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ABSTRACT

This report describes the results of a study conducted by Pacific
Northwest Laboratory to assist the U.S. Nuclear Regulatory Commission in
evaluating the potential for recriticality in boiling water reactors (BWRs)
during certain low probability severe accidents.

Based on a conservative bounding analysis, this report concludes that
there is a potential for recriticality in BWRs if core reflood occurs after
control blade me\tin? has begun but prior to significant fuel rod melting.
However, a recriticality event will most likely not generate a pressure pulse
significant enough to fail the vessel. Instead, a quasi-steady power level
would result and the containment pressure and temperature would increase until
the containment failure pressure is reached, unless actions are taken to
terminate the event,

Two strategies are identified that would aid in regaining control of the
reactor and terminate the recriticality event before containment failure
pressures are reached. The first strategy :nvolves initiating boration
injection at or before the time of core reflood if the potential for control
blade melting exists. The second strategy involves initiating residual heat
removal suppression pool cooling to remove the heat load generated by the
recriticality event and thus extend the time available for boration,
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divided into two groups 7 - the timing to core damage. The first group,
called short-term stotior s outs (SSBOs), includes those accident sequences
where core damage begins .ithin 1 hour of the initiating transient or event,
In the short-term station blackout sequences, either the statiorn batteries
fail or the high pressure coolant injection (HPC.) and reactor core isolation
coolant (RCIC) pumps independently fail early in the sequence. If the station
batteries are failed at the time of the station blackout, the loss of dc power
will also fail the ability to depressurize the reactor and causes a loss of
vital instrumentation, If the batteries are available but the HPCI and RCIC
pumps fail, depressurization and vital instrumentation may be available.

The second group of station blackout sequences are the long-term station
blackout (LSBO) events, where core damage occurs after 1 hour, typically 9 to
12 hours after the initiating transient or event. Core damage occurs after
the station batteries are depleted, These .o groups of station blackout are
essentially similar in consequences with the exception that core power 1s
lower in tge long-term sequences due to decay., Once all electrical power is
lost, the ability to cool the core is lost. Water level decreases, core
temperature increases, acd core damage results.

For both station blackout groups, in which core damage has begun, if ac
power is restured and unborated coolant injection is initiated within the time
window between the beginning of control blade melting to the beginning of fuel
~od melting, the potential for a recriticality event to occur may exist.

Since core damage will proceed from the central region of the core radially
outward, the potential for recriticality in the outer regions may occur at a
much later time than that for the central region and in fact may occur after
fuel rod collapse and debris bed formation within the central region.
Therefore, the rooviticality time window was conservatively estimated to be
the time from the :tart of control blade melting to the time of vessel
failure. For short-term station blackout sequences, the time window 1s from
91 to 161 minutes long, starting 109 to 127 minutes after the initiating
event, respectively. For the long-term station blackout sequences, the time
window is approximately 118 minutes ‘ong, starting over 600 minutes after the
initiating event. It is estimates that between 12% and 1% of the time,
depending on the specific sequence, ac power will be restored and coolant
injection will be initiated within the recriticality time window.

An ATWS event occurs when, upon receipt of a scram signal following an
unspecified transient, the control rod: fail to insert into the core due to a
mechanical failure of the rod control «ystem. In these sequences, manual
insertion of the control rods is unsuccessful. In some ATWS sequences,
various systems used to recover from an ATWS (e.g., standby liquid control
system and the high pressure coolant injection system) fail and allow the
water level to drop until core overheating and damage begin, If coolant
injection i5 subsequently initiated, recriticality becomes possibie. However,
for ATWS scenarios without boration (or inadequate boration), the containment
will eventually fail and core meit will occur regardless of the occurrence of
a recriticality event. If adequate boration does occur, the potential for
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recriticality is possible only if the boron concentration is dilited by
extended injection. Therefore, recriticality during an ATWS does not appear
to be the major concern, prompt termination of the ATWS is,

Consequences of Recriticality

Analysis showed that without the control blades, relatively high
reactivities are possible with standing fuel rods or over a broad range of
fuel particle sizes and fuel volume fractions for both unborated and fairly
heavily borated reflood conditions. The consequences of the potential
recriticality are important to estimate quantitatively for selecting the most
appropriate and effective accident management strategies. If the potential
consequences are very severe, it might be preferable not to reflood the core
if the only available water supply is insufficiently borated. If the
consequences are minor, the current procedures to reflood immediately upon
recovery with the maximum flow rate of water (borated or unborated) is a
necessary approach,

The primary concern i1s, of course, a super prompt-critical excursion
which would result in rapid disintegration of fuel, rapid molten fuel coolant
interaction, and the production of a large pressure pulse capable of direct ;
failing the reactor vessel. The analyses conducted in this study indicate
that the rapid disintegration of fuel is not likely under the conditions of
reflooding a hot core, which may or may not be degraded. Analysis also
indicates that a maximum power excursion produces a fuel enthalpy of 73 cal/g,
corresponding to a temperature rise of 1300°F in the fuel. Doppler feedback
is the principle mechanism for terminating rapid transients in low enriched
uranium-water systems and is adequate to limit the energetics of reflood
recriticality to a level below which the reactor vessel wouid be threatened by
a pressure puise.

If the reactor remains critical following an initial excursion at the
time of reflooding (i.e., reflood is conducted without boration), it will
either enter an os~illatory mode in which water periodically enters and is
expelled from the core or it will approach a quasi-steady power level, In
either case, the average power le‘el achieved will be determined by the
balance between the reactivity added and the feedback mecharisms., Based on
the analyses conducted in this study, a recriticality event is likely to
produce core power levels less than about 20% of normal power (and probably
not much more than 10% of normal power), but may be significantly above the
decay heat level (m2% after 15 minutes),

The main concern of remaining critical during and after reflood becomes
the increasing temperature of the suppression pool and the potential for
containment over-pressurization. Without the RHR system providing suppression
pool cooling and assuming that the power level is at 10% of full power,
analysis indicates that the containment will be cver-pressurized in slightly
more than a half hour. With full RHR suppression pool cooling capacity
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If the SLC system 1is unfvailable or fails, numerous alternate methods of
boration could be considered.' These alternative methods include connecting
the SLC tank to the HPCI turbine-driven pump suction using temporary
connections (such as firehoses and appropriate fittings) for injection into
the core, or boration of the injection water supply (i.e., the condensate
storage tank). In the latter strategy, a large quantity of sodium pentaborate
would be stored in a location convenient to the tank and equipment and
procedures would be in place }8 quickly borate the water supply to the
appropriate concentration of ‘YB. Since the condensate storage tank is the
normal suction source for the HPCI and RCIC system, temporary connections
would not be necessary to use these systems for boration injection.

Other options include depressurizing and using low pressure systems,
However, all low pressure systems are presently dependent on ac power, which
may not be available in some scenarios (e.g., continued station blackout). A
low pressure system pump that is not completely dependent on the normal ac
power supplies (e.g., turbine-driven low pressure pump, dc-powered pony motor
for pumps, dedicated diesel generator, etc,) could alleviate this concern.

The second accident management strategy involves suppression pool
cooling. For heat removal in ATWS events, full RHR suppression pool cooling
is established as quickly as possible. RHR is capable of removing more than
7% of full core power. This strategy, while usually applied to ATWS events,
is equally effective for severe accidents where control material may have
relocated from the core. The use of RHR would greatly extend the amount of
time available to terminate the recriticality event and in so doing prevent
the containment from failing. Such a strategy presumes the operability of the
RHR system and the availability of ac power supplies. In addition, using the
RHR system in the suppression pool cooling mode requires that another system
be used for injection into the reactor vessel.

Impact of Implementing Strategies

The effect of the above accident management strategies on the
probability of containment failure due to over-pressurization was investigated
to determine the benefit of implementing these strategies. As stated earlier,
the dominant accident sequences for Peach Bottom are short-term and long-term
station blackout events, with core damage frequencies of 4.5E-6 per reactor
year and 1.7E-6 per reactor year, respectively. The potential for
recriticality foilowing station blackout exists if ac power is restcred and
unborated coolant injection is initiated within a time window of potential
recriticality, It was estimated that between 12% and 1% of the time,
depending on the specific sequence, ac power would be restored and coolant

ln private communications with a BWR piant, the authors verified the
existence of alternate emergency boration procedures and boron supplies to
borate to the levels necessary to limit recriticality.



injection would be initiated within the recriticality time window. For short-
term station blackout, the probability of recriticality was estimated to be
5.6€-7 per reactor year. Ffor long-term station blackout, the probability of
recriticality was estimated to be 6.9E-7 per reactor year.

Based on present operating philosophies and guidance it was assumed that
the operators would not immediately borate and initiate RHR suppression pool
cooling at the time of core reflood. Thus, the probability of suppression
pool saturation and containment over-pressurization in about one half hour is
the same as the probability of a recriticality event occurring. Again, this
probability is 5.6E-7 per reactor year for short-term station blackout and
6.96-7 per reactor year for long-term station blackout.

If the above accident management strategies were implemented at a plant,
a recriticality event could be terminated prior to reaching saturation
conditions in the suopression pool and in so doing avert containment failure.
The probability that the above accident management strategies fail to avert
containment failure is estimated in this report. Since the primary means of
boration (i.e., from the SLC system) may only be marginally adequate if the
excess steam to the suppression pool is greater than that generated when the
reactor is generating about 10% power, which may occur if RHR suppression pool
cooling fails, failure of either accident management strategy was assumed to
eventually result in containment failure. The probability of boration failure
was estimated to be 5.06-2, based on the NUREG/CR-4350 ATWS analysis value for
operator failure to initiate boration within a very short time frame
{approximately 4 minutes). It is assumed that the boration concentration when
successfully injected is adequate to terminate the reaction. The value for
RHR suppression pool cooling failure was also estimated to be 5.0E-2, assuming
ac power was restored and the dominant failure is operator failure to
immediately establish adequate RHR suppression pool cooling.

If the accident management strategies were implemented, the probability
of a short-term station blackout event, followed by a recriticality event, and
the event not being terminated prior to containment failure was estimated to
be 5.66-8 per reactor year. For long-term station blackout, the probability
of the accident management strategies failing to avert eventual containment
failure was estimated to be 6.9€-8 per reactor year.

The results of the analysis are provided in Table 1. These results
indicate that implementation of the accident management strategies suggested
in this report should provide approximately a factor of 10 reduction in the
potential for a recriticality event to cause containment failure {and
subsequently further core damage).
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1.0 INTRODUCTION

This report adaresses the potential for a recriticality, fo1low1ng a low
probability severe accident and subsequent reflooding of the fuel in a Boiling
Water Reactor (BWR). It provides scenario sequence definition and accident
management strategies that could be used to mitigate or terminate the
postulated recriticality events.

Analyses of severe BWR accidents indicate that, while the core is in the
process of heating and melting, one of the earliest components to melt and
relocate are the steel blades that contain the BsC cont-ol material, If the
core were then to be reflooded following relocat?on of the control blades, the
possibility exists for the core to become critical again without an adeguate
means of control. This study's objective is to explore the likelihood of
recriticality and the consequences thereof. If a significant 1ikelihood of
recriticality exists, accident management procedures would be warranted which
could prevent recriticality or mitigate the consequences of recriticality, in
order to return the plant to a safe stable state.

Due to modelling and phenomenological uncertainties related to void
fraction, debris bed size, particle size, etc. and the lack of an analytical
tool capable of performing the complex analyses required to address the
complex interactions of these parameters, a conservative bounding analysis was
conducted. If the conservative bounding analysis indicates acceptable
consequences (e.g., no recriticality or a recriticality event resulting in a
benign pressure pulse that is non-threatening to the integrity of the
containment and accident management strategies can be implemented to
successfully prepare for and terminate the event), further, more sophisticated
model development and analyses may not be necessary to resolve the modelling
and phenomenological uncertainties. However, if the bounding analysis
indicates unacceptable consequences (e.g., a significant recriticality event
that creates a large pressure pulse and potentially fails the containment),
further research should be identified to resolve the uncertainties and
phenomenological issues.

In order to establish whether the cevelopment of accident management
strategies to control recriticality is necessary, some important questions
must be addressed.

e s recriticality credible following the initial stages of severe
core damage?

e How likely is recriticality? Is it a factor in risk dominant

sequences? How long is the time window for recriticality? Are
recovery actions likely to occur in the time window?

1}



¢ Would existing equipment and procedures result in the appropriate
control actions without the need for additional accident
management procedures?

The determination of the most appropriate accident management strategies
requires resolution of an additional issue,

o What are the potential consequences of recriticality? Is an
excursion possible which has the potential to disrupt fuel and
fail the vessel and/or containment? Would a quasi-steady power
level be developed? If so, at what level?

Primarily using the NUREG-1150 risk study for the Peach Bottom plant as
a technical basis, the sequences with the highest predicted frequencies are
used to characterize accident sequences which would be likely to result in
core damage. The most likely recovery mechanisms that could arrest these
sequences are then identified. It is assumed that if the cooling water
systems can be recovered, the operators would use the systems to restore core
cooling as quickly as possible. The reflooding of-the core with the attendant
potential for initiating recriticality would then be a concern,

The accident management strategies discussed in this report focus on the
control of recriticality by means of soluble poison addition and containment
heat removal, The offered strategies are not developed in the degree of
detail that would be required for operating procedures for a specific plant,
It is recognized that the development of specific, effective procedures are
most appropriately accomplished by the plant staff.

To provide the needed analysis of existing information, Section 2.0 of

this report addresses recriticality; 3.0 sequence definition; 4.0 strategy
description; and 5.0 conclusions and recommendations.

1.2
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2.0 POTENTIAL FOR RECRITICALITY

This cn»~*~r addresses the potential for recritica:ity. 1% bugins with
core melt pher .nology, continues with core melt calculations, provides
potential recr..icality considerations, and concludes with potential
consequences of recriticality,

2.1 BWR COPE MELTDUWN PHENOMENOLOGY

During a severe accident, the neutron absorbing control rods and control
blades are expected to melt beiore the fuel rods. This occurs because the
control materials are contained in metallic structures which have lower
melting peints than the oxide (U0p) fuel rod material. Thus, the control rods
and fuel rods will become sepurated during the core melt; and reflooding of
the core has the potential to result in recriticality, For a pressurized
water reactor (PWR), reflooding is normally accomplished using borated water
supplies; and recriticality is generally perceived not to be very credible.
However, for a boiling water reactor (BWR), reflood is normally accomplished
using unborated water; and recriticality is believed to be credible.
Therefore, this report addresses the potential for recriticality events only
in BWRs.

Core heatup comuences when the core beccmes uncovered, The timing of
core uncovering, heatup, and melting may occur ove: tens of minutes or a few
hours, and depends on the nature of the accident sequence. There are a numoer
of phenomenolugical issues or areas of uncertainty in this core melt process.
These inrlude:

e The melting and relocation of the control Dlades, the fuel rod
cladding, ard the fuel rods.

e The effects of the core melt and relocaticn on steam generation,
flow blockages, stoum-zirconium reactions, and hydrogen
generation.

* The effects of core melt and relocation ¢n the surrounding structures
(such as the core plate and the core baffles) and on the lower head
structures (such as the lower head itself, control vod guide tubes,
instrument tube penetrations, and drain lines).

¢« The potential for recriticality as a result ot changes in core
geg?etry dve to melting and the damage that occurs during core
reflood.

¢ The coolability of a damaged or molter core, assuming reflooding
can be accomplished.
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These issues have varying degrees of importance, depending on whether
the interest is in risk assessment, accident management, or recriticality.
A1l of the issues are important, although not of equal importance, to the
analysis of severe accidents and their consequences. A lesser number are
important to the development of in-vessel accident management strategies. For
the assessment of BWR recriticality only the following issues are important:

¢« The relative time of control blade and fuel rod melting (separa-
tion of the control blades from the fuel rods is what makes
recriticality possible).

¢« The core geometry changes occurring during melting and core
reflood (the reactivity of the damaged core depends on the debris
mass, fuel particle shapes, and porosity).

* The nature of the reactivity transient (the ability tc manage the
recriticality event depends on whether it is a core-damaging or
explosive transient event or is a benign event, which gradually
increases to higher power levels),

2.1.1 Control Blade Melting

The first issue deals with the timing of control blade melt and
relocation. Two experiments have been performed that support early control
blade melting (i.e., control blade melt and relocation prior to fuel rod
melting): the DF-4 experiment (Ref., 2.1) by Sandia National Laboratory and
the CORA 16 experiment (Ref., 2.2) by KfK (Karisruhe, FRG). Figure 2.1 is a
sketch showing the cross section of the DF-4 experiment and the arrangement of
the fuel rods and the simulated channel box and control blade. The fuel
length was about 19 inches. The CORA 16 experiment was of a comparable scale,
Both experiments showed melting and relocation of the control blades to the
bottom, leaving standing fuel rods behind. The CORA 16 experiment indicates
the effective meliing and relocation temgerature of the control blades is
approximately 2280°F, which is about 270°F below the stainless steel melting
point (2550°F). This decreased effective melting temperature is due to
alloying reactions with the B4C neutron absorber.

Calculations by Ott (Ref. 2.3) for the DF-4 experiment confirm that an
assumed reduction of the control blade melting temperature by 200°F (to
2350°F) is necessary to explain the observed timing of the control blade melt
relocation. Ott used a specially modified version of the BWRSAR code in his
calculations. Special modifications were required because, in the experiment,
nearly all of the heat losses were in the radial direction into the zirconia
shroud. These radial heat losses are typically negligible and are not modeled
in the normal full-sized core model. The modifications allowed the special
experimental geometry to be accurately modeled. The DF-4 experimenters
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reported an "extensive" blockage was formed at the bottom from the relocated
control blade and channel box melt, However, the blockage had little effect
on the steam-zirconium reaction. The relocated materials continued to oxidize
with about half the hydrogen produced after the melt relocation.

In conclusion, the DF-4 and CORA 1€ experiments confirm the early melt
relocation of the control blades. Also, the melt relocation temperature is
believed to be somewhat (200-300°F) below the melting point of stainless
steel. Because of the small size of the fuel assemblies used in the DF-4 and
CORA 16 experiments, these experiments may not provide a complete picture of
the melt and relocation phenomena associated with typical nuclear power plant
fue)l assemblies, The experiments provide little information en whether
relocated blade melt would accumulate at the bottom of the core on the core
plate or would simply pour through the existing flow holes. The extent of
relocation would affect the location of blade remnants and other issues such
as hydrogen generation, core slumping into the lower head, the lower head
failure mode, and in-vessel accident management strategies., The planned
FLHT<6 experiment in the NRU reactor will be 12 feet long and may give a
better picture of length effects on blade and channel box melt relocation.

2.1.2 Core Geometry Changes

This section discusses the issues relating to the effects of core
geometry changes which occur during melting and core reflooding. Figures 2.2
to 2.4 i)lustrate some of the theoretically possible types of fuel rod and
core material rearrangements which could occur with core melting. These
conceptual core conditions are based primarily on considerations of the
material volumes and their possible relocations. Figure 2.2 illustrates that
the potential water volume in the assembly could progressively increase from
58% to 67% by removal of the control blades and channel boxes and clad (by
melting). Fuel rearrangements which increase the water content could have a
higher neutron multiplication constant. Figure 2.3 is an illustration of how
rod bowing could lead to fuel rearrangements. Figure 2.4 illustrates that
relocation of the whole core in the form of a debris bed, with a porosity of
40%, would fill most of the lower head.

The illustrations do not take into account the core damage which is
expected to occur during the reflood process. Because the core is severely
overheated at the time of blade melting, reflood would be expected to result
in fracturing and shattering of the fuel. A number of experiments have been
performed which provide informa'ion on fuel rod shattering and the types of
debris beds which might form after reflood. The principle experiments are
those of Chung (Ref. 2.4) and Katanishi (Ref. 2.5). Two of the Severe Fuel
Damage experiments (SFD Scoping Test and SFD-1) were also water-quenched;
however, no specific evaluation of those tests for information on rod
shattering is apparent. The Three Mile Island Unit 2 (TMI-2) accident also
provides relevant information.
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Chung performed experiments to establish cladding embrittlement criteria
during loss of coolant accident (LOCA) reflood. His experiments indicate that
shattering depends on the extent of cladding oxidation. The experiments
indicate that an equivalent claddin? reaction of 30% produces BWR cladding
failure (shattering) at approximately 2600°F. MARCH calculations generally
indicate core-wide or average cladding oxidation of only a few percent at the
onset of cladding melting (MARCH calculations wil)l be discussed further in
Section 2.2.1). Peak local oxidation is calculated to be about 25% to 35%.
Depending on how much oxidation actually occurs during reflood, Chung's
shattering criteria indicate shattering may be expected in some high oxidation
regions of the core prior to the start of cladding melting.

Katanishi has reported experiments in which shattering was observed for
fuel rods quenched from temperatures near 2300°F, The peak measured oxide
layer thickness corresponded to oxidation of about 35% of the original
zircaloy thickness of 0.024 inches. Thus, about 0.016 inches of unoxidized
metal remained. Katanishi's results seem to be consistent with Chung's more
rigorous criteria for tuel handling and transport but not with his LOCA
reflood criteria,

Figure 2.5 diagrams the TMI-2 core end-state conditions (Ref. 2.6).
Standing fuel rods were found in some regions at the periphery of the core. A
bed of loose core debris was found above a region of previously molten
material, Relocated core melt and a bed of loose debris were observed in the
lower head. Clearly, significant fuel rod shattering occurred at some time in
the accident. Unfortunately, the thermal transient experienced by the core is
not well-known, From metallurgical evidence, a maximum core temperature of
about 5120°F (Ref, 2.7) occurred at some time during the accident., Thus, the
peak temperature was somewhat below the melting point of U0y (5150°F), but
greater than the melting point of U-Zr-0 ceramic (4700°F) . "About half the
cladding is known to have reacted. Thus, the fuel rod shattering and debris
bed formation observed at TMI-2 is not inconsistent with the observations of
Chung and Katanishi discussed above.

Although fuel rod shattering has been observed in a number of experi-
ments, there are little data on particle size distributions. This is
unfortunate since porosity (water volume) and particle size information are
required for both criticality and heat transfer analyses. Figure 2.6 plots
particle sizes obtained in grab samples from TMI-2 core debris (Ref. 2.8).
The mass-average (50% cumulative distribution value) particle size for these
samples is seen to be about 25%) microns (0.1 inch). Particle dimensions on
the order of an inch are seen for some of ths resolidified melt w.ich
relocated to the lower head. For 3% enriched fuel particles in w.br. ated
water, the maximum neutron multiplication is obtained with a par’«c'e size of
about 0.8 inches and a bed porosity of 68% (see section 2.3.1). Ff:r uniformly
shaped particles, a theoretical bed porosity of about 40% is obtained. This
may be compared with a fuel assembly water volume of 56% in the intact core.
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Based on this information, shattered fuel rods would be expected to form
under-moderated debris beds,

Based upon the above discussion, there is a significant potential for
fuel rod shattering and debris bed formation when an overheated core is
reflooded with water, The shattering appears to be related to the extent of
oxidation of the fuel rod cladding. It is also expected that debris beds,
formed from shattered fuel rods and quenched core melt, will not be optimally
moderated (i.e., they will be under-moderated and thus not a recriticality
concern). Heat transfer aspects of debris bed criticality will be discussed
in Section 2.3.3.

2.2 CORE MELT CALCULATIONS

The results of a number of computer code calculations of BWR core melt
are presented in this section., This section provides:

* A discussion of the MARCH computer code analysis of the melt
behavior of the control blades and control rods.

e Information on core melt timing for different accident sequences.

* Information on the relative timing of control blade and fuel rod
melting.

The principle use for this information is to assess the potential for BWR
recriticality. Thus, aspects of the evaluation which might be important to
other issues such as hydrogen generation, core coolability, core relocation,
or vessel failure are not emphasized. The accident scenarios considered
include primarily those for which MARCH code results were available from
previous Batteile work on NUREG-1150. Additional MARCH code calculations were
performed for station blackout scenarios, and these results were used to
provide more detailed information on the time of control blade melting.

2,2.1 MARCH Code Calculations

Table 2.1 lists Peach Bottom and Grand Gulf core melt accident scenarios
for which MARCH code results were available from previous Battelle work on
NUREG-1150. Also listed are a number of BWR scenarios for which MARCH
calculations were performed to address station blackout scenarios specifically
for this study. The calculations performed specifically for this study used a
more recent version of the MARCH code (version V194) than was used in NUREG-
1150 (i.e., version V192). The difference in code version accounts for the
differences between sequences PBTBUX and PBTBO, which are similar cases.
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TABLE 2.1. Summary of Key Accident Events
Time Time of Temp Time of Time of
Constants Core at Blade Rod
Tau Alpha Uncovery Uncovery Melt Meit
Case min °F/min min °F min min Descriptions
GROUP 1 (NUREG-1150)
GGTBI  33.9 21.8 483.6 571.9 552.0 579.0 Grand Gulf station blackout, late melt, no ADS
PBTBUX 18.8 42.6 67.0 577.4 109.0 134.0 Peach Bottom station blackout, early melt, no ADS
PBTB2 33.1 23.5 527.0 559.4 601.0 616.0 Peach Bottom station blackout, late melt, no ADS
PBIC3 16.1 49.7 3.0 850.6 53.0 58.0 Peach Bottom ATWZ, no ADS
GGTPI  42.9 20.4 1536.0 322.8 {a) 1645.0 Grand Gulf, open valve, no RHR
GGTC 22.0 60.5 9.0 463.2 111.0 117.0 Grand Gulf, ATWS, no ADS
PRTW 71.0 18.7 2Z620.0 316.7 {a) 2748.0 Peach Betiom, no RHR
GROUP 2 (NUREG-1150)
66TBS 18.6 39.8 51.0 577.4 82.9 85.0 Grand Gulf station blackout, ADS at top of core
GGS2E 9.6 83.4 6.C 593.7 {a) 28.0 Grand Guif small LOCA, no makeup
PBAE 13.8 124.0 1.5 1197.0 15.8 12.0 Peach Bottom large LOCA, no makeup
PBV 17.9 44.7 3.1 1061.0 24.¢ 27.0 Peach Bottom LOCA outside containment
GGTQUV  16.8 52.0 47.6 579.2 (a) 103.0 Grand Gulf transient, no makeup, ADS at 2 ft
RECENT MARCH V194 CALCULATIONS
PBTBO 18.8 42.6 66.0 567.0 113.0 120.C Peach Bottom station blackout, early melt, no ADS
PBIBS 34.1 23.5 530.0 564.0 649.0 716.0 Peach Bottom station blackout, late melt, ADS at 2 ft
PBEM2 18.8 42.6 65.0 567.0 127.0  132.0 Peach Bottom station blackout, early melt, ADS at 2 ft

(a)

Information not available.



The NUREG-1150 accident scenarios in Table 2.1 are roughly divided into
two groups, made partially for plotting convenience. The primary physical
difference between the groupings is the vessel water level during core heatup
and melt. For the cases in Group 1, the water level remains close to the
bottom of the core, For the Group 2 cases, the water level is well below the
core during core heatup. Generally, the sequences in Group 2 involve pipe
break LOCAs, stuck-open valve: 1nd cases where the automatic depressurization
system (ADS) is activated. Fiyuce 2.7 illustrates the differences in water
levels as a result of ADS activation., Results are shown for Peach Bottom
station blackout sequences PBTBO and PBTES. For the PBTBS sequence in which
the ADS is activated when the water level falls to 2.0 feet., the water level
quickly falls well below the core. Generally, less metal-water reaction is
predicted for the low water level cases.

The results in Figure 2.7 are displayed in terms of the dimensionless
time after core uncovery:

(t - tu)/tau,
where,
t = accident time, min

tu = time at start of core uncovering, min
tau = "boildown time constant," min

and
tau = rho x A x H x Hgg/Qpk
where,
rho = water density, 1b/ft3
A = vessel water area, ft
H = active core height, ft
Hpg = water heat of vaporization, Btu/1b
Qpk = decay heat at start of core uncovery, Btu/min,

It is seen ...t the coolant water levels in Figure 2.7 prior to ADS activa-
tion are quite similar when displayed in this manner. Use of the dimension-
less time parameter has been found to be convenient, and it will be frequently
used in the following discussions to display the code results,

The MARCH calculations for NUREG-1150 were performed using the source
term code package (STCP) or V192 version of the code. Although control blade
melting was predicted for these calculations, actual contro! blade relocaticn
was not modeled. The melted control blade nodes were assumed to remain ine
place after melting. Since the control blade nodes have relatively low heat
capacity compared to the rest of the core, this assumption has little effect
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on the heatup of the core. However, for criticality evaluations it is
desirable to mode)l control hlade relocation in addition to melting.

The more recent MARCH calculations in Table 2.1 were performed using
version Vi94. The V194 version of the code contains a number of modeling
enhancements, including a BWR control blade relocation model in which melted
blade nodes fall either (input optior) to the core plate below the core or
into the water in the lower head. 1f there are solid control blade nodes
above the m 1ted nodes, the solid nodes are assumed to fall downward and
replace the melted nodes. As before, tha control blade meltirg temperature is
specified by input.

Version V194 of MARCH also contains enhanced capability to calculate
heat transfer and metal-water reaction during reflooding of a degraded core.
The improved models were found to be necessary to explain the thermal behav-
ior of the TMI-2 core. In addition, examination of the TMI-2 core debris
indicated the core melting temperature used in the NUREG-1150 MARCH calcula-
tions (4130°F) was unrealistically low. Based on the TMi-2 data, a core melt-
ing temperature of 4870°F is more representative. The higher melting tempera-
ture was also used in the BWR core heatup calculations for the more recent
MARCH calculations listed in Table 2.1.

A1l of the BWR scenarics in Table 2.1 are unmitigated meltdown acci-
dents. That is, no makeup was assumed to be available after the start of core
uncovering. The major potential for recriticality occurs if the core is
reflooded with water in the time window between blade melting and fuel rod
melting. No additional calculations were performed in the present study for
BWR core reflood scenarios. Thus, the MARCH calculations have been used
primarily to indicate that there is a time window during which a potential for
recriticality exists due to the melting of control blades. Based on the
version V194 MARCH calculations, this window ranges from 5 to 67 minutes
depending on the nature of the transient event.

2.2.2 Results of Calculations

Figures 2.8 and 2.9 display key event times for the MARCH calculations
listed in Table 2.1. The event times range from minutes to over two days.
Figures 2.10, 2.11, and 2.12 show the average core temperature from the MARCH
calculation displayed as a function of the dimensionless time parameter
discussed above.

Figures 2,13 and 2.14 are plots of the core melt fraction. Melting
gererally starts between 1 and 6 time constants after the start of core
uncovering. Some of the larger melt start times can be explained in terms of
the cooling from ADS activation or to the use of a higher assumeu core (fu2?
rod) melt temperature, In general, however, there seems to be n¢ simple
correlation to pinpoint the time core melting starts. The best that can be
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Most of the code results discussed above were presented using the dimen-
sionless time parameter as the time variable. This is 4 convenient way to
present the results of many calculations and to display data trends and
commonalities in the results. However, it is conceptually easier to think in
terms of real time units (minutes) rather than the “boildown tiae constact”
(tau) unit. For this reason, detailod real-time results for a Peach Bottom
station blackout sequence with early melt are presanted in the remainder of
this section. The MARCH calculation is designated as case PBEMZ. The
sequence is briefly described below followed by a tabulation of the timing of
key events.

There is no makeup in the scenaric; and the core uncovers in about one
hour. ADS valves are opened when the water level decreases to 2 feet above
the bottom of the core. Blades are assumed to melt at 2600°F, channel boxes
at 3365°F, and the fuel rods at 4870°F. The blade melt is assumed to flow
through the core plate into the water in the lower head, Melted fuel rod
nodes and the corresponding channe! box nodes are retained in the core until
the rod node at the 1 foot level melts., The slunped waterial is assumed to
form a debris bed ir the lower head, with cooling described by the Lipinski
correlaiion (Ref, 2.18). Key accident events are sequentially given in
Table 2.2. Times and locations for the start of control blade, fuel rod
cladding, and fue) material melting are listed at the bottom of the table.
Blade melting 1s seen to start towards the top of the core. The location of
the initial fuel rod melting is shifted towards the lower part of the core due
to the effects of metal-water reaction heating. Slumping of fuel rod material
into the lower head is calculated to start at about 160 minutes.

Figures 2.20 to 2.25 provide graphical presentations of the MARCH cal-
culations. Vessel pressure is shown in Figure 2,20, For computational con-
venience, valve cycling was not modeled prior to the start of core uncovery.
Thus, Figure 2.20 snuws a smooth pressure trace prior to about 60 minutes.
Pressure swings of 50 psia were assumed during the valve cycles after
60 minutes. At 95 minutes the pressure drops rapidly due to ADS activation.
The two pressure spikes at 160 and 195 minutes are caused by slumping of
molten fue) rod material into the water in the lower head. Slumping of melted
control blade material into the lower head starts at 127 minutes. However,
little efiect is seen in the vessel pressure trace.

The steaming from the slumping of the control blade meit into the lower
head increases the calculated hydrogen generation compared to the previous
Peach Bottom P8TBO and PBTBS caves. In the previous calculatiors the blade
melt was assumed to accumulate on the core plate rather than fiowing into the
lower head, The calculated fraction of the core zircaloy reacted is increased
from about 30% to about 45% by the increased steaming.

The ves=el collapsed liquid water level is shown in Figure 2.21.

Activation of the ADS at 95 minutes is seen to decrease the water level about
4 feet below the core. Because of its low heat ccoacity, the blade slumping
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TABLE 2.3. Calculated Maximum k, for Spherical Particles in Water

Boron Concentration Particle Radius (cm) Fuel Volume Fraction K-Infinity

0 6.7 0.29 i.8070

0 1.0 0.32 1.4085

0 1.5 0.35 1.4015
260 0.7 0.42 1.2212
200 1.0 0.46 1.2250
200 1.5 0.49 1.2228
200 2.0 0.52 1.2152
500 1.0 0.56 1.1000
500 1.5 0.59 1.1017
500 2.0 0.62 1.0984
1100 1.5 0.68 0.9988
1000 1.8 0.63 0.9995
1000 2.0 0.69 0.9995
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fraction of 0.28 and no boron. A temperature of 3630°F was chosen. The

caleulated reactivity was 1.354 versus 1.403 for the cold condition, The

S5%ak/k reduction with teuperature is large, but does not greatly change the

results shown in Table 2.3. It would appear that temperature effects lower

}80 boron concentration aeQuired to ensure subcriticality from about 1000 ppm
B to perhaps 700 ppm 10g,

Another question which could be asked is, "How does the change in
geometry when going from rods in an assembly to spherical particles affect the
reactivity?" To answer this question, a series of kg calculations were made
for rods in a rectangular array. Two differen! rod/array combinations were
calculated: a GE 7x7 and a GE BxB., The pellet radius and pitch and resulting

values calculated are shown in Table 2.5, At zero boron the value is only
slightly lower than that calculated for the optimum spherical particle size
and volume fraction (since the reactor ic designed to run at zero boron
concentrations). At hi?her boron contents, however, the reactivity is lower
than for Bptimum particles. It would app-ar that a boron concentration near
450 ppm 1UB will ensure subcriticality, Unfortunately, under accident
conditions, there is no guarantee that assembly geometry would be maintained.

The parameter calculated above was k«infinity, This results in two
final questions, “Mow does the finite size of a reactor affect the results of
the above analysis and what are the uranium masses required to achieve a
critical system?" The leakage from a fue! volume the size of a reacter core
will be at most a few percent, This will not significantly change the results
unless the kg is very close to unity, The critical volumes (and hence
critical masses) were calculated for both the rods in a square array and the
optimum spherical particle and pellet equivalunt sphere cases (for those cases
with kg, values greater than unity). The results are shown in Table 2.6, It
must be recognized that these are not the mirimum criticai masse. only
the critical masses calculated for the case with maximum kg, Rec, . * t &
fairly large change in fuel volume fraction resulted in a small ¢ - yo in kg,
Thus, the minimum critical mass will occur for smaller fuel volume fractions
than those calculated. However, the absolute minimum critical mass will ocour
for unrealisticly low fuel velume fractions (i.e,, the debris bed will compact
to a greater density). (hese calculations indicate thi' only slightly more
than 100 kg of uranium is necessary to achieve a critical configuration, The
geometry and temperature effects noted in the k, calculations result in a
change in the critical mass of about 50%.

The calculations made in this section indicate that a critical core
configuration can be obtained over a broad range of fuel particle sizes and
fuel volume fractions for both unborated and fairly heavily borated reflood
conditions. This indicates that further analysis of the consequences of a
criticality accident should be performed.

2.47
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TABLE 2.5. Calculated kg, Values for ruel Roas at Assembly Pitch in Water
Boron Cencentraticn Pellet Radius {cm) Fuel Pitch {cm) [VF] K-Infinity

0 0.5283 (8x8) 1.6256 [0.3318] 1.4031
200 0.5283 (8x8) 1.6256 [0.33i8] 1.1839
500 0.5283 (8xB) 1.6256 {0.3318] 0.9682
1000 0.5283 (8x8) 1.6256 [0.3318] 0.7556

0 0.6185 (7x7} 1.8745 (3.3420] 1.4028
200 0.6185 (7x7) 1.8745 [0.3420} 1.1845
500 0.6185 (7x7) 1.8745 [0.3420] 0.9704
1000 0.6185 (7x7) 1.8745 [0.3420] 0.7598
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TABLE 2.6.

Particle or Pellet

Critical Critica?

Radiuc ¥o. fra- Radius(cm) VOlulelgu3l
1.0 0.32 21.72 42040
1.8 0.46 31.86 135400
1.5 .59 52.57 612100
9.5200 0.28 21.48 41520
0.5300 0.28 22.83 ‘9840
¢.53Cu 0.43 33.78 161500
0.5300 0.54 54.53 681500
0.6259 0.28 21.46 41390
0.6235 0.45 31.91 136100
0.6239 0.54 53.42 638600
0.5283 0.3318 23.43 53870
0.5283 0.3218 34.43 171000
0.6185 (©.3320 21.91 448060
0.6185 0.3420 33.54 172500

1 Spherical particles with maximum

Critical
Fuel Voluue(c-31

13740
62250
361100

11630
13950
65440
368000

11590
59880
344900

17880
56730

15070
59010

2 Spherical particles equivaient to peliets (S/V) with maximum k
3 As abeve except at 3630°F
4 Cylindrical pellets at actual assembly design pitch

Calculated Critical Masses for Spherical Particles and Pellets in Water

Uranium
Critical

Mass (kqg)

126
571
33ie

107
128
637
3370

106
£49
3160

164
529

138
541



2,3.2 Excursion Analysis

The first step in the excursion analysis is to estimate the reactivity
addition rate corresponding to the maximum core reflood rate. The high flow
rate, low pressure flooding systems at Peach Bottom are th~ low pressure
coolant injection (LPCI) (10,000-40,000 gpm) and low pressure core spray
(LPCS) (3,125-12,500 gpm) systems. With all four pumps operating in each
system, the core cculd be reflooded at a animum flow rate of 52,500 gpm. For
a total flow area of approximately 144 ft€ within the core region of the
vessel, this corresponds to a flooding rate of 49 ft/min,

The Peach Bottom SAR (Ref., 2.12) indicates that the core can go critical
with two neighboring control blades removed. For the purpose of treating a
specific core configuration, a small region of the core will be considered as
being highly reactive in the following excursion analysis. A parallelopiped
region will be used which is 2 feet on each side and 4 feet high. The region,
which represents one-third of the height of 16 adjacent assemblies, is assumed
to have no control blades and to be near optimum lattice conditions for
criticality. At a flooding rate of 49 ft/min this region can be reflooded in
approximately 5 seconds.

From the Criticality Handbook (Ref. 2.13), the minimum critical infinite
length cylinder diameter for 3 wt% enriched uranium is about 11 inches. The
maximum material buckling occurs for rods which have a 0.635 c¢cm radius and a
water-to-fuel volume ratio of 2.4 (a fuel volume fraction of 0.29), Within
the cnannel box in an 8x8 BWR assembly with two unfueled rod locations the
water-to-fuel ratio is 1.9 (a fuel volume fraction of 0.34) and the pellet
radius is 0.53 cm., Thus, in the cold reflooded condition, the system is close
to optimum. Fuel fragmentation or an increase in the water-to-fuel ratio
would result in less reactivity. The effect of leakage on reactivity from a
parallelopioed two fect on a side is approximately 10% and will be neglected
(a conservative assumption).

The amount of reactivity that can potentially be added to the core by
reflooding th's region can be estimated by examining the reactivity
coefficients of the intact core. The largest reactivity coefficient in the
BWR is the void coefficient associated with steam bubbles. From the normal
operating condition of approximately 40% voids to 0% voids the reactivity
increases by ak/k n5.6X10"2 (based on Fig. 3.6.9 of PBSAR). Since 8 = 0.0056
(at 10,000 MWD/T), a reasonable estimate of the maximum reactivity addition is
$10.00 within a 5 second period (the minimum reflooding period).

Doppler feedback (broadening of 238 absorption resonances with
increased temperature) is the principle feedback mechanism for terminating
rapid transients in low enriched uranium-water systems. In the 1960s a number
of tests were performed on systems of this type in the SPERT facility at Idaho
National Engineering Laboratory (INEL) (Ref. 2.14). Using a simple model
developed by INEL engineers for a ramp insertion of reactivity and assuming
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linear energy feedback, the energetics of a maximum reflood excursion will be

estimated and then compared with those of the SPERT tests as an
benchmark.,

The linear energy model is in the form (Ref, 2.1f

¢ = change in core power with time (Mw/se(

¢ = core power (Mw

a = reactivity insertion rate in $/sec multiplied by

t « time (sec)

b = Doppler reactivity feedback in § per Mw'sec multiplied by 8/)
E(t) = energy release (Mw'sec) as a funct

« delayed neutron fraction = 0.005¢

n ot !um(. t

L

s neutron 1 ‘f". 1me

This simple model predicts qualitatively the step-burst and ramp-burst

. 5 vy

behaviorY cr a wide variety of reactors, both fast and thermal, with a wide
range of shutdown coefficient values, and with a variety of quenching
mechanisms, It is useful for estimating reactor behavior, particularly wher

specific details regarding shutdown mechanisms are not known.

The energy release function, E(t), is in the form of a quotient of
exponential function in t. Until the time of maximum reciprocal period the
power shape behaves as if there were no shutdown effects

T 0 Th :
operating. Inis 5

followed by the rise to maximum power and Doppler feedpack induced shutdow
The energy released from the excursion (integrated over the excursion time s
b

1at time is not a variable) is approximately:

= P
[2a(1n! —— e 1NN
D &
0
Bir . 8 st (
[
L
For a $2.00/s¢ ramp insertion rate a 229 $/secc . The Doppler coefficient
at voids 1s B.4X10°° ak/k/®F, If it is assumed that the energy 1s
geposited adiabat airly Iin a sSine shape across I f the three dimer |
0ot the assemdly Al mport e weiqntr f 4/3 2.37 the ett 1ent

R e .
b = 2.23 $/(Mw'se




The initial fission power level of the core segment depends on the
magnitude of the spontaneous neutron source. The total energy preduced in the
excursion is not strongly sensitive to this value., The spontanenus neutron
source can be calculated using the ORIGEN code (Ref. 2.16), which computes
time-dependent concentrations and source terms of a large number of iso..nes,
with generation and depletion through transmutation, fission, and radiocactive
decay. Using ORIGEN results to estimate the spontaneous fission and (a«, n)
sourcg strength of irradiated fuel, the initial power, ¢y, is estimated to be
1x107% Mw,

Substituting these values into Equation 2, E¢ = 90 Mw'sec. The average
energy deposition in the fuel is 19 cal/? and the peak, assuming a cosine
distribution in each dimension, is 73 cal/g, which corresponds to an
approximately 1300°F temperature rise in the fuel. The peak energy depositio
calculated above conservatively assumes zero voids. In an actual event it is
expected that steam voids would formn, thus lowering the actual energy
deposition in the fuel. In reactivity insertion accident tests, it is found
that, in order to obtain bursting of the fuel and dispersal of molten fuel
droplets into the coolant, energy densities substantially greater than 280
cal/g (Ref, 2.17) must be added to the fuel. In the present example, however,
the fuel may already be at a high temperature when the excursion starts,

Thus, less energy deposition in the fuel may be sufficient to cause fuel
bursting, which may occur if the fuel is already near its melting point.
Based on Table 2.2, the fuel rod cladding begins to melt at approximately
3365°F. If the reflood excursion event occurs near this point in time, with
the fuel near this temperature, the peak fuel temperature will be about 4665°F
including the 1300°F temperature rise calculated above. Since the fuel rods
are not expected to begin to melt until a temperature of 4870°F is reached,
the energy deposition in the present example is probably not sufficient to
result in bulk melting of the oxide. If the initial fuel temperature was
higher than 3365°F, substantial clad melting will oceur, meking the presence
of an intact standing core unlikely.

These temperatures are calculated by the MARCH code and are subject to
the uncertainties of the code. If more accurate results are desired, more
detailed and accurate codes should be used.

Two tests were performed in the SPERT | facility which were simila; to
the above exarple. ghe SPERT facility had steel clad oxide fue! with higher
enrichment (4 wt% 235U) than a BWR. The height of the fuel was 67 inches and
the total mass of uranium dioxide was similar to that in the BWR reflood
excursion example. The first test involved a $2.70 step in reactivity and the
second test involved an initial ramp followed by a step to $3.30. The minimum
periods for the two cases were 2.2 msec and 1.55 msec, respectively, in
comparison with 10 msec for the BWR example. Total energies of 160 Mw'sec and
165 Mw:sec were observed in the two tests.

2.52



In the tests, two fuel rods failed, disintegrated, and formed steam
through the rapid transfer of heatl from the fine fuel particles. It is
thought that these two fuel rods had become waterlogged prior to the start of
the test. However, since numerous fuel rods were involved in the tests (and
only two failed), the tests are considered valid and applicable to this
discussion, The maximum pressure rise resulting from rod failure was 135
psig. The peak fuel surface temperature measured in the first test (30 msec
after the peak power) was 1000°F above ambient. Premature rupture, rapid
disintegration, and resulting steam formation of the waterloggeu fuel in the
second test was probably a factor in limiting the energetics of the excursion.
The failed fuel rods had maximum energy densities of up to 220 joules/g (53
cal/y) although they were not in the highest flux zone in the experimental
cora,

The tvo SPERT tests provide support to the conclusions of the BWR
refiood excursion analysis. In an actual excursion, steam generation and void
formation would play a role in limiting the energy release and terminating the
transient. ODoppler feedback in itself, however, is adequate to limit the
energetics of reflood recriticality to a level below which the vessel would be
threatened by a pressure pulse.

2.3.3 Debris Bed Dryout Power Limits

If the reactor remains critical following an initiai excursion at the
time of reflooding, it will either enter an oscillatory mode in which water
periodically enters and is expelled from the core debris or it will approach a
quasi-steady state. In either case, the average power level achieved will be
determined by the balance between the reactivity added and the feedback
mechanisms.

The energy required to heat and boil the coolant water being added to
the vessel provides an ur er bound to the time-averaged power in the core.
Debris bed dryout limits can also impose a limit on the amount of heat
generated in a critical debris bed. The argument is similar to that made
under more normal ATWS situations. Higher power levels will resul. ‘n more
boiling, hence a higher void fraction and eventually under-moderati.n of th-
fuel. The under-moderated condition will reduce reactivity and the power
level. As the bed power decreases, voids will collapse allowing more water to
enter the bed. With this increase in moderation the reactivity and the bed
power will increase, Under steady-state conditions, the bed power will he
expected to stabilize at the bed dryout power level which will balance the
power level to the rate of moderator incursion into the bed.

Debris bed dryout is a relatively well understood phenomenon., At the
dryout limit, a balanced vapor and liguid counter-flow situation is
established. Under steady-state conditions, the hydrostatic head of the water
trying to enter the bed is balanced by the steam pressures nroduced by
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0.5 inches, respectively). Also, a sensitivity multiplier of Fy = 2.0 is
assumed to partially account for correlational bias and the possibility of
larger heat transfer areas.

The results in Figure 2.34 indicate that debris bed dryout would be
expected to limit power densities to relatively low levels for small particles
and low pressures. Power densities less than 5% of the operating density are
generally predicted. The core decay heat falls below 2% at about 15 minutes
after shutdown. Thus these rates are roughly comparable to decay heat levels.
However, for large particles and high pressures, the power densities may be a
significant fraction of the normal operating power density. For small debris
beds in particular, the power densities may approach full operating power
densities.

The results in Figure 2.34 were formulated in terms of the fuel power
dgensity, that is, the fuel volumetric power. Figure 2.35 shows the debris bed
powers expressed as a fraction of the normal core power level rather than the
particle power density (the bed power level is obtained by multiplying the
power densities by the fraction of the core in the bed). As before, it is
seen that for large particles at high pressure, bed power levels significantly
above the decay heat level (2% at 15 minutes) may be obtained due to
recriticality,

It is also instructive to consider how much makeup water is required to
compensate for the coolant boiloff rates implied by the bed powers in
Figure 2.35. Figure 2,36 shows the makeup which must be supplied to the
debris bed to prevent dryout and support the criticality. These boiloff rates
may be compared with the capacity of typical BWR makeup pumps listed in Table
2.7. Depending on what makeup systems are available and the size of the
critical debris bed, the makeup may be inadequate to support criticality under
steady-state conditions, If insufficient makeup is available, a recurrent
“chugging" phenomena would be expected. Water would enter an under-
moderated, shutdown core. Eventually sufficient water would exist to allow
criticality. The additional heat produced would void the core, shutting the
nuclear reaction down. Water would again enter, repeating the process.

The results in Figures 2.35 and 2.36 do not consider the heat generation
in the remainder of the core; that is, the portion not in the debris bed. The
remaining portions of the core could conceivably be composed of intact fuel
rods or be in the configuration of a molten mass. Decay heat will add up to
0.02 (15 minutes after shutdown) to the results shown in Figure 2.35.

Oryout provides an upper limit to the power which can be generated in a
critical debris bed. The expected power is generally well below normal
operating power levels, however, the power may significantly exceed decay heat
levels. The higher power levels are encountered at high pressures for large
particles. For small particles and low pressures, the power i~ nxpected to be
comparable to decay heat levels,
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RCIC

HPCI

SLC
CRD

¢9'2

LPCI

TABLE 2.7. Capacity of BWR Makeup Pumps

Capacity, GPM

600

5000

162 each (3 pumps)
56

55 to 90 each,
depending on
pressure (2 pumps)
10000 each (4 pumps)

3125 each (4 pumps)

Pressure operating
range, psi

1120 > p > 150
1120 > p > 100
p < 1350
p < 1120
p < 1055

p < 295

p < 290
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Criticality in debris beds is unlikely to produce power levels much
above 10% of normal power, At these power levels, either the high or low
pressure makeup systems would provide adequate coolant to remove the heat
being generated within the debris bed. This does not imply, however, that the
interior of the bed will remain cooled. A dried region could become molten
and relocate. Whether the relocated melt would eventually become coolable, as
at TMI-2, is speculative. The effect of melting and relocation would almost
certainly be to reduce the criticality of the bed, however,

2.3.4 Containment System Effects

The nature of the recriticality event occurring following BWR core
melting and reflood has been established. The arguments presented in Section
2.3.2 indicate an explosive response is unlikely even under conditions of
maximum reflood rate. A steady-state power level would be established which
could be elevated above the normal decay heat power levels, The response of
the containment to these elevated, but steady-state, power levels is
considered in this section of the report, Time windows are calculated where
emergency boration and reactor shutdown would have to be established in order
to prevent containment over-pressure failure. Also, the results of previous
studies of containment venting during ATWS scenarios are discussed.

Core Power

In general, the power ’evels achieved during recriticality would depend
on the core damage state, .ne coolant makeup rate available, the pressure in
the reactor vessel, and the water level maintained in the core, 1f the core
geometry is severely degraded and a packed debris bed forms after reflood, the
results in Section 2.3.3 indicate debris bed dryout considerations would limit
the power to 10% to 20% of operating power. A simple hand calculation
indicates a coolant makeup rate of about 2500 gpm is required to compensate
for the boiioff at @ 10% core power level. This makeup rate may be compared
with the pump capacities listed previously in Table 2,7, It is apparent that
only the high flow rate high pressure coolant injection (HPCI), LPCI, and LPCS
pumps would be able to support steady-state core power levels above 10%. If
the core is not severely damaged, ATWS calculations performed for intact cores
can be used to give an indication of the expected power levels. It is quite
unlikely that a degraded core will be more reactive than an unbladed core in
its normal geometry. ATWS calculations (Ref. 2.20, 2.21, and 2.22) indicate
that reduction of the primary system pressure and maintenance of a water level
near the top of the core will result in core powers between 8% and 13% of full
power. In conclusion, it is expected that either naturally occurring debris
bed drﬁout considerations or operator actions can limit core power levels to
less than about 20%.
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Suppression Poo)l MYeatup and Containment Pressure

Table 2.1 listed a number of se ere accident scenarios, For some of the
accidents the containment fails (e.g., GGi®l, PBTC, and PBTW) oi is bypassed
(e.g., PBV) prior to core melt. For these iccidents emergency boratioun
obviously cannot prevent containment failure. However, reduction of core
power would still be desirable to minimize the driving force for dispersal of
fission products. For the remaining accidents, the containment is intact
during the core melt, These accidents can be divided into two categories,
depending on the suppression pool temperature at the time of core melt., For
LOCAs and station blackout cases with early emergency core cooling (ECC)
failure, the MARCH calculations predict suppression pool temperatures between
122 and 155°F during the core melt but prior to core collapse and head
failure. Sequences of this type include PBTBUX, PBTBO, GGTBS, GGS2E, and
GGTQUV. For some ATWS and station blackout sequences in which the ECC
initially functions and keeps the core covered for several hours, pool
temperatures between 215 and 237°F are calculated. Sequences of this type
include GGTB1, PBTB2, PBTBS, and PBTC3. For calculational convenience,
initial suppression pool temperatures of 140°F and 225°F will be assumed for
the two categories at the start of recriticality.

Based on NUREG/CR-2442 (Ref. 2.23), the containment failure pressure is
estimated to be about 132 psia, corresponding to a pool saturation temperature
of 348°F. This study was based on the Browns Ferry contai'mant, A more
recent analysis of the Peach Bottom containment has predicted a failure
pressure of 174 psia (Ref, 2,24). In the NUREG-1150 assessmen., 132 psia
corresponds to approximately the 5th percentile and 165 psia correspon”s tn
the 50th percentile of the containment failure distribution. The medi.
failure pressure for Grand Gulf, given in NUREG-1150, is 70 psia,
corresponding to a pool saturation temperature of 3C3°F. Both suppression
pools contain about 9,000,000 b of water. For reference, the (adiabatic)
suppression pool heatup rate is about 130°F/hr for a steam input rate
corre: onding to 10% of full power. Using an appropriate heatup rate and the
initial poo) temperatures discussed above, curves were constructed to define
the time following recriticality to reach the Peach Bottom and Grand Gulf
containment failure pressures. The results are shown in Figure 2.37.

Since suppression pool cooling may be avaiiable in addition to coolant
makeup, the energy input to the suppression poo! is defined in terms of that
in excess of residual heat removal (RHR) cooling. The rated capacity of all
four RHR heat exchangers corresponds to about 2.5% of full power. As the
suppression pool temperatures increase, the capacity of the heat exchangers
also increases. At the temperatures corresponding to containment failure (303
to 348°F), the RHR capacity is estimated to increase to about 7% of full
power, Since the core power is likely to be below .0% to 20% of full power,
RHR cooling may have a significant effect on the containment pressurization.
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3.0 ACCIDENT SEQUENCES

According to NUREG-1150 (Ref. 3.1), which is based on the NUREG/CR-4550
analyses (Ref. 3.2), the risk dominant accident sequences for internally
initiated events at Peach Bottom Unit 2 are of two types:

B Station blackout (5B0) events (i.e., loss of all ac power, except that
which is dc-powered through an inverter), which account for 86% of the
plant risk of core damage,

2. Anticipated transient without scram (ATWS) events, which account for 12%
of the plant risk of core damage. p

No other accident types contribute more than 1% to the plant core damage
frequency.

Substantial activities were conducted at Peach Bottom to reduce the
risks identified by earlier PRA results by making changes in hardware and
improving training, procedures, and testing and maintenance at the plant.
These changes and improvements mean that this plant may not be entirely
characteristic of all BWRs. However, other BWRs should also be dominated by
the same events as Peach Bottom, rather than by other events such as loss of
coolant accidents (LOCAs). This observation is based upon the muitiplicity
and diversity of water supplies typically available in BWRs for covlant
injection, which makes most transients and LOCAs with a loss of coolant
injection a small contributor to the plant risk of core damage, except for the
SB0 events where all ac power is lost. The observaticn is also consistent
with results identified in NUREG-1150 for Grand Gulf, where SBO events account
for 99% of the plant risk of core damage and ATWS events account for the
remaining 1%.

The following sections discuss these internally initiated events and
their base-case event trees, sequences, and dominant cutsets. The majority of
the information used in the following sections has been obtained from the
analysis conducted in NUREG/CR-4550,

3.1 STATION BLACKOUT (SB9)

A station blackout is defined as the loss of all ac power, except that
which is powered through an inverter from the station batteries. As such, a
station blackout involves the loss of both the normal ac power source from the
offsite grid and the emergency ac power source from the onsite diese)
generators. The loss of offsite power (LOSP) can occur as an initiating event
or subsequent to another event, such as a generator trip, The loss of onsite
power can occur from the combination of a multitude of system and/or



supporting system failures. The logic that depicts the sequence of events
involved in a station blackout at Peach Bottom Unit 2 is shown in the
NUREG/CR-4550 loss of offsite power event tree, provided as Figure 3.1. This
event tree logic applies to all loss of offsite power events, regardless of
the actual initiator. It should be noted that the power conversion system,
feedwater system, and condensate system are not modelled in the event tree
since a loss of offsite power would prevent the operation of these systems,

1f offsite power were restored, these systems could be used to mitigate and/or
terminate the event.

Event tree sequences 28-32, 60-64, and 134-138 (in Figure 3.1) represent
the sB0 sequences. There is an equivalent set of sequences involving a stuck-
open safety relief valve (SRV) that is not explicitly modelled, but is
considered in the analysit. The SBO sequences can be divided into two groups
based on the timing to core damage. The first group consists of those
sequences (134-138) where core damage occurs within 1 hour and are referred to
as short-term station blackout (SSBO) sequences. The other group consists of
those sequences (28-32 and 60-64) where core damage occurs after 1 hour,
typically 9 to 12 hours later. These sequences are referred to as long-term
station blackout (LSPO) sequences.

The primary difference between these sequence groups is the period at
which the station batteries become depleted, [f all the station batteries are
depleted when a loss of offsite power occurs due to some common cause failure,
the diesel generators will be unable to start and provide emergency onsite ac
power and all ac- and dc-powered equipment required for coolant
injection/makeup will be failed. Under these circumstances, core damage is
estimated to begin within 30 to 40 minutes. If the station batteries are
initially functicnal and the diese) generators fail by some mechanism other
than common cause station battery failure, dc power and ac-powered vital
instrumentation, which receives power from the station batteries through an
inverter, are available to power systems that provide coolant injection and
makeup. However, the station batteries are expected to be depleted
approximately 6 hours after initiation if they are not recharged. It takes
another 3 hours after station tattery failure for core damage to commence.

The timing to station battery depletion also affects the amount of time
available to restore offsite ac power and thus bring the plant to a safe
stable state without core damage. Offsite ac power is less likely to be
recovered during a SSBO sequence due to the short time availabie (< 1 hour)
than during a LSBO sequence, which has available many hours to repair and
restore the offsite ac power,

The SSBO sequences make up 56% and the LSBO sequences make up 30% of the
plant core damage frequency. The loss of offsite power event tree headings
are described below, followed by a discussion of SSBO and LSBO dominant
sequences and the potential for a recriticality event to occur.

3.2
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accomplished by positionin? a control room switch (direct local actuation of
e

these valves is not possible since they are located within the primary
containment), Event success implies automatic or manua) operation of the
automatic depressurization system (ADS) or manual operation of other SHVs such
that two or more valves are opened to allow low pressure injection, Failure
implies the primary system is not depressurized and remains at a high
pressure, thus not allowing low pressure injection to function. For station
blackout sequences, the question of depressurization only determines the
vessel pressure at the time of breach (i.e,, containment failure or venting)
and is not a factor in averting core damage, since the low pressure injection
function is dependent on ac power.

Events V2, V3, and V4

These event tree headings address the operativu of the low pressure core
spray (LPCS), low pressure coolant injection (LPCI), er high pressure service
water (HPSW) systems, respectively, (o inject into the reactor vessel through
a LPCI Tine. However, these systems are dependent on ac power and are thus
not available during the station blackout sequences.

Event Y

This event tree heading models the venting of the containment, Success
fmplies that the 6" integrated leak test line or larger size line is open so
as to prevent over-pressurization of the containment. Failure implies that
the containment is not vented and over-pressurization will eventually occur,
Both success and failure of containment venting potentially leads to saturated
conditions in the suppression pool, which were conservatively assumed to
result in the loss of all systems using the pool as the injection source.
Neither success nor failure of this event impacts the potential for core
damage. Rather, it provides information on the containment integrity and
potential releases from the containment following core damage.

Events U3', X', 6 and v4'

These event tree headings are the same as those defined above for U3, X,
and V4, respectively. The only difference here is that they occur after an
attempt to vent the containment. The systems that provide these functions are
the only ones that do not use the suppression pool as the injection water
source and are thus the only systems potentially available following an
attempted containment venting, However, for station blackout sequences only
depressurization (X') is possible since the other functions are dependent on
ac power.

During a station blackout, many of the functions modelled in the event

tree are not available due to a reliance on ac power, A station blackout
event tree, which is a simpli’ied version of the loss of offsite power event

3.13
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fails to reclose after the pressure reaches its closure setpoint, essentially
a LOCA is initiated. However, the sequences involving a stuck-open SRV are
not explicitly modelled since the events that follow are the same as those
without a stuck-open SPV. The only impact a stuck-open SRV has on the LSBO
sequences 1s to cause the primary system to become depressurized.

Following the success or failure of the SRVs to reclose, either HPCI or
RCIC initially provides coolant injection to the RCS. Sequences 28-32 involve
HPCI initial success, while Sequences 60-64 involve RCIC initial success.
During this time, the oncite emergency ac power source (i.e., diesel
generators) fails because of diesel generator system and/or support system
failures, Although there are four diesel generators, failure of diesel
generators 2 and g (0G2 and DG3), 1s sufficient to cause the failure of the
remaining diesels, since all of the diesels rely on emergency service water
(ESW) for jacket cooling and the ESW system requires ac power from DG2 or DG3
te function., The HPCI and RCIC systems are still functional since they are
able to provide coolant injection without ac power, using their turbine-
driven pumps and dc-powered controls., However, after approximately six hours
without being recharged the station batteries will be depleted, causing a loss
of all vital instrumentation and failing the PCI ani RCIC systems. To a
lesser degree, HPCI and RCIC could be failed by » variety of causes other than
station battery depletion (e.g., high pool tempera.ure, isolation on high
temperature sensed by the steam line monitor, etc.). 1f ac power is not
recovered within ancther three hours so that a source of coolant injection can
be activated, the primary system inventory will boil off and core damage will
begin.

The remaining events in the event tree do not address the concern for
core damage, but rather address the potential for atmospheric release. The
factors are the same as those discussed in Section 3.1.2 for SSBO sequences.
The twc sets of five LSBO sequences are as follows:

28 & 60 Reactor depressurization succeeds and the containment is vented.
29 & 61 Reactor depressurization succeeds, containment venting fails, and

the reactor remains depressurized after containment failure,

30 & 62 Reactor depressurization succeeds, containment venting fails, and
the reactor fails to remain depressurized after containment
failure (i.e., the reactor gradually becomes repressurized).

1 & 63 Reactor depressurization fails and the containment is vented.
2 & 64 Reactor depressurization fails and containment venting fails.

If a SRV fails to reclose, after opening to relieve the initial primary
pressure increase, then the primary system would be depressurized and
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Sequences 28, 29, 60, and 61 would apply. These sequences are similar to the
Section 2.2 PBTBS sequence, | wever, it should be noted that once the station
batteries are lost, SRV control is lost (i.e., the SRVs cannot be held open
without dc power) and the vessel can become repressurized. Under these
conditions Sequences 30 and 62, which are similar to the Section 2.2 PBTB2
sequence, apply. If depressurization is failed, Sequences 31, 32, 63, and 64
apply. These sequences are also similar to the Section 2.2 PBTB2 sequence.
The dominant cutsets (i.e., the component failure combinations that have a
probability greater than 1£-8) for the LSBO sequences are provided as Table
3.2, A1l of the dominant cutsets are of the PBTBS type.

3,1.4 Recriticality Potential Following Station Blackout

In this section, the dominant cutsets for each of the station blackout
groups, provided in Tables 3.1 and 3.2, are mod fied to indicate the relative
potential for a recriticality event to occur and the effectiveness of accident
management strategies in eliminating and/or mitigating these events, For core
damage to begin during a station blackout coolant injection must, during some
period, be unavailable or inadequate. Recriticality is then possible i
coolant injection is recovered at some later time after the control blades
have melted. The most likely means of recovering most of the coolant
injection systems is by restoring the offsite ac power supply to these
systems. Once offsite ac power is restored, the operators will want to
immediately provide core cooling by injecting water from these systems, If
this injection occurs during the time between the start of blade melting and
the start of fuel rod melting, the potential for recriticality may be a
concern,

Since core damage will proceed from the central region of the cere
radially outward, the potential for recriticality in the outer regions may
occur at a much later time than that for the central region and in fact may
occur after fuel rod collapse and debris bed formation within the central
region, Therefore, the time window for the potential for recriticality was
conservatively assumed to be the time from the start of blade melting to the
time of vessel failure, These parameters are provided in Table 2.1 and in
Figure 2.9 for a number of the Peach Bottom accident scenarios.

The dominant short-term station blackout sequences (see Table 3.1) are
similar to Sequences PBTBO, PBTBUX, and PBEM2 of Section 2.2 and the dominant
long-term station blackout sequences are all similar to Sequence PBTBS of
Section 2.2. The recriticality time windows for each of these sequences is
provided in Table 3.3.

An estimate of the probability of a loss of offsite power event being

recovered within the recriticality time window for each sequence is also given
in Table 3.3. These probabilities are based on an evaluation of the duration
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of the loss of offsite power events from historical data (Ref. 3.3) and the
percentage of those events which were terminated within each of the time
windows, It is worth noting that »60% of all loss of offsite jower events
have been recovered within the first half-hour, »70% within the first hour,
nBO% within two hours, and w90% within four hours. No loss of offsite power
events have lasted past 12 hours.

Short-term Station Blackout Recriticality Potential

To determine the probability of a recriticality event, the short-term
station blackout sequences were modified to indicate the potential for
recovering ac power in the recriticality time window. The modified dominant
cutsets are provided in Table 3.4, For Cutsets 1, 2, 4, and 5, which are
similar to PBTBO/PBTBUX of Section 2.2, event ACPOW12 is added to represent
the fact that 12% of the loss of offsite ac power events (based on PBTBO) is
estimated to be restored within the recriticality time window., For Cutsets 3,
6, 7, B, and 9, which are similar to PBEM2 of Section 2.2, event ACPOW]] is
added to represent the fact that 11% of the loss of offsite ac power events is
estimated to be restored within the recriticality time window. For the last
three cutsets (7, B, and 9), the events representing the failure to recover ac
and dc power (RA-1D and RA-14D) were deleted since the value used for event
ACPOW11 is assumed to account for these events.

The core damage probability for the dominant short-term station blackout
cutsets is approximately 4.5€-6 per reactor year, The probability of a
recriticality event, based on the modified dominant short-term station
blackout cutsets, is approximately 5.6E-7 per reactor year. Assuming that the
operators would not immediately borate and initiate RHR suppression pool
cooling at the time of reflood, using present guidance, the probability of
suppression pool saturation and containment over-pressurization in about half
an hour 1s also 5.6€-7 per reactor year.

To address the effectiveness of the accident management strategies of
borating and establishing RHR suppression pool cooling at the time of reflood,
discussed in Sections 2.0 and 4.0, to terminate the recriticality event and
thus preventing suppression pool saturation and containment failure, the
dominant cutsets were modified further., This modification accounts for the
possibility that boron injection fails or RHR suppression pool cooling fails,
Failure of either function is conservatively assumed to result in eventua)
containmant failure, since the primary means of boration (i.e., from SLC) is
only marginally adequate if the excess steam to the suppression pool is
greater than about 10% power, which may occur if RHR suppression pool cooling
fails. The value for boratior failure is estimated to be §.06+2. The SLC
injection failure value is based on the NUREG/CR-4550 ATWS analysis value,
since it is dominated by operator failure to initiate boration within a very
short time frame (w4 minutes). The value for RHR suppression pool cooling
failure is also estimated to be 5.06-2, assuming ac power has been restored

3.22



2'¢

TABLE 3.4. PRecriticality Potential for SSBD Dominant Cutsets

QUTSEY
CQUTSET PRINT ESTINATE
Y
IE-TLOSP » DCP-BAT-LP-B2 » B-DCP-LP-BATS » ACPO9:I2 4557
IE-TRIRIP « L2SP « DCP-BAT-LP-82 » B-DCP-LP-BATS « ACPOWIZ 4%
TE-TLOSP « SORY « DCP-BAT-LP-B? « B-DCP-LP-BATS » ACPOWI! 18
TE-TMSIVC « LOSP « DCP-BAT-LP-B2 ¢ B-DCP-LP-BATS « ACPOWIZ 132
IE-TLFW o LOSP « DCP-BAT-LP-B2 « B-DCP-LP-8ATS « ACPONI? 1 %8
IE-TRTRIP « LGSP o SORV « DCP-BAT-LP-B2 » B-DCP-LP-BATS « ALPOWII 199
TE-TLOSP o DCP-BAT-LP-87 « ACP-DGN-LP-£DG3 « RCI-TDP-F5-20538 « ACPOWIL 5 56-3%
TE-TLOSP » DCP-BAT-LP-B2 » ACP-DGN-MA-EDC3 « RCI-TOP-FS5-280538 « ACPOWII 559
TE-TLOSP « ACP-DON-LP-TDGZ » B-ACP-LP-EDCS » HCT-TDP-FS 20537 « RCI- TDP-F5-20538 « ACPOWIL 4235
T DESCRIPTION AR VAR
IE-TLOSP Loss of of fsite power initiating event 7 ®E-2jyr
DCP-BAT-LP-82* Battery 82 failure (fa1is DOZ starl and WPCT) 1333
8-DCP-L P-BATS? Common mode bets factor for Taiiure of 2nd battery (DO3) « ™7
ACPOw12 AC power restored within PBIBS recriticai ity Lise window 1.26-1
IE-TRIRIP Turbine trip initiating event 2 &fyr
LesP Loss of offsite power after reactor trip 2 8583
SORY Gne SRV sticks open S ®-2
ACPOWL1 AC power restored within PBEMZ recriticality time window 11
IE-TMSTVC W51V ciosure type initiating event B 1y
IE-TFw Loss of Teedwaler initizting event 7 EE-1jyr
ACP-DGN-1L P-EDC3 D9G3 failere Lo start or run 1 136-2
RCI-TDP-F5-26538 RCIC Tatis to start 4 BeE-2
ACP-DGR-#A-$DG3 0G3 saintenance unava:lab: ity 1. 99€E-2
mmg@‘ 562 failure to start or ~un 1132
B-ACP-LP Comson mode beta factor for Tailure of 2nd diese! (DG3) 7 ®8E-2
RCI-TOP-F5-26538 RCIC systes (turbine-driven pump) Tails to start 4 BeE-7
HCI-TOP-FS-20537 HPCI systes {turbine-driven pump) fails to start 4 BaE-2

Wwwﬂwmmﬂfailmdb&b., which also far! tee dieseis  The failure of dieseis 2
and 3 results in the failure of esergency service weter cooling, which in ture fails the resaining dieseis {1 and ¢)
Subsequent commcn wode Tactors for other de buses is applied at 2 heta factor of 1 8 per sethodology guidel nes

hwm-h’&w*hilmﬁdimb!dl, which s sufficient to fail all diesels, since the
esergency service water cooling to a!l diessis is dependent on ac povor from diesel 2 or 3




and the dominant failure is the operator failure to establish RHR cooling
capability immediately. The term BOR-RHR is used in the modified cutsets to
represent the failure to terminate a recritica’ity event, assuming the
accident management strategies are implemented,

The results of this modification are provided in Table 3.5. The
probability of the short-term station blackout event resulting in a
recriticality event and not being terminated before containment failure, even
though accident management strategies are implemented, is 5.6E<8 per reactor
year.

Long-term Station Blackout Recriticality Potential

Yo determine the probability of a recriticality event, the long-term
station blackout sequences were modified to indicate the potential for
recovering ac power in the recriticality time window. The modified dominant
cutsets are provided in Taple 3.6. For each of the dominant cutsets, which
are similar to PBTBS of Section 2.2, event ACPOW] is added to represent the
fact that 1% of the loss of offsite ac power events is estimated to be
restored within the recriticality time window. Event ACPOW] replaces the
events representing the failure to recover ac and dc power sources (RA-1J), RA-
160, RA-17), and RA-18J) since the value used for event ACPOW] is assumed to
account for these events.

The core damage probability for the dominant long-term station blackout
cutsets is approximately 1.6E-6 per reactor year, The probability of a
recriticality event, based on the modified dominant long-term station blackout
cutsets, 1s approximately 6.9E-7 per reactor year. Assuming that the
operators would not immediately borate and initiate RHR suppression pool
cooling at the time of reflood, using present guidance, the probability of
suppression pool saturation and containment over-pressirization in about half
an hour is also 6.9€-7 per reactor year,

Using the same logic as for the short-term station blackout analysis to
address the effectiveness of the accident management strategies, discussed in
Section 4.0, the dominant cutsets were modified further. In this modification
boration failure is estimated to be 5.0E-2 and RHR suppression pool cooling
failure is also estimated to be 5.0E-2, The term BOR-RHR is used in the
modified cutsets to represent the failure to terminate a recriticality event,
assuming the accident management strategies are implemented.

The results of the modifications are provided in Table 3.7, The
probability of the long-term station blackout event resulting in a
recriticality event and not being terminated before suppression poo)
saturation and containment failure is 6.9E-8 per reactor year,
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Management Strategies Implemented for SSBO Dominant Cutsets

TABLE 3.5. Accident
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TABLE 3.6. Recriiicality Potential for LSBO Dominant Cutseis

oursEY
QUTSEY POINT E5TTMATE

FRERENCY
TE-TLESP » ACP-DGN-LP-EDG2 » B-ACP-LP-EDGS » ACFOW 1.7E-7
TE-TLISP ¢ ACP-DON-LP-EDG2 o ACP-DON-LF-EDG3 = ACPOWI Iy =1
IE-TLOSP « ACP-DON-LP-EDGZ o ACP-DON-MA-EDG3 » ACPIN] =
TE-TLOSF o ACP-DGA-1P-EDG3 + ACP-DON-MA-EDG2 « ACPOW] 8 868
IE-TLOSP o ACP-DON-LP-EDG2 » ESB-PSF-LF-103 « ACPOWI 1 858
TE-TLOSP o ACP-DON-LP-EDG3 « ESW-PSF-LF-187 « ACPINL 4 868
TE-TLOSP o ESW-PSF-LF-102 « ESE-PSF-(F-183 » ACPOW] 258
TE-TLOSP o ACP-DCN-MA-£DG2 » ESE-PSF-LF-162 « ACPIM L
JE-TLOSP e ACP-DOR-RA-EDG3 o TS8-PSF-1F-102 « ACPOW: 4 %58
TE-TLOSP « ESH-PSF-LF-8 » EQW-MHE-FO-SCUPP « ACPONL 2 -8
IE-TLOSP o ACP-DGN-LP-EDG2 » B-ACP-LP-EDCS » HCI-TDP-$5-20537 « ACPOW) 2 %9
IE-TLOSP « SORV ¢ ACP-DON-LP-EDG2 « B-ACP-LP-EDGCS o ACPOW] Iy =
IE-TLOSP » SORV » ACP-DON-LP-EDG2 « ACP-DON-LP-EDG3 « ACPIW1 4 859
IE-TLOSP o ACP-DGN-LP-£DG2 » ACP-DON-LP-EDG3 « HCI-TDP-FS-20537 - ACPOW: 4 %9
TE-TLOSP o ACP-DON-LP-EDG2 » ACP -DON-MA-EDG3 o HCI-TDP-F5-20537 « ACPOWI 425
TE-TLOSP = ACP -DGN-1P-EDG3 » ACP-DON-MA-EDG2 « HCT-TDP-FS-20537 « ACPOWI 423
TE-TLOSP o SORV « ACP-DON-LP-FU02 « ACP-DON-MA-EDG3 o ACPOW] 4%9
TE-TLESP » SUAV « ACP-DGK-LP-EDG3 o ACP-DGN-MA-EDCZ « ACPOW 4 %9

e DESCRIPTION OAN VNF

IE-TLOSP Loss of offsite power initrating event 7 8 2y
ACP-DGR-LP-FDa2? BG2 faiiure to start or run 3.136-2
8-ACP-LP-EDGS? Common mode b-ta factor for failurs of 2nd diesel (DG3) 2 8.2
ACPOW1 AC power restored in PETES recritical ity tise window 1 %2
ACP-DON- L P-EDG3 failure to start or run 1 136-2
ACP-DON-MA-£DG3 urava:izble due Lo mzintenance 18952
ACF -DGR-WA-EDGZ DC2 unavailable due to maistenance 1 #96-7
ESN-PSF-AF-183 Failere of jacket cocling te DG3 5 /%3
ESW-P5F-1F-182 Failure of jacket cooling %o DG2 5 763
ES8-PSFLF-8 £58 MCV-3498 discharge valve closed due to maintenmance 3I®Es
FOR-XHE -FO-E0WPP Operator failure te start EY¥ puap {0 E5¥) in 5 minvtes i@
HCI-TDP-#5-28537 HPCT systes (turbine-driven pump) fatis io start & a2
SORV One SRV stuck-apen 552

ogether these makeup the comson sode failure of diesels 2 and 3, whick is sufficient to fail ail diesels since the
esergency service water cooling to ail diesels is dependent oo 2c power from diesel 2 or 3
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Station Blackout Recriticality Potential Results

The resuits of the sequence analysis are summarized in Table 3.8, Three
categories are provided for comparison: 1) the probability of core damage,
based on the NUREG/CR-4550 dominant station blackout cutsets, 2) the
probability of a recriticality event occurring during core reflood for these
cutsets, and 3) the probability of containment failure if the accident
management strategies are implemented.

It is interesting to note that though the short-term station blackout
sequences have a greater probability of core damage, the long-term station
blackout sequences have a greater probability of experiencing a recriticality
event, This is caused by the fact that the time for (and thus probability of)
recovering ac power prior to core damage is greater for long-term station
blackout sequences than for short-term station blackout sequences. This
effectively lowers the probability of having a long-'erm station blackout
result in core damage. However, if it is given that power is not restored
prior to the commencement of core damage, the long-term station blackout
sequences are also more likely to have power recovered within their
recriticality time window,

The results indicate that the ac~ident management strategies suggested
in this report should provide a factor of 10 reduction in the potential for a
recriticality event to cause containment failure (and subsequently further
core damage), 1f implemented.

3.2 ANTICIPATED TRANSIENT WITHOUT SCRAM (ATWS)

The response of Peach Bottom Unit 2 to a postulated failure of the
control rods to insert following an anticipated transient ‘nvolves several
events., The logic that depicts the sequence of events following an ATWS event
at Peach Bottom Unit 2 is shown in the NUREG/CR-4550 ATWS event tree, provided
as Figure 3.3,

ATWS makes up 12% of the plant core damage frequency and is one of the
dominant sequences (along with station blackout) at Peach Bottom. The ATWS
event tree headings are described velow, followed by a discussion of the
sequences and dominant cutsets,

3.2.1 ATWS Event Tree Headings

The following event tree headings are discussed in the order that they
appear in the ATWS event tree,
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Probability of Probability of
Probabiiity of Containment Failure  Containment Failure
Cere Damage Without Strategies Using Strategies
Sequence {per reactor year) {per reactor Jear)l {per reactor year)
SSBO 4.56-6 5.8E-7 5.6E-8
LSBO 1.7€-6 6.9€-7 £.9£-8
TOTAL 6.2€-6 1.25€-6 1.25€-7

IS e

his is also the probability per reacter year of a recriticality event.
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Event SLC

1f the reactor cannot be shutdown using the control rods, the operators
will initiate SLC before the torus temperature reaches 110°F,

fvent RXMP

Immediately after initiating SLC, the operators try to maintain the
reactor at a high pressure, 50 high pressure systems (e.g., HPCI) can be used,
by defeating the ADS. Failure implies the ADS operates, thus Towering the
reactor pressure and making high pressure systems unavailable,

Event SRV

If a SRV is open or cycling during the ATWS, the operator wil) manually
open the SRVs by holding a switch in the control room to a set position until
the reactor vessel pressure drops to 950 psig. Success implies that the SRys
open and then close upon reaching 950 psig. Failure implies that two or more
SRVs stick open causing an uncontrolled depressurization of the reactor.

Event LEV

Once the torus temperature reaches 110°F, the operator must lower
reactor pressure vessel (RPV) level by terminating and preventing al)
injection into the RPV (except boron injection and CRD) unti) power is below
3% or all SRVs shut or the top of active fuel level is reached, As the top of
active fuel level is approached, the operator must throttle HPCI to maintain
this level. The up-branch implies the operator maintains the water leve)
near, above, or oscillating near the top of the active fuel. Failure of this
:v:?t (gown~branch) implies the level is maintained too low (e.g., WPCI

atlure).

Event SPC

Once the torus reaches 110°F, the RHR and HPSW systems must be aligned
to cool the torus. However, there are no major differences in the sequences
with or without torus cooling.

Event DEP

When the torus temperature reaches 155°F, the operator will lower the
reactor pressure using the SRVs. This would alsc be required if HPCI were
lost, so that low pressure systems could be used to provide core cooling.
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Event IN)

HPC1 is initially used to maintain level control. This event addresses
the gotential for WPCI to be terminated, !! the torus temperature reaches
w220%F, or \ne reactor pressure reaches 100 psig, or the containment pressure
reaches 150 psia, HPCI will either fail or isolate. Success implies that HWPCI
continues to operate and the water level in the primary is restored with this
system once sufficient boron fs injected or the reactor is shutdown,

Event LPIN

1f HPCI fails or is isolated, the operator will attempt to maintain the
water level at the top of the active fuel by using the condensate, LPCI, LPCS,
or other systems. This is possible when the reactor pressure drops to w300
psig., Success implies operation of one pump such that water level is
maintained to cool the core and eventually restored io normal levels after the
reactor is shutdown. Failure may be caused by maintaining a level that is too
low.

Event ROD2

This event is adu-essed as yet another means of manually scramming the
reactor by locally venting the scram air header or the CRD withdraw 1ine vent
valve of each header. However, it was assumed that if all other attempts to
scram the reactor have failed, this method would not be effective.

Event FW

This event addresses the concern for continued operation of feedwater
when the MSIVs remain open. The event FW down-branch implies that the MS1Vs
have subsequently closed following the initiating event and the lcgic is the
same as 1f the MSIVs had never been open.

Due to the diversity of means of recovering from non-mechanical control
rod insertion failures (e.g., alternate rod insertion system, manual scram,
and manual rod insertion), mechanical failures are the only RPS failures that
show up in the dominant ATWS cutsets. Therefore, a simplified ATWS event
tree, depicting only the logic following mechanical RPS failures, is provided
as Figure 3.4,

3.2.2 Dominant ATWS Sequences

As stated previously, the redundancy and diversity of means of
recovering non-mechanical RPS failures results in these events making a
negligible contribution te the plant risk of core damage. RPS mechanical
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failures, making it impossible to insert the control rods into the core, are
the ¢ ly significant RPS failures.

Sequences 43 through 53 involve successful operation of the SLC system.
In Sequence 43, the torus temperature quickly reaches 110°F, requiring the
initiation of SLC and the inhibiting of the ADS. The SRVs do not stick open,
and the water leve)l i. either kept at the top of the active fuel, too high,
or oscillating., High water levels would result in high power levels and
oscillating levels would cause major power oscillations. In either case, a
larger amount ot heat would be transferred to the suppression pool., Once the
SLC has injected the boron into the bottom of the core, the ATWS would be
terminated and the reactor would be in a safe stable state.

Sequences 44, 45, and 46 are similar to Sequence 43 except WPCl fails to
function. If the operator depressurizes the reactor vessel and uses ihe low
pressure systems to maintain the water level, once the SLc has injected
sufficient boron into the core, the ATWS is terminated and the plant i< in a
safe state (Sequence 44). If the water level in the reactor vessel is not
maintained above tne top of the active fuel, core damage will cormence
(Sequence 45), 1f the reactor vessel is not depressurized after HPLI failure,
the low pressure systems cannot be used to maintain the water level resulting
in core damage and a containment vulnerable condition (Sequesct 46). Sequence
46 makes the largest ATWS contribution to the plant risk of core damage.

Se .ences 47 and 48 are identica’ to Sequences 44 ana 45, respectively
except two or more SRVs are stuck in the open position causing the reactor
vesse] to depressurize (eventually failing HPCl). Depressurization is not
required in these secuences tn use thie low pressure systems, since the stuck-
open SRVs provide thic function,

Sequences 49 through 51 are similar to Sequences 44 (hrough 46. In
these sequences two or morc RVs are stuck open, depressurizing the reactor
vessel, and HPCT fails to provide the initial coolant to the core. To avoid
core damage, the uperator must depressurize the reactor vessel quickly even
though the SRVs are open. This is caused by the early failure of HPCI
resulting in no initial core cooling.

In “equences 2 and 53, SLC is successful but the operator fails to
inhibit the ADS. Once the ADS functions, it will create a blowdown that
requires the use of the low pressure systems, essentially failing HPCI, If
the low pressure systems maintain the water level, the outcome is success
(Sequence 52). If they fail, core damage and a vulnerable containment will
result {Sequence 53).

Sequences 54 through 58 mode! the events following the failure of SLC.

In Sequences 54, 55, and 56 the ADS is inhibited, while in Sequences 57 and 58
the ADS is not inhibited, Ir. either case, HPCI, which maintained the water
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level above the top of the active fuel, fails. For the first group of
sequences, nigh suppression pool temperatures fail HPCI. For the second
group, the fact that ADS is not inhibited causes the failure of HPCI. If the
reactor vessel is depressurized and the low pressure systems are utilized to
maintain water level (Sequences 54 and 57, a stable state can be reached.
However, containment integrity may be threatened before the reactor can be
shutdown which could in turn resi’t in the failure of the low pressure systems
and lead to core damage, Sequence 54 makes up the second largest and Sequence
57 makes up the fourth largest ATWS contribution to the probability of core
damage.

If t - . erator fails to use the low pressure systems or if the systems
fail to main-ain an adequate level above the core, core damage will occur and
the containment will be vulnerable (Sequence 55 and 58). If the reactor is
not depressurized, the .+ pressure systems will not be able to function and
core damage cannot be prevented (Sequence 56). This sequence makes up the
third largest ATWS contribution to the plant risk of core damage.

Sequences 9', 10', aitg ', “ddresses the sequences that result if MSIVs
remain open after the initiating * nt occurs, thus allowing feedwater to
continue to run., In Sequence 9' torus cooling is sufficient to cool the
amount of heat being transferred to the suppression pool since the majority of
*he heat is bypassed to the condenser. In this sequence a stable state can be

each although shutdowr does not occur.

In Sequences 10' and 11', torus cooling fails, If the SLC functions,
¢ reactor can be snutdown before containment integrity is challenged
iequence 10'). If the SLC fails, the containment will be vulnerable

(Sequence 11').

Table 3.¢ presents the dominant ATWS cutsets. It is worth noting that
most of the sequences that make a significant contribution to the probability
of core damage involve the failure to depressurize the reactor. This is
partly due to the low failure rate for the operator not maintaining the water
leve! above the top of the active fuel and partly due to the redundancy of low
pressure systems available for core cooling, which makes sequences involving
their failure a minor contributor,

3.2.3 Recriticality Potential Following ATWS

An ATWS event differs from the station blackout events discussed
previously in that the reactor remains critical {since the control blades fai)
to insert) until either the control blades are inserted or the reaction is
terminated by boration. If adequate boration cccurs, the potential for
recriticality is possible only if the boron concentration is diluted by
extended injection. However, for ATWS scenarios in which boration (one of the
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TABLE 2.9. ATWS Dominant Cutsets

QUTSEY
CUTSET POINT ESTTMATE
FRERENCY
TE-TRTRIP « CMSIVA » RPS-M s HCI-TDP-FS-20537 » DEP-XHE 1.1E-7
IE-TRIRIP « CMSIVA ¢ RPS-M o SLC-YHE-FS » VENT-YHE-TC » CT-LEAK 1.¥-7
1E-TMSIVC » RPS-M o SLC-XHE-FS o VENT-XHE-TC » CT-LEAK 7 48
IE-TRIRIP s CMSIVA s RPS-N « SLC-XHE-FS « DEP-XHE 7.45-8
IE-TMSIVC + RPS-M = HCI-TDP-FS-28537 « DEP-XHE 7 168
Te-TLFW » RPS-M o SLC-XHE-FS » VENT-XHE-TC « CT-LEAK 5 S5E-8
TE-TLFW » RPS-M » HCI-TOP-FS-20537 » DEP-XHE 828
IE-TUSIVC + RPS-M » SLC-XHE-FS « DEP-XHE 4968
1E-TLFW » RPS-M + SLC-XHE-FS = DEP-JHE 4 3B
TE-TRIRIP « CMGIVA & RPS-M » HCI-TDP-WA-28537 « DEP-YHE 3558
TE_THIRIP o CMSIVA s RPS-M » SLC-YHE-REL + VENT-XHE-TC » CT-LEAK 32%-8
TE-TRIRIP » CMSIVA » RPS-M s SLC-XHE-FS » VENI-MHE-TC o NO-CT-FAIL 2 568
15 TMETVE & RPS-M ¢ HCI-TDP-UA-20S37 « DEP-XHE 238
JE-TRIRT? « CNGIVA o SPS-M o SLC-XHEFS o ADS-XHE-TNHZ? » VENT-XHE-TC » CT-LEMK 2 3-8
TE-TRIRIP » CHSIVA o RPS-N » SLC-XHE-REL « DEP-XHE 228
IE-TLFW « RPS-M « BCI-TOP-UA- 28537 » DEP-XHE 2168
IE-TMSIVE » RPS-M ¢ SLC-XHE-FS » VENT-XHE-TC » NO-CT-FAIL 1 66-8
TE-TMSIVE o RPS-N s SLOMHEFS = ADS-MHE-INH2 o« VENT-XHE-TC « CT-1EAK 15-8
TE-TLEW » RPS-M o SLC-XHE-FS « VENT-XHE-TC « NO-CT-FAIL 1468
IE-TLFW « RPS-M v SLC-XHEFS o ADS-XHE-TNH2 e VENT-XHE-TC » CT-LEMK 1 3-8
JE-TRIRIP » CMGIVA s RPS-M o SLC-XHE-FS » VENT-XGE-TC » CT-FAIL « COND-HPSH-YHE- T 1.1€8
IE-TIORV » CMSIVA » RPS-M = HCI-TDP-FS- 7 » DEP-XHE 1058
TERM DESCRIPTION MEAN VN E
1E-TRIRIP Turbine trip initiating event 2 4fyr
CNSTIVA Subsequent closure of WEIVs 5 91
RPS-M Mechanical failure of 2all control rods 1 €E-5
HCI-TOP-FS-28537 HPCT systea (turbine-driven pump) fails to start 4 Bet-2
DEP - XHE Operator failure to rapidly depressurize primary sy~ 2 1381
SLC-XHE-FS Bperator failure to start SIC within 4 minutes 3 38E-2
VENT-YHE-TC Failure to vent containment 9 81
CT-LEAK Containgent leaks 4 5-1
IE-TMSTIVC MSTY closure type mitiating event 8 #E-1fyr
TE-TLFW Loss of femdwater initiating event 7 €5-1fyr
HC1-TDP-WA- 28537 HPCI uravailable due to maintenance 1.86E-2
SLC-XHE-REL SLC fails due to failure to realign properiy after test 1.08-2
NO-CT-FATL Containment does not fai! 1 8E-1
ADS - XHE - TNH2 Failure to inhidit ADS 1 481
CT-FAIL Containment fails 4 5E-1
COND- HPSW-XFE-TC Operator fails to inject with condensate or HPSW 1 861
2 31

IE-TIORY Inadvertent open relief valve transient initiating event
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recommended accident management strategies) fails or is inadequate, the
containment will eventually fail and core damage will occur unless the control
blades are inserted. Recriticality is then only possible if the controlblades
ar2 subsequently melted due to a loss of core cooling, as in the station
blackout scenarios,

Based on the discussion above, it is believed that recriticality during
or following an ATWS is not a major concern. Rather, the prompt termination
of the ATWS event appears to be the main concern, It should be recognized,
however, that the accident management strategies recommended in this report
are the same strategies that are typically implemented for ATWS events,
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Power Restoration Evaluation," International Techno Corporation,
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4,1.2 Justification

Based upon the information supplied in Section 2.0, it is believed that
the likelihood of an energetic excursion is extremely small. If the heat load
to the suppression poo! is greater than the decay heat removal system can
remove, the suppression pool temperature and containment pressure will
increase. Based on analyses in Section 2.3, the operator is likely to have at
least a half to two hours to inject boron to shutdown the reactor and arrest
the increasing containment pressure, prior to containment failure.

If the SLC system is available, the injection of boron {5 a
straightforward process. However, to avoid the potential for stratification
of the injected boron solution, means should be established through ut the
boration period to ensure that there is a sufficient continued upw:~d movement
of the lower plenum water into the lower core,

If the SLC pumps are not available, alternate means of boron addition
will need to be initiated. Alternate means may include connecting the SLC
boron supply tank to the high pressure coolant injection (HPCI) turbine-
driven pump suction using temporary connections (e.g., fire hoses and
apprepriate fittings) or, if access to the boron supnly tank is not possible,
it may be prudent to borate the injection water supply }Snk (i.e., the
condensate storage tank) to a concentration of 700 ppw *VB.

Since the condensate storage tank is the normal suction source for the
HPC! system, temporary connections would not be necessary to inject the
borated water. However, maintenance of the condensate storage tank inventory
and automatic transfer of HPCI suction to the suppression pool on high
suppression pool level may affect the viability of this boration option.
Should the HPCI system be unavailable for boration injection, the reactor core
isolation cooling (RCIC) turbine-driven pump could be used in a similar manner
as the HPCI turbine-driven pump, Since RCIC suction does not automatically
transfer on high suppression pool level, it may be able to continve boration
injection using the condensete storage tank.

Other options include depressurizing and using low pressure systems for
boration, Since most of the low pressure system pumps are dependent on ac
power, they may not be availabie during a station blackout. For these
scenarios, ac power must be recovered before the low pressure systems can be a
feasible option. To alleviate the dependency on ac power availability, a low
pressure system pumping capability independent of the normal ac power sources
may be worth consideration. This could be achieved in a number of ways,
including: wusing a low pressure turbine-driven pump, using an independent
diesel-driven pump (e.g., the firewater pumps), or using a dc-powered pony
motor as a backup motor for a low pressure system pump.

4.2



'
nlace and the means Tor nnecting inje
- 13 1 v \ ¢ f |
aaging ooron to a water supply tank (Oothe
2 ! .y 1 ¢ . 14 ¢ r -
available, this strave’y would be practi
4.:¢ HEAT REMOVAL STRATEGY FOR COF |
') 1 ] trat
Q.61 Uy
1 - { ¢+ i 1 1ah) ¢ t
extend e t1me avaliable J
residual heat removail (KHb uppressior
(3 0,_.: b( 1 a8 S90f1 a ;:L ,: ‘{, v.‘, I3
; mps and ase 1at el heat exchanoey n
the time of core reflood. The high pres
™ " s M \ -
wh ' Drov ges ¢ na h.\ttx‘v ! €d h ot
* net e th { "t ) 0 | )
function for the RHR suppression po C
Since these systems are depen t or
L "t v s ’ =T 3 Y
] anticipated transients without scram (A
s Mt . ” r \ | »
scenar 08 this sty “"('\,\, CAan LéA imp lemen
1 T r f + ) 1 RHR e Al ]
In agartio ] the fu Wala apat ty
then tr Syste not availabie 10or re
systems (e.g., !Ow pressure re sprays
controlled rate of vessel injection.
‘1 ¥ + L I '+ 1 v
The function of the RHE system 11
to remove the heat dumped to the suppre
i is capable of removing more than /% ot 1
13 ¢ r - 1 4 + ] 4
[ > Capal ty may bDe abie to randie a
% 1 [ 2 ) 2 1
1ticaility ever QUICKIy est
v extend the t1me availla e
+ 13 ! 14
; n strategy above ar thu |
over-pressurization,
1 functinon at f ] \DACYTT al
d \ (=] \ . (S L » vy (4
excnangers must De 1ii1gned to SUuppe \
these conditions, Kht § not ava ab 1 ¢
systems wou D€ required to provide a
If an injection signal is gener i aft
t", RUR SV t on " ~» Y + 9 ' " raalid
w 1" f ’ { | n :' T rot Y r 'S 3
180 necessary 4 overrigé¢ iy perm < v § Us 1t
HOowever ther 1 ACt r rce [




before overriding this permissive. In addition, for this strategy to be
successful, the 4PSW system must provide cooling water to the RHR heat
exchangers,

This strategy would normally be used for ATWS events, but would also be
useful for events where contro! blade melting is suspected, if ac power is
available. It may only be necessary to assure that the operators are led back
to :he appropriate emergency procedure should damaged fuel be recovered with
coolant,
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For a PWR, reflooding is normally accomplished using borated water
supplies; and recriticality is generally per.eived not to be very credible,
However, for a BWR, reflood is normally accomplished using unborated water;
and recriticality is believed to be credible, Therefore, the focus of ti
report has been on the potential for recriticality events during core refioud
in BWRs

From Chapter 2.0 it is stated that for the assessment of BWR
recriticality onl ke following issues are important:

-
-

. The relative time of control blade and fuel rod meiting (separa-
tion of the control blades from the fuel rods 1s what makes

recriticality possible),

’ The core ¢
reflood {
\

eometry chan occurring during melting and core
the reactivi f the damaged core depends on the debris

particle shapes, and porosity).

mass, fue

¢ The nature of the reactivity transient (the ability to manage the
recriticality event depencs on whether 1t 1$ a core-damaging Or

explosive transient event or is a benign event, which gradually
increases to higher power leveis).

The conclusions pertaining to each of these topics are summarized below.

Y

§.1 RELATIVE TIMING OF CONTROL B

LADE AND FUEL ROD MELTING

I1f the water ccvering the BWR core lowers, and the temperatures in the
core region increase sufficiently to melt the control blades, melted fuel
(which occurs at still higher temperutures) could become critical upon reflood
of the core with water,

Two experiments, OF-4 and CORA 16, confirm the early melt relocation of
the control blades. Control blade melt relocation temperature is 200 to 300°Ff
~elow the melting point of stainless steel (i.e., the controi blades melt at
2250 to 2350°F). This compares to a fuel rod melt relocation temperature of
approximateiy 4870°F. MARCH calculations indicate control blade melting is
strongly correlated to the average core temperature, with melting starting
when the average core temperature increases to approximately 1500°F and about
half of the control blades melted when the average core temperature reaches
2750°F. This indicates that about half of the control blades can be expected
tuo melt before there is significant fuel rod melting. This is important
because early melting of the control blades makes recriticality, during BWR
core reflood with unborated water, t e

9

1
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5.2 CORE GEOMETRY CHANGES OCCURRING DURING MELTING AND CORE REFLOOD

During a severe accident in which core cooling has been lost,
substantial charges to the as-designed fuel gecmetry would be expected.
Ouring an accident, the grid spacers and end fittings which define the
rectangular spacing may melt or collapse, resulting in a loss of the regular
geometry. Similarly, the fuel rod cladding could melt or break releasing fuel
pellets in a random manner and the fuel pellets may shatter, forming smaller,
irregularly shaped particles, or may melt, forming larger particles.

For an overheated core, there is significant potential for fuel rod
shattering and debris bed formation when reflooded with water. The shattering
of fuel rods has been observed in a number of experiments. Based on grab
samples of TMI-2 core debris it is expected that debris beds, formed from
shattered fuel rods, would probably be under-moderated and thus not a
recriticality concern,

However, analysis indicates that without control blades relatively high
reactivities are possibie (and even likely for low boron concentrations) over
a broad range of fuel particle sizes and fuel volume fractions for botii
unborated and fairls heavily borated reflood conditions. Based on the
analysis, 700 ppm *VB is required to ensure subcriticality for all conditions.

5.3 NATURE OF THE REACTIVITY TRANSIENT

From reflood excursion analyses, it appears that a super prompt-critical
excursion (in which some fuel vaporization, dispersal of molten fuel debris,
rapid molten fuel-coolant interaction, and the production of & large pressure
pulse capable of directly failing the vessel and/or containment occurs) is not
likely under conditions of reflooding a hot, degraded core; even under
conditions of maximum reflood rate, Doppler feedbick, in itself, appears to
be adequate to limit the energetics of reflood recriticality to a level below
which the vessel would be threatened by a pressure pulse. It is more likely
that the reactor would either achieve a quasi-steady power level or enter an
oscillatory mode in which water periodically enters and is expelled from the
core debris. In either case, the average power level achieved is determined
by the balance between reactivity added and the feedback mechanisms.
Criticality in debris beds will probably produce power levels no larger than
10% to 20% of normal power. At these levels, the coolant makeup systems could
provide adequate coolant to remove the heat generated within the debris bed,

The more likely constraint on the timing for boron addition, to shutdown
the reactor, is the challenge to the containment integrity from the excessive
heat load dumped to the tuppression pool. [or this analysis containment
failure is conservatively assumed to occur at 132 psia, which corresponds to a
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suppression pool saturation temperature of 348°F, Analysis indicates that if
excess steam (above RHR suppression pool cooling capability) is limited to
about 3% full power, over two hours are available to establish core shutdown
by boration and avoid containment failure, If the excess steam corresponds to
13% full power, only about a half hour may be available. Therefore, it is
important to establish RHR suppression poo) cooling as quickly as possible to
extend the time available for shutting down the reactor,

The present SLC system is designed to provide boration in one-half to
two hours. This rate appears to be marginally adequate to shutdown the
reactor (without control blades) and avoid containment failure, assuming the
boration is adequate and actuated at the same time as core reflood.

Therefore, adding boron to the injected core water should be initiated as soon
as possible following core damage to terminate the criticality of reflooded
melted fuel, In addition, if the SLC system is used for boron addition, means
should be established throughout the boration period to ensure that there is a
sufficient continued upward movement of the lower plenum water into the lower
core. This continued upward flow would prevent the potential for
stratification of the injected boron solution,
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Calculated kg for Spherical Particles in Water
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Calculated kg, for Spherical Particles in Water (200 PPM 10g)

Boron Concentration Particle Radius (cm) Fuel Volume Fraction K-Infinity
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Calculated kg, for Spherical Particles in Water (500 PPM *¥B)
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TABLE A.4. Calculated kg for Spherical Particles in Water (1000 PPM 10g)

Boron Concentration Particle Radius (cm) Fuel Volume Fraction K-Infinity

1000 0.53 0.60 0.9788
1000 0.53 G.62 0.9813
1000 0.53 0.63 0.9815
10(0 0.53 0.64 0.9817
1000 0.53 0.65 0.9812
10)0 0.6239 0.60 0.9811
1020 0.6239 0.62 0.9840
1000 0.6239 0.63 0.9846
1000 0.6239 0.64 0.9850
1000 0.6239 2.65 0.9846
1000 1.5 0.40 0.8022
1000 1.5 0.50 0.9166
1000 1.5 0.60 0.9828
1000 1.5 0.66 0.9979
1000 1.5 0.67 0.9966
1000 1.5 0.68 0.9988
1000 1.5 0.69 0.9984
1000 1.8 0.70 0.9974
1000 1.8 0.50 0.9013
1000 1.8 0.60 0.9768
1000 1.8 0.66 0.9969
1000 1.8 0.68 0.9992
1000 1.8 0.69 0.9995
1000 1.8 0.70 0.9992
1000 1.8 0.72 0.9968
1000 1.8 0.74 0.9918
1000 1.8 0.80 0.9601
1000 2.0 0.60 0.9715
1000 2.0 0.66 0.9950
1000 2.0 0.68 0.9984
1000 2.0 0.69 0.9995
1000 2.0 0.70 0.9993
1000 2.0 0.71 0.9990
1000 2.0 0.72 0.9981
1000 2.0 0.74 0.9940
1000 2.0 0.80 0.9630
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APPENDIX B SPREADSHEET INPUT

Spreadsheet for UQ2 Particles in (Borated) Watrer
Prepared by R.A. Libby based on Model by A.L. Doherty
QA by

LAST "evision

5 August 19 QAed on

1
1y
U02 Rod in H20: Radius, Pitch, Boron: 0.62

" 4 '
vate!

THEORETICAL

Uranium Oxide Density (g/cc) Region 1 1.040E+0Q1

Moderator Density Region 2 (g/cc) Water

Enrichment of Uranium

wt% U
Wt% O
Region 1 Theoretical Density (g/cc)

Pitch of Fuel Rods (cm)
Radius of Fuel Rod (cm)
Dancoff that NITAWL wants from McDAN's Avgc

Fuel Volume Fraction

Moderator-to-Fuel Volume Ratio of Cel)
Boron Content of Cell (PPM)

H/U=235 of Cel)

Area of Cell (cm**2)

Radius of Cell (cm)
Rod Pitch (cm)

BULK DENSITIES
Real U density Region c
Real Moderator density Region 1
Region 2 Moderator Bulk Density

1 (g/cc)
{g/cc)

1.00

3.00%

88.147%
11.853%
10.400

1.87
0.62
0.1706

0.34
1,92
1000.00
182.36




Dimensions

U02 Rod in H20: Radius, Pitch, Boron: 0.62
Area of Region 1 (cc)
Region 1 OR (cm)
Mass of Oxygen in Region 1 (g)
Mass of Uranium in Region 1 (g)
Region 2 Moderator Thickness (cm)
Area of Region 2 (cm**2)
Region 2 OR (cm)
Weight Percents Region 1
Uranium
%U-235 3.00%
%U-238 97.00%
weights in Moderators
%Boron 0.000%
%Hydrogen 0.000%
%0xygen 100.000%
U AMU 237.9605822
U Concentration in Region 1 (g/cc) 9.17
Mixtures # Density
Number Densities
U2 H20+Boron

Region 1 Region 2
U-238 2.2495€-02
U-235 7.0462E-04
Boron 0.0000E+00 5.9607E-05
Hydrogen 0.0000E+00 6.6792E-02
Mod-Oxygen 4.6399E-02 3.3394E-02
Sum # Dens. 0.06959865 0.10024591

B.2

1.87
1,2018
0.6185
1.4815

11.0171

0.4391
2.3120
1.0576

Region 2

0,100%
11.,179%
88.721%

1000.00
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APPENDIX C NITAWL INPUT

08$ 21 2 3 22 30
31 32 a3 34
13§ 0 8 0 0 0
3 4 2 30 0
-1 0
i
28 92238 23801
92238 ~23501
8016 -80161
5010
1001
gee 23801 293 3 0.6239 0.6081
3.9546E+01 2.2496E-02 1 15.9994 7.637
1 235.044 11.700 1 1
23501 293 3 0.6239 0.6081
1.26256+03 7.0465£-04 1 15.9994 243.815
1 238.050788 10.6 1 1
A 293 293 293 293 293
293 293 293
T

Cnl
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40
43
48

1001
0.02245600
0.06679242

F1.0

31
4R

1
Fl
123456
16 17 18 19

APPENDIX D

XSORNPM_INPUT

0
41
44

23501
5010

L]
O e s OO

]

80161

0.00070465 0.04638369

0.00005961

0.00000000
0.7317

51

7

1 6R

-

l

1
i
22 23 24 25 26 27

o

19
LG

13 14 15

8016

0.03339389

0.6239

ro







input
input

1nput

1'7;\4{

number
patch

]

Lt B W

neuts/batch

number

geometry

Y

McDAN \rr":
rs F:)"'

vf= 6.500C

T

., TN
O g O

OO

OO O

OO O

A

™ I N N

,48033E -
,45810E-01
43674E-~ Cl

.48603E-01
. 35552E-01

.: 1UsS

E- .
£0000E-01 p
f patches
C
62511E-01
40096E-01
50799E-01
43651E-01
.39547E-01
,42681E-01
. 36906£-01
29762E-01
50396E-01

01
41586E-01

52394E-01

. 36085E-01

49785 -]
0157E-01
O,) E"px

LA48903E-01

2?54E 0}

41635€£-01

.40977€-01
. 35138E-01

(3000-5000)

type
mod.,

7.13.89

48800E+00
= 1.16102E+00C
5 neuts/batch
avgc
6.52511€-01
6.46303E-01
6.47802E-01
6.46764E-01
6.45321E-01
6.44914E-01
6.43770€-01
6.4«:';] E'L‘l

W

oo ohonovovohOn Ov

of batches (5)
(r=rods/
$1Q

42950E-01
43

458E-01
43672E-01

A43672E~
.43512¢
.43876E-01
.43321E-01
A43888E -0

A3427E-(C
.43780E-01

=01
1
01

43590E-01
43424E-0)

q'@ﬂ(n.‘f- l
43620¢

-01
43533€-01

,43427€-01
6.

43095E-

APPENDIX

s=sphere)
, vif or pitch

\.V
>
<

)

6.
g

f

\
b

o

~d ~d

OO

o

o O

AT
47885

ohnovornOnOnOn

6.,72043E+
5000
std
.00000€E+00

717862E-03

72834E-03
C 7’u"“[ .Q.';

-L g
5£-03
.84609E-03
.33639E-03
.40890E-03
16777E-03
B3682E-03
51865E-03
26789E-02

.L?SwL

. 17382E~03

. 32549E-03
H1842E-03
59114E-03
56761E~03
A3647E-03
30847E-03
.26392E-03
.12056E-03
99415E-03
.88557£~03
.99540E-03

D5 DD DDD

EE R

S - -

= 5 D

kN -

‘3&3\!2){‘{ -
09577E-0
.11765E-01
: 1( 7”’.‘
.19?\
.( \ J.SL["JI
.12897E-01
.29987E-01
.09648E-01
0l

avgx
082B5E-01
26922€-01
12591€-01
13940E-01
20576E-01

4ﬂ3[ O

nt
Vi

-01
£-01

}

30333E-

.1”5~~£*\ i
21620 -

.37005f~LQ
. 16662E-01

-

.21132E-01
18586E-C

19757€-01
.33434E-01
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TABLE F.1. Dancoff Factors for Spherical Particles in Water (Continued)

Particle Radius (cm) Volume Fraction Particle Pitch (cm) Dancoff Factor

0.7 0.20 1.930 0.0948
0.7 0.28 1.725 0.1715
0.7 0.29 1.705 0.1822
0.7 0.30 1.686 0.1921
0.7 0.32 1,650 0.2138
0.7 0.40 1.531 0.3090
0.7 0.43 1.495 0.3449
0.7 0.44 1.484 0.3574
0.7 0.45 1,473 0.3697
0.7 0.50 1.422 0.4314
0.7 0.60 1.338 0.5577
1.C 0.20 2.756 0.0528
1.0 0.30 2.408 0.1258
1.0 0.21 2.382 0.1347
1.0 0.32 2.357 0.1445
1.0 0.34 2.310 0.1630
1.0 0.40 2.188 0.2265
1.0 0.45 2.104 0.2837
1.0 0.46 2.088 0.2958
1.0 0.47 2.073 0.3282
1.0 0.50 2,031 0.3455
1.0 0.55 1.967 0.4127
1.0 0.56 1.956 0.4264
1.0 0.57 1.944 0.4402
1.0 0.568 1,933 0.4541
1.0 0.60 1.911 0.4825
1.0 0.70 1.816 0.6315
1.5 0.20 4.135 0.0227
1.5 0.30 3.612 0.0700
1.8 0.34 3.464 0.0978
1.5 0.35 3.431 0.1060
1.8 0.36 3.399 0.1141
1.5 0.40 . 282 0.1498
1.5 0.45 3 158 0.2021
1.5 0.48 3,88 0.2373
1.5 0.49 3.067 0.2498
1.5 0.50 3.046 0.2612
1.5 0.55 2.951 0.3301
1.5 0.58 2.899 0.3775
1.5 0.59 2.883 0.3937

F.é






APPENDIX G

J¥STRUMENTATION CONSIDERATIONS
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