.6.2.1 Pressure Rise Rate and Burning Velocity. The rate at which a flame
front propagates through a premixed combustible atmosphere determines the
rate at which the chemical reaction occurs on a volumetric basis. The
quantity of energy given off per unit volume of gas depends on the initial
pressure and volume fraction of the minimum constituent reactant (in this
case, hydrogen) in the gas mixture. Increases in both of these factors tend
to cause the pressure rise rate to increase until a peak rate is achieved as
accelerating and 1imiting factors develop. These factors include the amount
of turbulence present or created by the burn, and the direction of the burn
(up, down, or horizontal).

4.6.2.2 Pressure Rise Rate and Ignition Location. Burning velocities are
known to be directionally dependent and, therefore, the observed burning
rate in the TMI-2 event can be used in determining the origin of the burn
initiation. The Tower hydrogen concentration 1imit for upward burning

is 4.1%, the 1imit for horizontal propagation is approximately 6%, and the
1imit for downward propagation is approximately 9% (Lewis and Von Elbe
1961). Since the premixed hydrogen concentration was lower than the limit
for downward propagation, it is concluded that the burn initially propagated
upward in order to burn with the high velocity that is consistent with the
total burn time. If the burn had started with ignition at a high point in
the containment vessel, a much slower and less complete burn would have
occurred. From these considerations, it is concluded that the TMI-2
hydrogen burn was initiated with an ignition at a relatively low elevation
(below the Elevation 305 floor) in the containment building.

4.6.3 Peak Pressure/Temperature

The peak pressure reached as a result of a hydrogen burn is a reflec-
tion of the peak in average gas temperature. Pressure and temperature may
be related by means of the ideal gas law and account for the loss of com-
bustible gases and the gain of combustion product gases (Henrie and
Postma 1983a). The peak temperature reached depends on the net amount of
heat generated by the combustion. The net heat is the difference between
the heat of reaction and the heat lost to the surroundings. Since heat lost
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from the gas during the burn is usually a small fraction of the combustion
energy, and which can be accounted for, the peak increase in temperature

(and consequently peak pressure) can be related to the percentage of hydrogen
burned.

The final gas temperature produced by an adiabatic isochoric hydrogen
burn is shown in figure 4-12 as a function of hydrogen percentage burned
(Henrie and Postma 1983a). In principle, the peak pressure reached can be
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