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Abstract

This report provides the results of work carried out in sup-
port of the U.S. Nuclear Regulatory Commission Accident
Management Research Program to develop a technical
basis for evaluating the effectiveness and feasibility of
current and proposed sirategies for boiling water reactor
(BWR) severe accident management. First, the findings of
an assessment of the current status of accident management
strategies for the mitigation of in-vessel events for BWR
severe accident sequences are described. This includes a
review of the BWR Owners’ Group Emergency Procedure
Guidelines (EPGs) to determine the extent to which they
currently address the characteristic events of an unmiti-
gated severe accident and to provide the basis for

iii

recommendations for enhancement of accident
management procedures. Second, where considered
necessary, new candidate accident management sirategies
are proposed for mitigation of the late-phase (after core
damage has occurred) events. Finally, recommendations
are made for consideration of additional strategies where
warranted, and two of the four candidate strategics
identified by this effort are assessed in detail: (1)
preparation of a boron solution for reactor vessel refill
should control blade damage occur during a period of tem-
porary core dryout and (2) containment flooding Lo main-
tain the core debris within the reactor vessel if the injection
systems cannot be restored.
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Executive Summary

This report addresses the subject of boiling water reactor
{(BWR) severe accident management for in-vessel events in
three successive categories. First, the current status of
BWR accident management procedures is assessed from
the standpoint of effectiveness for application to the mitiga-
tion of critical (dominant) severe accident sequences.
Second, where considered necessary, new candidate acci-
dent management strategies are proposed for mitigation of
the late-phase events™ and are briefly assessed. Third, for
the two new candidate strategies for which the initial
assessments are judged insufficient to adequately deter-
mine effectiveness and which are believed to have suffi-
cient potential to justify additional assessment, detailed
quantitative analyses are provided. The results and conclu-
sions associated with each of these three categories are
summarized in the following paragraphs.

With respect to the current status of BWR accident man-
agement procedures, the BWR Owners’ Group Emergency
Procedure Guidelines (EPGs) have been examined from
the standpoint of their application to station blackout and
anticipated transient without scram (ATWS), which have
been consistently identified by probabilistic risk assess-
ment (PRA) to be the predominant contributors to the over-
all calculated core damage frequency for BWR internally
initiated accidents. This review was performed for two
reasons. The first was to determine the extent to which the
EPGs currently implement the intent of the BWR accident
management strategies that have been suggested in the
Brookhaven National Laboratory (BNL) report Assessment
of Candidate Accident Management Strategies (NUREG/
CR-5474), published in March 1990. The second objective
was to determine the extent to which the current operator
actions specified by the EPGs would be effective in
unmitigated severe accident situations. It was found that
many of the candidate strategies discussed in NUREG/CR-
5474 are included in the current version (Revision 4) of the
EPGs and that, with one excepticn, the remainder involve
plant-specific considerations to the extent that they may be
more appropriate for inclusion within local plant emer-
gency procedures than within the generic symptom-ori-
ented EPGs, The exception is a strategy for injection of
boron following core damage and control blade relocation,
which clearly is appropriate for the general applicability of
the EPGs.

With respect to the second objective of this review, it has
been determined that the EPGs do not provide guidelines

*The late-phase events of a severe accident sequence are those events that
would occur only afier core damage, inclading structural degradation
and material relocation.
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for operator actions in response to the in-vessel events that
would occur only after the onset of significant core dam-
age. The general conclusion of this review is that more can
be done under these circumstances than the currently speci-
fied repetitive actions 1o restore reactor vessel injection
capability, although restoration of vessel injection should
retain first priority. Thus, the greatest potential for
improvement of the existing BWR emergency procedure
strategies lies in the area of severe accident management,
both for determining the extent of ongoing damage to the
in-vessel structures and for attempting to terminate the
accident,

The second main category of this report addresses the iden-
tification of new candidate accident management strategies
for mitigation of the late-phase in-vessel events of a BWR
severe accident, including a discussion of the motivation
for these strategies and a general description of the meth-
ods by which they might be carried out. The identification
of new candidate strategies was subject 1o the constraint
that they should not require major equipment modifications
or additions, but rather should be capable of implementa-
tion using only the existing equipment and walter resources
of the BWR facilities. Also, accident management strate-
gies already included within the EPGs are not addressed
within this report; the intention is to identify candidate
strategies that could enhance or extend the EPGs for the
management of severe accidents.

In pursuing the goal of identifying strategies for coping
with severe accidents, it is logical to first consider the vul-
nerabilities of the BWR to the challenges imposed. In gen-
cral, BWRs are well protected against core damage
because they have redundant reactor vessel injection sys-
tems to keep the core covered with water, Therefore, it is
not surprising that probabilistic risk assessments have con-
sistently identified the station blackout accident sequence
as the leading contributor to the calculated core damage
frequency for BWRs. The apparent vulnerability to station
blackout arises simply because the majority of the reactor
vessel injection systems are dependent upon the availability
of ac power,

The steam turbine-driven reactor core isolation cooling
(RCIC) and high-pressure coolant injection (HPCI) sys-
tems can operate during station blackout, but do require dc
power for valve operation and turbine governor control and
are susceptible to mechanical failure. These systems
would, therefore, be lost if ac power is not restored before
the unit batteries become exhausted. Loss of reactor vessel
injection capability in this manner defines the “long-term™
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station blackout accident sequence, because a significant
pericd of time (typically 6 to 8 h) would elapse before bat-
tery exhaustion. “Short-term station blackout,” on the other
hand, denotes the station blackout accident sequence in
which reactor vessel injection capability is lost at the incep-
tion of the accident, by a combination of loss of electrical
power and HPCI/RCIC turbine mechanical failures. In
either case, core degradation follows the uncovering of the
core, which occurs as the reactor vessel water inventory is
boiled away without replacement.

Other dominant core damage accident sequences also
involve failure of reactor vessel injection, because the core
must be at least partially uncovered for structural degrada-
tion and melting to occur. The ATWS accident sequence is
consistently identified as second in order of calculated core
melt frequency. By its very nature, with the core at power
while the main steam isolation valves (MSIVs) are closed,
the dominant form of this accident sequence tends to
maintain the reactor vessel at pressures somewhat higher
than normal, sufficient for steam release through the
safety/relief valves (SRVS) to the pressure suppression
pool. Because the rate of energy deposition into the pool
can greatly exceed the capacity of the pool cooling equip-
ment, the primary containment would become overheated
and pressurized in an unmitigated ATWS accident
sequence. :

Containment events are the basic cause of the loss of reac-
tor vessel injection systems for ATWS. However, the vari-
ous injection systems would be lost in different ways. Most
of the vessel injection systems are low-pressure systems,
requiring that the reactor vessel be depressurized for per-
formance of function. The turbine-driven HPCI and RCIC
systems are capable of high-pressure injection but are sus-
ceptible to ¢levated pressure suppression pool temperatures
when taking suction from this source because their
lubricating oil is cooled by the water being pumped, In
addition, both of these systems have high turbine exhaust
pressure trips so that high primary containment pressure
can defeat their function. Steam-driven feedwater pumps
would be lost at the inception of the accident sequence
when MSIV closure cuts off their steam supply.

Review of the results of probabilistic risk assessment for
other important accident sequences demonstrates again that
the postulated scenarios leading to core damage always
include means for failure of function of the vessel injection
systems. As defined, the various severe accident scquences
involve different pathways to and timing of loss of vessel
injection capability but, in every case, the core must
become uncovered before core damage can occur.
Nevertheless, the detailed means by which vessel injection
capability might be lost are highly plant-specific; the
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detailed nature of the threats to the injection systems and
the optimum measures that should be taken o cope with
these threats depends upon the equipment characteristics of
the individual plants. Extension of the methodology of the
recent Nuclear Regulatory Commission (NRC)-sponsored
assessment of severe accident risks (NUREG-1150) to take
into consideration the plant-specific features of individual
facilities is the responsibility of the plant operators as part
of the individual plant examination (IPE) process.

It is also desirable for defense-in-depth to develop mitiga-
tive strategies for coping with the late-phase severe acci-
dent evenls that would occur in the unlikely event that ade-
quate reactor vessel injection cannot be maintained.
Current accident management procedures are derived from
the EPGs, which provide effective guidance for preventa-
tive measures to avoid core damage, including numerous
diverse metheds of maintaining reactor vessel injection
capability with the provision of backup methods for use in
abnormal circumstances. Some recommendations for
improvement of the preventative guidelines of the EPGs
can be offered, primarily in the realm of ATWS, where it is
believed that the scrutability of the guidelines would be
improved if distinctly separate procedures were provided
for this accident sequence. Based upon the arguments that
the signatures of ATWS are unmistakable so that operators
would know when to invoke the ATWS procedures and
that the operator actions required to deal with ATWS do
not fit within the envelope of actions required to deal with
other accident sequences, it seems that the very compli-
cated procedures required for coping with ATWS could be
more concisely and effectively implemented as a separate
document. This would also permit the remaining symptom-
oriented guidelines to be greatly simplified.

Other recommendations with respect to the provisions of
the EPGs from the standpoint of their application to ATWS
are that care be taken to avoid leading the operators to
atternpt manual depressurization of a critical reactor, that
consideration be given to control the reactor vessel injec-
tion rate as a means for reduction of reactor power (as
opposed to reactor vessel water level control as currently
directed), and that removal of the rod sequence control sys-
tem to facilitate the manual insertion of control blades
under ATWS conditions be undertaken, as authorized by
the NRC.

A final recommendation applicable to all accident
sequences involving partial uncovering of the core has to
do with the timing of opening of the automatic depressur-
ization system valves for the steam cooling maneuver,
which is intended to delay fuel heatup by coeling the
uncovered upper regions of the core with arapid flow of
stcam. Tt is believed that this maneuver would be more



effective if performed at a lower reactor vessel water level,
such as the level that was specified by Revision 3 of the
EPGs. The current Revision 4 of the EPGs provides for
steam cooling to be implemented with the water level near
the top of the core; because the increase in lemperature of
the uncovered portion of the core would be small at this
time, the amount of steam cooling achieved would be
insignificant.

In considering new candidate severe accident mitigation
strategies for use with existing plant equipment, it is
important to first recognize any limitations imposed upen
the plant accident management team by lack of infermation
with respect to the plant status. The most restrictive limita-
tion as to plant instrumentation woutd occur as a result of
loss of all electrical power, including that provided by the
unit battery. This occurs after battery failure in the long-
term station blackout accident sequence and in the (less-
probable) version of the shorl-term station blackout acci-
dent sequence for which common-mode failure of the bat-
tery systems is an initiating event. For these accident
sequences, loss of reactor vessel injection and the subse-
quent core degradation occur only after loss of dc power,

For accident sequences such as short-term station blackout
(with mechanical failure of HPCI and RCIC as an initiating
event), ATWS, LOCA, or loss of decay heat removal, elec-
trical power {dc and perhaps ac) is maintained after loss of
reactor vessel injection capability. Therefore, the availabil-
ity of information concerning plant status is much greater
for these sequences. The more limiting case is that for
which only dc power obtained directly from the installed
batteries and the ac power indirectly obtained from these
battery systems is available. The sources of ac power dur-
ing station blackout include the feedwater inverter and the
unit-preferred and plant-preferred systems for which sin-
gle-phase 120-V ac power is produced under emergency
conditions by generators driven by battery-powered dc
motors. Emergency control room lighting would be avail-
able.

With respect to application of the EPGs to the late phase of
a severe accident sequence, these guidelines are not
intended to propose actions in response to the accident
symptoms that would be created by events occurring only
after the onset of significant core damage. The final guid-
ance to the operators, should an accident proceed into
severe core damage and beyond, is that reactor vessel injec-
tion should be restored by any means possible and that the
reactor vessel should be depressurized. While these are cer-
tainly important and worthwhile endeavors, additional
guidance can and should be provided for the extremely
unlikely, but possible, severe accident situations where
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reactor vessel injection cannot be restored before signifi-
cant core damage and structural relocation have occurred.

While the probability of a BWR severe accident involving
significant core damage is extremely low, there may be
effective yet inexpensive mitigation measures that could be
implemented employing the existing plant equipment and
requiring only additions to the plant emergency procedures,
Based upon the considered need for additional guidelines
for BWR severe accident management for in-vessel events,
four candidate late accident mitigation strategies are identi-
fied.

1. Keep the reactor vessel depressurized. Reactor vessel

depressurization is important should an accident
sequence progress Lo the point of vessel bottom head
penetration failure because it would preclude direct
containment heating (DCH) and reduce the initial threat
to containment integrity. This candidate strategy would
provide an alternate means of reactor vessel venting
should the SRVs become inoperable because of loss of
control air or dc power. PRAs consistently include acci-
dent sequences involving loss of dc power and control
air among the dominant sequences leading to core melt
for BWRs.

2. Restore injection in a controlled manner. Late accident

mitigation implies actions to be taken after core melt-
ing, which requires at least partial uncovering of the
core, which occurs because of loss of reactor vessel
injection capability. BWRs have so many clectric
motor-driven injection systems that loss of injection
capability implies loss of electrical power. (This is why
station blackout is consistently identified by PRAs 1o be
the dominant core melt precursor for BWRs,) If electric
power is restored while core damage is in progress, then
the automatic injection by the low-pressure, high-capac-
ity pumping systems could be more than 200 times
greater than that necessary to remove the decay heat.
This strategy would provide for controlled restoration of
injection and is particularly important if the control
blades have melied and relocated from the core.

3. Inject boron if control blade damage has occurred. This
strategy would provide that the water used to fill the
reactor vessel after vessel injection capability was
restored would contain a concentration of the boron-10
isotope sufficient to preclude criticality, even if none of
the control blade neutron poison remained in the core
region. This candidate strategy is closely related to
Item 2.

maintai
debris in-vessel. This candidate strategy is proposed as
a means (o maintain the core residue within the reactor
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vessel if vessel injection cannot be restored as necessary
to terminate the severe accident sequence. Containment
flooding to above the level of the core is currently
incorporated within the EPGs as an alternative method
of providing a water source to the vessel in the event of
design-basis LOCA (the water would flow into the
vessel from the containment through the break). Here it
is proposed that containment flooding might also be
effective in preventing the release of molten materials
from the reactor vessel for the risk-dominant non-
LOCA accident sequences such as station blackout.

The third category of this report provides a reconsideration
of these four candidate late-phase, in-vessel strategies for
the purpose of identifying any that require (and have suffi-
cient potential to justify) detailed quantitative assessment
and for carrying out the additional analyses. The candidate
strategy to keep the reactor vessel depressurized is not rec-
ommended for further assessment at this time because it is
thought far more practical to improve the reliability of the
control air and dc power supplies for the SR Vs than to
invent alternative methods for venting of the reactor vessel
into the secondary containment under severe accident con-
ditions. Nevertheless, consideration of the reliability of
control air and dc power should be an important part of the
IPE process because loss of these systems is involved in
the risk-dominant sequences leading to core melt consis-
tently identified for BWRs by PRAs such as the recent
NRC-sponsored risk assessment (NUREG-1150).

The candidate strategies for restoration of injection in a
controlled manner and injection of boron if control blade
damage has occurred are recommended to be combined
into a single concept for “Prevention of BWR Criticality as
a Late Accident Mitigation Strategy.” This would provide
a sodium borate solution for the injected flow being used to
recover the core, in sufficient concentration to preclude
criticality as the water level rises within the reactor vessel.
This strategy could be implemented using only the existing
plant equipment but employing a different chemical form
for the boron poison. Available information concerning the
poison concentration required is derived from the recent
Pacific Northwest Laboratory (PNL) study, Recriticality in
a BWR Following a Core Damage Event, NUREG/CR-
5653. This study indicates that much more boron would
have to be injected than is available (as a soluton of
sodium pentaborate} in the standby liquid control system
(SLCS). Furthermore, the dominant BWR severe accident
sequence is station blackout, and without means for
mechanical stirring or heating of the injection source, the
question of being able to form the poisoned solution under
accident conditions becomes of supreme importance.
Hence the need for the alternate chemical form.
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Polybor®, produced by the U.S. Borax Company, seems to
be an ideal means for creating the required sodium borate
solution, It is formed of exactly the same chemical
constituents (sodium, boron, oxygen, and water) as sodium
pentaborate but has the advantages that for the same boron
concentration, it requires about one-third less mass of
powder addition and has a significantly greater solubility in
water. Whereas sodium pentaborate solution is formed by
adding borax and boric acid crystals to water, which then
react to form the sodium pentaborate, a solution of
Polybor® is formed simply by dissolving the Polybor®
powder in water, This attribute, that two separate com-
pounds are not required to interact within the water, is a
major reason for the greater solubility of Polybor®.

The specific goal of the proposed strategy is to provide for
the addition of the boron-10 isotope together with the flow
being used to recover the core, in sufficient quantity to pre-
clude criticality as the water level rises within the reactor
vessel. NUREG/CR-5653 provides the estimate that a
boron-10 concentration of between 700 and 1000 ppm
would be required within the vessel to preclude criticality
once control blade melting had occurred. This is much
greater than the concentration (about 225 ppm) attainable
by injection of the entire contents of the SLCS tank.

One means to achieve such a high reactor vessel boron
concentration would be to mix the powder directly with the
water in the plant condensate storage tank and then take
suction on this ank with the low-pressure system pump to
be used for vessel injection. It is, however, not a simple
matter to invoke this strategy, and preplanning and training
would be necessary.

During normal reactor operation, the condensate storage
tank provides makeup flow to the main condenser hotwells
via an internal tank standpipe. Any practical strategy for
direct poisoning of the tank contents must provide for par-
tial draining to reduce the initial water volume, particularly
if boron-10 concentrations on the order of 700 ppm are to
be achieved. The condensate storage tank could be gravity-
drained through the standpipe to the main condenser
hotwells under station blackout conditions.

Even with partial tank draining, however, the amount of
powder required 1o obtain a boron-10 concentration of
700 ppm is large. Considering the Peach Bottom plant
configuration and assuming the use of Polybor® to take
advantage of its greater solubility, 19,300 Ib (8,750 kg)
would have to be added to the partially drained tank, [If
borax/boric acid were used, the requirement would be



28,400 1b (12,880 kg).] Clearly, this is tco much to be
manhandled [50-1b (23-kg) bags] to the top of the tank and
poured in. The practical way to poison the tank contents
would be to prepare a slurry of extremely high concenira-
tion in a smaller container at ground level, then to pump
the contents of this small container into the upper opening
of the condensate storage tank. (Extremely high concentra-
tions can be achieved with Po]ybor®.) To avoid any
requirement for procurement of additional plant
equipment, a fire engine with its portable suction tank
might be employed to perform the pumping function.

With the candidate accident management strategy identi-
fied, a simplified cost-benefit analysis based upon the
methodology described in NUREG-0933, A Pricritization
of Generic Safety Issues, was performed. Implementation
of the strategy was estimated {o provide a reduction in the
frequency of unmitigated core melting of 1.19E-06 per
reactor-year {RY). The strategy proposed would, if imple-
mented, affect the progression of severe accident events
during the time window for recriticality, which is opened
by the occasion of some core damage (the melting of the
control blades). Thus, some core damage is associated even
with successful implementation of the strategy. The goal of
the strategy is 1o avert vessel breach and containment fail-
ure.

The estimated change in public risk associated with the
proposed strategy is found 10 be 6.1 man-rem/RY. When
applied to the present inventory of 38 BWR facilities with
an average remaining lifetime of 21,1 years, the total
potential risk reduction estimate is 4860 man-rem.

Implementation of the proposed strategy is estimated to
involve per-plant expenditures (1982 dollars) of $70,000
for engineering analysis, preparation of procedures, per-
sonnel training, management review, and acquisition of
malerial (scdium borate powder in the form of Polybor®).
In addition, it is estimated that 20 man-h/RY would be
required for periodic procedure review and team training
(including drills). With a cost of $56.75/man-h (1982 dol-
lars) and an average remaining plant life of 21.1 years, the
average industry cost per reactor is estimated to be about
$93,950.

NRC costs for implementation of the proposed sirategy
would be small because the general approach has already
been developed by the Office of Research as a candidate
accident management procedure. It is anticipated that the
strategy would be implemented on a voluntary, plant-spe-
cific basis by the industry. Therefore, no additional NRC
development costs would be incurred. Altowance is made,
however, for the costs associated with oversight of the
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associated plant procedures and of the general readiness
(status of personnel training) to successfully execute the
ptant-specific actions. These oversight activities are esti-
mated to require an average NRC cost per reactor of about
$7100.

Based upon an average industry cost of $94,000 per reactor
and an NRC oversight cost of $7000 per reactor, the total
cost (1982 dollars) associated with implementation of this
strategy for the 38 BWR facilities is estimated to be
$3.84M.

The valuefimpact asscssment consistent with the proce-
dures of NUREG-0933 for the proposed strategy is

_ 4860 man-rem

S $3.84 M

= 1299 man-rem/$M ,

from which a priority ranking of MEDIUM is obtained for
the proposed strategy.

Based upon this ranking, what further actions should be
recommended? As pointed out in NUREG-0933, decisions
should be tempered by the knowledge that the asscssment
uncertainties are generally large:

The criteria and estimating process on which the pri-
ority rankings are based are neither rigorous nor pre-
cise. Considerable application of professional judg-
ment, sometimes guided by good information but
often tenuously based, occurs at a number of stages
in the process when numerical values are selected
for use in the formula calculations and when other
considerations are taken into account in corroborat-
ing or changing a priority ranking. What is important
in the process is that it is systematic, that it is guided
by analyses that are as quantitative as the situation
reasonably permits, and that the bases and rationale
are explicitly stated, providing a “visible” informa-
tion base for decision, The impact of imprecision is
blunted by the fact that only approximate rankings
(in only four broad priority categories) are necessary
and sought.

With these considerations in mind, it is recommended that
each plant assess its need for the proposed strategy based
upon the results of its IPE. By far, the most important
aspect of this recommended plant-specific assessment of
the need for this strategy is the frequency of station
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blackout events predicted to progress through the first
stages of core damage (the melting of control blades). In
the generic analysis of public risk reduction reported here,
the probability of a recriticality event was taken to be
1.25E-06/py, based upon the recent PNL study
(NUREG/CR-5653).

The PNL study is based upon the NUREG-1150 results for
Peach Bottom, which include a core-melt frequency of
about 4.5E-06 derived from station blackout events. If
individual plants discover in their IPE process that a much
lower station blackout core damage frequency applies, then
correspondingly lower recriticality potential would also
apply, and implementation of the proposed strategy would
probably not be practical for their facility,

As a final note with respect to the question of boration
under severe accident conditions, it is important to recog-
nize that many of the BWR facilities are currently imple-
menting accident management strategies, on a voluntary
basis, to provide backup capability for the SLCS. These
backup strategies invoke such methods as modification of
the HPCI or RCIC system pump suction piping to permit
connection to the SLCS tank, or poisoning of the conden-
sate storage tank. In all known cases, however, the effect of
these plant-specific strategies is to provide a means to
obtain a reactor vessel concentration of the boron-10 iso-
tope similar to that attainable by use of the SLCS system
itself. It seems highly desirable that these facilities should
include within their training programs and procedural notes
the information that according to the analyses reported in
NUREG/CR-5653, this concentration would be insufficient
to preclude criticality asscciated with vessel reflood after
control blade melting,

A detailed assessment has also been performed for the pro-
posed strategy for “Containment Flooding to Mzaintain the
Core and Structural Debris within the Reactor Vessel.”
This strategy, which is the subject of the remainder of this
Executive Summary, would be invoked in the event that
vessel injection cannot be restored to terminate a severe
accident sequence. Geometric effects of reactor vessel size
dictate that the effectiveness of external cooling of the ves-
sel bottom head as a means to remove decay heat from an
internal debris pool would be least for the largest vessels.
Considering also that the motivation for maintaining any
core and structural debris within the reactor vessel is great-
st for the Mark [ drywells, the primary focus of this
assessment is upon the largest BWR Mark I containment
facilities such as Peach Bottom or Browns Ferry.

The immediate goal of the considered strategy for con-
tainment flooding would be to surrcund the lower portion
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of the reactor vessel with water, thereby protecting both the
instrument guide tube penetration assemblies and the ves-
sel bottom head itself from failure by overtemperature. The
threat would be provided by the increasing temperature of
the lower plenum debris bed after dryout. First, molten lig-
uids forming within the bed would relocate downward into
the instrument guide tubes challenging their continued
integrity. Subsequently, heating of the vessel bottom head
by conduction from the debris would threaten global
failure of the wall by creep rupture.

Nevertheless, it seems beyond question that all portions of
the reactor vessel pressure boundary {including the instru-
ment guide tubes) that are in contact with and cooled by
water on their outer surfaces would survive any challenge
imposed by a lower plenum debris bed or its relocated lig-
uids. There is a problem, however, in that most of the
upper portion of the reactor vessel could not be covered by
water and, more significant in the short term, much of the
outer surface of the vessel bottom head would be dry as
well.

That the upper portion of the reactor vessel could not be
covered is due to the location within the containment of the
drywell vents. Because low-pressure pumping systems
would be used for flooding, the drywell would have to be
vented during filling and the water level could not rise
above the elevation of the vents, at about two-thirds vessel
height. That much of the outer surface of the reactor vessel
bottom head would be dry is due to the gas pocket that
would be trapped within the vessel support skirt during the
process of raising the water level within the drywell.

The results of this assessment demonstrate that the exis-
tence of a trapped gas pocket beneath the vessel skirt
attachment would ultimately prove fatal to the integrity of
the bottom head wall. Nevertheless, the most important
attribute of drywell flooding, that of preventing early fail-
ure of the instrument guide tube penetration assemblies,
would be realized. These results are among those listed in
Table ES-1 where it is shown (first entry) that in the
absence of water, penetration assembly failures would be
expected at ~250 min after scram. If penetration failures
did not occur, then creep rupture of the bottom head would
be expected after 10 h if the bottom head is dry and after
13 h if the drywell is flooded.” The important contribution
of drywell flooding is to shift the expected failure mode
from penetration failures (Table ES-1 first entry) to bottom
head creep rupture (Table ES-1 third entry),

* Calculational uncenainties associated with creep rupture do not permit a
determination of bottom head failure lime more precise than the ranges
indicated in Table ES-1.
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Table ES.1 Estimated failure times for the reactor
vessel bottom head pressure boundary for Peach
Bottom/Browns Ferry short-term station blackout

Time to failure

Drywell Failure .
flooded mechanism min b
No Penetration 250 42
assemblies
No Battom head creep 600640  10.-10.7
rupture
Yes Bottom head creep  780-840 13.0-14.0
rupture

The effectiveness of drywell flooding could be improved if
the reactor vessel support skirt were vented to reduce the
trapped gas volume and increase the fraction of bottom
head surface area contacted by water. Partial venting could
be achieved by loosening the cover on the support skirt
manhole access hole. This would increase the covered por-
tion of the botom head from 55% to 73% of the total outer
surface area, which delays the predicted time of bottom
head creep rupture by ~1 h, The predicted failure times for
the basic case without skirt venting and for the case of par-
tial venting at the manhole access are indicated in the first
two entries of Table ES-2.

Table ES.2 Effect of skirt venting upon time to failure
of the bottom head pressure boundary for Peach
Bottom/Browns Ferry short-term station blackout
with drywell flooding

Time to failure

Skirt Failure mechanism min h
vented
No Bottom head creep 780-840 13.0-14.0
rupture
Partial Bottom head creep 840-900 14.0-150
rupture
Complete  Meliing of upper >1200 >20.0
vessel wall ‘

Complete venting of the reactor vessel support skirt would
provide 100% water coverage of the vessel bottom head
but would require special measures such as provision of a
siphon tube or the drilling of small holes at the upper end
of the skirt, just below the attachment weld. Because of the
associated personnel radiation exposure penalty and the
predicted low core melt frequencies for the existing plants,
this is not considered to be a practical suggestion for the
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existing BWR facilities, but provision for complete venting
might be easily implemented for the advanced BWR
designs. As indicated by the last entry in Table ES-2, 100%
waler coverage of the vessel bottom head would convext
the failure mechanism from bottom head creep rupture to
melting of the upper vessel wall and would delay the pre-
dicted time of failure to more than 20 h after scram.

In summary, all porticns of the reactor vessel wall that are
covered by water would be adequately protected against
failure by melting or creep rupture, For the cases with no
venting or partial venting of the support skirt, the creep
rupture failure is predicted 10 occur in the portion of the
vessel wall adjacent to the trapped gas pocket beneath the
skirt. Partial venting would reduce the size of the gas
pocket and delay the predicted time of failure, but the fail-
ure mechanism would still be creep rupture beneath the
skirt attachment weld. With complete venting, however,
there would be no gas pocket and this failure mechanism
would be eliminated.

‘What cannot be eliminated, however, is the radiative heat
transfer upward within the reactor vessel from the surface
of the lower plenum debris bed. About cne-half to
two-thirds of all energy release within the bed would be
radiated upward after bottom head dryout, Initially, the
primary heat sink for this radiation would be the water
trapped in the downcomer region between the core shroud
and the vessel wall above the debris bed. It is the heating of
this water that creates the only steam source within the
reactor vessel after lower plenum dryout.

After the water in the downcomer region became
exhausted, the upward radiative heat transfer from the
debris surface would serve to increase the temperature of
the upper reactor vessel internal structures, For calculations
with the existence of a gas pocket beneath the skirt, bottom
head creep rupture is predicted to occur while the tempera-
ture of these internal stainless steel heat sinks remains
below the melting point. If bottom head creep rupture did
not occur, however, the debris would remain within the
vessel, the upward radiation would continue, and the upper
internal structures would melt.

The mass of the BWR internal structures (core shroud,
steam separators, dryers) is large. Melting of these stainless
steel structures under the impetus of the upward debris
pool radiation more than 14 h after scram would occur over
along period of time. Nevertheless, decay heating of the
debris pool and the associated upward radiation would be
relentless and, after exhaustion of the stainless steel, the
only remaining internal heat sink above the pool surface
would be the carbon steel of the upper vessel wall. All por-
tions of the wall cooled by water on their outer surfaces
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would remain intact, but unless the water height within the
drywell extended well above the surface of the debris pool,
upper portions of the vessel exposed to the drywell atmo-
sphere would ultimately reach failure temperatures.

It should be obvious from this discussion of the effect of
water upon cooling of the vessel wall that it would be
desirable to have a drywell flooding strategy that would
completely submerge the reactor vessel. This could not be
achieved in existing facilities because of the limitation that
the height of water within the drywell cannot exceed the
elevation of the drywell vents. Future designs, however,
might provide for complete coverage of the reactor vessel
as a severe accident mitigation technique.

Table ES-3 provides a summary of the calculated failure
times and release mechanisms for all of the cases consid-
ered in this study. These include the cases previously dis-
cussed in connection with Tables ES-1 and ES-2, plus one
additional case (third entry) in which it is assumed that
reactor vessel pressure control is lost at the time of drywell
floeding, because of the submergence of the safety/relief
valves. The increased wall tensile stress associated with
this case would cause the wall creep rupture to occur at a
lower temperature, advancing the time of failure by about
2 h over the depressurized case (compare the third and
fourth entries in Table ES-3).

The most important disadvantage of a drywell flooding
strategy for existing plants is the requirement for venting to
the external atmosphere while the containment is being
filled by the low-pressure pumping systems and during the
subsequent steaming from the water surrounding the
reactor vessel bottom head. Because of this, implementa-
tion of the drywell flooding strategy would initiate a noble
gas release to the surrounding atmosphere as well as a lim-
ited escape of fission product particulates. All particulate
matter released from the reactor vessel before failure of the
vessel wall would enter the pressure suppression pool via
the SRV T-quenchers and would be scrubbed by passage
through the water in both the wetwell and drywell.
Therefore, the concentration of particulates in the drywell
atmosphere and any release through the drywell vents
would remain small as long as the reactor vessel wall
remained intact.

Creep rupture of the vessel bottom head beneath the sup-
port skirt attachment would release debris into the water-
filled pedestal region to fall downward onto the drywell
floor. Because containment flooding would provide a water
depth of more than 30 ft (9.144 m) over the drywell floor,
the particulate matter released from the debris mass should
be adequately scrubbed provided, of course, that violent
steam explosions do not occur. Furthermore, the large vol-
ume of water in the drywell would protect the drywell shell
from late failure in Mark I containment facilities, because
the accumulating volume of debris would never break the
water surface.

Table ES.3 Effect of drywell Nlooding upon time of debris release from the
reactor vessel for the short-term station blackout accident sequence based
upon Peach Bottom/Browns Ferry

Time to failure

Reactor

Drywell Skire Release min h
flooded vented vessel. mechanism
depressurized
No Yes Penetration 250 42
failures
No Yes Bottom head 600-640 10.0-10.7
creep rupture
Yes No No Bottom head 660-700 11.0-11.7
creep rupture
Yes No Yes Bottom head 780-840 13.0-14.0
creep rupture
Yes Partial Yes Bottom head 840-900 14.0-15.0
creep rupture
Yes Complete Yes Melting of >1200 >20.0
upper vessel
wall
NUREG/CR-5869 xxviii



The advantages and disadvantages of a drywell flooding
strategy for existing BWR facilities are summarized in
Table ES-4. The listed advantages involve significant con-
tributions to accident mitigation, which have previously
been discussed. The listed disadvantages, however, are also
important and will be discussed in the following para-
graphs.

Table ES.4 Advantages and disadvantages of a
drywell flooding strategy for severe accident
mitigation in existing BWR facilities

Prevent failure of the bottom head
penetrations and vessel drain

Advantages

Increased scrubbing of fission product
particulate matter

Delay creep rupture of the reactor
vessel boltom head

Prevent failure of the Mark I drywell
shell when core debris does leave
the vessel

Disadvantages Requires availability of power source
and pump capable of filling the
drywell to the level of the vessel
bottom head within 150 min under

station blackout conditions
Requires that the drywell be vented

First, implementation of the proposed strategy would
require equipment modifications and additions. Although
there may be plant-specific exceptions, containment flood-
ing with the existing pumping systems would require too
much time; furthermore, the existing systems would not be
available for the dominant station blackout accident
sequences. What is needed is a reliable ability to suffi-
ciently flood the drywell within a short period of time,
because it would be unrealistic to expect that emergency
procedures would call for containment floeding (and the
associated undesirable effects upon installed drywell
equipment) until after core degradation has begun. If the
water did not reach the vessel bottom head until after lower
plenum debris bed dryout and the initial heating of the
vessel wall, it would be too late to prevent penetration
assembly failures.

Executive

The second disadvantage, that the drywell vents would
have to be opened to permit flooding of the containment, is
particularly undesirable because it would involve early
release of the fission product noble gases, beginning soon
after the onset of core degradation. {The vents would be
opened before core degradation.) After the water had con-
tacted the vessel bottom head, a continuous steam genera-
tion would begin within the drywell that would be released
to the outside atmosphere by means of the open vents. This
would tend t0 sweep any particulate matter from the dry-
well atmosphere through the vents. The amount of particu-
late matter reaching the drywell atmosphere would, how-
ever, be limited by waler scrubbing as long as the reactor
vessel wall remained intact above the water level in the
drywell. This is expected to be the case for the existing
BWR facilities where the ultimate failure of the wall would
occur by creep rupture beneath the skirt attachment weld.

It is interesting, however, to briefly consider the potential
benefits of application of a drywell flooding strategy to
future BWR facilities, where the disadvantages listed in
Table ES-4 might be avoided by appropriate plant design.
Much less water would be required because the reactor
vessel would be located in a cavity instead of suspended
high above a flat drywell floor. Provision could be made
for complete venting of the reactor vessel support skirt so
that all of the bottom head would be in contact with water.
This would preclude creep rupture of the vessel boitom
head, shifting the failure mode to melting of the upper
vessel wall, above the water level in the drywell.

For the existing BWR facilities, failure of the upper reactor
vessel wall would provide a direct path from the upper sur-
face of the debris pool to the open drywell vents without
the benefit of water scrubbing.” For future plant designs,
this could be avoided in two ways. First, submergence of
most, or all, of the reactor vessel wall above the debris pool
surface would preclude failure of the upper vessel wall.
Second, the requirement for containment venting could be
climinated by provision of an adequate water source within
the containment and provision for condensation of the
generated steam. Both of these approaches are within the
scope of design features currently under consideration for
the advanced passive design.

*This case corresponds 1o the last entry in Table ES-3. The reader is
reminded thal it is based upon complete venting of the vessel support
skirt, which is not considered practical for the existing facilities.
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1 Introduction

Boiling water reactors (BWRs) have unique features that
would cause their behavior under severe accident condi-
tions to differ significantly from that expected for the pres-
surized water reactor desi gn.1’5 Consequently, it has been
necessary to analyze BWR accident sequences separately,
and the Nuclear Regulatory Commission (NRC) has spon-
sored programs at Oak Ridge National Laboratory (ORNL)
for this purpose since 1980. The objective of these BWR
severe accident programs has been to perform analyses of a
specirum of accident sequences beyond the design basis for
typical specific U.S. BWR reactor designs. The accident
sequences selected for analysis have been in general those
identified as dominant in leading to core melt for BWRs by
the methods of probabilistic risk assessment (PRA) as car-
ried cut by other programs. The specific plants modeled
and the accident sequences considered were selected by the
process of nomination by the ORNL program manager and
approval by the NRC technical monitors.

The detailed analyses of the dominant BWR severe acci-
dent sequences initially identified by PRA have been per-
formed in recognition that PRA, by the basic nature of its
requirements to consider every possible accident sequence,
cannot enter into matters of detail. The purpose of the
detailed analyses has been either to confirm the adequacy
of or to challenge the simplifying assumptions necessarily
applied to the candidate dominant sequences in the PRA
and to provide a realistic appraisal of the sequence of
evenis and the aftermath. Further preventative measures
that might be taken to decrease the probability and accident
management procedures that can be implemented to reduce
the consequences of each severe accident sequence studied
have been addressed. Feedback of the results of the
detailed analyses has always been provided to the other
facilities performing the PRA; most recently, this has
involved close cooperation with the NUREG-1150 effort.8

With the comprehensive information provided by NUREG-
1150 concerning the relative probabilities of BWR severe
accident sequences and with the knowledge and experience
gained from the series of detailed accident analyses,’13 it
is now logical and practical to consider the facets of BWR
severe accident management in a structured process, with
the goal of identifying potential new strategies and
enhancements. Therefore, the first purpose of this report is
to assess the current status of accident management proce-
dures with respect to their potential for effective mitigation
of the dominant BWR severe accident sequences. To this
end, the BWR Owners’ Group Emergency Procedure
Guidelines (EPGs)!6 have been reviewed to determine the
extent to which they currently address the characteristic
events of an unmitigated severe accident and to provide the

basis for recommendations for enhancement of accident
management procedures.

1.1 Report Qutline

Chapter 2 provides a discussion of the progression of
events for the dominant BWR severe accident sequences
identified by NUREG-1150 and other PRA studies. The
importance of plant-specific considerations in the applica-
tion of the lessons learned from PRAs is also addressed.

The current status of accident management procedures for
coping with the dominant BWR severe accident sequences
is discussed in Chap. 3. In particular, the BWR Owners’
Group EPGs (Revision 4) are assessed to determine the
extent to which they implement the intent of several candi-
date accident management strategies previously identified
in a companion study at Brookhaven National Laboratory
(BNL)!'7 and for their effectiveness in unmitigated severe
accident situations. Where the EPGs are currently effective,
no further recommendations concerning proposed
enhancements are necessary.

Based upon the dominant severe accident sequences
described in Chap. 2 and the current status of severe acci-
dent management as discussed in Chap. 3, the potential for
enhancement of current BWR accident management strate-
gies is discussed in Chap. 4. Tt is found that the greatest
potential for improvement of BWR emergency procedure
strategies lies in the area of severe accident management
This potential is explored in Chaps. 5 through 8.

Specifically, Chap. 5 provides a discussion of BWR severe
accident vulnerabilities. The current EPGs with respect to
operator actions under severe accident conditions are
briefly reviewed in Chap. 6. The information that might be
available to the operators concerning plant status under
severe accident conditions is described in Chap. 7. Finally,
four new strategies for late mitigation of in-vessel events
are proposed in Chap. 8 with assessmentis of their feasibil-
ity, effectiveness, and any associated adverse effects.

The remainder of this report provides additional informa-
tion concerning two of the four strategies proposed in
Chap. 8, for which additional assessments are considered
justified. Chapters 9 through 13 provide a detailed quantita-
tive analysis of the proposed strategy for prevention of
BWR criticality upon reactor vessel flooding if control
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blade damage has occurred. The motivation for this strat-
egy is reviewed in Chap. 9.

The most simple and straightforward strategy for injection
of a boron solution into the reactor vessel under severe
accident conditions would be based upon use of the
Standby Liquid Control System (SLCS). The capabilitics
of this system for such a purpose are discussed in Chap. 10.

The dominant set of BWR accident sequences leading to
core damage involves station blackout, where simultaneous
initiation of the SLCS would not be adequate to prevent
criticality upon vessel reflooding if control blade damage
has occurred. The only reliable strategy for prevention of
criticality due to control blade damage for all recovered
BWR severe accident sequences requires that the water
used to recover the core contain a sufficient concentration
of the boron-10 isotope to ensure that the reactor remains
shutdown. Methods for accomplishing this are discussed in
Chap, 11,

Chapter 12 provides a simplified cost-benefit analyses for
the proposed strategy. This analysis is derived from and
directly follows the methodology described in NUREG-
0933, A Prioritization of Generic Safety Issues.1® It pro-
vides an evaluation of the estimated risk reduction associ-
ated with the preposed strategy and the estimated costs to
the NRC and the indusiry in implementing such a strategy.
The priority ranking for the strategy is established in
Chap. 13.

As indicated previously, two new strategies for late mitiga-
tion of in-vessel events were selected for additional
assessment. The second of these considers containment
flooding to maintain the core and structral debris within
the reactor vessel if vessel injection cannot be restored as
necessary to terminate a severe accident sequence., The
motivation for this strategy is reviewed in Chap. 14 while
the quantitative analysis is provided in Chaps. 15 through
22.

1f drywell flooding is to be effective in maintaining reactor
vessel integrity, this sirategy must be capable of quick
implementation, because release of molten materials from
the lower plenum debris bed to the drywell floor by means
of failed penetration assemblies would otherwise be
expected to occur soon after bottom head dryout. The gen-
eral topic of drywell flooding, the means to accomplish it,
and the effectiveness of this maneuver in cooling the reac-
tor vessel exterior surface are addressed in Chap. 15.
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While it can be shown that the submerged portions of the
reactor vessel wall can be effectively cooled by the pres-
ence of water, there are physical limitations to the fraction
of the overall decay power that can be removed downward
through the lower portion of the debris bed boundary.
These unfortunate realities are discussed in Chap. 16.

Cooling of the bottom head can greatly delay any failure of
the reactor vessel structural boundary, but the first
requirement to accomplish this goal is that failures of the
penetration assemblies, induced by dryout and the entry of
molten materials, be precluded. The success of water sur-
rounding the vessel exterior in achieving this is described
in Chap. 17.

The stand-alone models for the response of the lower
plenum debris bed and the reactor vessel bottom head wall
are described in Chap. 18. The results obtained by applica-
tion of these models to the large BWR facilities such as
Peach Bottom or Browns Ferry are discussed in Chaps. 19
and 20 for cases with and without venting of the trapped
atmosphere within the reactor vessel support skirt.

Current provisions for reactor vessel depressurization as
specified by the BWR EPGs are intended to lessen the
severity of any BWR severe accident sequence, Therefore,
it is important to recognize that drywell flooding, which
would submerge the safety/relief valves (SRVs), might
lead to failure of the dc power supply and thereby induce
vessel repressurization. The potential for failure of SRVs
remote control due 1o drywell flooding and the effects of
this eventuality are discussed in Chap. 21.

The general results and recommendations of the three main
divisions of the report are summarized in Chap. 22.

Three appendixes provide additional information in detail.
One conclusion of the assessment of the strategy for pre-
vention of recriticality is that the use of Polybor® instead
of a sodium pentaborate solution generated by a mixwre of
borax and boric acid crystals would facilitate the imple-
mentation of the sirategy. Appendix A provides informa-
tion conceming the characteristics of this special sodium
borate producit.

Perhaps the most desirable characteristic of Palybor® from
the standpoint of the proposed strategy is its ability to
readily dissolve in cool water. Appendix B provides a dis-
cussion of several simple tabletop experiments performed



at ORNL to investigate the limits and implications of this
high solubility.

Finally, Appendix C provides the results of a calculation
demonstrating the increased effectiveness of the proposed
drywell flooding strategy when applied to the smaller
BWR reactor vessels,

1.2 Selection of Units for Text

In preparing a report such as this, the authors are chal-
lenged 10 choose a primary system of units for use in the
text that will be most in ling with the experience of their
intended readers. Because this report deals with current and
proposed accident management procedures for existing
BWR facilities in the United States, the choice seems
simple—American Engineering Units. The Final Safety
Analysis Reports (FS ARs), operator training manuals, and
control room instruments for these facilities employ only
this system of units,

Introduction

Nevertheless, among the chapters of this report, there are
areas where the topic under discussion involves recent
experiments or other considerations without direct applica-
tion to any existing facility. In these cases, the acknowl-
edged superiority of the International System of units (SI)
and the general trend toward adoption of this system
throughout the world dictates its use as the primary sysiem
within these portions of the text.

In summary, the authors have attempted to employ the
optimum system of units for primary use within each of the
various chapters and sections of this report, This has
required exercise in judgement in proceeding from topic to
topic. Where appropriate, quantities cited in the text are
repeated (within parentheses) in the secondary system of
units. This has not been practical, however, for many of the
extensive tables of calculated information, where only the
primary system of units is employed.
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2 Dominant BWR Severe Accident Sequences

S. A. Hodge

This chapter provides a discussion of the risk-dominant
boiling water reactor (BWR) severe accident sequences
identified by the recent NRC-sponsored assessment of
severe accident risks (NUREG-1150)6 and other proba-
bilistic risk assessment (PRA) studies. The importance of
plant-specific considerations in the application of the
lessons leamned from PRA is also addressed.

2.1 Results from PRA

The severe accident risks report (NUREG-1150) considers
the five representative plants listed in Table 2.1. The calcu-
lated mean core damage frequencies (internally initiated
accidents) for these plants are provided in Table 2.2. As
indicated, the calculated BWR core damage frequencies are
approximately one order-of-magnitude less than the PWR
frequencies. A breakdown of the major contributors to core
damage frequency for the two BWR plants is shown in

Fig. 2.1. Station blackout and anticipated transient without
scram (ATWS) are the predominant contributors.

Table 2.1 Commercial nuclear power plants
considered in the severe accident risks assessment
(NUREG-1150)%

Pressurized water reactors (Westinghouse)

Sequoyah 1148-MW (e) four-loop ice condenser
(1981)

Surry 788-MW (e) three-loop subatmospheric
(1972)

Zion 1100-MW (e) four-loop large dry (1978)

Boiling water reactors (General Electric)

Peach Bottom  1150-MW(e) BWR4 Mark 1
containment (1974)

Grand Gulf 1250-MW(e) BWR-6 Mark III
containment (1985)

Table 2.2 Calculated mean core damage frequencies
(internally initiated accidents) from NUREG-1150%

Plant Frequency per 10,000
type Plant reactor-years
PWR Sequoyah ‘ 0.57

Surry 041

Zion 3.40
BWR Peach Bottom 0.045

Grand Gulf 0.040

ORNL-DWG 82M-3113 ETD

PEACH BOTTOM

b72] STATION BLACKOUT, 47%
BE atws, 42%

] roca e%

[l TRANSIENTS, 5%

STATION BLACKDUT, 97%
BE atws, 3%

Figure 2.1 Dominant accident séquence contributors:
station blackout and ATWS

Although the initial NUREG-1150 study did not include
consideration of a BWR plant with Mark II containment,
this is being rectified by additional work currently being
performed at Sandia National Laboratories based upon the
LaSalle design, a 1036-MW({e) BWR-5 with Mark II con-
tainment. In the meantime, results19-20 from other PRAs
for two Mark II containment plants are available; these are
sumnmarized in Table 2.3. As indicated, station blackout
and ATWS are again identified as dominant contributors to
the overall risk of BWR core melt

2.2 Description of Accident Progression

This section provides background information concerning
the progression of the dominant BWR severe accident
sequences as necessary to support the subsequent discus-
sion {Chap. 3) of the extent to which the current accident
management strategies would be effective in coping with
an unmitigated sequence. Events occurring after the onset
of severe core damage and material relocation are not well
understood at the present time, and other scenarios have
been postulated. The accident progressions described here
represent the opinions of the authors of this report.
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Dominant

Table 2.3 Relative contribution of dominant accident
sequences to core-melt frequency for two
BWRs with Mark II containment

Relative
Plant Accident sequence contribution
(%)
Limerick Station blackout 42
ATWS 28
Loss of injection 27
Loss of decay heat 3
removal
Susquehanna Station blackout 62
ATWS 12
LOCA 4
Transients 2

2.2.1 Station Blackout

Historically, station blackout has been considered to be the
accident sequence initiated by loss of off-site power and
the associated reactor scram, combined with failure of the
station diesels {(and gas turbines, if applicable) to start and
load. However, with the advent of the accident classifica-
tion methodology adopted for the recent severe accident
risks study (NUREG-1150), this accident sequence is now
classified as “long-term station blackout.” In this accident
sequence, water is injected into the reactor vessel by the
steam turbine-driven reactor core isolation cooling (RCIC)
or high-pressure coolant injection (HPCI) systems as nec-
essary to keep the core covered for as long as dc (battery)
power for turbine governor control remains available from
the unit batteries, a period of about 6 h. The rationale for
the “long-term” designation is that the definition of station
blackout has been expanded to include two cases that
heretofore would have been classified as loss of injection,
or TQUV, in WASH-1400 parlance. In these “short-term”
station blackout sequences, the capability for water injec-
tion to the reactor vessel is lost at the inception of the acci-
dent sequence. The general distinction between long-term
and short-term station blackout is illustrated in Fig. 2.2, It
is useful to remember that the shori-term designation
derives from the fact that the BWR core is uncovered rela-
tively quickly for this category of station blackout.

The early total loss of injection initiating event for short-
term station blackout might occur in either of two ways.
First, there might be independent failures of both the RCIC
and HPCI steam turbine systems when they are called upon
to keep the core covered during the period while dc power
remains available. (Because these are high-pressure injec-
tion systems, success of their function does not depend
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WATER MAKEUP FOLLOWING BATTERY
EXHAUSTION

Figure 2.2 Station blackout involving loss of ac
electrical power

upon reactor vessel depressurization.) In this connection, it
should be recognized that the BWR-5 and BWR-6 designs
have substituted an electric-motor driven high-pressure
core spray (HPCS) system in licu of HPCI so that these
plants have only one steam-turbine driven injection system
(RCIC). Similarly, the BWR-2 and early BWR-3 plants
employ a feedwater coolant injection system (FWCI)
instead of HPCI; operation of the FWCI system also
requires ac power. However, as indicated in Table 2.4,
most of the U.S. BWR plants (25 out of 38 in operation or
under construction) have two independent systems that can
keep the core covered without the availability of ac power.

It should be noted from Table 2.4 that the BWR-2 plants
and three of the older BWR-3 plants employ an isolation:
condenser (IC) in lieu of RCIC, This emergency core cool-
ing system employs natural circulation through the elevaied
isolation condenser tubes to remove decay heat from the
reactor vessel if electrical power is unavailable. The shell
volume (vented to the atmosphere) of the condenser
contains a water volume that boils away to remove the heat
transferred from the reactor. The shell water volume is
sufficient to provide about 30 min of core cooling without
the addition of makeup water (which is taken from the
firemain system, or from the condensate transfer system).

The second way in which the early total loss of injection
initiating event for short-term station blackout might occur
is by a common-mode failure of the dc battery sysiems,
The diesel generators at Peach Bottom are started from the
unit batteries, and therefore failure of these batteries would,
upen loss of off-site power, preclude starting of the diesel
generators and thereby be a contributing cause of the sta-
tion blackout. Furthermore, without dc power for valve
operation and turbine govemnor control, the steam turbine-
driven injection systems would not be operable. For plants
other than Peach Bottom, this second version of short-term



Table 2.4 Availability of reactor vessel injection
systems that do not require ac power to
maintain the core covered

RCIC

Plant Class or IC HPCI
Big Rock Point BWR-1
OQpyster Creck BWR-2 1C
Nine Mile Point 1 BWR-2 IC
Millstone BWR-3 IC
Dresden 2 and 3 BWR-3 IC HPCI
Monticello BWR-3 RCIC HPCI
Quad Cities 1 and 2 BWR-3 RCIC HPCI
Pilgrim BWR-3 RCIC HPCI
Browns Ferry 1, 2, BWR4 RCIC HPCI

and 3

Vemmont Yankee BWR-4 RCIC HPCI
Duane Amold BWR4 RCIC HPCI
Peach Bottom 2 and 3 BWR4 RCIC HPCI
Cooper BWR4 RCIC HPCI
Haich 1 and 2 BWR4 RCIC HPCI
Brunswick 1 and 2 BWR4 RCIC HPCI
Fitzpatrick BWR4 RCIC HPCI
Fermi 2 BWR4 RCIC HPCI
Hope Creek 1 BWR4 RCIC HPCI

BWR-4 RCIC HPCI
BWR-4 RCIC HPCI

Susquehanna 1 and 2
Limerick 1 and 2

LaSalle 1 and 2 BWR-5 RCIC
WNP-2 BWR-5 RCIC
Nine Mile Point 2 BWR-5 RCIC
Grand Gulf BWR-6 RCIC
Perry 1 and 2 BWR-6 RCIC
Clinton BWR-6 RCIC
River Bend BWR-6 RCIC

station blackout is much less likely to occur than the first,
simply because the diesel generators have independent
starting batteries. It should be noted, however, that the loss
of dc power associated with this second version would also
render the safety/relief valves (SRVs) inoperable in the
remote-manual mode; thus, the reactor vessel could not be
depressurized.

With respect to the basic characteristics of the dominant
forms of the severe accident sequence, the difference
between long-term and short-term station blackout can be
summarized as follows: dc power remains available during
the period of core degradation for short-term station black-
out, which is initiated by independent failures of HPCI and
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RCIC; the decay heat level is relatively high, and the reac-
tor vessel is depressurized during the period of core degra-
dation and material relocation within and from the vessel.
For long-term station blackout, the core remains covered
for more than 6 h so the decay heat level is ~50% less dur-
ing the period of core degradation and, because the SRVs
cannot be manually operated without dc power, the reactor
vessel would be pressurized at the time of bottom head
penetration failure and initial release of debris from the
vessel,

2.2.1.1 Event Sequence for Short-Term Station
Blackout

The following summary of events is based upon calcula-
tions recently performed at Oak Ridge with the BWRSAR
cade.3 in support of the Task Group on the BWR Mark [
Shell Melt-Through Issue. The reference plant is Peach
Bottom.

If a Peach Bottom unit were operating at 100% power
when station blackout occurs, and if both HPCI and RCIC
were 1o fail upon demand, then the swollen reactor vessel
water level would fall below the top of the core in ~40 min.
This assessment is based upon an assumption that the
operators follow procedure and manually operate the SRVs
as necessary t0 maintain reactor vessel pressure in the
range between 1100 and 950 psig (7.69 and 6.65 MPa), [A
slight delay (~3 min) could be obtained if the SRVs were
left to automatic actuation only.] The events after core
uncovery would progress rapidly because the decay heat
level is relatively high for the short-term branch of the
station blackout event tree.

DC power from the unit battery would remain available
during and after core uncovery so that the operators could
take the actions regarding manual SRV operation that are
directed by the Emergency Operating Instructions (EOIs).
[These local emergency procedures are based upon the
BWR Owners Group Emergency Procedure Guidelines
(EPGs).] Specifically, EQI-1, reactor pressure vessel
(RPV) control, directs the operators 10 open one SRV if the
reactor vessel water level cannot be determined and to
open all (five} automatic depressurization system (ADS)
valves when the reactor vessel pressure falls below

700 psig (4.93 MPa). (Water level indication would be lost
when the level drops below the indicating range at about
one-third core height.) These actions provide temporary
cooling of the partially uncovered core and are predicted to
be taken at times 77 and 80 min after scram, respectively.

The high rate of flow through the open SRVs would cause
rapid loss of reactor vessel water inventory, and core plate
dryout would occur at about time 81 min. Heatup of the
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tolally uncovered core would then lead to significant struc-
tural relocation (molten control blade and canister mate-
rial), beginning at time 131 min. Because the core plate
would be dry at this time, heatup and local core plate fail-
ure would occur immediately after debris relocation began.
Subsequent core damage would proceed rapidly, with the
fuel rods in the central regions of the core predicted (o be
relocated into the reactor vessel lower plenum at time

216 min.

Following the cede prediction, the continually accumulat-
ing core debris in the reactor vessel lower plenum would
transfer heat to the surrounding water over a period of
~30 min until initial bottom head dryout, and in the pro-
cess, the lower layer of core debris would be cooled to an
average temperature of 1310°F (983 K). After vessel dry-
out occurs at time 246 min, the temperature in the middle
debris layer would be sufficient [2375°F (1575 K)] to
cause immediate failure of the control rod guide tubes in
the lower plenum. Failure of this supporting structure
would immediately cause the remaining intact portions of
the core to collapse into the lower plenum.

The temperatures in the central portions of the lower
plenum debris bed would also be sufficient to cause failure
of the reactor vessel bottom head penetrations. However,
because the operators, by procedure, would have already
depressurized the reactor vessel through the SRVs, no sig-
nificant containment pressure increase would be associated
with the failure of the bottom head pressure boundary.

The metallic components of the core debris in the reactor
vessel bottom head are predicted to begin melting and to
begin to flow onto the drywell floor at time 263 min. The
containment response to the presence of core debris upon
the drywell floor was calculated by the CONTAIN code;
however, discussion of the predicied containment response
is beyond the scope of this report.

The synopsis of the major events of the short-term station
blackout accident sequence together with the calculated
event timing for this illustrative example is provided in
Table 2.5. Because of the relatively high decay heat levels
during the period of core degradation, this is a fast-moving
sequence. The core is uncovered in less than 1 h, and core
debris begins to leave the reactor vessel in less than 4.5 h.
It must be remembered that the initiation of short-term sta-
tion blackout requires, in addition o loss of off-sile power
and failure of all station diesels to start, that there also be
independent failures of both the HPCI and RCIC systems.
Thus, the short-term station blackout accident sequence is
much less likely to be initiated than is the long-term case.
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Table 2.5 Calculated sequence of events for Peach
Bottom short-term station blackout

with ADS actuoation
Time
Event (min)
Station blackout-initiated scram from 100% 0.0
power. Independent loss of the steam turbine-
driven HPCI and RCIC injection systems
Swollen water level falls below top of core 40.3
Open one SRV 770
ADS system actuation 80.0
Core plate dryout 80.7
Relocation of core debris begins 130.8
First local core plate failure 132.1
Collapse of fuel pellet stacks in central core 2159

Reactor vessel bottom head dryout; structural 245.8
support by control rod guide tubes fails;
remainder of core falls into reactor vessel
bottom head
Bottom head penetrations fail 255.0
Pour of molten debris from reactor vessel begins  263.1

Before proceeding to a discussion of the long-term station
blackout accident sequence, it is necessary to briefly con-
sider an important variation of the short-term case. If the
reactor vessel depressurization initiated by manual actua-
tion of the ADS does not occur, either by system malfunc-
tion (loss of dc power) or by failure of the operator to fol-
low procedures, then liquid water would remain in the
lower core region during the early portion of the core
degradation phase of the short-term station blackout acci-
dent sequence, The asscciated steam generation would
cause a much-higher degree of metal-water reaction within
the core region and an accelerated core degradation rate by
means of the associated energy release.

Table 2.6 provides a comparison of the timing of events for
two calculations of the short-term station blackout accident
sequence based upon the Susquehanna plant. In the first
calculation, the operators manually actuate the ADS when
the reactor vessel water level has fallen to one-third core
height. For the second calculation, there is no manual SRV
actuation of any kind. (This also delays the time that the
core becomes uncovered, by ~1 min.) These are recent cal-
culations with the BWRSAR code performed in support of
the NRC Containment Performance Improvement (CPI)
Program; a detailed discussion of results is provided in
Ref. 21,
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Table 2.6 Calculated timing of sequence events for two cases of the short-term
station blackout accident sequence

Time (min)
Event With ADS Without ADS
Loss of offsite power-initiated scram from 100% power. 0.0 0.0
Failure of on-site ac power. Independent loss of the steam
turbine-driven HPCI and RCIC injection sysiems
Swollen watcr level falls below top of core 372 38.2
Open one SRV 78.0
ADS system actuation 79.5
Core plate dryout 81.2
Relocation of core debris begins 124.1 90.6
First local core plate failure 129.2
Core plate dryout 135.3
First local core plate failure 155.8
Collapse of fuel pellet stacks in central core 220.0 163.8
Reactor vessel bottom head dryout; structural support by 263.2 193.8
control rod guide tubes fails; remainder of core falls into
reactor vessel bottom head
Initial failure of bottom head penelrations 263.3 246.1

It is emphasized that the BWR Owners Group EPGs
require unequivocally that the operators act to manually
depressurize the reactor vessel should the core become
partially uncovered under station blackout conditions. As
indicated in Table 2.6, this delays the onset of core degra-
dation, allowing more time for the restoration of reactor
vessel injection capability before significant core damage
has occurred. The rapid vessel depressurization causes
flashing of the water in the core region and core plate dry-
out so that if the accident is not terminated, the subsequent
core degradation would occur under steam-starved condi-
tions. Finally, because the reactor vessel is depressurized at
the time of bottom head peneltration failure, there would be
no large energy release within the bottom head debris bed
by metal-water reactions during vessel blowdown. The
advantages of reactor vessel depressurization will be
addressed in more detail in Chap. 3.

2.2.1.2 Event Sequence for Long-Term Station
Blackout

With the HPCI and RCIC systems available, the operators
would act 10 maintain reactor vessel water level in the
normal operating range by intermittent operation of the
RCIC system, with the higher-capacity HPCI system asa
backup. The operators would also, by procedure, take
action during the initial phase of the accident sequence to
control reactor vessel pressure by means of remote-manual
operation of the reactor vessel relief valves. The SRVs
would actuate automatically to prevent vessel overpressur-
ization if the operator did not act; the purpose of pressure
control by remote-manual operation is to reduce the total

number of valve actuations by means of increasing the
pressure reduction per valve operation and to permit the
steamn entering the pressure suppression pool to be passed
by different SRVs in successicn. This provides a more
even spacial distribution of the transferred energy around
the circumference of the pressure suppression pool.

The plant response during the initial phase (before battery
failure) of a long-term station blackout can be summarized
as an open cycle. Water would be pumped from the con-
densate storage tank into the reactor vessel by the RCIC
system as necessary to maintain indicated water level in the
normal operating range. The injected water mass would be
heated by the reactor decay heat and subsequently passed
to the pressure suppression pool as steam during the peri-
ods when the operator remote-manually opens different
relief valves in succession as necessary Lo maintain the
desired reactor vessel pressure. (Some of the steam is
passed to the pressure suppression pool via the RCIC
turbine.) Stable reactor vessel level and pressure control
would be maintained during this period, while the conden-
sate storage tank is being depleted and both the level and
temperature of the pressure suppression pool are increas-
ing. However, without question, the limiting factor for con-
tinued removal of decay heat and the prevention of core
uncovery is the availability of dc power.

The results of the Oak Ridge Severe Accident Sequence
Analysis (SASA) study’ of station blackout based upon the
Browns Ferry plant establish the reasons why it would be
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beneficial for the operators to depressurize the reactor ves-
sel early in the initial phase of a long-term station blackout,
while dc power for SRV operation remained available.
Briefly, this manually instigated depressurization would
remove a great deal of steam and the associated stored
energy from the reactor vessel during the period, while the
steam turbine-driven HPCI and RCIC systems remained
available for use in injecting replacement water from the
condensate storage tank, thereby maintaining the reactor
vessel level. Subsequently, when water injection capability
is lost by battery exhaustion, remote-manual capability for
relief valve operation is also lost; there would be no further
steam discharge from the reactor vessel until its internal
pressure is restored to the setpoint [1105 psig (7.72 MPa)]
for agtomatic SRV actuation. Because of the large amount
of water to be reheated and the reduced level of decay heat,
this repressurization would require a significant period of
time. Furthermore, the subsequent boiloff would begin
from a very high vessel level because of the increase in the
specific volume of the water as it is heated and repressur-
ized. Thus, an early depressurization will provide a signifi-
cant period (~2 h) of valuable additiona! time for prepara-
tive and possible corrective action before core uncovery
after injection capability is lost.

Operator action to depressurize the reactor vessel is
required by the BWR Owners Group EPGs whenever the
“Heat Capacity Temperature Limit,” based upon the tem-
perature of the pressure suppression pool, is exceeded. The
curve defining this limit for the Browns Ferry plant
requires that reactor vessel depressurization begin when
suppression pool temperature exceeds 160°F (344 K) and
specifies that reactor vessel pressure must be less than
115 psia (0.79 MPa) whenever suppression pool tempera-
ture exceeds 200°F (366 K). Although these requirements
are not based upon station blackout considerations, the
suppression pool temperature would reach 160°F (344 K)
~4.5 h after initiation of the long-term station blackout
accident sequence. Because dc power would still be avail-
able at this time, it is expected that the operators would
take the required action and that the reactor vessel would
be depressurized. The procedures also specify that the
depressurization hot lower the reactor vessel pressure
below 100 psig (0.79 MPa}, so that the RCIC or HPCI
system steam turbines can continue to be operated. The
depressurization would be accomplished by opening one
SRV and leaving it open. Reactor vessel pressure would
fall rapidly at first, then stabilize at about 140 psia

(0.97 MPa).

A synopsis of the major events in the calculated leng-term
station blackout accident sequence and the event timing is
provided in Table 2.7. The unit batteries would be expected
to continue to provide dc power for a period of 6 to 10 h,
depending upon operator actions to reduce unnecessary
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electrical loads. For these calculations, dc power was
assumed to be lost after 6 h of demand. Subsequently, the
operators could no longer manually actuate the SRVs or
inject water into the reactor vessel, and the reactor vessel
would repressurize over a period of ~2 h. Then would
begin a monotonic decrease of the reactor vessel water
level (boiloff) due to intermittent loss of fluid through a
cycling SRV, which would be periodically actuated by
high reactor vessel pressure, automatically.

Table 2.7 Calculated timing of sequence events for
the long-term station blackout accident sequence

Time after
Event scram
(min)
Loss of off-site power-initiated scram 0
from 100% power. Failure of on-site ac
power
Heat capacity temperature limit exceeded, 285
reactor vessel depressurization begins
Loss of dc power; failure of the steam 360
turbine-driven HPCI and RCIC systems;
loss of remote-manual SRV capability
Reactor vessel at pressure; automatic SRV 470
actuation begins
Swollen water level falls below top of core 631
Structural relocation begins 736
Core plate dryout 780
First local core plate failure 810
Collapse of fuel pellet stacks in central 927
core
Reactor vessel bottom head dryout; 938
structural support by contrel rod guide
tubes fails; remainder of core falls into
reactor vessel bottom head
Initial failure of bottom head penetrations 942

Without restoration of electrical power, the operators could
do nothing to impede the further progression of the acci-
dent. The swollen water level is predicted to fall below the
top of the core at 631 min after the inception of the acci-
dent sequence, and the core structures would then begin the
process of heating, oxidizing, and melting. Significant core
structural relocation (molten control blades and canisters)
begins in this calculation at 736 min after scram. Down-
ward relocation of the molten material immediately
increases steaming, which lowers the water level above the
core plate and increases the rate of automatic SRV actua-
tions. Cere plate dryout occurs at 780 min. Reactor vessel
pressure slowly decreases after core plate dryout because
steam production is temporarily halted, and there is contin-
ued leakage through the main steam isolation valves
{MS1Vs). Structural relocation of molten control blade and



canister material onto the dry core plate continues until
portions of the core plate begin to fail due Lo elevated tem-
perature and the accumulation of mass on the core plate
upper surface; the first local core plate failure (at the center
of the plate) occurs at 810 min.

The long-term station blackout accident sequence is char-
acterized by relatively low decay heat levels during the
period of core degradation. As indicated in Table 2.7, there
1§ a significant period of time (~10-1/2 h) between reactor
scram and the uncovering of the top of the core. Conse-
quently, as portions of the core are relocated into the lower
plenum, there is a relatively slow boiloff of the water in the
reaclor vessel bottom head over a period of about 2 h, and
in the process, the core debris is quenched. After bottom
head dryout at 938 min, the debris reheats, causing failure
{by overtemperature) of the control rod guide tubes in the
lower plenum soon thereafter. This causes collapse of all
remaining portions of the core, Heawp of the accumulated
debris in the bottom head leads to failure of the bottom
head penetrations. The reactor vessel then depressurizes
into the drywell. At this point, all of the core and structural
debris in the reactor vessel lower plenum would still be
frozen solid; individual components of this debris would
subsequently leave the reactor vessel in the order in which
they reached their liquid state. In this context, it should be
noted that the debris temperature would be rapidly
increased by the energy released by oxidation of zirconium
metal within the debris during the blowdown of the pres-
surized reactor vessel into the drywell.

222 ATWS

This section provides a brief description of the sequence of
events initiated by a postulated complete failure to scram
following a transient event that has caused closure of all
MSIVs. This accident sequence is the most severe of a
class of sequences commonly denoted “ATWS,” the
acronym for “Anticipated Transient Without Scram.”
(Other types of ATWS are discussed in Chap. 2 of

Ref. 13.) With the MSIVs closed, almost all of the steam
exiting the reactor vessel would be passed into the pressure
suppression pool through the SRVs; the remainder would
be used to drive the HPCI or RCIC system turbines during
their periods of operation and then, as turbine exhaust,
would also enter the pressure suppression pool. Because
the rate of energy deposition into the pool can greatly
exceed the capacity of the pool cooling equipment, the
possibility of excessive pressure suppression pool tempera-
tures leading to primary containment failure by overpres-
surization is of major concern during ATWS accident
seguences.

The MSIV-closure initiated ATWS accident sequence
might be triggered by an event such as main steamline
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space high temperature or high main steamline radiation
that directly causes MSIV closure. The reactor protection
system logic is designed to recognize the beginning of
MSIV closure and to produce an immediate scram, effec-
tive before the MSIVs have completely closed. (In actual-
ity, the event of MSIV closure produces a series of four
scram signals. In order of receipt these are MSIV position
<90% open, high reactor power, high reactor vessel pres-
sure, and low reactor vessel water level.) Alternatively, this
ATWS accident sequence might be initiated by any tran-
sient that creates conditions calling for scram and MS1V
closure such as turbine trip or loss of feedwater. In this
case, the MSIV closure would be successful, but the scram
would not.

The following discussion is based upon a version of MSIV
closure-initiated ATWS in which there is a complete fail-
ure of the scram function; that is, the control rods remain in
the withdrawal pauern that existed before the inception of
the transient. Total failure of rod movement constitutes the
most severe ATWS case, but is also the most improbable
of the possible scram system failures. Thus, the purpose of
this discussion is to provide an upper bounding estimate of
the consequences of these very unlikely events. Where
specific setpoints arc given, the values appropriate (o the
Browns Ferry Plant are used for the purpose of illustration.

As in all reactor designs, the criticality of the BWR
depends upon a complicated set of factors that simultane-
ously introduce positive or negative reactivity. Whether
there is a power increase, constant power, or a power
decrease at a given point in time depends upon the particu-
lar reactivity balance at that instant. In BWR studies, it is
necessary to recognize the importance of the void coeffi-
cient of reactivity, In the BWR, boiling takes place within
the core, and “voids” are created by the steam bubbles
formed within the core volume. The moderation or slow-
ing-down of neutrons is much less in steam than in liquid
waler, so increased voiding has the effect of reducing the
supply of thermal neutrons. Therefore, an increase in voids
introduces negative reactivity, and a decrease in voids
introduces positive reactivity. Because the BWR operates
with the water moderator at saturation conditions within
the core, negative or positive reactivity insertions caused
by the creation or elimination of voids are a natural, impor-
tant, and immediate result of reactor vessel pressure
changes.

Provision is made for rapid reactor shutdown under emer-

gency conditions by neutron-absorbing control blades that
can quickly and automatically be inserted (scrammed) into
the core upon the demand of the reactor protection system

logic. When inserted, the control blades introduce enough

negative reactivity to ensure that the reactor is maintained

subcritical even with the moderator at room temperature
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and with zero voids in the core, (This is true even with as
many as five control blades stuck in the fully withdrawn
position.) It is easy to imagine that there must be many
dangerous situations that might arise during reactor power
operation that would require instantaneous shutdown by
reactor scram. However, carcful review reveals that only
one transient might actually require control blade scram to
prevent the occurrence of a severe accident, which by defi-
nition involves extensive fuel damage, melting, and fission
product release,

The one transient for which it is possible that only the
rapid shutdown from power operation that is provided by
scram could preclude severe fuel damage and melting is a
closure of all MSIVs compounded by failure of automatic
recirculation pump trip. This is an “unanticipated” tran-
sient; in other words, it is not expected to occur during the
operating lifetime of the plant. Before considering the ram-
ifications of failure of recirculation pump trip, it is instruc-
tive to examine the progression of the accident without
scram but with recirculation pump trip.

During the 3- to 5-s period while the MSIVs are closing,
the reactor vessel is progressively isolated, and, because
the reactor is at power, the reactor vessel pressure rapidly
increases. The pressure increase causes the collapse of
some of the voids in the core, inserting positive reactivity
and increasing reactor power, which in turn causes
increased steam generation and further increases pressure.
All of this happens in a matter of seconds. The cycle is
interrupted when the reactor vessel pressure reaches the
level of the SRV setpoints; the SR Vs open to reduce the
rate of pressure increase and the recirculation pumps are
automatically tripped.” With the tripping of the recircula-
tion pumps, the core flow is reduced to ~25% of its former
value as the driving mechanism is shifted from forced cir-
culation to natural circulation. With reduced flow, the tem-
perature of the moderator in the core region is increased,
producing voids, and introducing a significant amount of
negative reactivity. The rapid increase of reactor power is
terminated, and the power then rapidly decreases to ~30%
of that at normal full-power operation.

If failure of the installed automatic protection Iogic caused
the recirculation pumps to continue operation after the
reactor vessel pressure had exceeded their trip setpoint
(highly improbable), then two possible outcomes must be

ilNotmal operating pressure is 1020 psia (7.03 MPa). The 13 SRVs have
setpoints between 1120 and 1140 psia (7.72 and 7.86 MPa). Automatic
recirculation pump trip occurs when the reactor vessel pressure reaches
1133 psia {7.81 MPa).
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considered. Because the total relief capacity of the SRVs is
~85% of normal full-power stean generation, an increasing
spiral of reactor power and reactor vessel pressure might
continue to the point of overpressurization failure of the
primary system, inducing a LOCA. On the other hand, with
all of the SRVs open and with no makeup water being
added to the reactor vessel, the loss of coolant through
these valves could cause uncovering of the core and a con-
comitant reactor shutdown by loss of moderator before the
pressure became sufficiently high to cause rupture of the
vessel pressure boundary.

In considering the possibility of primary system overpres-
surization to the point of pressure boundary breech, it
should be recognized that two independent protection sys-
tem failures would be required to develop the power-
pressure spiral postulated here; failure of scram upon
MSIV closure or high reactor vessel pressure [setpoint
1070 psia (7.38 MPa)] combined with failure of recircula-
tion pump trip [setpoint 1133 psia (7.81 MPa) or upon low
reactor vessel water level at 8-2/3 ft (2.64 m) above the top
of the core]. At any rate, recent calculations with the
RAMONA code at Brookhaven National Laboratory22
have indicated a peak reactor vessel pressure of 1340 psia
(9.24 MPa) for the case of ATWS without recirculation
pump trip, which is below the design pressure of the reac-
tor vessel. Thus, the results of these RAMONA calcula-
tions indicate that the loss of coolant from the vessel would
effectively terminate the power-pressure spiral.

Assuming that the recirculation pump trip does function as
designed, it is axiomatic that although all transient-initiated
accident sequences can most easily and quickly be brought
under control and terminated by scram, they can also be
brought under control and terminated by appropriate other
operator-initiated actions. In other words, given properly
trained operators and properly functioning equipment, a
failure-to-scram can be considered to be merely a nuisance
requiring more complicated and time-consuming methods
of achieving shutdown, The real difficulty for the ATWS
accident sequence is that improper actions by the operator
might create an unstable and threatening situation.

ATWS, or failure of the automatic scram function, requires
that the operators manually take the actions necessary to
introduce enough negative reactivity into the core to pro-
duce shutdown. The operators might do this by manual
scram, in case the ATWS was caused by failure of the pro-
tective system logic. Otherwise, the operators could manu-
ally drive in the control blades, one at a time. This proce-
dure, for the most part, involves different piping and valves
than are used for scram and, therefore, although relatively
slow, has a significant probability of success. In the mean-
time, the most important recourse of the operators is to



initiate the standby liquid control system (SLCS); this
system injects a neutron-absorbing solution of sodium
pentaborate solution into the reactor vessel by means of
positive displacement pumps.

In general, the MSIV-closure initiated ATWS accident
sequence can be brought under control with no shori-term
actions by the plant operators other than initiation of the
SLCS within 5 min of the inception of the accident. This is
true because the capacity of the pressure suppression pool
is sufficient to ensure that the temperature increase sus-
tained by the pool during the period of reactor shutdown
does not cause containment-threatening pressures,
(Operator-provided pressure suppression pool cooling
would be essential over the long term.) It is the com-
pounded case of ATWS with failure of the SLCS system
that requires special accident management strategies; the
effectiveness of the current procedures in dealing with this
situation is discussed in Chap. 3.

2.3 Plant-Specific Considerations

The NRC-sponsored severe accident risks report (NUREG-
1150) provides the results of detailed probabilistic risk
assessments for two U.S, commercial BWRs, Peach
Bottom and Grand Gulf. The question arises as to the
extent to which the study results for these plants can be
extended to other U.S. BWRs of similar designs.

Experience with severe accident evaluations has demon-
strated that plant-specific differences preclude any simple
extension of the results obtained by a detailed analysis of
one BWR plant to other plants of the same classification.
This is true even for plants of supposedly similar design
such as Peach Bottom and Browns Ferry, These BWR-4
Mark I 1065-MW (¢) reactors were constructed during the
same period, Peach Bottom 2 being placed in commercial
operation in July 1974 with Browns Ferry 1 following the

Dominant

next month. Tables 2.8 and 2.9 provide listings of the rec-
ognized plant-specific design differences that must be con-
sidered in attempting to determine the progression of
evenis for these plants under severe accident conditions.

Although Peach Bottom and Browns Ferry have the same
source (General Electric) for their nuclear steam supply
systems, these plants were constructed by different archi-
tect-enginecring firms (Bechtel and the Tennessee Valley
Authority, respectively), and this is the reason for most of
the design differences listed on Tables 2.8 and 2.9. Other
important differences, however, stem from backfitting
activities conducted after plant construction such as the
replacement of the three-stage Target Rock SRVs at
Browns Femry with valves of the more advanced two-stage
design. As indicated in Table 2.8, the two-stage valves
behave differently under accident conditions involving
reduced availability of control air or increasing drywell
pressure, Detailed information concerning valve require-
ments for control air is available in Ref. 15 and in Chap. 4
of Ref, 5.

The most important design difference from the standpoint
of PRA derives from the dc power source used for starting
the site diesel generators upon loss of off-site power. At
Browns Ferry, each diesel has its own starting battery,
whereas at Peach Bottom, the diesels are started from the
unit batteries. This gives rise at Peach Bottom to a risk-
significant short-term station blackout accident sequence
initiated by a loss of off-site power with common-mode
failure of the dc systems; loss of these battery systems pre-
cludes starting of the diesel generators and thereby initiates
a station blackouL This case is not applicable to Browns
Ferry or other BWRs where power for diesel generator
starting and loading is independent of the unit batteries and
not susceptible to common-mode failure. Obviously, con-
siderations such as these are extremely important in deter-
mining the extent to which the NUREG-1150 results can
be extended to other plants of similar design.
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Table 2.8 Plant differences affecting primary system and primary containment

response to accident conditions

Item

Peach Bottom

Browns Ferry

DC power for diesel start, field
flashing, and shutdown
board control

Safety/relief valves (SRV3s)
Control air requirement for
SRV opening as function of
reactor vessel drywell
pressure differential
Control air requirement to hold
an open valve open
Number of SRVs assigned to
the automatic depressuri-
zation system (ADS)
Spring-loaded safety valves
(discharge into drywell)
Drywell control air system

From unit 125-V dc systems
(two per unit)

11 three-stage Target Rock
26 psi at 150 psid

5 psi at 50 psid

5 psi

Five

Two

Long-term assured supply

Independent 125-V battery for
each diesel; independent
250-V battery for ¢ach
shutdown board

13 two-stage Target Rock

0 psi at 1120 psid

25 psi at 0 psid

0 psi at 1120 psid
25 psi at O psid
Six

None

Compressors lost at 2.45-psig

reliability drywell pressure;
accurnulators bleed down at
10 psi/h
RCIC system pump suction Automatically shifted to pressure  No automatic shift
suppression pool on low CST
level
Size of feedpump startup 3-in. (RFP A only) 8-in.
bypass piping
Condensate system pumps Condensate pumps only Condensate pumps and
condensate booster pumps
Location of control rod drive Turbine Building Reactor Building
hydraulic system pumps (116 level) (Basement Center Room)
Condensate storage tank 200,000 gal 375,000 gal
volume
Depth and combined volume of 142 ft 4.00 ft
drywell sumps 207 f13 200 ft3
14
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Table 2.9 Plant differences affecting secondary containment response to accident conditions

Item Peach Bottom Browns Ferry
Area of refueling bay-atmosphere 240 f12 3200 fi?
blowout panels (0.35 psi)
Refueling bay free volume 1.10 x 106 f3 (per unit) 2.62 % 106 fi3
(common (o all thee units)
Refueling bay-reactor building None. Equipment shaftisopen  Blowout panels (0.25 psi)
separation within reactor building and to Unit 1: On vertical walls
refueling bay enclosing equipment shaft in
reactor building

Units 2 & 3: On horizontal
equipment shaft hatch cover at
refueling floor. Equipment shaft
is open within reactor building

Reactor building free volume 1.3 x 106 fi3 1.8 %106 fi3
(one unit)
Reactor building Torus room + thee floors, Torus room + four floors,
compartmentalization basement comer rooms basement comer rooms open to
isolated torus room and first floor above
Stairwells within reactor building Enclosed Open
Fire protection system sprays None except limited-area Overhead and cable tray
spray curtain on 135 level
(168 gal/min)
Reactor building basement drains Corner room drains isolated from  All basement drains interconnected
torus room and from each
other
Location of interface between high- Torus room 565 level (first floor above torus
pressure and low-pressure 18-in. room)
wetwell vent ducting
Alternate high-pressure venting path 6-in. line direct to atmosphere None
Location of reactor building-wetwell ~ Basement corner room 565 level
vacuum breakers
Estimated drywell pressure to 140 psia 225 psia
initiate head flange leakage
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3 Status of Strategies for BWR Severe Accident Management

S. A, Hodge

The Nuclear Regulatory Commission (NRC) has defined
the concept of Accident Management with respect to com-
mercial operation of nuclear power plants as follows:

Accident Management encompasses those actions
taken during the course of an accident by the plant
operating staff to:

1. prevent core damage,

2. terminate the progress of core damage if it begins
and retain the core within the reactor vessel,

3. maintain containment integrity as long as
possible, and

4, minimize offsite releases.

Accident Management, in effect, extends the
defense-in-depth principle to plant operating staff by
extending the operating procedures well beyond the
plant design basis into severe fuel damage regimes,
with the goal of taking advantage of existing plant
equipment and operator skills and creativity to find
ways o terminate accidents beyond the design basis
or to limit offsite releases. 23

A significant portion of the NRC-sponsared research
activities in support of the accident management concept is
concemned with assessment of the feasibility of various
strategies that might be implemented to prevent or mitigate
severe accidents, This report was developed as part of one
of these research activities, for the purpose of determining
the current status of general accident management for the
boiling water reactor (BWR) severe accident sequences
defined in the previous chapter.

In this chapter, the candidate accident management strate-
gies proposed for BWR applications in a previous study17
(Brookhaven National Laboratory) are briefly reviewed in
Sect. 3.1. Then, Sect. 3.2 provides an assessment of the
BWR Owners Group Emergency Procedure Guidelines
(EPGs) to determine the extent to which they currently
implement the intent of the candidate accident management
strategies and for their effectiveness in the unmitigated
severe accident situations described in Chap. 2. The ratio-
nale for this review is that no further recommendations are
necessary in the areas where the EPGs are currently com-
pletely effective.

17

3.1 Candidate Accident Management
Strategies

The report *Assessment of Candidate Accident Manage-
ment Strategies” (NUREG/CR-5474)17 was published in
March 1990. The report provides assessments of a set of
accident management strategies derived from a review of
various NRC and industry reports on the subject of preven-
tion or mitigation of core damage [both pressurized water
reactor (PWR) and BWR]. Each assessment describes the
strategy, considers its relationship to existing requirements
and practices, and identifies possible associated adverse
effects.

The candidate accident management strategies for BWR
applications identified by NUREG/CR-5474 are briefly
summarized in the following paragraphs. The reader should
refer to the basic report17 for additional description of and
information conceming these strategies. Where the need
for or the effect of the actions invoked by these strategies
has been evaluated in an existing BWR accident sequence
analysis, this is indicated. The extent to which these
strategies are already incorporated in the EPGs for the criti-
cal BWR severe accident sequences will be addressed in
Sect. 3.2

3.1.1 Coping with an Interfacing Systems
Loss-of-Coolant Accident (LOCA)

This strategy is to limit the effecis of an interfacing sys-
tems LOCA (ISL) by early detection and isolation or lake
other actions to mitigate the consequences if isolation can-
not be achieved. An ISL would be indicated by high iem-
peratures and radiation levels outside of the BWR primary
containment The condensate storage tank would be
drained at a rate higher than usual and proportional to the
rate at which leakage was occurring into the secondary
containment. Focused training may improve the ability of
the operator to rapidly detect the system involved and to
isolate a break.

If isolation of the break cannot be rapidly achieved, then
reactor vessel depressurization would reduce the rate at
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which mass is lost through the break. Flooding of the break
location in the secondary containment might be effective
for the low-pressure sections of the emergency core cool-
ing system (ECCS) piping located in the reactor building
basement rooms. With the break under water, fission prod-
uct releases would be effectively scrubbed. Another
approach to the same effect for elevated breaks would be to
use the reactor building fire protection system sprays (to
the extent that their existing design permits) to wash the
building atmosphere above the break.

3.1.2 Maintaining the Condensate Storage
Tank as an Injection Source

Under severe accident conditions, the pressure suppression
pool can become overheated and radioactive and, therefore,
unsuitable as an injection source for the pumping systems
available to supply water to the reactor vessel. This strat-
egy is to augment the original supply of water in the con-
densate storage tank and thereby to maintain this source of
cool water for reactor vessel injection. The object is that
plant management should prepare in advance for the use of
unusual methods of supplying makeup (including untreated
systems as a last resort) to the condensate storage tank.

3.1.3 Alternate Sources for Reactor Vessel
Injection

If all higher-priority systems and water supplies cannot be
used, this strategy calls for advance planning and consider-
ation of available river, lake, municipal water system,
ocean, or other supplies and clever methods for the intro-
duction of such sources, including temporary hose connec-
tions.

3.1.4 Maintain Pump Suction upon the
Condensate System

This strategy is based upon the general intent to maintain
reactor vessel injection capability (keep the core covered)
and, as such, is closely related to the strategies previously
discussed. Here the specific objective is to switch any
available ECCS pump suctions away from the pressure
suppression pool, should that source be overheated to the
point that its use might induce pump failure.

This strategy receives separate classification here becausc
existing plants have automatic plant protection logic that
removes HPCI (and in some cases RCIC) system pump
suction from the condensate storage tank and places it upon
the pressure suppression pool, the reverse of what is
desired under many plant accident situations. The existing
logic is based upon consideration of large-break LOCA,
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where it is necessary to convert an open cycle (condensate
storage tank to reactor vessel to pressure suppression pool)
to a closed cycle (pool to vessel to pool) to prevent exces-
sive pressure suppression pool water level. Nevertheless, in
non-LOCA situations the injection rate from the conden-
sate storage tank would be much less, and this automatic
shift of pump suction may be detrimental to piant protec-
tion (for station blackout, sce Ref. 7).

3.1.5 Operator Override of Injection Pump
Trips

This strategy is to maintain operation of reactor vessel
injection systems beyond the point at which they would
normally trip. Preparatory planning for use of this strategy
involves selection of the trips suitable for bypassing under
emergency conditions by assessments performed as part of
the strategy evaluation process. The assessment should
consider the design bases for each trip and should include
analyses of the potential accident sequences for which each
trip might be bypassed.

3.1.6 Maintain RCIC System Availability

This strategy is an extension of that summarized in
Subsect. 3.1.5, but it is eated separately here because the
risk reduction potential associated with special procedures
to maintain the operability of RCIC under accident condi-
tions is perceived to be greater than for the other injection
systems. This is because RCIC is a steam turbine-driven
system, operable without ac power, but incorporating sev-
c¢ral turbine-protective trips.

It is particularly recommended that this strategy be con-
sidered for use in ATWS or station blackout accident
sequences where RCIC operation is needed to maintain
reactor vessel water level, but elevated pressure suppres-
sion pool temperature and reduced vessel pressure may
cause turbine trip. (The turbine exhausts to the pressure
suppression pool and is subject to a high exhaust pressure
trip. System isolation, involving turbine trip and shutting of
steam supply valves, occurs upon space high temperature,
low reactor vessel pressure, and other signals.) Use of the
RCIC system for station blackout and ATWS accident
sequences based upon the Browns Ferry Plant is discussed
in Refs. 7 and 13,

3.1.7 Use of Control Rod Drive Hydraulic
System (CRDHS) Pumps for Decay
Heat Removal

‘The CRDHS pumps inject cooling water through the CRD
mechanism assemblies during normal reactor operation.



This normal injection is taken from the condensate storage
tank at a low rate [~0.3 gal/min (1.9 x 10~ m3/s) per con-
trol blade] and would be insufficient, by itself, to provide
significant core cooling under accident conditions.
However, this injection rate is increased (approximately
doubled) whenever a scram is in effect, because the throttle
valve that limits the flow under normal conditions is auto-
maltically bypassed. Additional flow increase will occur if
the vessel is depressurized.

This strategy involves advance planning to establish the
maximum potential for effective use of the CRDHS under
accident conditions. At many BWRs, these are the only ac
motor-driven pumps capable of injection with the reactor
vessel at pressure, and therefore their use in conjunction
with RCIC for level control under ATWS conditions may
be desirable. Additional information on the use of these
pumps under accident conditions is available in Refs, 12,
13, and 15.

3.1.8 Load-Shedding to Conserve Battery
Power

Without ac power under station blackout conditions, con-
tinued reactor vessel injection as necessary to maintain the
core covered may depend upon the availability of dc power
for RCIC and HPCI turbine governor and valve control.
This strategy calls for establishment of a procedure for
shedding of nonessential dc loads under accident condi-
tions as necessary to prolong the period before battery
exhaustion.

3.1.9 Battery Recharging Under Station
Blackout Conditions

This strategy would provide a station procedure for charg-
ing the unit batteries under emergency conditions when the
installed battery chargers are not available. A portable,
engine-powered charger with a practical arrangement for
hookup to the dc power system would be made available
under this strategy to maintain power to the essential dc
loads. {These include emergency lighting, SRV remole-
manual operation, HPCI and RCIC controls, and the vital
ac bus loads supplied by a dc motor—ac generator combi-
nation.)

3.1.10 Replenish Pneumatic Supply for
Safety-Related Air-Operated
Components

This strategy involves preplanning for backup supplies of
control air (or nitrogen) under emergency conditions. In
this connection, the continued availability of control air at
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sufficient pressure to permit remote-manual SRV actuation
for reactor vessel depressurization is of particular impor-
tance. Accident sequence analyses for loss of control air
based upon the Browns Ferry Plant are provided in Ref. 15.

3.1.11 Bypass or Setpoint Adjustment for
Diesel Generator Protective Trips

This strategy is to enable continued operation of the emer-
gency diesel generators by either overriding certain desig-
nated protective trips or by adjusting the trip setpoints.
(Automatic bypass of some protective trips is normally
provided during emergency diesel start.} Advance planning
for this strategy involves selection of the protective trips
suitable for bypass or adjustment by consideration of the
detailed design basis of each trip and the need for the
power supplied by the diesel generator under various acci-
dent conditions.

3.1.12 Emergency Crosstie of ac Power
Sources

The strategy would provide an emergency crosstie capabil-
ity between independent sources of ac power at a plant site.
Possible sources include equivalent ac systems at a multi-
unit site and gas-turbine generators where available.

3.1.13 Alternate Power Supply for Reactor
Vessel Injection

This strategy involves advance planning for the use of
emergency ac power from a mobile diesel generator or a
gas turbine generator to drive a CRDHS pump or other
appropriate pump for reactor vessel injection. While the
primary purpose of such a strategy would be for mitigation
of station blackout, an alternate ac generating unit for driv-
ing a CRDHS pump equipped for boron injection would
also be beneficial in accident sequences involving signifi-
cant core damage. (See Subsect. 3.1.16.)

3.1.14 Use of Diesel-Driven Fire Protection
System Pumps for Vessel Injection or
Containment Spray

Strategies to employ plant fire protection systems as
backup water sources for reactor vessel injection or con-
tainment spray are generally attractive because the dedi-
cated diesel-driven pumps are independent of the plant
internal ac system, the fire protection water sources are
typically unlimited or very large, and means to provide
cross-connection with the reactor vessel injection/
containment spray piping under emergency conditions are
typically relatively easy to install. Provision for cross-
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connection of the fire protection system is already in place
at several BWRs and could be accomplished at other plants
by a strategy based upon use of a temporary spool piece or
hose connection arrangement that could be implemented
quickly in emergency situations.

3.1.15 Regaining the Main Condenser as a
Heat Sink

For BWR accident sequences in which the power assaci-
ated with the steam flow leaving the reactor vessel exceeds
the capacity of the available pressure suppression pool
cooling equipment, it is obviously desirable to restore the
main condenser as heat sink. This is subject to the restric-
tions that the accident in progress does not involve a piping
break downstream of the main steam isolation valves
(MSIVs), that significant fuel damage and fission product
release have not accurred, and that main condenser vacuum
can be restored. The ability to invoke this strategy quickly
would be of particular value in dealing with an anticipated
transient without scram (ATWS) in which the MSIVs were
automatically tripped closed on a condition such as reactor
vessel low level that has subsequently cleared. If the isola-
tion signal remained in effect, however, then this strategy
would require procedures for bypassing the valve opening
interlocks.

It is emphasized that this strategy is not applicable to
severe accident situations in which significant fission pro-
duct release from fuel has occurred. The escape of fission
products from the reactor vessel through the MSIVs to the
main condenser would constitute bypass of the primary
containment.

3.1.16 Injection of Boron Under Accident
Conditions with Core Damage

For BWR accident sequences involving prolonged uncov-
ering of the core with inadequate steam cooling of the
uncovered region, severe accident calculations predict the
metallic structural components (control blades and channel
box walls) to melt and relocate downward while the
higher-melting fuel and zirconium oxide remnants of the
cladding remain in place, This raises the question of
recriticality should reactor vessel water injection capability
be restored after partial core degradation has occurred.

The BWR control blade neutron poison is B4C powder,
stored within the neutron absorber rods located within the
contrel blade sheaths. The early relocation of the control
blade structure is aggravated by the tendency of the B4C
powder to form a lower-melting-temperature mixture with
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the surrounding stainless steel of the absorber rods and
sheath. This effect has been experimentally observed.24

The candidate strategy for dealing with the early relocation
of control blades (should an accident progress into the
severe core damage phase) calls for advance planning to
ensure that proper concentrations of boron can be main-
tained in the reactor vessel to ensure reactor shutdown,
Application of this strategy is not limited to ATWS acci-
dent sequences; boron injection would be required in the
event of control blade relocation from the core region
regardless of the accident sequence.

Boron injection under accident conditions would normally
be accomplished by use of the standby liquid control sys-
tem (SLCS). This requires the availability of ac power, as
do most alternate boron injection methods that employ the
CRDHS or the reactor water cleanup (RWCU) system.
Advance planning for implementation of this strategy
should include consideration of means for boron injection
under station blackout conditions. For this purpose, this
strategy might employ the injection system (having an
alternate power supply) covered by the candidate strategy
described in Subsect. 3.1.13. This question of injection of
boron under accident conditions will be discussed in detail
in Chaps. 9 through 13,

3.2 BWR Owners Group EPGs

The BWR Owners Group EPGs!6 are generic to the
General Electric BWR plant designs with the exception
that they do not address systems for the control of hydro-
gen in the Mark III containment. They are intended to be
adapted for application to individual plants by the deletion
of irrelevant material and the substitution, where necessary,
of plant-specific information. The development of the
Emergency Operating Procedures (EOPs), based upon the
EPGs, for use at a particular plant is the responsibility of
the local plant management,

The current version of the EPGs is Revision 4, issued as
General Electric topical report NEDO-3133116 jn March
1987. The NRC has provided a Safety Evaluation Report2
(SER) for this Revision, finding it “generally acceptable
for implementation.” Nevertheless, in forwarding this SER,
the NRC staff has noted

We expect that the BWR Owners will continue to
improve the EPGs. Since the guidelines do not pro-
vide comprehensive severe accident mitigation
strategies, we expect the Owners to upgrade the
EPGs in parallel with resolution of severe accident
issues.



It is the purpose of this section to discuss the application of
the current version (Revision 4) of the EPGs to the domi-
nant BWR severe accident sequences defined in Sect. 2.2.

In considering the application of the EPGs to specific acci-
dent sequences, it is important to recognize that these
guidelines identify symptomatic operator actions. In other
words, given a symptom requiring entry into the emer-
gency procedures developed from these guidelines, it is
intended that the operators take action in response to the
symptom without any requirement to first diagnose the
cause. Their development has been based upon realistic
analyses, rather than upon licensing basis calculational
methods, and they consider utilization of all plant systems,
not just the safety systems. They are intended to address all
mechanistically possible abnormal plant conditions, with-
out consideration of the probability of the abnormal event
or condition.

The basic functional goal is to establish the prudent actions
to be taken by the operators in response to the symptoms
observed by them at any point in time, Once entry into the
EPGs has occurred, the operators are expected to take the
specified actions regardless of equipment design bases
limitations or licensing commitments. The guidelines use
multiple mitigation strategies where possible so that recov-
ery from an abnormal situation does not require successful
operation of any one system or component.

The EPGs are comprised of four Control Guidelines, each
with its own set of entry conditions: Reactor Vessel Con-
trol, Primary Containment Conirol, Secondary Contain-
ment Control, and Radioactivity Release Control. Because
the scope of this report is limited to consideration of the in-
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vessel accident management strategies, only the Reactor
Vessel Control Guideline plus that portion of the Primary
Containment Control Guideline that directly affects (via
feedback through the SRV interface) the in-vessel events
are discussed in this section.

3.2.1 Station Blackout

BWRs are well protected against core uncovering through
the provision of several diverse systems for the injection of
water into the reactor vessel. Furthermore, only a small
fraction of the normally available injection capacity is suf-
ficient to remove the decay heat and prevent the water
level from dropping below the top of the core in the event
of scram from full power. As an example, an average
injection of 225 gal/min (0.014 m3/s) will prevent core
uncovering (for a non-LOCA situation) at a plant the size
of Peach Bottom or Browns Ferry,!2 whereas the total
installed injection capacity (not counting backup systems)
is more than 50,000 gamin (3.155 m3/s).

Most of the installed reactor vessel injection capability at a
BWR plant is dependent upon the availability of ac power
as demonstrated by the example of Table 3.1. (In addition
to the pumping systems listed, the condensate/condensate
booster pumps are electric motor-driven and can be
employed for injection if the reactor vessel is depressur-
ized, using the feedwater pump bypass piping.) Even with
severely degraded availability of ac power, it is possible to
inject sufficient water into the reactor vessel to keep the
core covered. A demonstration of what can be done in a
degraded electrical power situation is provided by the
operator actions during the cable fire that occurred at the

Table 3.1 Reactor vessel injection system capacities
at the Browns Ferry Nuclear Plant

System Total capacity Pc_>wer Number of depre\gzsz'ezlation
(gal/min) requirement pumps required?

Residual heat removal 40,000 ac 4 Yes
(RHR)

Core spray 12,500 ac 4 Yes

Control rod drive 120-518 ac 2 No
hydraulic systema

Standby liquid control 56 ac 1 No
system (SLCS)?

High-pressure coolant 5,000 Steam turbine, 1 No
injection (HPCI) dc

Reactor core isolation 600 Steam turbine, 1 No
cooling (RCIC) dc

2 The injection rate is determined by operator actions taken 1o enhance the flow (see Table 3.1 of Rel. 12).
b Two SLCS pumps are installed, but system interlocks permil only one 10 be operated at a time.
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Browns Ferry Plant on March 22, 1975, invelving progres-
sive and multiple failures of electrical power to plant sys-
tems. 26

The reason that station blackout accident sequences are
consistently reported as dominant in BWR probabilistic
risk assessments (as discussed in Sect. 2.1) is simply that
loss of ac power eliminates most of the installed plant
pumping capability, leaving only the steam turbine-driven
systems. If these systems are operable (long-term station
blackout), then the core can be kept covered while de
power remains for turbine governor control. If, however,
these systems suffer independent failure (short-term station
blackout), then no reactor vessel injection capability
remains and the operators can cnly act to delay the onset of
core degradation while making every endeavor 10 restore
electric power. The operator actions specified by the EPGs
for these two cases of station blackout will now be
addressed.

3.2.1.1 Operator Actions for Short-Term Station
Blackout

This accident sequence would be initiated by loss of off-
site and on-site ac power combined with independent
failure of the steam turbine-driven reactor vessel injection
systems. Unfortunately, the demonstrated reliability of the
steam turbine systems is such that the shert-term version of
station blackout contributes a significant portion of the
overall station blackout risk.

For the ¢ase of independent mechanical failure of the steam
turbine systems, this accident sequence is identified as one
of “the more probable combinations of failures leading to
core damage” by the recent severe accident risk assessment
(NUREG-1150), For Grand Gulf {which does not have a
HPCI system (Table 2.4)], the sequence is summarized as
follows:

Loss of offsite power occurs followed by the suc-
cessful cycling of the safety relief valves (SRVs).
Onsite ac power fails because all three diesel genera-
tors fail to start and run as a result of either hardware
or common-cause faults. The loss of all ac power
(i.e., station blackout) results in the loss of all core
cooling systems [except for the reactor core isolation
cooling (RCIC) system] and all containment heat
removal systems, The RCIC system, which is ac
independent, independently fails to start and run. All
core cooling is lost, and core damage accurs in
approximately 1 hour after offsite power is lost.6

The actions that would be taken by the operators to cope
with the symptoms of this accident sequence, assuming
strict adherence with the EPGs, are described in the follow-
ing paragraphs.

NUREG/CR-5869

Entry to the Reactor Vessel Control Guideline would be
triggered by vessel pressure above the high-pressure scram
setpoint, vessel water level below the low-level scram set-
point, and drywell pressure above the high-drywell-
pressure scram setpoint. Each of these triggers is by itself
sufficient for entry; however, it is expected that all three
would occur in the order listed for short-term station
blackout. The high drywell pressure would be the result of
loss of the drywell coolers and the consequent heating and
expansion of the drywell atmosphere and would occur
maore quickly for the Mark I containment design than for
the larger Mark II and Mark III designs.

The operators would attempt to establish effective reactor
vessel injection; nevertheless, by the definition of this
accident sequence, these efforts would fail.

The operators would act to terminate the SRV cycling ini-
liated by the MSIV closure at the inception of the station
blackout. This would be accomplished by initiation of the
isolation condenser at plants so equipped (Table 2.4) and
by control of the SRVs in the remote-manual mode.
Operator control increases the pressure reduction per valve
opening and reduces the total number of valve actuations.
The operators would begin a controlted reactor vessel
depressurization, remaining within the reactor vessel
cooldown rate [~100°F/h (0.015 K/s)] allowed by the plant
Technical Specifications.

With no reactor vessel injection, these operator actions 1o
manually control pressure would to some exient hasten the
onset of core uncovering. (The timing of events for an
example accident sequence calculation based upon Peach
Bottom is discussed in Subsect. 2.2.1.1.) Recognizing that
the vessel water level cannot be maintained above the top
of the core, the operators would implement the plant EOP
developed from Contingency #1 of the EPGs, “Alternate
Level Control.” This contingency provides instructions for
use of alternate or low water-quality backup systems for
vessel injection, but again, the definition of this accident
sequence precludes success of this step.

When the reactor vessel water level dropped to the top of
the core and with no injection pump running, the operators
would be directed [Contingency #1 (Step C1-3.2)] to
implement the plant EQOP developed from Contingency #3,
“Steam Cooling.” For plants with isolation condensers, this
contingercy merely provides that the operators should
confirm that the isolation condenser has been placed in
operation. For plants without isolation condensers, or if the
isolation condenser is inoperable, then use of steam cooling
is specified. Briefly, the concept is to delay fuel heatup by
cooling the uncovered upper regions of the core by a rapid



flow of steam. Because the source of the steam is the
remaining inventory of water in the reactor vessel, how-
ever, the steam cooling maneuver can provide only a tem-

porary delay,

Steam cooling would be placed into effect when the reactor
vessel water level dropped to the “Minimum Zero-Injection
RPV Water Level.” In Revision 4 of the EPGs, this is
defined as the lowest vessel level at which the average
steam generation rate within the covered portion of the
core is sufficient to prevent the maximum clad temperature
in the uncovered region of the core from exceeding 1800°F
(1255 K). The Minimum Zero-Injection RPV Water Level
is plant-specific; the basis for its determination is described
in Appendix A of the EPGs, while the calculational proce-
dure for plant use is provided in the EPGs” Appendix C.

With the core partially uncovered and the vessel water
level decreased to the Minimum Zero-Injection RPV Water
Level, the operators would be directed [Contingency #3
(Step C3.1)] to enter the plant EOP developed from
Contingency #2, “Emergency RPV Depressurization.” This
directs the opening of all ADS valves. (The number of
valves assigned to the automatic depressurization system is
plant-specific, five at Peach Bottom.) This action provides
flashing of the water in the core region, providing the
desired temporary cooling of the uncovered region of the
core. If sufficient ADS valves cannot be opened, then use
of other SR Vs or other means of rapid vessel depressuriza-
tion is specified,

At this point, it is worthwhile to mention that the Minimum
Zero-Injection RPV Water Level, as calculated in accor-
dance with Appendix C of Revision 4 of the EPGs, pro-
vides that the emergency vessel depressurization would
occur much earlier than was the case with Revision 3. It
seems that the conservatisms built into the calculational
procedure to ensure that under no conditions would the
hottest point of the expased cladding exceed 1800°F

(1255 K) are such that the Minimum Zero-Injection RPV
Water Level, while plant-specific, is typically at about 71%
of core height. In other wards, only the upper 29% of the
care would be uncovered at the time the emergency vessel
depressurization is specified. It is easy to show that the
actual temperatare of the clad in the uncovered region
under station blackout conditions with the water level at
this height would be much less than 1800°F (1255 K) and
that the amount of steam cooling actually achieved would
therefore be insignificant, Revision 3 of the EPGs had pro-
vided that the emergency vesscl depressurization should
occur when water level indication was lost, which occurs at
about one-third core height (two-thirds of the core uncov-
ered). This matter is currently under review.2’

23

Status

The emergency depressurization causes all of the water in
the core region to be flashed and the reactor vessel water
level to fall beneath the core plate into the lower plenum.
(This occurs regardless of whether the vessel water level
triggering the action to open the ADS valves is that speci-
fied by EPGs Revision 3 or 4), With the depressurization,
reactor vessel water level indication would be lost and the
operalors would be directed [Contingency #2 (Step
C2-1.4)] to the plant EOP developed from Contingency #4,
“RPV Flooding.” This contingency is intended to provide
for adequate core cooling when vessel water level cannot
be determined and calls for injection by any available
means to fill the vessel until overflow into the main steam
lines. Once again, however, the definition of short-term sta-
tion blackout provides that no injection sysiems would be
available, and therefore the actions specified by this con-
tingency would be unsuccessful.

At this point, the remaining reaclor vessel water inventory
would be confined to the lower plenum, the core would be
completely uncovered and heating up, the vessel pressure
would be equalized with the containment pressure (through
the open ADS valves), and the operators would be continu-
ing to try to obtain vessel injection capability, by repairing
RCIC (or HPCI) or by restoring ac power. No additional
actions are specified by the EPGs should the accident
sequence proceed into the severe core damage phase. The
potential for additional mitigative actions is discussed in
Chap. 4 of this report.

A second significant way in which failure-upon-demand of
the steam turbine-driven injection systems might initiale
the short-term station blackout accident sequence is by a
common-mode failure of the dc battery systems. The
NUREG-1150 study identifies this as among the “more
probable combinations of failures leading to core damage”
for Peach Bottom, describing this version of the short-term
station blackout accident sequence as follows:

Loss of offsite power occurs followed by a subse-
quent failure of all onsite ac power. The diesel gen-
erators fail to start because of failure of all the vital
batteries. Without AC and DC power, all core
cooling systems (including HPCI and RCIC) and all
containment heat removal systems fail. Core damage
begins in approximately 1 hour as a result of coolant
boiloff,6

The ability of the operators to cope with this (battery fail-
ure) variation of short-term station blackout is less than for
the version with mechanical failure of HPCI and RCIC
because without battery power, the SRVs cannot be oper-
ated in the remote-manual mode; hence, the reactor vessel
could not be depressurized. It should be recalled, however,
that the susceptibility of Peach Bottom to initiation of this
accident sequence derives from the us¢ of the unit batteries
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for starting of the diesel generators. This starting arrange-
ment is plant-specific. For example, the diesel generators at
the Browns Ferry Plant each have their own starting bat-
tery, as indicated in Table 2.8,

Without the emergency reactor vessel depressurization
called for by the EPGs, water would remain above the core
plate during the early phase of relocation of core structural
materials (stainless steel and zirconium metal), As the relo-
cating molten metals fell into this water, the concomitant
steamn generation would fuel the zirconium oxidation reac-
tion in the uncovered region of the core. The associated
energy release would in turn accelerate the degradation of
the core structure. A comparison of the timing of events for
the short-term station blackout accident sequence with and
without emergency reactor vessel depressurization for an
example calculation based upon the Susquehanna plant is
provided in Table 2.6. Significant core damage occurs ear-
lier for the steam-rich environment created by the case
without ADS than for the steam-starved situation that
occurs when the emergency vessel depressurization speci-
fied by the EPGs is successful.

1t should be noted that the increased severity of this acci-
dent sequence with common-mode battery failure has con-
notations far beyond the acceleration of core damage in the
early phase. For example, the emergency lighting systems
within a plant depend upon battery power and, if the reac-
tor vessel were to remain pressurized at the time of bottom
head penetration failure, then a significant portion of the
core and structural debris would melt and spew into the
drywell with the vessel blowdown rather than slowly melt
(decay heat only, without chemical energy release) and run
out under the impetus of gravity.

3.2.1.2 Operator Actions for Long-Term Station
Blackout

This accident sequence provides much more opportunity
for recovery of ac power before the onset of core degrada-
tion than does the short-term case. This is because at least
one steam turbine-driven system (HPCI or RCIC) functions
1o keep the core covered for as long as dc power remains
available. The NUREG-1150 study includes two variations
of this accident sequence among the *“more probable com-
binations of failure leading to core damage” for Peach
Bottom:

L.oss of onsite and offsite ac power results in the loss
of all core cooling systems (except high-pressure
coolant injection (HPCI) and reactor core isolation
cooling (RCIC), both of which are ac independent in
the short term) and all containment heat removal sys-
tems. HPCI or RCIC (or both) systems function but
ulumately fail at approximately 10 hours because of
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battery depletion or other late failure modes (e.g.,
loss of room cooling effects). Core damage results in
approximately 13 hours as a result of coolant boiloff,

Loss of offsite power occurs followed by a subse-
quent failure of a safety relief valve to reclose. All
onsite ac power fails because the diesel generators
fail to start and run from a variety of faulis. The loss
of all a¢ power fails most of the core cooling sys-
tems and all the containment heat removal systems.
HPCI and RCIC (which are ac independent) are
available and either or both initially function but
ultimately fail at approximately 10 hours because of
battery depletion or other late fajlure modes (e.g.,
loss of room cooling effects). Core damage resulis in
10 to 13 hours as a result of coolant boiloff.6

NUREG-1150 also identifies one long-term sequence for
Grand Gulf [which does not have a HPCI system
(Table 2.4)]:

... loss of offsite power occurs and all three diesel
generators fail to start or run. The safety relief valves
cycle successfully and RCIC starts and maintains
proper coolant level within the reactor vessel.
However, ac power is not restored in these long-term
scenarios, and RCIC eventually fails because of high
turbine exhaust pressure, battery depletion, or other
long-term effects. Core damage occurs approxi-
mately 12 hours after offsite power is lost,

1t should be noted that all considered versions of this acci-
dent seguence predict core damage to occur only after 10h
or more. During this period, aggressive actions would be
taken by the plant operating staff to restore ac power. That
this accident sequence appears among the dominant
sequences leading to core damage is perhaps a testimony to
the low core damage frequency associated with most other
BWR accident sequences.

With the RCIC (or HPCI for plants so equipped) steam
turbine-driven reactor vessel injection available, the opera-
tors would stave off core uncovering until after battery
failure. The EPGs specify (Step RC/L-2) that the vessel
water level should be maintained between the low-level
and high-level scram setpoints and that the RCIC (or
HPCI) pump suction should be maintained on the conden-
sate storage tank. Furthermore, as specified by the EPGs
(Step RC/P3), the reactor vessel would be depressurized at
the rate [about 100°F/h (0.015 K/s)] allowed by the plant
Technical Specifications. Depressurization at this rate
would require ~2 h to reduce the vessel pressure to

140 psia (0,97 MPa).

During the controlled depressurization, it is probable that
the pressure suppression pool temperature would exceed
the “Heat Capacity Temperature Limit,” (There is no pres-
sure suppression pool cooling under station blackout



conditions.) The Heat Capacity Temperature Limit is
defined as the highest pressure suppression pool tempera-
ture for which a subsequent release to the pool associated
with reactor vessel depressurization would not cause either
the suppression chamber design temperature (for the Mark
M1 containment design) or the Primary Containment Pres-
sure Limit to be exceaded. The Heat Capacity Temperature
Limit is a function of reactor vessel pressure and is plant-
specific. [At the Browns Ferry Plant, for example, this limit
is 160°F (344 K) with the reactor vessel at 1100 psig

(7.69 MPa), 170°F (350 K) with the vessel at 600 psig
(4.24 MPa), and 189°F (360 K) with the vessel at 160 psig
{1.205 MPa).] The basis for the determination of the Heat
Capacity Temperature Limit is described in Appendix A of
the EPGs, while the calculational procedure for establish-
ing the plant-specific curve of suppression pool tempera-
ture vs reactor vessel pressure is provided in the EPGs’
Appendix C.

If the pressure suppression pool temperature does exceed
the Heat Capacity Temperature Limit as defined by the
plant-specific curve, then the EPGs require (Step RC/P-1)
that the rate of vessel depressurization be increased as nec-
essary 10 remain within the limits of the curve. This is to be
done even if it requires exceeding the cooldown rate
allowed by the plant Technical Specifications. (EPGs
Caution #6.)

When the installed capacity of the plant battery system
finally becomes exhausted in this accident sequence, there
are two important effects. First, reactor vessel injection
capability would be lost, and second, the SRVs, which
require dc power for actuation in the remote-manual mode,
could no longer be held open for reactor vessel depressur-
ization, Continued steam generation would increase the
reactor vessel pressure while water loss from the vessel
would be temporarily delayed until the automatic SRV
cycling on high vessel pressure was resumed.

In this accident sequence, the reactor vessel is depressur-
ized during the period, while dc power remains available,
then repressurizes after batiery power is lost. It is important
to recognize the benefit of the temporary depressurization,
Because reactor vessel injection is available, the reactor
vessel water level is kept in the normal range during the
period that the reactor vessel is depressurized. Then, when
battery power is lost, the level swell associated with the
heating of the vessel water inventory during repressuriza-
ticn ensures that when SRV cycling is resumed, the result-
ing boiloff of vessel inventory begins from a water level
much higher than normal. This, plus the time required for
vessel repressurization, significantly delays the uncovering
of the core.
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The events of this unmitigated long-term station blackout
accident sequence that would occur after the core becomes
uncovered are similar to the events of the short-term station
blackout sequence with common-made failure of batteries.
In the long-term sequence, however, these events are
greatly delayed, and their progression would be driven by a
decay heat approximately one-half the magnitude of that
for the short-term case.

With water remaining above the core plate during the relo-
cation of core structural materials (stainless steel and zir-
conium metal), the steam generated as the molten material
entered this water would provide a steam-rich environment
for the metal oxidation reactions in the uncovered region of
the core. The associated energy release would accelerate
the degradation of the core structure until core plate dryout,
when a steam-starved situation would exist in the core
region. Subsequent to core plate failure, however, move-
ment of heated material into the water remaining in the
reactor vessel lower plenum would again create a steam-
rich environment in the core region.

With the remaining reactor vessel water inventory limited
to the vessel lower plenum, with the core completely
uncovered, and with the reactor vessel at pressure, periodi-
cally discharging through the SRVs to the pressure sup-
pression pool, the operators would be attempting to restore
electrical power. If electrical power can be restored, the
EPG guidance with respect to injecting water into the reac-
tor vessel and reactor vessel depressurization can be fol-
lowed. Otherwise, the EPGs specify no additional actions
for this situation.” The potential for additional mitigative
actions is discussed in Chap. 4.

3.2.2 ATWS

ATWS accident sequences involve failure of the scram
function and, if not successfully brought under control, can
lead to a severe accident situation at BWR plants. These
accident sequences are characterized by an early threat to
containment integrity because the energy release from the
reactor vessel into the pressure suppression pool can
greatly exceed the capacity of the pool ¢cooling equipment.
Automatic recirculation pump trip reduces the reactor
power, and the operators can act to reduce power further by
initiating the injection of liguid neutron poison (a few
plants have automatic provision for this) and by manual
insertion of control blades.

‘T‘he guidance provided in EPG Contingency #4 (Step C4-1.3) regarding
entry to Contingency #6, “Primary Containment Flooding™ might be
construed as applicable in this case with Lhe reactor vessel at pressure
and one SRV cycling (but not continuously open). However, without
elecirical power the provisions of Contingency #6 could not be carried
out.
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There are several versions of ATWS, but the chief distinc-
tion is between ATWS accident sequences with the reactor
vessel isolated and ATWS accident sequences where the
MSIVs remain open (but the main turbine is tripped so that
steam [low into the main condenser is via the turbine
bypass valves). The recent severe accident risk assessment
(NUREG-1150}) identifies two variations of MSIV-closure
ATWS as among “the more probable combinations of
failures leading to core damage” for Peach Bottom,

Transient {¢.g., loss of feedwater) occurs followed
by a failure to trip the reactor because of mechanical
faults in the reactor protection system (RPS) and
closure of the main steam isolation valves (MSIVs).
The standby liquid control system (SLCS) does not
function (primarily because of operator failure 10
actuate), but the HPCI does start. However,
increased suppression pool temperatures fail the
HPCI. Low-pressure injection is unavailable and all
core cooling is lost. Core damage occurs in approxi-
mately 20 minules 10 several hours, depending on
the LPCT failure mode,

Transient occurs followed by a failure to scram
(mechanical faults in the RPS) and closure of the
MSIVs. SLCS is initiated but HPCI fails to function
because of random faults. The operator fails to
depressurize after HPCI failure and therefore the
low-pressure core cooling systems cannot inject.
Core damage occurs in approximately 15 minutes.$

The NUREG-1150 study also identifies one MSIV-closure
sequence as ‘“‘the most probable combination of failures
leading to core damage” within the general class of ATWS
sequences for Grand Gulf,

Transient-initiating event occurs followed by a fail-
ure to trip the reactor because of mechanical faults in
the reactor protection system (RPS). The standby
liquid control system (SL.CS) is not actuated and the
high-pressure core spray (HPCS) system fails to start
and run because of random hardware faults. The
reactor is not depressurized and therefore the low-
pressure core cooling system cannot inject. All core
cooling is lost; core damage occurs in approximately
20 to 30 minutes after the transient-initiating event
OCCIS.

It should, however, be recalled that by far the major portion
of the overall threat of core damage identified by the
NUREG-1150 study for Grand Gulf derives from station
blackout (97%), as indicated on Fig. 2.1.

The dominant ATWS sequences identified by the NUREG-
1150 study all include MSIV closure as an initiating event.
It is also important to note that core damage occurs only
after failure of adequate reactor vessel injection. If suffi-
cient water can be injected under ATWS conditions to
maintain a lower portion of the core critical, then the result-
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ing steam generation would provide adequate steam cool-
ing of the uncovered (subcritical) region. Severe core dam-
age occurs in an ATWS accident sequence only after injec-
tion has been lost with the subsequent core heatup under
the impetus of decay heat.

The control room operators would recognize the initiation
of an ATWS by the existence of a combination of scram
signals, continued indication of reactor power on the aver-
age power range monitors (APRMs), and continued indica-
tion that multiple control blades remained in their fully
withdrawn positions. (Control blade positions are promi-
nently displayed upon a large core mockup on the front
panel of the control room.) For a case in which the reactor
did not scram automatically in conjunction with an MSIV
closure event, entry into the Reactor Vessel Control Guide-
line of the EPGs would be triggered by vessel pressure
above the high pressure scram setpoint and “‘a condition
which requires reactor scram, and reactor power above
APRM downscale trip or cannot be determined.”!6 Either
of these triggers is by itself sufficient for entry; only the
second, however, is a unique signature of ATWS. The high
reactor vessel pressure would also cause tripping of the
recirculation pumps and initiation of the isolation con-
denser at plants so equipped (Table 2.4).

The Reactor Vessel Control Guideline calls for simultane-
ous efforts 10 control reactor vessel water level, vessel
pressure, and reactor power. Initial measures would be
taken to induce reactor shutdown by manual scram and by
repositioning of the reactor mode switch. (Typically, plac-
ing this switch in the SHUTDOWN position will provide a
diverse scram signal.) The alternate rod insertion (ARI)
system would be initiated, which vents the reactor scram
air header and closes the scram discharge volume vent and
drain valves. Each of these actions has the potential to
induce scram, but by the definition of this unmitigated
accident sequence, these efforts would not be successful.

With the MSIVs closed and the recirculation pumps trip-
ped, several SRVs would be continuously open (the
number depending on the reactor power) while one valve
cycled open and closed. In accordance with Step RC/P-1 of
the EPGs, the operators would attempt to terminate the
valve cycling by taking remote-manual control of the SRVs
and reducing reactor vessel pressure,

Attempts to reduce reactor vessel pressure by manual SRV
actuation under ATWS conditions would be extremely dif-
ficult. 13 If the operator attempted to open a valve that was
already open, nothing would happen. If the operator
opened a previously closed valve, the reactor vessel pres-
sure would only drop slightly until one of the previously



open valves went shut. Thus, there would be only a negli-
gible response to operator SRV control until the operator
had manually opened as many valves as had previously
been automatically open. Upon manual opening of the next
valve (the valve previously cycling, now to be held
continuously open), however, vessel pressure would
rapidly decrease because of the power reduction (caused by
increasing voids) occurring while several relief valves
remained manually held open. The operator would have to
be extremely quick to avert a complete vessel depressuriza-
tion by closing the SR Vs in this situation, thereby causing
a rapid vessel repressurization as void collapse increased
reactor power. Under these rapidly changing conditions
involving power and pressure oscillations, it could not be
claimed that the operator had control of reactor vessel pres-
sure.

If the main condenser is available and there has been no
indication of gross fuel failures or of a main steam line
break, then the EPGs direct action to open the MSIVs and
establish the main condenser as a heat sink. If this maneu-
ver were successful, steam flow into the main condenser
would be via the turbine bypass valves. Typically, these
bypass valves can pass about 25% of the normal full-power
steam flow from the reactor vessel. Therefore, the steam
flow into the pressure suppression pool and the pool heawup
rate would be greatly reduced. By the definition of this
dominant severe accident sequence, however, this maneu-
ver would not be successful.

Implementation of all available pressure suppression pool
cooling is directed by the primary containment control
guideline of the EPGs (Step SP/T-1),

Initiation of the standby liquid control system (SLCS) to
inject liguid neutron poison (sodium pentaborate solution)
into the reactor vessel is directed by the EPGs “before sup-
pression pocl temperature reaches the Boron Injection
Initiation Temperature” (Step RC/Q-6). Simultaneous
action to manually drive the control blades into the core is
also directed (Step RC/Q-7). Several backup methods are
specified for each endeavor should the primary means of
accomplishment fail.

The Boron Injection Initiation Temperature is defined by
the EPGs to be the greater of the pressure suppression pool
temperature at which scram is required by the plant Techni-
cal Specifications or the pool temperature at which SLCS
initiation would result in reactor (hot) shutdown under
ATWS conditions before the Heat Capacity Temperature
Limit is exceeded. It should be recalled that if the pool
temperature exceeds the Heat Capacity Temperature Limit,
then rapid depressurization of the reactor vessel is required
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by the EPGs; clearly the intent here is to avoid a require-
ment for rapid depressurization of a critical reactor by
achieving hot shutdown before the pool temperature
reached the limit. In some plants, however, this may not be
possible, and the only way to avoid a rapid
depressurization with the reactor critical would be to
impose a higher Heat Capacity Temperature Limit under
ATWS conditions. This is a subject undergoing current
review.28

Instructions for control of reactor vessel water level under
ATWS conditions are provided by Contingency 5 “Level/
Power Control” of the EPGs. With the reactor remaining at
power while sodium pentaborate solution is being injected,
Step C5-2 of this contingency directs that the reactor vessel
water level should be lowered to the top of the core.
[Operation of the Automatic Depressurization System
(ADS) while the water level is reduced is to be manually
prevented.] Water level reduction is accomplished by
restricting injection to the relatively small amounts pro-
vided by the boron injection system and the CRDHS. Once
the water level has been reduced, it is to be maintained (by
a controlled increased injection rate) within a range
between the top of the core and a Minimum Steam Cooling
RPV Walter Level, which (employing several very con-
servative assumptions) ensures adequate cooling of a
partially uncovered core.

Once the Hot Shutdown Boron Weight has been injected
into the reactor vessel, the EPGs specify that the vessel
water level should be restored to the normal range. Raising
the vessel water level of course implies increased flow at
the core inlet; this is intended to sweep the sodium pcnta-
borate solution from the lower plenum up into the core
region.

The strategy provided by the EPGs for dealing with an
MSIV-closure ATWS can be summarized as follows: ini-
tiate injection of sodium pentaborate solution and lower the
reactor vessel water level to the vicinity of the top of the
core; when sufficient boron has been injected to achieve
hot shutdown, restore the vessel level to the normal range.
These actions should terminate the accident sequence
without core damage. The principal challenge to this
desired conclusion is that the operator actions undertaken
while attempting to achieve the pressure control directed
by the EPGs might unintentionally create an unstable situa-
tion.

If, however, all means of injection of sodium pentaborate
solution into the reactor vessel fail, then temporary, partial
measures to reduce core power such as lowering the reactor
vessel water level can only delay the progression of events
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into a severe accident. Manual control blade insertion can
bring about permanent reactor shutdown, but this is a very
slow process. Failure of the boron injection systems is a
premise of the ATWS accident sequences leading to severe
core damage identified by NUREG-1150. (The one excep-
tion involves early total loss of injection.)
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Severe care damage resulting from ATWS occurs because
the reactor vessel injection systems become failed and suf-
ficient water cannot be kept in the core region. This is
identical to the way in which core damage would occur for
station blackout Core damage and relocation of molten
materials in BWR. severe accident sequences would be
driven by the impetus of decay heat. The guidance pro-
vided by the EPGs leaves the operator making every effort
to restore reactor vessel injection.



4 Potential for Enhancement of Current BWR Strategies

S. A, Hodge

This chapter provides a discussion of the extent to which
the candidate accident management strategies identified by
the report “Assessment of Candidate Accident Manage-
ment Strategies” (NUREG/CR-5474)17 are currently
incorporated within the BWR Emergency Procedure
Guidelines {(EPGs).16 The potential for enhancement of the
current strategies for application to situations involving
severe core damage is also addressed. The purpose here is
to identify the general accident management areas in which
enhancement seems to be warranted.

4.1 Incorporation of Candidate
Accident Management Strategies

Several of the candidate boiling water reactor (BWR) acci-
dent management strategies described in Sect. 3.1 are cur-
rently addressed in the BWR EPGs. It should be recalled,
however, that these guidelines are generic Lo the several
BWR plant designs and are intended to be adapted for
application to individual plants as necessary to incorporate
plant-specific considerations. Therefore, the EPGs do not
provide detailed information as to how the strategies
should be carried out. Because many of the strategies
involve complicated actions not normally performed by the
plant operating staff, effective implementation at a BWR
facility cannot be accomplished without advance planning
for use of the strategies, including preparation of detailed
procedures and operator training.

The BWR accident management strategies described in
Sect. 3.1 that are included in the guidelines of Revision 4
of the EPGs would be invoked at some point in either the
station blackout or ATWS severe accident sequences. The
application of these strategies is described in the following
paragraphs, in the order in which these strategies are
addressed in Sect. 3.1.

1. Alternate sources for reactor vessel injection

(Sect. 3.1.3). Contingency #1 “Alternate Level Control” of
the EPGs differentiates between “injection subsystems”
and “alternate injection subsystems.” The alternate injec-
tion subsystems are defined as systems and system inter-
connections capable of injecting water into the reactor ves-
sel but not normally utilized for this purpose because of
low waler quality, the relative difficulty of establishing the
injection line-up, or because the line-up is not permitted
during normal plant operation. Several candidate alternate
injection systems [residual heat removal (RHR) service
waler crosstie, fire system, etc.}] are suggested, but the
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identification of the systems for a particutar plant is left 10
be accomplished with the generation of the plant-specific
Emergency Operating Procedures (EOPs).

Contingency #1 provides guidance for reactor vessel water
level control whenever the operators have concluded that
the water level cannot be maintained above the top of the
care using the normal water level control section of the
Reactor Vessel Control Guideline. {This would occur in the
station blackout accident sequences.) Step RC/L-2 permits
(but does not require) use of the alternate injection systems
and, if the water level cannot be maintained above the top
of the core, directs the operators to enter the procedure
developed from Contingency #1. Steps C1-2 through C14
then direct that the alternate systems be lined up, started,
and employed for injection, if the preferred injection sys-
tems are not available.

For the special case of ATWS, reactor vessel level control
is specified by Contingency #5, “Level/Power Control.”
Use of the alternate injection systems is specified at Step
C5-3.2, provided that adequate level control cannot be
achieved with the preferred systems.

If reactor vessel water level cannot be determined, then
directions for vessel injection are taken from Contingency
#4, “RPYV Flooding.” (The vessel is filled until the main
steam lines are flooded or, for the case of ATWS, the core
is adequately cooled by submergence and steam cooling.)
Use of the alternate injection systems is specified at Step
C4-1.3, if the preferred injection systems are not available.

2. Maintain pump suction upon the condensate system
(Sect. 3.1.4). This strategy is implemented within the EPGs
by specific direction for “suction from the condensate stor-
age tank, defeating high suppression pool water level suc-
tion transfer logic if necessary” for every case where injec-
tion by the high-pressure coolant injection (HPCT) or reac-
tor core isolaticn cooling {RCIC )systems is specified.

3. Operator override of injection pump trips

(Sect. 3.1.5). In cases where reactor vessel water level can-
not be adequately controlled by use of the preferred injec-
tion systems, use of pumps “irrespective of pump NPSH
and vortex limits” is specified in Contingencies #1
{Alternate Level Control), #4 (RPV Flooding), and #5
(Level/Power Control). Although this does not strictly fall
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under the category of “override of injection pump trips,” it
does provide clear guidance for the use of injection systems
beyond their normal design limits when required.

Contingency #4 (RPV Flooding) specifies “defeating high
RPV water level isolation interlocks if necessary” in Step
C4-3.1 for use of high-pressure core spray (HPCS) and in
Steps C41.3 and C4-3.1 for the motor-driven feedwater
pumps. It should be recalled that this contingency is appli-
cable for situations where reactor vessel water level cannot
be determined. Specific gnidance for override of high-level
isolation interlocks if necessary is provided in recognition
that the loss of water level indication that caused entry into
this contingency may be due to instrument failure (off-
scale high).

4, Maintain reactor core isolation cooling system avail-
ability (Sect. 3.1.6). Defeat of the low reactor vessel pres-
sure RCIC system isolation interlocks, if necessary, is
directed for every case where injection with this system is
specified by the EPGs. In addition, the attention of the
operators is directed to Caution #2, which wams of unsta-
ble system operation and equipment damage if the turbine
is operated at speeds below the minimum recommended by
the vendor, and to Caution #3, which warns that elevated
suppression chamber pressure may cause RCIC turbine trip
on high exhaust pressure. However, guidance to override
this high exhaust pressure trip is not provided.

5. Use of control rod drive hydraulic pumps for decay
heat removal (Sect. 3.1.7). The control rod drive hydraulic
system (CRDHS) is listed among the preferred reactor ves-
sel injection systems in the water level control guidelines
(Step RC/L-2), in Contingency #4 “RPV Flooding” (Steps
C4-1 and C4-3) and in Contingency #5 “Level/Power
Control” (Step C5-3). However, the EPGs do not provide
information with respect to the potential for operator
actions to increase the injecticn rate that can be provided
by this system.

6. Replenish safety-related air-operated components
pneumatic supply (Sect. 3.1.10). When controlled reactor
vessel depressurization is initiated in accordance with the
EPGs at Step RC/P-3, the following direction is included as
part of this step:

If one or more SRVs are being used to depressurize
the RPV and the continuous SRV pneumatic supply
1$ or becomes unavailable, depressurize with sus-
tained SRV opening.

The rationale for this guidance is provided in Sect. 6 of
Appendix B of the EPGs as follows:
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Sustained SRV opening conserves accumulator pres-
sure when the source of pressure to the SRV pneu-
matic supply system is isolated or otherwise out of
service. Such action prolongs SRV availability
should more degraded plant conditions later require
SRVs be opened for rapid depressurization of the
RPV.

The term “continuous” encompasses any backup or
alternate means of pressurizing the SRV pneumatic
supply system in addition to the permanent (e.g.,
normal) SRV pneumatic source.

The EPGs also note in Step RC/P-2 that reactor vessel
pressure control during the period before controlled
depressurization is required can be augmented by several
means, including remote-manual actuation of the
safety/relief valves (SRVs). This, however, is subject to the
provise that the valve control switches must be placed in
the positicn that signals valve closing if the continuous
pneumatic supply is or becomes unavailable. Appendix B,
Sect. 6 of the EPGs provides the following basis for this
proviso:

Loss of the continuous pneumatic supply to the

SR Vs limits the number of times that an SRV can be
cycled manually since pneumatic pressure is
required for this mode of valve operation. Even
though the SRV accumulators contain a reserve
pneumatic supply, leakage through in-line valves,
fittings and actuators may deplete the reserve capac-
ity. Thus, subsequent 1o the loss of the continuous
SRV pneumatic supply, there is no assurance as to
the number of SRV operating cycles remaining. For
these reasons, if SRVYs must be used to augment
RPV pressure control and if the continuous SRV
pneumatic supply is or becomes unavailable, the
valve should be closed to limit the number of ¢cycles
on the valve and conserve pneumatic pressuré so
that, if emergency RPV depressurization is sub-
sequently required, the valve will be available for
this purpose. If other pressure control systems are
not capable of maintaining RPV pressure below the
lowest SRV lifting pressure, SRVs will still open
when the lifting pressure is reached.

7. Use of diesel-driven fire protection system pumps for
vessel injection or containment sprays (Sect. 3.1.14),
The EPGs include the “Fire system” among the suggested
alternate reactor vessel injection systems listed in the water
level control guidelines (Step RC/L-2), in Contingency #1
“Alternate Level Control,” in Contingency #4, “RPV
Flooding,” and in Contingency #5, “Level/Power Control,”
which would be invoked for ATWS accident sequences.
The EPGs do not indicate any particular power source for
this system. It is the responsibility of the individual plant
developing the local EOPs from the guidance provided by



the EPGs (o identify the alternate injection systems appro-
priate for that plant.

8. Regaining the main condenser as a heat sink

(Sect. 3.1.15). Step RC/P-1 of the EPG reactor vessel con-
trol guideline directs that if boron injection is required, the
main condenser is available, and there has been no indica-
tion of gross fuel failure or steam line break, then the main
steam isolation valves (MSIVs) should be opened to
establish the main condenser as a heat sink. In addition, it
is specified that bypass of the pneumatic system and low
reactor vessel water level MSIV closure interlocks should
be performed if necessary to accomplish this step.

Clearly, this action is intended to be taken in response to an
ATWS situation. The rationale for opening the MS1Vs
after they have tripped shut under accident conditions is
provided in Sect. 6 of Appendix B of the EPGs, as follows:

To stabilize and control RPV pressure, the reactor
steam generation rate must remain within the capac-
ity of systems designed to remove the steam from
the RPV. With the reactor not shutdown, the amount
of steam that may have to be released to effect RPV
pressure control could be substantial. If this total
heat energy is discharged to the suppression pool,
the Heat Capacity Temperature Limit could be
reached in a very short time. Therefore, utilization of
the main condenser as a heat sink for this energy is
of sufficient importance to warrant opening the
MSIVs even if the valves have automatically closed.
Such action may be the principal contributor to suc-
cessful mitigation of a failure-to-scram condition.

This override permits bypassing the low RPV water
level portion of the MSIYV isolation logic. Other
MSIV isolation interlocks (i.e., main steam line high
radiation) are not bypassed because they provide
automatic protection for conditions where reopening
the MSIVs is not appropriate, In addition, this over-
ride authorizes bypassing any interlocks which
inhibit restoration of the pneumatic supply to the
MSIV actuators since accumulator pressure alone
may not be sufficient o open and hold open the
MSIVs,

MSIVs may be reopened if all of the following conditions
exist:

* Boron injection is required. This condition is described
in Step RC/Q6 as “... the reactor cannot be shutdown
before suppression pool temperature reaches the Boron
Injection Initiation Temperature ...”

* The main condenser is available. The only reason for
opening the MSIVs is to utilize the main condenser as
the heat sink.
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¢ There is no indication of “gross” fuel failure. Opening
the MSIVs with failed fuel could result in a significant
release of fission products to the environment. The
means for detecting fuel failure are plant unique, and
thus no further details are specified in this override.
“Gross™ fuel failure is specified to distinguish from
small cladding leaks. The judgement is subjective,
based on operator assessment of available indications. If
it is concluded that no gross fuel failure exists but in
actuality core damage has occurred, high radiation
should be detected when the MSIVs are opened and the
MSIV isolation logic should aytomatically reclose the
valves. It is for this reason that bypassing the high
radiation portion of the MSIYV isolation logic is not
authorized.

e There is no indication of a stcam line break. Opening
MSIVs with a break in the downstream piping could
result in an uncontrolled loss of reactor coolant inven-
tory, release fission products to the environment, and
cause personnel injury or significant damage to plant
equipment. It is difficult, however, to determine
whether a steam line break exists with the MSIVs
closed, other than by visual inspection of system piping.
Ef there is reasonable assurance that no break existed
before MSIV closure (i.e., there were no indications of
high steam flow, high area temperatures, etc.), an opera-
tor may conclude that no break developed subsequent to
valve closure. Still, the judgement is subjective, based
on an operator's assessment of all available indications.
If it is concluded that no steam line break exists but, in
actuality, one does exist, high steam line flow and high
steam tunnel temperature should be detected when the
MSIVs are opened and the MSIV isolation logic should
automatically reclose the valves. It is for this reason that
bypassing the high steam flow or high steam tunnel
temperature portions of the MSIV isolation logic is not
authorized.

4.2 Candidate Strategies Not Currently
Addressed

The following candidate BWR accident management
strategies identified by the NUREG/CR-5474 report!” and
briefly described in Sect. 3.1 are not represented within the
guidelines of Revision 4 of the EPGs:

1. Maintaining the condensate storage tank as an injec-
tion source (Sect. 3.1.2)

2. Load-shedding (o conserve battery power (Sect. 3.1.8)

3. Battery recharging under station blackout conditions
(Sect. 3.1.9)

4, Bypass or selpoint adjustment for diesel gencrator pro-
tective trips (Sect. 3.1.11)

5. Emergency crosstie of ac power sources (Sect. 3.1.12)
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6  Aliemate power supply for reactor vessel injection
(Sect. 3.1.13)

7. Injection of boron under accident conditions (Sect.
3.1.16)

The candidate strategy for coping with an interfacing sys-
tems LOCA briefly discussed in Sect. 3.1.1 is primarily
associated with the Secondary Containment Control
Guideline of the EPGs and, being outside the scope of this
report, will not be addressed further here.

Identification of the strategies listed as items 1-7 above as
not being included within the EPGs is not intended to
imply that they should all be so included. Of these seven
items, one has to do with refilling the condensate storage
tank, and five have to do with the electric power distribu-
tion sysiem, all highly dependent upon plant-specific
arrangements. Therefore, implementation of these six items
within the plant EOPs (rather than the generic EPGs) is
probably a more practical approach.

The seventh item, however, has to do with the injection of
boron under severe accident conditions where the control
blades have melted and relocated from the core, the fuel
remains in a critical configuration, and reactor vessel injec-
tion capability has been restored. This item does have
generic applicability to unmitigated BWR accident
sequences and therefore is appropriate for inclusion either
as an extension of the EPGs or as part of a separate set of
procedures providing generic guidance for severe accident
applications.

4.3 Management of BWR Severe
Accident Sequences

As indicated in Sect. 3.2, the EPGs do not provide mitiga-
tion strategies proposing actions in response to the symp-
toms created by events that would occur only after the
enset of significant core damage. As demonstrated for the
station blackout and ATWS severe accident sequences, the
final guidance to the operators should the accident proceed
into the severe core damage phase and beyond is to restore
injection to the reactor vessel by any means possible and to
maintain the vessel depressurized. While these are
certainly important endeavors, it seems that additional
advance planning for coping with severe accident
situations will suggest additional guidance for the core
damage phase and beyond.
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It is not within the scope of this chapter to propose specific
new accident management strategies or enhancements. The
purpose here has been to examine the current status of the
accident management strategies provided by the EPGs and
the candidate accident management strategies proposed for
BWR applications by the NUREG/CR-5474 report!? and
to indicate the general accident management areas in which
enhancement seems to be warranted for in-vessel events.
Although several questions remain with respect to the
overall response to the ATWS accident sequence, most of
the potential benefit that could be attained by enhancement
of the existing strategies lies in the realm of severe
accident management, for the extremely unlikely, but
possible, events associated with significant core damage
and structural relocation,

Potential areas for enhancement include removal of the rod
sequence control system to facilitate the manual insertion
of control blades under ATWS conditions, advance plan-
ning for the use of the available instrumentation under sta-
tion blackout conditions (including afier-loss of dc power),
advance consideration of the status of emergency lighting
and the plant security system for all loss-of-power situa-
tons, and the provision of measures to maintain the reactor
vessel depressurized without dc power and without a
pneumatic source.

For coping with events beyond severe core damage, mea-
sures to ensure boron injection capability after control
blade relocation have already been suggested by
NUREG/CR-5474 (and summarized in Sect. 3.1.16).
Clearly, means for the operating staff to determine the sta-
tus of the in-vessel structures would be beneficial in severe
accident situations, and the reactor vessel thermocouples
might provide useful information in this regard. Should
core and structural material relocate into the reactor vessel
lower plenum inducing boiloff of all water remaining
there, flooding of the primary containment and the
presence of waler surrounding the vessel might provide
sufficient cooling of the vessel bottom head to maintain the
core and structural debris in-vessel. (Primary containment
flooding is already treated by Contingency #6 of the EPGs,
but the concept is for LOCA situations where the water
within the containment could enter the reactor vessel
through the break.)

These ideas and other severe accident mitigation concepts
to be developed for in-vessel applications will be addressed
in the following chapters.



5 BWR Severe Accident Vulnerabilities

S. A. Hodge

It is a major purpose of the current study to propose candi-
date accident management strategies to mitigate the effects
of in-vessel events during the late phase (after core degra-
dation) of a boiling water reactor (BWR) severe accident
sequence. In pursuing this goal, it is logical to first review
the susceptibilities of the BWR to the challenges imposed
under accident conditions. This chapter provides a brief
summary of the recent results of probabilistic risk assess-
ment (PRA), the challenges imposed by the dominant acci-
dent sequences, and the importance of plant-specific con-
siderations in assessing accident sequence events.

5.1 Lessons of PRA

The station blackout accident sequence has consistently
been identified as the leading contributor to the calculated
care damage frequency in recent PRAs for plants of the
BWR design. As described in Sect. 2.1, the recent Nuclear
Regulatory Commission (NRC)-sponsored assessment of
severe accident risks (NUREG-1150)8 provides the esti-
mates that 47% of the risk of core damage (interally initi-
ated accidents) for Peach Bottom and 97% of the core
damage risk for Grand Gulf is attributable to station black-
out. Other recent PRAs based upon Limerick!9 and
Susquehanna2? have similar findings, with 42% and 62%,
respectively, of the overall core damage frequency for
these BWR plants calculated to derive from station
blackout.

BWRs are well protected against core damage because
they have redundant reactor vessel injection systems to
keep the core covered with water. [Fuel damage cannot
occur in covered regions of the core, even for anticipated
transient without scram (ATWS) sequences.!3] The reason
that station blackout is the leading contributor to BWR
core damage frequency is simply that the majority of the
reactor vessel injection systems are dependent upon the
availability of ac power and BWRs are vulnerable Lo loss
of injection,

Other dominant core damage accident sequences also
involve failure of reactor vessel injection, because the core
must be at least partially uncovered for structural degrada-
tion and melting to occur. The manner in which the injec-
tion systems are lost for the dominant severe accident
sequences is briefly reviewed in the following sections,

5.2 Station Blackout

Station blackout is the accident sequence initiated by loss
of off-site power and the associated scram and closure of
the main steam isolation valves (MSIVs) combined with
failure of the station diesels (and gas turbines, if applica-
ble) to start and load. Therefore, by the definition of the
accident initiating events, all electric-motor-driven reactor
vessel injection systems become unavailable at the incep-
tion of the accident sequence.

Most of the 37 operating BWR facilities in the United
States are protected against loss of the moter-driven reactor
vessel injection systems by having steam turbine-driven
reactor core isolation cooling {(RCIC) and high-pressure
coolant injection (HPCI) systems. These injection systems
take steam from the isolated reactor vessel, passing the tur-
bine exhaust to the pressure suppression pool and pumping
replacement water into the vessel. The newer plants of the
BWR-5 (four U.S. units) and BWR-6 (four U.S. units})
design have only one steam turbine-driven injection sys-
tem, the RCIC. Three of the oldest facilities (the two
BWR-2 plants and one of the BWR-3 plants) have neither
RCIC nor HPCI, but instead rely upon an isolation con-
denser for station blackout protection. This emergency core
cooling system employs natural circulation through the
elevated isolation condenser tubes Lo remove decay heat
from the reactor vessel in the event that electrical power is
unavailable. The shell volume (vented to the atmosphere)
of the condenser contains a water volume that boils away
to remove the heat transferred from the reactor. The shell
water volume is sufficient to provide ~30 min of core cool-
ing without the addition of makeup water (which is taken
from the firemain system or from the condensate transfer
system),

As in other accident sequences, core degradation occurs in
station blackout only after reactor vessel injection capabil-
ity is lost. Because the RCIC and HPCI systems rely upon
dc power for valve operation and turbine governor control,
these systems will be lost if ac power is not restored before
the unit batteries become exhausted. In the accident classi-
fication methodology adopted for the recent severe acci-
dent risks study (NUREG-1150), this form of the severe
accident sequence initiated by loss of off-site and on-site
ac power is classified as “long-term station blackout,”
because a significant period of time (typically 6 to 8 h)
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would elapse before battery exhaustion caused loss of
reactor vessel injection capability.

The second form of the severe accident sequence associ-
ated with loss of all ac power is termed “‘short-term station
blackout” because, for this sequence, the RCIC (and HPCI,
for plants so equipped) system fails to start upon demand.
This might occur because of turbine mechanical faiture or,
less probably, by common-mode failure of the dc battery
systems at the inception of the accident. (Failure of the bat-
teries as an initiating event would also preclude starting of
the diesel-generators upon loss of off-site power.)

The relative probabilities of the long-term and short-term
versions of the station blackout accident sequence depend
upon the plant-specific configuration of the battery systems
(some plants have independent starting batteries for the
diesels) and whether the plant has one or two steam tur-
bine-driven injection systems. Additional descriplion of the
station blackout accident sequences is provided in

Sect. 2.2.1. The main points to be made here are that reac-
tor vessel injection capability is lost at the inception of the
accident sequence for short-term station blackout, but is
retained until the unit batteries become exhausted
(typically 6 to 8 h later) for long-term station blackout.
Core degradation follows the uncovering of the core,
which occurs as the vessel water inventory is boiled away
without replacement.

5.3 Anticipated Transient Without
Scram

ATWS is the accident sequence initiated by a complete
failure of control rod insertion following a transient event
for which the plant protection system normally provides a
scram. The ATWS initiated by a transient event that causes
closure of the MSIVs is the most severe of this class of
accident sequences, (Other types of ATWS are discussed in
Chap. 2 of Ref, 13.) With the MSIVs closed, almost all of
the steam exiting the reactor vessel would be passed
through the safety/relief valves (SRVs) into the pressure
suppression pool. (The remainder would be used to drive
the HPCI or RCIC turbines during their periods of opera-
tion and then enter the pressure suppression pool as turbine
exhaust.) Because the rate of energy deposition into the
pool can greatly exceed the capacity of the pool cooling
equipment, excessive pool temperatures leading to primary
containment failure by overpressurization is of major con-
cern daring ATWS accident sequences. (A more detailed
description of the ATWS accident sequence for BWRs is
provided in Sect 2.2.2 and in Ref. 13.)
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As discussed in Sect. 5.1, all recent BWR PRASs have iden-
tified station blackout as the leading contributor to the
overall risk of core melt (internally initiated accidents). It
is now important to note that in every PRA cited,6:19:20 the
ATWS accident sequence {(initiated by MSIV closure) is
identified as second in order to station blackout, contribut-
ing 42% of the overall calculated risk for Peach Bottom,
3% for Grand Gulf, 28% for Limerick, and 32% of the cal-
culated Susquehanna risk.

For the ATWS accident sequences, as for all other BWR
severe accident sequences, core degradation can occur only
after failure of adequate reactor vessel injection. If suffi-
cient water were injected under ATWS conditions to main-
tain a lower portion of the core critical, then the resulting
steam generation would be sufficient to provide adequate
steam cooling of the uncovered (subcritical) upper region
of the core. Structural degradation and melting would
occur in an ATWS severe accident sequence only after
reactor vessel injection had been lost, with the subsequent
heatup of the uncovered core under the impetus of decay
heating.

Reactor vessel injection capability would be lost in an
unmitigatred ATWS accident sequence because of events
occurring in the overheated and pressurized primary con-
tainment. One way that this could happen is that the pri-
mary containment structure might actually lose its integrity
by overpressure; the concomitant release of steam into the
secondary containment (the surrounding reactor building)
might then cause failure of essential reactor vessel
injection system components (control panels,
switchboards) located therein, However, it is not necessary
for the primary containment pressure boundary to fail in
order to lose reactor vessel injection capability under
ATWS conditions.

Most reactor vessel injection systems are low-pressure
systems, requiring that the reactor vessel be depressurized
for successful fulfillment of their functions. By its very
nature, with the core at power while the MSIVs are closed,
the dominant form of the ATWS accident sequence tends
to maintain the reactor vessel at pressures somewhat higher
than normal (sufficient for stcam release through the
SRVs).

The steam turbine-driven HPCI and RCIC systems are
capable of high-pressure injection but are susceptible to
elevated pressure suppression pool temperatures when
taking suction from this source because their lubricating oil
is cooled by the water being pumped, In addition, both of



these systems have high turbine exhaust pressure trips so
that high primary containment pressure can cause their
failure. Steam-driven feedwater pumps would be lost at the
inception of the accident sequence when MSIV closure
cuts off their steam supply.

For Peach Bottom, which has both HPCI and RCIC, the
recent NRC-sponsored study of severe accident risks®
found that loss of reactor vessel injection capability for
ATWS would be caused by MSIV closure (loss of feed-
water) combined with either random faults for the turbine-
driven systems or failure induced for these systems by
high-pressure suppression pool temperature.

The Grand Gulf Plant has an ¢lectric-motor-driven high-
pressure core spray (HPCS) system in lieu of HPCI, Here
the NUREG-1150 study found that loss of reactor vessel
injection would occur, for the dominant form of ATWS,
because the HPCS “system fails to start and run because of
random hardware faults. The reactor is not depressurized
and therefore the low-pressure cooling systems cannot
inject.”

5.4 Other Important Accident
Sequences

Review of the PRA results demonstrates conclusively that
the BWR is vulnerable only to loss of reactor vessel injec-
tion and that the postulated accident sequence scenarios
leading to core damage always include means for failure of
function of the vessel injection systems. As defined, the
various severe accident sequences involve different path-
ways to and timing of loss of vessel injection capability,
but, in every case, the core must become uncovered before
core damage can occur,

An example of an alternate pathway Lo loss of reactor ves-
sel injection capability is provided by the accident
sequence identified as third in order of calculated fre-
quency leading to core melt for Peach Botlom by the
NUREG-1150 risk assessment.® This is a medium-size
LOCA, which is estimated to provide ~6% of the overall
mean core damage frequency. For this accident sequence,
injection by the smaller [600-gal/min (0.038-m3/s)] RCIC
system is insufficient to replace the water loss through the
break. The HPCI system [S000 gal/min (0.315 m3/s)] pro-
vides reactor vessel injection initially, but subsequently
fails because of low turbine steam supply (reactor vessel)
pressure. The low-pressure core cooling systems fail to
activate primarily because of miscalibration faults of the
vessel pressure sensors so that the open-permissive signals
necessary for opening of the injection valves are never
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received. With all core cooling lost, core damage occurs
within 2 h of the initiating event.

Another pathway to loss of vessel injection is demonstrated
by the loss of decay heat removal (DHR) accident
sequence, fourth in order of calculated risk of core melt for
the Limerick PRA.!? Pressure suppression pool cooling is
lost following a transient-initiated scram in this accident
sequence, which is estimated to contribute 3% of the
overall core melt frequency for Limerick. Reactor vessel
injection is maintained during the first phase of this acci-
dent sequence, while the steam generated by decay heating
is passed to the pressure suppression pool. Without pool
cooling, the waler temperature increases over a period of
several hours while the associated evaporation increases
the containment pressure. Reactor vessel injection
capability is ultimately lost because of loss of net positive
suction head (NPSH) to the low-pressure pumps (which
take suction on the pressure suppression pool) and failure
of the HPCT and RCIC on high lubricating oil temperature
or high containment backpressure. A more detailed
description of the loss of DHR accident sequence is
provided in Ref. 11,

5.5 Plant-Specific Considerations

While it is true in every case that core degradation must be
preceded by loss of adequate reactor vessel injection and
partial core uncovering, the detailed means by which
vessel injection capability might be lost are highly plant-
specific. While the overall goal of preventative strategies
for accident management is clearly that adequate reactor
vessel injection capability should be maintained, the
detailed nature of the threats Lo the injection systems and
the optimum measures that should be taken to cope with
these threats depend upon the equipment characteristics of
the individual plants. (For examples of important
differences among supposedly similar BWR facilities, see
Sect. 2.3.)

The recent NRC-sponsored assessment of severe accident
risks (NUREG-1150) was based upon three pressurized
water reactor (FWR) and two BWR plants, Peach Bottom
and Grand Gulf, This study has recently been extended to
include a third BWR, LaSalle, so that one BWR of each
containment type has been assessed. Extension of the
methodology to take into consideration the plant-specific
differences at other BWR (and PWR) facilities is the
responsibility of the plant operators as part of the individ-
ual plant examination process.?9:30 The results of this pro-
cess should include plant procedures incorporating specific
preventative measures for avoiding loss of adequate reactar
vessel injection capability under accident conditions.
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It is also desirable for defense-in-depth to develop mitiga-
tive strategies for coping with the late-phase severe acci-
dent events that would occur in the unlikely event that ade-
quate vessel injection cannot be maintained. Candidate
straiegies for this purpose will be proposed in Chap. 8.
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6 Status of Current BWR Accident Management Procedures

S. A, Hodge

This chapter provides a brief description of the current
guidance for accident management at boiling water reactor
(BWR) facilities together with an evaluation of the preven-
tative and mitigative effectiveness of the current guidelines
with respect to operator actions under s¢vere accident con-
ditions.

6.1 BWR Owners Group Emergency
Procedure Guidelines (EPGs)

The BWR Owners Group EPGs16 are generic to the
General Electric BWR plant designs and are intended to be
adapted for application to individual plants by the deletion
of irrelevant material and the substitution, where necessary,
of plant-specific information. The development of a set of
Emergency Operating Procedures (EQPs), based upon the
EPGs, for use at a particular plant is the r¢sponsibility of
the local plant management.

The current version of the EPGs is Revision 4, issued as
General Electric topical report NEDO-31331 in March
1987.16 In considering their application Lo specific accident
sequences, it is important to recognize that these guidelines
identify symptomatic operator actions. In other words,
given a symptom requiring entry into the EQPs developed
from these guidelings, it is intended that the operators take
action in response to the symptom without any requirement
to first diagnose the cause, Development of these guide-
lines has been based upon realistic analyses, rather than
upon licensing basis calculational methods, and considers
utilization of all plant systems, not just the safety systems.
The guidelines are intended to address all mechanistically
possible abnormal plant conditions, without consideration
of the probability of the abnormal event or condition.,

The basic functional goal of the EPGs is to establish the
prudent actions to be taken by the operators in response to
the symptoms observed by them at any point in Llime. Once
entry into the EPGs has occurred, the operators are
expected to take the specified actions regardless of equip-
ment design bases limitations or licensing commitments.
The guidelines use multiple mitigation strategies wherever
possible so that recovery from an abnormal situation does
not require successful operation of any one system or com-
ponent,

The application of the EPGs to accident management of in-
vessel events for the risk-dominant station blackout and

anticipated transient without scram (ATWS) accident
sequences is discussed in detail in Sect. 3.2. The EPGs
were found to provide effective guidance for preventative
measures (0 be taken in response o the challenges imposed
by these accident sequences. As appropriate, these preven-
tative measures invoke numerous diverse methods of
maintaining reactor vessel injection capability, including
backup methods for use in abnormal circumstances. Some
recommendations for improvement of the preventative
guidelines for accident sequences that can be brought under
control are suggested in the following section, However,
the greatest potential for the improvement of BWR emer-
gency procedure strategies lies in the area of severe acci-
dent mitigative management, as will be described in

Sect. 6.3.

6.2 Recommendations Concerning
Preventative Measures

One of the primary purposes of this report is to propose
new candidate mitigative strategies for the late phase of a
severe accident, after core damage has occurred. Before
proceeding, however, it seems appropriate Lo note in pass-
ing certain recommendations with respect to the preventa-
tive guidelines of the current EPGs. These recommenda-
tions for reconsideration of a few of the provisions of the
current guidelines are presented in this section.

The first recommendation is applicable to all accident
sequences involving partial uncovering of the core and has
to do with the provision of the EPGs for *steam cooling.”
Briefly, the purpose of steam cooling is to delay fuel heat-
up by cooling the uncovered upper regions of the core by a
rapid flow of steam. Because the source of the steam is the
remaining inventory of water in the reactor vessel, how-
ever, the steam cooling maneuver can provide only a tem-

porary delay.

Steam cooling would be placed into effect when the reactor
vessel water level dropped to the “Minimum Zero-Injection
RPV Water Level.” In Revision 4 of the EPGs, this is
defined as the lowest vessel level at which the average
steam generation rate within the covered portion of the
core will produce a sufficient flow of steam 1o prevent the
maximum clad temperature in the uncovered region of the
core from exceeding 1800°F (1255 K). (Runaway oxida-
tion of the zirconium cladding is precluded for tempera-
tures below this value.)
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With the core partially uncovered and the vessel water
level decreased to the Minimum Zero-Injection RPY Water
Level, the operators are directed by the EPGs to open all
safety/relief valves (SRVs) associated with the automatic
depressurization system (ADS). This action provides flash-
ing of the water in the core region, providing the desired
temporary ceoling of the uncovered region of the core.

This recommendation for reconsideration of the steam
cooling maneuver as currently implemented arises because
the Minimum Zero-Injection RPY Water Level calculated
in accordance with Revision 4 of the EPGs provides that
the emergency vessel depressurization would occur much
earlier than was the case with Revision 3. It seems that the
conservatisms built into the calculational procedure to
ensure that under no conditions would the hottest point of
the exposed cladding exceed 1800°F (1255 K) are such that
the Minimum Zero-Injection RPY Water Level, while
plant-specific, is typically at ~71% of core height. In other
words, only the upper 29% of the core would be uncovered
at the time the emergency vessel depressurization is speci-
fied. However, the actual temperature of the clad in the
uncovered region under station blackout conditions with
the water level at this height would be much less than
1800°F (1255 K), and the amount of steam cooling actually
achieved would therefore be insignificant. Revision 3 of
the EPGs had provided that the emergency vessel depres-
surization should occur when water level indication was
lost, which occurs at about one-third core height (two-
thirds of the core uncovered). This matter is currently
under review.2?

The other recommendations in connection with the preven-
tative guidelines of the EPGs all pertain to the ATWS acci-
dent sequence. First and foremost, it is recommended that
consideration be given to providing distinctly separate pro-
cedures for dealing with ATWS. The reasoning derives
from the symptom-oriented nature of the EPGs. As
explained in Sect. 6.1, the operator is not required to rec-
ognize or understand the accident sequence, but is expected
to respond to plant symptoms. There is no question that
this approach can be highly successful when applied to a
group of accidents that have similar symptoms and require
similar corrective actions by the operators. However, oper-
ator actions in response to the ATWS accident sequence
include measures such as reduction of core inlet flow and
intentional lowering of the reactor vessel water level to the
vicinity of the top of the core. This is to increase the voids
in the core, and thereby reduce core power and the rate of
pressure suppression pool heatup, and is the proper thing to
do when confronted with ATWS, but no other accident
sequence would require these actions.
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It is recommended that consideration be given to the sepa-
ration of the ATWS guidelines from the symptom-oriented
guidance for all other accident sequences. The bases for
this recommendation are, first, that the signatures of
ATWS are unmistakable so that operators would know
when to invoke the ATWS procedures and, second, that the
operator actions required to deal with ATWS do not fit
within the envelope of operator actions required to deal
with other accident sequences. The advantages to be gained
by following this recommendation are that the very
complicated procedures required for coping with ATWS
would be more concisely and effectively presented while
the remaining symptom-oriented guidelines would be
greatly simplified.

A second recommendation with respect to the preventative
guidelines for ATWS is that care be taken 10 avoid leading
the operators 10 attempt manual depressurization of a criti-
cal reactor. Attempts to reduce reactor vessel pressure by
manual SRV actuation under ATWS conditions would be
extremely difficult. [See Sect. 4.1.3 of Ref. 13.] If the
operator attempted to open a valve that was already open in
the automatic mode, nothing would happen. If the operator
opened a previously closed valve, the reactor vessel pres-
sure would only drop slightly until one of the valves previ-
ously open in the automatic mode went shut. Thus, there
would be only a negligible response to operator SRV con-
trol until the operator had manually opened as many valves
as had previously been automatically open. However, upen
manual opening of the next valve (the valve previously
cycling, now to be held continuously open), vessel pressure
would rapidly decrease because of the power reduction
caused by increasing voids (while several relief valves
remained manually held open). The operator would have to
be exiremely quick to avert a complete vessel depressuriza-
tion by closing the SRVs in this situation; this action, how-
ever, would cause a rapid vessel repressurization as void
collapse increased reactor power. Under these rapidly
changing conditions involving power and pressure oscilla-
tions, it could not be claimed that the operator had control
of reactor vessel pressure. If pressure reduction is required
to reduce reactor power (in the extremely unlikely event
that sodium pentaborate cannot be injected), then no
attempt should be made to control the pressure at a lower
range by reclosing the manually opened SRVs.

A third recommendation with respect to the preventative
guidelines for ATWS is that consideration be given to con-
trol of the reactor vessel injection rate as a means for
reduction of reactor power as opposed to the reactor vessel
walter level control directed by the current guidelines.
Control of the vessel injection rate provides definitive con-
irol of the average reactor power [see Appendix B of



Ref. 13] whereas the reactor power associated with main-
taining the water level in the vicinity of the wop of the core
is uncertain, Furthermore, directions to maintain a water
level near the top of the core are unusual, require shifting
to a different vessel level instrument calibrated for a differ-
ent set of conditions, and are much more difficult than
injection flow control to carry out with oscillating water
levels under stressful conditions. It is recognized that injec-
tion flow control would not be successful in the extremely
unlikely event that the ATWS were combined with a small-
break loss-of-coolant accident (LOCA) (some of the
injected flow intended to be boiled away by core power
would instead be lost through the break); this eventuality,
however, could be easily handled by procedure if the first
recommendation above concerning separation of the
ATWS instructions were adopted.

Finally, it is recommended that the guidance to the opera-
tors regarding manual insertion of control blades be
expanded beyond the current “drive control rods, defeating
RSCS and RWM interlocks if necessary.” Manual control
blade insertion may be essential to avoid containment
pressures sufficient to threaten structural integrity in the
unlikely event that the liguid neutron poison cannot be
injected. However, manual blade insertion requires that the
operators bypass the rod worth minimizer (RWM) and the
rod sequence control system (RSCS), for the BWR-4 and
BWR-3 plants that have these systems. (BWR-2 and BWR-
3 plants have only the RWM, while the BWR-6 plants have
neither the RWM nor the RSCS.)

Typically, the RWM can be quickly bypassed from the
control room, but the RSCS can only be bypassed by the
installation of jumpers in the relay room, an action that can
reasonably be expected to take ~15 min once the decision
to initiate the bypass is made. Because manual blade inser-
tion for these plants is a slow process anyway (only one
blade can be moved at a time, at a speed requiring about
one minute for travel from fully withdrawn to fully

Status

inserted), the additional time required to effect bypass of
the RSCS may be unacceptable from the standpoint of
effective preplanning for severe accident management.

The RSCS was originally intended to eliminate the poten-
tial for local core damage from a high-worth control rod
drop accident at low power. However, recent analysis by
General Electric has demonstrated that such darnage would
not occur because local voiding would limit the associated
power excursion, The Nuclear Regulatory Commission has
approved this analysis and has issued a Safety Evaluation
Report 31 that concludes that it is acceptable to remove the
plant Technical Specification requirements for the RSCS.
From the standpoint of enhancement of the ability of the
operators to successfully respond to the ATWS accident
sequence, it is desirable that this system be removed from
the affected plants.

6.3 Sufficiency for Severe Accident
Mitigation

It has never been a purpose of the current EPGs to address
severe accidents or to invoke mitigation strategies involv-
ing proposed actions in response to the symptoms that
would be created by events occurring only after the onset
of significant core damage. As has been demonstrated
(Sect. 3.2) for the risk-dominant station blackout and
ATWS accident sequences, the final guidance to the opera-
tors, should an accident proceed into severe core damage
and beyond, is that reactor vessel injection should be
restored by any means possible and that the reactor vessel
should be depressurized. While these are certainly impor-
tant and worthwhile endeavors, additional guidance can
and should be provided for the extremely unlikely, but pos-
sible, severe accident situations that have occurred where
reactor vessel injection cannot be restored before
significant core damage and structural relocation. Four new
candidate severe accident mitigation strategies for in-vessel
events will be proposed in Chap. 8,

NUREG/CR-5869



7 Information Available to Operators in Late Accident Mitigation Phase

S. A. Hodge

In considering new candidate severe accident mitigation
strategies for use with existing plant equipment, it is impor-
tant to first recognize any limitations imposed upon the
plant accident management team by lack of information
with respect to the plant status. This chapter describes
instrumentation expected to be available to monitor in-
vessel events during the period of core degradation that
would occur following a loss of reactor vessel injection
capability.

7.1 Station Blackout

The most restrictive limitation as to information available
from plant instrumentation would occur as a result of loss
of all electrical power, including that provided by the unit
battery. This occurs after battery failure in the long-term
station blackout accident sequence and in the (less-
probable) version of the short-term station blackout acci-
dent sequence for which common-mode failure of the bat-
tery systems is an initiating event. For these accident
sequences {described in Sect. 2.2.1), loss of reactor vessel
injection and the subsequent core degradation occur only
after loss of dc power.

The availability of the various plant instruments under
accident conditions is a plant-specific consideration, and
this should be an important part of each individual plant
examination for severe accident vulnerabilities.2#30 The
following discussion, based upon the Browns Ferry (BWR-
4) Plant, is intended to provide information with respect to
the instruments expected to remain operational after loss of
the 250-V unit battery at a typical BWR facility. These
include instruments operated by plant-preferred power,
instruments operated by relatively small independent bat-
tery systems, and instruments not requiring electrical
power.

Plant-preferred power is 120-V single-phase ac power
obtained by means of a dc-motor/ ac-generator combina-
tion from the station battery when normal ac power sources
are not available. The station battery is similar in construc-
tion to each of the unit batteries, but would be more lightly
loaded under station blackout conditions. The major loads
on the station battery are the turbo-generator and seal oil
pumps, which could be stopped when the turbo-generators
have stopped rolling, because there would be no turbine
jacking capability with station blackout in effect. Thus, the
station battery should remain available for a significant
period of time after loss of the unit batteries (as can be
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established for individual plants by battery capacity calcu-
lations).

Plant-preferred power would make available two types of
information concerning plant status. The first is an indica-
tion of the temperatures at various points within the con-
tainment drywell as provided by both a recorder and an
indicator-meter; the specific drywell location for which
temperature is to be displayed is selected by manipulation
of a set of toggle-switches. (This special equipment is
intended for use during containment integrated leak rate
tests.)

The second indication of plant status that could be moni-
tored while plant-preferred power remained available is the
temperature at various points on the reactor vessel surface
as provided by 46 copper-constantan thermocouples.
Probe-type thermocouples are used 1o measure temperature
inside the vessel head studs, while magnetically attached
thermocouples measure the surface temperature of the ves-
sel and top head. These are intended to provide the infor-
mation necessary to determine thermal stresses during ves-
sel heatup or cooldown, but could alse provide valuable
information under severe accident conditions. Although the
upper limit of the indicating range for the instruments used
to display the thermocouple response is only 600°F

(589 K), the accident management staff can infer that the
core is uncovered and that the internal reactor vessel atmo-
sphere is superheated if these thermocouple readouts are

pegged high.

Two small independent battery systems provide power Lo
control room instrumentation and alarm circuits. The first
of these is a 24-V dc system, which supplies power to the
source-range and intermediate-range neutron flux monitors
as well as to radiation monitors for the off-gas, residual
heat removal (RHR) service water, liquid radwaste, reactor
building closed cooling water, and raw cooling water sys-
tems, none of which would be operational during station
blackout. The battery chargers for the 24-V dc balteries are
powered by the 120-V ac instrument and control buses,
which would be de-energized during station blackout.
Therefore, because the 24-V batteries arc designed io sup-
ply the connected loads for 3 h wilhoul recharging, the
24-V dc system should become exhausted in long-term sta-
tion blackout before the 250-V dc system powered by the
unit batteries, which are expected to last between 6 and

8 h.
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For the version of short-term station blackout initiated by
common-mode failure of the unit batteries, however, the
24-V dc system should remain available during the uncov-
ering of the core and the period of core degradation and
structural relocation. Because the neutron flux indicated by
the source-range monitors would rapidly decrease as the
fission chamber detectors became uncovered, observation
of this event might be used to establish the time at which
the reactor vessel water level reached the vicinity of the
detector. As indicated in Fig. 7.1, the detector is between
the core midplane and two-thirds core height when fully
inseried. When fully withdrawn, the detector is about 1-1/2
ft below the core plate. The detector is withdrawn during
power operation and must be reinserted before startup; this
requires the availability of the same source of 120-V ac
instrument and control power as is used for the 24-V dc
battery chargers. (Whether the source-range detectors
could be inserted with only battery power available is
another of the many plant-specific considerations. At
Browns Ferry, they could not, but it is known that at least
one plant does have provision for this.)

The second of the small battery systems is a 48-VY dc
power supply and distribution system for the operation of
the plant communication and annunciator systems. This
system comprises three batteries, one of which supplies the
plant communication system while the remaining two
batteries are for the annunciator system. The 48-V dc
system batterics are capable of supplying the connected
loads for a period of 8 h without recharging. This exceeds
the period of expected operation of the 250-V dc unit
battery systems and ensures continued availability of the
plant communications systems. The efficacy of the
annunciator system would depend upon the availability of
the power supplies to the signal transmission systems of
the various sensors as well as the 48-V dc system. For all
practical purposes, the alarm annunciator capability would
be lost when the unit battery became exhausted.

The most important instruments not requiring electrical
power are the mechanical Yarways, located in the reactor
building outside of the primary containment. These would
offer direct indication of the reactor vessel water level over
a range from ~1/2 fi above the top of the core to near the
top of the steam separators, ~18 ft (5.5 m) higher. While
this would be very beneficial in allowing the accident
management staff to monitor the approach of the water
level to the top of the core, it should be recognized {as
pointed out by the EPGs) that the abnormally high drywell
temperature associated with loss of the drywell coolers
would cause these instruments to read erroncously high.
Furthermore, as the actual water level fell below the lower
end of the indicating range, the mechanical Yarway
instruments would continue to indicate a false on-scale
water level of ~1 ft above the top of the core.

NUREG/CR-5869

42

There would be no indication of reactor vessel pressure
after loss of the unit battery and the associated loss of
capability for remote control of the vessel relief valves.
However, it can be expected that the reactor vessel would
repressurize and that pressure would subsequendy be main-
tained in the range of 1105 to 1055 psig (7.72 to 7.38 MPa)
by repeated automatic actuation of the lowest-set
safety/frelief valve (SRV) for as long as the reactor vessel
remained intact.

It should be noted Lhat the emergency lighting for the
control room is supplied from the unit 250-Y dc system;
after failure of this system, hand-held portable lighting for
the control room would be necessary. The door security
system is supplied by plant-preferred power and would
remain operable as long as the plant 250-V dc system is
functional. The area radiation monitors located throughout
the plant are powered from the instrumentation and control
buses and would not be operational from the inception of a
station blackout.

7.2 Other Important Accident
Sequences

For accident sequences such as short-term station blackout
[with mechanical failure of high-pressure coolant injection
{HPCI) and reactor core isolation cooling (RCIC) as an
initiating event], anticipated transient without scram, loss-
of-coolant accident, or loss of decay heat removal, electri-
cal power (dc and perhaps ac) is maintained after loss of
reactor vessel injection capability. Therefore, the availabil-
ity of information concerning plant status is much greater
for these sequences than for the sequences addressed in
Sect. 7.1, The following discussion, based upon the
Browns Ferry Plant, pertains to the more limiting case for
which only dc power obtained directly from the installed
batteries and the ac power indirectly obtained from these
battery systems are available. The sources of ac power dur-
ing station blackout include the feedwater inverter and the
unit-preferred and plant-preferred systems for which sin-
gle-phase 120-V ac power is produced under emergency
conditions by generators driven by battery-powered dc
motors. Emergency control room lighting would be avail-
able.

Two channels of control room instruments would provide
indication of the reactor vessel water level over a range
between 528 and 588 in. (13.411 and 14.935 m) above the
vessel zero (the bottom of the vessel). The narrow range of
this indication brackets the normal operating level of 561
in, (14,249 m) and covers the upper portion of the steam
separators over a distance of 14 to 19 ft (4.267 to 5.791 m)
above the top of the active fuel. Mechanical Yarway indi-
cation available outside of the control room covers an
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additional range that extends from the low point of the
control room indication [528 in. (13.411 m) above vessel
zera) down te a point 373 in. (9.474 m) above vessel zero,
which is 7 in. (0.178 m) above the top of the active fucl,

The level instrumentation derives the reactor vessel water
level by comparing the head of water within the down-
comer region of the vessel to the head of water within a
reference leg installed in the drywell. With the loss of the
drywell coolers attendant to station blackout, the drywell
ambient temperature would increase significantly, heating
the reference leg water to above-normal temperatures. This
would reduce the density of the water in the reference leg,
causing an error in the indicated water level, which would
be too high. As an example, the drywell ambient tempera-
ture would increase from its normal range of 135 to 150°F
(330.4 10 338.7 K) to ~280°F (410.9 K} during station
blackout, so that the level indicated on the narrow range
scale would be ~8 in. ((.20 m) too high. This is not a sig-
nificant error when the actual water level is many feet
above the top of the core. However, the nonconservative
error due to high drywell temperature can have serious
consequences when the apparent level is near the bottom of
the Yarway indicating range. As mentioned in Sect. 7.1,
the Yarway instrument can provide a low, but on-scale
indication of water level for any actual water level below
the lower instrument tap, if the drywell temperature is suf-
ficiently high.

Reactor vessel pressure would be indicated by two instru-
ment channels, extending over a range from 0 to 1200 psig
(8.38 MPa).

With respect to measurement of neutron flux, the power
range insiruments would fail upon loss of the direct
sources of ac power (i.e., the normal off-site power sources
and the on-site diesel generators). The source- and
intermediate-range monitors would remain operational, but
the detectors for these systems are withdrawn from the
reactor core into the reactor vessel lower plenum during
power operation and could not be reinserted unless a direct
source of ac power were available. (It is worth noting that
ingertion of the source-range detectors, if possible, would
provide information concerning the uncovering of the
lower portion of the core, as mentioned in Sect. 7.1}.

The control rod position indication system would remain
operational so that the operator could verify that the
control rods had inserted with the scram.

With respect to reactor vessel SRV actuation, the operator
has no indication of automatic actuation of a specific relief
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valve other than the recorded tailpipe temperatures avail-
able on charts behind the control room panels or the relief
valve acoustic monitors, all of which would be inoperable
without the direct sources of ac power. Nevertheless,
remote-manual actuation of a relief valve is accomplished
by energizing its dc solenoid operator; lights on the control
panel for each valve indicate whether these solenoids are
energized, and this capability would be maintained.

As discussed in Chap. 5, the steam turbine-driven RCIC
and HPCI systems provide an important defense against
the loss of ac power. All components normally required for
initiating operation of the RCIC system are completely
independent of ac power, plant service air, and external
cooling water systems, requiring only dc power from a unit
battery to operate the valves, vacuum pump, and
condensate pump. On loss of control air, the RCIC steam
supply line drains to the main condensers will fail closed;
this is their normal position when the RCIC system is in
operation. The drain functions of these valves is transferred
to overseat drain ports in the turbine stop valves. Thus, the
RCIC system can be operated and monitored without the
availability of ac power.

Similarly, all components required for operation of the
HPCI system are completely independent of ac power, con-
trol air systems, or external cooling water systems, requir-
ing only dc power from the unit battery. On loss of control
air, the HPCI steam line drains to the main condensers
would fail closed (their normal position when the HPCI
system is in operation). Furthermore, the condensate stor-
age tank level indication would remain operational without
any direct source of ac power so that the accident manage-
ment staff could determine the amount of water remaining
available for reactor vessel injection via the turbine-driven
systems.

This discussion with respect to the information expected to
be available to the plant accident management staff under
accident conditions with no direct source of ac power is
based upon a review of the specific instrument and control
systems at the Browns Ferry Nuclear Plant. These findings
are expected to be typical for all BWR facilities, but the
details of instrumentation and control are highly plant-
specific. [Additional information is available in Ref. 32.]
Therefore, the IPE pr()ce,ss29-30 should include careful
consideration of the availability of plant instruments under
accident conditions. Accident management strategies can-
not be effective without access of the management staff to
the necessary information concerning plant status.



8 Candidate Strategies for Late Mitigation of In-Vessel Events

S. A. Hodge

This chapter provides a qualitative assessment of four can-
didate accident management strategies for control of
in-vessel events during the late phase (after core melting
has occurred) of postulated boiling water reactor (BWR)
severe accidents. Each candidate strategy is required to be
capable of implementation using the existing equipment
and water resources of the BWR facilities. Strategies
meeting this requirement were identified by a review of
existing documented information relevant to BWR acci-
dent sequence analyses and accident management.
Selection for further qualitative assessment was on the
basis of potential for enhancement or extension of the
existing BWR Owner's Group Emergency Procedure
Guidelines (EPGs) for severe accident applications. Each
of the selected candidates is assessed separately in the fol-
lowing sections according to feasibility and effectiveness;
the potential of each strategy for the introduction of associ-
ated adverse effecls is also addressed.

8.1 Keep the Reactor Vessel
Depressurized

Reactor vessel depressurization is normally accomplished
rather simply by manually induced actuation of the vessel
safetyfrelief valves (SRVs) or by operation of the reactor
core isolation cooling (RCIC) system turbine or, for plants
s0 equipped, the isolation condenser or high-pressure
coolant injection (HPCI) system turbine. Each of these
methods relies to some extent, however, upon the
availability of dc power or control air, which may not be
available under accident conditions.

The BWR-2 unils (Oyster Creek and Nine Mile Point 1)
and three of the BWR-3 units (Milistone plus Dresden 2
and 3) incorporate isolation condensers as decay heat
removal systems.* These systems employ natural circula-
tion of steam from the reactor vessel to the elevated con-
denser, where the steam is condensed by heat transfer to
water within the shell and the condensate is returned to the
vessel. The shell water inventory (vented to the atmo-
sphere) is sufficient to remove decay heat for at least

30 min without the addition of makeup water.

The isolation condenser system has Lhe least dependence
upon outside support, being completely independent of

*The Oyster Creek unit has two isolation condenser loops; the other units
each have one loop.
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station normal or emergency on-site ac power and
requiring dc power only for valve operation when the
system is initially placed into operation. Makeup water for
the shell side of the condenser can be provided from the
plant fire protection system by means of an independent
diesel-driven fire pump.

All BWR units except Oyster Creek, Nine Mile Point 1,
and Millstone incorporate either the RCIC or HPCI steam
turbine-driven reactor vessel injection system; the later
BWR-3 plants and all BWR-4 plants have both. These sys-
tems can be used for reactor vessel pressure control when
run continuously in the recirculation mode, pumping water
from the condensate storage tank back to the condensate
storage tank and periodicaily diverting a small portion of
the flow into the reactor vessel as necessary to maintain the
desired water level. The steam taken from the reactor ves-
sel by the turbine is passed to the pressure suppression pool
as turbine exhaust, which provides a slower rate of pool
temperature increase than if the vessel pressure control
were obtained by direct passage of steam from the vessel to
the pool via the SRVs. Plants having both HPCI and RCIC
systems can employ the HPCI wrbine exclusively for pres-
sure control while the RCIC system is used to maintain the
reactor vessel water level. The HPCI turbine is larger than
the RCIC turbine and, therefore, is more effective for pres-
sure control. [Typically, HPCI takes 48 Ib/s (21.8 kg/s) of
steam when pumping into the pressurized reactor vessel at
full capacity [5000 gal/min (0.315 m?/s)] whereas RCIC
takes 9 Ib/s (4.1 kg/s) of steam at 600 gal/min

(0.038 m¥s).]

The HPCI and RCIC systems require dc power for valve
and wrbine governor control, but have no requirement for
control air,

The most direct means of reactor vessel pressure control is
by use of the SRVs, which require no outside energy
source for operation in the automatic mode (as a safety
valve) but do require both control air and dc power when
used as a remotely operated relief valve, This dependence
upon the availability of control air and dc power pertains
both 10 remote-manual opening of the valves by the control
room operators and to the valve-opening logic of the auto-
matic depressurization system (ADS).

The purpose of the ADS is to rapidly depressurize the reac-
tor vessel so that the low-pressure emergency core cooling
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systems (ECCSs) can inject water to mitigate the conse-
quences of a small or intermediate loss-of-coolant accident
should the high-pressure injection systems prove inade-
quate. The ADS consists of redundant signal logics
arranged in two channels that control separate solenoid-
operated air pilot valves on each SRV assigned to the ADS
function, The number of ADS-associated SRV is plant-
specific; these valves open automatically if required to
provide reactor vessel depressurization for events involv-
ing small breaks. The ADS is initiated by coincidence of
low reactor vessel water level and high drywell pressure,
provided that at least one of the low-pressure pumps is
operating.

All of the SRVs are located between the reactor vessel and
the inboard main steam isolation valves (MSIVs) on a hori-
zontal run of the main steam lines within the drywell. The
discharge from each valve is piped to the pressure suppres-
sion pool, with the line terminating below the pool water
level 1o permit the steam Lo condense in the pool. Vacuum
breakers are installed on the SRV tailpipes within the dry-
well to relieve the vacuum created by condensation follow-

ing actuation of a valve, The number of SRVs varies from
plant to plant (i.e., 11 at Limerick; 24 at Nine Mile
Point 2), as do the rated relief valve flows.

Some operating BWRs are equipped with three-stage
Target Rock valves, which have exhibited a greater ten-
dency to stick open in the past than have other types of
valves. Many BWR 4 utilities, however, have replaced the
original threg-stage valves with the newer two-stage Target
Rock valves (Fig. 8.1). Some operating BWRs are equip-
ped with Dresser Electromatic relief valves, BWR-5 and
BWR-6 plants are equipped with Crosby and Dikkers dual
function SRVs (Fig. 8.2).

The differences in SRY operation in the automatic and
remote-manual or ADS modes can be demonstrated with
reference to the two-stage Target Rock design shown in
Fig. 8.1. During normal reactor operation, a small piston
orifice serves to equalize the steam pressure above and
below the main valve piston, and the main valve disk
remains seated. The reactor vessel pressure (valve inlet
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pressure) is ported via the pilot sensing port to tend to push
the pilot valve to the right. When the reactor vessel pres-
sure exceeds the setpoint established by the seipoint
adjustment spring, the pilot valve is moved to the right, the
stabilizer disk is seated, and the volume above the main
valve pistan is vented o the valve outlet via the main valve
piston vent The sudden pressure differential causes the
main valve piston to lift, opening the valve.

For the remote-manual or ADS modes, the SRV is opened
by control air, which is admitted via a d¢ solenoid-operated
valve (not shown) to the air inlet at the right of the seipoint
adjustment spring. The control air moves the air actuator to
the right (against drywell pressure), which compresses the
seipoint adjustment spring and pulls the pilot valve open,
seating the stabilizer disk and venting the space above the
main valve piston. Because the control air pressure and the
reactor vessel pressure work in tandem to move the pilot
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valve to the right, the amount of control air pressure
required to open the SRV will depend upon the reactor
vessel-o-drywell pressure differential.* Also, because the
control air acts to move the air actuator against drywell
pressure, the required control air pressure will increase
with drywell pressure.

The spring-loaded direct-acting SRV shown in Fig, 8.2 is
opened in the spring mode of operation by direct action of
the reactor vessel pressure against the disk, which will pop
open when the valve inlet pressure exceeds the setpoint

l"Il should be noted that the three-stage Target Rock valves behave
differently with respect to the effect of the reactor vessel-to-drywell
pressure differential. A good description of the operation of this older
valve design is provided in TVYA’s Browns Ferry Final Safety Analysis
Report, Vol. 2, Sea. 4.4.5.
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value. In the power-actuated mode, a pneumatic piston
within the air cylinder moves a mechanical linkage to
compress the spring and open the valve. As in the case of
the two-stage Target Rock valve, the control air is provided
via dc solenoid-operated valves, and the air pressure
required for valve opening decreases with reactor vessel
pressure and increases with drywell pressure.

All SRVs associated with the ADS are fitted with pneu-
matic accumulators (located within the drywell) to ensure
that these valves can be opened and held open following
failure of the normal supply system.* In some plants, the
other SRVs are also fitted with (smaller) accumulators to
ensure some degree of operability following failure of the
pneumatic supply system. For severe accident considera-
tions, it is important to recall that remote operation of the
SRVs is possible only as long as the pneumatic supply
pressure exceeds the containment pressure by some mini-
mum amount.

In considering the late phase of a severe accident where
core melting has occurred, it must be concluded that
because all available forms of reactor vessel injection have
failed, then the dc power and control air necessary for reac-
tor vessel pressure control by remote-manual SRV actua-
tion (or HPCI/RCIC steam turbine operation) may not be
available. Thus, there is a potential need for another
(backup and last-resort) method to keep the reactor vessel
depressurized after the normal methods can no longer be
used for this purpose.

The motivation for keeping the reactor vessel depressur-
ized under severe accident conditions is, first, that the
potential for quenching of the debris relocating from the
core region into the lower plenum is enhanced and, second,
that relocation of molten debris into the relatively small
BWR drywell would then be, should bottom head penetra-
tion failure occur, by gravity-induced flow and not by rapid
vessel blowdown. Although the BWR Mark I and Mark 11
containment designs are inerted, direct containment heating
is not precluded per se because fine particles of zirconium
metal spewed under pressure into the drywell would read-
ily react with the steam-rich atmosphere created by pres-
sure suppression pool heating under accident conditions.
Therefore, keeping the reactor vessel depressurized elimi-
nates direct containment heating concerns and would
greatly reduce the initial challenge to the primary contain-
ment.

*The normal supply is the drywell control air system, which provides
control air (actually nitrogen) from outside the drywell.
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Unfortunately, there seems to be no way to keep the reactor
vessel depressurized in the event of failure of the SRVs
and other normal methods of pressure control other than by
venting the vessel into the turbine building or the reactor
building. Venting into the turbine building would be pre-
ferred for this purpose because the reactor vessel injection
systems are located in the reactor building and access
would be required for attempts to restore these systems. A
typical arrangement of these separate buildings is shown in
Fig. 8.3. The deliberate release of some fission products
beyond the confines of the primary containment is the
clearly undesirable aspect of this maneuver; however, the
release would be not directly to atmosphere but rather to
the turbine building and would be solely for the purpose of
preventing or delaying a much more sericus rupture of the
primary containment pressure boundary.

With respect to diagnostic concemns, it would obviously be
desirable in consideration of this strategy for the plant
accident management staff to know the reactor vessel pres-
sure. This information would be available as long as dc
power remains, but loss of dc power is one of the ways in
which the capability to manually control the SRV or
otherwise depressurize the reactor vessel would be lost.
Given proper training, the operator should recognize that
when dc power or control air is lost, the SRVs will shut
and the reactor vessel pressure will increase. Thus, proper
training could obviate the need for special instrumentation
in support of this strategy, although the operators would
obviously be highly swressed should an accident sequence
progress to the point where core melting had occurred.
Here the candidate strategy involves venting of the reactor
vessel to the turbine building, releasing considerable fis-
sion products, while the primary containment remains
intact. It is & proposed trade-off of accepting a small,
avoidable, penalty (venting release) in the short term for
the purpose of avoiding a much greater penalty (uncon-
trolled rupture of containment) in the long term. This
choice among undesirable alternatives offered under stress-
ful conditions has the characteristics of a classic human
factors prablem.

The proposed last-resort venting of the BWR reactor vessel
into the turbine building could be carried out by manually
initiated opening of the motor-operated bypass valves
around the MSIVs. A typical arrangement of main sieam
lines and drains is shown in Fig. 8.4. Main steam lines A,
B, C, and D are cross-connected upstream of the inboard
MSIVs 1-14, 1-26, 1-37, and 1-51. A 3-in, bypass line
passes from the drywell to the reactor building through
penciration X-8. Bypass valves 1-55 and 1-56 would be
automatically closed by the primary containment isolation
system under accident conditions, while drain valves 1-57
and 1-58 would be open. If the bypass valves were opened
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during the late phase of a severe accident, pathways would
be established for the flow of steam and hydrogen from the
reactor vessel into the downstream portion of the main

steam lines and through the drains into the main condenser.

Whether use of these small pathways would be effective in
maintaining the reactor vessel depressurized would have to
be established by additional analyses. Because the valves
would not be opened until after reactor vessel bottom head
dryout (as determined from the vessel thermocouples), the
required flow would be small. If effectiveness can be
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shown, then provision of special means such as an alternate
power supply to permit opening of the bypass valves under
severe accident conditions should be relatively simple.
Typically, the inboard bypass valve (1-55 on Fig. 8.4) is an
ac motor-operated gate valve with power from the standby
ac source (unit diesel generators), while the outboard
bypass valve (1-56) is a dc motor-operated gate valve with
power from the unit baitery. A strategy involving opening
of these valves in the late phase of a severe accident when
the normal sources of opening power would be expected to
be unavailable would not be successful without extensive
preplanning and training of plant accident management
staff.

The only other possible method of venting the reactor ves-
sel to the main condenser during the late phase would be
through the reactor water cleanup (RWCU) system. This
system, illustrated in Fig. 8.5, maintains reactor water
quality during normal reactor operation by removing fis-
sion products, corrosion products, and other soluble and
insoluble impurities, provides a path for removal of reactor
coolant from the reactor vessel in case of excess coolant
inventory, and maintains circulation in the reactor vessel
bottom head to minimize thermal stratification.

The RWCU consists of a pumping system that takes suc-
tion on both recirculation loop suction lines and the reactor
vessel bottom head, pumps the water through heat
exchange and ion exchange facilities, and pumps the water
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back to the reactor vessel via the feedwater piping. The
high-pressure flow passes through two 50% capacity
pumps, three regenerative heat exchangers, and two non-
regenerative heat exchangers. Depending on desired
system operation, flow can be routed through two 50%
capacity filter demineralizers. The RWCU has the capabil-
ity to direct flow to the main condenser, the liquid radwaste
system, or to the reactor vessel via the feedwater lines,
Flow through the filter demineralizers and/or heat
exchangers can be bypassed as desired depending on plant
operating conditions.

The RWCU system is normally operaled continuously dur-
ing all phases of reactor operation, startup, shutdown, and
refueling. However, under accident conditions the inboard
ac motor-operated gate valve and outboard de motor-
operated gate valve are automatically shut and the pumps
are stopped. It is thought that attempts to use this system
for reactor vessel venting to the main condenser under late-
phase accident conditions would involve more complicated
maneuvering and be more difficult than use of the MSIV
bypass lines. Other means of reactor vessel venting into
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secondary containment (the reactor building) would inter-
fere with mechanical or electrical operators attempting
local measures to restore reactor vessel injection under
extremely abnormal situations.

Although it is without question highly desirable that the
reactor vessel be depressurized should a severe accident
proceed to the point of reactor vessel bottom head penetra-
tion failure, it seems preferable to ensure that the reactor
vessel can be depressurized by improving the reliability of
the SRVs rather than by providing an alternative venting
strategy with the attendant undesirable fission product
release beyond the confines of the primary containment.
Because multiple SRVs are installed and operation of any
one valve is sufficient for depressurization under severe
accident conditions, improved reliability of SRV operation
can be attained simply by ensuring that dc power and con-
trol air will be available (to at least one valve) when
required. Therefore, consideration of the reliability of the
dc power and control air supply to the SRVs under acci-
dent conditions should be an important part of each
individual plant examination for severe accident
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vulnerabilities.2%-30 In other words, it should be recog-
nized that the recent Nuclear Regulatory Commission
(NRC)-sponsored assessment of severe accident risks
(NUREG-1150) and other probabilistic risk assessment
(PRA) studies have consistently identified sequences
involving loss of the unit battery and drywell control air
systems as among the dominant accident sequences
(internal events) leading to core melt for BWRs.

8.2 Restore Injection in a Controlled
Manner

Late accident mitigation strategies are intended for use in
the extremely unlikely event that core melting is in prog-
ress. This means that the core is at least partially
uncovered, which in turn signifies that reactor vessel injec-
tion capability has been lost. Considering the plethora of
reactor vessel water injection systems at a BWR facility,
the most probable cause is that electrical power is not
available. Brief descriptions of the electric-motor-driven

injection systems are provided in the following paragraphs.

Candidate

BWR-5 and -6 plants are equipped with a high-pressure
core spray (HPCS) system rather than a turbine-driven
HPCI system. The purpose of the HPCS is to maintain
reactor vessel inventory after small breaks that do not
depressurize the vessel, to provide spray cooling for line
breaks that result in the reactor core becoming uncovered,
and to backup the RCIC sysiem during situations in which
the reactor vessel is isolated,

The HPCS, shown in Fig. 8.6, is a single-loop system com-
prised of a suction shutoff valve, one motor-driven pump, a
discharge check valve, a motor-operated injection valve, a
minimum flow valve, a full flow test valve to the suppres-
sion pool, two high-pressure flow test valves to the con-
densate storage tank, a HPCS spray sparger (inside the ves-
scl above the core shroud), and associated piping and
instrumentation. The HPCS pump takes suction from the
condensate storage tank and delivers the flow into a
sparger mounted within the core shroud. Spray nozzles
mounted on the spargers are directed at the fuel bundles.
The suppression pool is an alternate source of water; the
HPCS logic switches the pump suction from the conden-
sate storage tank to the suppression pool upon either pool
high level or low condensate storage tank level.
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The HPCS pump is a vertical, centrifugal, motor-driven
pump capable of delivering at least 1550 gal/min

(0.098 m3/s) at 1147 psi (7.908 MPa) reactor pressure,
6110 gal/min (0.385 m3/s) at 200-psi (1.37-MPa) reactor
pressure, and a maximum of 7800 gal/min (0.492 m3/s) a1
runout flow conditions. The HPCS can be powered from
either the normal or standby ac power systems. Major
HPCS sysiem components are located in the auxiliary
building.

All BWR facilities employ the low-pressure coolant injec-
tion (LPCT) mode of the residual heat removal (RHR) sys-
tem as the dominant operating mode and normal valve

lineup configuration; the RHR system will automatically
align to the LPCI mode whenever ECCS initiation signals
such as low reactor vessel water level or high drywell pres-
sure plus low reactor vessel pressure are sensed. During
operation in the LPCI mode, the RHR. motor-driven cen-
trifugal pumps take suction from the suppression pool and
discharge into the reactor vessel via the recirculation loops
(BWR-4, Fig. 8.7) or directly into the region between the
outermost fuel assemblies and the inside of the core shroud
(BWR-5 and BWR-6, Fig. 8.8). BWR-4 plants have the
capability for the RHR pumps to draw suction from the
condensate storage tank, and in some plants (BWR 6), the
RHR pumps can be realigned to take suction on the fuel
peol cooling and cleanup system. BWR-5 and BWR-6
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Figure 8.8 Typical arrangement of the RHR system for BWR-6 facility

plants have three-pump/three-loop LPCI systems that
bypass the RHR heat exchangers; BWR-4 plants have four-
pump/two-loop systems,

Operation in the LPCI mode is intended to restore and
maintain the reactor vessel coolant inventory after a loss-
of-coolant accident in which the reactor is depressurized or
after ADS acwation, The LPCI mode provides a low-head,
high-flow injection [290 psid (1.999 MPa) shutoff head
with 20,000 gal/min (1.262 m>/s}—BWR-6 or

40,000 gal/min (2.524 m3/s)—BWR-4 rated flow at

20 psid (0.138 MPa) typical]. The LPCI flow is sufficient
to completely fill an intact reactor vessel in <5 min.

All BWR facilities also employ a low-pressure core spray
(LPCS) system o protect against overheating of the fuel in
the event that the core is uncovered by a loss of primary
coolant following a break or rupture of the primary system.,
This cooling effect is accomplished by directing spray jets

of cooling water directly onto the fuel assemblies from
spray nozzles mounted in sparger rings located within the
shroud just above the reactor core.

Each loop of the core spray system consists of one or more
motor-driven centrifugal pumps; a spray sparger in the
reactor vessel above the core; and such piping, valves, and
control logic as are necessary to convey water from the
pressure suppression pool to the reactor vessel. BWR4
facilities employ two 50% capacity cor¢ spray loops, each
with its own sparger, and have the capability to take LPCS
suction from the condensate storage tank as an alternative
to the pressure suppression pool. A typical arrangement of
one core spray loop is shown in Fig. 8.9. BWR-5 and
BWR-6 plants utilize a single-pump, single-loop system.

Typical 1otal rated LPCS injection rates (all pumps operat-
ing) are 6000 gal/min (0.379 m3/s}—BWR-6 or 12,500
gal/min (0.789 m3/s)—BWR-4 at suppression pool-to-
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reactor vessel pressure differentials of 150 psi
{1.034 MPa). The shutoff pressure of the LPCS pumps is
typically 300 psig (2.170 MPa).

If electrical power were restored while core melting was in
progress, then the combined capacity of the RHR and core
spray systems, which would be in the automatic injection
mode, would be more than 50,000 gal/min (3.155 m>/s).
The amount of vessel injection necessary to remove decay
heat, however, is only about 200 gal/min (0.013 m3/s) .
[Where specific quantitics are given as examples in the fol-
lowing discussion, the numbers are based upon a
1065-MW(e) BWR-4 facility such as Browns Ferry or
Peach Bottom.] Figure 8.10 illustrates the disparity
between injection capacity and required injection for a
non-LOCA accident sequence. For the RHR and core spray
systems, the indicated injection capability is for one pump,
whereas four pumps are installed for each system, The
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required injection curve was calculated on the basis of
constant reactor vessel pressure, scram from 100% power,
and decay heat in accordance with the 1979 ANS standard
with consideration of actinide decay. The required water
flow is assumed to be injected at a temperature of 90°F
(305.4 K) and removed from the vessel as dry saturated
steam.

With electrical power restored, the operators should initiate
reactor vessel injection quickly, but in a controlled manner.
This strategy is related to the requirement for keeping the
reactor vessel depressurized (Sect. 8.1), because the reactor
vessel pressure must be below the shutoff head [~300 psid
(2.068 MPa) between reactor vessel and pressure sup-
pression pool] of the core spray or RHR system pumps.
Given a choice of systems, the bottom-flooding RHR sys-
tem should be used in preference to the core spray. The
RHR system supplies water to the lower core via the vessel
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Figure 8.10 Typical BWR-4 injection system capabili-
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to replace reactor vessel water inventory
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lower plenum, and there may be core debris within the
lower plenum; the RHR system incorporates heat exchang-
ers whereas core spray does not; and injection by core
spray is subject to countercurrent flow limiting condi-
tions,

With respect to diagnostic and human factors concems, the
more knowledge that the operators have regarding the
water leve]l within the reactor vessel and the state of the
core, the less the likelihcod of losing contrel of the
situation. For example, if the control blades have melted
and relocated from the center of the core while the fuel
rods in this region remain standing, then criticality may
occur upon reflooding. Without proper training, the opera-
tors may be surprised by the conversion, for example, of a
station blackout accident sequence into an unanticipated
criticality. Even without criticality, steam generation dur-
ing reflooding would cause rapid vessel pressurization, and
the operators should be trained to expect this.

The general problem is that the plant ECCS systems are
designed to deal with large-break LOCA, but would be
automatically actuated for other accident sequences as
well. Because the RHR system by itself has a total (four
pump) capacity of ~40,000 gal/min (2.524 m3/s),
restoration of injection for the much more likely severe
accident sequences not involving LOCA should be under-
taken by operating one pump and throttling the pump
discharge. Because the free volume of the vessel lower
plenum is ~35,000 gal (133.089 m3), rapid initial injection
to raise the water level to the lower core region would be
warranted if vessel bottom head dryout had occurred. The
height within the reactor vessel at which an increasing
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water level would come on-scale with the available level
instruments is plant-specific. The injection rate should be
slowed as the water level rises above the core plate, if the
time that this occurs can be determined. About 23,500 gal
(89.198 m3) of additional injection would be required to
raise the level from the bottom to the top of the core
region,

This strategy for operator control of ECCS pumps upon
restoration of power is feasible using existing equipment;
its effectiveness is related to the proposed strategy for
injection of boron if control blade damage has occurred
(Sect. 8.3), because the potential for criticality as water
enters the core region is the major reason for limiting the
injection rate during this period.

8.3 Inject Boron if Control Blade
Damage Has Occurred

The goal of this candidate strategy is to prevent criticality
upon restoration of reactor vessel injection or to retum
power to decay heat levels as quickly as possible if critical-
ity cannot be prevented. The normal means of adding
boron to the reactor vessel is by injection with the standby
liquid control system (SLCS). Although this system is
designed to inject sufficient neutron-absorbing sodium
pentaborate solution into the reactor vessel to shut down
the reactor from full power (independent of any control rod
motion) and to maintain the reactor subcritical during
cooldown to ambient conditions, the SLCS is not intended
to provide a backup for the rapid shutdown normally
achieved by scram. As indicated in Fig. 8.11, the basic sys-
tem comprises a heated storage tank, two 100% capacity
positive displacement pumps, and, as the only barrier to
injection to the reactor vessel, two explosive squib valves.
In most of the current BWR facilities, the sodium pentabo-
rate solution enters the reactor vessel via a single vertical
sparger located at one side of the lower plenum just below
the core plate as indicated in Figs. 8.12 and 8.13. However,
in an effort to improve the mixing and diffusion of the
injected solution (which has a specific gravity of ~1.3)
throughout the core region, some¢ BWR facilities have been
modified to provide a third pasitive displacement pump
and to permit the injected solution to enter the reactor ves-
sel via the core spray line and sparger.

For the purpose of reducing the time required for reactor
shutdown for the ATWS accident sequence, the NRC has
recently required that the SLCS injection be at a rate
equivalent to 86 gal/min (0.0054 m3/s) of 13 wt % sodium
pentaborate solution, the boron being in its natural state
with 19.8 at. % of the boron-10 isotope. Because the origi-
nal SLCS standard design provided for single-pump opera-
tion at a rate of 43 gal/min (0.0027 m3/s), the requirement

NUREG/CR-5869 '
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Figure 8.11 Abbreviated schematic of the typical BWR SLCS

for the increased equivalent control capacity can be satis-
fied by simultaneous operation of both of the installed
pumps, by increasing the concentration of sodium pentabo-
rate solution, or by enriching the boron within the sodium
pentaborate solution in the isotope boron-10, Different
BWR facilities have taken different approaches.

Under severe accident conditions, injection of a boron
solution may be required for a situation very different than
that normally associated with ATWS., If significant control
blade melting and relocation from the core region were to
occur during a period of temporary core uncovering, then
criticality should be expected if reactor vessel injection
capability is restored and the core is then covered with cold
unborated water.34 Obviously, a neutron poison should be
introduced into the reactor vessel for reactivity control
under these circumstances, but the question arises as to
how best to do this. If the SLCS is used to inject sodium
pentaborate solution at a relatively slow rate while the core
is rapidly covered using the high-capacity low-pressure
injection systems, then criticality would occur and the core
would remain critical until sufficient boron for shutdown
reached the core region. It would be preferable, if control
blade relocation has occurred, to inject only the boron
solution provided that this can be done at a rate sufficient
to provide core cooling and terminate core damage.
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The major diagnostic concern with respect to this strategy
is that the operators would have no direct means of know-
ing whether significant control blade relocation has
occurred. Therefore, either a boron solution would have to
be injected after any nontrivial period of core uncovering
or reliance would have to be made on precalculated values
of time to control blade melting for the various accident
situations to determine when injection of a neutron poisen
was required. (At the very least, operators should be
"trained to recognize that criticality might occur upon
reflooding.)

With respect to human factors concerns, there is a strong
potential for operator surprise and confusion should, for
example, a station blackout accident sequence be suddenly
converted into an uncontrolled criticality upon restoration
of reactor vessel injection capability. Furthermore, should
the SLCS be actuated only after the core had been covered
(and become critical), the introduction of the sodium
pentaborate solution into the core region would be ineffi-
cient. As mentioned previously, the SLCS flow is released
into the vessel lower plenum in most BWRs, and a rapid
upward flow into the core region is required to avoid strati-
fication of the injected solution (specific gravity greater
than one) within the lower plenum.
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Figure 8.12 Location of SLCS injection sparger within BWR-4 reactor vessel

Therefore, to avoid the possibility of iemporary criticality
and to preclude thermal stratification of the injected solu-
tion, it would be desirable to inject effective quantities of
boron together with the ECCS system flow being used to
recover the core. One way 10 do this would be to prepare
the boron solution directly within the condensate storage
tank and to then take suction on the condensate storage
tank with the low-pressure injection system pump to be
used for controlled refilling of the reactor vessel. Here, in
contrast to the concept employed when sodium pentaborate
is injected from the SLC tank, the concept would be to
prepare the desired concentration of boron within the total
volume of water to be used to cover the core; it would not
be intended that the concentration of the injected solution
would be diluted within the vessel. A recent study34 has
indicated that a concentration of 700 to 1000 ppm of the
boron-10 isotope would be reguired to ensure that critical-
ity would not occur upon flooding a damaged core.
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Although this is thought to be feasible and could be
accomplished using only the existing plant equipment in
most of the BWR facilities, it is not a simple matter to suc-
cessfully invoke this sirategy.

First, unless the condensate storage tank were drained
down to approximately the water volume needed to refill
the reactor vessel to above the top of the core, an untenable
amount of borax and boric acid would have 10 be added to
the tank. For example, a condensate storage tank at Peach
Bottom has a capacity of 200,000 gal (757 m3) whereas a
Browns Ferry tank has a 375,000-gal (1420-m3) capacity .
Even with draining, the arnount of borax and boric acid
crystals to be manually added to the condensate storage
tank under accident conditions would be large. Additional
reduction could be achieved by increasing the effective
enrichment of the boron. For example, enrichment to 60
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Figure 8.13 Differential pressure and standby liquid control injection line entering reactor vessel as two concentric

pipes, which separate in lower plenum

at. % of the boron-10 isotope (instead of the naturally
occurring 19.8 at. %) would reduce the required amounts
of borax and boric acid by a factor of 3. The addition of
these constituents 10 the condensale storage tank would
have to be initiated before the restoration of electrical
power because delay in injection of water to the reactor
vessel while waiting for the mixture to be prepared would
be intolerable after injection capability had been restored.

As a second major practical consideration for this candi-
daie strategy, the condensate storage tank is located outside
of the reactor building at most BWRs, and all provisions
for heating of the associated piping would be inoperable
during station blackout. Sodium pentaborate will precipi-
tate from solution at temperatures dependent upon the con-
centration; for example, a solution of 9% sodium pentabo-
rate (by weight) has a saturation temperature of ~40°F
(277.6 K). However, the concentration of sodium pentabo-
rate within the condensate storage tank water would be
<2% if natural boron were used and <1% with enriched
boron. More of a problem would be presented in getting
the borax and boric acid being added to the tank to go into
solution at low temperature without mechanical stirring
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(provided by an air sparger during mixture preparation in
the SLC tank). Therefore, employment of this strategy may
be limited to accident conditions involving favorable atmo-
spheric iemperature if it is based upon a sodium pentabo-
rale sclution.

This candidate strategy was selected for detailed assess-
ment, which is provided in Chaps. 9 through 13. Although
it is expected that implementation could be effected using
only the existing plant equipment at most BWR facilities, it
is clear that a great deal of preplanning and training would
be required to make the contemplated use of the conden-
sate storage tank a viable manecuver. In this connection, it
should be recognized that, in general, the earlier plants
have provisions for both the RHR pumps and the core
spray pumps to take suction on the condensate storage
tank; the intermediate plants have provision for only the
core spray pumps to take suction, and at the later (BWR
5/6) plants, only the motor-driven HPCS pump can inject
to the reactor vessel from the condensate storage tank. The
alternative for plants where injection of sodium pentabo-
rate solution from the condensalte storage tank is not feasi-
ble or practical due to weather or other limitations might be
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to arrange for substitution of the fuel storage pool or for a filling to avoid exceeding the shutoff head of the low-
combined pump suction from the SLC tank and the pres- pressure pumps taking suction on a large outside source
sure suppression pool with the respective flows taken in such as river or reservoir. On the other hand, the wetwell
the proper ratio. However, this would require significant should not be vented so as to trap the air volume in the
madifications to existing equipment and therefore is upper portion of the wetwell and thereby reduce the
beyond the scope of the present study. A more practical amount of water required. For a plant the size of Peach
altemative would be to employ a different chemical form Bottom or Browns Ferry, implementation of this concept
for the boron solution as will be described in Chap. 11. would require the injection of ~1.5 million gallons
(5680 m?) of water.

8.4 Containment Flooding to Maintain

Core and Structural Debris In- As indicated in Fig. 8.15, the reactor vessel bottom head is

Vessel surrounded by 3 in, ((0.076 m} of mirror insulation, but the

head and the insulation are nowhere in contact. Therefore,
if the drywell were flooded with water to a level above the
boftom head, the water would penetrate the mirror insula-
tion, effectively removing the insulation from the heat
transfer process by means of convection currents within the
gap between the bottom head and the insulation. It follows
that the effective thermal conductivity of the reactor vessel
bottom head with the drywell flooded should be close to
the thermal conductivity of carbon steel alone,

The BWR Owners’ Group EPGs currently provide
{Contingency #6) for primary containment flooding where
all other means of reactor vessel injection have failed; the
concept is intended for application in LOCA situations
where the water within the drywell could enter the reactor
vessel through the break. In this section, consideration is
given to flooding of the primary containment and the pres-
ence of waler surrounding the lower portion of the reactor
vessel as a means to provide sufficient cooling of the bot-
tom head for severe accident sequences not involving
LOCA. The purpose would be to maintain the core and
structural debris within the vessel.

This strategy has been briefly considered previously, by a
simple scoping analysis (Appendix D of Ref. 9), which
indicated that water surrounding the reactor vessel bottom
head would have the potential to prevent melting of the
The sed apolication of 11 flooding is illustrated submerged vessel wall, Neve_rtheless. it was also concluded
for UI: e BWR I\?[F;Ek (;aco(::a(i)nr(rlgr: ?iesign i:lnlf-‘i : ;3 ;l: that the existing systems available for containment flood-

Typically, the only means for water addition to the con- ing would require too much time Lo fill the wetwell and
tainment is provided by low-pressure pumping systems. then raise the water level within the drywell to surround

Therefore, the drywell would have to be vented durmg the lower portion of the reactor vessel. To realistically
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meet the requirements for retention of core and structural
debris within the reactor vessel, there must be an ability to
sufficiently flood the drywell within a very short time,
because the operators would probably not resort 1o con-
tainment flooding until after core degradation had begun. If
the water did not reach the vessel bottom head until after
lower plenum dryout and heatup of the vessel wall, then
the strategy might prove counterproductive, causing failure
of the wall by thermat shock.

It seems worthwhile to consider this strategy again, espe-
cially in light of the current proposals3” for preventing
faiture of the Mark I drywell shell by flooding the drywell
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floor with water, employing new or upgraded drywell
spray systems for this purpose. The analyses associated
with the cuarrent Mark I shell protection proposals are
based upon a water level within the drywell extending only
to the lower lip of the vent pipes {~2 ft (0.61 m) above the
drywell floor], with the overflow entering the pressure
suppression pool. However, equipment modifications to
permit an increased drywell spray rate (or simultaneous use
of the wetwell sprays) might be used to rapidly fill the
wetwell, allowing the water within the drywell to flood the
vent pipes and reach a level [~35 ft (10.7 m) above the
drywell floor] sufficient to cover the reactor vessel bottom
head. If drywell flooding to this level could be achieved
quickly enough, then the water in the drywell might in



effect provide two lines of defense against containment
failure: first, by serving to keep the debris within the reac-
tor vessel and second, by protecting the drywell shell.

This candidate strategy has been selected for detailed
assessment, the results of which are provided in Chaps. 14
through 22. From the standpoint of providing the necessary
volume of water, implementation would require the avail-
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ability of an independent drywell flooding system of suffi-
cient capacity to deliver the required amount of water
before reactor vessel lower plenum dryout and bottom head
penetration failure. This, in general, would require equip-
ment modifications but these provisions for effective and
rapid drywell flooding might be required by separate con-
siderations in support of resclution of the Mark I shell fail-
ure issue.

NUREG/CR-5869



9 Prevention of BWR Recriticality as a Late Accident Mitigation Strategy

S. A. Hodge

A series of studies was undertaken at Oak Ridge National
Laboratory (ORNL) during 1990 to consider candidate
mitigative strategies for in-vessel evenis during the late
phase (after core melting has occurred) of postulated boil-
ing water reactor (BWR) severe accidents. The identifica-
tion of new strategies was subject to the constraint that
they should, to the maximum extent possible, make use of
the existing equipment and water resources of the BWR
facilities and not require major equipment modifications
or additions. One of the recommendations developed as a
result of these studies calls for further assessment of a
candidate strategy for injecting barated water at the con-
centration necessary to preclude criticality upon reflooding
of a damaged BWR core. This assessment is the subject of
Chaps. 9 through 13 of this report.

9.1 Motivation for this Strategy

If significant control blade melting and relocation were to
occur during a period of temporary core uncovering, then
criticality would follow restoration of reactor vessel injec-
tion capability if the core were rapidly recovered with
unborated water using the high-capacity low-pressure
injection systems. If the relatively slow standby liquid con-
trol system (SLCS) were simultaneously initiated to inject
sodium pentaborate sclution, then the core would remain
critical until sufficient boron for shutdown reached the core
region. Furthermore, it is possible that injection of the
SLCS tank contents may not produce a boron concentra-
tion sufficient for shutdown. For these reasons, it would be
preferable, if control blade relocation has occurred, to
inject only a boron solution at a rate sufficient to provide
core cooling and terminate core damage.

The specific goal of the proposed strategy is to provide for
the addition of the boron-10 isotope together with the
injected flow being used to recover the core, in sufficient
quantity to preclude criticality as the water level rises
within the reactor vessel. It is expected that this could be
accomplished using only existing plant equipment. One
way to do this would be to mix the boron directly with the
waler in the condensate storage tank and then take suction
on the condensale storage tank with the low-pressure sys-
tem pump to be used for vessel injection, It is, however,
not a simple matter to invoke this strategy, and preplanning
and training would be required.

With respect to the rationale for incorporation of this strat-
egy, a recent Pacific Northwest Laboratory (PNL) report>4
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establishes that criticality upon reflooding a damaged core
with unborated water is likely for either standing fuel rods
or for a debris bed in the core region. It is conceivable that
this alone might be a sufficient basis for incorporation of a
boration strategy because there is a strong potential for
operator surprise and confusion should, for example, a sta-
tion blackout accident sequence be converted into an
uncontrolled criticality with core damage upon restoration
of reactor vessel injection capability. However, the PNL
report concludes the following:

— it appears that a super prompt-critical excursion
(in which some fuel vaporization, dispersal of
molten fuel debris, rapid molten fuel-coolant interac-
tion, and the production of a large pressure pulse
capable of directly failing the vessel and/or contain-
ment occurs) is not likely under conditions of
reflooding a hot, degraded core; even under condi-
tions of maximum reflood rate. Doppler feedback, 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 achicve 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 percent
of normal power. At these levels, the coolant
makeup systems could provide adequate coolant to
remove the heat generated within the debris bed.

Thus, one might conclude that the criticality attendant to
reflooding could be controlled in the same manner as an
anticipated transient without scram (ATWS}, that it could
be terminated by normal means [use of the SLCS], and that
no dedicated strategy for preventing the criticality is
required.

Criticality produced by reflooding after core damage has
several important characteristics very different from those
associated with ATWS, however, including not being
addressed by current procedures, the lack of nuclear
instrumeniation, and the factor of operator surprise. The
configuration of the critical masses in the core region
might be standing fuel rods alone, a combination of stand-
ing fuel rods (outer core) and debris beds (central core), or
a core-wide debris bed. Finally, the concentration of the
boron-10 isotope produced by injection of the stored
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contents of the SLCS tank may not be sufficient to
terminate the criticality.

9.2 Assessment Qutline

The most simple and straightforward strategy for injection
of a boron solution into the reactor vessel under severe
accident conditions would be based upon use of the SLCS.
The capabilities of this sysiem for such a purpose are dis-
cussed in Chap. 10.

The dominant set of BWR accident sequences leading to
core damage involves station blackout, where simultancous
initiation of the SLCS would not be adequate to prevent
criticality upon vessel reflooding if control blade damage
has occurred. The only reliable strategy for prevention of
criticality due to control blade damage for all recovered
BWR severe accident sequences requires that the water
used to recover the core contain a sufficient concentration
of the boron-10 isotope L0 ensure that the reactor remains
shutdown, Methods for accomplishing this are discussed in
Chap. 11,
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Chapter 12 provides the simplified cost-benefit analyses
for the proposed strategy. As directed, this analysis is
derived from the methodology described in NUREG-0933,
A Prioritization of Generic Safety Issues.18 It provides an
evaluation of the estirnated risk reduction associated with
the proposed strategy and the estimated costs to the NRC
and the industry in implemensing such a strategy. Based
upon these resulls, the priority ranking for the strategy is
established in Chap. 13,

One of the conclusions of this assessment is that the use of
Polybor® instead of a mixture of borax and boric acid to
generate the boron solution would facilitate the implemen-
tation of the strategy. Appendix A provides information
concerning the characteristics of this special sodium horate
product.

Perhaps the most desirable characteristic of Polybor® from
the standpoint of the proposed strategy is its ability to read-
ily dissolve in cool water. Appendix B provides a discus-
sion of several simple tabletop experimenis performed at
ORNL to investigate the limits of this high solubility.



10 Standby Liquid Control

S. A. Hodge

The goal of the boiling water reactor (BWR) accident
management strategy described in Chap, 9 is to prevent
criticality upon restoration of reactor vessel injection fol-
lowing a core damage event in which the control blades
have melted away. The normal means of adding boron to
the reactor vessel is by dedicated injection by the standby
liquid control system (SLCS). A brief description of the
system arrangement is provided in the following section.
Its function for mitigation of anticipated transient without
scram (ATWS) is described in Sect. 10.2. The illustrative
system dimensions and capacities given in this chapter are
those associated with the 251-in. reactor vessel ID BWR-4
facility design installed at 1067-MW (e) plants such as
Peach Bottom and Browns Ferry.

10.1 System Description

Although the SLCS is designed to inject sufficient neutron-
absorbing sodium pentaborate solution into the reactor ves-
sel to shut down the reactor from Full power (independent
of any control rod motion) and to maintain the reactor sub-
critical during cooldown to ambient conditions, the SLCS
is not intended to provide a backup for the rapid shutdown
normally achieved by scram, As indicated in Fig. 8.11, the
basic system comprises a heated storage tank, two 100%
capacity positive displacement pumps, and, as the only
barrier to injection to the reactor vessel, iwo explosive
squib valves, In most of the current BWR facilities, the
sodium pentaborale solution enters the reactor vessel via a
single vertical sparger located at one side of the lower
plenum just below the core plate as indicated in Figs. 8.12
and 8.13. An effort to improve the mixing and diffusion of
the injected solution (which has a specific gravity of about
1.3) throughout the core region has led some BWR facili-
ties to provide a third positive displacement pump and to
cause the injected solution to enter the reactor vessel via
the core spray line and sparger.

10.2 Performance of Function

For the purpose of reducing the time required for reactor
shutdown for the ATWS accident sequence, the Nuclear
Regulatory Commission (INRC) has recently required that
the SLCS injection be at a rate equivalent to 86 gal/min
(0.0054 m3ls) of 13 wt % sodium pentaborate solution, the
boron being in its natural state with 19.8 at. % of the
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boron-10 isotope.” This requirement is established by the
“ATWS rule,” which states, in part:

Each boiling water reactor must have a standby lig-
uid control system (SL.CS) with a minimum flow
capacity and boren content equivalent in control
capacity to 86 gallons per minute of 13-weight
percent sodium pentaborate solution.36

Because the original SLCS standard design provided for
single-pump operation at a rate of 43 gal/min

(0.0027 m3/s), the ATWS rule permits the requirement for
the increased equivalent control capacity to be satisfied by
simultaneous operation of both of the installed pumps, by
increasing the concentration of sodium pentaborate solu-
tion, or by enriching the boron within the sodium pentabo-
rate solution in the isotope boron-10. Different BWR
facilities have taken different approaches.

The sodium pentaborate solution is normally prepared by
dissolving stoichiometric quantities of borax and boric acid
within hot demineralized water according to the reaction

Na,B 407 * 10H,0 + 6H4BO4 — Na;B 3016

. IOH20 + 9H20

As an illustrative example based upon the typical volume
of the standby liquid control solution tank, 3458 1b

(1569 kg) of borax and 3362 1b {1525 kg) of boric acid
crystals dissolved within 3984 gal (15.08 m3) of water will
produce an aqueous solution containing 5350 1b (2427 kg)
of sodium pentaborale. This is 13.4% sodium pentaborate
by weight. The tank contains 980 Ib (445 kg) of boron and,
assuming that the boron is in its natural state {not
enriched), 194 1b (88 kg) of the boron-10 isotope.

Continuing the example, the SLC tank contains 40,000 1b
(18,100 kg) of solution so the concentration of natural
boron within the tank would be 24,500 ppm. Because the
mass of waler within the reactor vessel (at normal water
level and operating temperature) is 628,300 1b

(285,000 kg),T the concentration of natural boron within
the reactor vessel after the contents of the SLC tank had
been added would be ~1560 ppm (the concentration of the
boron-1Q isotope would be ~308 ppm).

*Il is the 5Bm isotope that has Lhe large neutron absorption cross section
(3840 barns). The reaction is §B'® + ;! — 4Li7 + He*.
Water mass for a 251-in.-ID BWR 3/4 reactor vessel, including the
recirculation loops at the hot raled condition.
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After the reactor had been brought subcritical, the next
steps toward complete shutdown would involve cooldown
and vessel filling, The reactor vessel water mass with nor-
mal water level at 70°F (294.3 K) would be 850,000 Ib
(385,000 kg) so that water addition during cooldown
would reduce the concentration of natural boron to

1150 ppm. Finally, with the vessel completely filled after
cooldown, the water mass would be 1,400,000 Ib

(635,000 kg), and the naturat boron concentration would be
700 ppm. With the boron in its nawmral siate, the concentra-
tion of the baron-10 isotope would be 138 ppm, which is
sufficient to maintain the core shutdown in the cold,
xenon-free condition.

Thus, the basic operaticnal concept of the SLCS for ATWS
control is that the very high concentration of boron in the
relatively small SL.C tank is diluted to the desired value
when pumped into the much larger reactor vessel and
mixcd with the vessel water inventory.

Where BWR facilities have chosen to enrich the sodium
pentaborate solution in the boron-10 isotope rather than to
increase the pumping rate, it is the boric acid constituent
that is enriched, typically to 92 at. %. This approach main-
tains the SLCS redundancy of having two pumps capable
of independent operation. It also perrnits the sodium
pentaborate concentration within the tank to be reduced
from ~13.4% by weight to less than 9.2% by weight, which
lowers the saturation temperature to ~40°F (277.6 K) and
thereby eliminates the requirement for monitoring and
maintaining the solution temperature.

10.3 Requirements for Liquid Poison
in Severe Accidents

Under severe accident conditions, injection of neutron poi-
son may be required for a situation very different than that
normally associated with ATWS., If significant control
blade melting and relocation from the core region were to
occur during a period while the core was temporarily
uncovered, then criticality should be expected if reactor
vessel injection capability is restored and the core is then
covered with cold unborated water.34 This situation is
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most likely to occur with restoration of electrical power
after a period of station blackout. If the SLCS were used to
inject the sodium pentaborate solution at a relatively slow
rate while the core was rapidly covered using the high-
capacity low-pressure injection systems, then criticality
would occur and the core would remain critical until suffi-
cient boron for shutdown reached the core region.

In fact, it is possible that injection of the entire contents of
the SLCS tank would not terminate the criticality.
Reference 34 (Summary, page ix) reports:

Analyses indicate that approximately 700 ppm 10B
are required to ensure subcriticality for all condi-
tions, including standing fuel rods.

As noted in the previous section, injection of the SLCS
tank contenis would typically produce a cencentration of
~308 ppm of the boron- 10 isotope at normal reactor vessel
walter level and operating temperature, which would be
diluted to ~225 ppm during cocldown to 70°F (294.3 K).
This boron-10 concentration would be further reduced to
~138 ppm with the vessel filled and cold.

It would be preferable, if control blade melting and reloca-
tion have occurred, to reflood the vessel with a premixed
solution of sufficient neutron poison concentration such
that there would be no threat of criticality as the core was
recovered. There must be a method for accomplishing this,
however, at a rate sufficient to provide immediate core
cooling and, thereby, terminate core damage, The major
diagnostic concern with respect to this strategy is that the
operators would have no direct means of knowing whether
significant control blade melting and relocation had
occurred. (In-core nuclear instrumentation would not be
expected to survive control blade melting.) Therefore,
either the injection source would have to be poisoned after
any nontrivial period of core uncovering or reliance would
have to be made on precalculated values of time to control
blade melting for the various accident situations.

Methods for adequate poisoning of the injection source are
described in Chap. 11,

[



11 Poisoning of the Injection Source

S. A. Hodge

As described in the previous chapter, the standard means of
adding boron to the reactor vessel involves the mixing of a
highly concentrated injected boron stream with the normal
vessel water inventory so that the resulting diluted solution
attains a sufficient boron concentration to bring the core
subcritical and 1o maintain subcriticality during vessel fill-
ing and cooldown. This method is intended for use in
bringing the reactor to a gradual controlled shutdown in
cases where cold shutdown cannot be obtained with control
rods alone. It will not prevent criticality for cases where the
core has been uncovered, the control blades have melted,
and the core is then rapidly recovered with unborated
water. Furthermore, a boron concentration sufficient for
reactor shutdown may not be attained for these cases even
after the entire contents of the standby liquid control sys-
tem (SLCS) tank have been injected.

This chapter addresses means for accomplishing core cov-
ering and reactor vessel filling with a prepared solution of
boron sufficiently concentrated to preclude criticality.
Ilustrative system dimensions and capacities are based
upon the 251-in, reactor vessel [D BWR-4 facility design
installed at 1067-MW(e) plants such as Peach Bottom and
Browns Ferry; elevations within the reactor vessel are
given as inches above vessel zero. The occasions for appli-
cation of such a strategy and the associated frequencies for
use in termination of core damage events will be discussed
in Chap. 12,

11.1 Basic Requirements

The basic requirements to preclude criticality upon vessel
reflooding with control blades melted from the core are,
first, that the core be recovered with a poisoned solution
and, second, that the solution contain a concentration of at
least 700 ppm of the boron-10 isotope.34

M., Petek

A primary consideration involves the amount of water
required to recover the core. Reactor vessel capacities at
selected levels for Peach Bottom are provided in

Table 11.1. It is important to recognize that the volumes
listed in this table do not include allowance for filling of
the recirculation or feedwater piping, because it would be
expected that these loops would remain filled if the water
level within the reactor vessel were lowered. Allowance
has been made, however, for filling of the main steam lines
[as the vessel water level rises above 647 in. (1643 m)],
which requires about 10,025 gal (37.95 m?) of water.

The entry “Water height after ADS” in Table 11.1 pertains
to the water volume remaining after operator actuation of
the automatic depressurization system (ADS) under severe
accident conditions. This operator action, which causes the
opening of all safety/relief valves assigned to the ADS sys-
tem (typically five or six}, would be taken in accordance
with the BWR Owners’ Group Emergency Procedure
Guidelines (EPGs) when the core became partially uncov-
ered. Briefly, the purpose of this action is to induce flash-
ing of a portion of the reactor vessel water volume, which
provides temporary cooling of the previously uncovered
region of the core, This rapid depressurization causes all of
the water in the core region to be flashed and the reactor
vessel water level to fall well beneath the core plate [at
elevation 205 in. (5.21 m)] and into the vessel lower
plenum. A detailed description of the background and pur-
pose of the ADS maneuver is provided in Sect. 3.2.1.

Based upon the water volumes listed in Table 11.1, the
mass of the boron-10 isotope that must be injected into the
reactor vessel to achieve a 700-ppm concentration can be
determined. The water Lemperature within the vessel is
taken to be 70°F (294.3 K), so that the water density is
62.30 Ib/ft3 (998.0 kg/m3). The results are shown in

Table 11.2,

Table 11,1 Water volumes for the Peach Bottom reactor vessel

. Height above

Location vessel zero Water volume

(in.) fr3 gal
Vessel filled 875.7 21,691 162,270
Normal operating level 561.0 12,722 95,172
Top of active fuel 366.3 7,566 56,600
Water height after ADS 137.0 2,191 16,391
Vessel zero 00 0 0
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Table 11,2 Mass of the boron-10 isotope required to achieve a
concentration of 700 ppm at 70°F

Height above Water
Location vessel zero Volume Mass Boron-10
(in.) () (1b) (tb)
Vessel filled 875.7 21,691 1,351,380 946
Normal operating level 561.0 12,722 792,600 555
Top of active fuel 366.3 7,566 471,370 330

With respect to the boron-10 concentration in the injected
flow, two cases must be considered as appropriate to pro-
vide an upper and lower bound. The lower bound is pro-
vided by the case in which the vessel lower plenum is dry
at the time when water injection is resumed. Under these
conditions, the required boron-10 concentration for the
injected flow simply equals the desired concentration in the
vessel, which is 700 ppm. No allowance is made for the
control blade B4C powder originally in the vessel because
there is no confidence that this powder would be available
to mix with the injected flow.

The upper bound is provided by the case where some water
remains in the lower plenum at the time injection is
resumed. As indicated in Table 11.1, this might be as much
as 16,400 gal (62.1 m3). For this situation, the boron-10
concentration in the injected flow must exceed the desired
concentration for the vessel, because the injected concen-
tration will be diluted. The results are provided in

Table 11.3. As indicated, the additional concentration re-
quired in the injected flow is inversely proportional to the
total water mass to be injected. Stated another way, consid-
erations regarding the excess concentration can be
neglected if the reactor vessel is to be filled by the injected
flow.

11.2 Alternative Boron Solutions

As described in Sect. 10.2, the SLCS injects to the reactor
vessel from a tank containing a sodium pentaborate solu-
tion, prepared by dissolving stoichiometric quantities of
borax and boric acid crystals within hot demineralized
water. In the normal standby condition, the system tank
contains about 190 lb (86 kg) of the boron-10 isotope, As
indicated in Table 11.2, however, the mass of boron-10
isotope required to produce a concentration of 700 ppm
within the reactor vessel is much greater than this.

In Sect, 11.1, it was shown that the boron-10 concentration
of the injected solution must be between 740 and

1000 ppm (depending on the height to which the vessel is
1o be filled) to ensure a final concentration within the ves-
sel of at least 700 ppm. It is now of interest to determine
the corresponding concentrations of (natural) boron and of
the sodium borate salt. As indicated in Appendix A, the
boron-10 isotope constitutes 19.78% of natural boron and
3.62% of sodium pentaborate by weight. This leads to the
results listed in Table 114,

It is easy to see that the formation of such high concentra-
tions of sodium pentaborate in large volumes of water

Table 11.3 Concentration of the boron-10 isotope in the injected flow to achieve
700 ppm in the vessel

Injected concentration

Height above Water
Location vessel zero mass Lower bound Upper bound
(in.) (Ib) (ppm) (ppm)
Vessel filled 875.7 1,351,380 700 741
Normal operating level 561.0 792,600 700 846
Top of active fuel 366.3 471,370 700 985
NUREG/CR-5869 68



Table 11.4 Concentrations of natural boron and
sodium pentaborate corresponding to specified
boron-10 concentrations

Natural Sodium
Boron-10 boron pentaborate
(ppm) (ppm)
740 3741 20,421
1000 5056 27,596

would require the addition of large amounts of borax and
boric acid. As an example, it is indicated in Table 11.2 that
555 1b (252 kg) of baron-10 would have 1o be injected to
attain a concentration of 700 ppm at the normal reactor
vessel water level. This corresponds to 2,806 1b (1,273 kg)
of natural boron and 15,316 Ib (6,947 kg) of sodium
pentaborate. Furthermore, because each pound of sodium
pentaborate formed requires the addition of 1.2749 Ib
(0.578 kg) of powder [0.6464 1b (0.293 kg) borax and
0.6285 1b (0.285 kg) boric acid], the total required mass
addition would be 19,526 1b (8,857 kg). Even greater pow-
der additions would have 1o be made if the reactor vessel
were to be filled or if the injection tank where the boron
solution is prepared has a larger volume,

A means of reducing the required quantity of powder to be
added in carrying out the proposed accident management
strategy would be to choose an alternative sodium borate
solution for vessel injection. Polybor®, produced by the
U. S. Borax Company, seems 10 be an ideal candidate. It is
formed of exactly the same chemical constituents (sodium,
boeron, oxygen, and water) as is sodium pentaborate but has
the advantages that, for the same boron concentration, it
requires about one-third less mass of powder addition and
has a significantly greater solubility in water. Detailed
information conceming Polybor® and its comparison to
sodium pentaborate as a means to form a boron solution
are provided in Appendix A.

It is important to recognize that whereas sodium pentabo-
rate solution is formed by adding borax and boric acid
crystals to water, which then react to form the sodium
pentaborate, a solution of Polybor® is formed simply by
dissolving the Polybor® pawder in water. This attribute,
that there is no requirement for two separate powders to
interact, is a major contributor to the greater solubility of
Polybor®. The results of some tabletop experiments per-
formed to investigate the solubility of Polybor® under
adverse conditions (no mixing, cool water) are discussed in
Appendix B. The advantage of Polybor® is obvious from
these results.

Poisoning

To briefly illustrate the advantage of Polybor® with respect
to weight of powder required for formation, the previous
example will be repeated with Polybor® as the sodium
borate solutior. The 555 b (252 kg) of boron-10 [corres-
ponding to 2806 Ib (1,273 kg) of natural boron] that must
be injected to attain a concentration of 700 ppm at the
normal reactor vessel water level would require the addi-
tion of 13,274 Ib (6,021 kg) of Polybor® powder, which is
about two-thirds of the borax/boric acid mass addition
required for formation of the same boron-10 concentration.

The following section addresses the means by which a
sufficient quantity of the prepared solution (at least

700 ppm of the boron-10 isotope) could be delivered to the
reactor vessel as necessary to restore normal water level,

11.3 Practical Injection Methods

The condensate storage tank is an important source of
water to the reactor vessel injection systems for each
nuclear unit. As indicated in Fig. 11,1 {based upon the
Browns Ferry arrangement), it is the normal suction source
for the steam turbine-driven high-pressure coolant injection
(HPCI) and reactor core isolation cooling (RCIC) systems
and the aliernate source for the electric motor-driven resid-
ual heat removal and core spray pumps. Other BWR facili-
ties also have at least one motor-driven reactor vessel
injection system [in addition to the control rod drive
hydraulic system (CRDHS)] capable of taking suction
upon the condensate storage tank,

A typical condensate storage tank structure, located outside
the reactor building, is shown in Fig. 11.2. At the Browns
Ferry Nuclear Plant, each unit’s condensate storage tank
has a cylindrical height of ~33 ft (10.1 m) and a total
capacity of 375,000 gal (1420 m3). Each condensate stor-
age tank at Peach Bottom has a capacity of 200,000 gal
(757 m3). At least one BWR facility (Grand Gulf)
currently has in place a procedure for adding borax and
boric acid crystals directly to the (partially drained) tank,
for use as backup to the SLCS if needed in the event of
anticipated transient without scram (ATWS).

During normal reactor operation, the condensate storage
tank provides makeup flow to the main condenser hotwells
via an internal tank standpipe, as indicated on Fig. 11.3,
The purpose of the standpipe is to guarantee a reserve sup-
ply of water for the reactor vessel injection systems that
take suction from the botiom of the tank. These include the
CRDHS, which provides cooling water to the CRD mech-
anism assemblies during normal reactor operation.
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Figure 11.1 Condensate storage tank—an important source of water for use in accident sequences other than large-

break LOCA

As discussed in Sect. 11.2, a much higher concentration of
boron would be required for the prevention of eriticality
for the case of reflooding a degraded core than would be
required for the termination of ATWS with the core intact.
Indeed, the requirement specified in Ref. 34 for a concen-
tration within the reactor vessel of 700 ppm of the
boron-10 isotope is about three times greater than the ves-
sel concentration (225 ppm) obtained [for normal vessel
waler level at 70°F (294.3 K)] by operation of the SLCS.

Any practical strategy for direct poisoning of the tank con-
fents must provide for partial draining, particularly if
boron-10 concentrations within the tank on the order of
740 to 985 ppm (Table 11.3) are to be achieved. The con-
densate storage tank could be gravity-drained through the
standpipe under station blackout conditions, The remaining
reserve water volume would be plant-specific, but a repre-
sentative value for a 1060-MW(e) BWR-4 facility such as
Browns Ferry or Peach Bottom is 135,000 gal (510 m3), It
is this reserve volume that would be poisoned,

NUREG/CR-5869

Even with partial tank draining, however, the amount of
powder required 1o obtain a boron-10 concentration of 74Q
to 985 ppm is large. Assuming the use of Polybor® to take
advantage of its greater solubility, 20,400 to 27,200 Ib
{9,250 to 12,340 kg) would have to be added to a reserve
volume of 135,000 gal (510 m?). [If borax/boric acid were
used, the requirement would be 30,050 to 40,350 1b
(13,630 to 18,300 kg).] Clearly, this is too much to be man-
handled {50-1b (23-kg) bags] to the top of the tank and
poured in. The practical way to poison the tank contents
would be to prepare a slurry of extremely high con-
centration in a smaller container at ground level, then to
pump the contents of this small container into the upper
opening of the condensate storage tank. (As indicated in
Appendix B, Table B.4, extremely high concentrations can
be achieved with Polybor®.)

For this concept, the arrangement of the condensate storage
tank with its internal standpipe is almost ideal, As the
majority of the added Polybor® mass settled toward the
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Figure 11.2 Condensate storage tank located external
to reactor building and vented to
atmosphere

bottom of the tank, the displaced solution would be
removed at the location of the standpipe entrance, where
the Polybor® concentration would be relatively low. On
the ather hand, when (and if) reactor vessel injection capa-
bility was restored, the injected solution would be taken
from the bottom of the tank, where the Polybor® concen-
tration would be the highest within the tank.

Poisoning

To avoid any requirement for procurement of additional
plant equipment, a fire engine and independent portable
(foldable) suction tank might be employed to perform the
solution mixing and transfer function necessary for
poisoning of the condensate storage tank. Foldable water
tanks of 5000-gal (18.9-m3) capacity that can be set up in
seconds are commercially available. There would, how-
ever, be no need for such rush in implementation of this
strategy. ‘

The shortest time interval between the inception of a BWR
accident sequence and the need for injection with a
Polybor® solution if criticality induced by control blade
melting is to be averted occurs in the short-term station
blackout accident sequence. Even here, more than an hour
would elapse before control blade melting began.

Upon total loss of station ac power, the foldable tank
would be set up so that the high-concentration Polybor®
solution could be prepared. The Fire Department would be
notified to send engine pumpers. Although this is a plant-
specific matter, these pumpers would in general be
expected to have a capacity of 750 or 1000 gal/min (0.047
or 0.063 m3/s) and to pump at that rate from a portable
tank.37 Obviously, plant procedures should be based upon
the specific pumpers that would be available.

If the HPCI or RCIC systems were operational (long-term
station blackout), then their use for reactor vessel injection
during the period (~6 h) that battery power remained would
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Figure 11.3 Condensate storage tank that can be drained to the main condenser hotwells via the internal standpipe,
leaving sufficient water volume for reactor vessel injection
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effectively reduce the condensate storage tank water inven-
tory, If, on the other hand, these turbine-driven reactor ves-
sel injection systems had failed upon demand (short-term
station blackout), then no water would be taken from the
condensate storage tank except by intentional draining, If
there is no prospect for restoration of reactor vessel injec-
tion at 45 min after the inception of the loss of ac power,
then tank draining (via the standpipe) should begin at that
time. Typically, about 15 min would be required to reduce
the tank contents to the level of the standpipe inlet by grav-
ity draining at the maximum rate.

Should the accident sequence progress to the point where
most of the core became uncovered, the EPGs require that
the operators manually initiate the ADS; this action is
intended to ensure that the core would become totally
uncovered before its upper portion reached the runaway
zirconium oxidarion temperature. In addition, the upward
rush of flashed steam would provide temporary cooling of
the previously uncovered regions of the core. It is precisely
at this point that actual introduction of Polybor® to the
condensate storage tank should begin under the proposed
strategy.

About 0.5 h afier the ADS maneuver, the heatup of the
upper core would recover from its temporary setback, and
the control blades would begin to melt. Success of the pro-
posed strategy would be counted if a sufficiently poisoned
solution were available for vessel reflooad from this point
onward.
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It is important to recognize that most of the difficulty asso-
ciated with implementation of the proposed strategy
derives from the large amount of powder that must be
placed into solution,”* For this reason, the strategy could be
more easily implemented at smaller BWR facilities such as
Monticello or Duane Arnold [-540 MW (e)], which have
smaller condensate storage tanks and smaller reserve con-
densate volumes [75,000 gal (284 m3)). Because the
required poison concentration is the same for all BWR
facilities regardless of size, the required amount of powder
addition is directly proportional to the water volume.
Similarly, facilities such as Grand Gulf [1142 MW(e)] with
larger condensate storage tank reserve volumes

(170,000 gal (644 m3)] would have to add additional pow-
der.

Finally, nothing in the proposed strategy is intended to dis-
courage the initiation of the SLCS upon restoration of ac
power. The additional boron-10 concentration that would
be delivered (slowly) by this system can be considered to
compensate for some of the uncertainties associated with
the injection from the condensate storage tank,

*This requirement derives from the results presented by NUREG/CR-
5653. Because this strategy for prevention of criticality upon vessel
reflood wonld be much simpler 1o implement if the necessary poison
concentration were reduced, it Seems that the results of NUREG/CR-
5653 should be assessed by an independent body—particularly in view
of the fact that the authors of that report describe their results as
“conservative.”



12 Cost-Benefit Analyses for the Boron Injection Strategy

S. A. Hodge

This chapter describes the results of a cost-benefit analysis
performed to assess the boron injection strategy proposed
for mitigation of boiling water reactor (BWR) severe acci-
dents in which control blade melting may have occurred.
The analysis is based upon the standard methodology
described in NUREG-0933, A Prioritization of Generic
Safety Issues.18 The detailed procedure and formats for
listing the results are those explained in Refs, 38 and 38.
The priority determination based upon these results is pro-
vided in Chap. 13,

12.1 Svummary Work Sheet

TITLE: Boron Injection Strategy for Mitigation of
BWR Severe Accidents

SUMMARY OF PROBLEM AND PROPQSED
RESOLUTION:

If significant control blade melting and relocation occurs
during a period of temporary core uncovering, then criti-
cality will occur if reactor vessel injection is restored and
the core is flooded with unborated water. The goal of the
proposed strategy is 10 prevent criticality by providing that
borated water be used to recover the core. It is expected
that the proposed strategy could be implemented using
only the existing plant equipment,

AFFECTED PLANTS PWR: Operating=0 Planned=0
BWR: Operating = 37 Planned = 1

RISK/DOSE RESUL TS (man-rem)

PUBLIC RISK REDUCTION= 4856

OCCUPATIONAL DOSES;

Implementation = 0

Operation/Maintenance = 0

Total of Above = 0

Accident Avoidance = 19

COST RESULTS ($1E+06)

INDUSTRY COSTS:

Implementation = 2.7

Maintenance = 09

Total of Above = 3.6

Accident Avoidance = 1.6

M. Petek
NRC COSTS:
Strategy Development = 0
Implementation Support = 0.09
Maintenance Review = 0.18
Total of Above = 027

12.2 Proposed Accident Mitigation
Strategy

The proposal involves a mitigative strategy for in-vessel
events during the late phase (after core degradation has
occurred) of postulated BWR scvere accidents. The strat-
egy addresses the prevention of undesired criticality.

If significant control blade melting and relocation were to
occur during a period of tempoerary core uncovering, then
criticality would follow restoration of reactor vessel injec-
tion capability if the core were rapidly recovered with
unborated water using the high-capacity low-pressure
injection systems. If the relatively slow standby liquid con-
trol system (SLCS) were simultaneously initiated to inject
sodium pentaborate solution, then the core would remain
critical until sufficient boron for shutdown reached the core
region. It would be preferable, if control blade melting and
relocation has occurred, to inject only a boron solution
provided that this can be done at a rate sufficient to provide
core coaling and terminate core damage.

The specific goal of the proposed strategy is to provide for
the addition of the boron-10 isotope, together with the
injected flow being used to recover the core, in sufficient
quantity to preclude criticality as the water level rises
within the reactor vessel. Ii is expected that this could be
accomplished using only existing plant equipment, One
way to do this would be to mix the boron directly with the
water in the condensate storage tank and then take suction
on the condensate storage tank with the low-pressure sys-
tem pump to be used for vessel injection. It is, however,
not a simple matter to invoke this strategy and preplanning
and training would be required.

With respect to the rationale for incorporation of this strat-
egy, a recent Pacific Northwest Laboratory (PNL) report34
establishes that criticality upen reflooding with unborated
water is likely for either standing fuel rods or for a debris
bed subsequently formed in the core region, It is not unrea-
sonable that this prediction alone should provide sufficient
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metivation for incorporation of a boration strategy because
there is a strong potential for operator surprise and confu-
sion should, for example, a station blackout accident
sequence be converted into an uncontrolled criticality event
upon restoration of reactor vessel injection capability.
However, the PNL report concludes that

~—it appears that a super prompt-critical excursion
(in which some fuel vaporization, dispersal of
molten fuel debris, rapid molsen fuel-coolant
interaction, and the production of a 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
feedback, 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 percent of normal power. At these levels, the
coolant makeup systems could provide adequate
coolant to remove the heat generated within the
debris bed.34

Thus, one might conclude from the PNL analysis that the
criticality attendant to reflooding could be contrelled in the
same manner as an anticipated transient without scram
(ATWS), that it could be terminated by normal means [use
of the SLCS], and that no dedicated strategy for preventing
the criticality is required.

Nevertheless, criticality produced by reflooding after core
damage has characteristics very different from those asso-
ciated with ATWS, including not being addressed by cur-
rent procedures, the probable lack of nuclear instrumen-
tation, and the factor of aperator surprise. The configu-
ration of the critical masses in the core region might be
standing fuel rods alone, a combination of standing fuel
rods (outer core) and debris beds (central core), or a core-
wide debris bed. The PNL report provides the estimate that
a boron-10 concentration of between 700 and 1000 ppm
would be required within the reactor vessel to preclude
criticality once control blade melting had occurred. This is
greater than the concentration attainable by injection of the
entire contents of the SLCS tank (~170 ppm).

Thus, on two counts, operation of the SLCS would not
prevent criticality upon vessel reflood following a period
of temporary core uncovering with control blade melting.
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First, the injection of poison by this system would be too
slow, Second, the amount of poison injected would be
insufficient.

It would be preferable, if control blade melting and reloca-
tion has occurred, to reflood the vessel from an injection
source such as the condensale storage tank containing a
premixed solution of neutron poison so that there would be
no threat of criticality as the core was recovered. This must
be achievable, however, at a rate sufficient to provide
immediate core cooling and, thereby, terminate core dam-
age. The major diagnostic concern with respect to this
strategy is that the operators would have no direct means of
knowing whether significant control blade melting and
relocation had occurred. Therefore, either the injection
source would have to be poisoned after any non-trivial
period of core uncovering or reliance would have to be
made on precalculated values of time to control blade
melting for the various accident situations.

In addition, formation of sodium pentaborate by the normal
method of separately adding borax and boric acid crystals
would not be feasible at low temperatures and without
mechanical mixing. Information concerning an alternative
boron form was obtained by contacting the U.S. Borax
Company at Montvale, New Jersey. The company pro-
duces a disodium octaborate tetrahydrate

(NazBg0Q13 = 4H;0) in readily soluble powder form, under
the tradename Polybor®. Boron constitutes 20.97% of the
total weight of Polybor®, as opposed to 18.32% of the
weight of sodium pentaborate. Using Polybor®, the total
amount of material needed to form a given concentration
of natural boron is significantly (about one-third) less than
for borax and boric acid. Much of the difference lies in the
excess water added with the borax (NayB407 « 10H0).

Polybor® readily dissolves even in cool water to form
supersaturated solutions. Simple tabletop experiments have
demonstrated that Polybor® dissolves much more readily
in water than does the nermally used mixwre of borax and
boric acid crystals. (There is no need for two separate
powders o interact in the case of Polybor®.) This is of
interest because the primary application of the accident
management strategy under consideration would be for use
under station blackout conditions, when the water in the
condensate storage tank may have cooled significantly at
the time the borated solution was 10 be prepared and
mechanical mixing of the tank contents would not be
available.

The condensate storage tank is an important source of
water to the reactor vessel injection systems, It is the
normal suction source for the steam turbine-driven high-



pressure coolant injection and reactor core isolation
cocling systems and the alternate source for at least one
electric-motor-driven reactor vessel injection system, either
the residual heat removal or the core spray system. At least
one BWR facility currently has in place a procedure for
adding borax and boric acid crystals directly to the
(partially drained) condensate storage tank, for use as
backup to the SLCS if needed in the event of ATWS.

During normal reactor operation, the condensale storage
tank provides makeup flow to the main condenser hotwells
via an internal tank standpipe. Any practical strategy for
direct poisoning must provide for partial draining particu-
larly if boron-10 concentrations as high as 700 to

1000 ppm are to be achieved. The condensate storage tank
could be gravity-drained through the standpipe under sta-
tion blackout conditions. The residual water volume would
be piant-specific, but a representative value for a
1060-MW (e) BWR-4 facility such as Browns Ferry is
135,000 gal (511 m?).

Even with partial condensate storage tank draining, how-
ever, the amount of powder required to obtain a boron-10
concentration of 1000 ppm is large. Assuming the use of
Polybor® 1o take advantage of its greater solubility,

27,775 1b (12,600 kg) would have to be added to the par-
tially drained tank_ [If borax/boric acid were used, the
requirement would be 41,000 Ib (18,600 kg).] Clearly, this
is too much to be manhandled [50-1b (23-kg) bags] to the
top of the tank and poured in, The practical way to poison
the tank contents would be to prepare a slurry of extremely
high concentration in a smaller container at ground level,
then to pump the contents of this small container into the
upper tank opening. (Extremely high concentrations can be
achieved with Polybor®.) To avoid any requirement for
procurement of additional plant equipment, a fire engine
with its portable suction container might be employed to
perform the slurry preparation and pumping function.

12.3 Risk and Dose Reduction

The calculaticns in this section are based upon the results
of the recent PNL study Recriticality in a BWR Fallowing
a Core Damage Event published as NUREG/CR-5653
(PNL-7476) in December 1990,34

12.3.1 Public Risk Reduction

The reduction in public risk associated with implementa-
tion of the proposed strategy derives from the portion of
the dominant station blackout severe accident sequences
that have the potential to be terminated by restoration of
electric power and reactor vessel injection capability before

Cost-Benefit

vessel breach and containment failure. If electric power is
restored during the recriticality time window, then the
associated restoration of reactor vessel injection capability
does not terminate the station blackout severe accident
sequence but rather converts it to an uncontrolled criticality
event, which rapidly leads to vessel breach and contain-
ment failure. With successful implementation of the strate-
BY, however, criticality is not a consequence of the restora-
tion of reactor vessel injection and the potential for
successful termination of the station blackout sequence is
unchanged. The results for each step in the analysis for
public risk reduction (following the NUREG-0933
methodology!8) are provided in Table 12.1.

12.3.2 Occupational Dose

The results of the analysis for occupational dose are sum-
marized in Table 12.2. An estimated occupational dose of
20,000 man-rem from postaccident cleanup, repair, and
refurbishment is considered, per the guidance of Sect. 3.c
of the Introduction t0 NUREG-0933.18

12.4 Costs

The industry and NRC costs associated with implementa-
tion of the proposed strategy are estimated in this section.
In accordance with NUREG-0933 (Introduction, Sect. 3.d),
costs are estimated in 1982 dollars.* Both NRC profes-
sional time and industry manpower costs are based upon
$100,000/person-year. Results are summarized in

Table 12.3.

It is important to recognize that this strategy for reactor
vessel flooding with a sodium borate solution under severe
accident conditions has been proposed as an effective yet
inexpensive accident mitigation measure that might be
implemented employing the existing plant equipment. This
is in accordance with the general guidance for the Boiling
Water Reactor In-Vessel Stralegies Program:

“Two criteria will be used in selecting the candidate
strategies: (1) they shall require no major equipment
modifications or additions by maximizing the use of
the existing equipment and waler resources in a
plant, and (2) they are not currently available in the
EPGs. The purpose ... is to identify candidate strate-
gies that could enhance or extend the EPGs in han-
dling severe accidents.”

*Use of the 1982 dollar as a standard permits comparison of the results of
the many cost-benefit analyses performed at various times during the
lasi decade. Based upon the general inflation rate, 1992 cost = 1.448
times the 1982 cost.
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In this spirit, provision of a dedicated mixing tank and
pumping system for preparation of the highly concentrated
Polybor® solution and its transfer into the condensate stor-
age tank has not been contemplated.

Rather, it is expected that the required mixing and transfer
could be accomplished, with preplanning and training, by a
fire department pumper and portable tank. In general, utili-
ties have agreements in place for use of local municipality,
county, or district fire department facilities in emergency
situations. If a pumper and portable tank were to be pur-
chased specifically for support of the proposed boration
strategy, the associated cost (1982 dollars) would be about
$125,000, which would have 10 be considered in the
determination of the Per-Plant Indusitry Cost for Strategy
Implementation (Item 7 of Table 12.3).
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Table 12.1 Public Risk Reduction Work Sheet

Title of Proposed Strategy:

Boron Injection Strategy for Mitigation of BWR Severe Accidents.

N Iom
BWRs: Operating 37 20.9
Planned 1 300
Total a8 21.1
Plants Selected for Analysis:
Peach Bottom 2—representative BWR.
Parameters Affected by Proposed Strategy:

The proposed strategy would serve to prevent criticality for accident sequences in which reactor
vessel injection capability is restored after core damage has occurred. The probability that the strategy
would be required has been calculated by Pacific Northwest Laboratories (PNL) based upon the NUREG-
1150 risk study using the Peach Bottom plant as a technical basis. In their NUREG/CR-5653 analysis, PNL
defines event tree parameters ACPOWXX to represent the estimated fraction (XX) of loss of offsite power
events that will be terminated (power will be restored) during the recriticality time windows of the affected
accident sequences,

Base Case Yalues for Affected Parameters:

The parameters ACPOWXX are accident-sequence dependent because the time after initiation of the
loss of offsite power event that the recriticality time window begins and the length of this time window
depend upon the accident sequence. The base-case parameters are established in NUREG/CR-5653
(Section 3,1.4) as:

Accident Sequence ACPOWXX
PBTBO/PBTBUX ACPOW12=0.12
PBEM2 ACPOW11 =0.11
PBTBS ACPOW01 =0.01

These accident sequences are defined below.
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Table 12.1 (continued)

6. ff Acci n -

The affected accident sequences are

PBTBO/PBTBUX short-term station blackout without ADS
PBEM2 short-term station blackout with ADS
PBTBS long-term station blackout with ADS.

All are based upon Peach Bottom. PBTBO and PBTBUX are identical except that PBTBO was
calculated by Battelle Memorial Institule as part of previous work upon NUREG-1150, whereas PBTBUX
(as well as PBEM2 and PBTBS) were calculated specifically for the NUREG/CR-5653 study using a more
recent version of the MARCH code. For additional information, see Section 2.2 of NUREG/CR-5653.

The base-case frequencies represent the probabilities of recriticality events based upon these accident

sequences.
PBTBO/PBTBUX x  ACPOWI2 = 5.2E-07/py
PBEM2 x  ACPOWI11 = 04E-07/py
PBTBS x  ACPOWO1 = 6.9E-07/py

1.25E-06/py

These are the frequencies of recriticality events which, following NUREG/CR-5653 (Section 3.1.4), would
lead to suppression pool saturation and containment over-pressurization in about hatf an hour.

7. ff i - nei

The release category for the recriticality event is BWR-3, defined in WASH-1400 (Appendix VI) as
representing

“a core meltdown caused by a transient event accompanied by a failure to scram or
failure to remove decay heat. Containment failure would occur either before core
melt or as result of gases generated during the interaction of the molien fuel with
concrele after reactor-vessel meltthrough. Some fission-product retention would
occur either in the suppression pool ar the reactor building prior to release o the
atmosphere. Most of the release would occur over a period of about 3 hours and
would involve 10% of the iodines and 10% of the altkali metals. For those sequences
in which the containment would fail due to overpressure after core melt, the rate of
energy release to the atmosphere would be relatively high. Far those sequences in
which overpressure failure would occur before core melt, the energy release rate
would be somewhat smaller, although still moderately high.”

Thus the base-case release category and frequency is

BWR-3 = 1.25E-06/py.

8. Base-Case, Affected Core-Melt Freguency (f}:
F = 1.25E-06/py
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13.

14.

15.

Table 12,1 (continued)

Bage-C Affected Public Risk (W):
W = (1.25E-06/py) (5.1E+06 man-rem)

=6.375 man-rem/py

Cost-Benefit

The man-rem value associated with release category BWR-3 is taken from Exhibit B of Section III

of the Introduction to NUREG-0933.

Adj - f )

Following Section 3.1.4 of NUREG/CR-5633, it is assumed that implementation of the proposed
strategy would reduce the frequency of recriticality caused by reactor vessel refill after control blade
melting by 95%. Stated another way, it is assumed that if implemented, the boron injection strategy for
mitigation of BWR severe accidents would fail to be properly applied 5% of the time.

Ffocted Accident S | Adiusted-Case F -

PBTBO/PBTBUX x ACPOWI2 x 0.05
PBEM2 x ACPOWI11 x 0.05
PBTBS x  ACPOWO1 x (.05

£f . . )

BWR-3 = 6.25E-0B/py
Adjusted-Case, Affected Core-Meli Frequency (F *):

F* = 6.25E-08/py

This is the adjusted frequency of recriticality events,
- lic Ri *):

W* = (6.25E-08/py) (5.1E+06 man-rem)

=(.319 man-rem/py
Reduction in Core-Melt Frequency (AF ):

AF = 1.25E-06/py — 6.25E-08/py

= 1.19E-06/py

2.6E-08/py
2.0E-09/py

3SE-Q8fpy
6.25E-08/py

Strictly speaking, this is the reduction in unmitigated core melt frequency. The proposed strategy
affects the progression of events during the recriticality time window, which is initiated by the melting of
some core structures (the control blades). Thus, some core damage is associated even with successful
application of the strategy; vessel breach and containment failure would, however, be averted.

79
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Table 12.1 (continucd)

16. Per-P}, ion in Pybli
AW =6.375 man-rem/py — 0.319 man-rem/py
=6.056 man-rem/py
17. T lic Ri
AW ToTAL = (6.056 man-rem/py) (38 p) (21.1y)
= 4856 man-rem
Upper bound = 1.53E+05 man-rem
Lower bound = 0

Here the upper and lower bounds are established in accordance with the guidance of Section 3.5.1 of
NUREG/CR-2800.
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Table 122 Occupational Dose Work Sheet

Title of Proposed Strategy:
Boron Injection Strategy for Mitigation of BWR Severe Accidents.
Affected Plants (N):
N
BWR: Operating 37
Planned d
Total 38
Average Remaining Lives of Affected Plants (T ):
Ty
BWR: Operating 209
Planned 300
All BWRs 211

Per-Plant Occupational Dose Reduction Due to Accident Avoidance, A(FDg):

AF DR = (1.19E-06/py) (20,000 man-rem/py)
=0.024 man-rem/py

The reduction in unmitigated core melt frequency is obtained from Item 15 of Table 12.1. The
estimated occupational dose of 20,000 man-rem incurred by post-accident cleanup, repair, and
refurbishment is taken from Section III of the Introduction to NUREG-1150.

i ident Avoi
AU = (0.024 man-rem/py) (38 p) (21.1y)
=19.24 man-rem
Upper bound = 120
Lower bound= 0

Here the upper and lower bounds are established in accordance with Section 3.5.2 of
NUREG/CR-2800.
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Table 12.2 (continued)

6. r-P! ilj i iati n
None.

7. Per-Plan ional D Impl ion
None.

8. Total Occupational Dose Increase for Strategy Implementation (NDY:

None,

9. Per-Plant Usility Labor in Radiation Zones for Strajegy Mainienance:
None,

10. Per-Plant Occupational Dose Increase for Strategy Maintenance (Dg):
None,

11. Total Occupational Dose Increase for Strategy Maintenance (NTDg):
None.

12. Total Occupational Dose Increase (G):

Best Estimate Error Bounds (man-rem)
—{man-rem) Upper _Lower
0 0 0

These upper and lower bounds are established in accordance with the guidance of NUREG/CR-2800,
Section 3.5.3.
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Table 12.3 Cost Work Sheet

L Title of Proposed Strategy:
Boron Injection Strategy for Mitigation of BWR Severe Accidents.

2. Affected Plants (N):

N
BWR: Operating 37
Planned 1
Total 38
3, v ining Lives of Aff lants (T ):
T (yn)
BWR: Operating 20.9
Planned 30.0
All 21.1
Industry Costs (steps 4 through 12)
4. Per-Plant Industry Cost Savings Due to Accident Avoidance, ACF A):

(1.19E-06/py) ($1.65E+09) = $1.96E+03/py

The estimated cost of $1.65E+09 for cleanup, repair, and refurbishment is taken from Table 3.5 of
the Handbook for Value-Impact Assessment, NUREG/CR-3568.

5. Total In vings D Accident Avoi
(38 p) (21.1 y) ($1.96E+03/py) = $1.6E+06
Upper bound = $9.9E+06
Lower bound =0

Here the upper and lower bounds are established in accordance with Section 4.3.1 of
NUREG/CR-2800.
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10.

11.

12.

Table 12.3 (continued)

Per-Plant I R rges for

Implementaticn of the proposed strategy will require acquisition of material (Polybor), engineering
analysis, preparation of procedures, training, and management review,

- I I Im
Resources Cost ($/plant)
Engineering 10K
Procedures 20K
Management Review 5K
Training 20K
Material 15K
Total 70K

The estimated material cost is based on acquisition of 30,000 Ib of Polybor at $0.50 per pound (1982
dollars). This invokes a conservative assumption that a special quality grade of powder would be
purchased although it is by no means certain that this would be required for severe accident applications,

for 1

(38 plants ) ($7.0E+4/plant) = $2.66E+06

Per-Plant Industry Labor for Strategy Maintenance:

It is estimated that an average of 20 man-hr/py will be required for periodic procedure review and
training (including drills).

Per-Plant Industry Cost for Strategy Maintenance (Ig):

I5 = (20 man-hr/py) (1 man-wk/40 man-hr) ($2270/man-wk)
=$1135/py

Total Industry Cost for Strategy Maintenance (N_'i‘ll):

NT I, = (38 plants) (21.1 yr) ($1135/py) = $9.1E+05

Total Industry Cost (Sp:
Best Estimate Upper Bound Lower Bound
$3.6E+06 $5.0E+06 $2.2E+06

These upper and lower bounds are established in accordance with the guidance of NUREG/CR-2800,
Section 4.3.2.
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Table 12,3 (continued)

NRC Costs (Steps 13 through 21)
13. NRC Resources for Strategy Development:
The general strategy for boration of the water injection source has already been developed by the
NRC Office of Research as a candidate accident management strategy. Implementation of the strategy
would be carried out on a voluntary, plant-specific basis by the industry. Therefore, no additional NRC
development costs would be incurred.

14, Total NRC Cost for Suamgy Development (Cp):

None.
15. 1-Plan r f Implementation:
To support implementation by the industry, ! man-week per plant is assumed.
16. -Plan lemen
C = (1 man-wk/plant) ($2270/man-wk) = $2270/plant
17. Total NRC Cost for Support of Strategy Implementation (NC}):
NC = (38 Plants) ($2270/plant) = $8.6E+04
18.  Per-Plant NRC Lahor for Review of Strategy Mainienance:

Approximately 0.10 man-week per plant year is estimated for follow-up on maintenance of the
proposed strategy.

19. Per-Plant NRC Cost for Review of Strategy Maintenance {Cg):

Cp = (0.10 man-wk/py) ($2270/man-wk) = $227/py

20. Total NRC Cost for Review of Strategy Maintenance (NTCO):

NTCg = (38 plants) (21.1 yr) ($227/py) = $1.8E+05

21. Total NRC Cost (SN):

Best Estimate Upper Bound Lower Bound
$2.7E+05 $3.7E+05 $1.7E+05

Here, the upper and lower bounds are established in accordance with Section 4.3.3 of
NUREG/CR-2800.
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13 Priority Ranking for Boron Injection Strategy and Recommendations

S. A. Hodge

In this chapter, the accident frequency adjustment, conse-
quence reduction, and cost estimates obtained by the steps
described in Chap. 12 are applied to obtain the value/
impact assessment and to establish a priority ranking for
the proposed boron injection strategy for mitigation of
boiling water reactor (BWR) severe accidents, These
applications are made in accordance with the procedures
specified in NUREG-(0933, A Prioritization of Generic
Safety Issues!8,

13.1 Frequency Estimate

Potential core-melt frequency reduction has been estimated
in Table 12.1 by reference to the results of a Pacific North-
west Laboratories (PNL) analysis of Recriticality in a BWR
Following a Core Damage Event, NUREG/CR-5653.34
The PNL analysis is based upon the NUREG-1150 risk
study® and uses the Peach Bottom Plant as a technical
basis. Strictly speaking, the calculated reduction applies to
the frequency of unmitigated core melting. The strategy
proposed would, if implemented, affect the progression of
severe accident events during the time window for recriti-
cality, which is opened by the occasion of some core dam-
age (the melting of the control blades). Thus, some core
damage is associated even with successful implementation
of the strategy. The goal of the strategy is to avert vessel
breach and containment failure,

The proposed strategy would have the potential to affect
the progression of the risk-deminant short-term and long-
term station blackout accident sequences. It is assumed
(following the PNL analysis) that implementation of the
proposed strategy would reduce the frequency of criticality
imposed by rcactor vessel refill after control blade melting
by 95%. The estimated change in frequency of unmitigated
core melting is then 1,19E-06/RY.*

13.2 Consequence Estimate

The release category associated with conversion of a sta-
tion blackout severe accident sequence, after core damage
has occurred, into an uncontrolled criticality accident
sequence is BWR-3. This release category (as defined in
WASH-1400, Appendix VI) involves containment failure

*Here the nomenclature of NUREG-0931 is followed, using “"RY™ 1o
represent reactor-year. In Chap. 12, the appellation “py" is used to
represent plant-year, following NUREG/CR-2800. For the purposes of

this report, the two terms are interchangeable.

M. Petek

by overpressure. When the change in frequency of unmiti-
gated core melting (Sect. 13.1) is multiplied by the public
dose (5.1E+06) associated with release category BWR-3,

the resulting estimated change in public risk is 6.06 man-

rem/RY.

13.3 Cost Estimate

Implementation of the proposed strategy is estimated 10
involve expenditures (per plant) of $70,000 for engineering
analysis, preparation of procedures, personnel training,
management review, and acquisition of material (sodium
borate powder in the form of Polybor®), In addition, it is
estimated that 20 man-h/RY would be required for periodic
procedure review and team training (including drills). With
a cost of $56.75/man-h (1982 dollars) and an average
remaining plant life of 21.1 years, the average industry cost
per reactor is estimated to be about $93,950.

Nuclear Regulatory Commission (NRC) costs for imple-
mentation of the proposed strategy would be small becanse
the general approach has already been developed by the
Office of Research as a candidate accident management
procedure. It is anticipated that the strategy would be
impiemented on a voluntary, plant-specific basis by the
industry. Therefore, no additional NRC development costs
would be incurred. Allowance is made, however, for the
costs derived from oversight of the associated plant proce-
dures and of the general readiness (status of personnel
training) to successfully execute the plant-specific actions.
These oversight activities arc estimated as a cost per reac-
tor of $2270 for support of strategy implementation and
$227/year of remaining plant life for strategy maintenance,
With an average remaining plant life of 21.1 years, the
average NRC cost per reactor is estimated to be about
$7100.

Based upon an average industry cost of $94,000/reactor
and an NRC oversight cost of $7000/reactor, the total cost
associated with implementation of this strategy for the 38
BWR facilities is estimated to be $3.84M.

13.4 Value/Impact Assessment and
Priority Ranking

As indicated in Sect. 13.2, the estimated risk reduction
associated with implementation of the proposed strategy is
6.06 man-rem/RY. Applying this estimate to the U.S.
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inventory of 38 BWR facilities with an average remaining
lifetime of 21.1 years, the total potential risk reduction is
~4860 man-rem.

With the total associated cost of about $3.84M derived in
Sect. 13.3, the value/impact assessment consistent with the
procedures of NUREG-0933 is

S = 4360 man-rem
T $3.84M

= 1266 man-rem/$M.

Section 1II.4.a of the Introduction to NUREG-0933 pro-
vides a priority ranking chart, reproduced here as Fig. 13.1
for the convenience of the reader. This chart shows how
the tentative priority rankings are derived from the safety
significance of an issue and its value fimpact score,
Entering this chart (Fig. 13.1) with a value of 1266 for §
(the vertical axis) and value of 1.19E-06 core-melt/RY for
the change in risk (horizontal axis—see Sect. 13.1), one
obtains a priority ranking of MEDIUM for the proposed
strategy.

13.5 Recommendations

Based upon the MEDIUM priority ranking for the
proposed strategy, what further actions should be recom-
mended? As pointed out in NUREG-0933, decisions

should be tempered by the knowledge that the assessment
uncertainties are generally large:

The criteria and estimating process on which the
priority rankings are based are neither rigorous nor
precise. Considerable application of professional
judgment, sometimes guided by good information
but often tenuously based, occurs at a number of
stages in the process when numerical values are
selected for use in the formula calculations and
when other considerations are taken into account in
corroborating or changing a priority ranking. What
is important in the process is that it is systematic,
that it is guided by analyses that are as quantitative
as the situation reasonably permits, and that the
bases and rationale are explicitly stated, providing a
“visible” information base for decision. The impact
of imprecision is blunted by the fact that only
approximate rankings (in only four broad priority
categories) are necessary and sought.!8

With these considerations in mind, it is rccommended that
each plant assess its need for the proposed sirategy based
upon the results of its individual plant examination (IPE).
By far, the most important aspect of this recommended
plant-specific assessment of the need for this strategy is the
expected frequency of station blackout events that progress
through the first stages of core damage (the melting of
control blades). In the generic analysis of public risk
reduction provided as item 6 of Table 12.1, the probability
of a recriticality event was taken to be 1.25E-06/py, based
upon the recent PNL study.34
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Figure 13,1 Priority ranking chart. Source: Reproduced from Fig.1 of Introduction to NUREG-0933
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The PNL study is based upon the NUREG-1150 results for
Peach Bottom, which include a core-melt frequency of
~4.5E-06/RY derived from station blackout events. If
individual plants discover in their IPE process that a much
lower station blackout core damage frequency applies, then
correspondingly lower recriticality potential would also
apply and implementation of the proposed strategy would
probably not be practical for their facility,

As a final note, however, it is important to recognize that
many of the BWR facilities are currently implementing
accident management strategies, on a voluntary basis, to
provide back-up capability for the standby liquid control
system (SLCS). Thes¢ back-up strategies invoke such

89
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methods as modification of the high-pressure coolant
injection or reactor core isolation cooling system pump
suction piping to permit connection to the SLCS tank or
poisoning of the condensate storage tank. In all known
cases, however, the effect of these plant-specific sirategies
is to provide a means to obtain a reactor vessel concentra-
tion of the boron-10 isotope similar to that attainable by
use of the SLCS system itself. It seems highly desirable
that these facilities should include within their training
programs and procedural notes the information that,
according to the analyses reported in NUREG/CR-5653,
this concentration would be insufficient to preclude criti-
cality associated with vessel reflood after control blade
melting,
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14 Containment Flooding as a Late Accident Mitigation Strategy

S. A. Hodge, J. C. Cleveland, T. S. Kress®

As discussed in Chap. 8, this effort for identification of
new strategies has been subject to the constraint that can-
didate strategies should, to the maximum extent possible,
make use of the existing equipment and water resources of
the boiling water reactor (BWR) facilities and not require
major equipment modifications or additions. One of the
recommendations developed as a result of these studies
calls for further assessment of a candidate strategy for con-
tainment flooding to maintain the core and structural debris
within the reactor vessel if vessel injecticn cannot be
restored as necessary to terminate a severe accident
sequence.

14.1 Motivation for this Strategy

It is important to note that containment flooding to above
the level of the core is currently incorporated within the
BWR Owners’” Group Emergency Procedure Guidelines'6
(EPGs) as an alternative method for providing a water
source into the vessel in the event of design-basis loss-of-
coolant-accident (LOCA) (the water would flow into the
vessel from the containment through the break). The
assessment undertaken here is to determine if containment
flooding might also be effective in preventing the release
of molten materials from the reactor vessel for the risk-
dominant non-LOCA accident sequences such as station
blackout.

The chief motivation for this assessment derives from the
potential of the proposed strategy for application to the
existing BWR facilities with the Mark I containment
design. These are listed in Table 14.1 with their date of
commercial operation, rated thermal power, and reactor
vessel size. Because of its relatively small containment
volume and drywell floor area, the Mark I containment
structural boundary is particularly vulnerable to failure by
overpressure or direct contact attack should core and
structural debris leave the reactor vessel.

The proposed strategy for drywell flooding has the poten-
tial to serve not only as a first-line defense in preventing
the release of molten material from the reactar vessel, but
also as a second line of defense to prevent failure of the
Mark I drywell shell should debris release from the reactor
vessel occur, All current considerations of the Mark I shell
melt-through issue3? are based upon an assumption that the

* All work in connection with this project completed befare becoming a
member of the Advisory Committee on Reactor Safeguards.

depth of water over the drywell floor would be limited o
~2 ft (0.610 m), the height at which overflow to the pres-
sure suppression pool would occur, (This assumption
derives from the limited pumping capacity available far
containment flooding in the existing plants and the need to
fill the pressure suppression pool before the water level
could rise higher than this.)

While the study documented in Ref, 35 indicates that a
water depth of 2 ft would protect the drywell shell (in the
absence of steam explosions) from the initial debris release
from the reactor vessel, the subsequent debris pours from
the vessel would produce an island of debris leading to the
shell. At some point, perhaps when about one-half of the
core had left the vessel, the newly released debris would
contact the shell above the water level and the shell would
fail, However, drywell flooding to surround the lower por-
tion of the reactor vessel with water would provide more
than 30 ft (9.144 m) of water over the floor. This would
preclude any possibility of direct failure of the drywell
shell by late contact with debris and, therefore, has the
potential to be an excellent late mitigation strategy, if the
required pumping capacity can be provided.

14.2 Effects of Reactor Vessel Size

As indicated in Table 14.1, the reactor vessel sizes for the
Mark I containment facilities range from 183-in. internal
diameter {Duane Amold) to 251-in, intemnal diameter
(Browns Ferry, Peach Bottom). From the standpoint of the
potential for removing decay heat by external cooling of
the reactor vessel bottom head, an important measure of
performance is the ratio of the plant rated thermal power to
the internal surface area of the reactor vessel bottom head.
This ratio varies from 37.4 MW/mZ2 for Vermont Yankee to
51.6 MW/m?2 for the largest plants such as Peach Bottom.
Because the heat transfer from a lower plenum debris bed
would be by conducticn through the vessel wall, the
advantage of the smaller plants demonstrated here is
magnified by consideration of the vessel wall thickness,
which, as will be discussed in Chap. 186, is significantly
less for the smaller reactor vessels.

The calculations discussed in this report have been per-
formed, where appropriate, for the Browns Ferry, Hatch,
Vermont Yankee, and Duane Amold BWR facilities. This
approach is intended to fully cover the spectrum of Mark 1
facility thermal capacities and reactor vessel dimensions.
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Table 14.1 Mark I containment facilities in order of increasing reactor vessel size

C ial Rated thermal Reactor vessel
Plant Location BWR ommel-'cla power internal diameter

operation MW(6)] (in.)
Duane Arnold Palo, IA 4 02/75 1593 183
Vermont Yankee Vemon, VT 4 11/72 1593 205
Monticello Monticello, NM 3 06/71 1670 206
Nine Mile Point 1 Scriba, NY 2 12/69 1850 213
Oyster Creek1 Forked River, NJ 2 12/69 1930 213
Cooper Brownsville, NB 4 07714 2381 218
Edwin 1. Hatch 1 Baxley, GA 4 12775 2436 218
Edwin I. Hatch 2 Baxley, GA 4 09/79 2436 218
James A. Fitzpatrick Scriba, NY 4 07775 2436 218
Brunswick 1 Southport, NC 4 03777 2436 218
Brunswick 2 Southpaort, NC 4 11775 2436 218
Pilgrim 1 Plymouth, MA 3 12/72 1998 224
Millstone 1 Waterford, CT 3 03/71 2011 224
Quad Cities 1 Cordova, IL 3 02773 2511 251
Quad Cities 2 Cordova, IL 3 03/73 2511 251
Dresden 2 Morris, IL 3 06/70 2527 251
Dresden 3 Morris, IL 3 11/71 2527 251
Hope Creek 1 Salem, NJ 4 12/86 3203 251
Peach Bottom 2 Delta, PA 4 07,14 3293 251
Peach Bottom 3 Delta, PA 4 12/74 3293 251
Browns Ferry 1 Decatur, AL 4 08/74 3293 251
Browns Ferry 2 Decatur, AL 4 03775 3293 251
Browns Ferry 3 Decatur, AL 4 03777 3293 251
Fermi 2 Newport, MI 4 01/88 3293 251

14.3 Venting Requirement for
Existing BWR Facilities

An undesirable aspect associated with the potential
employment of this strategy for existing BWR facilities has
an important effect upon the evaluation of the overall
effectiveness and, therefore, should be mentioned in this
introductory chapter. This disadvantage is the requirement
for venting to the atmosphere while the containment is
being filled by the low-pressure pumping systems (before
the onset of core degradation) and the requirement that the
drywell vents be kept open during the stcaming from the
water surrounding the reactor vessel lower head. As a
direct consequence, employment of the drywell flooding
strategy would require acceptance of an early noble gas
release to the surrounding atmosphere as well as accep-
tance of the associated limited escape of fission product
particulates. [These would enter the pressure suppression
pool via the safety/relief valve (SRV) tailpipe T-quenchers
and would be scrubbed by passage through the water in
both the wetwell and the drywell.]
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The requirement for venting assoctated with the proposed
strategy is not unique among the currently considered mit-
igative measures for BWR severe accidents. Far example,
the containment drywell would also have to be vented for
the strategy considered by Theofanous,3> where attempts
would be made o cool the debris on the drywell floor after
it had left the reactor vessel, With only 2 ft (0.610 m) of
water over the drywell floor, the released debris could be

" considered to be covered by water only for the early phase
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of the release from the vessel. Subsequently, the accumu-
lating debris would rise above the water level with a direct
path to the external atmosphere through the opened vents.

14.4 Computer Codes

The HEATING code? has been employed in this study for
detailed analyses of reactor vessel wall respense including
conduction through the wall, the fin effect of the penetra-
tion housings, and the success of the water surrounding the
housing tubes outside the vessel in preventing their failure
by internal entry of molten material.



The response of the lower plenum debris bed after dryout
and the effect of this bed upon the reactor vessel bottom
head wall is calculated in this study by application of the
coding developed at Oak Ridge within the BWRSAR
code?: 3 for this purpose. The lower plenum debris bed
models, which have been made operational in the stand-
alone mode, are currently being implemented into the
MELCOR code framework at Qak Ridge. These models
represent decay heating, conduction, and radiative heat
transport within the debris bed as well as the effects of
material melting, relocation, and freezing at a lower level.
The formation of eutectic mixtures, defined by user input,
is also represented. Additional information concerning
these models is provided in Chap. 18.

14.5 Assessment Qutline

If drywell flooding is to be effective in maintaining reactor
vessel integrity, this strategy must be capable of quick
implementation, because release of molten materials from
the lower plenum debris bed to the drywell floor by means
of failed penetration assemblies would otherwise be
expected to occur soon after bottom head dryout. The gen-
eral topic of drywell flooding, the means to accomplish it,
and the effectiveness of this maneuver in cooling the reac-
tor vessel exterior surface are addressed in Chap. 15.

While it can be shown that the submerged portions of the
reactor vessel wall can be effectively cooled by the pres-
ence of water, there are physical limitations to the fraction
of the overall decay power that can be removed downward
through the lower portion of the debris bed boundary.
These unfortunate realities are discussed in Chap. 16.
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Coaling of the bottom head can greatly delay any failure of
the reactor vessel structural boundary, but the first
requirement to accomplish this goal is that failures of the
penetration assemblies, induced by dryout and the entry of
molten materials, be precluded. The success of water sur-
rounding the vessel exterior in achieving this is described
in Chap. 17.

The stand-alone models for the response of the lower
plenum debris bed and the reactor vessel bottom head wall
are described in Chap. 18. The results obtained by applica-
tion of these models to the large BWR facilities such as
Peach Bottom or Browns Ferry are discussed in Chaps. 19
and 20 for cases with and without venting of the atmo-
sphere trapped within the reactor vessel support skirt.

Current provisions for reactor vessel depressurization as
specified by the BWR EPGs are intended to lessen the
severity of any BWR severe accident sequence. Therefore,
it is impontant to recognize that drywell flooding, which
would submerge the SRVs, might lead to failure of the dc
power supply and thereby induce vessel repressurization.
The potential for failure of SRV remote control due to
drywell flooding and the effects of this eventuality are dis-
cussed in Chap. 21.

The summary and conclusions for the containment flood-
ing strategy are summarized in Chap. 22, Application of
the methodology to the smallest of the BWR facilities is
demonstrated in Appendix C.
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15 Method and Efficacy of Drywell Flooding

S. A. Hodge, J. C. Cleveland, T. S. Kress”

The objective of the proposed strategy for drywell flooding
is to eliminate the threat of large releases of particulate fis-
sion products 1o the containment atmosphere that would be
posed by core degradation and debris bed formation in the
reactor vessel lower plenum and the associated challenge
to the integrity of the vessel bottom head. This threat
would be eliminated by providing a means to maintain the
core and structural debris within the reactor vessel by
cooling the vessel bottom head. To accomplish this goal,
the water level within the drywell would have to be raised
sufficiently quickly so that the lower portion of the reactor
vessel would be submerged before any bottom head pene-
tration assembly failures could occur, Furthermore, the di-
rect availability of water to the reactor vessel exterior sur-
face would have to be adequate to remove all of the fission
product decay power that could be conducted through the
wall. If these measures could be successfully implemented,
then the drywell flooding strategy would be efficacious,
although a penalty would be incurred in terms of early con-
tainment venting (to permit containment flooding) and the
associated early release of fission product noble gases.
Whether drywell flooding would prove effective in main-
taining reactor vessel integrity over the long term will be
the topic of subsequent chapters.

As will be explained in Chap. 16, the geometric effects of
reactor vessel size are such that the effectiveness of exter-
nal cooling of the vesse] bottom head would be least for
the largest vessels. Considering also that the motivation for
maintaining any core and structural debris within the reac-
tor vessel is greatest for the Mark I drywells, the primary
focus of this assessment is upon the largest BWR Mark I
containment facilities such as Peach Bottom or Browns

Ferry,

15.1 Methods for Drywell Flooding

The concept of drywell flooding as a severe accident
mitigation technique for boiling water reactor (BWR)
applications has been briefly considered previously by a
simple scoping analysis (Appendix D of Ref. 9) that indi-
cated that water surrounding the reactor vessel bottom head
would have the potential to prevent melting of the vessel
wall, However, this analysis, which was based upon the
Browns Ferry Nuclear Plant, also concluded that the exist-
ing pumping systems available for containment flooding
would require too much time to fill the wetwell and then

* All work in connection with this project completed before becoming a
member of the Advisory Commilice on Reactor Safeguards.
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raise the water level within the drywell to surround the
lower partion of the reactor vessel, Furthermore, these
¢xisting pumping systems would not be available for the
dominant staticn blackout accident sequences.

To realistically provide a means for retention of core and
structural debris within the reactor vessel, there would
have to be a reliable ability to sufficiently flood the drywell
within a short period of time, because emergency proce-
dures cannot be expected to call for containment flooding
(and the associaled undesirable effects upon the installed
drywell equipment} until afier core degradation has begun.
If the water did not reach the vessel bottom head until after
lower plenum debris bed drycut and the beginning of heat-
up of the vessel wall, it would be too late to prevent release
of molten debris into the drywell by means of penetration
assembly failures.

Despite the previously identified requirement for enhance-
ment of the existing pumping systems, it seems worthwhile
to again consider this strategy, especially in light of the
current proposals> for preventing failure of the Mark I
drywell shell (in case of debris release from the reactor
vessel) by venting the containment and flooding the dry-
well floor with water, employing the existing drywell spray
headers for this purpose. The analyses associated with
these Mark I shell protection proposals are based upon
attainment of a water level within the drywell extending
only to the lower lip of the vent pipes [~2 ft (0.610 m)
above the drywell floor], with the overflow entering the
pressure suppression pool. Nevertheless, the necessary
water would have to be capable of delivery to the drywell
floor in case of station blackout; hence, there is an
associated requirement for new or upgraded independently
powered pumping systems.

Should it be decided o improve the conditional survival
probability of the Mark I containment given care and
structural release from the reactor vessel (a very improba-
ble event5), then relatively minor modifications beyond the
need for an independently powered dedicated pumping
system might be employed to permit rapid filling of the
wetwell, flooding of the vent pipes, and increase of the wa-
ter level within the drywell to a height sufficient to cover
the reactor vessel bottom head. If drywell flooding to this
level could be achieved quickly enough, then the water in
the drywell could provide two lines of defense against con-
tainment failure: first, by serving to keep the debris within
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the reactor vessel and, second, by extending the protection
of the drywell shell.

From the standpoint of providing the necessary volume of
water, implementation of a strategy for maintaining the
core and structural debris within the reactor vessel would
require the availability of an independent containment
flooding system of sufficient capacity to deliver the
required amount of water before reactor vessel lower
plenum debris bed dryout and the associated bottom head
penetration failures could occur. As stated previously, this
would in general require equipment modifications to
existing plants, but similar modifications for rapid and
effective drywell flooding would also be required by
separate considerations in support of resolution of the
Mark I shell failure issue.33 In both cases, the drywell
would have to be vented during the flooding process and
beyond. The only additional requirement for the new or
upgraded independently powered pumping systems
necessary io deal with the (dominant) station blackout
accident sequences would be with respect to increasing
their capacity. Making allowance for the trapping of a
portion of the containment atmosphere in the upper
wetwell as indicated in Fig. 8.14, ~1,550,000 gal

(5870 m3) of water would have to be added 1o a Mark 1
containment of the size at Peach Bottom or Browns Ferry
to submerge the reactor vessel hemispherical bottom head.

As will be explained in Chap. 19, the BWR severe accident
sequence leading most rapidly to the formation of a reactor
vessel lower plenum debris bed is short-term station black-
out, for which the vessel bottom head would have to be
submerged in no more than 150 min (2.5 h) after the onset
of core degradation. For Browns Ferry or Peach Bottom,
this is equivalent to a requirement for a pumping capacity
of 10,000 gal/min (0.631 m3/s).

Although the drywell would be vented during filling, the
venting capacity may be limited so that a significant con-
tainment pressure would develop. (A procedure for venting
during station blackout is provided in Ref. 41.) Allowing
for a containment backpressure of 60 psig (0.515 MPa), an
elevation head of 80 ft (24.38 m), and a pump efficiency of
70%, the required delivery of 10,000 gal/min (0.631 m/s)
could be provided by an 800-bhp (0.60-MW) diesel. BWR
faciliies with containments smaller than those at Peach
Bottom or Browns Ferry would, of course, require corre-
spondingly smaller pumping capacities and driving horse-
power.

NUREG/CR-5869
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15.2 Water Contact with the Reactor
Vessel Wall

If a water level were established within the drywell suffi-
cient to cover the lower portion of the reactor vessel,
would the vessel insulation significantly impede the avail-
ability of water to the surface of the vessel wall? The reac-
tor vessel insulation is an all-metal reflective insulation
that does not tightly adhere to the vessel wall. Over the
cylindrical shell of the vessel, it is 3 in. (0.076 m) thick and
is held off the wall by support brackets (Fig. 15.1). Over
the bottom head, the reflective insulation forms a cylindri-
cal boxlike enclosure. The horizontal lower cap (disk) of
this enclosure is 3 in, (0.076 m) thick with a 6-in.
(0.152-m) separation® between its upper surface and the
lowest point of the vessel wall. This insulation is “designed
to pertnit complete submersion in water without loss of
insulating material, contamination from the water, or
adverse effect on the insulation efficiency of the insulation
assembly after draining and drying.”42 More than 240
penetrations pass through this lower disk.

The results of simple experiments and supporting calcula-
tions to demonstrate that the standard reflective insulation
would pose no significant impediment to leakage of water
in sufficient quantities to cool the vessel wall have been
provided in a recent paper by Henry 42 Furthermore, this
important paper [based upon pressurized water reactor
(PWR) considerations] shows conclusively that the mode
of heat transfer on the outer surface of the bottom head
would be nucleate boiling and that the generated steam
could escape from the confined space between the vessel
wall and the inner surface of the insulation.

The central problem with attempting to remove the debris
decay heat through the reactor vessel bottom head lies not
with limitations to the heat removal rate at the outer sur-
face, but rather with the limited conduction through the
wall. This is particularly true for the BWR, as will be
shown,

15.3 Atmosphere Trapping Beneath
the Vessel Skirt

The weight of the BWR reactor vessel is carried by a ves-
sel support skirt, as shown in Figs. 15.2 and 15.3. For the
Browns Ferry reactor vessels, the skirt is 230 in. (5.842 m)

*This separation diztance is plant-specific. The 6-in. (0.152 m) value
applies 10 the Browns Ferry reactor vessels whereas the Peach Bouom
separation is 2 in. (0.051 m). Because the greater separalion distance
(larger trapped air volume) lends to inhibit the effectiveness of drywell
flooding, the calculations of this report have been based upon the
Browns Ferry configuration.
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Figure 15.1 Reflective (mirror) insulation comprised of layered stainless stee! panels held together by snap buckles

but not watertight

in diameter, 1 in. (0.0254 m) thick, and has a vertical
length of 77-3/8 in. {1.965 m) from the base of the lower
flange to the vessel attachment weld. If the containment
were flooded with waler, a portion of the drywell atmo-
sphere would be trapped within this skirt, as indicated in
Fig. 15.4. Consequently, the effectiveness of the water in
cooling the portion of the reactor vessel beneath the skirt
attachment would be less than for the vessel wall above the
skirt.

To assess the potential for water cooling beneath the skirt,
it is necessary to estimate the height that the water would
attain within the enclosed region. The first step in develop-
ing this estimate is to ascertain the uppermost point at
which the atmosphere being compressed by an increasing
drywell waler volume could escape from the interior region
of the reactor pedestal. As indicated in Fig. 15.5, there are
four large openings in the upper pedestal to pass the nu-
merous (370) individual hydraulic supply and return lines
for the control rod drive mechanisms. If these openings

97

constituted the highest atmosphere escape pathways, the
trapped gas volume would prevent the water from reaching
the bottom of the vessel.

The next higher possible escape path is at the juncture be-
tween the vessel support skirt and the vessel support ring
girder (both are labeled on Fig. 15.2). The structure of this
juncture is best illustrated within the shaded (underwater)
area of Fig. 15.4. As shown, the lower flange of the vessel
support skirt is bolted to the upper flange of the ring girder,
The ring girder, in turn, is fastened to the concrete support
pedestal by means of steel anchor bolts set in the concrete
with the threads extending upward above the horizontal
surface.* During construction, steel sole plates are set flat
and level on the concrele. The lower flange of the ring
girder is then set on top of the sole plate and shimmed as
necessary to level the ring girder. (The anchor bolts extend
through both the sole plates and the botiom flange of the
ring girder.)
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Figure 15.2 Cutaway drawing of BWR-4 reactor vessel
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Figure 15.3 Reactor vessel support skirt (T) that transmits weight of reactor vessel to concrete reactor pedestal
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Figure 15.4 Atmosphere trapping within reactor vessel support skirt that would limit water contact with vessel wall
in that region

Thus, no effort is made during construction to render air- of the water height outside the skirt. The results, provided

tight either the juncture between the vessel support skirt in Tables 15.1 and 15.2, are strongly dependent upon the 1
lower flange and the support ring girder, or the juncture be- assumed containment pressure, which in the actual case

tween the support ring girder and the concrete pedestal. In would be a time-dependent function of the balance

fact, the presence of shims at the latter juncture would between steam generation in the drywell (by heat transfer I
seem to guarantee that gas leakage paths would be present. to the water surrounding the bottom head) and the

Accordingly, it is assumed for the purpose of this analysis capability of the drywell vents to release the steam.

that drywell flooding could raise the water level within the |
reactor pedestal to the bottom of the reactor vessel support
flange unimpeded by local gas compression, As indicated in Table 15.1, a water level within the drywell
at the height of the recirculation sucticn nozzle centerline
would produce a steady-state water level within the skirt of
With the assumption of gas leakage at the lower surface of 3.2 in. (0.081 m) above the low point of the outer surface
the reactor vessel support skirt flange, allowance for the of the reactor vessel bottom head. This is the situation de-
volume cccupied by the penetration assemblies descending picted in Fig. 15.4, which corresponds to an assumed con-
from the bottom head, and application of the ideal gas law tainment pressure of 20 psia {0.138 MPa). It is important to
at constant temperature, the water height within the skirt note from Table 15,2 that for a containment pressure of 40 (
can be calculated for steady state conditions as a function psia (0.276 MPa), this same water level of 161.5 in.
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Figure 15.5 Uppermost openings between interior and exterior regions of the drywell pedestal for CRDHS supply

and return lines

Table 15.1 Water level within the vessel skirt as a function of water level in
the drywell for the Browns Ferry containment at 20 psia

‘Water level outside skirt Water level inside skirt
. Height relative to Height relative to low point
Location of
vessel zero? of vessel outer surface
surface . .
(in.) (in.)
Base of skirt —14.375 -5.94
90.0 0.0
Bottom head center 125.5 1.6
of curvature
Recirculation nozzle 161.5 3.2
centerline
Base of core 216.3 52
Core midplane 291.3 179
Top of core 366.3 10.2

@Vessel zero is the lowest point on the internal surface of the reactor vessel bottom head.
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Table 15.2 'Water level within the vessel skirt as a function of water level in the drywell
for the Browns Ferry containment at 40 psia

Water level outside skirt

Water level inside skirt

. Height relative to Height relative to low point
Location of
vessel zero% of vessel outer surface
surface i .
(in.) (in.}
Base of skirt -14.375 -5.94
Bottom head center 125.5 -16
of curvature
Recirculation nozzle 161.5 -0.7
centerline
188.5 0.0
Base of core 2163 0.7
Core midplane 291.3 24
Top of core 366.3 39
Top of separators 607.5 8.3

aVessel zero is the lowest point on the internal surface of the reactor vessel bottom head.

(4.102 m) above vessel zero (recirculation pump suction
nozzle centerline) in the drywell would produce a steady-
state water level within the skirt that did not quite reach the
lower surface of the bottom head. Hence, the importance of
maintaining the containment pressure as close to atmo-
spheric pressure as possible during the period of drywell
flooding.

In actuality, the situation within the vessel support skirt
would be far from steady state. While a calculation of the
time-dependent containment pressure and corresponding
water level and gas temperature within the vessel skirt
might be undertaken, such an endeavor does not seem
worthwhile. Superimposed over the waier level variation
that would be predicted by this calculation would be the
chugging cycle established by the generation of steam
within the skirt, the temporary expulsion of the water, the
condensation of steam on the water (and inner skirt) sur-
face, and the reentry of the water to again contact the bot-
tom head. Before proposing a detailed analysis of the
cyclic variations of the conditions within the vessel skirt, it
is prudent to first determine whether the integrity of the
bottom head could tolerate the existence of any surface
region without water contact. This determination will be
made in Chap. 19.

15.4 Means for Venting the Vessel
Skirt

The fraction of the bottom head surface area beneath the
vessel skirt that is submerged in water could of course be
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increased by providing escape pathways for the trapped
atmosphere (and generated steam) at elevations higher than
the skirt lower flange. There are three conceivable means
of doing this.

The simplest means of providing an elevated gas release
pathway would be to take advantage of the existing access
hole. The location of this 18-in.-(0.457-m) diameter hole
for the Browns Ferry reactor vessel is indicated on

Fig. 15.6. The top of the opening is ~26 in. (0.660 m)
above the bottom of the skirt, or 12 in. (0.305 m) above
vessel zero. The vertical distance along the skirt from the
top of the opening to the attachment weld to the vessel is
48 in. (1.219 m).

The access hole is normally sealed by a bolted cover dur-
ing power operation, and because no information to the
contrary is available, it must be assumed to be gas-tight.
However, if the upper bolts were loosened, then interpola-
tion between the free volumes listed in Table 15.3 for
water heights of 24 and 30 in. above the support skirt
flange provides the result that the atmosphere volume ini-
tially trapped by the rising water would be 346 ft3

(9.798 m"). This may be compared with an initial trapped
gas volume of 853 i3 [24.154 m> (first entry of

Table 15.3)] for the case in which the uppermost gas
escape pathway is at the lower flange of the vessel skirt,
Clearly, much more of the bottom head would be covered
with water if the upper bolts on the access hole cover were
loosened. The results of calculations for the case with gas
escape at the access hole will be considered in Chap. 20.
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Figure 15,6 External appurtenances to Browns Ferry reactor vessel and indicating location of vessel support skirt

access hole

Note that the previous discussion is based upon the vessel
skirt access hole configuration at Browns Ferry. While it is
believed that all BWR reactor vessel support skirts are fit-
ted with access holes, the location, size, shape, and number
of these holes and the type of cover used for sealing during
plant operation are plant-specific. Therefore, the potential
of each design for gas leakage and the practicality of pro-
viding for an elevated leakage path (such as by loosening
cover bolts) are also plant-specific considerations.

A second means of venting the trapped atmosphere could
be accomplished by methods only slightly more compli-
cated than the first. This would be by providing a siphon
tube (or tubes) leading from the upper armpit region of the
skirt down through the highest available skirt access hole
and upward through the outer drywell. While such a simple
arrangement would accommodate the escape of noncon-
densible gases during the relatively slow initial drywell
flooding, it would not be expected to survive the chugging
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Table 15.3 Free volume within the vessel skirt above the waterline for
the Browns Ferry reactor vessel

Height of waterline

. Total volume Volume occupied by Free volume
above :;;]:F(;rt skirt above waterline penetration assemblies above waterline

gl (%) (1) )

0.0 899.3 46.3 853.0

5.93759 7520 277 7243

6.0 750.5 215 723.0
12.0 6104 15.1 5953
18.0 4874 83 479.1
24.0 379.7 4.0 375.7
30.0 2878 14 286.4
36.0 209.6 0.0 2096
420 145.7 00 1457
48.0 94.0 0.0 94.0
54.0 548 0.0 548
60.0 264 0.0 264
66.0 8.9 00 89
720 0.7 0.0 0.7
743750 0.0 0.0 0.0

9Height at which water first comes inlo contact with the botom head.
bHeight of the skirt attachment weld 1o the vessel.

process of steam generation, bubble collapse, and water vided is by drilling several small holes through the skirt at
reentry within the skirt region unless a significant com- points just below the attachment weld. From the standpoint
mitment were made to system design and reliability assur- of regulatory requirements, the NUREG-1150 results, cost-
ance, It is not reasonable to expect such a commitment for benefit analyses, radiation exposure to personnel, etc,, this
existing BWR facilities based upon their small numbers is clearly not a practical proposal for existing facilities; it
and the low core-melt probabilities predicted by the might be considered, however, for advanced plant designs.
NUREG-1150 study®. Gas escape through the upper support skirt would permit a

drywell flooding strategy to completely cover the BWR

reactor vessel bottom head with water. The results of calcu-
The third (and most effective) way in which an elevated lations for the case with water coverage of the entire vessel
gas release pathway from the vessel skirt might be pro- bottom head will be discussed in Chap. 20.
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16 Physical Limitations to Bottom Head Heat Transfer

S. A. Hodge, 1. C. Cleveland, T. 8. Kress®

This chapter provides the results of scoping calculations
performed to investigate the important physical limitations
to lower plenum debris bed heat removal by means of
cooling the reactor vessel bottom head and to demonstrate
the associated effects of vessel size. Conduction through
the vessel wall is addressed in Sect. 16.1, while the effect
of natural circulation within the molten central portion of
the debris bed is discussed in Sect. 16.2.

16.1 Heat Conduction Through the
Vessel Wall

Simple hand calculations were performed to determine an
upper bound for the ability to remove heat from a lower
plenum debris bed through the hemispherical lower head of
the reactor vessel of the Browns Ferry Nuclear Plant by
flooding the containment. The following equation for heat
flow is used for the hemisphere;

_ 2mkrgr (T Ty)
T (pm) ’

with the following assumptions:

1. constant vessel wall conductivity k (independent of
temperature),

2, the inner surface of the hemisphere at the melting tem-
perature 2800°F (1811 K) of carbon steel, and

* All work in connection with this project completed before becoming a
member of the Advisory Commiliee on Reactor Safeguards.

3. the outer surface of the hemisphere at the saturation
temperature 267°F (404 K) of water at 40 psia
(0.276 MPa).

This approach is based upon nucleate boiling heat transfer
between the vessel wall outer surface and the surrounding
water and therefore provides an upper limit of the capabil-
ity for heat removal by conduction, without melting of the
inner surface of the reactor vessel bottom head. Results
show that ~17.2 MW would be removed by conduction
through the vessel wall under these ideal circumstances.
Because the decay heat generation rate of the core debris is
in this same range, removal of the decay heat through the
intact wall of the vessel bottom head is, from the stand-
point of conduction, theoretically possible.

Additional conduction heat transport calculations were per-
formed using a simple HEATING-7 model to compare the
capabilities for removal of decay heat from a lower plenum
debris bed through the bottom head for the Browns Ferry,
Haltch, Vermont Yankee, and Duane Armold reactor
vessels. As were the hand calculations, these calculations
were steady-state analyses with the inner surface of the
lower head held at 2800°F (1811 K) and the outer surface
held at 267°F (404 K). In contrast to the hand calculations,
these machine calculations included consideration of
temperature-dependent conductivity for the vessel wall.
Results of these comparative calculations are shown in
Table 16.1, where they are compared with the decay heat
generation of the debris in the lower plenum at various
times following accident initiation. Results show a larger

Table 16.1 Maximum possible conduction heat transport compared
with debris bed heat generation

Browns Vermont Duane
Parameter Ferry Hatch Yankee Arnold
Vessel wall thickness (in.)
Shell 6.313 5.531 5.187 4,593
Region of penetrations 8.438 7.375 7.250 7.250
Bottom head radius r; (in.) 125.5 109.0 102.5 91.5
Maximum possible heat 17.6 14,7 14.2 12.1
removal rate through reactor
vessel bottom head (MW)
Decay heat generation
rate (MW) in debris
600 min 16.4 12.1 79 79
800 min 15.1 112 73 73
1000 min 14.0 10.4 6.8 68
105 NUREG/CR-586%9
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(favorable) margin between the maximum possible heat
removal rate through the lower head and the debris bed
decay heat generation rate for the smaller plants {e.g.,
Vermont Yankee and Duane Amold).

As indicated, the calculations performed to produce the
results listed in Table 16.1 did provide proper
consideration of the increase in wall thickness in the region
of the penetrations. The effect of the penetrations
themselves, however, has been neglected. The justification
for this is provided by the following argument.

Figure 16.1 is a photograph showing the region of penetra-
tions at the lower portion of the reactor vessel bottom head
for the Grand Gulf Unit 2 facility (never completed). The
large [6-in. (0.152-m)] openings are for the control rod
(CRD) drive housing penetrations, while the smaller [2-in.
(0.051-m)] openings are for the instrument tube housings.
While the metal removed to permit passage of the housings
reduces the surface area for conducltion heat transfer, the
internal stub tubes and the housings themselves would tend
to act as fins promoting heat transfer through the wall.

To determine whether the net effect of the penetrations and
housings is to promote or detract from conduction heat
transfer, heat transport calculations were performed with
the HEATING-7 code. These unit cell calculations deter-
mine the heat transfer rates through the vessel bottom head
with and without explicit representation of the stub tube
and the CRD housing. Explicit representation of the CRD
penetrations was found to reduce the calculated heat trans-
port through the thickened section of the reactor vessel
bottom head by 3.4%. Although this effect is sufficiently
small to be neglected in view of other uncertainties, it can
efficiently be represented, should one choose to do so,
simply by reducing the input thermal conduclivity for the
thickened region of the wall by 3.4%. This adjustment has
not been implemented for the calculations discussed in this
report.

The primary purpose of the calculations reported in this
section has been to demonstrate the effect of vessel size for
the set of BWR facilities with the Mark I containment
design. While the assumption of nucleate boiling at the
submerged outer surface of the vessel wall is valid 43 the
assumption that the wall would remain intact with an inner
surface temperature of 2800 °F (1810.2 K) is not. The por-
tion of the reactor vessel bottomn head beneath the skirt
would be in tension® and would fail by creep rupture at
temperatures significantly below this,

NUREG/CR-5869
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16.2 Calculations for a Molten

Hemisphere Contained Within its
Own Crust

In this section, calculations recently performed by Henry*3
for the case of a pressurized water reactor (PWR) will be
repeated with appropriate modification for application to
the BWR, where the dimensions of the reactor vessel bot-
tom head are much larger and the debris therein would
include much more stainless steel with a significantly
lower volumetric heat generation rate. The semi-empirical
bases for the calculations reported by Henry are explained
by Epstein,*> who considered the (approximately)
hemispherical volume of crusted molten material that
formed within the Three Mile Island Unit 2 core,

Although the area Ad for downward heat transfer through
the rounded lower surface of a hemisphere is twice the area
Au of the upper surface disk, the analysis demonstrates the
effects of natural circulation within the molien central
region of the hemisphere in causing most of the heat
transfer to occur through the upper surface.

Slightly modifying the approach of Henry,*3 the Rayleigh
number for a heat generating hemispherical pool can be
defined as

1o BBORZ
“23navk

The upward heat flux from the molten central region of the
debris pool is

R

qu = 0.36 I%\IRao.zs ,

while the downward heat flux is

qd =0.54 K—RA-'-I:RaO'18 '

Here AT is the superheat of the molten region relative to
the inner surface temperature of the solidified crust.

* The effectiveness of the waler in cooling the pontion of the bottom head
beneath the vessel skirt attachmen! would be less than for the vessel wall
above the skirt because of the trapping of drywell atmosphere within the
skirt as the water level was raised within the drywell, With the reactor
vessel depressurized, the portion of the vessel wall above the skin
attachment would be in compression.

fCreep rupture tests sponsored by the NRC 10 detennine the susceptibility
of carbon steel at very low stress levels are currently underway at Idsho
National Engineering Laboratory. Available information conceming test
results will be discnssed in Sect. 18.2.3.
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The ratio of the downward to the upward heat transfer for
the crusted molten hemisphere can then be expressed as

Qd_qdAd _ 3.0
Qu gquAu Ra00s *

The Rayleigh number depends upon the properties of the
molten material, the decay power, and the hemisphere
radius. As will be shown, the threat to the integrity of the
BWR reactor vessel bottom head wall would begin about
10 h after scram {from 100% power). Accordingly, the
property values listed in Table 16.2 are used to evaluate the
Rayleigh number. Note that the values for debris thermal
diffusivity and thermal conductivity are larger than those
employed by Henry,#3 to reflect the much higher content
of metals that would be included in BWR debris.

With the parameters listed in Table 16.2, the Rayleigh
number can be expressed in terms of plant-specific values
as

Ra=22x107QR2 ,

where Q is the decay power in the bottom head debris (W)
and R is the radius (m) of the bottom head.

Table 16.2 Parameters for evaluation of the Rayleigh
Number for BWR core debris 10 h after scram

Parameter Definition Value
g Acceleration of gravity 9.8 m/s2
B Thermal expansion 104 K1
coefficient
o Debris thermal diffusivity  2.9x 1079
m2/s
v Debris kinematic viscosity 6 X 107 m?/s
K Debris thermal conductivity 12.4 W/m K

For a BWR reactor vessel of the size of Peach Bottom or
Browns Ferry, the radius of the bottom head is 3.188 m,
and the decay heat 10 h after scram would be 16.4 MW,
Accordingly,

Ra=3.7x1015;
Qd_ )
Qll_0.50,

and one-third of the total decay heat is predicted to be
transferred downward under steady-state conditions.
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For the smallest BWR reactor vessel (Duane Amold), the
radius of the bottom head is 2.234 m, and the decay heat
10 h after scram would be 7.9 MW, Accordingly,

Ra=8.7x 1014 ;
Qd _ X
ou=054;

and the situation for downward heat transfer is only
stightly more favorable, with 35% of the total decay heat
predicted to be removed by this pathway.

The basic difficulty is that the internal natural convective
motions of an internally heated molten pool cause the
hottest liquid to rise toward the upper surface. The net
effect of these internal flows in promoting heat transfer
through the upper surface and limiting heat transfer
through the lower surface cannot be significantly altered,
no matter how efficiently the lower surface is cooled.

This question of the relative magnitudes of the upward and
downward heat transfers from a molten pool in a reactor
vessel lower plenum with external cooling of the bottom
head has been again considered in two recent papers.46.47
Both papers address the PWR vessel configuration and
expected lower plenum debris characteristics. Both papers
confirm that although the reactor vessel bottom head wall
could be effectively cooled by nucleate boiling heat
transfer 1o surrounding water, the preponderance of heat
transfer from the debris pool would be projected upward
within the reactor vessel. Neither of these papers addresses
the consequences of melting of the upper reactor vessel
internal structures and the addition of this molten material
to the debris bed.

O’Brien and Hawkes*® point out that turbulent conditions
within the reactor vessel lower plenum debris pool might
permit as much as 50% of the volumetric heat generation
within the pool to be taken out by external cooling of the
bottom head. They predict turbulent conditions within the
lower plenum motten pool based upon a volumetric heat
generation rate of 1.0 MW/m3 and the expected character-
istics of PWR debris. The much larger metallic content of
BWR debris would, however, reduce its volumetric heat
generation rate to no more than 0.40 MW/m?; hence, tur-
bulence in the BWR debris pool would not be expected.

Note that the theoretical approach (based upon the avail-
able experimental information) discussed in this section is
not strictly applicable to the case at hand, because steady-



state conditions would never be attained in the BWR bot-
tom head debris bed. This is because, without sufficient
heat transfer {(such as would be provided by overlying
water), the upper crust would melt away so that heat
transfer from the upper surface of the liquid pool by
radiation to the upper reactor vessel internal stainless steel
structures could occur, These structures would then melt
with the resulting liquid metal being added to the debris
pool, increasing both its depth and its metallic content.
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Nevertheless, consideration of the predictions afforded by
these simple hand calculations is useful in providing a
basis for understanding the specific code results that will
be discussed in Chap. 19. There it will again be scen that
although the bottom head comprises two-thirds of the
debris bed surface area (and is effectively cooled), less
than two-thirds of the total heat transfer from the bed
would follow this pathway.

NUREG/CR-5869



17 Integrity of Bottom Head Penetrations

S. A. Hodge, J. C. Cleveland, T. S. Kress”

Because of the large number of penetrations, a boiling
walter reactor (BWR) vessel bottom head is highly per-
forated, as indicated in Fig. 17.1. In the unlikely event that
an unmitigated severe accident should lead to formation of
a lower plenum debris bed, failure of these penetrations
after bed dryout might provide a release pathway for debris
from the reactor vessel. This postulated release pathway
would be initiated by molten material forming within the
central portion of the debris bed, entering a locally failed
(by melting) portion of a penetration guide tube, pouring
through the inside of the tube, passing through the vessel
bottom head, and causing failure of the tube wall outside
the vessel. Failure of the lower plenum pressure boundary
by this process is the subject of an ongoing Nuclear
Regulatory Commission (NRC)-sponsored research project
at 1daho National Engineering Laboratory.

If water surrounding the BWR reactor vessel bottom head
is to be successful in maintaining the core and structural
debris within the vessel, it must first be successful in pre-
venting failure of the penetration assemblies below the

*All work in connection with this project completed before becoming a
member of the Advisory Commitice on Reactor Safeguards.

CORE PLATE

vessel as they fill with relocating molten debris. Because
the control rod drive penetration internal cross section is
almost completely blocked by the presence of the movable
index tube, the threat is 1o the in-cere (instrument tube)
penetrations, which have a relatively open cross section.
These penetrations are shown in Fig. 17.2, and have the
same dimensions for all BWR reactor vessel sizes.

An additional release mechanism associated with the pene-
trations is by failure of the welds holding the penetration
assemblies in place. Here also, the threat of opening an
escape pathway for the molten debris lies with the in-core
instrument tube penetrations and not with the control rod
guide tube penetrations. This is because BWRs are fitied
with a structure beneath the vessel bottom head that would
limit the downward movement of any contro! rod mecha-
nism assembly to ~1 in. (0.0254 m) in the event of failure
of its stub tube weld. (The purpose is to guard against the
expulsion of a control blade from a critical core.} Because
the bottom head thickness in the region of the penetrations
ranges from 7-1/4 in.(0.1842 m) for Duane Amold to
8-7/16 in. (0.2143 m) for Browns Ferry, this limited
downward movement could not open a significant pathway
through the vessel wall, and with wall cooling, any small

ORNL-DWG 83M-4169A2 ETD
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Figure 17.1 BWR bottom head that accommodates many control rod drive stub tube and in-core instrument

housing penetrations
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Figure 17.2 BWR control rod drive mechanism
assemblies held in place by stainless steel-
to-Inconel welds

pathway should become blocked with frozen material. The
instrument tubes, however, have no extcrnal provision to
limit their downward movement, and survival of their
welds would depend upon the success of the surrounding
water in cooling the vessel wall, The effectiveness of this
cooling will be discussed in Chap. 19.

The remainder of the current chapter will address the
response of the portion of the instrument guide tubes
beneath the reactor vessel bottom head if subjected 1o the
entry of molten debris. The HEATING code and the model
employed for this assessment are briefly described in
Sect. 17.1. The characteristics of the molten debris
assumed to enter the tube are described in Sect. 17.2,
Section 17.3 provides the results of the calculated tube
response for the case without drywell flooding, while the
results for the case with the instrument guide tube exterior
surrounded by water are discussed in Sect. 17.4.

17.1 The Heating Model

The HEATING coded0:49.50 has been developed at Oak
Ridge National Laboratory as a practical analytical tool to
solve steady-state and transient heat conduction problems
in one-, two-, or three-dimensional (1-, 2-, and 3-D)
Cartesian, cylindrical, or spherical coordinates. The
considered structure can be represented by variable mesh
spacing along each axis, and may represent multiple
materials. The thermal conductivity, density, and specific
heat of each material may be both time- and temperature-
dependent, and the thermal conductivity may be
anisotropic. Materials may undergo change of phase.

The boundary conditions for the HEATING model may be
specified temperatures or any combination of prescribed
heat flux, forced convection, natural convection, and radia-
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tion. The boundary condition parameters may be lime- and
temperature-dependent.

For the current application, a simple 1-D HEATING-7
representation of a BWR instrument tube has been
developed to investigate whether the portion of the tube
outside the vessel would fail as a result of molien core and
structural debris drainage into the tube. The model
provides a cylindrical geometry representation of a uniform
axial instrument tube section surrounded by air or water.
For the case with water, the boiling mode (nucleate or
film) is determined by HEATING in application of the
boiling curve. The initial wall temperature profile for the
calculations is cither the entire wall at the temperature of
the environment or a more conservative logarithmic radial
temperature profile. The latter is established within the
tube wall under the assumption that molten stainless steel
has been pouring through the wbe, thereby preheating the
inner tube wall while the temperature of the outer wall
surface remains at the temperature of the environment. The
transient calculation then predicts the wall temperature
response as the molten material (metallic or oxidic eutectic
mixture) suddenly fills the tube section. Change of phase is
calculated both for the tube wall (if it melts) and for the
material filling the tube (as it freezes).

17.2 Characteristics of the Molten
Debris

The first step in preparing to calculate the temperature
response of the instrument guide tube wall to sudden filling
of the tube with molten debris is tc establish the thermal
properties of the relocating debris. As the temperature of
the central region of the lower plenum debris bed
increased, the local metals would be expected to forma
series of liquid eutectic mixtures followed by the formation
of oxidic mixturcs. Information as to the composition of
these mixtures and the associaied melting points has been
provided by a recent small-scale experimem51 employing
prototypic BWR core constituent materials.

Based upon the experimental results described in Ref. 51,
the two primarily metallic mixtures described in

Tables 17.1 and 17.2 and the oxidic mixture described in
Table 17.3 have been considered as the relocating molten
materials for the HEATING calculations of tube wall
response.

17.3 Results for the Dry Case

If the BWR drywell were not flooded with water, then the
portion of the instrument guide tubes extending beneath the
reactor vessel bottom head would be surrounded by air.



Table 17.1 Composition and mass-averaged
properties for the first metallic mixture

Mole Molecular Mass

Composition fraction weight fraction
Zr 0.193 91.22 0.283
S8 0.807 5534 0.717
Note:

Melting Lempcrature 2642°F (1723 K)

Density: 419.9 ]bffl (6726 kg/m )

Specific heat: 0.1196 Br/lb°F [501 J/(kg*K)}

Thermal conductivity: 0.2362 Bu/min«ft°F [80.5 Wl(m +K))
Heat of fusion: 116.9 Bru/lb (271,909 Ikg)

Table 17,2 Compgsition and mass-averaged
properties for the second metallic mixture

.yt Mole Molecular Mass
Composition fraction weight fraction
Zr 0.300 91.22 0.312
S8 0.600 55.34 0.380
U2 0.100 270.07 0.308
Note:

Melting temperature; 2912°F (1873 K)
Density: 4389 Ibfft> (7031 kg/m®)

Specific heat: 0.1126 Buu/lb-°F [471 Ji(kg+K)]

Thermal conductivity: 0.2155 Buo/min=ft=°F {73.4 WimZ2-K)]
Heat of fusion: 115.8 Bu/lb (269,351 Jkg)

Table 17.3 Composition and mass-averaged
properties for the oxidic mixture

- Mole Molecular Mass
Composition fraction weight fraction
Zr0o, 0.750 123.22 0.578
U0, 0.250 270.07 0.422
Note:

Melting temperawre: 4172°F (2573 K)

Density: 4269 Ib/ft> (6838 kg/m>)

Specific heat: 0.1611 Biub<°F [674 J/(kg-K)]

Thermal conductivity: 0.0546 Btu/min+ft=°F [18.6 W/(m 'K)]
Heat of fusion: 225.5 Bw/lb (524,513 T/kg)

The boundary condition imposed for calculation of the tube
wall temperature response is heat transfer from the tube
surface to air by natural convection with a heat transfer
coefficient of 0.625 Bu/h=ft?°F [3.549 W/(m2«K)]. Heat
transfer by radiation to the surrounding structures, which
are at the temperature of the atmosphere, is also modeled.
(This includes the outer surface of the reactor vessel wall.)
The dimensions of the stainless steel guide tubes are pro-
vided in Fig. 17.2.

Integrity

The calculated results are presented in tabular form, con-
sidered to be the optimum means of displaying the time-
dependent response of the temperature profile across the
wall for the present discussion. The first case considered
involves drainage of the oxidic mixture described in
Table 17.3 into an instrument tube with an initial {time
zero) uniform wall temperature of 400°F (477.6 K), the
temperature of the surrounding atmosphere. Because this
mixture includes a significant mass fraction of UO9, a
decay power of 0.400 MW/m3 (appropriate for BWR
debris with its high fraction of metallic materials) was
associated with the mixture mass during the calculation.
The predicted 1-D tube wall temperature response is pro-
vided in Table 17.4.

Although the melting temperature of stainless steel is
~2550°F (1672 K), creep rupture considerations dictate
that stainless steel will not serve as a practical pressure
boundary at temperatures above 2300°F (1533 K), because
virtually all strength is lost at such elevated temperatures.,
Accordingly, the predicted wall iemperatures provided in
Table 17.4 lead to the conclusion that the integrity of the
instrument guide tube would not survive introduction of
the molten oxidic mixture at 4172°F (2573 K). Indeed,
melting of this pressure boundary through almost 40% of
the wall is predicted at time 60 s for this case.

1t is logical, however, to argue that because the metallic
eutectic mixtures melt at lower temperatures, they would
pour into the instrument guide tubes and freeze long before
the oxidic mixture could melt. Therefore, there would be
no pathway for the molten oxidic mixture to enter the
instrument guide tubes, and accordingly, this case should
be excluded. Following this line of reasoning, the second
case considered involves drainage of the metallic mixture
described in Table 17.2." Resulis are provided in

Table 17.5.

The maximum predicted tube wall temperatures for this
case of introduction of a metallic molten mixture at 2912°F
(1873 K) are at time 30 s, as indicated in Table 17.5. The
average wall temperature at this time is ~2070°F (1405 X),
and the wall has everywhere cooled below 2000°F

(1366 K) by time 1 min. With the reactor vessel depressur-
ized, the tensile stress in the tube wall would be low [no
more than 1,2 MPa {(0.17 ksi)]; hence, the tube wall ini-
tially at ambient temperature would be expected to survive
this transient

*The decay heating associated with the very small UQ3 component of this

mixture has been neglected in these calculations.
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Table 17.4 Time-dependent response of an instrument tube wall initially at the

ambient temperature following introduction of a molten oxidic

mixture at 4172°F¢
Time Inner Fractional distance across tube wall Outer
(s) surface 0.20 0.40 0.60 0.80 surface
CF) CF) CF) CF) CF) CF)
0 400 400 400 400 400 400
1 1844 1504 1186 915 728 660
5 2007 1891 1794 1720 1673 1654
10 2256 2196 2146 2109 2083 2068
20 2515 2483 2455 2432 2413 2398
30 2565 2541 2524 2508 2493 2478
60 2569 2550 2533 2517 2502 2488
120 2550 2533 2516 2501 2486 2472
300 1900 1894 1888 1881 1875 1869

4Debris initially molten at 4172°F with decay heating; air at 400°F.

Table 17.5 Time-dependent response of an instrument tube wall initially at the
ambient temperature following introduction of a molten metallic

mixture at 2912°F2
Time Taner Fractional distance across tube wall Outer
)  surface g9 0.40 0.60 080  Surface
CF) CP) CF) CF) CF) F)
0 400 400 400 400 400 400
1 1740 1409 1092 825 643 579
5 1798 1702 1621 1559 1519 1503
10 1951 1908 1873 1846 1827 1817
20 2083 2064 2048 2035 2023 2014
30 2094 2085 2076 2067 2058 2049
60 1976 1971 1965 1959 1952 1945
120 1769 1765 1761 1756 1751 1746
300 1401 1399 1397 1394 1392 1388

9Debris initially molten at 2912°F; air at 400°F.

It now becomes necessary to consider the more conserva-
tive case with the tube wall initially heated by a passage of
molten material immediately before local filling by the
molten debris at 2912°F (1873 K). Here the initial tube
wall temperatures are as indicated in the first line of

Table 17.6. These initial temperatures follow the loga-
rithmic radial profile produced by an inner surface temper-
ature of 2550°F (1672 K), which is the melting tempera-
ture of the wall material, and an outer surface temperature
of 400°F (477 X), which is equivalent to the temperature of
the ambient surroundings.

With this very conservative assumption of wall preheating,
it is now expected that the integrity of the instrument guide
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tube wall would not survive an introduction of the mixture

of molten debris at 2912°F (1873 K). As indicated, the pre-
dicted average wall temperature exceeds 2300°F (1533 K)

for ~1 min.

Finally, the case with filling of the instrument guide 1ube
by the mixture of molten debris at 2642°F (1723 K)
described in Table 17.1 will be considered. Based upon the
previously discussed results for the higher-melting metallic
mixture, it is obvious that only with the assumplion of wall
preheating might this second metallic mixture pose a threat
to the integrity of the instrument guide tube wall. Accord-
ingly, this is the only situation represented for this case;
results are provided in Table 17.7.
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Table 17.6 Time-dependent response of a preheated instrument tube wall following
introduction of a molten metallic mixture at 2912°F%

Time Inner Fractional distance across tube wall Outer
(s) surface 0.20 0.40 0.60 0.80 surface
F) (°F) (°F) ) C°F) P
0 2550 2069 1617 1189 785 400
1 2217 2001 1775 1567 1417 1361
5 2240 2176 2122 2080 2051 2036
10 2341 2309 2282 2259 2242 2229
20 2406 2388 2372 2357 2343 2330
30 2400 2386 2373 2360 2348 2336
60 2237 2230 2222 2213 2204 2194
120 1948 1943 1937 1931 1925 1918
300 1485 1483 1480 1477 1474 1470

@Debris initially molten at 2912°F; air at 400°F.

Table 17.7 Time-dependent response of a preheated instrument tube wall following

introduction of a molten metallic mixture at 2642°F2

Time Inner Fractional distance across tube wall Outer

(s) surface  g.29 0.40 0.60 0.go  surface
) CF) CF) CF) CF) n
0 2550 2069 1617 1189 785 400
1 2128 1929 1713 1515 1373 1321
5 2129 2070 2021 1983 1957 1943
10 2216 2188 2163 2144 2128 2117
20 2276 2260 2246 2232 2220 2210
30 2276 2263 2252 2240 2229 2219
60 2149 2143 2135 2127 2219 2111
120 1891 1886 1881 1876 1870 1863
300 1462 1459 1457 1454 1450 1447

2Debris initially molten at 2642°F; air ar 400°F.

While the predicted tube wall temperatures for this case
are, as expected, lower than those listed in Table 17.6,
failure of the instrument guide tube wall by creep rupture
cannot be ruled out. The average tube wall temperature is
predicted to exceed 2200°F (1478 K) for a period of ~ 30 s,
which might be sufficient to induce failure of the tube wall
pressure boundary.

In summary, HEATING calculations for the instrument
guide tube surrounded by a dry atmosphere predict wall
temperatures sufficiently high to induce certain loss of
integrity if the tube is filled by the oxidic molten mixture at
4172°F (2573 K}, probable loss of integrity if a preheated
tube is filled by the metallic mixture at 2912°F (1873 K},
and possible loss of integrity if a preheated tube is filled by

a metallic mixture at 2642°F (1723 K). The temperature
response of the tube wall if surrounded by water during the
filling process is described in the following section.

17.4 The Case with Drywell Flooding

Heat transfer from the instrument guide tube outer surface
would be greatly enhanced by the presence of water,
because the mode of heat wransfer would be shifted from
natural convection of air to nucleate (or film}) boiling of
water. The results of the calculations discussed here
demonstrate that the tube wall would be expected to
survive even the introduction and freezing of the oxidic
eutectic mixture if the tube were surrounded by water
during the period while the mixture was being introduced.
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The water is assumed to be at the saturation temperature
{267°F (404 K)] corresponding to a containment pressure
of 40 psia (0.276 MPa).

The first case considered with the instrument guide tubes
immersed in water involves drainage of the metallic mix-
ture described in Table 17.1. The tube wall is assumed to
be preheated by the prior passage of liquid stainless steel,
as described in the preceding section. The predicted wall
temperature response (one-dimension) is shown in

Table 17.8. As indicated, the tube wall temperature is
everywhere less than 2000°F (1367 K) within 5 s. These
results may be compared with those presented in

Table 17.7, to see the effect of water vs air cooling.
Clearly, the presence of water prevents loss of tube wall
integrity for this metallic mixture.

The next water case is similar to the first except that the
second metallic mixture (Table 17.2) is assumed to fill the
tube. As indicated in Table 17.9, the predicted wall tem-
peratures are everywhere less than 2000°F (1367 K) within
10 s. These results may be compared with the results for an
air environment shown in Table 17.6. Again, the effect of
waler is to quickly cool the instrument tube wall so that its
integrity is not threatened.

The third case with water considers the oxide mixture de-
scribed in Table 17.3 with decay heating. In Sect. 17.3, it
was shown that HEATING predicts tube wall temperatures
sufficient to cause loss of integrity for this mixture in an air
environment even if the tube wall is not preheated

(Table 17.4). The results for the water environment are
shown in Table 17.10, where the maximum predicted wall

Table 17.8 Time-dependent response of a preheated instrument tube wall immersed in
water following introduction of a molten metallic mixture at 2642°F¢

Time Inner Fractional distance across tube wall Outer
(s) surface 0.20 0.40 0.60 0.80 surface
CF) CF) CF) CF) CF) CF)
0 2550 2039 1559 1105 676 267
1 2095 1881 1645 1415 1228 1119
5 1970 1878 1788 1703 1622 1548
10 1892 1824 1755 1685 1614 1544
20 1685 1628 1569 1507 1442 1375
30 1458 1409 1356 1300 1241 1178
60 823 785 745 707 654 604
120 318 310 302 294 285 277
300 267 267 267 267 267 267

9Debris initially mclten at 2642°F; waler at 267°F.

Table 17,9 Time-dependent response of a preheated instrument tube wall immersed in
water following introduction of a molten metallic mixture at 2912°F¢

Time Inner Fractional distance across tube wall Outer

(S) surface 0.20 0.40 0.60 0.80 surface
(F) °F) P CF) CF) CH
0 2550 2039 1559 1105 676 267
1 2191 1958 1704 1456 1255 1140
5 2070 1973 1880 1790 1707 1630
10 1994 1924 1853 1781 1709 1636
20 1779 1720 1660 1596 1530 1461
30 1537 1487 1433 1376 1316 1251
60 872 834 729 748 699 647
120 325 316 307 297 288 279
300 267 267 267 267 267 267

9Debris initially molten at 2912°F; water at 267°F.
NUREG/CR-5869
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temperature does not exceed 2000°F (1367 K). Thus, the
survival of the wall is not threatened for the case with

walter cooling.

Finally, calculated results are shown in Table 17.11 for the
most challenging of the water cases, which involves the
oxidic mixture (Table 17.3) with tube wall preheating.
Here the predicted temperatures in the innermost 20% of
the tube wall exceed 2200°F (1478 K) for ~ 20 s, but the
remainder of the wall does not reach threatening tempera-

Integrity

tures. Therefore, the tube wall would not be expected to
fail under this challenge.

In summary, the effectiveness of the water cooling is such
that the submerged stainless steel instrument tubes would
be expected to survive filling by any of the molien debris
mixtures, even with the conservative assumption of wall
preheating. Survival of the vessel drain, which is carbon
steel and has a higher melting temperature, is addressed in
Sect. 18.2.4.

Table 17.10 Time-dependent response of an instrument tube wall initially at the

ambient temperature following introduction of a molten oxidic

mixture at 4172°F¢
Time Inner Fractional distance across tube wall Outer
&) surface. 39 0.40 0.60 0.80 surface
CF) CF) CF) CF) CF) CR
0 267 267 267 267 267 267
1 1797 1442 1106 812 595 489
5 1882 1737 1603 1484 1385 1307
10 1949 1853 1761 1675 1595 1521
20 1891 1819 1747 1676 1604 1533
30 1761 1695 1628 1561 1494 1424
60 1364 1306 1248 1189 1128 1067
120 797 750 703 655 607 558
300 305 298 292 286 280 274

“Debris initially molien al 4172°F with decay heating; water at 267°F.

Table 17.11 Time-dependent response of a preheated instrument tube wall immersed
in water following introduction of a molten oxidic mixture at 4172°F¢

Fractional distance across tube wall

Time Inner Outer

s) surface g9 0.40 0.60 080  surface
CF) CF) P (°F) (°F) CF)
0 2550 2039 1559 1105 676 267
1 2369 2108 1834 1570 1354 1232
5 2318 2203 2005 1995 1905 1824
10 2292 2209 2127 2047 1969 1891
20 2123 2054 1984 1912 1840 1765
30 1927 1862 1796 1728 1659 1588
60 1446 1387 1328 1267 1206 1143
120 838 790 741 692 642 591
300 307 300 293 287 280 274

9Debris initially molten at 4172°F with decay heating; water at 267°F.
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18 Lower Plenum Debris Bed and Bottom Head Models

S. A. Hodge, J. C. Cleveland, T. S. Kress*

The coding developed within the Boiling Water Reactor
Severe Accident Response (BWRSAR) code framework?
for calculating the behavior of a BWR lower plenum debris
bed after dryout and the associated boitom head response is
currently being made operational within the MELCOR
code3? at Qak Ridge. This Nuclear Regulatory
Commission (NRC)-sponsored effort is to test the Oak
Ridge lower plenum debris bed and bottom head models
within the structure of a local version of MELCOR and,
when successful, to make recommendations for formal
adoption of these models to the NRC and to the MELCOR
code development staff at Sandia National Laboratories.

As an interim step toward their implementation within
MELCOR, the lower plenum debris bed and bottom head
response models have been made operational completely
independently of their parent code. This has been done by
means of a special driver that provides the input and
timestep-dependent information once provided by
BWRSAR. These models in their independent form have
been exercised extensively in support of the current analy-
sis of the effectiveness of water surrounding the lower por-
tion of the reactor vessel in cooling the bottom head.

The Oak Ridge BWR lower plenum debris bed and bottom
head response models intended for MELCOR are de-
scribed in detail in the “BWR Lower Plenum Debris Bed
Package Reference Manual” to be incorporated into the
MELCOR Cemputer Code Manual. Accordingly, the dis-
cussion of these models in this chapter is limited w a
description of their application as utilized in the present
analysis, where penetration assembly failures are
precluded and all materials, both solids and liquids, are
retained within the debris bed.

18.1 Lower Plenum Debris Bed
Models

The control volumes used to represent the initial structure
(after dryout) of the lower plenum debris bed for calcula-
tions based upon the short-term station blackout severe
accident sequence for Browns Ferry ar Peach Bottom are
shown in Fig. 18.1. The drawing is to scale, correctly indi-
cating the relative sizes of the calculational control vol-
umes employed by the lower plenum model. These initial
volumes (surfaces of revolution) are listed in Table 18.1.

* All work in connection with this project completed before becoming a
member of the Advisory Commillee on Reactor Safeguards.
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Figure 18.1 Representation (to-scale) of nodalization
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Table 18.1 Reactor vessel control volumes
considered in the lower plenum
debris bed calculation

Nodal Volume
designation (nt3)
(1,1) 63.0
(1,2) 63.0
(1,3) 630
2.D 1454
(2,2) 186.2
(2,3) 357.0
24) 561.1
2,9) 574
(3,1) 535
(3,2) 68.4
(3,3) 131.2
(34 3732
3.5 211
Total 21435

Note that the entire debris bed is contained below the cen-
ter of curvature of the bottom head hemisphere. The total
volume occupied by the debris bed is, of course, deter-
mined by the assumed bed porosity, which is user input.
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For the calculations discussed in this report, a porosity of

0.40 was assigned for the bed oxides and a porosity of 0.20
was utilized for the bed metals. These are considered to be
reasonable values, based upon the available information.33

Debris bed control volumes (2,5) and (3,5) are intended to
represent the narrow solidified crust of oxidic debris that
would be maintained at the inner surface of the bottom
head wall after the central portion of the bed had melted.
Such a provision is not considered necessary for the rela-
tively small bottom debris layer, because it is comprised
almost entirely of metals, as indicated in Table 18.2.

18.1.1 Eutectic Formation and Melting

As decay heating increases the temperature of the debris
after bed dryout, the lower plenum models calculate the
melting, migration, freezing, and remelting of the various
material species making up the bed. Within each contro!
volume, the eutectic mixtures defined by user input are
formed according to the local availability of their con-
stituents. Whenever the solid phase of one of the con-
stituents of a particular eutectic mixture is exhausted
within a contrel volume, the temperature of that control
volume is permitted 10 increase under the impetus of decay
heating to the melting temperature of the eutectic mixture
or independent material species having the next higher
melting point, The eutectic mixtures considered for the
calculations discussed in this report are described in
Table 18.3, The composition and melting points of these
mixtures are based upon the results of the small-scale
BWR materials melting experiment®! performed at Oak
Ridge in 1987.

The independent material species represented in these cal-
culations are listed with their assigned melting points and
other information in Table 18.4. The actual material melt-
ing temperatures are used for all metals except iron and
nickel, where the assigned melting temperatures have been
increased Lo slightly exceed the melting temperature
[2912°F (1873 K}] of the Zr-$S-UO, eutectic mixture
(Table 18.3) of which they are constituents. The assigned
independent UO, species melting temperature has been
lowered from its actual value [S066°F (3070 K)] by

~100 F° (56 K) in recognition of the effect of internal fis-
sion products.

18.1.2 Relocation and Settling

Within the debris bed, molten materials move downward
frem one control velume to another as long as void space
(free volume) remains within the lower control volume.
Once the interstitial spaces in the lower control volumes
are filled, the liquid can move horizontaily within the bed
as necessary o keep the liquid level approximately equal
within a layer. In all cases, the rate of movement of molten
material through the debris bed is controlled by a user-
input time constant, set at 1 min for the calculations dis-
cussed in this report. Thus, with a calculational timestep of
0.20 min, 20% of the liquid within a control volume is
permitted to move downward each timestep. The rate of
horizontal movement (for a control volume for which no
void space remains in the underlying control volume) is set
to one-half the rate for downward movement or 10% of the
liquid mass each timestep for these calculations.

Table 18.2 Material masses (1b) included in the initial setup of the debris
bed layers for Peach Bottom short-term station blackout

Layer

Layer

Layer

Material Total
1 2 3

Zr 26,780. 71,318. 11,901. 109,999,
Fe 28,052, 84,684, 92,147, 204,883.
Cr 6,823, 20,599, 22414, 49,836.
Ni 3,039, 9,181, 9,962, 22,182.
B,C 592. 1,660. 186. 2,438.
ZrOy 1,846, 26,124, 9,561 37,531.
FeOQ 52. 186. 0. 238.
FeaOy 90. 435, 51. 576.
CroO3 37. 163. 13. 213.
NiO 0, 31. 5. 42,
B0z 13, 32, 0. 45,
U0, 1,966, 266,223. 88.842. 357,031.
Totals 69,296, 480,536. 235,082. 785,014.

NUREG/CR-5869

120



Table 18.3 Eutectic mixture compositions considered
for the lower plenum debris bed

Melting
Eutectic Mole temperature
mixture fractions ) K
Zr- 552 0.193 - 0.807 2642, 1723,
Fe-Cr—Ni? 0.731-0.190-0079 2660. 1733,

Zr-S§-UQO2 0.300-0.600-0.100 2912. 1873,
Zr0, -U0, 0.750 - 0.250 4172. 2573,

43S represents stainless steel.
is is the stainless steel eutectic mixture.

Table 18.4 Independent material species considered for
the lower plenum debris bed

Material  Molecular Melting Heat of
species weight temperature tusion
(°F) (Btw/Ibg)
Fe 55.85 2960.9 117,
Ni 58.70 2960.b 129.
Cr 52.00 3400. 136.
Zr 91.22 3365. 108.
B4C 55.26 4450, 814.
FeO 71.85 2510. 190.
Fe30,4 231.54 2850, 256.
NiO 7471 3580. 292.
CryOy 152.02 4170, 296.
B0y 69.62 4450, 148,
>y 123.22 4900, 304.
U, 270.07 4960.° 118,
aActual melting temperature iy 2800°F.

bActual melting 1emperature is 2650°F,
€Actusl melting temperature is 5066°F.

The adoption of a 1-min time constant for the movement of
material liquids within the debris bed is the result of testing
and experience, Use of too large a time constant will result
in unrealistic predictions of free-standing liquid columns
within the central control volumes. On the other hand, a
time constant that is too small will result in the prediction
of unrealistic sloshing of liquids between adjacent control
volumes. Experience has shown that the use of a 1-min
constant for lower plenum debris bed applications will
result in a prediction of smooth and realistic spreading of
liquids from their source control volumes.

Lower
18.1.3 Material Properties

The lower plenum debris bed model calculates composi-
tion-dependent properties of density, porosity, specific
heat, and thermal conductivity for the debris mixture
within each bed control volume each timestep.
Specifically, the local porosity is based upon the relative
mass fractions of solid metals and oxides within the control
volume, while the representative local density, specific
heat, and thermal conductivity are mass-averaged values
based upon the relative amounts of each debris constituent
present. (The relative masses of the solid and liquid phase
of each constituent are also considered in the calculation of
density and thermal conductivity.) The variation of mate-
rial properties with temperature is considered where appro-
priate. A detailed discussion of the method by which these
properties are calculated is provided in the “BWR Lower
Plenum Debris Bed Package Reference Manual.”

It is important o note here that almost all of the previous
lower plenum debris bed response calculations have been
performed for applications in which drywell flooding was
not considered and bottom head penetration failures were
predicted to occur soon after lower plenum dryout.
Accordingly, the liquid fraction within any calculational
control volume remained small in these cases, because the
liquid would drain from the reactor vessel as it was
formed. For the calculations discussed in this report, how-
ever, the lower plenum debris bed model is exercised with-
out the provision of penetration failures so that the upper
central bed control volumes eventually become primarily
or even totally liquid. Within the upper liquid regions of
the debris bed, heat transport would be greatly enhanced by
the buoyancy-driven circulation of molten liquids. While
the model has no representation of this liquid circulation,
the associated increase in heat transport is crudely (but
adequately) represented by increasing the effective mass-
averaged and phase-averaged local thermal conductivity by
a factor of 10 whenever the liquid mass within a control
volume exceeds two-thirds of the total control volume
mass.

As in the case of the relocation time constant, the use of a
factor of 10 for enhancement of conduction to represent the
effect of liquid circulation is the result of testing and expe-
rience. Use of too large an enhancement factor will result
in a series of rapid phase changes within a control volume
as excessive heat removal causes the liquid to freeze, the
concomitant reduction in conduction heat transfer causes
the solid to melt, and a new cycle begins. On the other
hand, an enhancement factor that is too smail will result in
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the prediction of unrealistic temperature differences
between adjacent liquid-dominated control volumes.
Experience has demonstrated that enhancement of conduc-
tion by a factor of 10 will maintain the affected control
volumes in a realistic condition of increasing liquid pro-
pertion together with a realistic radial temperature profile
between adjacent liquid-dominated control volumes.

18.1.4 Effects of Water Trapped in the
Downcomer Region

BWRs are fitted with an automatic depressurization system
(ADS) that, upon actuation, causes rapid opening of sev-
eral (five at Peach Bottom) of the reactor vessel safety/
relief valves (SRVs). The BWR Emergency Procedure
Guidelines!® direct the operators, under severe accident
conditions, to manually actuate the ADS when the core has
become partially uncovered (but before any significant
core damage has occurred). The flashing attendant to the
resulting rapid depressurization of the reactor vessel causes
the rapid loss of all water from the core region and core
plate dryout. However, much of the cooler water in the
downcomer region between the lower corg shroud and the
vessel wall is not flashed during this maneuver.

After lower plenum debris bed dryout, the water surround-
ing the jet pump assemblies in the downcomer region is the
only water remaining in the reactor vessel. The proximity
of the baffle plate and lower core shroud boundaries of this
water-filled region to the bottom head hemisphere is illus-
trated in Fig. 18.2.

JET PUMP
DIFFUSER

In the lower plenum debris bed energy balances, heat
transfer by conducticn is calculated between the bed
control volumes and from the outer control volumes 10 the
vessel wall. Additionally, radiation and convection from
the bed upper surface to the vessel atmosphere and to intact
structures above the bed are considered. Radiation to the
lower core shroud from the bed surface, radiation and
convection to the lower core shroud from the vessel
atmosphere, and axial conduction along the vessel wall all
contribute to heating and evaporation of the water trapped
in the downcomer region.

While water remains in the downcomer region, the lower
core shroud would be maintained at a temperature close to
the saturation temperature of the water, which, with the
reactor vessel depressurized, would be in the neighborhood
of 300°F (422 K). Because this is much lower than the
temperature of the upper surface of the debris bed, it is
obvious that the core shroud would constitute a major heat
sink for radiation from the upper bed.

After the water in the downcomer region had boiled away,
the shroud temperature would increase to its melting tem-
perature [2550°F (1672 X)], and the shroud would melt.
The resulting liquid stainless steel would then enter the
debris bed, providing a cooling effect while increasing the
volume of the molten pool. These events have been con-
sidered in the calculations discussed in this report, and
their effects will be described in detail in Chap. 19.
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Figure 18.2 Portion of BWR reactor vessel beneath core plate divided into cylindrical region and bottom head

hemisphere
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18.1.5 Release of Fission Products from Fuel

The reduction of the decay heat source within the fuel as-
sociated with the loss of volatile fission products from the
fuel-clad gap and during subsequent fuel heatup and melt-
ing is represented in accordance with the current recom-
mendations of R, A, Lorenz of Oak Ridge National
Laboratory. For the calculations discussed in this report,
80.3% of the total decay power at the time of lower plenum
dryout is predicted to remain with the fuel in the debris
bed. [The remainder is divided between the pressure
suppression pool {16.3%) and the containment atmosphere
(3.4%).] An additional release (equivalent to ~3 1/2% of
the total decay power) from the fuel within the debris bed
is predicted during the course of the calculation as a result
of fuel melting within the bed.

The reduction of the total decay power with time is deter-
mined in accordance with the recommendations of
Ostmeyer.>4 The decay heat curve is basically in confor-
mance with the rigorous ANS standard, which provides
values varying from 10 to 30% lower than those obtained
by application of the ANS “simplified method.” The decay
heat values and fission product release methodology em-
ployed for the current calculations are identical to those
employed for recent calculations in support of the
Containment Performance Improvement Program.21

18.2 Bottom Head Models

18.2.1 The Vessel Wall

The nodalization employed for the hemispherical portion
of the reactor vessel bottom head wall is shown in

Fig. 18.3. As indicated, eight wall nodes are placed adja-
cent to the lowest debris layer, seven nodes abut debris
control volume (2,5), and two wall nodes are adjacent to
control volume (3,5).

The portion of the vessel wall between the upper surface of
debris layer three and the bottom of the shroud baffle is
represented by a single node. One wall node (node 19 in
Fig. 18.3) represents the wall adjacent to the waier trapped
above the shroud baffle in the downcomer region. The
upper surface of this last node is at the elevation of the
cenier of curvature of the hemispherical bottom head.

For the purpose of calculating the bottom head wall tem-
peratures, each node is divided into three equal-volume
segments as shown in Fig. 18.4. Heat is transferred from
the adjacent debris bed control volumes into the wall nodes
by conduction. Heat transport along and across the wall by
conduction from segment-to-segment is also calculated.

123
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Figure 18.3 BWRSAR nodalization of reactor vessel
bottom head wall
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Figure 18.4 Each vessel bottom head wall node is
divided into three radial segments for
wall temperature calculation
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Wall nodes above the elevation of the upper debris bed
surface receive heat transfer by radiation from the bed and
by radiation and convection from the vessel atmosphere.

Although not indicated in Fig. 18.4, the thickness of the
BWR reactor vessel wall increases at some point (plant-
specific) between the cylindrical section of the vessel and
the lower portion of the bottom head where the many
penetrations are localed. (This transition in wall thickness
is illustrated in Fig. 15.4.) The vessel wall nodalization
established for the calculations discussed in this report
recognizes the user-input location of this transition point
and adjusts the thickness of the wall nodes above and
belaw this location accordingly, Furthermore, the lengths
of the two adjacent wall nodes are adjusted {one shortened,
one lengthened) so that the transition point falls exactly on
their nodal boundary. The resulting arrangement of the
wall nodes is provided in Table 18.5, where the listed
heights are relative to the low point of the vessel bottom
head outer surface. [The heights relative to vessel zero can
be obtained simply by subtracting the thickness of the
Jower bottom head, 8.4375 in. (0.2143 m) for this case.]

Table 18.5 Height of right-hand outer
boundary of vessel wall nodes relative
to low point of vessel outer surface
for Peach Bottom

Debris Wall Vertical height
control node of outer right
volume index boundary (in.)

(1,1) 1 0.6125

2 24445

3 54791

(1,2) 4 8.7924

5 12.8538

6 18.3615

(1,3) 7 24,7657

8 32,0170

9 199115

104 44 8237

11 58.9573

(2,5) 126 68.6107

13 78.7534

14 £9.3093

15 100.1995

3.5 16 112.3382

17 124.6686

18 129.7362

19 1339375

OWall thickness: nodes 1-10, 8.4375 in. nodes 11-19,
6313 in.

OThe vessel support skint attaches at wall node 12, at height
68.4375 in. above the low point of the bottom head outer
surface.
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18.2.2 Heat Transfer from the Wall

The rates of heat transfer from the inner segment of the up-
permost wall node (No, 19 in Figs. 18.3 and 18.4) to the
water in the downcomer region are govemed by nucleate
beiling and conduction through the wall.

As indicated in Fig. 15.4, the effect of the atmosphere
trapped in the "armpit” region between the reactor vessel
support skirt and the bottom head is to divide the outer
surface of the vessel wall into a lower wetted section, a dry
section facing the armpit region, and an upper wetted sec-
tion above the vessel skirt attachment. Within each section,
heat transfer from the outer segment of each wall node to
the drywell is calculated by means of user-input overall
heat transfer coefficients of 0.625 Btu/heft2+°F

[3.549 W/(m?2-K)] where the wall is exposed to the atmo-
sphere and 600,000 Btw/heft2+°F [3,400,000 W/(m2.K)—
nucleate boiling] where the wall is covered by water,
(Independent modeling of radiative heat transfer from the
outer vessel surface is not employed,) The trapped atmo-
sphere transfers heat to the vessel skirt by convection and
through the vessel skirt by conduction.

18.2.3 Wall Stress and Creep Rupture

In considering the effects of tensile stress in the reactor
vessel wall under severe accident conditions, it is impor-
1ant to recall that the BWR reactor vessel is supported from
below. Accordingly, with the reactor vessel depressurized,
only the portion of the vessel bottom head beneath the sup-
port skirt attachment weld would be in tension. The perti-
nent dimensions for a reactor vessel of the size at Peach
Bottom or Browns Ferry are shown in Fig. 18.5, The bot-
tom head loadings during normal operation and with the
reactor vessel depressurized and dry are provided in

Table 18.6.
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Figure 18.5 Physical dimensions of Browns Ferry
reactor vessel bottom head
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Table 18.6 Loading of the Browns Ferry reactor vessel bottom head wall
underneath the skirt attachment

Tensile stress

Load psi MPa
Normal operation
Weight of water 152 1.05
Weight of core and structures 192 1.32
Weight of shroud and separators 36 0.25
Weight of bottom head beneath support skirt 36 0.25
and pendants
Vessel pressure? 9,555 65.88
Total tensile stress at support skirt attachment 9,911 68.75
Vessel depressurized and dry
Weight of lower plenum debris bed 204 1.41
Weight of shroud and separators 36 0.25
Weight of bottom head beneath support skirt 36 0.25
and pendants
Vessel pressureP 469 3.23
Total tensile stress at support skirt attachment 745 5.14

“9Based upon a normal operating pressure of 1000 psia.

ased upon a vessel-to-drywell differential pressure of 50 psi.

The weights of the control rod drive mechanism assem-
blies, the instrument tube housings, the core shroud, and
the core itself are transmitted via the stub tube, instrument
housing welds (Fig. 17.2), and the shroud support columns
and are ultimately bome by the portion of the bottom head
beneath the skirt attachment.” 1t is reasonable, therefore, to
determine the bottom head loading by adding these weights
to the force-equivalent of the vessel internal pressure
(relative to the drywell pressure). Based upon vessel-to-
drywell differential pressures of 985 psi (6.791 MPa) for
normal operation and 50 psi (0.345 MPa) for the
depressurized case,’ and with the vessel dimensions
indicated in Fig. 18.5, the calculated wall tensile stress at
the vessel support skirt attachment weld is ~10,000 psi
(68.9 MPa) under normal operating conditions, but only
745 psi (5.1 MPa) under severe accident conditions with
the reactor vessel depressurized.

*The reader may wish to review Figs. 15.3, 15.4, and 17.] 1o fully
recognize the manner in which these reactor vessel internal weights are

supported.

TThe two-stage Targel Rock reactor vessel SRVs used at Browns Ferry
and several other BWR facilities would shut when the vessel pressure
dropped 1o within 20 psi (0.138 MPa) of the drywell pressure and would
reopen when the vessel pressure increased 1o 50 psi (0.345 MPa) above
the drywell pressure. Other types of valves behave differently when
signalled to remain open while the vessel pressure approaches the
drywell pressure; thus, the vessel wall siress under severe accident
conditions is another plant-specific consideration. However, assumpticn
of a 50-psi {(0.345-MPa) pressure differential between vessel and drywell
provides a resgonable upper bound.
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The creep-rupture curves derived from recent tests?8 per-
formed at Idaho National Engineering Laboratory (INEL)
for the SA533B1 carbon steel of the BWR reactor vessel
are shown in Fig. 18.6. The normal operating wall tensile
stress of 68.75 MPa is indicated on this figure, from which
a creep rupture time of ~2 h at 1340°F (1000 K) can be
ascertained.
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Figure 18.6 Creep rupture curves for SA533B1
carbon steel from recent tests at INEL

Also indicated on Fig. 18.6 is the wall tensile stress of 5.14
MPa corresponding to the depressurized and dry reactor
vessel with a debris bed in the lower plenum. For this
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relatively low value of stress, the figure indicates that a
wall temperature of 2011°F (1373 K) would be expected to
cause failure by creep rupture after ~4 h.

Extrapolation of the available creep rupture data shown in
Fig. 18.6 to higher wall temperatures can best be per-
formed by use of the Lawson-Miller parameter as de-
scribed in Appendix B of Ref. 48. The results of such an
extrapolation are provided in Table 18.7, which indicates
the calculated failure times (min) over the stress range of
interest for a depressurized reactor vessel for temperatures
as high as 2500°F (1644 K). While it is undesirable to have
to resort to extrapolation over such a large range, this

1able does provide some guidance concerning the watt
failure times for the case of a depressurized reactor vessel
with wall temperatures approaching the carbon steel melt-
ing point. The reactor vessel wall temperatures calculated
in this study for the depressurized vessel after bottom head
dryout will be discussed in the next chapter.

18.2.4 The Vessel Drain

The effectiveness of water cooling of the stainless steel
instrument guide tubes beneath the reactor vessel boitom
head has been discussed in Chap. 17. There it is shown that
relocation of molten metallic or oxidic debris mixtures into
the interior of an instrument guide tube would not induce
wall temperatures sufficiently high to threaten the integrity
of the tube, provided the tube wall is surrounded by water.
In this section, results of a similar analysis for the carbon
steel vessel drain will be discussed.

It is important to recognize that the pathway by which
molten debris wonld enter the vessel drain is different than
for the instrument guide tube. The vessel drain, shown in

Figs. 15.4, 15.6, and 16.1, is located at the bottom of the
lower plenum, offset 6 in. (0.152 m) from the point of ves-
sel zero. Therefore, molten material forming within the
debris bed and relocating downward would enter the vessel
drain. On the other hand, molten material would move lat-
erally to enter the failure location of the instrument tube
within the bed oaly after the lower portions of the bed had
been filled with liquid, to the level of the failure location.
The upshot is that the vessel drain would probably be filled
earlier by a lower-melting-temperature metallic mixture;
the instrument guide tube would probably be filled later by
a higher-melting-temperature mixture,

Nevertheless, any argument as to just which molten debris
mixture might fill the vessel drain is rendered moot for the
case in which the drain is submerged in water. This is true
because it can be demonstrated that the drain pipe wall
would not reach threatening temperatures even if filled
with the oxidic mixture (with decay heating) described in
Table 17.3. The configuration of the drain wall is shown to
scale in Fig, 18.7.

If the vessel drain were surrounded by the dry containment
atmosphere when filled by the molten oxidic mixture, the
HEATING 7.0 code predicts the drain pipe wall tempera-
ture response shown in Table 18.8. Reference to the
extrapolated creep rupture failure times listed in Table 18.7
clearly indicates that failure of the drain pipe wall would
be expected shortly after 30 s, as the average wall tempera-
ture approached 2500°F (1644 K). [Asnoted by J. L.
Rempe of INEL, we “are applying SA533 data to the drain
pipe, which is composed of SA105/SA106. The drain pipe
material is not a high temperature material. Although there
is no high temperature data for this material, it's per-
formance will undoubtedly be worse than SA533.748]

Table 18.7 Time {min) to creep rupture by extrapolation of the data for SA533B1 carbon steel
using the Larson-Miller parameter

Stress (MPa)
Temperature
{F°) 2.0 2.5 3.0 35 4.0 4.5 50 55
2100 4499 4 1672.8 622.20 433.80 135.00 82.20 50.40 3198
2150 1714.3 649.6 246.14 172.95 5493 3381 20.82 13.39
2200 677.2 2614 100.86 71.34 23.16 1440 8.94 5.82
2250 2769 108.8 42.72 30.42 10.08 6.30 3.96 2.58
2300 1169 46.7 18.66 13.38 4.50 2.88 1.80 1.20
2350 50.9 20.6 840 6.06 2.10 1.32 0.84 0.56
2400 229 94 3.84 2.82 096 0.66 042 0.27
2450 10.5 44 1.85 1.34 048 0.31 0.20 0.14
2500 50 2.1 0.90 0.66 0.24 0.16 0.10 0.07
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Figure 18.7 BWR drain line configuration and dimen-
sions Seurce: Adapted from Ref. 48
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If, however, the vessel drain were surrounded by water as
it was filled by the molten oxidic mixture, then the
HEATING prediction of drain pipe wall temperature is as
shown in Table 18.9. The wall temperatures do not reach
threatening values,

These results indicate that drywell flooding, to the point of
submersion of the reactor vessel bottom head, would pre-
vent failure of the pressure boundary at the vessel drain,
This is an important result, because it is a conclusion of the
study reported in Ref. 48 that the drain is the most probable
failure location given relocation of molten debris into the
vessel lower plenum with a dry containment.
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Table 18.8 Time-dependent response of the vessel drain wall initially at the ambient
temperature following introduction of a molten oxidic mixture at 4172°F¢

Time Inner Fractional distance across tube wall Outer
) surface 0.20 0.40 0.60 080 Surface
(OF) (°F) (oF) (oF) (oF) (°F)
0 400 400 400 400 400 400
1 1637 1242 963 776 668 632
5 1744 1556 1399 1301 1246 1228
10 1892 1773 1670 1590 1537 1515
20 2148 2086 2035 1996 1968 1953
30 2315 227 2233 2203 2180 2163
60 2514 2486 2461 2438 2417 2398
120 2514 2494 2474 2455 2436 2417
300 2157 2146 2135 2123 2112 2100

%Debris initially molten a1 4172°F with decay heating; air a1 400°F.

Table 18.9 Time-dependent response of the vessel drain wall initially at the water
temperature following introduction of a molten oxidic mixture at 4172°F¢

Time Inner Fractional distance across tube wall Outer
(s) surface 0.20 0.40 0.60 0.80 surface
(°F) F) F) CF) (°F) CF)
0 267 267 267 267 267 267
1 1557 1158 873 676 555 502
5 1631 1426 1268 1152 1069 1011
10 1711 1568 1437 1331 1249 1183
20 1731 1631 1533 1441 1360 1288
30 1692 1607 1523 1441 1365 1295
60 1477 1411 1346 1284 1223 1165
120 980 941 903 866 829 792
300 333 325 317 309 301 294

9 Debris initially molten at 4172°F with decay heating; water at 267°F.
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19 Calculated Results for the Base Case

S. A. Hodge, J. C. Cleveland, T. S. Kress"

This chapter provides the results of calculations performed
for the case of drywell flooding with the reactor vessel
support skirt in its normal operating status, without a gas
leakage pathway through the access hole. The calculations
are based upon the short-term station blackout accident
sequence, which is described in Sect. 19.1. The reference
plant is a BWR Mark I containment facility of the size
[3293 MW(1)] at Peach Bottom or Browns Ferry.t

19.1 Accident Sequence Description

Information concerning the definition of station blackout
and other risk-dominant boiling water reactor (BWR)
severe accident sequences is provided in Sect. 2.2. The
short-term station blackout accident sequence has been
selected for this study of the efficacy of drywell flooding
as a severe accident mitigation technique because it
involves formation of a reactor vessel lower plenum debris
bed in the shortest time of all the dominant BWR accident
sequences. A brief summary of the sequence of events is
provided in the following paragraphs; detailed information
concerning the events associated with BWR station black-
out is available in Sect. 2.2.1 and in Ref. 7.

If a Peach Bottom unit were operating at 100% power
when station blackout occurred and if both high-pressure
coolant injection (HPCI) and reactor core isolation cooling
(RCIC) were to fail upon demand, then the swollen reactor
vessel water level would fall below the top of the core in
~40 min. After the core is uncovered, events would
progress rapidly because the decay heat level is relatively
high for the short-term station blackout accident sequence,

The dc power from the unit battery remains available dur-
ing this accident sequence so that the operators can take the
actions regarding manual safety relief valve (SRV) opera-
tion that are directed by the BWR Owners Group Emer-
gency Procedure Guidelines (EPGs).16 Specifically, the
RPV Control Guideline directs the operators to open onc
SRYV if the reactor vessel water level cannot be determined
and to open all (five) ADS valves when the reactor vessel
pressure falls below 700 psig. (Water level indication

* All work in connection with this project completed before becoming a
member of the Advisory Committee on Reactor Safeguards.

tSmall reactor calculations are provided in Appendix C. As explained in
Chap. 186, the efficiency of water cooling of the reactor vessel bottom
head would be least for the largest vessels, and these are considered in
the main body of this report.

would be lost when the level drops below the indicating
range at about one-third core height.) These actions
provide temporary cooling of the partially uncovered core
and are predicted to be taken at times 77 and 80 min after
scram, respectively.

The high rate of flow through the open SRVs would cause
rapid loss of reactor vessel water inventory, and core plate
dryout would occur at about time 81 min. Heatup of the
totally uncovered care would then lead to significant
structural relocation (molten control blade and canister
material), beginning at time 131 min, Because the core
plate would be dry at this time, heatup and local core plate
failure would occur immediately after debris relocation
began. Subsequent core damage would proceed rapidly,
with the fuel rods in the central regions of the core pre-
dicted to be relocated into the reactor vessel lower plenum
at time 216 min.

Following the BWRSARZ 3 code prediction, the contin-
ually accumulating core debris in the reactor vessel lower
plenum would transfer heat to the surrounding water over a
period of ~30 min until initial bottom head dryout and, in
the process, the lower layer of core debris would be cooled
to an average temperature of 1310°F (983 K). After vessel
dryout occurred at time 246 min, the temperature in the
middle debris layer would be sufficient [2375°F (1575 K)]
to cause immediate failure of the control rod guide tubes in
the lower plenum, Failure of this supporting structure
would then cause the remaining intact portions of the core
to collapse into the lower plenum.

The calculated sequence of events through the point of bot-
tom head dryout and control rod guide tube failure is sum-
marized in Table 19.1. The lower plenum debris bed would
be fully established, dry, and with its temperature increas-
ing under the impetus of decay heat. The stainless steel
masses of the control rod guide tubes, instrument guide
tubes, and other lower plenum structures would, as they
melt, be subsumed into the surrounding volumetrically
heated debris. This is a major source of the large propor-
tion of metallic content characteristic of the expected com-
position of a BWR lower plenum debris bed.

As discussed in Chap. 17, failure of the instrument guide
tubes within the central portion of the lower plenum debris
bed is expected to open an escape pathway for molten
debris to flow through the reactor vessel bottom head wall.
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Table 19.1 Calculated sequence of events for Peach Bottom short-term
station blackout with ADS actuation

Event Time
(min)
Station blackout-initiated scram from 100% power. 0.0
Independent loss of the steam turbine-driven HPCI
and RCIC injection systems
Swollen water level falls below top of core 403
Open one SRV 77.0
ADS system actuation 80.0
Core plate dryout 80.7
Relocarion of core debris begins 130.8
First local core plate failure 132.1
Collapse of fuel pellet stacks in central core 2159
Reactor vessel bottomn head dryout; structural supporn 245.8

by control rod guide tubes fails; remainder of core

falls into reactor vessel bottom head

However, the presence of water surrounding the portion of
the instrument guide tubes external to the vessel wall
would prevent local failure of these tubes as they filled
with relocating molten debris, Failure of the vessel drain
and other penetrations would also be precluded by the
water surrounding the bottom head. Accordingly, the lower
plenum debris bed response calculations performed for this
study of the effect of drywell flooding have been carried
out without the modeling of penetration failures; all liquid
debris remains within the lower plenum.

Before proceeding to a detailed discussion of the results
calculated by the lower plenum debris bed model, it is
important to recognize that many uncertainties attend the
process of relocation of core and structural debris from the
core region into the reactor vessel lower plenum. The ques-
tion of core plate survival in the BWR severe accident
sequence is pivotal. For example, if much of the relocating
molten core debris were to not reach the core plate, but
instead were to form a frozen crust above the plate, subse-
quent debris bed formation and melting above the core
plate would lead to an accident event sequence more like
the Three Mile Island experience (PWR) than the sequence
calculated by BWRSAR.

Nevertheless, the purpose here is to analyze the effect of
water cooling of the lower portion of the reactor vessel
outer surface under the assumption that a whole-core lower
plenum debris bed exists within the vessel. While some of
the details such as the initial temperatures of the individual
calculational control volumes within the bed and the rela-
tive local distributions of the bed constituents would vary,
the basic characteristics of the whole-core lower plenum
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debris bed after bottom head dryout should not differ sig-
nificantly for different assumptions concerning the reloca-
tion pathways from the core region into the lower plenum.
In other words, the total bed mass and the fundamental mix
of debris constituent mixtures would not change. Further-
more, the effects of differences in the initial control
volume temperatures become small as the influence of
decay heating after bed dryout becomes dominant and the
bed materials begin to melt. (While the validity of this
hypothesis thal the response of the whole-core lower
plenum debris bed after dryout would not be significantly
altered by varying the material relocation pathways by
which the bed is initially established cannot be demon-
strated at this time, the lower plenum debris bed models
are being made operational within the MELCOR code
architecture; once this is accomplished, other debris reloca-
tion pathways can be invoked to produce the initial lower
plenum debris bed configuration.)

19.2 Containment Pressure and Water
Level

The containment pressure is important 1o the reactor vessel
battom head response calculations because it determines
the pressure within the reactor vessel and the saturation
temperature of the water surrounding the bottom head. For
these calculations, the drywell is assumed 1o be vented as
necessary to maintain the containment pressure at 40 psia
(0.276 MPa). The reactor vessel pressure then cycles
between 60 and 90 psia (0.414 and 0.621 MPa) due to the
action of the SRVs, which open when the vessel-to-drywell
pressure differential reaches 50 psi (0.345 MPa) and close
when the vessel pressure falls 1o within 20 psi (0.138 MPa)
of drywell prcssure.s



Note that the available venting capacity is more than suffi-
cient to maintain the drywell pressure below 40 psia
(0.276 MPay}, If the 18-in. (0.457-m) drywell exhaust but-
terfly valves at Peach Bottom were opened fully when the
containment pressure reached 40 psia (0.276 MPa), the
steam flow would be ~60 Ib/s (27.2 kg/s). However, the
maximum steam generation rate from the water surround-
ing the reactor vessel botiom head would be ~6 lb/s

(2.72 kg/s). Accordingly, the containment pressure would
rapidly decrease to ~15 psia (0.103 MPa) and remain in
lhis vicinity as long as the vents remained fully open.

A method for opening the containment vents* under station
blackout conditions is discussed in Ref. 41. While this dis-
cussion as written is specific to the torus exhaust vent
valves, the method, involving the connection of copper
tubing and a botuled supply of compressed gas, is also
applicable to the drywell exhaust valves, There is no guar-
antee, however, that the vatves would be fully opened

*Full opening of these valves implies opening to the maximum extent
against the mechanical stops. For the drywell exhaust valves, this is
equivalent 10 ~58% of the total flow area. See Ref. 41 for additional
information.
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under station blackout ¢conditions; the proposed method
includes consideration of an alternate vent pathway in
which the valve boot seals would be deflated and only the
inboard buuterfly valve would be opened, providing a much
smaller effective venting area. For this reason, it was
decided to base the current calculations upon the conserva-
tive assumption of a containment pressure of 40 psia
(0.276 MPa).

With the drywell pressure held near 40 psia (0.276 MPa),
the saturation temperature of the containment water would
be 267°F (408 K). For the base case calculations, the water
is assumed to cover the outer surfaces of the four lowest
bottom head wall calculational nodes. As indicated in
Table 18.5, this requires a water height within the skirt of
8,79 in. (0.223 m) above the lower point of the reactor ves-
sel outer surface. This water level is depicted in the to-
scale representation of Fig. 19.1.

At this point, it is well to review the discussion provided in
Sect. 15.3 concerning the effect that the drywell pressure at
the time the rising water reaches the skirt lower flange has
upon the subsequent relative water levels outside and
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Figure 19.1 Water level within the vessel skirt for the base-case calculations of 8.79 in, above the low point of bottom

head outer surface
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inside the skirt. As indicated in Table 15.2, a water level
outside the skirt in excess of 600 in. {15.24 m) relative to
vessel zero would be required to attain the water level
within the skirt depicted in Fig. 19.1, if the containment
were at 40 psia (0.276 MPa) during the flooding process.
However, the inlet to the drywell vent for the Browns
Ferry containment is located at a height equivalent to 528
in. (13.41 m) abave vessel zero; therefore, this is the
maximum height to which the water level could be raised
in the containment and it would not be possible to wet the
bottom head to the extent depicted in Fig. 19.1 with a con-
tainment pressure of 40 psia (0.276 MPa).

As indicated in Table 15.1, however, a water level within
the skirt of 8.79 in. (0.223 m) above the lowest point of the
reactor vessel outer surface could be attained with a water
level outside the skirt of about 320 in. (8.13 m) if the con-
tainment pressure were 20 psia (0.138 MPa) during flood-
ing. The rationale for assumption of the water level shown
in Fig. 19.1 combined with a containment pressure of 40
psia (0.276 MPa) during the period of the calculations is
that it is considered that drywell venting would maintain
the pressure significantly below 40 psia (0.276 MPa) dur-
ing the period of containment flooding; the pressure would
subsequently increase to 40 psia (0.276 MPa) as a result of
the steam generation initiated when the water came into
contact with the vessel bottom head,

The observant reader will note from Fig. 19.1 that some of
the outer bottom head penetration assemblies are shown
with a dry length between the exterior of the bottom head
and the water surface. Might bottom head penetration fail-
ures occur in these dry sections?

As discussed in Chap. 17, the threat of boltom head pene-
tration failure is confined to the instrument guide tubes
(not the control rod drive mechanism assembly housings).
With the water surface shown in Fig. 19.1, 17 of the 55
instrument guide tubes would have exposed (dry) axial
sections of varying lengths. It may be of interest to see just
how these 17 partially exposed instrument guide tubes are
distributed and what their dry lengths would be.

Counting from the left of Fig. 19.1, 15 control rod drive
mechanism assembly housings are shown beneath the reac-
1or vessel bottom head; one instrument guide tube housing
is visible between the 12th and 13th members of this row.
The three-dimensional configuration represented by this
cross-seclional view actually comprises seven radial rings
of conirol rod drive mechanism assembly housings sur-
rounding one placed centrally, for a total of 185 control rod
drive penetrations. The 55 instrument guide tube penetra-
tions are interposed between these radial rings.
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Counting outward from the centrally placed control rod
drive mechanism assembly housing and considering the
water level beneath the skirt shown in Fig. 19.1, eight
instrument guide tube housings between the fourth and
fifth radial rings would be exposed {dry) for a length of

4 in. (0.102 m), five instrument guide tube housings
between radial rings five and six would be dry for a length
of 10 in. (0.254 m), and four instrument guide tubes
between radial rings six and seven would be exposed for a
length of 17 in. (0.432 m).

Nevertheless, no attempt has been made to introduce a
separate calculation of the response of the exposed portions
of the outer instrument guide tubes, given the water level
shown in Fig. 19.1. The reader is reminded that the water
level would not in actuality be guiescent, but rather would
fluctuate violently within the skirt in response to steam
generation, expulsion, and condensation. It is reasonable to
assume that the enhanced heat ransfer induced by splatter-
ing would protect the upper sections of these outer instru-
ment guide tube penetrations. Furthermore, as discussed in
Sect. 15.3, it is prudent to determine whether or not the
inlegrity of the reactor vessel bottom head could be main-
tained with any pocket of trapped atmosphere beneath the
vessel skirt before undertaking a calculation of the in-skirt
water level and its transient behavior more sophisticated
than the simple approach outlined above. The effect of the
trapped air pocket for the base-case calculation (Fig. 19.1)
will be described in Sect. 19.4,

19.3 Inmitial Debris Bed Configuration

The initial configuration of the lower plenum debris bed
immediately after dryout and control rod guide tube col-
lapse is indicated in Fig. 19.2. The left-hand portion of this
figure represents the 13 debris bed control volumes, which
are numbered and shown to scale in Fig. 18.1. Because the
oulermost control volumes (2,5) and (3,5) are relatively
small, however, they are shown on an expanded scale at
the center of Fig. 19.2,

For each debris bed control volume, the current tempera-
ture, total mass of debris, and nodal free volume are listed
on Fig. 19.2. (The total volumes of all bed control volumes
in the initial configuration are provided in Table 18.1.)
Because all of the initial control volume temperatures are
below the melting temperature of the first eutectic mixture
(Table 17.1), all of the bed constituents are ealirely solid at
this time.”

*Note that this initial condition of a quenched lower plenum dcbris bed

comprised of solid particles is totally different from the initial condition
of a molten pool assumed in other studies. %6 47 In reviewing these
other studies, one should consider the fate of the water inilially in the
lower plenum.



TIME = 246.2 min
VESSEL PRESSURE = 56.0 psia

Calculated

ORNL-DWG 81M-3096R ETD

VESSEL GAS TEMPERATURE = 325 °F WALL TEMPERATURE (°F)
DEBRIS TEMPERATURE (°F) “;anzoaU 0 WETER 125
© 417 300 | 309 | 301
CENTERLINE DEBRIS MASS (lb,) WALL 260.0 OF
NODAL FREE VOLUME (1t3) A 21
i 1 2 3 18] 314 | 310 ao1J
116 118 118 116 118
3
1emel  13e4 1384 1384 177 338 | 312 | 302
MASS| 19492 24848 47650
FREE | 15 19 a7 16 [ 238 [ 312 | 302
VoL
03} 93 93 93 93
|
2|
TEMP| 2384 2384 2384
MASS, 53483 68459 131280
FRee| 49 63 121
VOL |
|
30} 30 a0 30
1
TEMPI 1312 1312 1309
MASS | 23099 23098 23099
FREE | 14 14 14
voL|
| _./ 1 2
3131 313 1 313

a1 ' 3N

ant

305 " 30s | 305

Figure 19.2 Initial configuration of lower plenum debris bed and initial bottom head wall temperatures

Immediately above each control volume is indicated the
local height above vessel zero of the bed upper surface, in
inches. In this initial bed configuration, the upper surface
heights of all control volumes within a layer are equat [93
in. (2.36 m) for layer two, for example]. As the calculation
proceeds, however, the debris constituents will melt and
relocate downward, causing the bed to settle. The basic
pictorial representation of the bed structure will remain the
same as shown in Fig. 19.2 while the current local bed
heights will be indicated numerically. The heights indi-
cated to the left of the vertical dashed center line will,
however, always represent the initial bed layer heights.

The right-hand portion of Fig. 19.2 represents the reactor
vessel bottom head wall. (The wall nodalization and the
division of each node into three radial segments has been
described in Sect. 18.2.1 and illustrated in Figs. 18.3 and
18.4). Wall nodes 1 through 18 are numbered along the
inner wall surface in Fig. 19.2. Within the wall, tempera-
tures are indicated for each wall segment. Along the outer
wall surface are indicated the heights above vessel zero of
the inner wall termini of the dividing lines between the
eight wall nodes criginally adjacent to debris layer one, the
seven nodes adjacent to debris layer two, the two nodes
adjacent to debris layer three, the single node (18) between
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the upper bed surface and the bottom of the shroud baffle,
and the single node (19) adjacent to the lower portion of
the downcomer region. While the wall node locations will
never change, the debris control volumes adjacent to the
wall can settle downward. For example, bed control vol-
ume (3,5) might be adjacent to wall node 15 late in the cal-
culation instead of contrel volome (2,5) as in the original
configuration shown in Fig. 19.2.

Finally, Fig. 19.2 also provides information as to the mass
and temperature of the water remaining in the downcomer
region between the core shroud and the vessel wall, This
information is listed under the heading “SHROUD
WATER” adjacent to the inner surface of the uppermost
wall node. As indicated, the initial mass [28,417 Ib
(12,890 kg)] is significant. The source of this water and the
effect that the water has upon the debris bed response cal-
culation have been discussed in Sect. 18.1.4,

19.4 Lower Plenum and Bottom Head
Response

In this section, the calculated lower plenum debris bed and
reactor vessel botiom head response will be described at
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time 300 min and at 60-min intervals thereafter. The initial
debris bed configuration at time 246.2 min after the incep-
tion of the accident has been provided in Fig. 19.2 and
described in Sect. 19.3.

The reader is reminded that bottom head wall nodes 1
through 4 transfer heat in this calculation by nucleate boil-
ing of water on their outer surfaces. Wall nodes 5 through
12 transfer heat by natural convection to the atmosphere
trapped in the armpit region between the vessel skirt and
the vessel wall (Fig. 19.1), while wall nodes 13 through 19
transfer heat to the water surrounding the vessel wall above
the skirt attachment (located at the upper end of node 12).
Additional information concerning the heat transfer path-
ways and the heat transfer coefficients employed is pro-
vided in Sect. 18.2.2.

The calculated situation at time 300 min is illusirated in
Fig. 19.3. No free volume remains in the layer one control
volumes because molten materials relocating from layer
two have filled the previously existing interstitial regions.
The increased masses and temperatures of the layer one
control volumes also reflect the effect of these material

TIME = 300 min
VESSEL PRESSURE = 41.4 psia

relocations. Because the layer one temperatures are well
below the melting temperature [2642°F (1723 K)) of the
first eutectic mixture, however, all of the relocating liquids
have solidified within layer one.

Molten debris materials do, however, exist at this time
within layer two. As indicated, the temperatures of the
central four control volumes of this layer exceed the melt-
ing temperatures of the first three eutectic mixtures

(Table 18.3). The inventories of the solid and liquid phascs
of ecach debris component within layer two at this time arc
listed in Table 19.2. The interested reader may wish Lo
compare the total constituent masses listed in this

table with the original constituent masses for layer two
given in Table 18.2. The differences are the masses pre-
dicted Lo be melted and relocated downward into layer one,

The height of the central region of layer two has been
reduced, and most of the previously existing free volume
within this layer has disappeared as the interstitial pores
filled with liquid. The temperature of the thin crust control
volume (2,5) is close to the temperature of the wall. The
mass within this control volume has increased since debris

ORNL-DWG 91M-3087R ETD

VESSEL GAS TEMPERATURE = 623 °F WALL TEMPERATURE (°F)
DEBRIS TEMPERATURE (°F) SHH"%%%“'@TER } 125
274 | 274 | 270
CENTERLINE DEBRIS MASS (Iby,) WALL 267.7 °F i1
NODAL FREE VOLUME (it?)
| 1 2 3 18 | 221 2QQJ 278
16} 97 9¢ 95 116
3
Temel 1915 1915 1915 17] 407 [ 349 | 294
MASS| 19412 24848 47650
FREE | 15 19 37 16 | 435 [ 369 | 301
VOL
93} 74 76 7
|
2|
TEMP| 2074 2962 2075
MASS, 54107 70926 125547
FREE | 0 0 0
VoL |
|
} 30 30 30
1
Temp ! 1744 1669 1405
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FREE | 0 0 0
VOL I
__/ 1 2
L 504 | 598 1 545
400 ' 412 1 424
312 313 | 318

Figure 19.3 Lower plenum debris bed and vessel wall response at time 300 min after scram for base case
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Table 19.2 Solid and liquid masses within debris
layer two at time 300 min

Constituent S¢lid mass Liquid mass Total
{Ib) (Ib) {Ib)
Zr 28,840 37,696 66,536
Fe 9,806 65,296 75,102
Cr 2,109 16,002 18,111
Ni 403 8,776 9,179
B4C 1,660 0 1,660
ZiO,y 26,125 0 26,125
FeO 8 0 8
Fe;04 19 416 435
Cry0s 163 0 163
NiO 31 0 31
By05 32 0 32
U0y 259,403 6,820 266,223
Totals 328,599 135,006 463,605

bed dryout as liquid materials from the adjacent control
volume (2,4) relocated laterally and solidified.

TIME = 360 min
VESSEL PRESSURE = 75.8 psia
VESSEL GAS TEMPERATURE = 765 °F

DEBRIS TEMPERATURE (°F)
CEN DEBRIS MASS (lbr)
TERLINE NODAL FREE VOLUME (i)
| 1 2 3
116 — 98 98 94
3
rempl 2417 2416 2418
MASS| 19412 24848 47650
FREE| 15 19 37
vOL
93} 74 76 71
|
2|
TEMP| 3838 3g48 3931
MASS, 54107 70926 124510
rREEl 0 0 0
VOL |
|
30— 30 30 30
1
1emel 1714 1580 1306
MASS| 28783 28781 28763
FFIEEl 0 0 0
vOL |
I____—-—-—‘L,/

Calculated

All of layer three remains solidified at this time. The
masses and free volumes of these control volumes remain
unchanged, but the elevations of the upper and lower
boundaries within the central region have been reduced as
the layer two control volumes collapsed beneath them.

While the vessel wall temperatures have increased, they
have not reached threatening values. The effect of the
reduced heat transfer in the armpit region is reflected in the
higher outer surface temperatures of wall nodes 5 through
12. About 1100 1b (499 kg) of water has evaporated from
the downcomer region.

Moving ahead 1 h to time 360 min, the calculated sitoation
is illustrated in Fig. 19.4. Within the bed, the major
dimensional change is in layer iwo control volume (2,4),
where additional melting has eliminated all of the previous
free volume and the local bed height has decreased.
Although the temperatures of all bed control volumes have
increased, constituent liquids continue to be found only in
layer two. The relative solid and liquid masses in this layer
at this time are provided in Table 19.3. The metallic solids

ORML-DWG 91M-3096R ETD
WALL TEMPERATURE {°F)
SHROUD WATER 125

25511 !}l’;n 306 | 293 | 278

WALL 307.9 121

ass5 318‘ 234J
118

Figure 19.4 Lower plenum debris bed and vessel wall response at time 360 min after scram for base case
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Calculated

remaining within layer two are, of course, confined to con-
trol volume (2,5).

Table 19.3 Solid and liquid masses within debris
layer two at time 360 min

The calculated debris bed configuration at time 420 min is
shown in Fig. 19.5. Control volumes (3,1) and (3,2) no
longer exist as separate enlities. Their masses and energies
have been subsumed into the underlying control volumes
(2,1} and 2,2), which had become primarily liquid and
could no longer support the overlying soiid debris. Melting
of the first two eutectic mixtures is under way within con-
trol volumes (3,3) and (3.4).

Constituent Solid mass Liquid mass  Total
(Ib) (Ib) (Ib)
Zr 5.448 61,088 66,536 By time 480 min, the central region of layer three no
Fe 8,356 66,746 75,102 longer exists; it has been entirely subsumed into the control
Cr 2,109 16,002 18,111 volumes of layer two. The calculated bed configuration at
Ni 403 8,776 9,179 this time is shown in Fig. 19.6. The debris temperatures in
B4C 1,660 0 1,660 the central three control volumes of layer two are suffi-
26,125 26,1 ciently high to indicate the meltlng of some of the oxides
irec())z 8 g 6 2; (see Tables 18.3 and 18.4 for melling temperatures). The
Fex0 19 416 435 relalive solid and liquid masses within layer two at this
Crio: 163 0 163 time are provided in Table 19.4.
NiO 1 30 31
]?3(())3 259 43? 68 28 266 233’ The melling process within such a large debris bed pro-
2 ’ ’ ceeds slowly under the impeltus of the decay power 9 h or
Totals 303,727 159,878 463,605 more after scram. The calculated situations within the
lower plenum debris bed and the bottom head wall at times
ORNL-DWG 81M-3085R ETD
TIME = 420 min
VESSEL PRESSURE = 72.5 psia
VESSEL GAS TEMPERATURE ~ 800 °F WALL TEMPERATURE (°F)
SHROUD WATER 125
Besns e MR
CENTERLINE NODAL FREE VOLUME (%) WALL 2
| 1 2 3 18] 371 | 328 J 287
116} 91 116
TEMg l 2660 17{ 462 | 381 | 2305
MASS | 48029
FREE | 14 16§ 487 [ 399 31
VOL
93} 92 92 - 71
I
2|
TEMP | 4172 4159 4549
MASS 74161 94908 124510
FREel o 0 0
VOL |
I
30 }— 30 30 30
1
TEMP I 1694 1536 1340
MASS | 28783 28781 28763
FREE | 0 0 (¢]
VoL |
/ 2
L— 573 1 661
448 1 454
327 | 329 |

Figure 19.5 Lower plenum debris bed and vessel wall response at time 420 min after scram for base case
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Calculated

ORNL-DWG 91M-2004R ETD
TIME = 480 min
VESSEL PRESSURE = 81.0 psia
VESSEL GAS TEMPERATURE = 867 °F WALL TEMPERATURE (°F)
DEBRIS TEMPERATURE (°F) SHR 8o o 125
° 16989 Ib, 314 | 300 | 279
CENTERLINE DEBRIS MASS (Ib) WALL 3123 °F 124
NODAL FREE VOLUME (f18)
| 1 2 3 18] 394 | 339 | 290
11g; 116
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MASS |
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VOL
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]
2|
TEMP| 4648 4626 4450 4088
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FREE | 0 0 0 0
VoL |
|
30 }—30 30 30
1
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MASS| 28783 28781 28763
FREE| © 0 0
VOL
!
/ 1
L — 5691 T
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Figure 19.6 Lower plenum debris bed and vessel wall response at time 480 min after scram for base case

Table 19.4 Solid and liquid masses within debris
layer two at time 480 min

Constituent Solid mass Liquid mass Total
(Ib) (Ib) (Ib)
7r 5,448 72411 77,859
Fe 8,356 155,049 163,405
Cr 2,109 37475 39,584
Ni 403 18,361 18,764
B4C 1,020 820 1,840
ZrO 17,880 17,494 35,374
FeO 8 0 8
Fe304 19 465 484
CroOs 85 o1 176
NiO 1 34 a5
B,03 15 17 32
U0, 335,472 16,699 352,11
Totals 370,816 318,916 689,732

540 min and 600 min are shown in Figs. 19.7 and 19.8.
Increasing temperatures and decreasing densities during
the melting process have caused a slight increase in the

thickness of the central region of layer two. By time 600
min, the three central control volumes have reached the
melting temperature of UO,, The relative amounts of
solids and liquids within layer two at this time are listed in
Table 19.5. The only solid materials other than UO,
remaining within layer two are located within the small
crust control volume (2,5).

It is worthwhile to pause and take note of two points with
respect to Fig. 19.8. First, it should be noted that the high-
est wall temperatures occur within node 11, the second
node beneath the location of the skirt attachment weld.
These wall temperatures at time 600 min have reached
levels at which creep rupture would be anticipated (see
Fig. 18.6) if the vessel were not depressurized.

Second, it should be noted that the water in the downcomer
region is almost exhausted at this time. This water has
played an important role as a vessel heat sink in removing
heat from the upper vessel wall and, more importantly, in
cooling the vessel shroud. After it is exhausted (at about
time 610 min), the upward radiation from the top of the
debris bed will cause the shroud temperature to increase;
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ORNL-DWG 91M-3080R ETD

TIME = 540 min
VESSEL PRESSURE = 63.2 psia
VESSEL GAS TEMPERATURE = 1131 °F WALL TEMPERATURE (°F)
SHROUD WATER 125
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!
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!
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Figure 19.7 Lower plenum debris bed

and vessel wall response at time 540 min after scram for base case

ORNL-DWG 91M-2082R ETD
TIME = 600 min
VESSEL PRESSURE = 79.6 psia
VESSEL GAS TEMPERATURE = 1487 °F WALL TEMPERATURE (°F)
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3
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MASS |
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|
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I
} 30 30 30
1
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Figure 19.8 Lower plenum debris bed and vessel wall response at time 600 min after scram for base case

NUREG/CR-5369

138



Table 19.5 Solid and liquid masses within debris
layer two at time 600 min

Constituent Solid mass Liquid mass  Total
{Ib) (Ib) (Ib)
Zr 5,448 72,411 77.859
Fe 8,356 155,049 163,405
Cr 2,109 37475 39,584
Ni 403 18,361 18,764
B4C 73 1,767 1,840
ZrQ; 1,147 34,227 35,374
FeO 8 0 8
Fe304 19 465 484
Cr203 7 169 176
NiO 1 34 35
B,04 1 31 32
U0, 281,699 70,472 352,11
Totals 299,271 390,461 689,732

previously, this radiative energy transfer has primarily
been consumed in evaporating water from the downcomer
region.

TIME = 660 min
VESSEL PRESSURE = 71.6 psia

Calculated

The calculated situation at time 660 min is shown in

Fig. 19.9. The temperature of the now dry shroud has
increased to 1105°F (869 K). The reader may wish to refer
1o Figs. 15.2, 15.3, 17.1, and 18.2 to review the location of
the core shroud [a stainless steel mass of ~160,000 Ib
(72,500 kg) modeled as a single heat sink™] with respect to
the debris bed. 1n these calculations, the reverse side of the
shroud is modeled to radiate heat to an additional single
heat sink representing the hidden vessel internal structures
such as the jet pumps, sicam separators, and dryers—in all,
an additional vessel internal stainless steel heat sink of
~225,000 1b (102,000 kg).

As the temperature of the shroud increases, so does the
temperature of the vessel atmosphere, By time 720 min,
the predicted temperature of the vessel atmosphere has
reached 1800°F (1255 K) as indicated on Fig. 19.10. The
cotresponding temperature of the vessel shroud at this time
is 1531°F (1106 K), and the maximum average wall node

* Although the lumped parameier representation of the core shroud is
considered adequate for the present calculations, it is intended that a
raulicomponent shroud model will be utilized when the lower plenum
debris bed models are operational within the MELCCR code
architecture.

ORNL-DWG 91M-3091R ETD
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Figure 19.9 Lower plenum debris bed and vessel wall response at time 6§60 min after scram for base case
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TIME = 720 min
VESSEL PRESSURE = 70.0 psia
VESSEL GAS TEMPERATURE = 1800 °F

ORNL-DWG 91M-3030R ETD

WALL TEMPERATURE (°F)

DEBRIS TEMPERATURE (°F) SHROUD WIATEH 125
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CENTERLINE NODAL FREE VOLUME (%) LL 121
| 1 2 3 18| 883 | 816 | 380
116} 116
3
TEMP} 17 1420/ 867 ] 455
MASS
F\?QELEl 16 [ 1444 | 884 461
93} 96 96 96 96
|
2|
TEMP| 4960 4960 4960 4960
MASS, 75505 96593 185350 | 303018
FREE | 0 0 0 ]
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|
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v0LI
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Figure 19.10 Lower plenum debris bed and vessel wall response at time 720 min after scram for base case

temperature (node 11) is 1724°F (1213 K). This is not
quite sufficient to raise concerns with respect to creep rup-
ture of the bottom head with the vessel in its depressurized
state.”

By time 780 min, however, the average wall temperature at
node 11 is predicted to have reached 2029°F (1383 K). The
calculated general situation within the lower plenum and
vessel bottom head at this time is represented in Fig. 19.11.
Reference to Fig. 18.6 and Table 18.7 indicates that creep
rupture of the vessel wall in the vicinity of node 11 should
be expected within the next hour, even at the low
(5.14-MPaj} tensile stress considered with the reactor vessel
depressurized. The calculated amounts of solid and liquid
debris within layer two at time 780 min are listed in

Table 19.6.

With the assumption that the wall does not fail, the calcu-
lated situation at time 840 min is shown in Fig, 19.12. The

*The average wall node lemperature is the average lemperature of the
three radial segments that make up the node. In other words, it is the
average lemperature across the vessel wall at the nodal location.

NUREG/CR-5869

Table 19.6 Solid and liquid masses within debris
layer two at time 780 min

Constituent Solid mass Liquid mass Total
(Ib) (Ib) (Iv)
Zr 5,448 72411 77,859
Fe 8,356 155,049 163,405
Cr 2,109 37475 39,584
Ni 403 18,361 18,764
B4C 73 1,767 1,840
ZrOp 1,147 34,227 35,374
FeQ 8 0 8
Fe3Oq 19 465 484
Cry0s 7 169 176
NiO 1 34 35
B;03 1 31 32
U0, 229,621 - 122,550 352,171
Totals 247,193 442,539 689,732

average wall temperature at node 11 is now 2221°F
(1489 K), confirming that the time and temperature combi-
nation necessary for creep rupture would, according to the
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Calculated

ORANL-DWG 91M-3000R ETD
TIME = 780 min
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Figure 19.11 Lower plenum debris bed and vessel wall response at time 780 min after scram for base case

ORMNL-OWG 81M4-3080R ETD
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Figure 19.12 Lower plenum debris bed and vessel wall response at titme 8340 min after scram for base case
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Calculated

present prediction, occur at some point between 780 and
840 min. (A precise determination is beyond the reliability
of the available information.)

These results indicate that the presence of the pocket of gas
trapped in the armpit region beneath the skirt is ultimately
fatal 1o the survival of the adjacent wall. The improved
temperature response of the bottom head under conditions
of a reduced or eliminated trapped gas pocket will be dis-
cussed in Chap. 20. First, however, the effectiveness of the
water for the base case just presented will be evaluated.
Although containment floeding was not predicted to pre-
vent bottom head wall failure, it does provide a significant
delay, as described in the following section.

19.5 The Effect of Drywell Flooding

The first and most important effect of drywell flooding
with respect to delaying the release of core and siructural
debris from the reactor vessel is the prevention of bottom
head penetration failures, as described in Chap. 17,
(Without drywell flooding, bottom head penetration fail-
ures would be predicted to occur as early as 250 min after

TIME = 600 min
VESSEL PRESSURE = 67.6 psia
VESSEL GAS TEMPERATURE = 1561 °F

scram, or ~9 h before the creep rupture failure described in
Sect. 19.4.) For completeness, however, the effect of dry-
well flooding in delaying gross failure of the bottom head
will now be described. In other words, the effect of drywell
flooding in delaying creep rupture of the bottom head wall
under the assumption that bottom head penetration failures
did not occur in the dry case will now be considered.

The calculated situation within the lower plenum debris
bed and bottom head wall at time 600 min is shown for the
dry case in Fig. 19.13. Without water 10 cool the lower
portion of the reactor vessel, more energy is radiated
upward within the vessel and downcomer dryout occurs
earlier, at about time 585 min. The wall temperatures are
also much higher, as may be seen by comparison of

Figs. 19.13 and 19.8. The maximum average wall tempera-
ture of 2042°F (1390 K) occurs at node 12, but average
nodal temperatures in excess of 2000°F (1366 K) extend
from node 11 through node 15.

Average bottom head wall temperatures in excess of
2200°F (1478 K) are predicted by time 640 min for the dry

ORNL-DWG 91M-3087R ETD

WALL TEMPERATURE (°F)
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Figure 19.13 Lower plenum debris bed and vessel wall response at time 600 min after scram for the case without
drywell flooding and without penetration failures
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case as indicated in Fig. 19.14. Here, predicied average
wall temperatures exceeding 2200°F (1478 K) ar¢ found in
nodes 11 through 16, with the maximum average tempera-
ture [2248°F (1504 K)] occurring at node 12, Based upon
these results, it is estimated that creep rupture failure
would occur in the vicinity of wall node 12 for the dry case
at some time between 600 and 640 min. This is ~3 h earlier
than the creep rupture failure time estimated for the base
case with drywell flooding,

A comparison of the calculated energy releases through the
outer surface of the reactor vessel bottom head wall for the
cascs with and without drywell flooding is provided in
Table 19.7. As indicated, this energy transfer increases dur-
ing the period of the calculation as the temperature of the
wall increases. The effectiveness of the drywell flooding is
demonstrated by the much greater heat transfer from the
wall for the base case, equivalent to approximately one-
third of the decay heat release at the time of predicted wall
failure, The vessel wall outer surface heat transfer for the
dry case, on the other hand, never exceeds 1% of the decay

Calculated

Because the conditions at the time the lower plenum debris
bed is initially established are the same for the base case
and the dry case and the amount of energy release by decay

heating is very nearly the same,” it is of interest 1o consider
where the energy retained in the dry case is stored. For
example, it can be determined from the results listed in
Table 19.7 that the heat transferred from the vessel wall
during the period 246.2 to 600 min is 45.992 x 106 Bw
(4.852 x 1010 J) for the base case and 1.704 x 106 Bt
(0.180 x 1010 ) for the dry case. Where is the difference
of 44.288 x 10® Btu (4.673 x 1010 J) stored in the dry
case?

Table 19.8 provides the relative apportionment of the addi-
tional stored energy for the dry case at time 600 min. This
apportionment is of interest because it is the removal of

*An insignificent difference arises because of a slightly earlier escape of
some fission products from the debris for the dry case, where melting

heat release. begins earlier.
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Figure 19.14 Lower plenum debris bed and vessel wall response at time 640 min after scram for the case without
drywell flooding and without penetration failures
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Calculated

Table 19.7 Comparison of integrated heat transfers from the outer
surface of the reactor vessel bottom head with and

without drywell flooding
Decay heat Heat transferred from the vessel wall
Period released Base case Dry case
(min) (Btu x 106)
Btux106 % Btux10® %
246.2-300 64.874 4883 1.2 0.084 0.1
300-360 68.258 6.113 9.0 0.199 0.3
360-420 65.147 6.912 10.6 0.266 04
420480 62.355 7.536 12.1 0.321 0.5
480-540 58.531 8.950 153 0.381 0.7
540-600 56.595 11.598 20.5 0.453 0.8
600660 54992 13.985 254 0.560 10
660-720 53.581 17.310 323
720-780 52.462 19.579 373

Table 19.8 Relative locations of the additional energy
storage within the vessel and the debris for
the dry case

Percent of
additional
stored encrgy

Location

Vessel atmosphere 0.1
Upper vessel structure 104
Central molten region of debris bed 120
Debris bed crust nodes adjacent to wall 72
Bottom head wall 703

Total 100.0
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this additional energy that is the effect of the external ves-
sel wall cooling provided by drywell flooding. It should be
noted that the majority (77.5%) of this energy is stored in
the vessel wall and the thin adjacent debris crust control
volumes. One might think that downward heat transfer
from the molten central region of the debris bed would be
greatly reduced by a lack of wall cooling. However, the
lesson of Table 19.8 is that downward heat transfer from
the molten central region continues for the dry case, but the
transferred energy is held up (stored) in the debris crust
and in the wall rather than passed through to the drywell,
That the effect of the increased wall and crust temperatures
in reducing the downward heat transfer is small is due to
the very large temperature difference between the molten
central region of the debris and the wall; this temperature
difference remains large in the dry case.



20 Results with Venting of the Vessel Support Skirt

S. A. Hodge, J. C. Cleveland, T. S. Kress*

It was shown in the previous chapter that although sur-
rounding the reactor vessel bottom head with water would
certainly delay the onset of failure by creep rupture, such a
failure would ultimately occur in the region of the bottom
head adjacent to the trapped gas pocket underneath the
vessel support skirt. In Sect. 15.4, means were suggesied
for reducing or eliminating this gas pocket. In this chapter,
the results of calculations based upon a reduced gas pocket
are discussed,

20.1 Leakage from the Manhole Access
Cover

The relation between the water level within the drywell
outside of the reactor vessel support skirt and the water
level within the skirt for the case with venting at the man-
hole access cover is provided in Table 20,1. It is assumed
that the containment pressure at the time the water levels
are established is 20 psia (0.138 MPa). The advaniage of
venting at the access cover can be recognized by
comparison of the information in Table 20.1 with that in
Table 15.1. For example, with a drywell water level
equivalent to the top of the core [366.3 in. (9.304 m) above
vessel zero], the height of water within the skirt relative to
the low point of the bottom head outer surface is 29.7 in.
(0,754 m) if there is gas escape from the access cover, but
only 10.2 in. (0,259 m) if the access cover is tight.

* All work in connection with this project completed before becoming a
member of the Advisory Committee on Reactor Safeguards.

In this section, the results of calculations performed to
assess the improvement in bottom head cooling cbtained
by venting from the manhole access cover are discussed.
For these calculations, it was assumed that wall nodes one
through eight are covered with water and transfer heat by
nucleate boiling. This coverage is depicted on Fig. 20.1,
which may be compared with Fig. 19.1 showing the cover-
age for the base case. For the base case, wall nodes 3
through 12 undemeath the skirt were assumed to be
uncovered, equivalent w0 44.8% of the total bottom head
outer surface. For the calculations with venting at the
access hole, the uncovered surface bencath the skirt
attachment is limited to wall nodes 9 through 12, This
reduces the uncovered portion of the bottom head from

44 8% to 27.3% of the total outer surface area.

Because the top of the outer surface of wall node eight is
located 32.02 in. (0.813 m) above the low point of the bot-
tom head outer surface (Table 18.5), it can be determined
by interpolation between the last two entries of Table 20.1
that the corresponding height of water within the drywell is
506 in, (12,852 m). This is less than the elevation of the
drywell vent [528 in. {(13.411 m) above vessel zero] and is,
therefore, attainable.

In Sect. 19.4, it was shown that the results for the base case
indicate that the calculated wall temperatures are suffi-
ciently high by time 780 min that the potential for creep
rupture failure of the wall becomes of concern. For

Table 20.1 Water level within the vessel skirt with gas leakage at the
access hole for the Browns Ferry containment at 20 psia

Water level outside skirt

Water level inside skirt

Height relative  Height relative to low

Location of surface to vessel zero? point of vessel outer
{(in). surface (in.)
Top of access hole 12.0 204
Bottom head center of 125.5 23.9
curvature
Recirculation nozzle 161.5 249
centerline
Base of core 216.3 264
Core midplane 291.3 282
Top of core 366.3 29.7
Top of separators 607.5 33.7

9Vessel zero is the lowest point on the intemal surface of the reactor vessel bottom head.
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Figure 20.1 Volume of gas trapped beneath the reactor vessel support skirt reduced by providing vent path from
manhole access cover

comparison, the calculated wall temperatures at time

780 min for the case with venting at the vessel skirt access
hole are shown in Fig. 20.2. Whereas the average wall
temperature at this time for wall node 11 is 2029°F

(1383 K) for the base case (Fig. 19.11), it is 1937°F

(1331 K) for the vented case (Fig. 20.2).

For the base case, creep rupture failure of the wall was
judged certain by time 840 min (Fig. 19.12), for which the
average temperature of wall node 11 was predicied to be
2221°F (1489 K). For the case with venting of the skirt, the
calculated situation at time 840 min is shown in Fig, 20.3.
The average wall temperature at node 11 is now 2124°F
(1435 K). In general, the effect of the reduced gas pocket is
to decrease the calculated maximum average wall node
temperature by about 100°F (56 K). This delays the wall
heating, but will not prevent ultimate failure by creep rup-
ture.

By time 900 min, the calculated wall temperatures for the
case with venting of the skirt have reached the levels
shown in Fig. 20.4. The average temperature of wall
node 11 is now 2233°F (1496 K), ensuring that creep rup-
ture of the wall would have occurred before this time.

NUREG/CR-5869
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Because the creep rupture failure was estimated to occur at
some time during the period 780 1o 840 min after scram for
the base case, it can be concluded that the advantage
oblained by venting the skirt during conlainment flooding
is limited to delaying the predicted failure of the wall by
~1h.

20.2 The Case with Complete Venting

It was suggesied in Sect. 15.4 that a drywell flooding
strategy to completely cover the BWR reactor vessel bot-
tom head with water might be achieved if several small
holes were drilled through the skirt at points just below the
attachment weld. This would provide an elevaled gas
release pathway such that the pocket of trapped atmosphere
that would be produced by drywell flooding strategies for
existing plants could be completely eliminated. Tt is rec-
ognized that drilling of the vessel support skirt for an exist-
ing facility is not practical, but the provision of gas escape
holes in advanced plant designs might be feasible, 1t has
been shown previously that partial wetting of the bottom
head can only delay the failure of the wall by creep rup-
ture. In this section, the effect of complete venting of the
vessel support skirt will be investigated.



TIME = 780 min
VESSEL PRESSURE = 68.1 psia
VESSEL GAS TEMPERATURE = 1969 °F
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Figure 20.2 Lower plenum debris bed and vessel wall response at time 780 min after scram for case with venting
from vessel skirt access hole cover
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TIME = 840 min
VESSEL PRESSURE = 68.7 psia
VESSEL GAS TEMPERATURE = 2266 °F
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Figure 20.3 Lower plenum debris bed and vessel wall response at time 840 min after scram for case with venting
from vessel skirt access hole cover
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TIME = 900 min
VESSEL PRESSURE = 65.3 psia
VESSEL GAS TEMPERATURE = 2567 °F

Results
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Figure 20.4 Lower plenum debris bed and vessel wall response at time 900 min after scram for case with venting

from vessel skirt access hole cover

In Sect. 20.1, results presented for the case with partial
venting at the skirt access manhole cover indicated that
wall failure would occur in the vicinity of wall node 11
before time 900 min. For the casc with complete venting,
however, the predicted vessel wall temperatures at this
time are nowhere near the values required to induce creep
rupture (with the vessel depressurized). The dramatic
advantage gained by complete venting vs partial venting
can be appreciated by comparing the wall temperatures
shown in Fig. 20,5 with those displayed in Fig. 20.4.

A comparison of the integrated heat transfers from the
outer surface of the reacior vessel bottom head for each 1-h
period of the calculations for the cases of complete and
partial venting is provided in Table 20.2. As indicated, the
heat transferred from the vessel wall represents a larger
percentage of the decay heat release during each period for
the case of complete skirt venting. (Similar information for
the base case and the case without drywell flooding is
available in Table 19.7, should the reader desire to com-
pare the relative wall heat transfers for all four cases.)
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Moving ahead 1 h to time 960 min, the calculated situation
in the lower plenum debris bed and bottom head for the
case with complete skirt venting is as shown in Fig. 20.6.
As indicated, the shroud temperature at this time is 2550°F
(1672 K), the melting temperature of stainless steel.
Shroud melting is predicted to begin at about time 919 min
in this calculation, and ~42,000 1b (19,000 kg) of liquid
stainless steel has entered the debris bed by time 960 min.
This is the reason for the increased elevation of the upper
surface of the debris, from 96 in. (2.438 m) at time

900 min (Fig. 20.5) to the 99 in. (2.515 m) indicated in
Fig. 20.6,

Also note that the temperatures of the debris crust control
volumes and of wall nodes 6 through 17 indicated in

Fig. 20.6 are lower than the temperatures calculated for
these regions 1 h earlier (Fig. 20.5). This reduction occurs
because much of the decay heating is now consumed in
increasing the temperature of the liquid stainless sleel
entering the central region of the bed from the melting
point to the local bed temperature. The calculated
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Figure 20.5 Lower plenum debris bed and vessel wall response at time 900 min after scram for case with interior of
vessel skirt completely vented

Table 20.2 Comparison of integrated heat transfers from the outer
surface of the reactor vessel bottom head for complete and
partial skirt venting

Decay heat Heat transferred from the vessel wall
Period released Complete venting Partial venting
(min) (Btu x 106)
Bux106 % Btux106 %
246.2-300 64.874 8.489 13.1 5.693 8.8
300-360 68.258 10.138 14.9 7.958 11.7
360-420 65.147 9.716 14.9 8.485 13.0
420-480 62.355 9.999 16.0 8.909 143
480-540 58.531 11.173 19.1 10.185 174
540-600 56.595 13.644 24.1 12.782 226
600660 54,992 16.628 30.2 15.629 284
660-720 53,581 22.083 41.2 19.491 364
720-780 52.462 26.030 49.6 22.128 422
780-840 51.344 27.398 534 24,037 46.8
840-900 50,223 28.682 571 26.086 519
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TIME = 960 min
VESSEL PRESSURE = 62.5 psia
VESSEL GAS TEMPERATURE = 2574 °F
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Figure 20.6 Lower plenum debris bed and vessel wall response at time 960 min after scram for case with interior of

vessel skirt completely vented

compositions of the layer two debris at the beginning and
end of this period are indicated in Tables 20.3 and 20.4.
Comparison of these two compositions reveals that some

Table 20.3 Solid and liquid masses within debris
layer two at time 900 min

of the previously molten UQO, has reverted to the solid
phase to release additional energy as necessary to super-

heat the entering stainless steel. [Some of the metallic con-
stituents of debris control volume (3,5) have also melted
and relocated during this peried; this is the reason for the
additonal zirconium found in layer two at time 960 min.]

The BWR reactor vessel internal mass of stainless steel
components is very large. For these calculations based
upon Peach Bottom or Browns Ferry, ~375,000 Ib
(170,000 kg) would remain intact at the time melting
induced by radiation from the upper debris bed surface
began. Melting of such a large mass would, of course,
occur over a long period of time. Moving ahead 3 hin the
calculated results, the predicted situation in the lower
plenum debris bed and the bottom head wall at time
1140 min after scram is depicted in Fig. 20.7. The corre-
sponding debris bed layer two composition at this time is
described in Table 20.5.

151

Constituent S0lid mass Liquid mass Total
(Ib) (b) {Ib)
Zr 5,448 72,387 77.835
Fe 8,356 154,929 163,285
Cr 2,109 37,445 39,554
Ni 403 18,353 18,756
B4C 73 1,766 1,839
Zr0o, 1,147 34,227 35374
FeO 8 0 8
Feg04 19 463 482
Cry)O3 7 167 174
NiO 1 33 34
B704 1 30 31
U0, 220,695 122,476 352,171
Totals 247,267 442,276 689,543
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Table 20.4 Solid and liquid masses within debris
layer two at time 960 min

Solid mass Liquid mass  Total

Constituent
(Ib) (Ib) (Ib)

Zr 5,448 72,849 78,297
Fe 8,356 186,694 195,050
Cr 2,109 45,187 47,296
Ni 403 21,688 22,091
B4C 73 1,765 1,838
ZrO, 1,147 34,227 35374
FeO 8 0 8
Fe304 19 463 482
Cry04 7 167 174
NiO 1 33 34
B,0O4 1 30 31
U0, 244,786 107,375 352,171

Tolals 262,368 470,478 732,846

About 258,000 Ib (117,000 kg) of liquid stainless steel is
predicted to have relocated from the upper vessel internal
structures into the debris bed. As indicated in Fig. 20.7,

TIME = 1140 min
VESSEL PRESSURE = 58.8 psia
VESSEL GAS TEMPERATURE = 2579 °F

this has increased the calculated elevation of the bed upper
surface 0 116 in. (2.946 m), the same as when the bed was
initially formed (Fig. 19.2). However, the bed was initially
comprised of solid particles with free volume within the
interstitial pores, while now the upper central portion is
primarily comprised of liquid metals.

The calculated temperature of debris bed control volume
(2.4} at time 1140 min has fallen below the melting tem-
perature [4960°F (3011 K)] of UO, and the information
provided in Table 20.5 confirms that most of the UO; in
layer two is predicted (o have solidified by this time. As
stated previously, decay heating within the bed is inade-
quate (o superheat all of the entering stainless steel to the
local bed temperatures; some of the liquid UO, must revert
to the solid phase to release the additional required energy.

Subsequent to the onset of melting of the reactor vessel
upper internal stainless steel structures, the predicted vessel
wall temperatures decrease slowly and remain far below
threatening values. However, all remaining intact stainless
steel of the vessel internals is predicted to be exhausted at
aboat time 1189 min in these calculations. After this, the
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Figure 20.7 Lower plenum debris bed and vessel wall response at time 1140 min after scram for case with interior of

vessel skirt completely vented
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Table 20.5 Solid and liquid masses within debris
layer two at time 1140 min

Constituent Solid mass Liquid mass  Total
(Ib) (Ib) (Ib)
Zr 5,448 72,849 78,297
Fe 8,356 344,364 352,720
Cr 2,109 83,539 85,648
Ni 403 38,733 39,136
B4C 73 1,765 1,838
Zr0, 1,147 34,227 35,374
FeO R 0 8
Feq04 19 463 482
Cry0O4 7 167 174
NiO 1 33 34
B504 1 30 31
U0, 316,292 35879 352,171
Totals 333,864 612,049 945913

receiver material for radiation from the surface of the
debris bed is the carbon steel of the upper reactor vessel

TIME = 1200 min
VESSEL PRESSURE = 57.6 psia
VESSEL GAS TEMPERATURE = 2803 °F

Results

wall. Because carbon steel has a higher melting tempera-
ture than stainless steel [2800°F vs 2550°F (1811 vs
1672 K)1, the introduction of liquid steel into the debris
bed would be temporarily interrupted while the tempera-
ture of the upper reactor vessel wall increased to its melt-
ing point.

The predicted situation at 20 h after scram is shown in

Fig. 20.8. The temperature of the upper vessel is 2772°F
(1795 K), so melting of the carbon steel has not yet begun.
The debris bed volume has increased to the point that it
occupies the entire bottom head hemisphere. The calcu-
lated bottom head wall temperatures are not threatening, as
long as the reactor vessel remains depressurized,

All debris bed control volume temperatures at this time are
below the melting temperature of UO, as an independent
species (Table 18.4). The layer two material compositions
are described in Table 20.6. The only remaining liquid
UQO, is that associated with the eutectic mixtures described
in Tables 17.2 and 17.3. The central region of debris bed
layer twa now consists primarily of solid UO5 surrounded
by liquid metals.
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Figure 20.8 Lower plenum debris bed and vessel wall response at time 1200 min after scram for case with interior of

vessel skirt completely vented
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Table 20.6 Solid and liquid masses within debris
layer two at time 1200 min

Constituent S0lid mass  Liquid mass Total

show that the average thermal loading of the interior wall
surface at time 1200 min after scram would be much less
than 1550 Btu/min/ft2 (295,000 W/m?2). The total debris
bed decay heating at this time is 13.8 MW or 760,000 Btu/
min. We make the very conservative assumptions that

() ab) (Ib) (1) al! of the decay heat release is radiated vpward, and
Zr 4,612 73,685 78,267 (2) the radiated energy falls only on the submerged portion
Fe 6,683 437,501 444,184 of the wall. The thermal loading of the interior wall surface
Cr 1,674 106,222 107,896 of the submerged portion of the wall is then
Ni 403 48,621 49,024
B4C 894 044 1,838 -—%20- =365.7 Btu/min/ft2
Zr0y 1,147 34,227 35,374
FeO 0 8 8 or 69,000 W/mZ2. Because this is much less than the heat
Fei0y4 19 463 482 removal capacity with the interior of the wall held at
Cr04 7 167 174 2800°F (1811 K), the interior wall surface temperature
NiO 1 33 34 cannot reach its melting point, and general melting of the
B,04 15 16 31 submerged portion of the wall cannot occur.
U0, 327,165 25,006 352171

Totals 342,620 726,893 1,069,513

Beyond 20 h, radiation from the upper surface of the debris
bed would continue and the carbon steel of the upper reac-
tor vessel wall (above the elevation of the water in the
drywell) might melt. To determine the capacity for heat
conduction through the wall, a simple HEATING model
was developed to represent an axial section of the reactor
vessel cylindrical shell with consideration of temperature-
dependent thermal conductivity, With the inner surface of
the vessel wall at its [2800°F (1811 K)] melting tempera-
ture, the calculated heat conduction rates through the wall
are as listed in Table 20.7. As indicated, the thermal load-
ing of the interior surface of the submerged portion of the
wall would have to exceed 1557.8 Btu/min/ft?

(295,000 W/m?2) for melting to proceed.

With the drywell flooded to a height equivalent to 505 in.
(12.827 m) above vessel zero, the wetted and dry regions
of the reactor vessel are as shown in Fig. 20.9. It is easy to

Local surface melting might occur, however, over the por-
tion of the vessel wall just above the surface of the debris
pool. To calculate the local effects of radiative heating, it is
necessary to consider the respective view factors for the
capped cylindrical structure above the debris pool. Based
upon the upper pool temperatures shown in Fig. 20.8 and
the drywell water level shown in Fig. 20.9, a HEATING
calculation predicts local surface melting over the first 3 ft
(0.914 m) of cylindrical wall above the pool surface.
Nevertheless, this would not threaten the integrity of the
wall because there is a steep temperature gradient across
the wall in this vicinity and slight thinning would increase
the local conductive capacity, terminating interior melting,

Of more interest is the fate of the reactor vessel wall above
the waterline in the drywell. This portion of the upper wall
would have a much more uniform transverse temperature
profile, and melting, once started, would proceed across
the entire wall, destroying its integrity. With the drywell
water level shown in Fig, 20.9, however, the view factors
are such that <10% of the radiant energy from the debris

Table 20.7 Heat conduction rates for the reactor vessel
cylindrical shell with the inner surface held at 2800°F

Outer surface

Receiver

Heat transfer per

boundary condition temperature square foot of wall
(°F) (Btw/min/f2)
Nucleate boiling to 267 15578
water
Convection to air heat 400 25.7
transfer coefficient 600 23.6
0.625 Bu/WftZ/°F 800 21.5
1000 19.5
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Figure 20.9 To-scale representation of portion of
reactor vessel above surface of lower
plenum debris bed

pool surface would reach the dry portion of the wall. The
HEATING calculation predicts that none of this upper
surface would reach threatening temperatures.

Obviously, there is a minimum drywell water level for
which a HEATING calculation would predict survival of
the dry portion of the upper reactor vessel wall. A trial-
and-error approach has indicated that the water level in the
drywell must extend at least 9 ft (2.743 m) above the
surface of the debris pool within the vessel to preclude loss
of wall integrity. (With this configuration, the radiant
energy from the pool surface would be distributed approxi-
mately equally between the wetted and dry portions of the
upper wall.)

To summarize the findings for the case with complete vent-
ing of the reactor vessel skirt, the calculated results
demonstrate that the submerged portion of the reactor ves-

Results

sel wall cannot undergo significant melting because the
cooling provided by the water is sufficient to maintain all
portions of the wall beyond the inner surface well below
the (carbon steel) melting temperature. On the other hand,
the heat transport from the debris through the wall to the

~water is conduction-limited, and only a fraction of the

decay power is removed by this pathway (Table 20.2),
Consequently, a liquid pool forms in the central and upper
portions of the bed, and the energy not transferred through
the wall or consumed in debris melting and superheating is
radiated upward within the vessel. This ultimately leads to
melting of the large masses of stainless steel vessel inter-
nals (shroud, separators, dryers) with the resulting liquid
metal entering the debris pool and raising the level of its
surface. Although the lower plenum debris bed models
have only a crude representation of the heatup and melting
of the upper vessel internals, sufficient energy is radiated
upward that there can be no doubt that melting of this
stainless steel [at 2550°F (1672 K)] would occur, Once the
upper vessel internals have melted, the radiated energy
would fall upon the upper vessel carbon steel wall [melting
temperature 2800°F (1811 K)].

Thus, it seems that the drywell flooding strategy with com-
plete venting of the reactor vessel support skirt would
greatly delay failure of the reactor vessel wall and would,
in the strict sense, meet its goal of maintaining the core and
structural debris within the vessel; the ultimate failure of
the wall, should it occur, would be above the waterline in
the containment and above the surface of the debris pool in
the vessel. (Survival of the upper vessel wall could be
guaranteed, of course, if the entire vessel were submerged
in water; this cannot be done, however, because it would
require raising the containment water level above the dry-
well vents.) The worst aspect of this ultimate wall failure
is that it would open a direct pathway from the superheated
debris pool within the reactor vessel to the drywell, which
would be vented to the atmosphere. Even though the
volatile fission products would have long before escaped
from the debris to the pressure suppression pool (via the
SRVs), the opening of this pathway is very undesirable. If
the drywell vents were shut at this time, the containment
would soon fail on overpressure. Although the drywell
flooding strategy can only delay failure of the vessel wall
in the existing plants, the current analyses demonstrate the
potential for assured prevention of vessel failure in future
plants, by provision of means for total vessel submergence.
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21 Results with the Vessel Pressurized

S. A. Hodge, 1. C. Cleveland, T. S. Kress*

It is an important and well-established feature of boiling
water reactor (BWR) accident management that the reactor
vessel should be depressurized if the core becomes uncov-
ered. If the low-pressure emergency core cooling systems
(ECCSs) are available, then the accident would be termi-
nated by this maneuver, which would initiate vessel flood-
ing. If the low-pressure ECCSs are not available, then ves-
sel depressurization (manually initiated) is still beneficial
because it would provide temporary steam cooling of the
uncovered region of the core and would eliminate water
from the core region before the fuel cladding reached run-
away zirconium oxidation temperatures. (Additional in-
formation concerning the reactor vessel depressurization
strategy is found in Ref. 16 and in Sect. 3.2.1.)

All of the calculations whose results are discussed in
Chaps. 19 and 20 were carried out under the assumption
that the reactor vessel remains depressurized during the
formation of the lower plenum debris bed and during the
subsequent period of bed heatup and melting, In this
chapter, the potential for failure of safety/relief valve
(SRV) remote control due to drywell flooding and the
effects of this eventuality are discussed.

* All work in connection with this project completed before becoming a
member of the Advisory Committee on Reactor Safeguards,
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OF DAYWELL

21.1 Motivation for the Analysis

As indicated in Fig. 21.1, each main steam line emerges
from the upper reactor vessel, drops vertically [~45 ft
(13.716 m)], runs horizontally about one-eighth of the way
around the vessel, then drops vertically again before mak-
ing a final turn and short horizontal run through the dry-
well shell. As shown, the SRVs are mounted on the first
horizontal run of the main steam line. The location of this
horizontal piping run relative to the minimum water level
for drywell flooding (the center of curvature of the vessel
bottom head) is shown in Fig. 8.14.

As discussed in Sect. 15.3, a portion of the drywell atmo-
sphere would be trapped within the reactor vessel support
skirt as the water level rose within the drywell. Because
there is no provision in existing BWR facilities for venting
from the skirt region, the drywell waier level would have
to be much higher than the minimum shown in Fig. 15.1
for a significant portion of the exterior surface of the vessel
bottom head to be covered by water, In fact, the water level
would be in the vicinity of the vessel midplane, and the
SRVs would be submerged.

At this point, it is well to provide a brief review of the
expected operation of the SRVs during the late phase of the
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Figure 21.1 Reactor vessel SRVs are located on horizontal runs of main steam lines, near bottom of vessel
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short-term station blackout accident sequence. The auto-
matic depressurization system {ADS) would have been
manually initiated at the time the core had become partially
uncovered with no reactor vessel injection systems avail-
able. This provides a continuous open signal to the SRVs
associated with the ADS (six at Browns Ferry). The open
signal, however, merely positions a pilot valve permitting
the main valve to open (or remain open) if the differential
pressure between the reactor vessel and the drywell is suf-
ficient 10 lift the main valve pision. Whenever the reactor
vessel pressure falls 10 within 20 psi (0.138 MPa) of the
drywell pressure, the valves close even though the open
signal remains in effect. When the reactor vessel pressure
subsequently increases to 50 psi (0.345 MPa) above the
drywell pressure, the valves reopen. Additional informa-
tion conceming the operation of the two-stage Target Rock
SRVs installed at Browns Ferry and several other BWR
facilities is provided in Chap. 4 of Ref. 5.

Control air for the pilot valve positioning is provided by
the drywell control air system backed up by the ADS
accumulators. The electrical and mechanical components
of the ADS accumulator system, associated equipment, and
control circuitry are seismic category 1 and are environ-
mentally qualified for conditions associated with normal
operation, maintenance, testing, and postulated accidents
as analyzed in the plant final safety analysis report.
Therefore, it seems probable that the SRVs would continue
to function in the ADS-actuated mode even if submerged
in water. This has not been demonstrated, however, and it
seems prudent to consider what would happen if the open
signal were lost upon drywell flooding.

Before proceeding to a discussion of the analysis, two
additional points with respect to the potential for loss of
reactor vessel pressure control must be addressed. Figure
21.2 shows the location of a typical SRV within the
drywell and the arrangement of its tailpipe piping, which
terminates in a quencher device near the bottom of the
pressure suppression pool. It is important to note the two
check valves located on the vertical run of tailpipe piping
within the drywell. Under normal conditions, these check
valves prevent pressure suppression pool water from being
drawn up inio the tailpipe as the steam within the tailpipe
condenses after SRV actuation and reclosure. With the
drywell flooded, however, these check valves would admit
water rather than drywell atmosphere into the tailpipe.
Each subsequent SRV opening would then initiate clearing
of water from the entire tailpipe. With reactor vessel
pressure only 50 psi (0.345 MPa) above drywell pressure,
the threat of failures induced by water hammer would
probably be small, Nevertheless, this has not been
demonstrated.
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Figure 21.2 Location of typical SRV and its tailpipe
within BWR Mark I containment

The second point to be addressed involves the long-term
station blackout accident sequence, for which loss of reac-
tor vessel pressure control is a characteristic feature, In this
accident sequence, the core remains covered until battery
power is exhausted; loss of dc power then causes both loss
of reactor vessel injection and loss of pressure control. The
reactor vessel would be pressurized during the period of
lower plenum debris bed formation and melting.

Because long-term station blackout has been identified 1o
be among the dominant BWR accident sequences leading
to core melt,% it would seem that this alone would justify
the discussion of the effects of failure of reactor vessel
pressure control provided in the following sections of this
chapter. The reader is reminded, however, that an increased
reliability of the battery supply to the SRVs, implemented
as a result of the ongoing individual plant examination
(IPE) process,2? might eliminate loss of reactor vessel
pressure control as a credible accident sequence event. In
the meantime, additional information with respect to this
important consideration of long-term reactor vessel pres-
sure control is provided in Sect. 8.1.

21.2 Loss of Pressure Control After
Lower Plenum Dryout

To achieve its purpose of preventing the relzase of core
and structural debris from the reactor vessel bottom head,
the first requirement for the containment flooding strategy
is that the water level within the vessel skirt be raised suf-
ficiently quickly to surround the penetration assemblies
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and the vessel drain before lower plenum dryout.
Subsequently, the drywell water level might be increased
more slowly as necessary to cool the upper portions of the
reactor vessel, because some time will be required for
evaporation of the water in the downcomer region.
Therefore, if loss of reactor vessel pressure control should
be a consequence of submergence of the SR Vs, this might
occur before or after lower plenum dryout. In this section,
the consequences of the latter possibility are examined.
The effects of failure of reactor vessel pressure control

before lower plenum dryout will be discussed in Sect. 21.3.

The only water within the reactor vessel afier lower
plenum dryout would be the water surrounding the jet
pumps in the downcomer region. With the SRV closed,
the rate of pressure increase within the reactor vessel
would depend upon the rate of heat transfer to this water,
which would be primarily by radiation from the upper sur-
face of the debris bed.

Calculations have been carried out with the lower plenum
debris bed model that differ from those described in

Chap. 1 only in that pressure control is assumed to be lost
at time 250 min. This is shortly after lower plenum dryout,

TIME = 600 min
VESSEL PRESSURE = 519.0 psia

Results

which is predicted to occur at time 246.2 min. It is impor-
tant to note that the calculated results for these two cases
are exactly the same through time 360 min. For the case
with pressure control, the SRVs are predicted to be closed
at the time of lower plenum dryout, and the reactor vessel-
to-drywell pressure differential is not predicted to reach
50 psi (0.345 MPa) before time 360 min. Subsequently, the
SRVs reopen, and the vessel pressure decreases. For the
case without pressure control, however, the SRVs remain
closed, and the calculated reactor vessel internal pressure
continues to increase afler time 360 min.

The calculaled situation within the lower plenum debris
bed and reactor vessel bottom head wall at time 600 min is
shown in Fig. 21.3 for the case without pressure control.
Comparison with Fig. 19.8, which represents the situation
at the same point in time for the case with pressure control,
reveals the effects of the hypothetical loss of SRV oper-
ability due to drywell flooding. While there is very little
difference in the predicted maximum wall temperatures
(vicinily of wall node 11), the vessel pressure is signifi-
cantly higher in Fig. 21.3, 519 psia (3.578 MPa) vs

79.6 psia (0.549 MPa) in Fig. 19.8.
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Figure 21.3 Lower plenum debris bed and vessel wall response at time 600 min after scram for case with loss of
reactor vessel pressure control at time 250 min
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The higher vessel pressure is associated with a higher wall
tensile stress at the skirt attachment weld, about 4920 psia
(33.9 MPa). As indicated in Table 21.1, however, a tensile
stress of 33.9 MPa would not be expected to induce creep

ruplure at wall temperatures as low as those shown in

Fig. 21.3.

Moving ahead 1 h to time 660 min, the calculated situation
is as shown in Fig. 21.4. (The corresponding debris bed
conditions and wall temperatures for the base case are
shown in Fig. 19.9.) Dryout of the downcomer region has
occurred during this hour; consequently, the vessel pres-
sure increase has been only ~38 psi (0.262 MPa), to a
pressure at ime 660 min of 556.8 psi (3.839 MPa). The
corresponding wall tensile siress at the skirt attachment
weld is about 5280 psi (36.40 MPa), and reference to
Table 21.1 indicates that failure due to creep rupture would
not be expected at time 660 min for the average wall em-
peratures shown in Fig. 21.4,

The calculated situation at time 700 min is shown in

Fig. 21.5, where the maximum average temperature across
the wall (at node 11) has reached 1598°F (1143 K).
Although the predicted vessel pressure has decreased
slightly [no more water is being evaporated within the
lower plenum and a small amount of (normal) leakage con-
tinues through the closed main steam isolation valves], the
tensile siress at the skirt attachment weld is ~5200 psi
(35.85 MPa). From the information provided in Table 21.1,
it can be concluded that failure of the wall by creep rupture
in the vicinity of node 11 would be expected to occur at
some point during the 40-min interval between 660 and
700 min after scram.

For the base case with the reactor vessel remaining depres-
surized, the calculated results (discussed in Sect. 19.4)
indicate a wall failure by creep rupture sometime during
the period 780 to 840 min after scram. Therefore, closure
of the SRVs shortly after bottom head dryout is predicted
to advance the time of wall failure by ~2 h, It is important
to recognize that the wall failure time would have begn
advanced significantly more than this had the reactor ves-
sel-to-drywell differential pressure reached and subse-
quently been maintained at the setpoint [about 1100 psia
(7.584 MPa}] for actuation of the SRVs in the automatic
(spring-loaded} mode. The reactor vessel pressure increase
was limited, however, by the amount of water in the down-
comer region. Boiling of all of the available water
increased the vessel pressure only to about 560 psia

(3.861 MPa).

21.3 Pressure Restored Before Lower
Plenum Dryout

In this section, the case is considered in which containment
flooding submerges the SRVs while ample water for vessel
repressurization remains in the lower plenum. In addition,
it is assumed that this submergence causes failure of vessel
pressure control. This occurs at time 210 min (3-1/2 h)
after scram for the calculations discussed here.

With the reactor vessel pressurized during the period of
about one-half hour immediately preceding lower plenum
dryout, the predicted time of dryout is advanced slightly,
and the initial conditions within the debris bed are shown
in Fig. 21.6, These may be compared with the initial condi-
tions for the base case, shown in Fig. 19.2. The basic con-
figuration of the debris bed is about the same in both cases,
with no molten materials within the bed.

Table 21.1 Time (min) to creep rupture by interpolation of the data for SA533B1 carbon
steel using the Larson-Miller parameter

Temperature Stress (MPa)

(°F) 15 20 25 K ]|) 35 40 45 50

1350 76405 379.54
1400 630.46 20691 104.73
1450 32444 177.56 60.00 3092
1500 559.16 9599  53.35 18.53 9.71
1550 420.65 168.23 30.17 17.02 6.07 323
1600 448.68 131.21 53,65 10.03 5.74 2.10 1.13
1650 127399 14365 4325 1806 351 2.04 0.76 042
1700 408.78 48.48 15.01 6.40 1.29 0.76 0.29 0.16
1750 138.08 17.19 546 237 0.50 0.30 0.12 0.06
1800 48.94 6.38 208 092 0.20 0.12 0.05 0.03
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Figure 21.4 Lower plenum debris bed and vessel wall response at time 660 min after scram for case with loss of

reactor vessel pressure control

at time 250 min
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Figure 21.5 Lower plenum debris bed and vessel wall response at time 700 min after scram for case with loss of

reactor vessel pressure control

at time 250 min
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TIME = 237.1 min
VESSEL PRESSURE = 1076.1 psia
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Figure 21.6 Initial configuration of lower plenum debris

bed and initial wall temperatures for case with reactor

vessel pressure restored before lower plenum dryout

As indicated in Fig. 21.6, the temperature of the water in
the downcomer region is ~260°F (400 K), far below the
saturation temperature [554°F (563 K)] corresponding to a
reactor vessel pressure of 1076 psia (7.419 MPa).
Therefore, boiling of the downcomer water cannot occur
until a combination of reduced vessel pressure and
increased water temperature brings the water to saturation
conditions, This is just what the calculation predicts. The
vessel pressure slowly decreases due to normal leakage and
the temperature of the water in the downcomer region
slowly increases due to radiative heating from the surface
of the lower plenum debris bed. The downcomer water
becomes saturated at ime 380 min after scram at a vessel
pressure of (coincidentally) 380 psi (2.620 MPa).
Subsequently, the continuex heating of the water in the
downcomer region causes the predicted reaclor vessel pres-
sure to reverse its previous uend and begin to increase.

The calculated situation in the lower plenum debris bed
and bottom head wall at time 600 min is shown in

Fig. 21.7. The predicted reactor vessel pressure at this time
[784 psia (5.405 MPa)] is significantly higher than for the
case with loss of vessel pressure control after lower
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plenum dryout, shown in Fig. 21.3. The calculated maxi-
mum average wall temperatures {wall nodes 7 through 11)
are, however, about the same for these two cases, At the
vessel support skirt attachment weld, the wall tensile stress
corresponding to a vessel pressure of 784 psia (5.405 MPa)
is ~7490 psi (51.64 MPa). Reference to Table 21.1 indi-
cates that creep rupture of the wall would not be expected
before time 600 min for the walil temperatures shown in
Fig. 21.7.

By time 660 min, however, the maximum average wall
temperature has increased to 1413°F (1040 K) at node 8,
and the vessel pressure has increased to 813 psia

(5.605 MPa), as indicated in Fig. 21.8. Twenty minules
later, the predicted average wall temperature at nodc 8 is
1475°F (1075 K), while the calculated vessel pressure
remains above 800 psia (5.516 MPa}, equivalent to a wall
tensile stress of about 7640 psi (52.68 MPa). From the
information provided in Table 21.1, failure of the wall by
creep rupture in the vicinity of the wall node 8 would be
expected 10 occur at about time 680 min after scram. This
is about the same failure time as estimated for the case
with loss of vessel pressure conlirol after lower plenum
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Figure 21.7 Lower plenum debris bed and vessel wall response at time 600 min after scram for case with reactor
vessel pressure restored before lower plenum dryout
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Figure 21.8 Lower plenum debris bed and vessel wall response at time 660 min after scram for case with reactor
vessel pressure restored before lower plenum dryout
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dryout and is some 2 h earlier than the creep rupture failure
time expected for the base case (with the vessel remaining
depressurized) discussed in Sect, 19.4,

In assessing the effectiveness of drywell flooding as an
accident mitigation technique, it is important to remember
that the most important contribution of this maneuver with
respect Lo delaying release of debris from the reactor vessel
lies in preventing the establishment of release pathways

NUREG/CR-5869
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through the instrument guide tubes or vessel drain, As
described in Chap. 16, such pathways would be expected
to be established at ~250 min after scram if the drywell is
not flooded. While some of the delay in bottom head fail-
ure by creep rupture that might be obtained by dryweil
flooding would not be achieved if reactor vessel pressure
control were lost, the estimated time of failure (680 min
after scram) is still some 7 h later than the instrument guide
tube or drain failures associated with the dry case.



22 Summary and Conclusions

This chapter provides a concise summary of the major
findings and conclusions of this report, which comprises
the information previously documented in five letter
reports addressing the general subject of boiling water
reactor (BWR) severe accident management. This sum-
mary is divided into three sections following the major
divisions of the report.

22.1 Status of BWR Severe Accident
Management

The conclusions and recommendations of Chaps. 2 through
8 are addressed in this section. Each of the following items
is listed in the order in which it is developed within the
report, with reference to the appropriate section of the
report where a detailed discussion can be found.

1. Station blackout and anticipated ransient without
scram (ATWS) are the dominant contributors to the
overall risk of BWR core melt (Sect. 2.1).

2. Short-term station blackout is characterized by imme-
diate loss of reactor vessel injection capability. For
long-term station blackout, reactor vessel water
makeup is lost following exhaustion of the unit batery
(Sect. 2.2.1).

3, Without battery power, the safety/relief valves (SRVs)
could not be actuated, and the reactor vessel could not
be maintained depressurized (Sect. 2.2.1).

4. The BWR Owners' Group Emergency Procedure
Guidelines (EPGs) require unequivocally that the
operators act to manually depressurize the reactor ves-
sel should the core become partially uncovered under
station blackout conditions (Sect. 2.2.1.1).

5. Ttis beneficial for the operators 1o depressurize the
reactor vessel early in the initial phase of a long-term
station blackout, while dc power for SRV operation
remains available (Sect. 2.2.1,2),

6. The most severe form of ATWS is initiated by main
steam isolation valve (MSIV) closure with a complete
failure of the scram function (Sect. 2.2.2).

7. Rapid shutdown by scram from power operation is
required for ATWS with failure of recirculation pump
trip (Sect. 2.2.2),

8. Itis the compounded case of ATWS with failure of the
standby tiquid control sysiem (SLCS) that requires
special accident management strategies (Sect. 2.2.2).

9. Experience has shown that plant-specific differences

preclude any simple extension of the results obtained

by a detailed analysis of one BWR plant to other

plants of the same classification (Sect. 2.3).

The report Assessment of Candidate Accident

Management Strategies (NUREG/CR-5474)!7 pro-

vides a set of accident management strategies derived

10.
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11.

12,

13.

14.

15.

16.

17.

18.

19.

from a review of various NRC and industry reports on
the subject of prevention or mitigation of core damage
(Sect. 3.1).

The BWR Owners' Group Emergency Procedure
Guidelines (EPGs) are generic to the BWR plant
designs and are intended to be adapted for application
1o individual plants {Sect. 3.2).

The EPGs provide effective guidance for dealing with
station blackout, provided the accident sequence can
be brought under control and terminated {(Sect. 3.2.1).
The guidance of the EPGs for dealing with ATWS
should terminate the accident sequence without core
damage. The principal challenge to this desired con-
clusion is that the operator actions undertaken while
attempting to achieve the pressure control directed by
the EPGs might create an unstable situation

(Sect. 3.2.2).

With the exception of seven items, the candidate BWR
accident management strategies identified by the
NUREG/CR-5474 report are represented within the
EPGs (Sect. 4.1).

Of the seven items not addressed, six are highly
dependent upon plant-specific arrangements and,
therefore, should be implemented within the plant
Emergency Operating Procedures rather than the
generic EPGs. The seventh item pertains to control
blade melting under severe accident conditions and the
potential for criticality upon recovery of reaclor vessel
injection; this has generic applicability and is appro-
priate for inclusion in the generic EPGs (Sect. 4.2),
Although several questions remain with respect to the
existing guidance for the ATWS accident sequence,
most of the potential benefit that could derive from
enhancement of the existing strategies lies in the realm
of severe accident management (Sect. 4.3).

Station blackout is the leading contributor to BWR
core damage frequency because the majority of the
reactor vessel injection systems are dependent upon
the availability of ac power, and BWRs are vulnerable
to loss of injection (Sect. 5.1).

The relative probabilities of the long-term and short-
term versions of the station blackout accident
sequence depend upon the plant-specific configuration
of the battery systems (some plants have independent
starting batteries for the diesels) and whether the plant
has one or two steam turbine-driven injection systems
(Sect. 5.2).

For the ATWS accident sequences, as for all other
BWR severe accident sequences, core degradation can
occur only after failure of adequate reactor vessel
injection. Injection would be lost in an unmitigated
ATWS accident sequence because of events occurring
in the overheated and pressurized primary containment
{Sect. 5.3).
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26,

27.

It is recommended that consideration be given to the
separation of the ATWS guidelines from the symp-
tom-oriented guidelines of the EPGs for all other acci-
dent sequences. It is recommended that care be taken
to avoid leading the operators 10 attempt manual
depressurization of a critical reactor, [t is recom-
mended that consideration be given to control of the
reactor vessel injection rate as a means for reduction
of reactor power, and it is recommended that the guid-
ance 1o the operators regarding manual insertion of
control blades be expanded (Sect. 6.2).

The availability of the various plant instruments under
accident conditions is a plant-specific consideration,
and this should be an important part of each individual
plant examination (IPE) for severe accident vulner-
abilities (Sect. 7.1).

The availability of information concerning plant status
is much greater for accident sequences such as short-
term station blackout {with mechanical failure of high-
pressure coolant injection (HPCI) and reactor core iso-
lation cooling (RCIC)], ATWS, loss-of-coolant acci-
dent (LOCA), or loss of decay heat removal for which
electrical power is maintained after loss of reactor ves-
sel injection capability (Sect. 7.2).

Four candidate accident management strategies for
control of in-vessel events during the late phase (after
core melling has occurred) of postulated BWR severe
accidents have been proposed and considered

{Chap. 8).

. The severe accident management strategy Lo keep the

reactor vessel depressurized is not recommended for
further consideration because it is expected that the
IPE process will produce practical means for accom-
plishing this (SecL 8.1).

The severe accident management strategy to restore
injection in a controlled manner is recommended for
congideration in conjunction with the strategy to pre-
vent criticality upon vessel reflood (Sect. 8.2).

The severe accident management strategy for injection
of boron if control blade damage has occurred is
selected for detailed assessment (Sect. 8.3),

The severe accident management strategy for con-
tainment flooding to maintain core angd structural
debris in-vessel is selected for detailed assessment
(Sect. 8.4).

22.2 Strategy for Prevention of

Criticality Upon Reflood

The conclusions and recommendations of Chaps. 9 through
13 for injection of a boron solution if control blade damage
has occurred are summarized in this section.

1.

Criticality upon reflooding a damaged core with unbo-
rated water is likely for either standing fuel rods or for
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a debris bed in the core region. The concentration of
the boron-10 isotope produced by injection of the
stored contents of the SLCS tank may not be sufficient
to terminate the criticality (Sect. 9.1).

. Although the SLCS is designed to inject sufficient

sodium pentaborate to shut down the reactor from full
power and 1o maintain the reactor subcritical during
cooldown, the SLCS is not intended to provide a
backup for the rapid shutdown normally achieved by
scram (Sect. 10.1).

. To reduce the time required for shutdown, the NRC

has recently required that the SLCS injection be at a
rate equivalent 10 86 gal/min (0.0054 m3/s) of
13-wt % sedium pentaborate solution in its natural
state with 19.8 at. % of the boron-10 isotope

(Sect. 10.2).

. The ATWS rule permits the requirement for the

increased equivalent control capacity to be satisfied by
simultaneous operation of both of the installed SLCS
pumps, by increasing the concentration of sodium
pentaborate solution, or by enriching the boron within
the solution in the isotope boron-10 (Sect. 10.2).

. If the SLCS were used to inject sodium pentaborate at

a relatively slow rate while the damaged core was
rapidly covered using the high-capacity, low-pressure
injection systems, then criticality would occur. Tt
would be preferable, if control blade melting and relo-
cation have occurred, to reflood the vessel with a
premixed solution of sufficient neutron poison concen-
tration such that there would be no threat of criticality
as the core was covered (Sect. 10.3),

. The basic requirements to preclude criticality upon

vessel reflooding with control blades melted from the
core are, first, that the core be recovered with a poi-
soned solution and, second, that the solution contain a
concentration of at least 700 ppm of the boron-10 iso-
tope. This required concentration derives from the
PNL report Recriticality in a BWR Following a Core
Damage Event, NUREG/CR-5653%4 (Sect. 11.1).

. Polybor® is formed of exactly the same chemical

constituents as is sodium pentaborate but, for the same
boron concentration, requires one-third less mass of
powder addition and has a significantly greater solubil-
ity in water (Sect. 11.2).

. Even with partial tank draining, the amount of powder

required to obtain the required boron-10 concentration
is large. Assuming the use of Polybor®, 20,400 10
27200 1b (9,250 to 12,340 kg) would have to be added
to a condensate storage tank reserve volume of
135,000 gal (510 m3). The practical way 10 poison the
tank contents would be to prepare a slurry of
extremely high concentration in a smaller container at
ground level, then to pump the contents of this small
container into the condensate storage tank. A fire
engine and independent portable suction tank might be
used to perform this solution mixing and transfer func-
tion (Sect. 11.3).
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11.
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13.

14.

15.

16.

17.

A cost-benefit analysis has been performed to assess a
“Boron Injection Strategy for Mitigation of Severe
Accidents.” The analysis is based upon the standard
methodology described in NUREG-0933, A
Prioritization of Generic Safety Issues'® (Sect. 12.1).
Criticality produced by reflooding after core damage
has characteristics very different from those associated
with ATWS, including not being addressed by current
procedures, the probable lack of nuclear instrumen-
tation, and the factor of operator surprise. The con-
figuration of the critical masses in the core region
might be standing fuel rods alone, a combination of
standing fuel rods (outer core) and debris beds (central
core), or a core-wide debris bed (Sect. 12.2).

The reduction in public risk associated with implemen-
tation of the proposed strategy derives from the por-
tion of the dominant station blackout sequences that
have the potential to be terminated by restoration of
electric power and reactor vessel injection capability
before vessel breach. With successful implementation
of the strategy, criticality is not a consequence of the
restoration of reactor vessel injection (Sect. 12.3).

In accordance with the standard NUREG-(933
methodology,!8 costs are estimated in 1982 dollars
(Sect. 12.4).

The estimated reduction in frequency of unmitigated
core melting due to implementation of the boron injec-
tion strategy is estimated to be 1.19E-06/RY

(Sect. 13.1).

The estimated reduction in public risk is 6.06 man-
rem/RY (Sect. 13.2).

The average industry cost per reactor associated with
implementation of the proposed strategy is estimated
to be $94,000 (1982 dollars). The average NRC cost
per reactor is $7,000 (Sect. 13.3).

Considering a U.S. inventory of 38 BWR facililies
with an average remaining lifetime of 21.1 years, the
value/impact assessment consistent with the proce-
dures of NUREG-0933 is

4860 man-rem

=12 -
$3.84M 66 man-rem/ $SM ,

which leads to an assignment of MEDIUM priority
(Sect. 13.4).

It is recommended that each plant assess its need for
the proposed strategy based upon the results of its IPE.
By far, the most important aspect of this assessment is
the expected frequency of station blackout events that
progress through the first stages of core damage
including the melting of control blades (Sect. 13.5).
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22.3 Strategy for Drywell Flooding

This section provides a concise sumnmary of the major
findings and conclusions of Chap. 14 through 21, which
describe an assessment of the efficacy of drywell flooding
as a BWR severe accident mitigation technique. Because
geometric effects of reactor vessel size dictate that external
cooling of the vessel bottom head would be least effective
for the largest vessels and the motivation for maintaining
core and structure debris within the reactor vessel is great-
est for the Mark I drywells, the primary focus of this
assessment is upon the largest BWR Mark I containment
facilities such as Peach Bottom or Browns Ferry. Each of
the following items is listed in the order in which it is
developed within the report, with reference to the appro-
priate section of the report where a detailed discussion may
be found.

1. If water did not reach the reactor vessel bottom head
external surface until after lower plenum debris bed
dryout and the beginning of heatup of the vessel wall,
it would be too late to prevent release of molten debris
into the drywell by means of penetration assembly
failures (Sect. 15.1).

2. Provision of an independently powered containment
flooding system of sufficient capacity would in gen-
eral require equipment modifications to existing
plants, but similar modifications would also be
required to support the proposed resolution of the
Mark I shell failure issue (NUREG/CR-5423).35 In
both cases, the drywell would have to be vented during
the flooding process and beyond (Sect. 15.1).

3. The BWR severe accident sequence leading most
rapidly to the formaticn of a reactor vessel lower
plenum debris bed is short-term station blackout, for
which the vessel bottom head would have to be sub-
merged within 150 min (2-1/2 h) after the onset of
core degradation. Making conservative allowance for a
containment back pressure of 60 psig (0.515 MPa), an
elevation head of 80 ft (24.38 m), and a pump effi-
ciency of 70%, the required delivery of 10,000 gal/min
(0.631 m3/s) could be provided by an 800-bhp (0.60-
MW) diesel. BWR facilities with containments smaller
than those at Peach Bottom or Browns Ferry would
require correspondingly smaller pumping capacities
and driving horsepower (Sect. 15.1).

4. Recently published information indicates that the all-
metal reflective reactor vessel insulation would not
significantly impede the availability of water to the
vessel bottom head. Furthermore, the mode of heat
transfer on the vessel outer surface would be nucleate
boiling, and the generated steam could escape from the
space between the vessel wall and the inner surface of
the insulation (Sect. 15.2).

5. If the containment were flooded with water, a portion
of the drywell atmosphere would be trapped within the
reactor vessel support skirt. The height of water within
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the skirt at any given time would depend upon the
height of water outside the skirt, the drywell pressure
at the time the water level was raised, and the current
drywell pressure, In addition, the water level within
the skirt would vary in accordance with the chugging
cycle established by the generation of steam within the
skirt, the temporary expulsion of the water, the con-
densation of steam on the water (and inner skirt) sur-
face, and the reentry of the waler to again contact the
vessel bottom head. However, analyses to determine
whether the integrity of the bottom head could tolerate
the existence of any surface region without water con-
tact have been pursued in lieu of a detailed analysis of
the cyclic variation of the water level within the vessel
skirt (Sect. 15.3).

The fraction of the bottom head surface area beneath
the skirt that is submerged in water could be increased
by venting from the manhole access cover or by
drilling several small holes in the vessel support skirt
just below the vessel attachment weld. While the latter
option would provide total water coverage for the bot-
tom head, it is not considered to be a practical pro-
posal for existing facilities (Sect. 15.4),

The ratio of the maximum possible rate of heat trans-
fer by conduction through the reactor vessel bottom
head to the rate of energy release by decay heating
within a whole-core lower plenum debris bed is high-
est (most favorable) for the smaller BWR facilities.
This indicates that calculations based upon the large
Browns Ferry or Peach Bottom reactor vessel designs
provide the most challenging test of the proposed dry-
well flooding strategy (Sect. 16.1).

. The available experimental evidence provides suffi-

cient information to support theoretical calculations
for the case of a molien hemisphere contained within
its own crusl. Based upon the characteristics of (high
metallic content) BWR debris, these calculations indi-
cate that about one-third of the total decay heat would
be removed downward under steady-state conditions.
These resulls are not strictly applicable to the case at
hand, because melting of the reactor vessel upper
internal structures would prevent steady-state condi-
tions from ever being altained within the BWR lower
plenum, They do, however, identify important energy
wansport mechanisms affecting the distribution of
decay heat removal pathways (Sect. 16.2).

As the temperature of the central region of the lower
plenum debris increased after bed dryout, the available
experimental evidence indicates that two metallic mix-
tures [melting at 2142°F and 2912°F (1445 K and
1873 K)] and one oxidic mixture [melting at 4172°F
(2573 K)] weuld form within the bed (Sect. 17.2).
HEATING code calculations for the portion of an
instrument guide tube surrounded by a dry atmosphere
beneath the vessel bottom head wall predict tube wall
temperatures sufficiently high to induce certain loss of
integrity if the tube were suddenly filled by the oxidic
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mixture, probable loss of integrity if a preheated wbe
were filled by the higher-melting metallic mixture, and
possible failure if a preheated tube were filled by the
lower-melting metallic mixture (Sect. 17.3).

Heat transfer from the instrument guide tube outer sur-
face would be greatly enhanced by the presence of
waler because the heat ransfer mode would be shifted
from natural convection of air to nucleate or film boil-
ing of water, HEATING calculations demonstrate that
the effectiveness of the water cooling is such that the
submerged stainless steel instrument tubes would be
expected to survive filling by any of the molten debris
mixtures, even with the conservative assumption of
tube wall preheating (Sect, 17.4),

After lower plenum debris bed dryout, the water sur-
rounding the jet pumps in the downcomer region
would be the only water remaining in the reactor ves-
sel. As long as this water remains, the core shroud
would constitute a major heat sink for radiation from
the upper surface of the debris bed. Once this water is
exhausted, the shroud temperature would increase 1o
the melting point of stainless steel and the shroud
would melt. The liquid steel would enter the debris,
providing a cooling effect while increasing the volume
of the central molten pool (Sect. 18.1.4),

For the depressurized reactor vessel, only the portion
of the bottom head wall beneath the vessel support
skirt would be in tension, Failure of the wall by creep
rupture would become of concern as the local average
wall temperature exceeded 2100°F (1422 K)

(Sect. 18.2.3).

Water surrounding the reactor vessel bottom head
would preserve the integrity of the carbon steel vessel
drain as it filled with relocating molten material from
the overlying debris bed (Sect. 18.2.4).

The short-term station blackout accident sequence
involves formation of a reactor vessel lower plenum
debris bed in the shortest time of a}l the dominant
BWR severe accident sequences. For this reason, it is
the accident sequence considered in this study of the
efficacy of drywell flooding as a severe accident miti-
gation technique (Sect, 19.1).

Without special measures to reduce the volume of
drywell atmosphere trapped within the reactor vessel
support skirt, creep rupture of the reactor vessel bot-
tom head would be expected to occur between 780 and
840 min after scram if drywell flooding were
employed as a mitigating strategy for the short-term
station blackout severe accident sequence (Sect, 19.4),
Without drywell flooding, bouom head penetration
failures would be expected for short-lerm station
blackout as early as 250 min after scram. If bottom
head penetration failures did not occur, then global
creep rupture of the bottom head would be expected
for the dry case at some point between 600 and

640 min after scram; this is still some 3 h earlier than



18.

19.

20.

21.

22,

the failure time for the base case with drywell flooding
(Sect. 19.5).

Venting from the upper portion of the vessel support
skirt manhole access cover during drywell flooding
would reduce the unweltted portion of the bottom head
from 44.8% to 27.3% of the total outer surface area. In
general, the effect of the reduced gas pocket is to
decrease the calculated maximum average wall node
temperatures by about 100°F (56 K). This delays the
wall heatup but does not prevent ultimate failure by
creep rupture, which is estimated to occur ~1 h later
(time 880 min) than for the base case (~820 min after
scram) (Sect. 20.1).

For the case with complete venting of the vessel sup-
port skirt so that the pocket of trapped gas is entirely
eliminated, all of the bottom head is adequately
cooled, and creep rupture of the wall is not predicted
to occur. However, the upward radiation from the
surface of the molten debris pool would induce
melting of the reactor vessel upper internal stainless
steel structures, predicted to begin at about time

920 min after scram (Sect. 20.2).

Melting of the large mass [~375,000 1b (170,000 kg)]
of reactor vessel internal structures would occur over a
long period of time, during which the debris decay
heat not removed through the bottom head wall or
radiated upward would be consumed in increasing the
temperature of the liquid stainless steel entering the
molten debris pool. However, the vessel internal
stainless steel is predicted to be entirely melted by
about time 1200 min. After this, the receiver malerial
for radiation from the upper debris bed surface would
be the carbon steel of the upper reactor vessel wall.
Because carbon steel has a higher melting temperature
[2800°F (1811 K)] than stainless steel [2550°F

(1672 K)}, the introduction of liquid steel into the
debris pool would be temporarily interrupted while the
temperature of the upper vessel wall increased to its
melting point (Sect. 20,2).

The thermal loading applied by radiation from the
upper debris bed surface is insufficient to induce sig-
nificant melting of the lower portion of the reactor
vessel wall that is cooled by water on its outer surface.
(A steep temperature gradient would exist over this
wetted potion of the wall.) Failure of the upper reactor
vessel wall above the water level within the drywell
may occur, however, as a result of this radiative heat-
ing. The temperature profile across this portion of the
wall is quite uniform, and temperatures sufficient for
loss of all strength are possible even if melting does
not occur (Sect. 20.2).

Drywell flooding with complete venting of the reactor
vessel support skirt would serve to maintain the core
and structural debris within the vessel. Any ultimate
failure of the wall would occur above the waterline in
the drywell and above the debris pool within the vessel
and would be delayed until more than 20 h after
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scram, [Calculations based upon the Peach Bottom
reactor vessel indicate that the water level within the
drywell would have to extend at least 9 ft (2.743 m)
above the surface of the debris pool to preclude loss of
wall integrity.] The worst aspect of an ultimate wall
failure is that it would open a direct pathway from the
superheated debris pool within the reactor vessel 1o the
drywell, which would be vented to the atmosphere.
Even though the volatile fission products would have
long before escaped from the debris to the pressure
suppression pool (via the SRVs), the opening of this
pathway is very undesirable. If the drywell vents were
shut at this time, the containment would soon fail on
overpressure (Sect. 20.2).

Drywell flooding as necessary Lo raise the water level
within the reactor vessel support skirt would submerge
the SRVs. While these valves are qualified for the
harsh environmental conditions associated with design
basis accidents, they have not been demonstrated to
operate in the pressure control mode while under water
and with their tailpipes flooded. If reactor vessel
pressure control were lost at the time the drywell was
flooded, then the vessel pressure and wall tensile stress
would increase, leading to creep rupture of the wall at
temperatures lower than for the depressurized case.
Although loss of pressure control is considered
unlikely, it cannot be ruled out, and its consequences
have been calculated for the base case (without
venting from the vessel support skirt) (Sect. 21.1).
Loss of reactor vessel pressure control shortly after
lower plenum debris bed dryout would advance the
time of wall creep rupture to about time 680 min,
which is 2 h earlier than for the base case with the ves-
sel remaining depressurized. The wall failure time
would be advanced much more than this if the reactor
vessel-to-drywell differential pressure were predicted
to reach and be maintained at the set point [~1100 psi
(7.584 MPa)] for actuation of the SRVs in the auto-
matic (spring-loaded) mode. The reactor vessel pres-
sure increase is limiled, however, by the amount of
water available in the downcomer region. Boiling of
all of the available water serves to increase the vessel
pressure only to ~560 psi (3.861 MPa) (Sect. 21.2).

If drywell flooding were to cause loss of reactor vessel
pressure control before dryout of the vessel lower
plenum, then the continued boiloff of water in the
lower plenum would quickly restore the vessel to full
pressure. The water in the downcomer region would
remain subcooled, however. After lower plenum dry-
out, the vessel pressure would decrease due to normal
vessel leakage while the temperature of the water in
the downcomer region would increase as a result of
radiation from the upper surface of the debris bed. The
reactor vessel pressure would continue to decrease
unti] the downcomer water became saturated after
which the vessel pressure would increase. Creep
rupture failure of the wall would occur at about the
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same time as for the case with loss of pressure control
after lower plenum dryout, which is 2 h earlier than for
the base case with the vessel remaining depressurized
{Sect. 21.3).

In assessing the effectiveness of drywell flooding as an
accident mitigation technique, it is important to
remember that the most important contribution of this
maneuver with respect to delaying release of debris
from the reactor vessel lies in preventing the estab-
lishment of release pathways through the instrument
guide tubes or vessel drain. While some of the poten-
tial delay in bottom head creep rupture that might be
oblained by drywell flooding could not be achieved if

NUREG/CR-5869

170

27.

reactor vessel pressure control were lost, the estimated
time of failure is still some 7 h later than the instru-
ment guide tube or drain failures associated with the
dry case.

Although the effect of gas trapping within the vessel
skirt is such that implementation of the drywell flood-
ing strategy for existing plants could only delay failure
of the bottom head, the current analyses demonstrate
the potential for preventing vessel failure entirely in
future plants. It is recommended that consideration be
given to providing means for complete coverage of the
bottom head and submergence of most or all of the
upper vessel wall as a severe accident mitigation strat-
egy for future plant designs.
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Appendix A

Characteristics of Polybor®

The object of the strategy described in Chaps. 9 through 13
is to provide the boron-10 isotope, in sufficient quantities
to preclude criticality, together with the injected flow being
used to recover a boiling water reactor (BWR) core that
has temporarily been uncovered.

As discussed in Chap. 11, formation of sodium pentaborate
by the normal methad of separately adding borax and boric
acid crystals would not be feasible at low temperatures and
without mechanical mixing. Information concerning an
alternative boron form was obtained by contacting U.S.
Borax Company at Montvale, New Jersey. The company
produces a spray-dried disodium octaborate tetrahydrate
(NapBg013 » 4H0) with a tradename Polybor®, which
readily dissolves in water forming even supersaturated
solutions. Using Polybor®, the total amount of material
needed to form a 3540-ppm concentration of natural boron
(700 ppm of the baron-10 isotope) is 32.0% less than for
borax and boric acid. For example, preparation of this con-
centration within 135,000 gal (511 m3) of condensate stor-
age tank water would require the addition of 28,400 Ib
(12,880 kg) of borax and boric acid crystals, but only
19,300 1b (8,750 kg) of Polybor®,

Much of the difference lies in the excess water added with
the borax (NapB407 » 10H0). About 735 gal (2.782 m3)
of free water is formed during the reaction of the barax and
boric acid in this example, whereas no free water is formed
when Polybor® is dissolved in water.

Because the only reason for discussing Polybor® in this
report is in regard to its advantages as a substitute for
sodium pentaborate, its characteristics will be described in
comparison (o those of sodium pentaborate. The composi-
tions of these two salts are compared below:

Table A.1 Compositions of Polybor® and sodium
pentaborate by weight

Constituent Polybor® Sedium
stituen NazBg013.4H20 pentaborate
Na3B1001410H20
Na 45.98 45.98
B 86.49 108.11
0 207.99 255.99
H20 7206 180,15
Formula 412.52 590.23
weight
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It is important to note from the information presented in
this table that boron constitutes 20.97% of Polybor® by
weight but only 18.32% of the sodium pentaborate by
weight.

Another important point of comparison is the weight frac-
tion within each salt of the boron-10 isotope. Because this
isotope contributes 19.78% of the weight of natural boron,
we are lead directly to the following result:

Table A.2 Weight fraction of the
boron-10 isotope in Polylmr® and
sodium pentaborate

Weight fraction of boron-10

Sodium
®
Polybor pentaborate
0.0415 0.0362

This comparison indicates only part of the overall reason
why about one-third less weight of powder need be added
t0 a given amount of water to obtain the same concentra-
tion of the boron-10 isotope when Polybor® is used. There
are two other contributory factors.

First, each pound (kg) of Polybor® added yields 1 Ib (kg)
of Polybor® in solution. However, each pound (kg) of
sodium pentaborate in solution requires that 0.6464 1b (kg)
of borax and 0.6285 1b (kg) of boric acid crystals be
reacted, a total of 1.2749 1b (kg) of powder added per
pound (kg) of sodium pentaborate formed.

Second, the free water formed [0.2749 Ib (kg) per pound
(kg) of sodium pentaborate created] acts in a self-defeating
manner to dilute the resulting solution. This effect is very
small at low concentrations but increases as larger boron
concentrations are sought.

The following expressions lead toward a clear understand-
ing of the relation between the weights of powder to be
added when a given boron concentration (parts per million)
is obtained by the use of Polybor® or sodium pentaborate.
Let the desired concentration of boron be represented by
PPMB, Then if Polybor® is added to water, the mass to be
added is

NUREG/CR-5869
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WPLY = 8.3285 x PPMB x VW]
209,700 — PPMB

(Ib), (A1

where VWT is the initial volume of water [at 70°F
(294.3 X)] in gallons.

If, on the other hand, borax and boric acid crystals are
added 1o water, then the required mass of sodium pentabo-
rate to be formed is

WSPB = 8.3285 x PPMB x VWI (Ib). (A2)
183,200 - 1.2749 x PPMB

The mass of borax and boric acid crystals to be added is

WTSPB = 1.2749 x WSPB (lb) , (A.3)
and the mass and volume of free water formed are

WH0 = 0.2749 x WSPB (Ib) , (A4)
and

VH20 = 0.0330 x WSPB (gal) , (A.5)

respectively. These relations were used in calculating the
results for the example discussed at the beginning of this
appendix so the interested reader may check their applica-
tion.

Division of Eq. (A.2) into Eq. (A.1) provides the ratio of
Polybor® 1o sodium pentaborate in solution required to
preduce a given boron concentration:

WPLY _ 183,200 — 1.2749[PPMB]
WSPB 209,700 - PPMB

(A.6)

Division of Eq. (A.6) by Eq. (A.3) then provides the ratio
of Polybor® added to borax plus boric acid crystals added
as necessary to produce a given boron concentration.

WPLY _ 143,698 - PPMB
WTSPB 209,700 — PPMB

(A7)

which clearly indicates that this ratio decreases as the
desired boron concentration increases.

The ratios predicted by Eqs. (A.6) and (A.7) are listed in
Table A.3 for a spectrum of boron concentrations.

NUREG/CR-5869

Table A.3 Relative weights of Polybor®, sodium
pentaborate, borax, and boric acid required to achieve
a given boron concentration (ppm) in water

Polybor® Polybor®
PPMB
Sodium pentaborate  Borax + boric acid

10 0.8736 0.6852
100 08734 0.6851
1,000 0.8717 0.6837
3,540 0.8667 0.6798
10,000 0.8535 0.6695
20,000 0.8313 0.6521
30,000 0.8066 0.6327
40,000 0.7790 0.6111

The special concentration 3540 ppm has been included in
this iable because, with the boron in its natural form, this
concentration corresponds to 700 ppm of the boron-10
isotope.

To this point, the discussion of this appendix has focused
upon the characteristic property of Polybor® that less of it
is required to form the same boron concentration in water.
However, with respect to the boration strategy that is the
primary consideration of this report, it is also important to
note the high solubility of Polybor®, particularly at lower
temperatures. Exhibits A.1 and A.2 display the two sides of
Technical Data Sheet IC-13 (prepared by the U.S. Borax
Company), which provides information concemning
Polybor®; its solubility is described at the center of
Exhibit A.1.

The high solubility of Polybor® relative to that of borax
and boric acid is explored further in Appendix B. However,
the fundamental reason for this advantage can casily be
recognized. When barax and boric acid crystals are
introduced into water, they must find each other and react
to form sodium pentaborate. When Polybor® is added to
water, it merely dissolves,

The Material Safety Data Sheet (pages 1-5) provided for
Polybor® by the U.S. Borax Company is reproduced as
Exhibit A.3. There are no special requirements for the han-
dling of Polybor® beyond those necessary for the handling
of borax and baric acid.

Polybor® is currently sold in 50-1b (23-kg) bags at a price
of $0.50 /1b. Special quality grade (as is employed for the
borax and boric acid currently supplied to nuclear power
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plants) is not currently available. However, a U_S. Borax
Company representative has indicated that arrangements
for a special guality grade of Polybor® could be made, at
approximately double the current price.
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POLYBOR (Disecium Octatorate Tetranyarate) s a special sodium bor-
alte poroduct. :n reddily soluble cowaer torm nawng the aooroximate
compasition Na,B,0yy - 4H,0. ana the formuia weignt of 412.52.

HYDROGEN ION CONCENTRATION: Agueous solutions of POLYBOR
range 1rom mildtv alkaiine ar low concentrations (o practicaily neutral as
concentration increases at orainary temperatures.

Percant POLYBOR by pH ot 23°C
wInT of spivhion 7.4
1% as
2 a4
5 8.0
10% 7.6
15 7.3
CASMUMBER....... et et e e 12008-41-2

SOLUBILITY IN WATER, and ccrresponding concentrations of 8,0, com-
pared wiln Dorax at same (emperatures:

* Concemration ot 8,0,

Tempersiory waignt iN gatLTEted BOMtion of:
€. ¥, “ POLYBOR MRYBOR Sorsz
g 32 2.4 1.6 0.73
10 50 4.5 3.0 1.13
20 68 9.5 6.3 1.72
30 86 21.9 145 2.63
40 104 278 184 4.10
50 122 320 21.2 6.54
60 140 35.0 23.2 11.07
75 167 35.3 26.0 14.67
94 201 453 30. 21.0

Solubilities in the above table are for eguilibrium conditions. POLYBOR
readily dissolves even in Cool water to give supersaturated solutions of
consideradly high@r concentration than indicated in the tabe. At tem-
peratures abave 60°C (140°F), concentrated POLYBOR solutions become
vary viscous. and may have application where neavy coatings rathar than
iMPregnations are desired.

INDUSTRIAL USES: Fire retargant treatment of lumber by heavy spray
application or by immersion treatment of cecorative and other cetlu-

losic matenals.

U.5, Patent No. 2.998.310

Exhibit A.I Front of Technical Data Sheet IC-13
NUREG/CR-5869 178
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1884 US.B. & CC.

TYPICAL ANALYSIS

CHEMICAL

PULYBUR Sodium Oxige {Na,G} . . . . . . . . . . . .. . 147%
BoricOxide (B,04+ . . . . . . . . . . . . . . 671
Water (Hy0 by aifterencet . . . B |-
Equiv. Disodium Octaborate Te:ranvorate .. . . . . . 99

TECHNICAL GRADE SCREEN DESCRIPTION AVG. BULK DENSITY

Pounas per Cubic Foot
Locse Pack Tight Pack

A fine, rapidly soluble
spray-dried product 25 35

“MITED STATES ECAAK & CHEMICAL CTRPONSTICN
IITS Ve gmire Bivn., Lo W TS, L.
TTCIOTAL GFFICES 1 fiw 20738Y, 2iiiil, Al JAN

CONTAINERS
Multiwall paper bags with a polyethylene tree film moisture-resistant
barrier, S0 pounds net,

NOTICE: THERE ARE NO WARRANTIES, EXPRESS OR IMPLIED
INCLUDING ANY WARRANTY OF FITNESS FOR A PARTICULAR
PURPOSE, WHICH EXTEND BEYOND THE DESCRIBED USES IN
THIS BULLETIN.

WARNING: ON ALL PRODUCTS, AVOID PROLONGED INHALATION
OR PROLONGED SKIN CONTACT. NOT FOR FOOD OR DRUG USE.
READ ALL INSTRUCTIONS RELATING TO THE PRODUCTS
BEFORE USE.

If possible uses of these progducts have been mentioned herein, it is not
intenaed that the above products be used to pracuce any appiicable
patent, whether mentioned in 1~is Bulletin or not, without pracurement
of a iicense, if necessary. from -ne owner, foliowing investigation by the
user, Nor is it intenoed or recommended that the pfoducts be used tor any
such describea purcoses without verification of their safety ano efficacy
for such purposes.

Qur recommendations for use of this product are based upon data believed
10 be reliable. The use of this product being beyond the controi of the
manutacturer, no guarantee, expressed or implied, is made as 10 the effects
of such or the resuits to be obtained if not used in accordance with direc-
tions or established sate practice. The buyer must assume all responsibility,
including injury or damage, resuiting from its misuse as such, or in com-
bination with other materiats.

3 2200

kv

Velded.w.

Exhibit A.2 Reverse of Technical Data Sheet IC-13
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Ry MATERIAL SAFETY DATA SHEET

QJ Meeting OSHA Standard 29CFR § 1910.1200 {q)
\3 CAL OSHA Standard Tile 26 § 8—5194 (g)
‘-—v

EFFECTIVE DATE: August 31, 1990

SECTION | — PRODUCT IDENTIFICATION

PRODUCT TRADE NAME: poLYROR® TSCA NO.:12008-41-2

CHEMICAL NAME AND SYNONYMS: CAS NO.: 12280-03-4
Disedium octaborate tetrahydrate

CHEMICAL FAMILY: sodium Borate FORMULA: Na B q-ﬂl o]

PHYSICAL HAZARD RATING: Naticnal Fire Protection
Assccilation

Health 0
Flammability 0
Reactivity

SECTION Il — HAZARDOUS INGREDIENTS

MATERIAL OR COMPONENT % :
Sodium octaborate tetrahydrate >98% CAS No. 12008-41-2

WARNING: This product contains trace amounts of arsenic, a chamical known
to the State of California to cause cancer.

SECTION Il — PHYSICAL DATA

APPEARANCE: White, odorless powdar
VAPOR PRESSURE: HNegligible
SOLUBILITY INWATER:9.70% @ 20°C (68°F); 40.7% @ 60°C (140°F);

FORMULAWEIGHT: 412.32
pH3% SOLUTION: ¢ 23°C 1%-8.5; 104=7.6; 158=7.3

24 HOUR EMERGENCY TELEPHONE NUMBER: (714) 774-2673

CONTACT: P.L. Strong; Manager, Product Safety

The information and recommendations containad harsin are based upon data belisved 1o be comact. However, NO gUAraNSS Or
warranty of any kind expressed or impiled le made with recpect to the information contained herein.

UNITED STATES BORAX & CHEMCAL CORPORATION + 3073 WA BLVD, LOS ANGELES, GA 90010-1294 BUHAX .
paspapepperey 1 7 -

Page 1 25.80-1912
Exhibit A.3 Page 1 of Material Safety Data Sheet for Polybor®
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SECTION IV - HEALTH HAZARD INFORMATION

EEFECTS OF ACUTE EXPOSURE

INGESTION:

ACUTEORALLDsy ° 2.%% gram/kg of body weight (Sprague-Dawley rats).
Reversible.

HUMAN ACCIDENTAL EXPOSURE: Nausea, vomiting

EYE: Irritant (rabbits - per 16 CFR §1500.42) May be slightly irritating to humans.
Reversible

DERMAL:

ACUTE DERMAL LD Greater than 2.0 gram/xg of body weight
(rabbits - par 16 CFR $1500.40)

PRIMARY SKIN IRRITATION INDEX: 0.5 (rabbits - per 16 CFR §1500.41)

SKIN: Not xnown to be an irritant

CORROSIVE:; Not corroaive per 49 CFR §240.

INHALATION: May be irritating to nose and throat.

EEFECTS OF CHRONIC OVEREXPOSURE

INGESTION: Animal testing for carcinogenicity of boric acid has been negative.

Animal studies show that ingestion of large amounts of borates over prolonged
periods of time causes a dacrease in sperm production and testicle size

in male laboratory animals and developmental effects in fetuses of puq-nnnt
famale laboratory animals. No evidance of such effects in humans.

EYE. May be irritating
OERMAL: May be irritating on wet skin.

INHALATION: May be irritating to nose and throat.

UNITED STATES BORAX & GHEMICAL CORPORATION = 3075 WILSHIAE BLVD., LOS ANGELES, CA90010-1204 MSB u RAX ‘

smnnnnennsil i s

Paga 2
Exhibit A.3 Page 2 of Material Safety Data Sheet for Polybor®
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HEALTH HAZARD INFORMATION (cont. from page 2) .

BEGULATORY INFORMATION
QOSHA PERMISSIBLE EXPOSURE LIMIT (PEL): Not listed 29CFR§1910 SUBPART 2

ACGIH RECOMMENDED THRESHOLD LIMIT VALUE: Not listed

NOT LISTED IN THE NATIONAL TOXICOLOGY PROGRAM ANNUAL REPORT ON CARCINOGENS (1989)
NOT LISTED IN THE INTERNATIONAL AGENCY FOR RESEARCH ON CANCER (IARC) MONOGRAPH
NOT LISTED ON THE OSHA CARCINOGENS LIST

EMERGENCY AND FIRST AID PROCEDURES: q'_':]

EYES: Flush with tepid water for 15 minutes. If irritation persists, censult
a physician.

SKIN: wWash with mild soap and water.
INHALATION: Remove to fresh air.

INGESTION: Drink plenty of milk or water. Induce vomiting,
NOTE TO PHYSICIAN:

Gastric lavage with 5% sodium bicarbonate is suggested. This should be followed by
saline catharsis. Assure adequate hydraticn. POLYBORP is not considared an acute
poison. Aftar ingestion or absorption into the bloodstream of large amounts (15
grams or more), Symptoms DAY appear after 24-72 hours. Borates are readily dissi-
pated through the urine (70% in the first 24 hours), Complimentary blood analysis
is available for physicians and emergency rcooms. Medical consultation is also
avallable. Call (714) 774=2673.

UNITED STATES BORAX & CHEMICAL odeLSHHEBL Los CAM|0-1:~ HSBUHAX
) POLYBORS

Page3

Exhibit A.3 Page 3 of Material Safety Data Sheet for Polybor®
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SECTION V;- FIRE AND EXPLOSION HAZARD DATA

FLASH POINT (METHOD USED): /A FLAMMABLE LIMITS: N/aA

EXTINGUISHING MEDIA: None required. Product is an inherent fire retardant.

SPECIAL FIREFIGHTING PROCEDURES: None are required. No potential for %ire or explosion
hazard. Product i35 an inherent fire retardant.

UNUSUAL FIRE AND EXPLOSION HAZARDS: None

SECTION VI - REACTIVITYL_DATA

STABILITY: poLYBoR® s a stable product.
INCOMPATIBILITY (MATERIALS TO AVOID): None
HAZARDOUS DECOMPOSITION PRODUCTS: None
HAZARDOUS POLYMERIZATION WILL NOT OCCUR:

CONDITIONS TO AVOID: None

SECTION VII - SPILL OR LEAK PROCEDURES

STEPS TO BE TAKEN IN CASE MATERIAL IS RELEASED OR SPILLED: Sweep or vacuum followed by
water rinse.

WASTE DISPOSAL METHOD: Rafer to local disposal requirsments and regulations for waste
disposal methods. Not regulated undar $313 of SARA Title III or

RCRA (40 CFR 261.33)

snnnnwsunell o

UNITED STATES BORAX & GHEMICAL CORPORATION « 3075 WILSHIRE BLVD.. LOS ANGELES, CA 90010-1294 MISBUHAX
POLYBORD

Pagm 4
Exhibit A.3 Page 4 of Material Safety Data Sheet for Polybor®
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SECTION VIl - SPECIAL PROTECTION INFORMATION

RESPIRATON PROTECTION (SPECIFY TYPE) : Recommend use of light duty dust mask (such as 3M
Model S800) in areas of airborne concentrations

greataer than 10mg/m3.

VENTILATION: Local exhaust is sufficient.

PROTECTIVE GLOVES: Leather, cloth or rubber.

EYE PROTECTION: Dust goggles with side shields if dust level is high.

OTHER PROTECTIVE EQUIPMENT: None

SECTION IX - SPECIAL PRECAUTICNS _

PRECAUTIONS TO BE TAKEN IN HANDLING AND STORING: Dry indoor storage.

OTHER PRECAUTIONS: None

Revised Dates: November, 1985; October, 1988; February, 1990

. Gohcky < g
oate: Jup 31 7 sianaTURE:

L Strong. Manager, Product Satety
WMWW%&”.“' MSBDHAX

Page s
Exhibit A.3 Page 5 of Material Safety Data Sheet for Polybor®
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Tabletop Experiments

Simple testing demonstrates that Polybor® [spray-dried
disodium octaborate tetrahydrate (Na;BgO, 4 * 4H,0)] dis-
solves much more readily in water than does the normally
used mixture of borax and boric acid crystals. This is of
interest when considering an accident management strategy
for use under station blackout conditions, where the water
in the condensate storage tank may have cooled signifi-
cantly at the time the borated solution was to be prepared
and mechanical mixing of the tank contents would not be
available,

A series of stationary experiments was carried out to inves-
tigate the greater solubility of Polybor® with respect to
borax/boric acid by determining the concentration distribu-
tions of the two boration agents in a cylindrical container
as functions of the time elapsed after dumping and of the
walter temperature. The concentrations of Polybor® and of
sodium pentaborale were determined by titration with
hydrochloric acid. (The validity of the titration method was
checked by calibration using five known boron concentra-
tions in the range of interest.)

At room temperature [78°F (298.7 K)], the relative con-
centrations of beron after 21 h in solutions produced by
addition of Polybor® and of borax/boric acid are as shown:

ORANL-DWG 91M-2188R ETO

10 1 T L 1 I 1 1 ) 1
CONCENTRATION GRADIENT
08} AT 21 h .
L ] ROOM TEMPERATURE (78 °F)
gk
I ol
2 0n POLYEQR
z H BORAX/BORIC ACID - ———
5 T y
= AVERAGE CONCENTRATION
w CORRESPONDS TO
—— 3540 pom BORON 1
PR St = T
5 8 7 8 9 10
LOCAL CONCENTRATION
AVERAGE CONCENTRATION

In this figure, the vertical axis represents the normalized
height of the location within the cylindrical container
where the test samples were taken, while the horizontal
axis represents the normalized boron concentration. The
average boron concentration (3540 ppm) is that which
would be uniformly present within the beaker if it were
“well-mixed” and corresponds to 700 ppm of the boron-10
isotope. It is evident that the Polybor® produces a more

even distribution of boron. The very high concentration of
boron at the bottom of the container in the case of
borax/boric acid is caused by the presence of some undis-
solved solids.

At intermediate temperature [60°F (288.7 K}], the solu-
bility rate for Polybor® was 2 to 3 times faster than for
borax/boric acid, which was manifested by higher boron
concentrations throughout the container. After 24 h, large
undissolved crystals were observed at the bottom of the
tank for the case of borax/boric acid whereas a fine suspen-
sion was observed for the case of Polybor®.

At low temperature [40°F (277.6 K)), only Polybor® was
tested with the results shown below.,
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The powder dissolved very slowly, as evidenced by the
low local concentrations throughout the container as late as
3 h afier dumping (nowhere is the concentration corre-
sponding to a well-mixed solution average attained at this
time). Finally, however, the Polybor® was completely dis-
solved, as indicated by the results for time 70 h.
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These experiments indicate that without any mixing, bora-
tion would proceed prehibitively slowly at low tempera-
tures in stagnant water. However, in the real situation,
appreciable mixing may be induced by the water surge
through the tank exit nozzle, which is located near the
bottom of the condensate storage tank.

The simple stationary tests described above demonstrate
that Polybor® dissolves much more readily in water than
does the normally used mixture of borax and boric acid
crystals, Subseguently, two tabletop experiments were per-
formed to investigate the effects of convection and mixing
induced by the draining of a boron solution from the bot-
tom of a tank. The basic procedure employed for these
experiments follows:

1. Prepare a cylindrical container of demineralized water
at the desired test temperature. [The water height-to-
diameter ratio is the same as that for a typical BWR
condensate storage tank drained to its standpipe reserve
(0.42)].

2. Slowly sprinkle a predetermined amount of powder
(either Polybor® or borax/boric acid crystals) onto the
water surface. The total amount of powder added
would achieve a boron concentration of C; ppm if the
solution were well-mixed. However, no mixing is
applied to the container.

3. After a brief pause, drain the container through the
horizontal exit pipe at the base. [The exit pipe is posi-
ticned such that approximately the same portion of the
original water volume remains in the container (~3%)
as would remain in a drained condensate storage tank
(~4%)].

4. Derermine the boron concentration C; in the drained
solution and compare this to the concentration
C; originally prepared (perfect mixing) for the
container.

The first experiment provided a comparison of the
Co/C1 ratios for Polybor® and for borax/boric acid crystals
at room temperature. Sufficient powder for a boron-10

concentration of 700 ppm (uniformly dissolved) was added
in each case at comparable rates. It was observed that
practically all of the Polybc:)r® was dissolved, whereas
some of the borax/boric acid crystals settled to the bottom
of the container. Immediately after adding the salts, the
solution {~3 gal (0.011 m3)] was drained from the con-
tainer, requiring ~15 min to empty.

The amounts of Polybor® and of sodium pentaborate
(formed from dissolved borax/boric acid) were determined
for the drained solution and for the residual liquid remain-
ing in the container, The corresponding boron-10 concen-
trations are shown in Table B.1.

The results of this simple experiment again demonstrate
the clear superiority of Polybor® for the purpose intended,
to poiscn a storage tank in preparation for its contents 10 be
injected into a reactor vessel.

The second experiment investigated the effectiveness of
Polybor® for this purpose at low temperature. Sufficient
Polybor® was added to the container for a (well-mixed)
concentration of the boron-10 isotope of 1000 ppm; the
temperature of the container solution increased from 36°F
to 40°F (275.4 K to 277.6 K) during the 15-min pericd that
the powder was being added. It was observed that the
impact of smail clumps of Polybor® falling onto the water
surface causes breakup and spreading in the radial direc-
tions. Furthermore, a vivid interaction of the fragments
with water as they sink toward the bottom of the container
enhances the solubility. After draining, the results are
shown in Table B.2.

This low-temperature test did not include consideration of
a sodium pentaborate solution because it was thought that
the case for the clear superiority of the solubility of
Polybor® had been sufficiently demonstrated by the previ-
ous test (Table B.1),
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Table B.1 Boron-10 concentrations {ppm) in released and
residual container liquids for a room-temperature
(78°F) test

Initial Concentration Concentration

Salt (well-mixed) of of
concentration release residual
Borax/boric acid 700 225 2660
Polybor® 700 456 1323
186



Table B.2 Boron-10 concentrations (ppm) in released
and residual container liguids for a test at low

temperature (38°F)
Initial Concentration Concentration
Salt  (well-mixed) of of
concentration release residual
Polybor® 1000 527 2580

Assuming that Polybor® would be used, it now becomes of
interest to consider the amount of excess powder that
would have to be added to the tank to ensure that the
desired concentration would be observed in the drainage
(see Table B.3).

From these results, it seems that enough Polybor® must be
added to the condensate storage tank under accident condi-
tions to produce a solution of approximately double the
desired reactor vessel concentration (if well mixed). This
excess within the tank is necessary if the desired reactor
vessel concentration is to be achieved without mixing in all
weather. Accordingly, a final set of four simple tabletop
experiments was performed to investigate the loading
capacity of Polybor® in water.

Weighed amounts of Polybor® were poured into individual
beakers containing 50 mL of distilled water cooled to S0°F

Appendix B

(283.2 K). The target concentrations of the boron-10 iso-
tope were 4000, 6000, 8000, and 10,000 ppm. Mixing was
applied by bubbling a gentle stream of compressed air for
10 min, after which the mixtures were lefi unstirred. The
density of the four solutions thus obtained was determined
by weighing 5.0 mL of each solution. For the two cases
where the Polybor® powder was incompletely dissolved,
the samples were taken from the clear solutions above the
sediment. The resulls are summarized in Table B.4.

It should be noted that the target concentrations of 8000
and 10,000 ppm of the boron-1{} isotope were not attained
in solution because the added powder was not completely
dissolved. However, these results demonstrate that super-
saturated solutions with concentrations as high as

6000 ppm can be achieved in cool water with very simple
means of slight mixing, such as bubbles induced by an air
hose. Attempts to store such prepared solutions for possible
use under accident conditions would probably be
unsuccessful, however, because prolonged standing of a
supersaturated solution would induce some of the less
soluble phases to crystallize irreversibly.

As mentioned at the beginning of this appendix, the boron
concentrations formed during these tabletop experiments
were determined by titration with 0.1 N hydrochloric acid
(HCL). It is recognized that this method inroduces a small
systematic error, due to the carbon dioxide dissolved in
these slightly alkaline solutions. To obtain a practical cor-
rection factor, a representative set of HCL titration results

Table B.3 Ratio of released concentration (ppm) to the initial
(well-mixed) concentration for Polybor® at
two temperatures

Temperature Initial Release Ratio
CF) concentration concentration Cy/Cq

78 700 456 0.65

38 1000 527 0.53

Table B.4 Effects of adding large amounts of Polybor® to

cool water
® Boron-10
Polybor™ added isotope Observation

g/mL ppm {(ppm)
0.0965 96,520 4,000 Dissolved within 10 min
0.1449 144,860 6,000 Dissolved within 10 min
(.1934 193,440 8.000 Incompletely dissolved
0.2414 241,400 10,000 Incompletely dissolved
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were compared with those obtained using the more elabo-
rate and more accurate mannitol titration” procedure for
determining the concentration of B;O3. It was found that

*W. W. Scolt: Standard Methods of Chemical Analysis, N. H. Furman,
Ed., 5th ed., 1946, p. 170.
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the values obtained by HCL titration are low by a factor of
1.092, and this correction factor has been applied (where
appropriate) to obtain the results described in this
appendix,
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Small Reactor Calculations

Chapters 14 through 22 of this report address the results of
calculations and analyses based upon the large boiling
water reactor (BWR) Mark I containment facilities such as
Peach Bottom or Browns Ferry. As explained in Chap. 16,
physical considerations dictate that the effectiveness of
water cooling of the outer surface of the reactor vessel
bottom head in removing heat from the lower plenum
debris bed would be increased as the vessel size was
reduced. Accordingly, the conservative approach to evalu-
ate this strategy based upon its hypothetical application 1o
the large BWR facilities has been adopted. The results of
this evaluation for the existing plants (without modifica-
tions to reduce the trapped gas pocket within the vessel
skirt) have been provided in Chap. 19.

For this appendix, the calculations described in Chap. 19
have been repeated with only the physical dimensions of
the plant changed as appropriate to represent the smallest
of the BWR Mark 1 containment facilities, Duane Arnold
(see Table 14.1). The purpose is to demonstrate the
increased effectiveness of the proposed drywell flooding
strategy for the smaller reactor vessels.

C.1 Accident Sequence

The Duane Amold calculations are based upon the short-
term station blackout accident sequence, which was also
represented in the Peach Bottom calculations described in
Sect. 19.1. A comparison of the timing of the initial events
for this accident sequence as calculated for Peach Bottom
(Table 19.1) and Duane Amnold is provided in Table C.1.
As indicated, the predicted progressions of the vessel
internal events are similar for these two facilities through
the time of lower plenum debris bed dryout.

C.2 Containment Pressure and Water
Level

In keeping with the goal of maintaining the Duane Amold
conditions similar to the conditions considered for the base
case Peach Bottom calculations as described in Sect. 19.2,
the drywell is assumed Lo be vented as necessary (o main-
1ain the containment pressure at 40 psia (0.276 MPa). The
reactor vessel pressure then cycles between 60 and 90 psia
{0414 and 0.621 MPa) as water is evaporated from the
downcomer region and the safety/relief valves (SRVs)
open and close.

Table C.1 Calculated timing of events for short-term station blackout accident sequence
at Peach Bottom and Duane Arnold

Event

Time (min)

Peach Bottom Duane Arnold

Station blackout-initiated scram from 100% power. 0.0 0.0
Independent loss of the steam turbine-driven HPCI
and RCIC injection systems
Swollen water level falls below top of core 40.3 40.8
Open one SRV 77.0 71.0
ADS system actuation 30.0 80.0
Core plate dryout 80.7 80.4
Relocation of core debris begins 130.8 129.8
First local core plate failure 1321 130.9
Collapse of fuel pellet stacks in central core 2159 2104
Reactor vessel boitom head dryout; structural support by control rod 245.8 251.2

guide tubes fails; remainder of core falls into reactor vessel bottom

head
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With the drywell pressure held near 40 psia (0.276 MPa),
the saturation temperature of the water surrounding the
reactor vessel would be 267°F (403.7 K). Beneath the
vessel support skirt, the water is assumed to cover the outer
surfaces of the four lowest botlom head wall calculational
nodes. For Duane Arnold, this would leave a trapped gas
pocket similar 1o that depicted for Peach Bottom in

Fig. 19.1. The smaller volume of the gas pocket at Duane
Arnold and the reduced thickness of the vessel boltom
head (Table 16.1) have been considered in the calculations.
For both Peach Bottom and Duane Amold, the support
skirt attachment is at the upper boundary of wall node 12,

C.3 Initial Debris Bed Configuration

The initial configuration of the lower plenum debris bed
for the Duane Amold calculations is shown in Fig. C.1.
This may be compared to the initial configuration for
Peach Bottom shown in Fig. 19.2 and described in

Sect. 19.3.

It is important to note that the initial height of the central
portion of the debris bed [101 in. (2.565 m)] is greater than

TIME = 251.3 min
VESSEL PRESSURE = 52.2 psia

the radius of curvature [91.5 in. (2.324 m)] of the bottom
head hemisphere for the Duane Arnold calculation

(Fig. C.1). For the outer “crust” layer, the code model
restricts the initial height as necessary to provide a clear-
ance of at least 1 in. {0.0254 m) beneath the bottom of the
shroud baffle, which is located at 89.5 in. (2.273 m) above
vessel zero.

Reference to Fig. 19.2 reveals, however, that the initial
debris height for the Peach Bottom calculation [116 in,
{2.946 m)] is uniform acrass the bed and lies well below
both the bottom head center of curvature [125.5 in,
(3.188 m)] and the bottom of the shroud baffle [121.5 in,
(3.086 m)]. Why would a whole-core debris bed be easily
contained within the bottom head hemisphere at Peach
Bottom yet produce a significant overflow at Duane
Armold?

The answer lies within the most basic considerations of
geometry. Because the length of the fuel assemblies form-
ing the core is the same at all BWR facilities, the volume
of the core tends to decrease with the square of the reactor
vessel radius. The volume of the bottom head hemisphere,
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Figure C.1 Initial configuration of lower plenum debris bed and initial bottom head wall temperatures for
calculations based upon Duane Arnold facility

NUREG/CR-5869

190



however, decreases with the cube of the vessel radius, The
effect of this unequal race is that the ratio of the core
volume to the bottom head volume increases as the reactor
vessel size decreases, culminating in the overflow of debris
for Duane Amold that is indicated in Fig. C.1.

C.4 Lower Plenum and Bottom Head
Response

By time 360 min after scram, the calculated relocation and
seltling of the lower plenum debris has reconfigured the
bed into the structure shown in Fig. C.2. As indicated, all
of the material is now contained within the bottom head
hemisphere and beneath the bottom of the shroud baffle.
This situation may be compared with the Peach Bottom
results for the same time after scram, which are provided in
Fig. 19.4.

The reader is reminded that in both the Peach Bottom and
Duane Amold calculatons, bottom head wall nodes one

Appendix C

through four transfer heat by nucleate boiling to water on
their outer surfaces. Wall nodes five through twelve trans-
fer heat by natural convection to the atmosphere trapped in
the armpit region between the reactor vessel support skirt
and the vessel wall (Fig. 19.1), while wall nodes 13
through 19 transfer heat to the water surrounding the vessel
wall above the skirt attachment. For both plants, the maxi-
mum predicted wall ternperatures at time 360 min occur at
wall node 11, just beneath the support skirt attachment and
adjacent 1o the trapped gas pocket. In neither case are the
wall temperatures threatening at this time,

For the Peach Bottom calculations, failure of the bottom
head wall by creep rupture at node 11 is considered certain
by time 840 min, as discussed in Sect. 19.4. For Duane
Amold, however, the calculated situation at time 840 min
after scram, shown in Fig, C.3, is not threatening, The
maximum average wall temperamure at Peach Bottom

(Fig. 19.12) is 2221°F (1490 K), while the Duane Amold
maximum average wall temperature {node eight) is 1929°F
(1327 K) at this time. Because the wall tensile stresses that
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Figure C.2 Lower plenum debris bed and vessel wall response at time 360 min after scram for calculations based

upon Duane Arnold facility
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Figure C.3 Lower plenum debris bed and vessel wall response at time 840 min after scram for calculations based

upon Duane Arnold facility

would be produced under severe accident conditions at
these two plants are almost identical,” the lower predicted
wall temperatures for the Duane Amold calculation
directly translate into an increased period of wall inlegrity.

Based upon the results of these calculations, creep rupture
of the reactor vessel bottom head would be expected to
occur for Duane Amold at some time between 900 min
(Fig. C.4) and 960 min (Fig. C.5) after scram. Wall node
eight continues to endure the maximum wall temperatures;
the local average is predicted to increase from 2101°F to
2193°F (1423 K to 1474 K) during this 1-h period. As
indicated in Table 18.7, temperatures of this magnitude are
sufficient to induce creep rupture in <1 h for wall tensile
stresses in the neighborhood of 5 MPa.

* With a reacter vessel-1o-drywell pressure differential of 50 psi
(0.345 MPa) and considering the weight of debris, the wall stress at
Duane Amold would be 5.12 MPa as compared 10 5.25 MPa for Peach
Bottom.
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C.5 The Effect of Vessel Size

As described in the preceding section, the same unmiti-
gated short-term station blackout severe accident sequence
leads to conditions inducing bottom head creep rupture

~2 h later for Duane Amold than for Peach Bottom. Much
of this delay is attributable to the greater heat transfer
through the bottom head wall for the smaller reactor vessel.

The predicted energy transfer from the outer surface of the
reactor vessel wall is provided in Table C.2 for the Duane
Amold calculation, As indicated, this energy transfer con-
stitutes a greater proportion of the decay heat release as the
calcolation progresses and the wall becomes hotter. This
information can be compared with the similar information
for the Peach Bottom base case as listed in Table 19.7. The
percentages of the current decay heat releases represented
by the energy transfers through the wall for these two cal-
culations are directly compared in Table C.3.

It should be noted from Table C.3 that a higher proportion
of the decay heat is removed through the bottom head wall
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Figure C.4 Lower plenum debris bed and vessel wall response at time 900 min after scram for calculations based
upon Duane Arnold facility
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Figure C.5 Lower plenum debris bed and vessel wall response at time 960 min after scram for calculations based
upon Duane Arnold facility
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Table C.2 Integrated heat transfer from outer
surface of the reactor vessel bottom head for
Duane Arnold short-term station blackout

with drywell flooding
Decay heat Heat transfer from

Period released vessel wall

(min)  (Btux 105 Btux 106 %
251.3-300 27.870 2613 94
300-360 32.545 4223 13.0
360-420 31.185 4.562 14.6
420480 29919 4957 16.6
480-540 28.710 5.101 17.8
540-600 27.395 5411 19.8
600-660 26.738 6.394 239
660-720 25.657 7.021 274
720-780 25318 8.193 324
780-840 24.778 9.722 39.2
840-900 24237 10416 43.0

Table C.3 Comparison of heat transfer from
outer surface of reactor vessel bottom
head as percentage of decay heat for
Peach Bottom and Duane Arnold
short-term station blackout with
drywell flooding

Heat transfer from vessel wall
(percent of decay heat release

Period during period)
(min) Peach Bottom Duane Arnold
Dryout?-300 7.2 9.4

300-360 9.0 13.0
360420 106 14.6
420480 12.1 16.6
480-540 153 17.8
540-600 20.5 19.8
600660 254 239
660-720 323 274
720-780 373 322
780-840 39.2
840-900 43.0

4] ower plenum debris bed dryout occurs at 246.2 min after
scram for Peach Bottom and 251.3 min afier scram for Duane
Amald.
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for the Duane Amold calculation during the first 6 h after
lower plenum debris bed dryout. Overall, 15.1% of the
decay heat follows this pathway during the period between
bed dryout and time 600 min for Duane Arnold as opposed
to 12.2% for Peach Bottom. After this time, the Peach
Botltom inner wall temperature is significantly higher than
the Duane Amold wall temperature; correspondingly, the
heat transfer through the Peach Bottom wall becomes
greater than the Duane Amold heat transfer until bottom
head creep rupture after 780 min. For Duane Amold, more
than 40% of the decay heat is predicted to be transferred
through the bottom head during the period just before
creep rupture.
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