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SUMMARY

This study des~ribes ths predicted response of Unit 1 at the Browns
Ferry Nuclear Plant to a postulated complete failure to scram following
a transient event that has caused closure of all main steam isolation
valves (MSIVs). This accident sequence is the most severe of a class of
sequences commonly denoted "ATWS,” the acronym for "Anticipated Tran-
gsient Without Scram.” With the MSIVs closed, almost all of the steam
exiting the reactor vessel would be passed into the pressure suppression
pool through the safety/relief valves (SRVs); the remainder would be
used to drive the High Pressure Coolant Injection (HPCI) or Reactor Core
Isolation Cooling (RCIC) system turbines during their periods of opera-
tion and then, as turbine exhaust, would also enter the pressure sup-
pression pool. Since the rate of energy deposition into the pool can
greatly exceed the capacity of the pool cooling equipment, the possi-
bility of excessive pressure suppression pool temperatures leading to
primary containment failure by overpressurization is of major concern
during ATWS accidr.ut sequences.

The ATWS accident sequences have been selected for the Severe Acci-
dent Sequence Analysis (SASA) study presented in this report because
these sequences have always been included among the dominant accident
sequences leading to core melt identified by the BWR probabilistic risk
assessments (PRAs) conducted to date. The function of a PRA is to at-
tempt to consider all possible acc’dent sequences at a nuclear plant us-
ing event tree and fault tree methodology for the purpose of identifying
the more probable, or dominant, accident sequences. The SASA approach,
on the other hand, is to examine the limited range of dominant accident
sequences identified by the PRA in much greater depth than would be
possible in a PRA study.

The purpose of the SASA program ATWS studies presented in this re-
port is first, to determine the probable course of the accident progres-
sion and thereby establish the timing and the sequence of events for use
in planning for the unlikely case that one of these accidents might
actually occur. The important second purpose of these studies is to
produce recommendations concerning the implementation of better system
design end improved emergency operating instructions and methods of op-
erator training so that the probability of severe consequences, should
one of these sequences be initiated, is further reduced.

The MSIV-closure initiated ATWS accident sequence is initiated by a
transient such as main steamline space high temperature or high main
steam line radiation that causes MSIV closure. The reactor protection
system logic is designed to recognize the beginning of MSIV closure and
to produce an immediate scram, effective before the MSIVs have com-
pletely closed.* The accident sequences analyzed in this report are

*Actually, the event of MSIV closure would result in a series of
four scram signals. 1In order of receipt these are MSIV position <90%
open, high reactor power, high reactor vessel pressure, and low reactor
vessel water level.




viii

based upon an assumption that MSIV closure is successful, but there is a
complete failure of the scram function; that is, the control rods remain
in the withdrawal pattern that existed before the inception of the
transieut. 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 results of this study are intended to provide an
upper bounding estimate of the consequences of these very unlikely
events,

As in all reactor designs, the criticality of the Boiling Water Re-
actor (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 particular reactivity balance at that instant. In
BWR studies, it is necessary to recognize the importance of the void co-
efficient of reactivity. 1In the BWR, boiling takes place within the
core and "volds” ar created by the steam bubbles formed within the core
volume. The moderation or slowing-down of neutrons 1s much less in
steam than in liquid water so increased voiding has the cffect of reduc-
ing the supply of thermal neutrons. Therefore, an increase in voids in-
troduces negative reactivity and a decrease in voids introduces positive
reactivity. Since the BWR operates with the water moderator at satura-
tion conditions within the core, negative or positive reactivity inser-
tions caused by the creation or elimination of voids are a natural and
important result of reactor vessel pressure changes.

Provision is made for rapid reactor shutdown under emergency condi-
tions by neutron-absorbing control blades that can quickly and automa-
tically be inserted (scrammed) into the core upon the demand of the
reactor protection system logic. When inserted, the control blades in-
troduce enough negative reactivity to ensure that the reactor is main-
tained subcritical even with the moderator at room temperature and with
zero voids in the core.* It is easy to imagine that there must be many
dangerous situations that might arise during reactor power operation
that would require quick shutdown by reacter scram. However, careful
review reveals that there is only one trensient that might actually re-
quire control blade scram to prevent the occurrence of a Severe Acci-
dent, which by definition involves fuel damage and fission product re-
lease.

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 is a closure of all MSIVs compounded by failure of
automatic recirculation pump trip. This is an “unanticipated” transient
or, in other words, it 1is not expected to occur during the operating
lifetime of the plant. Before considering the ramifications of failure
of recirculation pump trip, it {s {nstructive to examine the prograirion
of the accident without scram but with recirculation pump trip.

*This {s true even with as many as five control rods stuck in the
fully withdrawn position.
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During the period while the MSIVs are closing,* the reactor vessel
is progressively isolated an<', because the reactor is at power, the re-
actor vessel pressure rapidly increases. The pressure increase causes
the collapse of some of the voids in the core, inserting positive reac-
tivity 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 safety relief valve (SRV) -atpoints;
the SRVs open to reduce the rate of pressure increase and the recircula-
tion pumps are automatically tripped.t With the tripping of the recir-
culation pumps, the core flow is reduced to between 20 and 30 percent of
its former value as the driving mechanism is shifted from forced circu-
lation to natural circulation. With reduced flow, the temperature of
the moderator in the core region is increased, producing voids, and in-
troducing a significant amount of negative reactivity. The rapid in-
crease of reactor power 1is terminated and the power then rapidly de-
creases to about 30 percent of that at normal full power operation.

if failure of 1installed logic caused the recirculation pumps to
continue operation after the reactor vessel pressure had exceeded their
trip letpotnt.* then there are two possible outcomes. Since the total
capacity of the SRVs is about 85X of normal full power steam generation,
an increasing spiral of reactor power and reactor vessel pressure might
continue to the point of overpressurization failure of the primary sys-
tem boundary,$ inducing a large-break LOCA. On the other hand, the LOCA
might be avoided because with all of the SRVs open, the loss of coolant
through these valves would cause core uncovery and a concomitant reactor
shutdown by loss of moderator before the pressure could reach the level
necessary to cause rupture of the pressure boundary.

The question of the outcome of the extremely unlikely accident se-
quence involving MSIV closure followed by failure of both scram and re-
circulation pump trip is beyond the scope of the work presented in this
report. Nevertheless, this question is being addressed within the over-
all scope of the ongoing NRC-sponsored SASA Program effort to study the

*Plant Technical Specifications require that the MSIV closing time
be not less than 3 nor more than 5 seconds.

tNormal operating pressure is 1020 psia (7,03 MPa). The 13 SRVs
have setpoints between 1120 and 1140 psia (7.72 and 7.86 MPa). Automa-
tic recirculation pump trip occurs when the reactor vessel pressure
reaches 1135 psia (7.83 MPa).

$It should be notei that provision is also made for automatic recir-
cultion pump trip upon low reactor vessel water level at 470" (11.94 m)
above vessel zero.

§It should be recalled that two independent protection system fail-
ures are involved here: failure of scram upon MSIV closure or high re-
actor vessel pressure [retpoint 1070 psia (7.38 MPa)] and failure of re-
circulation pump trip.



BWR ATWS. Specifically, current work at Brookhaven National Laboratory
using the RAMONA code aad at INEL using RELAP5 {s {intended to address
this question.

Assuming that the recirculation pump trip does function as de-
signed, ard this will be the basis for all future discussion in this re-

port, then it can be stated that although all transient-initiated acci-
dent sequences could most easily be brought under control and terminated
by scraam, they can also be brought under control and terminated by ap-
propriate operator action. In other words, given properly trained oper-
ators, and properly functioning equipment, the failure-to-scram can be
considered to be merely a nuisance requiring a more complicated and
time~-consuming method of achieving shutdown.

ATWS, or failure of the automatic scram function, requires that the
operator manually take the actions necessary to introduce enough nega-
tive reactivf?y into the core to produce shutdown. The operator might
do this by manual scram, in case the ATWS were caused by failure of the
protective system logic., Otherwise, the operator could manually drive
in the control blades, one at a time. This procedure, 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 meantime, the operators could 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.

Unfortunately, although unlikely, 1t 1s possible that manual rod
insertion might also fail In the event of an ATWS. Also, the SLCS was
not designed to provide a quick backup for use in an ATWS situation.
The injected scdium pentaborate solution has a specific gravity of about
1.1 and 1is injected at a single point near the reactor vessel wall in
the lower plenum. Therefore, it is expected that this heavy solution
would settle in the reactor vessel lower plenum and that significant
amounts would not enter the core region unless there were a large sweep-
ing flow into the core from the lower plenum. As part of the automatic
ATWS protection logic, the recirculation pumps are tripped at the
inception of the accident, reducing the core inlet flow.

Studies performed in support of this report indicate that with op-
erator action limited to initiation of the SLCS five minutes after the
inception of the accident, the accident could be brought under con-
trol. Operator-provided pressure suppression pool cooling would be es-
sential over the long term.

The recently developed BWR Owners Group Emergency Procedures Guide-
lines (EPGs) provide a strategy for operator actions to deal with the
MSIV-closure initiated ATWS that can be summarized as follows: Attempt
manual scram and, i{f not successful, begin manual insertion of control
rods. Initiate the SLCS and pressure suppression pool cooling. Reduce
core power by taking manual control of the reactor vessel injection sys-
tems and lowering the reactor vessel water level to the top of the core;
this reduces core inlet flow by interrupting the natural circulation
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path from the core through the separators and back through the jet pumps
in the downcomer region. The result is increased veiding {» the core.*

The instructions continue: With the reactor power lowered so that
the rate of pressure suppression pool heatup ie relatively slow, wait
until the pre-determined amount of sodium pentaborate solution necessary
to achieve hot shutdown has been injected. 7Then, increase the rate of
reactor vessel injection so that normal reactor vessel water level 1is
restored; this action is to sweep the sodium pentaborate solution up
into the core and restores natural circulation, which promotes mixing.
Since the SLCS continues to inject, the reactor can subsesuently be
brought to cold shutdown.

The results of this study show that the instructions provided by
the EPGs, 1if properly interpreted and implemented by the operators,
would provide a satisfactory reactor shutdown and accident termination
of the MSIV-closure initiated ATWS event. Nevertheless, there are three
areas that require careful consideration. First, unless everything pro-
ceeds very smoothly, the operator will find that he or she is directed
by the EPGs to take sction to manually depressurize the reactor vessel
during the period in w'.ch the reactor remains at significant power and
as will be explained, this can lead to significant difficulties with
plant control. Second, there might be secondary and independent equip-
ment failures during the accident such as the occurrence of one or two
stuck-open relief valves or failure of manual rod insertion or SLCS in-
Jecticn that would have a significant effect on the sequence of
events. Third, it is difficult to extract the necessary instructions
from the EPGs, even under stress-free and unlimited time situations.
Each of these problem areas will be addressed in turn in the following
paragraphs.

The EPGs are intended to be symptom-oriented instructions to the
control room operator that are comprehensive and cover every eventual-
ity. To maintain assurance that the thermal energy released from the
primary system can be condensed in the pressure suppression pool, there
is a requirement that reactor vessel pressure be reduced as the pressure
suppression pool temperature exceeds 165°F (347 K), This instruction is
in the form of a graph of permissible maximum reactor vessel pressure
ve. pressure suppression pool temperature, However, calculations
performed in support of this study show that once depressurization 1is
begun, it must be continuous because each increment of energy deposited
in the pool during depressurization increases the suppression pool
temperature to the extent that, following the graph, further depressuri-
zation would be required. There 18 no suggestion in the EPGs that the
graphical schedule for reactor vessel depressurization as pressure
suppression pool temperature increases should not be followed in the
event of ATWS.

There can be little question that manual attempts to reduce reactor
vessel pressure under ATWS conditions would be extremely difficult and

*This step also increases the temperature of the core inlet flow by
uncovering the feedwater spargers through which the HPCI and RCIC 8ys-
tems inject, thereby restoring effective feedwater heating.
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could lead to loss of operator control of the situation. Two points
support . ese conclusions: First, an attempt to lower reactor vessel
pressure would be initiated in confusion since the operator would not
know which SRVs were already open when he or she attempted to take
control. If the operator attempted to manually open a valve that was
already open, nothing would happen. But {f the operator opened a previ-
ously closed valve, the reactor vessel pressure would only drop slightly
until one of the previously open valves went shut. Thus there would be
only a negligible effect of operator action until the operator had man-
ually opened as many valves as had previously been automatically open.
Then, as the operator opened the next valve, the pressure would suddenly
and rapidly fall because the initial pressure decrease would 1increase
the voids in the core, reducing reactor power and steam generation .nd
thereby further reducing the pressure. Unless the operator 1is very
quick to shut the SRVs when the sudden pressure reduction begins, the
reactor vessel pressure will drop to levels permitting vessel flooding
by the low-pressure injection systems, thereby initiating very undesir-
able reactor power and vessel pressure fluctuations.

The second point in support of the conclusion that reactor vessel
depressurization under ATWS conditions should be avoided is provided by
the data provided in the steam tables, which show that the change in
steam vapor specific volume for a given change 1in pressure is much
greater at low pressures. Therefore, even if the operators were suc-
cessful in smoothly lowering res tor vessel pressure, when they at-
tempted to control pressure at the lower level, they would find that
such control was impossible because of severe power and pressure oscil-
lations.

For the case in which the operator actions are in accordance with
the EPGs and all equipment operates as designed, calculations indicate
that the difficulties assoclated with attempted manual depressurization
of the reactor vessel would be avoided. This 1s because the power re-
duction obtained by the combined effects of manual rod insertion.
reactor vessel water level reduction, and sodium pentaborate injection,
together with the heat removal afforded by maximum pressure suppression
pool cooling result in a predicted peak suppression pool temperature of
only 157°F (343 K), less than the 165°F (347 K) at which reactor vessel
depressurization is required by the EPGs. However, the second area as-
soclated with the EPGs that requires careful investigation involves the
necessity to consider secondary equipment failures such as the occur-
rence of SORVs. This i{s particularly important for the MSIV-closure in-
itiated ATWS accident sequence because repeated automatic cycling of
SRVs can cause these valves to become stuck-open. It 1is shown in this
study that stuck-open relief valves have little effect until the latter
stages of an ATWS transient.

Consideration of other, independent, failures such as failure of
manual rod insertion, fallure of SLCS, and failure of pressure suppres-
sion pooling cooling is also provided in this study. Calculations indi-
cate that the effect of faillure of manual rod insertion would be to in-
crease the peak pressure suppression pool temperature over that for the
case with manual rod insertion by only 7°F (3.9 K), so the requirement
for manual reactor vessel depressurization could also be avoided in this
eventuality. For the case in which manual rod insertion is performed,
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but the SL” system does not operate, the pressure suppression pool
temperature 1s predicted to reach 165°F (347 K) at 23 min after the
inception of the accident sequence. Since the operator would begin the
required depressurization at this time with the reactor vessel water
level near the top of the core, a large fractfon of the available re-
actor vessel water inventory would be vaporized during the depressuriza-
tion and total core uncovery is predicted. Subsequently, the operator
could restore vessel water level without core power spikes because, by
this time, sufficient negative reactivity to ensure hot shutdown would
have been achieved by manual rod insertion. Peak suppression pool tem-
perature for this case is 180°F (356 K).

For the most severe (but least likely) case in which both SLC in-
Jection and manual rod insertion are failed, the operators cannot insert
poison into the core, but their actions to lower the reactor vessel
water level and maintain pressure suppression pool cooling would delay
the ultimate overpressurization failure of the primary containment. The
pressure suppression pool heat capacity limit would be exceeded in !9
min, and the operators would subsequently depressurize the reactor ves-
sel in accordance with the EPGs, causing total core uncovery and sub-
criticality in the process. When the operator acts to recover the core
using the low-pressure injection systems, power spikes would ensue. The
subsequent accident sequence involves a series of power and pressure cy-
cles, compounded by the fact that the manually open SRVs will close
without recourse whenever the reactor vessel pressure is within 20 psi
(0.138 MPa) of the drywell pressure. In the unlikely event that some
form of poison injection capability 1s not restored in the interim, pri-
mary containment failure by overpressurization is predicted to occur 12
h after accident initiation.

The effect of one or two stuck-open relief valves upon the sequence
of events for the cases previously discussed has been considered in this
study. In general, the effect is small because several SRVs are open
anyway during the early part of the accident sequence so that the occur-
rence of an SORV would not be recognized until the reactor power had
been lowered to within the capacity of the stuck-open valves,

The third area assoclated with the EPGs that requires careful con-
sideration of their efficacy when applied to the ATWS accident sequences
involves their bases. These {instructions are symptom-oriented. In
other words, the operator is not expected to understand the accident se-
quence but 1is expected to respond to symptoms. This approach might be
successful in dealing with a group of accidents that heve similar symp-
toms and require similar corrective actions by the operator. But miti-
gation of the ATWS accident sequence requires the operator to reduce
core inlet flow and to intentionally reduce the reactor vessel water
level to the top of the core. This 18 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.

It 1s the opinion of the authors of this report that the operator
actions required to deal with ATWS do not fit into the envelope of op-
erator actions required to deal with other BWR accident sequences, 1in
which scram is effective. We believe that the symptom-oriented proce-
dures for operator control of BWR accident sequences should be limited
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to situations in which reactor scram is successful. Separate procedures
should be developed for ATWS control.




ATWS AT BROWNS FERRY UNIT ONE -
ACCIDENT SEQUENCE ANALYSIS

R. M., Harrington
S. A. Hodge

ABSTRACT

This study describes the predicted response of Unit One at
the Browns Ferry Nuclear Plant to a postulated complete failure
to scram following a transient occurrence that has caused clo-
sure of all Main Steam Isolation Valves (MSIVs). This hypo-
thetical event constitutes the most severe example of the type
of accident classified as Anticipated Transient Without Scram
(ATWS). Without the automatic control rod insertion provided
by scram, the void coefficient of reactivity and the mechanisms
by which voids are formed in the moderator/coolant play a dom-
inant role in the progression of the accident., Actions taken
by the operator greatly influence the quantity of voids in the
coolant and the effect 1s analyzed in this report. The pro-
gression of the accident sequence under existing and under rec-
ommended procedures 1s discussed. For the extremely unlikely
cases in which equipment fallure and wrongful operator actions
might lead to severe core damage, the sequence of emergency ac-
tion levels and the associated timing of events are preserted.

1. INTRODUCTION

This is the fifth report in a series of accident studies concerning
the BWR 4 - MK I containment plant design.* These studies have been
conducted by the Severe Accident Sequence Analysis (SASA) Program at Oak
Ridge National Laboratory with the full cooperation of the Tennessee
Valley Authority (TVA), using Unit | at the Browns Ferry Nuclear Plant
as the model design. The SASA Program is sponsored by the Containment
Systems Research Branch of the Division of Accident Evaluation within
the Nuclear Regulatory Research arm of the Nuclear Regulatory Commis-
sion. The purpose is to determine the probable course of each of a
series of severe accidents so as to establish the timing and the se-
quence of events; this information would be of use in the unlikely event
that one of these accidents might actually occur., These studies also

*Previous reports concern Station Blackout (NUREG/CR-2181), Seram
Discharge Volume Break (NUREG/CR-2672), Loss of Decay Heat Removal
(NUREG/CR-2973), and Loss of Injection (NUREG/CR-3179) accident se-
quences,



provide recommendations concerning the implementation of better system
design snd better emergency operating instructions and operator training
to further decrease the probability of such an event.

The Browns Ferry Nuclear Plant 1is located on the Tennessee River
between Athens and Decatur, Alabama. Each unit of this three-unit plant
comprises a Boiling Water Reactor (BWR) steam supply system designed by
the General Electric Company with a maximum power authorized by the op-
erating license of 3293 MW(t) or 1067 net MW(e). The General Electric
Company and the TVA performed the construction. Unit | began commercial
operation in August 1974, followed by Unit 2 in March 1975, and Unit 3
in March 1977. The primary containments are of the Mark I pressure sup-
pression pool type and the three units share a secondary containment of
the controlled leakage, elevated release design., Each unit occupies a
separate reactor building located in one structure underneath a common
refueling floor.

This report presents a study of the predicted sequence of events
during a postulated Anticipated Transient Without Scram (ATWS) accident
sequence at Unit | of the Browns Ferry Nuclear Plant. This accident
category was selected for analysis because it has been identified as a
dominant contributor to the overall calculated core melt frequency in
every BWR Probabilistic Risk Assessment (PRA) performed to date.* By
definition, the AIWS accident sequence involves failure-to-scram follow-
ing an anticipated plant transient! that would normally result in a
scram, Since there are a large nwwher of anticipated transients that
might be used as the initiating event for the ATWS accident sequence, it
was important to the efficacy of this s.udy to select the transient
leading to the most severe consequences. The subject of possible initi-
ating events 1is discussed in Chap. 2, where the Main Steam Isolation
Valve (MSIV) closure transient is selected for major emphasis in this
report,

Previous SASA studies have shown that the determination of the ef-
fect of operator actions upon the progression of an accident sequence is
facilitated {f the accident sequence of events is first established for
the case without operator action. This procedure is also followed in
this study and the MSIV-closure initiated ATWS accident sequence without
operator action is the subject of Chapter 3.

The effects of possible operator actions in both mitigation and ex-
acerbation of the MSIV-closure initiated ATWS is discussed in Chap. 4.
The basic principles of reactivity control, reactor vessel level and
pressure control, and pressure suppression pool temperataure control are
explained in Sect. 4.1, together with a description of the assoclated

*See, for example, The Reactor Safety Study (WASH 1400) and the
Interim Reliability Evaluation Program (IREP) analydis for Browns Ferry
Unit 1| (NUREG/CR-2802). AIWS has also been identified as a dominant
contributor in the PRAs that have been conducted for FMWRs of advanced
design.,

tAn anticipated transient is a transient event that i{s expected to
occur at least once during the plant operating lifetime.



plant instrumentation and control equipment and operating procedures.
The progression of the accident sequence in which the plant operators
follow the BWR Owner's Group Emergency Procedure Guidelines exactly is
discussed in Sects. 4.2 and 4.3. Consideration of the effect of equip-
ment fallures including stuck-open relief wvalves and the loss of
pressure suppression pool cooling 18 provided 1in Sect. 4.2 and the
consequences of failure of manual control rod insertion or the sodium
pentaborate injection function of the Standby Liquid Contrcl System
(SLCS) are discussed in Sect. 4.3.

For the extremely unlikely case in which manual rod insertion, so-
dium pentoborate injection, and pressure suppression pool cooling all
fail, the accident progresses to the point of severe core damage. The
emergency action levels and timing for this sequence are discussed in
subsection 4.3.4.

This study has produced some new insights into the important physi-
cal phenomena controlling the plant response to an MSIV-closure initi-
ated ATWS accident sequence. Recommendations concerning mitigating op-
erator actions are provided in Sect. 5.1 of Chap. 5. The sequence of
events for the case with successful SLC system operation but without
other operator actions is presented in Sect. 5.2, The effect of failure
of both manual control rod insertion and the polison injection function
of the SLCS is discussed 1in Sect. 5.3 and the effect of stuck-open
relief valves 1is described in Sect. 5.4.

The uncertainties involved in the calculational model and the un-
certainties assoclated with the assumption of operator actions are dis-
cussed in Chap. 6.

The 1implications of the results of this etudy are described in
Chap. 7. The discussion includee an evaluation of the available instru-
mentation, the level of operator training, the emergency procedures, and
the overall system design from the standpoint of adequacy for use in the
mitigation of this accident.

The computer code BWR-LACP developed by R. M. Harrington at ORNL to
model operator actions and the associated primary system and containment
response during the period before permanent core uncovery in accident
sequences at Browns Ferry has been used in all previous SASA studies and
was also applied to this study. Primary system calculations for the
portion of a severe accident sequence before core uncovery are much
simpler for a BWR than for a PWR., The low reactor vessel water level
that is common to all BWR severe accident sequences would ensure that
the reactor vessel s isolated and that the recircnlation pumps would be
tripped; thus the core inlet flow would be a function only of the amount
of makeup water injection and the effect of natural recirculation
circuits within the reactor vessel, Therefore, sophisticated primary
system analyses codes such as RELAPS, RETRAN, or TRAC are usually not
necessary for BWR severe accident calculations; fundamental modeling of
the processes within the reactor vessel in a properly benchmarked rela-
tively simple code such as BWR-LACP (s sufficlent, Appendix A provides
a description of the additions and improvements made to BWR-LACP to pro
vide the special capabilities needed for ATWS calculations and includes
a discussion of the benchmarking calculations performed to demonstrate
the adequacy of the code.




Depending on the parameter that is known, the calculation of steady
state power under ATWS conditions can be either a very simple or a very
complicated procedure. It is shown in Appendix B that if the injection
rate to the reactor vessel is specified, then the steady state power can
be determined by a simple hand calculation. Conversely, if the reactor
vessel water level is specified, then the power calculation is much more
complicated.

Appendix C was prepared by the Reliability and Human Factors group
at ORNL. Their review provides a preliminary assessment of human fac-
tors problems related to BWR ATWS and includes an analysis of critical
operator actions following the Emergency Procedures Guidelines. The
work reported in Appendix C has several cross-references to discussions
in the main body of this report.

A listing of acronyms and symbols used in the report is provided,
with definitions, in Appendix D.

The primary sources of plant-specific information used in the prep-
aration of this report were the recently issued updated version of the
Browns Ferry Nuclear Plant (BFNP) Final Safety Analysis Report (FSAR),
the USNRC BWR Systems Manual, the BFNP Hot License Training Program Op-
erator Training Manuals, the BFNP Unit | Technical Specifications, the
BFNP Emergency Operating Instructions, and various other specific draw-
ings, documents, and manuals obtained from the Tennessee Valley Author-
ity. The experience gained from two plant visits in connection with
previous studies and from three working visits to the Browns Ferry Con-
trol Room simulator for the modeling of ATWS accident sequences was also
applied in this effort.

The setpoints for automatic equipment response used in this study
are the actual setpoints specified for {instrument adjustment at the
plant. These setpoints are esctablished so as to provide margin for the
known range of instrument error and therefore differ slightly (in the
conservative direction) from the currently established Technical Speci-
fication limits.

This study could not have been conducted on a realistic basis with-
out the current plant status and extensive background i{nformation pro-
vided by the Tennessee Valley Authority, The assistance and cooperation
of TVA personnel at the Browns Ferry Nuclear Plant, at the Power Opera-
tions Training Center, and at the Engineering Support Offices in Chatta~-
nooga and Knoxville are gratefully acknowledged.



2. INITIATING EVENTS

In the United States, nuclear reactor plants are not licensed un-
less their design includes explicit provision for safe recovery to nor-
mal conditions from each of the operatinyg transients that might reason-
ably be expected to occur at least once during the lifetime of the
plant. These expected and designed-for transients are termed "antici-
pated transients.” It is the purpose of this report to examine the ef-
fect of loss of the protective scram function upon the outcome of acci-
dent sequences initiated by anticipated transients. Such complicated
sequences have been considered before and are commonly classified as
"Anticipated Transients Without Scram (ATWS).,"*

Loss of the scram function might be caused by protection system
sensor or other electrical/logic failures, by mechanical failure of the
control rod drive hydraulic system or by disruption of the alignment of
the control rod drive mechanism assemblies. By whatever means, fallure
of the scram function is very unlikely. A recent report“" by staff
members of the Division of Systems Safety, U.S. Nuclear Regulatory Com-
mission (NRC) provides the estimate that "the probability of the rods
failing to insert when called upon is approximately 3 x 10 ° per demand,
« » «» neglecting the difference between PWRs and BWRs.”

Power operation of the Browns Ferry Plant involves control rod pat-
terns that range from a minimum of one~half of the rods withdrawn to, at
the end of core life, all of the rods fully withdrawn. As an example,
Fig. 2.1 {llustrates the middle-of-life control rod pattern used at the
Browns Ferry control room simulator and Table 2.! summarizes its charac-
teristics. The reader should note the symmetry of the pattern.

Given the occurrence of an anticipated transient, the severity of
loss of the scram function might vary from a partial ATWS, in which some
of the withdrawn control rods insert normally in response to the scram
signal but at least one does not,! to a full ATWS in which none of the
withdrawn control rods move at all. All of the ATWS accident sequences
considered in this report assume the most severe case: a full ATWS with
all control rods retained in their normal 100X power operating position
after imposition of the scram signals,

Because there are a large number of anticipated transients, it {is
important to identify those for which a concomitant failure to scram
leads to the most severe consequences, Fortunately, the task of sep~
arating ATWS sequences into categories of severity has been recently

*The low probability of the occurrence of a failure to scram com
bined with the low probability of an unanticipated transient makes the

probability of the combination of these independent events too small to
be considered,.

fActually, failure of | rod to insert does not constitute an ATWS
and 18 not an uncommon event, Conservative GE calculations show that a
fallure of insertion of five closely grouped control rods might cause
local fuel damage.




completed in a separate study?:? conducted by the General Electric Com-
pany (GE). The basis for that study is discussed in Sect. 2.1 and study
results are summarized in Sects. 2.2 through 2.4.

2.1 Systems for Mitigation of ATWS

In February 1979, the NRC staff requested that GE conduct a study
to document the response during an ATWS accident sequence of the exist-
ing BWR plant designs assuming that they were fitted with the proposed
ATWS mitigation systems then :ader consideration. The resulting study
(Ref. 2.2) includes an analysis for a BWR 4 MK I design (representative
of, but smaller than, that of the Browns Ferry plants) for which the
mitigation systems listed in Table 2.2 were assumed installed and opera-
tive. It should be noted that no existing plant has all of these fea-
tures and only the first item, the recirculation pump trip (on high
reactor vessel pressure), is installed at Browns Ferry.

Recirculation pump trip provides an automatic and rapid conversion
of core flow from forced circulation to natural circulation. At Browns
Ferry, protection against reactor vessel overpressurization during a
ATWS accident sequence in which the immediate effect is an increase in
primary system pressure is provided by the tripping of the breakers
feeding the motor ends of both recirculation pump motor-generator sets
on high reactor vessel pressure at 1120 psig (7.82 MPa).* This provides
a rapid reduction in core flow as the motor-generator sets coast down,
increasing core voids and thereby inserting a large amount of negative
reactivity and reducing core power.

Although installed for reasons other than ATWS mitigation, a second
recirculation pump trip system available at Browns Ferry would serve to
reduce the severity of the power excursion following an ATWS initiated
by closure of the main turbine stop valve or by fast closure of the
turbine control valves. Circuit breakers located between the generator
end of each recirculation pump motor-generator set and the associated
recirculation pump motor are automatically opened, provided main turbine
first stage pressure corresponds to 30X rated load or larger, within 175
milliseconds of the beginning of turbine stop valve closure or turbine
control valve fast cloesure., The resulting decrease in core flow and in-
crease in core voiding provides an anticipatory reduction of core power
in the event of main turbine trip or generator load rejection tran-
sients.

The second of the proposed ATWS mitigation systems listed in Table
2.2, alternate rod insertion, will be required for BWRs by forthcoming
amendment to 10 CFR 50 but is not currently installed at Browns Ferry.
This system, whose exact design has not been specified, will provide a
parallel path for actuation of the scram valves and scram discharge vol-
ume vent and drain valves, as necessary for control rod insertion. This

*Reactor vessel overpressurization protection is provided by 4 SRVs
set at 1105 peig, 4 set at 1115 psig, and 5 set at 1125 psig.



will be accomplished by the addition of redundant venting valves on the
scram valve pilot air headers.

The third item listed in Table 2.2 concerns the rate at which the
1iquid neutron poison (sodium pentaborate) can be injected into the re-
actor vessel and whether or not the injection is initiated automati-
cally. At Browns Ferry, the poison solution would be injected at the
rate of 56 gpm (0.0035 m3/s) after manual initiation* of the standby
l1iquid contrcl (SLC) system. It is expected that a future amendment to
10 CFR 50 will require an increased poison injection rate capability for
Browns Ferry, either by an increase of the pump capacity to 86 gpm
(0.0054 m¥/s) or by an increase of the poison concentration in the in-
jected solution. It is not expected that automatic SLC system actuation
will be required for Browns Ferry, although this feature is being pro-
vided for several BWRs currently under construction and will be required
as a condition for the issuance of future BWR construction permits.

The fourth of the proposed ATWS mitigation systems listed in Table
2.2 concerns the adoption of an improved liquid poison injection de-
vice. The need for this can be appreciated by an examination of Fig.
2.2, which shows the existing mechanism, a single injection sparger with
horizontal discharge beneath the core plate. (During normal operation,
the sparger acts as one of the sensing taps in a system designed to mea-
sure the differential pressure across the core plate.) A comparison of
Fig. 2.2 and Fig. 2.3 underscores the remote aud decidedly unsymmetric
location of the injection sparger. This, combined with the high spe-
cific gravity of the injected solution (about 1.1), prevents a uniform
dispersal of the injected poison upward into the core region unless
there is a core inlet flow sufficient to induce turbulent mixing in the
reactor vessel lower plenum. On the other hand, a high inlet flow would
provide forced circulation to the core and might induce prohibitively
high core power during the period before enough poison had been injected
to have significant effect.

Various new means of liquid poison injection have been proposed to
provide symmetry of poison entrance such as injection through the in-
strument sensing lines into the throats of the reactor vessel jet
pumps. One proposal that accomplishes this goal and at the same time
overcomes the disadvantage of the higher specific gravity of the in-
jected solution is to inject through the existing core spray spargers,
which are circular and located in the upper plenum (see Fig. 2.3) above
and around the outer edge of the core. The latter concept is incorpor-
ated in the Limerick and other recent plant designs. No change in the
existing design is contemplated for the Browns Ferry plants.

The fifth and final proposed ATWS mitigation system listed in Table
2.2 is automatic feedwater pump runback. Upon a combination of high re-
actor vessel pressure and sustained high core power, this proposed sys-
tem would automatically reduce feedwater flow and thereby reduce core
power. This system is provided for some late model BWRs, but Is not a
required ATWS mitigation feature. At Browns Ferry, the feedwater pumps
are steam-turbine driven and would therefore be automatically shut down

*There 18 no automatic initiation.



if the initiating event for an ATWS were MSIV closure. For other initi-
ating events such as main turbine trip in which the MSIVs remain open,

this system, 1if installed, might have significant effect on the out-

come. (The EPGs direct the operators to take manual action to terminate
feedwater injection.)

2.2 Sequence Selection

The GE otudy2°2 of ATWS with proposed mitigation features for the
BWR 4 MK I design cannot be considered directly applicable to the Browns
Ferry units because most of the assumed mitigation systems are not in-
stalled, as explained in Sect. 2.1. Nevertheless, the study does estab-
l1ish that the severity of all ATWS transients is bounded by failure-to-
scram accident sequences {initiated by (1) MSIV closure, (2) turbine
trip, or (3) an inadvertently-open relief valve (IORV) during power op-
eration.

The results of the GE study for the case of the IORV-initiated ATWS
are summarized in Table 2.3. By procedure, the operator initiates pres-
sure suppression pool (PSP) cooling when the pool temperature reaches
95°F (308 K) and attempts a manual scram when the pool temperature
reaches 110°F (316 K). The control rods fail to insert; this begins the
ATWS phase of the accident sequence.

The plant status during the IORV-initiated ATWS sequence 1is sche-
matically illustrated in Fig. 2.4, The reactor is at power, steaming
both to the pressure suppression pool through the open SRV and to the
main turbine, which i{s continuing to drive the generator and produce
electricity. The feedwater (PW) pumps continue to supply water to the
reactor vessel, but the water mass lost from the primary system to the
pressure suppression pool must be replaced. The makeup water comes from
the condensate storage tank (CST) both through the control rod drive
(CRD) hydraulic system and via vacuum drag through the standpipe in the
CST to the main condenser hotwell,

Sensing the failure of the manual scram, logic initiates the SLC
system timer and the SLC pumps start automatically 2 min later. The
sodium pentaborate begins to enter the core after 30 s and, as a result,
reactor power begins to slowly decrease. The relief valve capacity is
equivalent to 6.5% of full reactor power; therefore, the power delivered
to the main turbine is the difference between reactor power and 6.5% of
reactor power. As the reactor power decreases, the turbine control
system will automatically reduce the turbine steam demand (and conse-
quently, the amount of generated electricity) as necessary to maintain
reactor pressure in the normal operating range.

When enough sodium pentaborate has been injected to reduce the re-
actor power to below 6.5%, the main turbine is completely unloaded and
all steam flow is to the pressure suppression pool. Since the capacity
of the open relief valve is greater than the steam supply being gener-
ated, reactor vessel pressure decreases. The main steam isolatfon val-
ves automatically shut when the pressure has decreased to 800 psig
(5.62 MPa), causing loss of the W pumps, which are turbine-driven. The
reactor vessel water level decreases, causing trip of the recirculation



pumps at a reactor vessel water level of 470 in. (11.94 m) above vessel
zero. This converts core flow from forced to natural circulation which
has the effect, with the amount of sodium pentaborate that has been
injected up to this time, of reducing the core power to decay heat
levels.

The pressure suppression pool temperature continues to increase
during the final phase of the accident sequence because the decay-heat
generated steam continues to be condensed in the pool. Peak pool tem-
perature [183°F (357 K)] is reached about 1.5 h after the inception of
the accident.

The I0RV-initiated ATWS sequence does not threaten primary contain-
ment integrity because the pressucve suppression pool cooling provided by
the residual heat removal (RHR) and residual heat removal service water
(RHRSW) systems !s nearly equal to the heat load introduced to the pool
through the open SRV.* Should the study of the IORV-initiated AIWS be
repeated specifically for Browns Ferry, there would be differences in
event timing because at Browns Ferry there is no automatic SLC system,
the setpoint for MSIV closure on low primary system pressure is slightly
lower, and there are other differences of plant design that would have a
small effect on the results.! Nevertheless, the operators would, by
procedure, manually initiate the SLC system and the general outcome of
the sequence would be the same (i.e., no threat to containment). There-
fore, the IORV-initiated ATWS sequence will not be further considered in
this report.

The outcomes of the two other bounding ATWS accident sequences
identified by the GE study are expected to be significantly affected by
the equipment differences between Browns Ferry and the model plant as-
sumed in the siudy., The MSIV closure-initiated ATWS sequence is de-
scribed in Sect. 2.3 and the turbine trip-initiated sequence 1is dis-
cussed in Sect. 2.4,

2.3 Main Steam Isolation Valve Closure — ATWS

The results of the GE study for the case of the MSIV-closure initi-
ated ATWS are summarized in Table 2.4. With the MSIVs shut, all steam
generated by the at-power reactor is conveyed into the pressure suppres-
sion pool through as many relief valves as are necessary to pass the
steam. The plant status 1is schematically illustrated in Fig. 2.5. The
fact that this accident sequence involves multiple SRV discharge into
the pressure suppression pool over an extended period of time makes f{t

*This ‘s the equivalent of 6.5 reactor power until time 24 min, as
indicated in Table 2.3,

tThe improved sodium pentaborate injection points assumed Iin the GE
study have little effect in this accident sequence because of the large
core inlet flow provided by the continued operation of the recirculation
pumps.
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the most severe of the three bounding ATWS accident sequences i{dentified
fa the GE study.

As indicated in Table 2.4, the MSIVs require about 4 s to close.
As the valves close, automatic reactor scram fails and reactor vessel
pressure Increases, causing void collapse in the core and thereby
inserting positive reactivity. Core power increases rapidly, causing
more pressure increasre and the opening of all reactor vessel relief
valves. The recirculation pumps trip on high reactor vessel pressure
(1120 psig (7.82 MPa)] about 5 s after the beginning of MSIV closure,
converting core flow from forced to natural circulation. The reduced
core flow immediately causes an increased temperature of the water mod-
erator in the core and consequently, increased voids and the insertion
of negative reactivity. Reactor power decreases and some of the SRVs
close, stabilizing rcactor vessel pressure at the relief valve setpoint
[about 1120 psig (7.82 MPa)]. Peedwater flow reaches zero shortly
thereafter since the steam supply to the feedwater turbines is lost when
the MSIVs are shut.

Without feedwater, the reactor vessel water level decreases until
the HPCI and RCIC pumps are automatically actuated. It {s {mportant to
recognize that from this time on, the HPCI and RCIC pumps act as feed-
water pumps and that their combined rate of injection determines the re-
actor power., That this is so can be shown by the following argument:
If the reactor power expressed as a percentage of full reactor power is
greater than the total {injection flow (HPCI, RCIC, and CRD hydraulic
system) expressed as a percentage of full feedwater flow, then the mass
flow of steam being generated is greater than the mass of water belng
injected, and the reactor vessel water level will decrease. Decreasing
reactor vessel water level causes increased volding in the core, insert-
ing negative reactivity and reducing reactor power. Conversely, if the
mass rate of water injection exceeds the mass rate cf steam generation,
then reactor water level will increase so that there are fewer voids in
the core, inserting positive reactivity and increasing reactor power.
Thus the rate of injection by the HPCI and RCIC systems will determine
the reaccor power in the MSIV-closure initiated ATWS accident sequence.

The term "reactor power” used in the preceding paragraph should be
understood to mean the steaming rate from the reactor vessel expressed
as a percentage of the steaming rate at normal full power operation.
Since the combined injection flow of the HPCI, RCIC, and CRD hydraulic
systems {s 2.846 x 10° 1b/h (358.6 kg/s), then the steaming rate frow
the reactor vessel for stable reactor vessel water level would also be
2.846 = 10° 1b/h (358.6 kg/s) or 21.27% of that at normal fuli power op-
eration. However, the core thermal power would be higher., This {s
because the HPCI and RCIC systems inject relatively cold water from the
condensate storage tank whereas under normal operating conditions, the
feedwater is heated. Thus a significant amount of the total core power
under MSIV-closure {nitiated ATWS conditions would be expressed as
sensible heat, raising the temperature of the injected water and not
directly contributing to steam generation. The core thermal power,
reactor power, and the flows that would produce a stable reactor vessel
level at Browns Ferry are indicated on Fig. 2.5. Note that reactor
power {s 21.27%, while core thermal power {s about 28%. (This discus-
sion is presented in more detail in Appendix B.)
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For the model plant and pertinent equipment assumed for the GE
study, sodium pentaborate solution would begin entering the core 3 min
after the initiating event (Table 2.4) and the reactor would be in hot
shutdown 17 min after the beginning of MSIV closure. These results lean
heavily upon the assumption of {improved sodium pentaborate injectiun
points so that the injected solution is readily introduced into the
core, For the MSIV-closure initiated accident sequences, in which the
recirculation pumps are almost immediately tripped, the core inlet flow
is much reduced and dramatic operator actions to properly manage the ac-
cident must be taken for plants such as Browns Ferry which have the so-
dium pentaborate injection sparger shown in Fig. 2.2. Thus the results
of the GE study beyond the first 3 min of the MSIV closure-ATWS sequence
cannot be considered applicable to Browns Ferry.

The work documented in this report is plant-specific, and concen-
trated upon the MSIV-closure initiated ATWS sequences for Browns Ferry
Unit 1. This is because there is no question that these AIWS sequences,
in which all reactor power is deposited into the pressure suppression
pool, pose the greatest challenges to containment integrity. As {is
shown in the following chapters of this report, the operator must take
action since the case without operator action (Chap. 3) results in early
loss of containment and protable severe core damage. On the other hand,
the potential for harmful operator action is high, as discussed in
Chaps. 4, 5, and 7.

2.4 Turbine Trip — ATWS

The ATWS initiated by main turbine trip is the third of the three
ATWS accident sequences that bound the severity of ATWS accidents as
identified by the GE study., The results of the GE study for the first
45 s of this accident sequence are summarized in Table 2.5. Discuseion
of the GE results is not carried further here because the assumption of
quick feedwater injection runback to zero plays such a large role in the
outcome and Browns Ferry and similar plants do not have fit.

It should be understood that the level of core power in the turbine
trip initiated ATWS 1s established in a totally different way than in
the MSIV-closure initiated ATWS. 1In the turbine trip initiated ATNS,
the feedwater pumps continue to function and are automatically adjusted
80 a8 to maintain reactor vessel water level in {its normal operating
range. Thus reactor vessel water level 1s approximately constant and
does not play a role in causing variation of core power., Recirculation
pump trip occurs early in this accident sequence, reducing core inlet
flow to that induced by natural circulation; this reduces core power to
about 30’0

It 1s interesting to note that although the main turbine stop valve
closes in 0.1 », the GE study results show that the resulting reactor
power excursion® {s much less severe than the excursion that occurs when
the MSIVe are shut with a closing time of 4 s, The reason is that very

*The result of pressure increase and vold collapse in the core,
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significant damping of pressure pulses 1is provided by the long run of
very large piping between the reactor vessel and the main turbines.*

A steady-state balance of flows {s shown for the turbine trip-ATWS
accident sequence in Fig. 2.6, in which the central assumption is that
the core power would be 30X under natural circulation conditions (re-
circulation pumps tripped and normal reactor vessel water level main-
tained by the feedwater control system). Makeup water to the primary
system to replace the mass lost by steam relief into the pressure sup-
pression ool {s provided by a combination of vacuum drag into the main
condenser hotwell and CRD hydraulic system injection.

It should be noted that the initial core thermal power reduction to
30% would not be maintained. The feedwater heaters are fed by steam
extracted downstream of the turbine stop valve and therefore feedwater
heating would be lost after stop valve closure. This would increase the
core thermal power but would not affect the power flow from the reactor
vessel., (See the discussion in Appendix B.)

As in the case of the [ORV-initiated AITWS discussed in Sect. 2.3,
the turbine trip-ATWS {s less severe than the MSIV-closure initiated
ATWS because mnst of the steam generated within the reactor vessel 1{s
passed to the main condensers instead of to the pressure suppression
pool, At Browns Ferry, the turbine bypass valves can pass up to 25% of
rated steam flow and the feedwater turbines take another 0.5%, The mass
flow balance based on these assumptions 1is shown in Pig. 2.6 (1b/h and
percent of full-power flows), There 18, however, a related problem
discussed in the GE study: unstable pressure fluctuations between the
reactor vessel and the main turbine bypass valve control system are
expected to develop; these pressure fluctuations would result {n large
swings of core vold collapse and power increase.

The turbine trip~initiated ATWS accident sequence (s not further
addressed in this report. The reason for this {s that it {s believed to
have less severe consequences than those of the MSIV-closure inftiated
ATWS for plants such as Browns Ferry. It should also be noted that
severe core damage cannot occur unless the core {s uncovered and this
would convert the turbine trip~ATWS {nto an MSIV closure~ATWS because
low reactor vessel water level causes MSIV closure,

“Draft report revie. comment by Lowell Claasen of GE: “Codes that
have been modified to include pressure wave effects tend to give results
with a higher neutron flux peak on turbine trips than for MSIV clo-
sures. Because this power surge 1s of extremely short duration, how-
ever, the heat flux peaks for turbine trips remain lower than for MSIV
closures.”
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Table 2.1. Summary description of middle-of life
control rod pattern illustrated in Fig. 2.1

Number of rods Notch position Inches withdrawn

140 48 144
8 42 126

8 24 12

4 20 60

“ 04 12
21 00 0

Table 2.2. Proposed systems for ATWS mitigation in BWRs

I+ Reclirculation pump trip

2. Alternate rod insertion

3. Automatic two-pump standby liquid control syste .

4. Improved standby liquid control system inject! m points
5. Automatic feedwater pump runback
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Table 2.3. Results of a GE study (Ref. 2.2) of the
progression of an IORV-initiated ATWS
at a BWR 4 MK I containment plant

Time

Event b e e
(s) (Min)

IORV 0

PSP temperature reaches 95°F: Alarm sounds, 120 2
operator icftiates suppression pool
cooling

PSP temperature reaches 110°F: Manual scram 450 75
(fails). Timed SLC logic initiated

. SLC system automatically starts® 570 9.5
Sodium pentaborate reaches core 600 10
Power less than relief valve capacity 24

(6.51); pressure decreases more rapidly
8o turbine control valves completely shut

MSIVs shut when pressure reaches 800 psig.b 28
FW pumps lost
Low water level! trip (470 in.) of recircu- 33

lation pumps; HPCI/RCIC start

Peak containment temperature and pressure 95

Tputomatic © system not available at Browns Ferry.

b825 psig at Browns Ferry.




16

Table 2.4. Results of a GE study (Ref. 2.2) of the
progression of an MSIV-closure initiated ATWS
at a BWR 4 MK I containment planc

Time
Event
(s) (Min)
MSIVs start to close 0
MSIVS fully closed, SRVs 1ift, maximum 4
neutron flux (527%)
RPT, timed SLC logic triggered, maximum 5
heat flux (143%)
RPV pressure (vessel bottom) peaks 9
at 1296 psig
SRVs start to close and pressure stabilizes 20
at relief valve setpoint
Feedwater flow reaches zero (FW runback?) 23
HPCI/RCIC actuated when level reaches level 43
2 (470 in.)
HPCI/RCIC injection starts 63 |
ATWS timer conplete,a SLCS starts 125 2
Sodium pentaborate solution enters reactor 180 3
vessel
Water level reaches minimum (389 in.) and 240 4
begins to rise
PSP cooling begins 11
Hot shutdown achieved 17
Containment temperature and pressure peak 28

2PW runback and automatic SLCS system do not exist at

Browns Ferry.
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Table 2.5. Results of GE study (Ref. 2.2) of the
progression of a turbine trip-initiated ATWS
at a BWR 4 MK I containment plant

Event 'l'(i.n)e
Turbine trips 0
Turbine stop valve shut 0.1
Neutron flux reaches maximum (392%) 0.9
SRVs open 1.5
RPT, timed SLC logic triggered® 2.0
Maximum pressure (1193 psig) at vessel 2.5

bottom

Maximum heat flux (133%) 2.7
SRVs start to close 9.0
Feedwater runback to zero? 45.0

%Browns Ferry does not have automatic SLC
system or feedwater runback.
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X ] X 26 X 0 X 20 X 0 X 24 X 0 X
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X X 0 X 04 X 0 X X
X X X X X X X

Fig. 2.1. Typical middle-of-1ife control rod pattern for Browns
Ferry showing rod notch positions. Each notch position corresponds to 3
inches (0.076 m) of travel. Fully withdrawn rods (notch position 48)
are represented by "x".
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Fig. 2.2. Location of standby liquid control system injection
. sparger within the BWR 4 reactor vessel.
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Fig. 2.3. BWR 4 reactor vessel internals.
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ORNL-DWG 83-13728

2.846 X IO'V J MSIV
(21.27%)

28%

2.790 x 10%
% (20.85%)

AM< — 20

HPC |
RCIC

CRD

Fig. 2.5. Plant operation after failure of scram in the MSIV-
closure initiated ATWS accident sequence.
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3. MSIV-CLOSURE INITIATED ATWS WITHOUT OPERATOR ACTION

3.1 Introduction

This chapter presents the results of BWR-LACP calculations of the
response of primary system and containment following an MSIV-closure
initiated ATWS. After an anticipated transient such as closure of all
MSIVs, the normal action of the protection system would be to cause the
insertion Of all 185 control rods into the reactor core, reducing the
core power to decay heat levels.* For the calculations reported here,
the assumption is made that none of the 185 control rods move into the
core. The calculation period starts 50 s after the MSIVs begin to close
and ends with the overpressure failure of the drywell about 37 min
later.

Initial values (at the 50 s point) for the BWR-LACP calculation
were taken from the BWR Owners Group results’+! discussed in Section 2.3
of this report. The BWR-LACP code is not programmed to simulate all the
phenomena (e.g. vessel hydraulics with the recirculation pumps running)
in etfect before and immediately after the MSIV closure; thus, it is
necessary to begin the BWR-LACP calculation at some time after the MSIV
closure. In order to do this properly, the conditions calculated by
another transient analysis code must be utilized as input to BWR-LACP
for the initial values of plant parameters such as downcomer water
level, reactor vessel pressure, and suppression pool temperature. The
BWR Owners Group results in NEDO-24222 (Ref. 3.1), provide the desired
information, calculated by the General Electric Company using propri-
etary transient analysis methods, for the first 50 s following MSIV
closure from full power without reactor scram.

By the end of the 50 s BWR Owners Group zalculation, the reactor
power has readjusted from the initial 100% power level to 28% of rated
power 1in response to the automatic trip of the reactor coolant
recirculation pumps which occurs five seconds after the MSIVs begin to
close. The reactor vessel is at full pressure [about 1100 psia (7.58
MPa)] and the downcomer water level is at 500 {n.t (12.7 m) and
decreasing.

The results presented in the following three sections are arranged
around important events. The most siguificant of these is the loss of
the HPCI system, which occurs as a result of the automatic shift of the
HPCI pump suction away from the large supply of cool water in the CST
(initially 362,000 gal.) to the heated water of the pressure suppression
pool. The failure of the HPCI system hastens the eventual failure of

*Scram would be demanded by four signals. In the order of receipt
these are MSIV position less than 90% of full open, high neutron flux,
high reactor vessel pressure, and low reactor vessel water level,

tNormal downcomer water level is 5360 in. (14.23 m) above vessel
zero.
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primary containment and leads to severe power spikes that might cause
fuel damage even prior to containment failure. The detrimental effects
of the HPCI pump suction shift on long-term non-LOCA accidents have been
discussed in previous SASA reports.*

Twe variations of the no-operator-action sequence are discussed in
Sect. 3.5: the sequence without the HPCI pump suction shift and the
sequence that would result if the MSIV closure were initiated by a loss
of off-site power.

3.2 Events Before Loss of HPCI (First 14.8 min.)

BWR-LACP results for a variety of important system variables during
the entire accident sequence are shown on Figs. 3.1-3.7. Table 3.1 pro-
vides a timetable of significant events.

At the beginning of the calculation at time 50 s, the thermal power
generation in the reactor core (Fig. 3.1) 1is 28% (i.e. 924 Mwt). Water
level in the reactor vessel downcomer annulus (Fig. 3.2) is at 500 in.t
(12.70 m) above vessel zero and 1is decreasing rapidly. The HPCI and
RCIC systems are not yet actuated (Fig. 3.3) but the CRDHS (which runs
continuously unless tripped by the ope ators) is injecting about 106 gpm
(0.007 m*/s) from the CST into the reactor vessel. The reactor vessel
is fully pressurized, cycling between about 1100 psig and 1000 psig
(7.69 and 7.00 MPa) in response to the automatic opening and closing of
the SRVs (Fig. 3.4).

When the reactor vessel water level reaches 476.5 in. (12.10 m),
the HPCI and RCIC systems actuate automatically and are soon injecting
at full capacity — 600 gpm (0.038 m?/s) for RCIC and 5000 gpm (0.315
m’/8) for HPCI. The water level increases slightly and the core thermal
power changes correspondingly until the total vessel injection (HPCI,
RCIC, and CRDHS) 1is equivalent to the production rate of steam in the
reactor core. After reaching this quasi-equilibrium state, the vessel
water level fluctuates about a mean value of 476 in. (12.09 m) in re-
sponse to the fluctuating vessel pressure.

Since the MSIVs are closed, all of the steam produced in the reac-
tor vessel that 1is not used for HPCI or RCIC turbine operation is dis-
charged through the SRVs to be condensed in the 951,000 gal (3600 m3) of
water held in the pressure suppression pool. Distribution of the steam
into the pool is accomplished by T-quenchers, which are 10-in. (0.25-m)
diameter horizontal perforated pipes located 10 ft (3.05 m) below the
surface of the 16-ft (4.88-m) deep pool, one T-quencher at the outlet of
each SRV. There are over a thousand small steam release holes in the
surface of each T-quencher, sized and arranged to promote stable conden-
gsation of the escaping steam.

*See, for example, Sect. 9.3 of Ref. 3.2.

tAs discussed in 3.1, the BWR-LACP calculation begins 50 s after
the MSIV closure, during which time downcomer water level has decreased
from the normal 560 in. (14.23 m) indication.
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During the first 15 min of the accident sequence, the pressure
suppression pool temperature (Fig. 3.5) is increasing from 90 to 190 F
(305 to 361 K) and the condensation effectiveness is 100X, The water
level of the pool increases by more than 1 ft (0.305 m) during this
period due to the added mass of water from condensed steam and also
because of the slight expansion of the water as it is heated. Drywell
temperature and pressure (Figs. 3.6 and 3.7) do not increase appreciably
during this first part of the accident since 100X of the steam is con-
densed in the suppression pool and because the drywell coolers continue
to run throughout the period. Drywell temperature actually decreases
during the first 20 min because the trip of the recirculation pumps
removes part of the heat load on the drywell coolers.

When the indicated pressure suppression pool water level reaches +7
in. (an increase of 11 inches over the initial -4 in. indication*), the
HPCI system pump suction is automatically shifted away from the CST and
to the suppression pool. The pool temperature at the time of the suc-
tion shift is 152°F (340 K). The HPCI system can, at least temporarily,
accommodate the pumping of water at this temperature, so initially, the
HPCI system would keep running and pump the heated suppression pool
water at a rate of 5000 gpm (0.315 m3/s).

As time passes, the increasing suppression pool temperature chal-
lenges the ability of the HPCI system to keep pumping. The HFCI turbine
lube oil 1s cooled by the water being pumped. Hotter, less viscous oil
can impair the bearings, the turbine governors, and the gear reducer.
Detailed discussion of HPCI capability was submitted by the TVA in
Amendment 67 to the Browns Ferry FSAR (pages 14.1-14.5). This discus-
sion concludes that the HPCI can, for limited periods, pump water at
162°F (345 K) without failing, but that oil temperatures in excess of
200°F (366 K) are to be avoided. Allowing for a heat exchanger AT of
10°F (6 K), this upper limit translates to a maximum pumped water tem-
perature of 190°F (361 K). Therefore, the calculations discussed in
this section are done under the assumption that the HPCI fails when the
pumped water (i.e., the suppression pool after the suction shift) tem-
perature exceeds 190°F (361 K).

As shown on Fig. 3.5, the HPCI pump suction shifts at time 8.3 min
and the suppression pool temperature reaches 190 F (361 K) at 14.8 min;
these events cause failure of the HPCI system and end the initial phase
of the accident by reducing the total vessel water injection flow from
5700 gpm (0.36 m3/s8) to only 700 gpm (0.044 m3/s).

*Instrument zero is 4 in. (0.1 m) below the midplane of the 31 ft.
(9.45 m) diameter torus; thus, an indication of 4 in. would mean that
the torus is half full of water.
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3.3 Events from Loss of HPCI to ADS Actuation
(14.8 min. to 18 min.)

After HPCI system failure, the total vessel injection (from RCIC
and CRDHS) 1s about 700 gpm (0.044 m’/s) — insufficient to replace the
water inventory loss with the core critical and generating 28% thermal
pewer. (The condensate booster pumps have been running since before the
accident and are not automatically tripped as a result of the accident;
however, they cannot inject water into the reactor vessel because it is
still fully pressurized.) The downcomer water level decreases rapidly,
and 1is below 413.5 in. (10.50 m) within 1.3 min. As water level
decreases, the natural circulation of water within the reactor vessel
decreases, reducing flow into the core and introducing additional nega-
tive void reactivity sufficient to reduce the core power to about 10%.
Even at this lower power level, the vessel water inventory cannot be
maintained by the RCIC and CRDHS alone, so water level continues to de-
crease,

Upon receipt of the low water level signal at 413.5 in. (10.5 m)
indicated downcomer water level, the LPCI and Core Spray pumps start but
do not immediately inject, since the vessel is still pressurized. The
ADS timer also begins with the low water level signal, since the other
requirements for ADS are met at this time: drywell pressure 22.45 psig
(0.118 MPa), confirmatory vessel low level £546 1in. (13.87 m), and
sensed pressure at the LPCI or Core Spray pump discharge. The vessel
water level continues to decrease, reaching the top of active fuel be-
fore ADS actuation. After the timer completes its 120 s cycle, the ADS
actuates, opening six SRVs.

3.4 Events After ADS Actuation
(18 min. to 37 min.)

The ADS actuation immediately opens six SRVs* and initiates a rapid
depressurization of the reactor vessel (Fig. 3.4). Much of the inven-
tory of hot water in the reactor vessel flashes and passes through the
six open SRVs to be discharged in the suppression pool. The rapid loss
of vessel water inventory completely uncovers the core within one minute
(FPig. 3.2).

With the core uncovered, criticality cannot be sustained and the
core thermal power subsides to the decay heat level. Heat-up of the
fuel is relatively slow at decay heat levels, so there is no immediate
fuel damage.

When vessel pressure decreases to below 418 psia (2.882 MPa) at
19.6 min, the condensate booster pumps (CBPs), 1in series with the

*Immediately prior to ADS actuation there is one open SRV. If this
open SRV were a member of the group of six SRVs assigned to the ADS, the
ADS actuation would immediately open only five SRVs, but this would
bring the total number of open SRVs to six.



28

condensate pumps, besin pumping water from the main condenser hotwell to
the reactor vessel. Figure 3.5 shows the flow path from hotwell through
the inactive feedwater heaters and turbine-driven main feedwater pumps
(tripped by lack of steam since the MSIV closure) and into the reactor
vessel. [For the first 19.6 min of the accident sequence, the vessel
pressure is above the combined shut-off head of the condensate and con-
densate booster pumps; the pumps are protected from overheating by auto-
matic flow control valve 2-29 which maintains a minimum recirculation
flow (about 25% of full flow) from the booster pump discharge back to
the condenser hotwell.]

The LPCI and Core Spray pumps begin injection (Fig. 3.3) within
10 s of the initiation of CBP flow, as reactor vessel pressure decreases
to below their shut-off heads. The combined flow from the CBPs and the
two low pressure ECCS systems peaks at about 67000 gpm (4.23 m3/s).*
This great flow recovers the core in about 20 s.

The recovery of reactor vessel water level provides enough modera-
tor for the core to again sustain criticality. As the initial point of
re-criticality is exceeded, the neutron power level in the core is sev-
eral orders of magnitude below the power range, but increasing ra-
pidly. Continued increase in water level sets the stage for a power ex-
cursion by building excess positive reactivity. The excursion is trig-
gered when the core thermal power increases to about 5%, producing more
steam than the six open SRVs can pass at the low vessel pressure of 133
psia (0.92 MPa) in effect at this instant. The resulting pressure in-
crease collapses steam voids in the core, creating additional positive
reactivity. Pressure and core power spiral upward together, the in-
crease in one stimulating the increase of the other. The cycle of in-
creasing power and pressure is broken when pressure reaches the relief
valve setpoints and all 13 SRVs open, limiting vessel pressure to the
neighborhood of 1100 psia (7.584 MPa). Core thermal power increases to
178% of the rated 3300 Mwt before the increasing modarator temperature
generates sufficient voids to reverse the power increase.

Whenever the reactor vessel pressure is above 418 psia (2.88 MPa),
there is no injection by the low-pressure systems. Without the massive
injection that caused the power/pressure excursion, the reactor attempts
to approach a stable equilibrium. The vessel for a time remains pres-
surized, discharging steam produced by the high but decaying reactor
power. The combined RCIC and CRDHS injection of about 700 gpm (0.044
m’/s) 1s insufficient to prevent a steady decrease in vessel water
level. As water level decreases, the core power decreases; when the
steaming rate 1is less than 36X (about 2 min after the beginning of the
excursion) the six open SRVs are discharging more steam than is being
produced, so vessel pressure begins to decrease.

When the reactor vessel pressure has decreased to below about 418
psia (2.88 MPa) the still-running CBPs and LPECCS pumps are again able
to inject. This is the beginning of a nearly identical cycle consisting

*The reactor vessel pressure does not drop low enough to permit de-
sign capacity injection by the low-pressure systems which would be about
82,500 GPM (5.20 m’/s) as indicated in Table 3.2.
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of vessel depressurization followed by a deluge of water injectad by the
low-pressure systems, and the resultant power excursion and repressuri-
zation of the reactor vessel. As shown on Figs. 3.1 through 3.4, this
basic cycle is repeated four times before the overpressure failure of
the drywell at 37 min. The first cycle is most severe, with a peak core
thermal power of 178%. These BWR-LACP calculations make the assumption
that these thermal power peaks do not cause any significant disruption
of the core geometry.

With all MSIVs shut during the entire accident, all of the energy
of the steam discharged by the SRVs must be absorbed in the primary con-
tainment. As discussed in Appendix A, the BWR-LACP calculations dis-
cussed in this report assume that 100X of the SRV discharge will be con-
densed if the temperature of the suppression pool water in the vicinity
of the T-quencher devices 1is at least 10°F (5.6 K) below saturation
(1.e., at least 10 F of subcooling), that none of the discharge is con-
densed if there is no subcooling, and that the percent condensed varies
linearly between 100% and 0% as the subcooling decreases from 10°F to
0°F.

As shown on Fig. 3.5, the bulk pressure suppression pool tempera-
ture increases monotonically throughout the accident sequence. Without
operator action, the RHR system pool coolers are not operating; however,
their cooling would be insufficient to prevent the rapid heatup of the
suppression pool even if they were operated.

During the first 21 min of the accident sequence, the bulk pressure
suppression pool temperature [initially 90 F (305 K)] increases from
122°F (68 K) of subcooling to 10°F (6 K) of subcooling. During this
period, 100% of the SRV discharge is condensed. As shown on Fig. 3.6,
drywell pressure increases by about three psi (0.007 MPa) during this
period because there is some steaming by evaporation from the surface of
the suppression pool. The drywell atmosphere temperature is maintained
at or below its initial temperature of 145 F (336 K) throughout most of
the 21 min by operation of the drywell coolers.

After 21 min, the suppression pool does not have the 10°F (6 K) of
subcooling required for 100% condensation of the SRV discharge. A frac-
tion (between 10 and 20%Z) of the SRV discharge is able to bubble up
through the >10 ft (3.05 m) of slightly subcooled water zbove the
T-quencher, and break through the surface into the wetwell atuosphere.
This steam easily and quickly reaches the drywell atmosphere via the 12
two-ft (0.61-m) diameter vacuum breakers, which open a direct flow path
from the wetwell atmosphere to the drywell atmosphere whenever the
wetwell pressure exceeds the drywell pressure by more than 0.5 psi
(0.003 MPa). The direct bubble-through of steam causes a sharp increase
in drywell pressure and temperature (Figs. 3.6 and 3.7) beginning at 21
min. By 37 min, the drywell pressure reaches the assumed 132 psia
(0,910 MPa) failure pressure* of the drywell.

About 1.5 min before the drywell failure, the drywell pressure ex-
ceeds 110 psia (0.76 MPa) and the six ADS valves go shut. (The drywell

*The assumed static overpressurization failure poin. for the dry-
well is taken from the information provided in Ref. 3.3.
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control air pressure, normally at 115 psia (0.79 MPa) must be at least
5 psi above the drywell pressure in order to continue to hold the SRVs
open). After the ADS valves close, the reactur vessel pressure immedi-
ately increases until automatic SRV actuations limit vessel pressure to
the 1100 psia (7.59 MPa) range. This failure of the ADS has little ef-
fect on the overall accident sequence because it occurs after the dry-
well overpressure failure has been made inevitable by the cessation of
steam condensation in the pressure suppression pool during the fourth
vessel flooding cycle. This conclusion would be true even if the ADS
valves were assumed to be closed when Lhe drywell pressure reached 100
psia (0.69 MPa), some 10 psi (0.069 MPa) lower than the base case. As
the drywell pressure was reduced after drywell failure, the ADS valves
would reopen (Drywell control air pressure must be at least 25 psid
(0.17 MPa) above drywell pressure in order to be able to open closed
SRVs).

The calculation ends with drywell failure. BWR-LACP is not pro-
grammed to calculate events after the drywell failure, which include the
possibility of loss of reactor vessel injection and severe fuel damage.

3.5 Variations of the No-Operator-Action Accident Sequence

If the MSIV-closure initiated ATWS accident sequence were com-
pounded by a loss of off-site power (LOSP), the resulting sequence of
events would be very similar to that discussed in Sections 3.2-3.4, but
somewhat less severe, The reason for the difference in severity is that
the condensate and condensate booster pumps are tripped upon LOSP, and
therefore would not be available to contribute to the excessive reactor
vessel flooding that causes the power peaks shown on Fig. 3.1.

Since the large capacity RHR and Core Spray pumps are powered by
the diesel generators after LOSP, reactor vessel flooding would occur
after ADS actuation, but at a slower rate. Instead of thermal power
peaks attaining levels between 1502 and 1802 of the rated 3300 Mwt, the
power peaks would be between 90% and 1302, With generally lower reactor
power, the pressure suppression pool temperature would not increase as
rapidly and the drywell would not pressurize as rapidly. Calculations
show that the overpressure failure of the drywell would occur after 41
min instead of after 37 min.

A second variation of the MSIV-closure initiated ATWS accident
sequence would occur {f there were a failure of the HPCI system logic
that governs the HPCI pump suction shift from the condensate storage
tank to the pressure suppression pool. The resulting sequence of events
differs greatly from the sequence discussed in Gections 3.2-3.4.

Without the automatic shift of the HPCI pump suction to the heated
pressure suppression pool, the HPCI system would rot fail but would
continue to pump at full flow throughout the calculational period.
Therefore, the reactor vessel water level would remain above 413.5 {in.
(10.50 m), and there would be no initiation of the ADS timer and no
injection by the CBP, LPCI, or Core Spray systems. The reactor vessel
would remain at pressure, with reactor power in the neighborhood of
28%. Without depressurization and the subsequent deluge of injection
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from the low-pressure high-capacity pumping systems, there would be no
power spikes. Since the rate of steam release to the pressure
suppression pool would on the average be lower, so also would the over-
pressure failure of the drywell be delayed from 37 min (or 41 min for
the LOSP initiated sequence) to 51 min after the inception of the acci-
dent sequence.

It should be noted that the no-operator-action sequence without
HPCI suction shift could only occur as a result of a failure of the HPCI
system logic or the suction valve motor-operators.

3.6 Summary and Conclusions for Chapter 3

The sequence of events leading to overpressurization failure of the
primary containment in an MSIV-closure initiated ATWS accident sequence
in which no action is taken by the operators has been developed and dis-
cussed in this chapter. Containment failure has been shown to occur
about 37 min. after the inception of the sequence. Actions of the in-
stalled systems provided for automatic LOCA protection cause repeated
cycles of reactor vessel depressurization, injection of large amounts of
relatively cold water, core power excursion, and reactor vessel repres-
surization during the period before containment failure.

Since it is inconceivable that the plant operators would take no
action of any kind (appropriate or inappropriate) when confronted with
an MSIV-closure initiated ATWS, it is obvious that the purpose of this
chapter is not to provide indication of the timing and sequence of
events for an actual case. Rather, the purpose of this study of the no-
operator-action sequence of events is to provide information concerning
what the specific goals of operator actions should be; in other words,
what undesirable features of the no-operator-action sequence of events
should the operators strive to prevent and what desirable event sequence
features should be substituted by operator action? This information is
invaluable to the analysis of the corresponding event sequences with
operator action that are presented in Chapters 4 and 5.

The progression of the no-operator-action accident sequence is de-
termined by automatic responses of the HPCI, feedwater, RHR, Core Spray,
and ADS systems. Perhaps the most important of these responses is the
early failure of the HPCI system, caused by high lube oil temperature.
As a part of the overall plan for protection of the plant from a large~-
break LOCA, the suction of the HPCI pump is automatically shifted from
the CST to the pressure suppression pool upon increased pool level.
Since the HPCI system lube oil is cooled by the water being pumped and
the pressure suppressior pool is rapidly heated during the AIWS se-
quence, the HPCI system would be lost early in the sequence. Without
the injection provided by the HPCI system, reactor vessel water level
decreases rapidly and this leads to actuation of the ADS.

The Automatic Depressurization System (ADS) is provided for protec-
tion of the plant from a small-break LOCA in which insufficient makeup
is provided by the high-pressure injection systems while the reactor
vessel pressure remains above the shutoff head of the large-capacity
low-pressure injection systems. In the no-operator-action ATWS accident



32

sequence, these conditions are duplicated after failure of the HPCI sys-
tem; the RCIC and CRD hydraulic systems continue to inject*, but their
combined flow 1is insufficient to maintain reactor vessel water level.t
When the water level has decreased to near the top of the core, the ADS
system automatically opens six SRVs, depressurizing the reactor vessel
and permitting vessel flooding by the large-capacity, low-pressure in-
jection systems.

The low-pressure ECCS systems (Core Spray and LPCI mode of RHR) are
designed to provide large quantities of water as necessary to ensure
that the reactor core would remain cooled in the event of a large-break
LOCA., Since the water released from the reactor vessel in a large-break
LOCA accident sequence would fall onto the drywell floor and then drain
into the pressure suppression pool, the low-pressure ECCS system pumps
take suction on the pressure suppression pool. With the containment
back-pressure provided by evaporation and subsequent steaming from the
surface of the pool under ATWS conditions, sufficient net positive suc-
tion head (NPSH) would be maintained to permit ECCS pump operation as
the pressure suppression pool temperature increases.

In addition to the low-pressure ECCS systems, injection into the
depressurized reactor vessel would a’so involve the feedwater system.
The condensate pumps and condensate booster pumpe are driven by electric
motors and therefore would remain running after the feedwater pumps,
driven by steam turbines, become inoperative by means of the MSIV clo-
sure at the inception of the accident sequence. With the reactor vessel
pressurized, the condensate and condensate booster pumps are protected
from overheating Ly minimum flow lines that lead back to their suction
source (Fig. 3.8); when the reactor vessel is depressurized, these pumps
can deliver flow through the idle feedpumps into the reactor vessel.

Table 3.2 indicates the large potential for reactor vessel flooding
when the vessel 1is rapidly depressurized. The table indicates the de-
sign capacity and corresponding design differential pressure across the
pumps for each system. Since these systems incorporate electric motor-
driven constant speed pumps, the actual rate of injection during reactor
vessel depressurization would vary as a function of vessel pressure.
The reactor vessel pressure at which injection would begin for each of
the low-pressure system is also shown in Table 3.2. It can be seen that
the condensate booster pumps would begin injection first as the reactor
vessel pressure decreases, followed in order by the Core Spray system
and the LPCI mode of the RHR system. It should be appreciated that, at
design capacities, these systems have the ability to completely fill the
reactor vessel in less than 2 min of operation.

*The RCIC system subsequently fails by automatic trip on high con-
tainment pressure at 40 psia (0.27 Pa) &t 26 min.

ti1t should be noted that high drywell pressure, as a confirmation
that a LOCA has occurred, is required by ADS logic as a prerequisite for
system operation, In an ATWS accident sequence, the necessary high dry-
well pressure signal would be provided by evaporative steaming from the
pressure suppression pool (see Fig. 3.6).
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In the no-operator-action ATWS accident sequence, the rapid reactor
vessel depressurization occasioned by operation of the ADS permits the
injection of enormous quantities of relatively cold water, sufficient to
recover the core with relatively voidless moderator within seconds.
Even though the ADS valves remain open, the resulting power splke causes
an increase in reactor vessel pressure that temporarily prevents further
injection by the low-pressure injection systems. The reactor vessel
pressure quickly reaches the relief valve setpoint, and additional SRVs
open as necessary to maintain the pressure in this vicinity. This
restores the situation to that at the beginning of the cycle with
reactor vessel pressure at the relief valve setpoint and, because the
HPCI system is not operating, a decreasing reactor vessel water level.
Thus the cycle repeats.

The steam leaving the reactor vessel during the accident sequence
is discharged into the pressure suppression pool via the T-quencher de-
vices attached to the terminus of each relief valve tailpipe. At first,
all discharged steam is condensed in the relatively cool pressure sup-
pression pool but as the pool temperature increases, the local tempera-
tures around the discharging T-quenchers no longer permit complete steam
cendensation; after this, primary containment pressurization is rapid
and the failure pressure is reached at 37 min after inception of the ac-
cident.

What actions might the operators take to fourestall the primary con-
tainment failure that would otherwise occur at time 37 min. or, indeed,
to prevent it entirely? To accomplish this, it is clearly necessary to
reduce the rate of steam discharge into the pressure suppression pool
and to provide pool cooling. This indicates the desirability of reduc-
ing reactor power and preventing the pressure spikes and low-pressure
injection cycles so characteristic of the no-operator-action case.
These considerations provide the bases for the material presented in the
two follow on-chapters, in which the accident sequence with operator ac-
tion is discussed.
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ATWS with no operator action
[No LOSP, {.e., with condensate booster pumps (CBPs)]

Event Tise Comment
(min)

MSIV closure initiated 0 No scram

RPT 0.1 At reactor vessel pressure 1135

psia (7.83 MPa)

HPCI and RCIC start 1 At reactor vessel level 476.5

in. (lzol -)

HPCI suction shift 8.3 At +7 in. indicated PSP level

HPCI fails 14.8 At 190°F (361 K) PSP temperature

Start LPECCS pumps and ADS 16.0 At reactor vessel level 413.5
timer in. (10.5 m)

First core uncovery 16.7 At 360 in. (9.14 m) [totally un-

covered at 216 in. (5.44 m)]

ADS actuation 18.0 Two minutes after timer actua-

tion

LPECCS and CBP injectiun 19.6 CBP at 418 psia (2.88 MPa); Core
begins spray at 357 psia (2.46 MPa);

LPCI at 346 psia (2.39 MPa)

First core recovery 19.9 At 360 in. (9.14 m)

LPECCS and CBP injection 20,4 LPCI 346 psia (2.39 MPa); Core
stops as reactor vessel spray 357 psia (2.46 MPa); CBP
pressure increases 418 psia (2.88 MPa)

Vessel pressure at relief 20.7 At 1120 psia (7.72 MPa)
valve setpoint

First core power peak 20.7 Thermal power = 178X

Drywell coolers fail on 22.4 At 200°F (367 K) drywell
over-temperature atmosphere

Second core uncovery 23.1

LPECCS and CBP injection 24,4
begins

Second core recovery 24.7

LPECCS and CBP injection 25.2
stops

Vessel pressure at relief 25.4
valve setpoint

RCIC turbine trip on high 26.0
turbine exhaust pressure

Second core power peak 27.7 Thermal power = 140%

Third core uncovery 7.6
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Table 3.1 (continued)

Event

Time
(min)

Comment

LPECCS and CBP injection
begins

Third core recovery

LPECCS and CBP injection
stops

Third core power peak

Vessel pressure at relief
valve setpoint

Fourth core uncovery

LPECCS and CBP injection
begins

Fourth core recovery
Fourth core power peak

Vessel pressure at relief
valve setpoint

Drywell fails

29.0

29.4
29.8

30.0
30.1

32.1
33.6

34.0
34.7
34.7

36.8

Thermal power 1562

Thermal power = 147%

Overpressure at 132 psia (.91

MPa)

Table 3.2.

Injection characteristics of the
low-pressure, high-capacity injection uyutenca

—

System

Design capacity
[gpm (m3/8))

Design
differential
pressure

[psi (MPa)]

Reactor vessel
pressure
at which
injection
begins
[psia (MPa)]

Condensate booster pumps
(3 pumps)

Core spray system
(4 pumps)

LPCI mode of RHR system
(4 pumps)

30,000 (1.893)
12,500 (0.789)

40,000 (2.524)

364P (2.510)P
267 (1.841)

250 {1.724)

418 (2.882)

357 (2.461)

346 (2.386)

Agystems described are those actually installed at Browns Ferry Unit 1.

brhls is the differential pressure across both the condensale pumps and
the condensate booster pumps.
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4, MSIV-CLOSURE INITIATED ATWS WITH OPERATOR ACTION

The progression oi MSIV-closure initiated ATWS accident sequences
in which operator actions play a dominant role in dJetermining the se-
quence of pvents is the subject of this chapter and of the following
Chap. 5. 1In this chapter, the event sequences are wstablisbed for sev-
eral cases in which the plant operators carry out their provided written
emergency instructions exactly. Some of the cases analyzed involve con-
sideration of equipment malfunction such as stuck-open relief valves,
inoperahility of pressure suppression pool couling, and failure of sodi-
um pentaborate injection or manual rod insertion. Im Chap. 5, recommen-
dations are made councerning special procedures ror mitigation of the
ATWS accident sequonce and for avoidance of the difficulties that are
demonstrated in the sequences presented in Chap. 4.

The emergoncy procedures considered in this study are taken from
the BWR Owners Group Emergency Procedures Guidelines. Although cChese
procedures have not yet been implemented at Browns Ferry, the TVA has
indicated that {t intends to do so in the near future. The procedures
are, of course, being modified as necesssrr to fit the specific Browns
Ferry design and setpolnts. Svery effort has been made, after consulta-
tion with TVA engineering personnel, to incorporate the Browns Ferry-
specific modifications iuto the calculations used in this study.

4.1 Basic Considerations for (perator Action

The control room operators would recognize the in‘tiation of an
ATWS by the existance of a1 combination of scram signals, continued in-
dication of reactor power on the average power range monitors, and con-
*inued 1indication that multiple control rods remained in their fully
withdrawn positions. (Control rod positions are prominently displayed
upon a ‘-~ e core wmockup on the front panel of the control room.) Be-
fore be. naing the actual analyses of sequences with operator action, it
!5 well to review the basic phenomenology and the plant equipment con-
trol logic that would determine the efficacy of the operator actions.
This important information can be divided into four areas based upon the
four goals of operator action. These are: reactivity control, reactor
vessel water level control, reactor vessel pressure control, and pres-
sure suppression pool temperature control. Each of these is discussed
in turn in the following subsections.

4.1.1 Reactivity control

Given & case in which the reactor does not scraam automatically fol-
lowing an MSIV closure event, operator action to assert reactivity con-
trcl by mechanically inseriing neutron absorbing poison into the core
can be attempted 1in three ways. These are: (1) to provide a manual
scram, (2) to mawally insert (drive in) the withdrawn rods, or (3) to
inject a 1liquid noutron—-absorbing solution into the reactor vessel by
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manual initiation of the standby liquid control system (SLCS). Success-
ful outcome of the first method would be most desirable because a manual

scram would immediately terminate the ATWS accident sequence and return
the reactor to a normal shutdown configuration.

Manual scram and manual insertion of control rods both involve op-
eration of the control rod drive hydraulic system (CRDHS). This system
and its modes of operation have been described in detail in a previous
report.**! The Srief discussion provided here is focused on the consid-
erations involved in attempted manual recovery from an ATWS.

The CRDHS is shown schematically in Fig. 4.1. A scram is accom~
plished by opeaing the scram inlet and outlet valves for each of the 185
CRD mechanism assemblies. Each open scram inlet valve permits discharge
of the associated scram accumulator into the below-piston volume of the
associated CRD mechanism assembly. Each open scram discharge valve pro-
vides a pathway for flow from the above-piston volume into the scram
discharge volume, which is common to all of the 185 mechanism assem-
blies.* Thus, with pressurized water below the piston and a vented vol-
ume above the piston, each control rod is driven upward into the core
when the scram inlet and outlet valves are opened.

The scram inlet and outlet valves are air-operated globe valves,
held closed by control air pressure during normal operation and snapped
open by internal springs when the air pressure is removed. A schematic
of the control air supply to the air-operators of these valves is pro-
vided in Fig. 4.2. As shown, the control air pressure is transmitted
through the solenoid-operated backup scram valves and scram pilot
valves.

There are two solenoid-operated scram pilot valves assoclated with
each scram inlet and scram outlet valve pair, each energized from a sep-
arate reactor protection system (RPS) bus (A or B) to remain in the
position shown in Fig. 4.2 during normal operation. When a scram signal
is received, both scram pilot valve solenoids are deenergized by the RPS
and both scram pilot valves reposition so that the air operators of the
scram inlet and the scram outlet valves are vented to atmosphere, per-
mitting these valves to be opened by their internal springs.

The backup scram valves are not intended to function as an alter-
nate means of providing rapid scram of all control rods but do provide
assurance that air pressure would eventually be removed from the air op-
erators of the scram inlet and outlet valves as protection from a common
cause failure of the scram pilot valves. During normal reactor opera-
tion, the backup scram valve solenoids are deenergized and the valves
are aligned as shown in Fig. 4.2. Both RPS channels A and B must trip
to energize any or all of the backup scram valve solenoids but when this
occurs, the backup scram valves realign so as to vent the control air
lines leading to the scram pilot valves. Although all of the backup
scram valves actuate whenever both RPS channels trip, the operation of
any one of these valves would be sufficient to vent the air from the

*The scram discharge volume is comprised of an east bank and a west
bank of interconnected six inch headers that drain into a common scram
discharge instrument volume. See Figs. E.6 and E.7 of Ref. 4.1.
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supply line and accomplish a scram. However, any scram accomplished
solely through action of the backup scram valves would require from 15
to 20 s because of the large volume of air that would have to be vented
through the small valve ports.

It is clear that the first goal of the operator, when attempting to
manually force a scram under ATWS conditions, must be to vent the air
from above the air operators of the scram inlet and scram outlet valves.
To this end, the plant emergency operating instructions direct the oper-
ator to press the manual scram buttons on the control room panels (one
for each RPS channel) since perhaps the ATWS is due to the failure of
the automatic scram signal to trip both RPS channels. If the manual
scram buttons also do not produce a successful scram, then procedures
call for an auxiliary operator to be dispatched to the auxiliary instru-
ment room where a mockup panel of the reactor core provides individual
toggle switches for each control rod to permit testing of the scram
function. Thus the reactor might be scrammed from the auxiliary instru-
ment room, one rod at a time.

Conversations with Browns Ferry control room operators reveal that
they are well aquainted with the need to vent the air from the scram
pilot valve operators under ATWS conditions. The operators indicate
that if all of the previously mentioned steps failed, they would con-
gsider using the control room switch that shuts off the control air sup-
ply to the reactor building and venting the downs:tream piping of the
scram protection system with a hacksaw.

It is of course possible that the failure-to-scram would occur even
though the air had been vented from the scram pilot valve air-operators.
A "water-lock"” on the CRD mechanism assembly drive pistons would occur
if the scram discharge volume were full at the inception of the scram so
that the water volumes above the CRD mechanism assembly drive pistons
could not be vented. That this 1is possible is proven because this was
the cause of the June, 1980 partial failure-to-scram at Browns Ferry
Unit 3.%4+2

The scram discharge volume (SDV) is vented and drained during nor-
mal reactor operation. When a scram occurs, the SDV vent and drain
valves are automatically shut by action of the scram dump valves shown
in Fig. 4.2 (see the discussion in Ref. 4.1). The purpose of this is to
contain the onrush of water from above the CRD mechanism assembly drive
pistons within the scram discharge volume and ther=sby build up a back-
pressure equal to reactor vessel pressure. Otherwise, leakage past the
CRD mechanism assembly seals would provide a continual source of water
int» the SDV drains after the reactor has scrammed. When the scram con-
dition has cleared and the scram logic is reset by the operator, the
scram outlet (and inlet) valves are automatically closed and the SDV is
again isolated from the reactor vessel, vented, and drained.

*It should be nnted that extensive piping modifications have been
implemented at Browns Ferry to ensure that the particular cause of this
incident, the "water-lock” in the scram discharge volume, will not hap-
pen again.
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Existing emergency op¢ ating instructions direct the control room
cperator to attempt scram :-set when confronted by an ATWS situation.
The purpose of the scram reset is to open the SDV vent and drain valves
in an attempt to drain the SDV so that the above-piston volumes of the
CRD mechanism assemblies can indeed be vented on the next attempt at
manual scram. The difficulty with this is that scram reset will not
function unless the condition calling for the scram has cleared. For
example, if the original scram signal were generated by high drywell
pressure and an ATWS situation ensued, the scram signal could not be re-
set and the SDV could not be vented and drained until the drywell pres-
sure was restored to a level below ihe scram signal setpoint. Thus, for
a bona-fide scram signal, there is only one chance at a successful scram
until the condition that caused the scram signal has cleared.*

Manual insertion (drive-in) of control rods might succeed where all
attempts at scram have failed. Control rod insertion is always per-
formed one-rod-at-a-time and, as shown on Fig. 4.1 (imagine both "in-
sert” valves open), the control rod is moved inward without recourse to
the SDV because the water displaced from the above-piston volume is dis-
sipated into the exhaust header and from there back into the cooling
header and fed into the below-piston volumes of the 184 mechanism assem-
blies of the control rods not being moved. Thus control rod insertion
can succeed where scram has failed because of malfunction of the scram
system.

The disadvantage of a reactor scram achieved by manual rod inser-
tion lies in the time required for its achievement. BWR control rod
placements for criticality and power operation vary between one-half of
the control rods fully withdrawn to all of the control rods fully with-
drawn. Thus between 92 and 185 rods would have to be driven in given an
ATWS situation in which manual rod insertion (MRI) was the only re-
course. Maximum rod speed is about 3 in./s and one fully withdrawn rod
(144 in.) would require about 48 s for complete insertion. Thus at the
end of core life with all rods withdrawn, about 2 1/2 h would be re-
quired until all control rods were completely inserted into the core.

Of course, it would not be necessary to manually insert all control
rods in order to achieve hot shutdown. Depending on the total number of
rods initially withdrawn and the particular order of insertion selected
by the operators, simulator studies indicate that hot shutdown can be
achieved by the manual insertion of as few as 25 control rods. This re-
quires that the fully withdrawn high-worth rods near the center of the
core be selected for initial insertion and could be accomplished in
about 20 min.

Although manual rod insertion is a poor substitute for scram, it
offers an effective mitigating effect in ATWS situations because con-
tinued criticality requires that the moderator temperature and void

*It should be noted that in the case of the June, 1980 partial
failure-to-scram at Browns Ferry Unit 3, a manual scram attempt was in-
volved and therefore the scram signal could be reset as often as neces-
sary for repeated scram attempts.
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fraction in the core be reduced to offset the negative reactivity in-
troduced by the rod insertion and uliimately, the same effect as a scram
is achieved.

The final means for the operator to insert negative reactivity by
mechanical methods is provided by the SLCS. This system (Fig. 4.3) em~
ploys positive displacement pumps and is designed to permit the injec-
tion of a sodium pentaborate solution into the reactor vessel at a rate
of 56 gpm (0.0035 m3/s) via the single sparger shown in Fig. 2.2. As
discussed in Sect. 2.1, complete dispersal of the injected poison upward
into the core region is not expected to occur unless there is a core in-
let flow sufficient to induce turbulent mixing in the reactor vessel
lower plenum. For this reason, the BWR Owners Group Emergency Procedure
Guidelines provide for a large core inlet flow to be restored by use of
the ECCS systems after sufficient poison for shutdown has been in-
jected. This is effected by directing the operator to raise the pre-
viously depressed water reactor vessel water level back up to the normal
operating range.

The operation of the SLCS pumps and the associated explosive valves
is accompliished from the control room by means of a keylock switch lo-
cated on the front panel. The switch has three positions, "start pump
A,” "off,” and "start pump B."” When the operator turns the switch to
the "start pump A" position, pump A starts and both explosive valves
fire to open the injection path to the reactor vessel. A nearby control
panel instrument permits the operator to observe a decreasing level in
the standby 1liquid control tank at the pump suction and sensed flow
downstream of the explosive valves illuminates an indicating light. If
the "A" pump fails to start, the operator can turn the keylock switch to
the "start pump B” position. It should be noted that both pumps cannot
be operated simultaneously.*

At an injection rate of 56 gpm (0.0035 m3/s), it would take about
81 min to pump the total volume of 4550 gals (17.22 m?) of sodium penta-
borate solution from the storage tank into the reactor vessel. However,
the reactor can be brought to hot shutdown more quickly than this since
the amount of poison contained in just 21.3% of the tank volume is suf-
ficient for this purpose. Specifically, after 17.27 min of injection,
212 1bs (96.2 kg) of sodium pentaborate would have entered the reactor
vessel; if the reactor vessel is subsequently flooded back to its normal
water level, containing 14,785 ft3 (418.7 m3) of solution, the sodium
pentaborate concentration (assumed to be uniform) would be 320 ppm and
this 1is sufficient for hot shutdown. It is expected that the Browns
Ferry procedures currently in preparation will call for an injection
time of 25 min before reactor vessel refill to provide allowance for
lower-than-design injection rates and imperfect mixing.

Recent changes to the Browns Ferry emergency operating instructions
have made the initiation of the standby liquid control system mandatory

*The operator training manual for Browns Ferry explains that this
is to provide more time for mixing and thereby reduce the possibility of
reactivity “"chugging” in the core.
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under either of the following conditions:

1. Five or more adjacent control rods not inserted below 06 position*
and either reactor water level cannot be maintained or suppression
pool water temperature limit of 110°F ie reached.

2. Thirty or more rods not inserted below 06 position and either reac-
tor water level cannot be maintained or suppression pool water tem=
perature limit of 110°F is reached.

The Shift Engineer or Assistant Shift Engineer is responsible for the
decision to initiate the SLCS, but the written procedure permits the
unit operator to take this action if the Shift Engineer and Assistant
Shift Engineer are not available.

4,1.2 Reactor vessel level control

As discussed in Sect. 2.3, the high-pressure injection systems per-
form the role of feedwater pumps during an ATWS accident sequence initi-
ated by MSIV closure and the combined rate of injection of the HPCI,
RCIC, and CRDHS pumps determines both the reactor vessel water level and
the core thermal power. The relation between core power, downcomer wa-
ter level, and rate of injection is complex because, with the recircu-
lation pumps tripped, the core inlet flow depends on the amount of natu-
ral circulation within the reactor vessel and this is a function of the
downcomer water level and the power. (See the discussion in Appendix
B.) .

The results of calculations performed with the BWR-LACP code to in-
vestigate the effect of downcomer water level upon core thermal power
and core inlet flow under ATWS conditions are shown in Figs. 4.4 and
4,5. It is emphasized that the calculations represent steady state con-
ditions. For example, the highest downcomer water level used for the
calculations was 561 in. (14.25 m) above vessel zero, which corresponds
to the water level during normal reactor operation. The results shown
on Fig. 4.4 indicate that if the high-pressure injection systems could
supply enough water to maintain the downcomer water level at this height
under ATWS conditions, then the corresponding steady-state core thermal
power at normal reactor pressure would be 113%Z. That the power level
would be higher under ATWS conditions with the recirculation pumps
tripoed than under normal operating conditions at the same water level
i{s because the high-pressure injection systems inject relatively cold
water [about 90°F (305 K)] from the CST whereas under normal conditions,
feedwater is heated to about 377°F (465 K) before entering the reactor
vessel.

The results shown in Fig. 4.5 indicate that the core inlet flow in-
duced by natural circulation decreases as the downcomer water level is
lowered and this 1is the cause of the steady decrease in power level
shown on Fig. 4.4 as the water level 1is lowered from 561 to 500 1in.
(14,25 to 12,70 m). There is a discontinuity in the power curves as the

*This 1s equivalent to 18 in. (0.46 m) of rod withdrawal. Total
rod travel 1is 144 in. (3.66 m).
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downcomer water level is lowered below 500 in. (12.70 m); this is caused
by the uncovering of the feedwater spargers.

Most of the injection delivered by the high-pressure systems is
provided by the HPCI and RCIC systems, which inject into the reactor
vessel via the feedwater lines. The location of the feedwater spargers
within the reactor vessel 1is shown in Fig. 4.6. As long as the down-
comer water level is abov. the feedwater spargers, then the relatively
cold injected flow is mixed with the other water in the downcomer, main-~
taining a relatively low temperature at the core inlet. When the down-
comer water level is below the feedwater spargers, however, the injected
flow is sprayed into a steam atmosphere by the nozzles in the feedwater
spargers. This, in effect, provides feedwater heating and the tempera-
ture of the flow at the core inlet increases significantly. This effect
produces the marked decrease in steady-state power level under ATWS con-
ditions as the downcomer water level is lowered below 500 in. (12.70 m)
as shown on Fig. 4.4,

The large calculated effect of uncovering the feedwater spargers
depends upon the assumption that the HPCI and/or RCIC flow leaving the
spargers 18 in the form of a spray with the associated large surface
area that promotes efficient heat transfer with the surrounding steam.
It shouid be noted, however, that considerations such as these are only
important when one attempts to calculate steady-state reactor power as a
function of reactor vessel water level. As discussed in Appendix B, the
calculation of core thermal power as a function of the rate of injected
flow is simple and straightforward.

The BWR Owners Group Emergency Procedures Guidelines take advantage
of the effect of downcomer water level upon reactor power under ATWS
conditions by instructing the operator to reduce vessel injection as
necessary to lower the downcomer water level to the top of the core. As
shown on Fig. 4.5, all natural circulation of water from the core region
to the downcomer is stopped when the downcomer level is this low, so the
core inlet flow consists only of the injected flow from the high-
pressure systems plus the steam condensed withian the reactor vessel. In
this phase of operation, the steaming rate from the core significantly
exceeds the steam flow from the reactor vesrel because of the large rate
of steam condensation in the vicinity oi the feedwater spargers.

As shown in Fig. 4.4, the core thermal power is about 9% with the
downcomer water level lowered to the top of the core and with the reac-
tor vessel fully pressurized. The corresponding core inlet flow (Fig.
4.5) 1s less than 2% of that at normal full power operation. This cer-
tainly would not be enough flow to sweep the sodium pentaborate injected
by the SLCS into the core. Accordingly, the BWR Owners Group Emergency
Procedure Guidelines specify that the operator should restore the reac-
tor vessel water level to the normal operating level a“ter the amount of
sodium pentaborate required for hot shutdown has been injected. This
involves a period of rapid injection and restores natural circulation at
decay heat levels, thus promoting the entry of the 1iquid poison into
the core and its subsequent mixing.

It is important to consider the reactor vessel water level instru-
mentation available for the operator's use when he or she is attempting
to maintain the water level at the top of the core. The two ranges of
available instrumentation are {llustrated in Fig. 4.7. The Emergency
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Systems instruments are calibrated for normal operating temperatures and
pressures and the range extends down to 373 in. (9.47 m) above vessel
zero or 13 in. (0.33 m) above the top of the core. The "Post Accident
Flooding Range” extends almost to the core midplane, but is calibrated
for LOCA conditions, i.e., atmospheric pressure.

It seems that the operator would desire to maintain level indica-
tion on the more accurate Emergency Systems range and therefore would
actually control downcomer water level at about 380 in. (9.65 m), or
slightly above the top of the core. Table 4.1 indicates the magnitude
of level indication differences between the two available instruments.
The indicated level on the Post Accident Flooding instruments is too low
when the reactor vessel is pressurized. With an actual level of 380 in.
(9.65 m), the Emergency Systems indicated level would be 380 in. and the
Post Accident Flooding indicated level would be 337 {in.

One final consideration concerning reactor vessel level control
under ATWS conditions remains to be discussed. It is expected that the
HPCI system would be lost in an ATWS accident sequence that involved ex-
cessive pressure suppression pool temperatures unless the operator takes
extraordinary action to prevent the shift of the HPCI pump suction to
the pressure suppression pool by racking out the breakers to the valve
motor operators for the suction valves from the pool. With the HPCI
system failed, the capacity of the remaining high-pressure injection
systems (RCIC and CRDHS) 1s insufficient to maintain the reactor vessel
downcomer water level at the top of the core. Accordingly, if the water
level is to be maintained at the top of the core, the operator must at
least partially depressurize the reactor vessel and use a low-pressure
injection system.

It seems that the easiest and safest course for the operator would
be to turn off two condensate pumps and two condensate booster pumps and
use the remaining condensate pump-condensate booster pump combination
for reactor vessel injection. As indicated on Fig. 3.8, startup bypass
valve 3-53 provides a bypass path around the idle feedpumps. Thus the
operator can shut the feedpump discharge valves 3-5, 3-12, and 3-19 and
provide a controlled injection into the reactor vessel by throttling
valve 3-53. As indicated on Table 3.2, injection by this means is pos-
sible whenever reactor vessel pressure is below 418 psia (2.88 MPa).

A second way to provide controlled reactor vessel injection using a
low-pressure system would be to use one loop of the core spray system.
As an example for the loop containing pumps A and C as shown in
Fig. 4.8, valve 75-25 is a throttle valve which can be operated from the
control room when the reactor vessel pressure 18 less than 465 psia
(3.20 MPa). As indicated in Table 3.2, the core spray pumps can begin
injection into the reactor vessel when the vessel pressure falls below
357 psia (2.46 MPa). At higher reactor vessel pressures, the running
core spray pumps would be protected by minimum flow lines (not shown on
Fig. 4.8) which open to permit flow from the pump discharge to the pres-
sure suppression pool when the total loop flow is less than 600 gpm
(0.038 m’/3).

The BWK Owners Group Emergency Procedures Guidelines recommend use
of the Core Spray s stem for reactor vessel level control under ATWS
conditions only if the level cannot be maintained by the high-pressure
injection systems, the condensate and feedwater systems, or the LPCI
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mode of the RHR system. This 1s because of the unknown phenomenology
associated with the spraying of large amounts of water onto the top of a
partially uncovered core under ATWS conditions.

The third way to provide reactor vessel water level control with a
low-pressure injection system would be to use a portion of the RHR sys-
tem. This method is more complicated than either of the two methods
previously discussed, but can be explained with reference to Fig. 4.9,
which shows one loop of the RHR system. Under ATWS conditioms, this
system would be expected to be employed in the pressure suppression pool
cooling mode, with the flow from the outlet of the heat exchangers re-
turning to the pressure suppression pool through valves 74-71 and 74-73
shown on Fig. 4.9. It is evident that reactor vessel injection can oc-
cur simultaneously if valves 74-66 and 74-67, associated with the LPCI
mode of RHR system operation, are opened.

LPCI outboard injection valve 74-66 and LPCI 1inboard injection
valve 74-67 cannot both be opened from the control room unless the reac-
tor vessel pressure is less than 465 psia (3.20 MPa) and, as indicated
on Table 3.2, the shutoff head of the RHR pumps is such that vessel in-
jection cannot occur until reactor vessel pressure falls below 346 psia
(2.39 MPa). 1If the LPCI mode of the RHR system is automatically initi-
ated,* then throttle valve 74-66 1is interlocked to full open for
5 min., This would be expected to occur in an ATWS accident sequence {f
the reactor pressure falls low enough to permit injection by the RHR
system because the other prerequisite for automatic initiation, a high
drywell pressure signal, would be generated by evaporation from the
heated pressure suppression pool earlier in the sequence. With the LPCI
injection valves full open, reactor vessel flooding could only be pre-
vented by turning off the RHR pumps during the 5 min period until valve
74-66 can be throttled.

4.1.3 Reactor vessel pressure control

Without operator action, the reactor vessel pressure would be de-
termined by automatic SRV operation. Each SRV has a capacity equivalent
to about 6,52 of full reactor power. Therefore, for example, 1if the
reactor were generating 292 of full steam flow in an ATWS accident situ-
ation with the MSIVs closed, four SRVs would remain open passing 26Z% of
full steam flow to the pressure suppression pool and a fifth SRV would
cycle, being open about half of the time, with the reactor vessel pres-
sure alternately rising and falling over its abbreviated blowdown range.

It is important to recognize that this presents a very unusual sit-
uation to the control room operator if he attempts to establish manual
pressure control. The operator has no indication as to which of the
SRVs are open as a result of reactor vessel pressure exceeding their
setpoints for automatic actuation. If the operator acts to open an SRV

*Automatic initiation occurs for (1) reactor vessel low level at
414 in. (10.52 m), or (2) drywell pressure high at 2.5 psig (0.119 MPa)
and low reactor vessel pressure at 465 psia (3.20 MPa).
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that 1is already open, nothing will happen. If the operator happens to
select a shut SRV and opens it, the reactor vessel pressure will de-
crease slightly and one of the previously open SRVs will close; the net
result is that the same number of SRVs are open and the reactor vessel
pressure 1is about the same. Using the example of the previous para-
graph, the operator's actions would not have any significant effect on
reactor vessel pressure until he or she had manually opened five SRVs.
This would be very confusing to operating personnel accustomed to rapid
response to manual pressure control.

Furthermore, continuing the example, once the fifth SRV is manually
opened, the reactor vessel pressure would suddenly begin to decrease
very rapidly. This is because decreasing pressure increases the voiding
in the core region, inserting negative reactivity and reducing core
power. This reduces the reactor steam generation to significantly less
than the capacity of the five SRVs being manually held open, which
causes an increased rate of pressure decrease, further reducing core
power and so forth. If the operator is not quick to act, the reactor
vessel will depressurize to the point where the low pressure injection
systems can flood the core, causing power and pressure spikes similar to
those seen in the no-operator-action case discussed in Chap. 3.

The operator can prevent reactor vessel flooding by the low pres-
sure systems by the simple expedient of turning the condensate booster
pumps off and by turning the core spray and RHR pumps off immediately
after these low-pressure ECCS systems are automatically actuated.* How-
ever, it is important to recognize that a power and pressure spike can
still occur 1if the reactor vessel 1is sufficiently depressurized. The
reason for this can be understood by consideration of the information
presented in Table 4.2. As indicated, the change in vapor specific vol-
ume per unit change in pressure at 100 psia 1is 92.5 times that at
1050 psia. It follows directly that a given increase in pressure will
have a much greater effect in reducing the amount of voiding in the core
when the reactor vessel is at low pressure. Thus if the operator man-
ually opens enough valves to depressurize the reactor vessel under ATWS
conditions and then closes the valves when the reactor vessel is at low
pressure, a power and pressure spike will be initiated by the small
pressure increase that occurs at the time the valves are closed. The
initial pressure increase collapses voids in the core, inserting posi-
tive reactivity and increasing reactor power. This increases the steam
generation which in turn further increases the reactor pressure, and so
forth.

Power spikes are undesirable because they challenge the integrity
of the fuel or cladding and they would confuse the operator. Pressure
spikes can be contained without threatening reactor vessel integrity by
action of the SRVs and by the effect of the negative reactivity intro-
duced by increasing power as additional voids are created in the core,
which turns the power while the vessel pressure remains near the relief
valve setpoint. Nevertheless, pressure spikes under ATWS conditions

*The core spray and RHR system pumps cannot be prevented from auto-
matically starting when the ECCS i{nitiation signal is first received.
After they have started, they can be turned off and will remain off.
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would pose a serious challenge to the integrity of the primary system.
This 1is because, although the injection vaives separating the low-
pressure piping of the low-pressure ECCS systems from the reactor vessel
are interlocked to prevent opening until the reactor vessel pressure has
been lowered to safe levels, there is no provision for automatic reclo-
sure of these valves if the reactor vessel pressure subsequently in-
creases. Although the installed check valves (Figs. 4.8 and 4,9) should
protect the low-pressure ECCS piping from sudden pressure spikes in the
reactor vessel, the potential for a LOCA outside of containment would
obviously be increased with the injection valves open under the condi~-
tions of an ATWS accident sequence that involved reactor vessel depres-
surization and subsequent pressure spikes.

It is unfortunate that manual pressure control is so difficult and
so likely to result in power and pressure spikes under ATWS conditions
because, as shown on Fig. 4.4, for the same downcomer water levels, the
steady-state reactor power is lower at lower reactor vessel pressures.
The reduction in power as the pressure is lowered is primarily due to
the increased voiding in the core at low pressures and the effect 1is
greatest at high downcomer water levels. With a downcomer water level
of 380 in (9.65 m), just 20 in. (0.51 m) above the top of the core, the
steady-state power with the reactor at pressure would be about 9%. If
the reactor pressure could be held at 250 psia (1.72 MPa), the thermal
power would be about 5% and if the reactor pressure were 100 psia
(0.69 MPa), the thermal power (including decay heat) would be only about
3 1/2%. Although the differential reduction in steady-state power ob-
tained by lowering reactor vessel pressure from 1020 to 100 psia (7.03
to 0.69 MPa) is only 5 1/2%, the effect on the progression of the acci-
dent sequence would be very significant, because the pressure suppres-
sion pool cooling system can remove the equivalent of 3 1/2% power from
the pool*, but could not prevent a continucus pool temperature increase
i1f the reactor remains at 9% power.

The BWR Owners Group Emergency Procedures Guidelines would lead the
operator to attempt manual reactor vessel depressurization under ATWS
conditions if the "Heat Capacity Temperature Limit,” based on the tem—
perature of the pressure suppression pool is exceeded. The curve de-
fining this limit for the Browns Ferry plant is shown in Fig. 4.10; com-
binations of pressure suppression pool temperature and reactor vessel
pressure that would be represented by plotted points within the shaded
area are prohibited. These limits require that reactor vessel depres-
surization begin when suppression pool temperature exceeds 160°F (344 K)
and that reactor vessel pressure must be less than 115 psia (0.79 MPa)
whenever suppression pool temperature exceeds 200°F (366 K).

*With the pressure suppression pool at elevated temperature, the
heat removal capacity of the RHR system heat exchangers 1s increased. A
“"rule of thumb” is 0.283 MW, per °F temperature difference per heat ex-
changer. For a service water temperature of B0°F and four heat ex-
changers 1in operation, the heat removal rate would reach 3 1/2 % power
(115 HUt) when the pressure suppression pool Lcmperature reached 182°F.



54

None of these limitations are based specifically upon ATWS consid-
erations, but were chosen to ensure smooth condensation of the steam re-
leased by the SRV T-quencher devices without the imposition of signifi-
cant loads on the containment. The basis of the 200°F limit is docu-
mented 1in (he NRC report NUREG-0783, “Suppression Pool Temperature
Limits for BWR Containments.” This is a conservative limit because it
takes into account only known experimental data and does not recognize
that containment back pressure increases the boiling point of the water
in the suppression pool. For almost any transient in which the suppres-
s.on pool temperature reached 200°F (366 K), there would be significant
pressurization of the primary containment above atmospheric pressure.
Nevertheless, since nothing in the written procedures proscribes the ap-
plicability of the heat capacity temperature limit curve under ATWS con-
ditions, and because the pressure suppression pool temperature rapidly
increases, it must be expected that the operators, following the Emer-
gency Procedure Guidelines, would attempt manuali reactor vessel depres-
surization.

Before proceeding to the general subject of pressure suppression
pool cooling, it is interesting to note from Fig. 4.5 that core inlet
flow 1is actually higher at a reactor vessel pressure of 100 psia
(0.69 MPa) then it 1is at higher pressures although from Fig. 4.4, the
core thermal power {s lower. Since core thermal power increases with
core inlet flow under ATWS conditions, all other consideraticns remain-
ing equal, it is instructive to consider the cause behind this observa-
tion.

The core inlet flow is higher at very low pressures because tlie
height of the two-phase mixture within the core shroud and steam separa-
tor assembly necessarv to balance the weight of the water in the down-
comer region is much higher, so high in fact that liquid carryover from
the inner region to the downcomer region is restored. Yet the counter-
acting effect of increased voids in the core at very low pressure is
predominant and the reactor power is lower,

4.1.4 Pressure suppression pool temperature control

Pressure suppression pool cooling would be urgently needed should
an ATWS accident sejquence actually occur, since the pool would be re-
ceiving steam via the SRVs at levels far exceeding the design basis for
the pool cooling system. It seems direct and simple to help in this re-
gard by procedures that require the operator to institute pressure sup-
pression pool cooling whenever the pool temperature exceeds a certain
Iimit., This 1is done, but certain interlocks and RHR system logic de-
signed to enhance the probability of plant recovery from LOCA would dra-
matically interfere.

If the operator simply places the RHR system into its pressure sup-
pression pool cooling mode early in the ATWS accident sequence, the sys-
tem would automatically realign into the LPCI mode when the operator,
following the Emergency Procedure Guidelines, lowered the water level to
the top of the core. The operator would be expected to again take the
system into the pressure suppression pool cooling mode. While the oper-
ator attempts to maintain the water level at the top of the core, simu-
lator exercises and the results presented later in this chapter show
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that the sensed water level would fluctuate. If the fluctuating reactor
vessel water level dropped as low as 2/3 core height, the RHR system
would again automa*ically realign from pressure suppression pool cooling
into the LPCI mode.

Established procedures do not now call for this, but the operator
could circumvent the need to continually restore pressure suppression
pool cooling, by moving control room switches into the "containment
spray select” and "2/3 core coverage bypass” positions upon first under-
standing that an ATWS was in progress and while initially aligning the
RHR system into its pressure suppressioa pool cooling mode. These ac-
tions would ensure that the RHR system would remain in its pressure sup-
pression pool cooling mode but would have no effect on the LPCI system
injection valves to the reactor vessel, which would open and remain open
if reactor vessel pressure dropped to 465 psia (3.21 MPa). The situa-
tion of pressure euppression pool cooling flow with a large portion di-
verted into the reactor vessel would occur {if the vessel pressure
dropped below 346 psia (2.39 MPa) since the throttle valve for injection
to the reactor vessel, once opened, is interlocked open for 5 min.

4.2 Operatore Follow the Emergency Procedure Guidelines

This section and Sect. 4.3 report the results of BWR-LACP calcula-
tions of MSIV-closure initiated ATWS transients with operator action per
Revision 3 of the General Electric BWR Owners Group Emergency Procedure
Guidelines (EPGs) (Ref. 4.3). Just as for the calculations reported in
Chap. 3, these calculations were initialized 50 s after the beginning of
the MSIV closure ATWS accident. The assumption is made that none of Lhe
initially withdrawn control rods enter the reactor core as a resul: of
the initial or subsequen. scram attempts.

4.2.1 Systems function as designed

Figures 4.11-4,i5 stow {important system variables for this acci-
dent sequence. Table 4.3 summarizes significant events and operator ac-
tions. Operator actions are to initiate SLC system injection of sodium
pertaborate solution, to manually insert the control rods, and to ini-
tiate the pool cooling mode of the RHR system. These operator actions
gignificantly mitigate this accident. After 35 min the reactor is shut
down to decay heat power; the peak suppression pool temperature attained
duriag the accident sequence is only 157°F (343 K).

At the beginning of the calculation, the thermal power generation
in the reactor core (Fig. 4.11) is in the neighborhood of 25% [{i.e.,
823 MW(t)]. The CRDHS (which runs continuously unless tripped by the
operators) 1is 1injecting about 106 gpm (6.7 1/8) from the CST into the
reactor vessel. (The CRDHS runs continuously throughout all the cases
examined in this chapter.) The reactor vessel is fully pressurized,
eycling between about 1100 psig and 1000 psig (7.69 and 7 MPa) in
response to the automatic opening and closing of the SRVs (Fig. 4.14).
Water lcvel in the reactor vessel downcomer annulus (Fig. 4.12) is at
500 in. (12.7 m) above vessel zero, but i{s decreasing rapidly.
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When the water level reaches 476.5 in. (12.1 m), the HPCI and RCIC
systems actuate automatically and are soon injecting at full capacity—
600 gpm (37.8 1/s) for RCIC and 5000 gpm (315 1/s) for HPCI. The water
level stops decreasing, then increases slightly, until the total vessel
injection is equivalent to the steam production from the reactor ves-
sel. After reaching this quasi-equilibrium, the vessel water level
fluctuates about a mean value of 476 in. (12.1 m) in response to the
fluctuating vessel pressure. The EPG level control guideline requires
no immediate operator action to adjust water level at this time.

The power control guideline of the EPGs requires that operators at-
tempt to bring about an alternative sc~am by one of the means discussed
in subsection 4,1.1 of this 1:port. If successful, this would quickly
shut down the reactor and end the accident sequence. The operators
would surely attempt alternative scram before beginning either the man-
ual rod insertion of control rods or SLC injection of sodium pentaborate
solution; however, all the calculations of this chapter assume that the
alternative scram does not occur.

The manual insertion of control rods begins at 3 min. This assumed
time is based on observation by ORNL investigators of operator response
during simulated ATWS accidents at the TVA Browns Ferry training simul-
ator. There is no immediate effect on reactor power because only one rod
can be inserted at a time [at a speed of 3 in./s (7.62 cm/s8)] and each
control rod is assumed to be worth only about 9.001 AK/K (see Appendix A
for details on the modeling of manual rod insertion).

With reactor power between 20 and 30%Z, the operators would be aware
of the impending need to initiate the SLC system injection of sodium
pentaborate solution., The EPG power control guideline requires initia-
tion of the SLCS {f the suppression pool temperature exceeds 110°F
(317 X) and the reactor is not shutdown. The bulk pool temperature
(Fig. 4.15) exceeds this threshold after only 2 min, but, based on
observation of operator response to ATWS at the TVA Browns Ferry
training simulator, it 1{s assumed that the operators would probably
spend several more minutes trying to obtain an alternative scram of the
control rods. This calculation assumes that the SLC system is initiated
after 5 min, beginning the injection of sodium pentaborate solution into
the reactor vessel.

If boron injection i{s required, the EPGC power control guideline re-
quires that the operators follow Contingency #7, "Level/Power Control,”
and reduce the reactor vessel water level to near the top of the active
fuel (TAF). The ope-ators, in accordance with Contingency #7, trip the
HPCI and RCIC systems at 7 min.* The water level in the reactor vessel
downcomer annulus (Fig. 4.12) decreases rapidly and soon is below the
minimum indication of the Emergency Systems Water Level Indication (see
Fig. 4.7), but about 4 in, (10.2 ecm) above the TAF, The HPCI system is
restarted, iniiially at about 40% of capacity (2000 gpm (126 1/s)], to

*The intent of EPG Contingency #7 could be achieved by smoothly re-
ducing the HPCI and/or RCIC flow over a period of one or two minutes,
and this might be preferable ar it would avoid reliability problems that
might accompany intermittent HPCI/RCIC turbine operation.
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rapidly bring the level back on-scale. After coming back on-scale, the
level continues to increase. The operator cuts the HPCI system flow
back to about 20% of capacity, but level continues to increase until the
operator again trips the HPCI system. Afterwards, the HPCI system is
restarted whenever required to keep water level near the TAF, but above
the minimum indication of the Emergency Systems Level Indication.

The BWR-LACP simulation of operator control of vessel water level
using the HPCI system assumes that the operator will check vessel water
level once per minute and adjust the HPCI flow between 20 and 40% of
full capacity in accordance with the following rules (see also Appendix
A.3.2):

1. If level is more than 5 in. (12.7 cm) from the setpoint, de-
crease or increase (as appropriate) the flow by 5% of the full HPCI ca-
pacity [1.e., by 5% of 5000 gpm (315 1/s)].

2. If level is more than 8 in. (20 cm) above the setpoint, de-
crease flow by 10%.

3. 1If level is more than 20 in. (51 cm) above the setpoint, de-
crease the flow to zero by tripping the HPCI turbine.

4, 1f the level is below the minimum range of the Emergency Sys-
tems Level Indication, increase flow by 10%.

The setpoint for vessel level cecntrol after the EPG Contingency
No. 7 water level reduction maneuver i: 380 in. (9.65 m), as determined
by the range of the Emergency Systems Level Indication instrument. The
minimum indication of this instrument is equivalent to 373 in. (9.47 m)
above vessel zero.

The vessel water level reduction maneuver, the effect of manual rod
insertion, and the small amount of sodium pentaborate mixed into the re-
actor coolant during the period of abundant natural circulation before
the reactor vessel water level is lowered reduce the core power to below
5% of the rated 3300 MW thermal out-=ot nf the reactnsr core hv time
8 wln.* The reactor power cictinues Lo decrease very slowly in response
to the continued slow, but steady, manual insertion of control rods.
The on-going injection of boron has little effect on core power during
the period of about 20 min. after the reactor vessel level is lowered
because most of the heavy sodium pentaborate solution collects in the
bottom of the reactor vessel lower plenum. With downcomer water level
near the TAF, there is little or no net recirculation of coolant from
inside the core shroud, back to the downcomer annulus (via the stand-
pipes and steam separators), and through the lower plenum to promote
turbulent mixing.

Operator attempts to control reactor vessel pressure are not really
necessary in this accident. The SRVs would by automatic actuation main-
tain vessel pressure between about 1100 and 1000 psig (7.7 and 7 MPa).
However, the EPG pressure control guideline requires that, {f any SRV {is
“"eycling,” the operator should manually open SRVe until pressure drops

*As indicated on Fig. 4.14, a temporary pressure reduction caused
by operator delay in closing manually-opened SRVs accompanies the level
reduction. This also has an effect in reducing power.
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to 935 psig (6.55 MPa). The SRVs are cycling duriry the first several
minutes, so the operator begins manual SRV manipulations after | min.

The details of the BWR-LACP simulation of operator SRV control 1is
discussed in Appendix A. The simulation allows the operator to check
once per minute the vessel pressure and to open or close one SRV, or to
leave the SRV status unchanged, as required in the attempt to maintain
the vessel at pressure and to avoid automatic SRV actuations. The ves-
sel pressure response plotted on Fig. 4.14 shows that the vessel pres-
sure varies widely, and that the operator actions are not successful in
preventing automatic SRV actuations. The vessel pressure fluctuations
cause reactor power fluctuations, including one spike to 46% at 7 min,
triggered when the operator closes a previously manually opened SRV to
prevent an excessive decrease in vessel pressure,

The suppression pool temperature (Fig. 4.15) increases very rapidly
at first, but the rate of {increase slows markedly after the reactor
power level is reduced by the water level reduction maneuver. Prior to
initiating pool cooling, the operators must actuate the “Containment
Spray Select” switch to prevent the automatic realignment of the RHR
system from the pool cooling mode into the LPCI mode. The operators
initiate pool cooling at 10 min, utilizing both loops of the RHR system
(4 coolers, total). By 17 min, the coolers are removing as much heat
(about 69 MW) as the SRV diecharge is adding. The peak suppression pool
temperature of 157°F (343 K) is reached at 17 min.

The containment response is mild in this case because the peak sup-
pression pool temperature 1is rela:ively low and because the drywell
coolers continue to run. The drywell temperature (not shown) remains at
or below the 145°F (336 K) initial value. By the end of 60 min, the
drywell pressure (not shown) has increased by about 1 psi (6.9 kPa), but
is still below the 2.45 psig (118 kPa) threshold for ADS initiation.

This accident is effectively terminated after 30 min, when the op-
erators initiate the HPCI system at full ow to ralse reactor vessel
water level and induce sufficient natural rculation to promote mixing
of the boron solution which had previously settled into the bottom of
the lower plenum. HPCI flow is discontinued after the vessel water
level reaches 500 in. (12.7 m), but the level continues to {increase
slowly because of continued CRDHS injection [at 106 gpm (6.68 1/s)] and
because of heating and swelling of the large volume of water added
during the period of HPCI system injection.

4.2.2 Effect of stuck-open relief valves

Conditions for the accident sequences discussed in this subsection
are identical to those assumed for subsection 4.2.1, except that one, or
two, SRVs are assumed to stick open 3 min after the beginning of the
MSIV closure. Since the operators take action to initiate the 817 sys-
tem, manual rod insertion, and suppression pool cooling and, in addi-
tion, are able to prevent the unintended flooding of the reactor vessel
by the low pressure high capacity injection sysiems (e.g. Core Spray),
the outcome of this compounded accident 1¢ mild snd very similar to the
case without stuck open relief valves (subsection 4.2.1).
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The effect of the SORVs on the system response variables of reactor
power, vessel water level, and suppression pool water level and tempera-
ture is minor, so plots of these variables are not shown; specific dif-
ferences are noted below. However, after the reactor vessel steam gen-
eration falls below the capacity of the SORVs, the SORVs cause the
depressurization of the reactor vessel. The depressurization starts
after 8 min, when the core power has been reduced from about 28% to less
than 6.5% and there 18 no longer sufficient core steam production to
continuously hold open even one SRV at full pressure. Figures 4.16 and
4.17 show versel pressure for the cases with one and two SRVs stuck
open.

The decreasing reactor vessel pressure in the SORV cases presents
the hazard of large amounts of water injection from the large-capacity
low pressure injection systems. As shown in Sect. 3.4 for the no-
operator-action case, such vessel flooding wouid lead to very undesire-
able power and pressure excursions. The calculations of this section
assume that the operators take action, as required, to prevent undesired
injection.

The condensate booster pumps run continuously during normal opera-
tion and would continue to do so after initiation of this accident.
They are not able to pump into the reactor vessel until vessel pressure
decreases to below about 418 psia (2.88 MPa). The operators can trip
these pumps at any time to prevent undesired injection. The Core Spray
and RHR pumps automatically start on low vessel water level after the
operator initiates the level reduction maneuver to reduce the core ther-
mal power. The operator cannot prevent these pumps from automatically
starting on low vessel level, but can turn them off at any time after
they start. In the case of the RHR pumps, it 1is desirable, when pos-
s'ble, to shut the reactor vessel injection valves instead, so that the
pumps can continue to run with the RHR system aligned to the pool cool-
ing mode.

In the case with one stuck open SRV, the reactor vessel pressure
(Fig. 4.16) begins to be affected after 8 min. (Before this time, the
reactor core 1is generating enough steam to hold open more than one
SRV.) By 23 min, the pressure has stabilized at 330 psia (2.28 MPa),
but a full flow HPCI actuation between 30 and 35 min (initiated by the
operators to raise vessel water level and promote mixing of the boron
solution) causes the pressure to further decrease to 156 psia
(1.08 MPa); pressure finally stabilizes at 215 psia (1.48 MPa).

The operator prevents unwanted injection from the hotwell by trip-
ping the condensate and condensate booster pumps at any time prior to
17.5 min when the reactor vessel pressure becomes low enough to permit
the CBP injection. The operator prevents Core Spray injection by trip-
ping all four pumps anytime between 8 min [when the pumps start on ves-
sel water level < 413.5 (n. (10.5 m)] and 21 min (when vessel pressure
is below the Core Spray pump shutoff head). To prevent unwanted RHR
pump injection, the operator does not trip the RHR pumps, but instead,
shuts the injection valves (numbers 74-66 and 74-67 on Fig. 4.9). This
allows the RHR system to provide uninterrupted pressure suppression pool
cooling. The outboard LPCI injection valve is automatically opened and
interlocked open for 5 min after the reactor vessel pressure goes below
465 psia (3.21 MPa), but vessel pressure 1s high enough during this
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period (from 13.6 to 18.6 min) to prevent any of the flow from the
running RHR pumps from being diveried from pressure suppression pool
cooling and entering the reactor vessel.

The peak suppression pool temperature for the case with one SORV is
160°F (344 K), as compared to the 157°F (343 K) peak for the case with
no SORVs. The difference is small because the additional energy input
to the pool due to the partial depressurization of the reactor vessel {is
offset by the slightly lower reactor power at lower reactor vessel pres-
sures. The effect of pressure on equilibrium reactor power 1is 1llus-
trated on Fig. 4.4,

For the case with two stuck open SRVs, vessel pressure (Fig. 4.17)
begins decreasing after 8 min, continues to decrease until it reaches
174 psia (1.2 MPa) after about 25 min, and then is reduced farthsr to
below 100 psia (0.69 MPa) when the operators initiate the HPCI system at
full flow after 30 min to raise the reactor vessel water level and pro-
mote mixing of the sodium pentaborate solution. The HPCI turbine steam
supply is automatically isolated when vessel pressure decreases to below
115 psia (0.79 MPa) at 32 min; however, the 2 min of full flow before
the isolation raises vessel water levei enough to induce natural circu-
lation in the vessel. The reactor vessel refill {is continued at a
slower rate with the RCIC system, whose operation is not compromised by
vessel pressure in the neighborhood of 100 psia (0.69 MPa).

In the case with two stuck open SCRVs, operator action to prevent
vessel flooding by the high capacity low pressure injection systems must
be accomplished more promptly because the depressurization of the reac-
tor proceeds more swiftly than for the single SORV case. The condensate
booster pumps must be tripped before Il min, and the Core Spray pumps
sometime between B min (i.e., after they start) and 12.5 min. The RHR
pumps must also be tripped, causing a brief interruption of pool cool-
ing. The outboard LPCI injection valve 74-66 (see Fig. 4.9) automati-
cally opens at 1l min and is interlocked open for 5 min. TIf the RHR
system is in the pressure suppression pool cooling mode and the LPCI in-
jection valves are open, there will be injection into the reactor vessel
if vessel pressure is below 300 psia (2.07 MPa). Vessel pressure is be-
low this threshold after 13.7 min; therefore, the RHR pumps must be
tripped until the 5 min interlock clears, and the LPCI outboard injec-
tion valve can be manually closed.

The peak suppression pool temperature for the case with two SORVs
is 168°F (349 K), compared to 160°F (344 K) for the one SORV case and
157°F (343 K) for the no SORV case.

4.2.3 Sequence of events without pressure
suppression pool cooling

This accident sequence 1s the same as the sequence discussed in
subsection 4.2.1, except that it {s assumed that the operators are not
able to initiate suppression pool cooling. There is essentially no dif-
ference in the accident sequence or required operator actions and the
reactor is brought to hot shutdown at time 35 min, as before. At the
end of 50 min, the pressure suppression pool temperature (Fig. 4.18) {is
167°F (348 K) and increasing slowly. Since the reactor is discharging
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only decay-heat-produced steam to the uncooled suppression pool at this
time, it would require an additional period of about 24 h to build up
enough pressure to threaten primary containment {integrity (Ref. 3.2).
Therefore, initiation of pool cooling anytime before the 25 h point
would terminate the accident.

4.2.4 Emergency action levels and timing

The timing of the declaration of emergency actlon levels for the
cases in which the backup shutdown systems do function as designed is
specified on Table 4.4, The criteria for determination of emergency ac-
tion levels are taken froem the TVA Implementing Procedures Document ap-—
plicable to the Browns Forry nuclear plant,*:"

In the event of an ATWS accident, the operators would declare the
unit to be on Alert status within minutes of the failure to scram. The
Alert would, if not upgraded to a higher emergency status, remain in ef-
fect at least until a sufficient number of control rods could be in-
serted to enable the unit to reach a secure cold shutdown. Downgrading
of the Alert to Unusual Event, or back to normal status, would be appro-
priate after a determination that no other conditious exist that would,
by themselves, require the declaration of an emergency status. For
example, minor fuel damage or primary coolanc system crud burst might
release enough radioactivity during the period while the reactor was
being brought under control to require an Alert or Unusual Event status
to be maintained for a more extended period.

The concomitant failure of pressure suppression pool cooling would
require that the Alert status be continued. For the sequences discussed
in Sect. 4.2, manual rod insertion and sodium pentaborate injection are
effective so that the reactor is shutdown and generating only decay heat
after 35 min. The ATWS accident thus would transform into a Loss of
Decay Heat Removal (DHR) accident, which has been extensively studied in
previous SASA investigations at ORNL.'*%“*% Without suppression pool
cooling (and with the MSIVs closed and the reactor on decay heat), the
suppression pool temperature and, consequently, the primary containment
pressure would slowly but continually increase. After about 20 h, the
drywell pressure would exceed 50 psig (0.45 MPa), requiring the op-
erators to declare the highest emergency action level, General Emer-
gency.

Specific emergency actions necessary to protect the public health
and safety after the declaration of the General Emergency would be very
dependant upon the specifics of the accident sequence.* Given the large
amount of time available for corrective action, it {s unlikely that the
accident would progress this far, but {f the suppression pool cooling
could not be recovered, the drywell pressure would reach the 117 poig

*Emerzency actions would also depend on other considerations not
discussed in this report, such as the reactor site characteristics and
even the weather conditions in effect at the time,
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(0.91 MPa) static failure pressure about 25 h after the inception of the
accident sequence.

As discussed 1in Ref. 3.2, the progression of the accident after
drywell failure cannot be predicted with certainty. A large quantity of
energy would be stored in the drywell prior to fallure. A catastrophic
drywell failure, releasing the stored energy to the reactor building in
the form of steam in a short span of time, might cause a failure of the
reactor vessel water injection function, leading to severe fuel damage
and the release of fission products beginning about 3 h after the fail-
ure. A sufficiently catastrophic drywell failure involving movement of
the drywell liner might even cause a breach in the reactor coolant sys-
tem pressure boundary (LOCA) as well as failure of the reactor vessel
water injection capability, leading to severe fuzl damage starting only
about 0.5 h after the drywell failure.

On the other hand, catastrophic drywell failure can be prevented by
manual action to vent the containment, at least one vessel water injec-
tion system might remain unimpaired even if catastrophic failure did oc~-
cur, or a backup source might exist that could be utilized to provide
continued cooling of the fuel after the drywell failure. In these more
likely cases, there would be no severe fuel damage and any release of
radioactivity to the environment would be comparatively minor.

4.3 Cases in Which Backup Shutdown Systems do not Function

4,3.1 The case without manual rod insertion

Conditions for this sequence are the same as those for the sequence
discussed in subsection 4.2.1 (systems function as designed), with the
exception that there is no manual control rod insertion. All other sys-
tems and operator response are essentially the same, including operator
action to initiate the SLC system injection of sodium pentaborate solu-
tion 5 min after the beginning of the accident. The outcome of this se-
quence 1s very similar; the detalls of the discussion in subsection
4.2.1 apply, except as pointed out below.

During the period between 10 and 30 min, the reactor power (Fig.
4.19) averages about two percent higher than for the case with both man~
ual rod insertion and SLC injection (Fig. 4.11). After 30 min, the HPCI
system injection is increased to full flow [5000 gpm (315 1/8)] to raise
the vessel water level and effect the mixing of the sodium pentaborate
solution. By 35 min, the core is subcritical and generating only decay
heat. The maximum suppression pool temperature (not shown) 1s 164°F
(347 K), occuring at 30 min. This is only 7°F (3.9 K) higher than the
peak pool temperature for the case with both manual control rod inser~
tlion and SLC injection (Fig. 4.15).

4.3.2 The case without SLC system operation

For this sequence, all systems except the SLC system operate as de-
signed. The reoults show that the operators can effectively shut down
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the reactor using manual control rod insertion, without the benefit of
sodium pentaborate injection.

The reactor power (Fig. 4.20) is similar to, but noticeably higher
than the power for the case with both manual rod insertion and SLC actu-
ation. Although it takes about 62 min, by manual rod insertion alone,
to add enough negative reactivity to reach a complete hot shutdown with
no voiding in the core (see Appendices A.l1.2 and A.1.3), the core is, by
35 min, operating at power levels close to decay heat. Reactor vessel
level and injection flow are shown in Figs. 4.21 and 4.22, respectively.

The steaming rate during this sequence heats the pressure suppres-
sion pool until its EPG heat capacity temperature limit (Fig. 4.10) 1is
exceeded. Therefore, in accordance with the EPG requirements (see sub-
section 4.1.3), the operators open three or more SRVs at 23 min and
allow them to remain open thereafter. The reactor vessel pressure
(Fig. 4.23) decreases rapidly, and by 26 min 1s below the 450 psig
(3.21 MPa) setpoint for automatic opening of the Core Spray and LPCI
reactor vessel injection valves.

Without operator action, the vessel pressure would soon be low
enough to allow large quantities of cold water to be pumped into the re-
actor vessel, possibly causing very undesirable power spikes. For this
sequence, it 1is assumed that the operators follow the %PG {nstructions
to terminate and prevent all injection (except from the CRDHS and the
SLCS, 1if running) prior to an emergency depressurization. The operators
do this by tripping the Core Spray and RHR system pumps {mmediately
after they automatically start and by either tripping the condensate and
condensate booster pumps or by closing the main feedwater pump discharge
valves.

During the depressurization, a large fraction of the reactor vessel
wvater inventory is vaporized. The core {s totally uncovered at 25 min.
The operator restarts {injection (Fig. 4.22) at 26 min with a flow of
1800 gpm (113 1/8) pumped from the main condenser hotwell by the series
combination of one condensate pump and one condensate booster pump via
the startup bSypass control valve* (see Fig. 3.8). The operator might
alternatively have reestablished vessel injection by restarting the HPCI
system, but this flow would have lasted only until the f{solation of the
HPCI steam supply some 4 min later, on low vessel pressure [at 100 psig
(0.79 MPa)).

The reactor vessel water level (Fig. 4.21) recovers to above the
top of active fuel after 36 min, but the operator continues injection
until there is positive indication on the Emergency Systems Level Indi-
cation before cutting back and then stopping the CBP flow at 40 min.

The brief period of core uncovery (11 min for the top part of the
core and 3 min for the bottom part) would result in some heatup but no
significant fuel damage. Even during the 3 min period of total uncov~
ery, the fuel 1is partially cooled by a flow of steam flashed from the
lower plenum because of the ongoing depressurization. During the refill
stage, the CBP injection 1is resumed at 26 min; this flow fills the

*The BWR-LACP simulation of operator level control by condensate/
condensate booster pump injection s described In section 4.3.3.
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bottom part of the core and boils, providing steam cooling of the upper
part.

Due to the depressurization and the higher average core power, the
pressure suppression pool temperature (Fig. 4.24) increases more than in
the previous cases. For this calculation, there is assumed to be con-
tinuous suppression pool cooling after 10 min, and the calculated peak
temperature 1s 180°F (356 K). This prediction is non-conservative by
about 4°F (2 K) because the pool cooling would actually not be in opera-
tion for a period of about 10 min, starting at 24 min. As discussed
above, it is necessary to trip all the RHR pumps for at least 5 min be-
fore or during the early part of the depressurization to avoid the un-
wanted vessel injection that would otherwise occur after the automatic
opening of the LPCI injection valves (since they are interlocked open
for 5 min). In addition, the 2/3 core coverage interlock would actuate
at 24 min, unless previously disabled by operator actuation of the key-
locked override switch. The 2/3 core coverage interlock causes the RHR
system to realign from the pressure suppression pool cooling mode into
the LPCI mode. At 32 min, the level indication on the post accident
monitoring range exceeds 2/3 core coverage, allowing the interlock to
clear, and the operators to reestablish pool cooling if they had not
previously done so by use of the key-locked override.

The drywell pressure (not shown) exceeds 2.45 psig (118 kPa) at
23 min, starting the 2 min ADS timer. G5ince the EPGs require the opera-
tor to prevent automatic depressurizarion, the calculation for this case
assumes that the operator resets the imer every 2 min, or as required,
to prevent ADS. However, an ADS actuation would make little difference
to the outcome of this sequence since the operators initiate a manual
emergency depressurization using three SRVs at about the same time.

The reactor is critical at very low pressures for a period of sev-
eral minutes after reactor vessel depressurization in this accident se-
quence., It should be recognized that power excursions due to pressure
increases are avoided during this period because the manually opened
SRVs are left open, and because of the significant negative reactivity
from the manual rod insertion., The negative reactivity contributed by
the manual insertion of control rods enables the operators to effec-
tively shut down the reactor without benefit of sodium pentaborate in-
jection by the SLCS,

4.3.3 The case with neither SLC system injection
nor manual rod insertion

For this case, it is assumed that the operators are unable either
to start the SLC system injection or to manually drive control rods into
the core., Figs. 4.25%4.30 ghow the results of the BWR-LACP calcula~
tions, and Table 4.5 gives the sequence of events. Even though the op-
erators cannot insert poison into the core, they follow EPGC instructions
to reduce the core power level by lowering the vessel water level, and
they initiate suppression pool cooling. These actions delay, but would
not prevent the eventual overheating of the suppression pool to the
point of overpressure fallure of the drywell.
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The first minutes are very similar to the previous cases: the HPCI
system {s running at full capacity, reactor power (Fig. 4.25) is varying
about a mean value of approximately 28%, and the reactor vessel is fully
pressurized with the SRVs cycling in response to both automatic and man-
ual actuations. Operator attempts to control the SRVs to prevent auto-
matic SRV actuation are fruitless. After the EPG-mandated water level
reduction maneuver, the core power level (in response to increased core
coolant voiding) decreases to below 10%, and vessel pressure (Fig. 4.28)
plunges to about 700 psia (4.83 MPa) before the operators shut all but
one of the manually opened SRVs. Several minutes later a power spike
repressurizes the vessel, causing additional automatic SRV actuations.

Since the core is not being poisoned, the core power is higher than
in previous cases. The suppression pool heat capacity temperature limit
is exceeded after only 18.7 min. Following the EPG instructions, the
operators open (a minimum of) three SRVs at this time and leave the con-
trol switch for each open SRV in the open position for the remainder of
the accident. This brings to five the number of open SRVs, since pre-
vious operator manipulations resulted in two manually-open SRVs at the
time depressurization was initiated. Prior to beginning the depressuri-
zation, the opervators terminate HPCI flow (per EPG instructions) and
prevent uncontrolled flooding of the vessel by tripping the low pressure
injection systems before the decreasing reactor vessel pressure reaches
the shutoff head of the pumps. The CRDHS runs continuously throughout
the accident, injecting between 100 and 180 gpm (6.3 and 11.3 1/8) de-
pending on reactor vessel pressure,

The depressurization causes the core to be totally wuncovered
(Fig. 4.26), so the core thermal power output falls to the decay heat
level. For the same reasons discussed for the core uncovery in Section
4.3.2, this relatively brief uncovery does not result in fuel damage.
The operators re-establish injection (Fig. 4.27), not with the HPCI sys-
tem, but by using a series combination of one condensate pump and one
condensate booster pump. The resulting flow from the main condenser
hotwell to the reactor vessel 1{s controlled by manipulation of the
startup bypass valve (see Fig. 3.8), with the main feedwater pump dis-
charge valves closed. The BWR-LACP code simulates operator level con-
trol of condensate booster pump flow in accordance with the following
rule :

1. If the Emergency Systems level indication 1is off-scale low, the in-

jection rate is set at 1800 gpm (113 1/8).

2. 1If the level indication is on-scale but belew the desired level for
manual control near the TAF [380 in (9.65 m) above vessel zero],

the injection flow is set at 900 gpm (57 1/8).

3. If the level indication i{s above the desired level, injection flow

is set at 600 gpm (38 1/8).

4, If the level indication is more than 20 in. (51 ecm) above the de-
sired level, injection flow is set to zero.

5. The operator checks the vessel water level once per minute and ad-
justs injection flow, as required by the preceeding four rules.
Conversations with TVA engineers led to the assumption that operators
would use the Emergency Systems level indicator for control rather than
the Post Accident Flooding range indicator; however, with the reactor
vessel depressurized, the Post-Accident Flooding range instrument would

actually provide more accurate level indication.
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After 5 min of injection at 1800 gpm (104 1/s), the reactor vessel
water level has been increased to within the range of the Post Accident
Flooding range level indication but level is still below iLhe TAF. The
injection flow is allowed to continue until water level 1is also within
the range of the Emergency Systems level indication, and well above the
TAF.

As vessel water level increases to above the top of active fuel,
the conditions for criticality are met, and then exceeded. There is no
immediate apparent response because the neutron flux is several orders
of magnitude below the power range. At 33 min, the core thermal power
begins to increase above the decay heat level. Higher core power means
more steam production, so the vessel preesure also starts to increase.
The vessel pressure is sensitive to increased steam production because
all five open SRVs close at 27 min due to insufficient [<20 psid
(138 kPa)] reactor vessel-to-drywell pressure difference. The increas-
ing vessel pressure compresses voids in the core, adding positive reac-
tivity and accelerating the rate of increase in both pressure and
power. All five of the previously closed SRVs reopen when the vessel-
to-drywell pressure difference again exceeds 50 psid (345 kPa).

The cycle of increasing core power and vessel pressure is not
broken until the vessel has repressurized to 1120 psia (7.72 MPa), auto-
matically opening four additional SRVs. A maximum core thermal power
output of B81% is reached before sufficient volds are generated in the
core to reverse the excursion.

As soon as core power decreases back below about 30%Z, the five man-
ually opened SRVs begin depressurizing the reactor vessel. Vessel water
level decreases rapidly, and by 36.5 min the core is again entirely un-
covered. This requires operator action to re-establish vessel water in-
jection, and after the core is recovered there is another power/pressure
spike very similar to the first one.

The power/pressure spikes will be repeated indefinately, about
every 13 min, unless poison is added to the core, or unless the method
of vessel water level or pressure control is changed. Considering that
the core generates only decay heat between power spikes which extend to
60 or B80%Z, the time-averaged power after 30 min 1s about 8.3%. The dis-
sipation of this thermal power in the suppression pool power requires
more cooling capacity thaa the suppression pool cooling system can pro-
vide,

At the end of 2 h the suppression pool temperature is at 232°F
(384 K) and 1s slowly increasing. If this accident were allowed to
continue in the same mode for another 10 h, the pool temperature would
be at about 345°F (447 K) and the steam pressure within primary contain-
ment would be sufficient to cause the overpressure failure of the dry-
well, At the end of 2 h, the drywell pressure is 28 psia.

In order to see if the core power splkes can be eliminated or re-
duced by adjustment of the injection logic, this same case was repeated
with a mod!fied strategy for operator control of vessel water level when
injecting with the condensate booster pumps. It i{s impossible to judge
whether the modified strategy or the one considered in the first part of
this section would be more likely to be employed in the unlikely event
of an ATWS since the training of operators in the use of the EPGs 1is
still at an early stage. The purpose of the following exercise 1s
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solely to demonstrate the beneficial effect of increased care in the
control of injection flow, particularly during the refill stage of an
ATWS transient in which the downcomer water level has dropped to below
the top of active fuel.

The rules for the modified strategy are:

l. The set point for manual level control is 350 in. (8.89 m) as
determined from the Post Accident Flooding range indication [instead of
the 380 in. (9.65 m) Emergency Systems indication ~etpoint used for the
calculation discussed above|. The effect of this is that when the indi-
cated water level is at the setpoint, the actual level will be below the
top of the active fuel.

2. 1If the level is more than 6 in. (15.2 cm) below the setpoint,
flow is set at 1800 gpm (113 1/s8).

3. If the level is below, but within 6 in. (15.2 cm) of the set
point, injection is 900 gpm (57 1/s).

4, 1f the level is above the setpoint, injection flow is 600 gpm
(38 1/s).

5. 1f the level is more than 6 in. (15.2 cm) above the setpoint,
the startup bLypass valve 18 completely closed to zero the condensate
booster pump injection.

The differences between this modified level control strategy and
the one listed previously are that the operator is directed to control
vessel water level at a setpoint which is below the top of the active
fuel, instead of above, and to shut off the injection flow sooner when
the desired vessel level is exceeded.

The calculated results show that this modified level control
strategy eliminates almost all of the spikes in core thermal power
(Fig. 4.31). The one thermai power spike that occurs after the transi-
tion to condensate booster pump injection 18 a result of the recovery
from the emergency depressurization which had previously totally uncov-
ered the core, After this one power spike, the operator s able to
maintain vessel water level (Fig. 4.32) very close to the TAF by initi-
ating 1 min bursts of condensate booster pump injection (Fig. 4.33) at
600 gpm (38 1/8) about once every 3 min. The nearly complete core cov-
erage thus obtained 1{s adequate to protect the core, and the core
thermal power remains very close to the decay heat level. With all four
suppression pool coolers running, the peak suppression pool temperature
is 189°F (361 K), occurring 36 min into the accident., Therefore, this
modified vessel level control strategy eliminates the possibility of
static overpressurization failure of primary containment.

4.3.3.1 Effect of stuck-open relief valves. As demonstrated
above, when there {s neither manual rod insertion nor SLC injection, the
EPGs require an emergency depressurization of the reactor vessel, begin-
ning at 18.7 min (Table 4.4). Compounding these fallures with one or
two stuck-open SRVs has very little effect on the overall sequ: ice since
the reactor vessel becomes depressurized even without the stuck-open
SRVs.

In the case with only one stuck open SRV, the reactor vessel does
not depressurize sooner. Before 18.7 min, reactor thermal power is high
enough to hold one or more SRVs open at full vessel pressure. After
18.7 ain, the operators open three additional SRVs and depressurize the
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reactor vessel. They leave the hand switchk for each of the manually
opened valves in the "on" position, and in effect — stuck open.

In the case with two stuck-open SRVs, the reactor vessel begins de-
pressurizing after 9 min and reaches a pressure of about 300 psia (2.07
MPa) before the operators hasten the depressurization by opening three
additional SRVs when the suppression pool heat capacity temperature
limit is exceeded. For the two SORV case, operators have to act to irip
the low pressure, high capacity injection systems (e.g., Core Spray)
about 5 min sooner than they would for the case without any SORVs. As
discussed previously these pumps start automatically and, {f not pre-
vented, can flood the depressurized reactor vessel, causing severe power
and pressure excursions.

4.3.3.2 The sequence of events without pressure suppression pool
cooling. This section discusses the effect of compounding the failures
of manual rod insertion and SLC injection with a fallure of suppression
pool cooling. The sequence of events is essentially the same as that
for the case with pool cooling (Ref. Table 4.4, Figs. 4.254.30) with
the important exception that the suppression pool temperature increases
much more rapidly. As the pool temperature increases, 1its vapor pres-
sure increases. Evaporative steaming from the surface of the pool as
well as direct bubble — through of part of the SRV discharge would
pressurize the wetwell., This steam discharge easily and quickly reaches
the drywell atmosphere via the 12 two~ft (0.61-m) diameter vacuum
breakers, which open a flow path to the drywell atmosphere when wetwell
pressure exceeds the drywell pressure by more than 0.5 psi (3 kPa). By
150 min, the drywell pressure reaches the assumed 117 psig (0.910 MPa)
failure pressure* of the drywell.

The calculation ends with drywell failure. BWR-LACP {s not pro-
grammed to calculate events after the drywell failure, which include the
possibility of severe fuel damage.

4.3.4 Emergency action levels and timing

The timing of the declaration of emergency action levels for the
cases in which backup shutdown systems fall s specified on Table 4.6,
The criteria for determination of emergency action levels are taken from
the TVA Implimenting Procedures Document applicable to the Browns Ferry
ruclear plant (Ref, 4.4),

In the event that efther the SLCS i{njection or manual rod insertion
is avallable, the reactor can be shutdown, so there is no need for an
emergency status higher than Alert unless the accldent 1s compounded
with another serious fallure such as loss of suppression pool cooling.
The emergency response action levels for the case of fallure of suppres~
sion pool cooling after shutdown from an MSIV closure ATWS incident are
discussed in Sect, 4,2.4.

*The assumed static overpressurization fatlure point for the dry-
well i{s taken from the Information provided in Ref, 3.3,
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If neit)er of the backup means of shutdown are available, the cal-
culations of Sect. 4.3.3 show that the time averaged reactor power would
exceed the ccoling capacity of the suppression pool coolers. The sup-
pression ool would be overheated, and primary containment pressure
would steadily dwcrease. The Alert status would be upgraded to General
Emergency after gbout 6 h when drywell pressure would have exceeded
50 peig (0.45 MPa), The overpressure failure pressure of the drywell
would be exceeded ancther 6 h later, or 12 h from the inception of the
accident sequence.

If the failure of both backup means of shutdown were compounded
with failure of the suppiession pool cooling, then the suppression pool
would be heated iapifly, and the Alert would be upgraded to General
Emergency after 11] min, The 4rywell overpressure faillure pressure
would be exceeded only 15¢ min afver the beginning of the accident.

General cons?.erations for emergency response for accidents in
which the diywell fallure ocewes defore any severe fuel damage are dis-
cussad in Sect., 4.2.4, A detailed study of fission product release and
trausport following MSiv-closure initiated ATWS sequences that result in
severe fuel damage is p'anned to be conducted at ORNL. The results of
th.s study, to be publisliey in a compa:ion report, will provide a quan-
titative basis tov planning of the optisum emergency actions for such a
highly improbable eventuality.
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Teble 4.1. ‘‘ypical differences in indicated level

between the Emergency Systems Indication and

the Pos’ Accident Flooding Indication

Pressure 15
(psia) e
Actual level, in. 560 380 560 380b
Emergen~y Systems Indication, in. 560 380 588% 373
Post Accident Flooding Indication, in. 473 337 560 380

2pointer pegged at upper end of scale.

bPolnter pegged ¢ lower end of scale.

Table 4.2. Relative change in specific

volume of vapor per unit change in
pressure at various pressures
between 15.0 and 1050 psia

Relative change in vapor specific

P:;:::;z volum2 per unit change
in pressure

15.0 3634.4
100.0 92.5
200.0 24.7
300.0 11.0
400.0 6.4
500.0 4.2
600.0 2.9
700.0 2.2
800.0 1.7
900.0 1.3
1000.0 l.l
1050.0 1.0
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Table 4.3, MSIV closure ATWS with SLC and MRI initiation

Time

Cais) Event Comment
0 MSIV closure initiated No scram
0.1 Recirculation pumps tripped At reactor vessel pressure 1135
psia
1 HPCI and RCIC start At reactor vessel level of 476.5
in. (12.1 m)
1 Operator begins SRV manipulations To prevent auto SRV actuation
1.5 Suppression pool temperature ex- EPG criterion for SLC initiation
ceeds 110 F (317 F)
1-25 Wide reactor vessel pressure swings Due to operator SRV manipulations
3 Operator begins manual rod inser- One rod at a time, at rod speed
tion of 3 in./s (7.62 cm/s)
5 Operator initiates SLC
7 Operator trips HPCI, RCIC Initiation of EPG level/power
control
8 Core spray and RHR pumps auto-start Reactor vessel water level <413.5
in. (10.5 m)
8.6 HPCI suction shift Indicated suppression pool water
level > +7 in.
9 Vessel Emergency Systems (ES) Operator preferred level indi-
level indication off-scale low cation
9 Operator restarts HPCI At 40% of capacity
10 Operator initiates suvpression pool All 4 RHR coolers
cooling
11 Vessel ES level indication back on
scale
13 Operator trips HPCI Vessel water level too high —

40 i{n. (1.02 m) above TAFQ
1321 Steadily declining veisel water

level
17 Peak suppression pool temperature At 157 F (343 K)
reached
21 Operator restarts HPCI At 20% of capacity
24 Operator trips HPCI Vessel water level 40 in. (1.02
m) above TAF
30 . 1injection sufficient for hot Total 265 1bs (120 kg) boron
shutdown required
30 Operator restarts HPCI At 100X {to promote boron mixing)
35 Operator trips HPCI At 500 in. (12.7 in.) vessel
level |or 140 in. (3.56 m) above
TAF ]
35-end Reactor core on decay heat
3560  CRDHS injection continues At 110 gpm (0.007 m’/s)

aTop of active fuel (TAF) is 360 in. (9.14 m) above vessel zero in the
BWR-LACP simulation.
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Table 4.4 Timing of Emergency Action Levels for MSIV closure
ATWS accidents in which backup shutdown systems
function (cases of Section 4.2)

Time Action Level Criterion

(a) With functioning pressure suppression prol cooling

5 min Alert Failure of scram system
3h None Completion of manual insertion of
all control rods

(b) With failure of pressure suppression pool cooling

5 min Alert Failure of scram
10 min Alert Loss of shutdown cooling
20 h General Emergency Drywell pressure >50 psig (446 kPa)

@powngrading of action level status would require the
absence of any other condition (e.g. high radiation levels)
requiring a specific emergency classification.
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Table 4.5.

Sequence of events for case without manual

rod insertion or SLC injection, but with pool cooling

Time
(min)

Event

Comment

0000

N

14.8
16.8
16.8

17
18.7

18.7

19.5
19.6
20.1

20.6

27

27.8
31.8
33.3

MSIVs begin to close

No reactor scram
Recirculation pumps trip
HPCI and RCIC start

Operator control of vessel pressure
begins
Operator trips HPCI and RCIC

Core spray and RHR pumps start

Vessel water level below TAF

Reactor power below 10X

Vessel pressure dropping

Uperators initiate suppression pool
cooling with all four coolers

Vessel water level above TAF

Puwer spike

Automatic SRV actuations

Operators decrease HPCI flow

Operators begin emergency depressuri-
zation of reactor vessel

Operators trip HPCI and RCIC turbines
and the core spray, condensate, con-
densate booster, and RHR pumps

Drywell pressure exceeds 2.45 psig
(118 kPa)

Core completely uncovered

Vessel pressure below 450 psig (3.21
MPa)

Operators resume vessel injection

Operators restart suppression pool
cooling

All SRVs shut

Vessel water le’el recovered to >TAF

Operators discontinue injection flow

Anticipated transient

Automatic actuation, total in-
jections 5600 gpm (353 1/8)

To prevent SRV cycling on auto-
matic actuation

Per EPG level/power control
guideline

At vessel water level <413.5
fa. (12.5 m) - reactor vessel
pressure too high for injection

Operator restarts HPCI at 1800
gpm (113 1/8)

Operator shuts all but one SRV
"Containment Spray Select”
switch actuated

Not back on scale of emergency

systems indication
Core thermal power to 35%

Vessel water level too high
Suppression pool in viclation
of EPG heat capacity tempera-
ture limit

Interrupts suppression pocl
cooling

Subcritical and producing only
decay heat

Core spray and LPCI valves open
(LPCI valves interlocked open
for 5 min)

Using condensate booster pumps,
flow controlled by startup by-
pass valve

After overriding 2/3 core cov-
erage interlock

Vessel-to-drywell pressure dif-
ference <20 psi

Level not back on scale of
emergency systems indication

Emergency systems indication on
scale but increasing too fast
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Table 4.5 (continued)

T e
(ain) Event Comment
33.8 SRVs reopen Vessel-to-drywell pressure
differcnce >50 psi
34.6 Vessel power and pressure spike Maximum core thermal power =
B1%
34.8 Automatic SRV actuations At 1105 psig (7.72 MPa)
36.5 Vessel pressure below 450 psig Depressurizing with five open
(3.1 MPa) SRVs
40—end Additional power/pressure spikes Occurring about every 13 min
120 Suppression pool temperature at 232°F Still increasing
(384 K)
720 Suppression pool temperature at 345°F Drywell overpressure failure

(447 X)

{mminent
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Table 4.6 Timing of Emergency Action Levels for MSIV closure
ATWS accidents in which backup shutdown systems
fail (cases of Section 4.3)

Time Action Level Criterion

(a) Cases with manual rod insertion and with pool cooling

5 min Alert Failure of scram system
3h None? Completion of manual insertion of
all rods

(b) Cases with SLC injection and with pool cooling,
but no manual rod injection

5 min Alert Failure of scram system
End Alert Control rods still not inserted

(¢) Cases with neither SLC injection, nor manual rod

insertion
5 min Alert Failure of scram system
6 h General Emergency Drywell oressure >50 psig (446 kPa)

(d) Cases with neither SLC injection, nor ranual rod
insertion and without suppression pool cooling

5 min Alert Failure of scram system
111 min General Emergency Drywell pressure >50 psig (446 kPa)

aDowngrading of emergency action level would require the
absence of any other condition (e.g. high radiation levels)
requiring a specific emergency classification.



TU OTHER
wews |

s

RESTRICTING _4_ /

ORIFICE

TO UNIT 1 RECIRC 8 gpm
PUMP SEALS -

(1 OF 185)

CRD
PISTON

l-- ——— —

ACCUMULATOR

e

r

A A

TO OTHER

FROM OTHER
HCUs

TO SCRAM
DISCHARGE
VOLUME

IFROM OTHER
HCUs

OANL DWG 8) 20283 €TD

ITHDRAW

INSERT WITHDRAW

B 3

INSERT
d

(1 OF

i

m TO OTHER
HCUs

HCU |

185)
|

EXHAUST
HEADER

HCUs )
ICHARGING g

24

PUMP MINIMUM 20 gpm DRIVE COOLING
FLOW HEADER HEADER HEADER
Soe & 60 gpm 54 gpm
treesie ity { 6 gom
7 - L J .
CONgZO"g"E X pUMP FLOW CONTROL DRIVEWATER COOLING
STORAGE 1A STATION PRESSURE PRESSURE
TANK » CONTROL 4 99m  CONTROL
STATION INSERT staTion
Y
| [" STABILIZING
t, wom  VALVES
85-551 WITHDRAW
FROM PUM? TEST LINE
unit2 10 >4
cST UNIT
2
Fig. 4.1. Schematic diagram of the control rod drive

system.

85-50 .
TO REACTOR VESSEL VIA
> L CEOWATER LINE B

hydraulic

LL



OANL-OWG 8120287 €TD

| |
| VENT | TO OTHER HCUs - b
| | A VENT
|
l Alur : 4
|  SCRAM = M scram
| PILOT — 4 ! DUMP
VALVES g | o g8 VALVES
| Lee | L Ree
! | SOV ISOLATION
| i | TEST VALVE
I
| |
| |
I SCRAM INLET SCRAM OUTLET ! SDV VENT
V VENT
| :/SﬁvaE) &:‘b\*’rf | (OPEN) > oeEn) S°Ic‘§p‘éﬁf""
| |
| HCU |
L (1 OF 185) |

VENT ‘“‘: L* ‘

VENT

VENT

BACKUP
SCRAM

VALVES VENT

Pig. 4.2,

CONTROL
AIR
SUPPLY

Air operator network for

valves ond the scram dump valves.

SOLENOID OPERATED
THREE WAY VALVES

PORTAL WITH DOT IS
OPEN, SHUTS WHEN \
SOLID PORTAL OPENS

smenovo—/

OPERATOR

SOLID PORTAL IS SHUT,
OPENS WHEN DOTTED
PORTAL SHUTS

L UNMARKED PORTAL

IS ALWAYS OPEN

VALVES ARE SHOWN IN THEIR
NORMAL OPERATING POSITIONS

the scram inlet and outlet

8L



79

‘walsds
[033u0d> pynby] Aqpuels L1194 sumoig jo weifejp dpIeWAYDS gy 814

mVI.lI...x‘ >ai
-W I.:‘FL : -Io L
=l t1|s= -
- L . %
u — AIII ¥ WO YIOOY
<X mvows i
el
- o
—‘ - - |np|¢|7||. v

013 ZESy—-v8 OMO—INHO

o)




80

ORNL-DWG 84-4533 ETD
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o
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TP S
24
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e
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2 460
DOWNCOMER WATER LEVEL (IN.)

Fig. 4.4. Core thermal power as a function of water level in the
reactor vessel downcomer for steady state ATWS conditions at three dif-
ferent pressures. The core is considered to be unpoisoned.
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Fig. 4.5. Core inlet flow as a function of water level in the re-
actor vessel downcomer for steady state ATWS conditions at three dif-
ferent pressures. The core is considered to be unpoisoned.
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Fig. 4.6. Location of the feedwater spargers within the reactor
vessel.
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RANGE B = | . RANGE

73" __._{__ ~_5E. L

Fig. 4.7. [Level instrumentation available for monitoring reactor
vessel downcomer water levels neasr the top of the core. Non-scale di-
mensions are height in inches above the inner bottom of the reactor ves-
sel.
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Fig. 4.9. Schematic diagram of one loop of the Residual Heat Rc~-
moval system.
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Fig. 4.10. Heat capacity temperature limit for the Browns Ferry

Nuclear Plant. Reactor vessel pressure — suppression pool temperature
combinations that lie within the shaded area are prohibited.
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Fig. 4.11. EPG operator action sequence — core thermal power.
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Fig. 4.12. EPG operator action sequence — vessel water level.
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Fig. 4.16. EPG operator action sequence with one stuck open SRV —
vessel pressure.
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Fig. 4.17. EPG operator action sequence with two stuck open SRVs —

vessel pressure.
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Fig. 4.18. EPG operator action sequence with failure of suppres-
sion pool cooling — suppression pool temperature and water level.
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Fig. 4.19. EPG operator action sequence with failure of manual rod

insertion — core thermal power.
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Fig. 4.20. EPG operator action sequence with failure of SLC system —
core thermal power.
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Fig. 4.25. EPG operator action sequence with failure of both SLC
system and manual rod insertion — core thermal power.
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Fig. 4.26, EPG operator action sequence with failure of both SLC
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Fig. 4.28. EPG operator action sequence with failure of both SLC
system and manual rod insertion — vessel pressure.
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Fig. 4.30. EPG operator action sequence with failure of both SLC
and manual rod insertion — drywell pressure.
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5. INSIGHTS AND RECOMMENDATIONS CONCERNING OPERATOR
ACTIONS FOR THE MSTV CLOSURE — ATWS

The sequence of events for the case of an MSIV-closure initiated
ATWS with no operator action was discussed in Chapt. 3. Without oper-
ator action, there is no manual rod insertion, injection of sodium pen-
taborate solution, or pressure suppression pool cooling. There is also
no operator action to lower reactor vessel water level, but the HPCI
system fails on high lube oil temperature so the water level eventually
falls to below the top of the core anyway. There is no operator action
to prevent ADS actuation, automatically initiated by the combination of
low reactor vessel water level and high drywell pressure; the reactor
vessel depressurizes and the large-capacity, low-pressure injection sys-
tems reflood the core, causing a power and pressure excursion even
though the ADS valves remain open., With the reactor vessel again pres-
surized, the low-pressure systems cannot inject, vessel water level
falls, and the depressurization — vessel reflood — power excursion —
vessel repressurization cycle repeats. Containment failure is predicted
to occur after just 37 min.

Chapter 4 is in effect a study of the efficacy of the operator ac-
tions mandated by the BWR Owners Group Emergen~y Procedures Guidelines
(EPGs) in removing the many undesirable characteristics of the sequence
of events described in Chap. 3. No attempt is made to adjust for the
probabilities that the operator might not do exactly as the procedures
prescribe; it is assumed that the procedures are followed exactly. The
basic strategy of the EPGs can be described as a three-step process:
(1) begin injection of sodium pentaborate, (2) lower the reactor vessel
water level to the top of the core, reducing reactor power and the rate
of pressure suppression pool heatup, and (3) when enough sodium penta-
borate has been injected to induce hot shutdown if mixed evenly within
the reactor vessel at normal operating level, restore water level to its
normal operating range. During the period when step (2) is in effect,
the water level 1is too low to support natural circulation and the core
inlet flow is too small to sweep the injected sodium pentaborate into
the core. Initiation of step (3) produces a large core inlet flow to
reestablish reactor vessel water level and once this 1is done, natural
circulation 1is reestablished. This sweeps the previously injected so-
dium pentaborate up into the core and produces hot shutdown.

The results discussed in Chap. 4 clearly show that the procedures
spocified by the EPGs are effective {f properly carried out and that the
Severe Accident situation described in Chap. 3 can be and should be
avolded 1f the operators take the specified actions and all equipment
functions as designed. Nevertheless, we have identified some difficul-
ties with the procedures that we believe might confuse the operators and
therefore have the potential to convert what should be a stable situa-
tion into an unstable one because of well-intentioned but counter-pro-
ductive operator action. We have some suggestions to offer in this re-
gard, based both upon our observations of ATWS runs made at tne TVA
Browns Ferry control room simulator as part of this study and upon our
calculations, These suggestions form the bases for this chapter.
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In general, we recommend that the ATWS accident procedures be sep-
arated from the overall Emergency Procedures Guidelines. The occurrence
of an ATWS would produce such dramatic effect that it is inconceivable
that its unique signature would escape the attention of the operators.
Yet the operator actions required to mitigate an ATWS are in many cases
diametric to the operator actions required for the set of accidents that
might occur with the reactor shutdown and limited to decay heat power.
Thus the present inclusion of the ATWS strategy among the plans for op-
erator action to cope with other accidents have produced a set of writ-
ten instructions that are unnecessarily complicated and invite confu-
sion. The separation of the two would produce a much clearer set of
instructions to be followed in the event of ATWS, and in all other cases
as well.

We also make the general recommendation that, in the AIWS proced-
ures, the operator be given guidance as to the amount of reactor vessel
injection that would be required to maintain the vessel water level at
the top of the core. The procedures should stress that the required in-
jection would increase if the ATWS were compounded by leakage from the
reactor vessel and would decreass as the core is poisoned by SLC injec-
tion or manual rod insertion. However, vithout guidance, the operator
would have no idea where to begin.

In Sect. 5.1, we offer two recommendations concerning revisions to
the operator actions required by the BWR Owners Group Emergency Pro-
cedures Guidelines and we give the reasons for our recommendations. In
Sects. 5.2 and 5.3, we revisit the appropriate operator-action sequences
of Chap. 4 and demonstrate the effect of our recommendations.

5.1 Recommendations Concerning Operator Actions

First, it 1s recommended that the operator not attempt manual
control of reactor vessel pressure under ATWS conditions. Given the
present design, the operator would not know which SRVs were already open
when he began his attempts to control relief valve operation. With sev-
eral relief valves automatically open, operator action to open an al-
ready-open valve would result in no change except for a control panel
1ight indicating that the valve solenoid was energized. For a previ-
ously closed valve, the operator action would open the valve, but after
only a slight decrease in reactor vessel pressure, a previously-open
valve would shut and reactor vessel pressure would remain about the
same.

If the operators were persistent, continuing to go to manual open
on relief valve after relief valve until a recognizable effect was
achieved, they would suddenly be confronted with a rapid drop in reactor
vessel pressure, inviting core flooding by the low-pressure injection
systems and the concomitant power and pressure spikes. The Boiling
Water Reactor 1is very sensitive to the void coefficient of reactivity
and the response of reactor power to pressure changes i{s greatly mag-
nified at low pressures.

Second, if the sodium pentaborate solution cannot be injected, the
operators should trip the HPCI turbine at the time this situation 1is



110

recognized. Reactor vessel injection would continue via the RCIC system
and the CRD hydraulic system. Reactor vessel water level would drop be-
low the top of the core, but a RELAFS calculation®+! has shown that the
velocity of the steam rising past the uncovered portion of the core
would preclude significant core heatup. The operator could monitor
water level on the Post Accident Flooding range, but should be cognizant
that the instrument reading is several inches lower than the actual
downcomer water level when the reactor vessel is pressurized.

These recommended actions are intended to permit the operator to
maintain control of the situation and to concentrate his or her efforts
upon alternate means of reactor scram, manual rod insertion, ensuring
sodium pentaborate {injection, and the initiation and maintenance of
pressure suppression pool cooling. Power and pressure excursions are
avoided. For the case without SLC injection, the downcomer water level
stabilizes at a point below the top of the core. Therefore, the reactor
power is less and consequently, the rate of pressure suppression pool
heatup is minimized. These results are demonstrated in the following
sections.

5.2 The Accident Progression with Successful SLC System
Operation but Without Other Operator Actions

The purpose of this section 1is to briefly discuss the results of
BWR-LACP calculations made to demonstrate the efficacy of the first
recommendation offered in Sect. 5.1. Accordingly, it {i{s assumed that
the operators do not attempt manual control of reactor vessel pres-
sure. 1n all cases, the SLC system {s assumed to be initiated by the
operators 5 min after MSIV closure and to inject sodium pentaborate so-
lution at the rate of 56 GPM (0.004 m’/s). The rate of dispersal of the
polson into the core depends on the rate of inlet flow to the core, as
discussed in Appendix A, Sect. A.l.4.

If the operator initiates the SLC system but does nothing else, the
BWR-LACP results show that the HPCI booster pump suction shift from the
CST to the pressure suppression pool would occur at 8.8 min and the HPCI
system would be lost* at 16.3 min., Since the HPCY system injects at
full automatic flow [5000 gpm (0.316 m’/s)] during its period of opera-
tion, there is sufficient core inlet flow during this period so that the
injected sodium pentaborate solution is well-mixed within the reactor
vessel, Therefore a slow but steady decrease of core thermal power that
begins with SLC system initiation (when the power {s 27%) would continue
until the time of HPCI failure when the power would have been raduced to
about 227,

After HPCI system fallure, the core thermal power would decrease
from 22T to less than 2% within 2 min. This i{s a direct result of the
reduction of core inlet flow and the concomitant increase of core inlet
enthalpy., It is important to note that the reactor vessel water level

*Because of pressure suppression pool temperature of 190°F (361 K).
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would only decrease slightly during this 2-min period.* After this
temporary decrease, the vessel water level is predicted to steadily in-
crease as a result of the continued injection of the RCIC, the CRD hy-
draulic, and the SLC systems.

At time 50 min, the reactor vessel water level would reach the
high-level trip setpoint of the RCIC system. The core thermal power
would be at decay heat levels. Pressure suppression pool temperature
would be 198°F (365 K), increasing very slowly due to the lifting of one
SRV about every 2.7 min.t

The reactor vessel water level is predicted to continue to increase
even after trip of the RCIC system. Enough poison has been injezted for
the power to be limited to decay heat while injection continues via the
SLC and the CRD hydraulic system.

Calculations were terminated at time 60 min, The predicted pres-
sure suppression pool water temperature at this time 1is still abou*
198°F (365 K).

To briefly recap this accident sequence, the operator does nothin,
except initiate the SLC system. Core thermal power is slowly reduced.
The HPCI system 1is lost, causing a sharp reduction 1in core thermal
power. Since the generated steam flow is less than the continuing in-
jection by the remaining high-pressure systems, the reactor vessel water
level continues to increase. There i{s no relief valve discharge over a
long period of time because the sensible heat requirements of the in-
Jected flow exceed the core thermal power. At the 60-min point, the re-
actor is fully shut down and the pressure suppression pool temperature
is 198°F (365 K), increasing very slowly. Throughout the accident se-
quence, the reactor vessel water level {8 maintained at least 10 ft
(3.05 m) above the top of the active fuel.

The effect of just one additional operator action — to inmstitute
pressuce suppression pool cooling at the 30-min point — was investi-
gated. Maximum suppression pool temperature would be 197°F (365 K) at
30 min. By time 60 min, the pressure suppression pool temperature would
be reduced to 178°F (354 K).

Since analysis of the accident sequence of events described above
clearly shows that the assumed sudden failure of the HPCI system at a
pressure suppression pool temperature of 190°F (361 K) 1s a significant
event, the calculation was repeated with the assumption that the HPCI
system is immune to failure by lube oil overheating. Because the i~
serted poison would act to keep the core thermal power below that other-
wise demanded by the continued high rate of injected flow, the reactor
vessel water level would steadily increase. The calculation shows that
the vessel water level would reach the common high level trip setpoint
of the HPCI and RCIC systems at about time 21 min. Core thermal power

*From 506 to 482 inches (12.85 to 12.24 m) above vessel zero. At
the low point, this is still some 10 ft (3.05 m) above the top of the
core.

tAn automatic sequence of actuations as necessary to maintain reac-
tor vessel pressure in the range 1055-1105 psig (7.38-7.72 MPa).
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would be 20.0% at this point and pressure suppression pool temperature
would be 206°F (370 K).

After the simultaneous trip of the HPCI and RCIC systems, core
thermal power is predicted to decrease from 202 to less than 2% within
about 2 min. Water level would decrease rapidly at first, then more
slowly after the power decrease. Pressure suppression pool temperature
would continue to increase slowly due to the periodic lifting of one SRV
as necessary to maintain reactor vessel pressure. Calculations were
terminated at 60 min. The predicted poo! temperature at this time is
223°F (379 K) and the reactor vessel water level 1is 480 in. (12.19 m)
above vessel zero.

Again, the case with one additional action of the operator to in-
stitute pressure suppression pool cooling at the 30-min point has been
considered. Peak suppression pool temperature would be 211°F at the 30-
win point.

The calculated accident scenarios discussed in this section indi-
cate that {f the SLC system i{s initiated by the operators within 5 min,
then the MSIV-closure ATWS can be terminated successfully even 1if the
operators take no additional action. However, pressure suppression pool
temperatures in excess of 195°F (364 K) would occur during the first
hour. Pressure suppression pool temperatures this high could of course
be avoided 1if the operators took the additional steps necessary to im-
plement pressure suppression pool cooling and to reduce the core power
by decreasing the rate of HPCI system flow so that the reactor vessel
water level was lowered to the top of the core during the period of so-
dium pentaborate solution injection. (Cases including consideration of
the effect of reduced reactor vessel water level are discussed in
Chap. 4).

5.3 The Accident Progression with Neither SLC
System Operation nor Manual Rod Insertion

This section presents the results of BWR-LACP runs made to demon-
strate the efficacy of the mitigative strategy recommended in Sect. 5.1
for the case without poison injection. The most severe example of MSIV
closure~initiated ATWS is considered: failure of both SLCS boron injec~
tion and manual rod Insertion. The effect of the fallure of pressure
suppression pool cooling 1s also analyzed. The results presented in
thie chapter can be compared to corresponding cases in Chap. 4, for
which strict operator compliance with the EPGs was assumed.

5.3.1 The sequence of events

The sequence of events is summarized by Table 5.1. Important sys-
tem variables are plotted on Figs., 5.1-5.5.

The first S5 min of this accident are essentially the same as the
no-operator-action case (Chap. 3). Reactor power (Fig. 5.1) averages
28% while the HPCi and RCIC systems run at full capacity and the vessel
water level (Fig. 5.2) averages 4/5 in. (12.1 m). The total injection
flow (Fig. 5.3) during this time 1is 5706 gpm (360 1/8) including the 106
gpm (6.7 1/8) injection by the CRDHS, which runs continuously throughout
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the acclaent. The reactor vessel pressure (Fig. 5.4) cycles between
1120 and 1020 psia (7.72 and 7.03 MPa) in response to the automatically
opening and closing SRVs. During the first 5 min the operators would be
attempting without success to obtain an alternative scram, to begin man-
ual rod insertion, or to begin SLCS injection of sodium pentaborate so-
lution.

After 5 min, the operators trip the HPCI system turbine (per the
second recommendation of Sect. 5.1), thereby reducing total injection
flow from 5706 to 706 gpm (360 to 44.5 1/8). [The RCIC svstem {is
allowed to keep running at its full capacity of 600 gpm (37.8 1/s)].
The vessel water level decreases rapidly until the water level 1is near
312 in. (7.92 m), corresponding to 2/3 core coverage. The core power
decreases in response tc the increased core voiding as the water level
decreases. As water level passes through the TAF the core power 1s
about 10%Z., After 9.5 min the vessel level settles at 2/3 core coverage,
and the core power settles at about 4% (including decay heat). This
core power response f{e¢ preferable to that of the equivalent case in
Chap. 4 (see Sect. 4.3.3 and Fig. 4.25) on two counts: time averaged
power is much lower, and there are no core power excursions.

With the actual vessel downcomer water level at 312 in. (7.92 m)
above vessel zero, the Emergency Systems range level indication would be
off-scale low. This would cause the operators some concern since the
Emergency Systems range is the preferred indication, especially since {t
is calibrated for a hot, full pressure reactor vessel. The Post Acecli-
dent Flooding range indication range would be on-scale and could be used
to determine vessel water level; however, the procedures would have to
inform the operator of the magnitude of error expected when a cold-cali-
brated level {nstrument i{s used to read the level of hot reactor coolant
(see Sect. 4.1.2 and Table 4.1). For example, an actual level of
312 in. (7.92 m) above vessel zero of fully pressurized coolant at or
near saturation would indicate as 76 in. below the top of the active
fuel on the Post Accident flooding range, or 284 in. (7.2]1 m) above ves~
sel zero. This 1is an error of 28 in. (0.71 m).

It should not be surprising that the vessel water level settles
near 312 in., (7.92 m); this 1s the level of the 20 jet pump suction in-
lets., When water level in the downcomer annulus is well above the jet
pump inlets, water from the downcomer passes freely through the jet
pumps on its way to the core and the collapsed water level in the core
is approximately equal to the water level in the downcomer annulus. As
the downcomer water level approaches the elevation of the jet pump in-
lets, water from the downcomer annulus begins to see a significant flow
resistance as it flows from the downcomer to the core (via the lower
plenum). If water level decreases to below the jet pump inlets, no flow
can pass from the downcomer; the water level in the core and in the
downcomer annulus become essentially uncoupled.*

*There would be some leakage from the downcomer through jet pump
diffuser seals, etc., but this flow would be insufficient to equalize
the core and downcomer collapsed water levels.
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With the dowrcomer water level (Fig. 5.2) near 2/3 core height, in-
jection flow (Fig. 5.3) at 706 gpm (44.5 1/s) and core power (Fig. 5.1)
at 3.9%, the BWR-LACP results predict that the bottom 2/3 of the active
fuel, covered by a 2 phase boiling mixture of water and steam, would be
eritical ard generating most of the core power; the top 1/3 would be
steam blanketed. Of the total 3.9% core thermal power, 3.55% would be
generated in the bottom 2/3 of the core, whereas the top 1/3 of the core
would be generating only decay heat, about 0.35% power.

The BWR-LACP code does not estimate fuel temperatures or steam con-
ditions for uncovered fuel. Results of an off-line hand calculation
show that steam would exit the core at about 675°F (631 K) and that max-
imum fuel temperature would be in the neighborhood of 850°F (728 K),
well below the threshold for fuel damage by oxidation of the zirconium
c¢ladding. Results of a RELAPS calculation®+! for an almost identical
accident sequence predict that the fuel would remain fully covered by
the boiling mixture, with no steam-cooled region and no heating of the
fuel (which would remain very close to the saturation temperature of the
steam/water mixture in the core). Therefore, the BWR-LACP prediction
may in this respect be conservative.

Throughout this accident, the operator, per the first recommenda-
tion of Sect. 5.1, makes no attempt to manually open SRVs. As a result,
vessel pressure (Fig. 5.4) is controlled over a narrower range than in
the equivalent case in Chap. 4 (Sect. 4.3.3, Fig. 4.28). During the
first 5 min, before HPCI {is tripped, the core steam producticn is high
enough to require between three and four open SRVs, After HPCI {s
tripped, the core produces only enough steam to intermittently open one
SRV, A single SRV would probably repeatedly cycle throughout the re-
mainder of the accident.

The Browns Ferry SRVs are grouped in two banks of four and one bank
of five SRVs with the SRVs in each group having the same nominal set-
point; nevertheless, the actual opening pressure for a given valve may
(by the ASME code) differ by as much as 1% from the nominal setting for
its group. Unless pressure increases very rapidly, the single SRV with
the lowest actual setting opens, and reduces the pressure before it
reaches the actual setpoint of any other SRV {in the same nominally set
bank.

Since pressure suppression pool cooling is initiated after 10 min,
and because core power i{s only about 4%, the suppression pool tempera=-
ture increases very slowly. After 43 min, the pool 1s at 165°F (347 K);
at this point, the EPG suppression pool heat capacity temperature limit
is exceeded and (see Fig. 4.10) an emergency depressurization of the re-
actor vessel 1s required. In accordance with the recommendation of
Sect. 5.1 that pressure control not be attempted, it is assumed that the
operators avoid the hazards of this undesirable depressurization. The
suppression pool temperature continues to Increase, and would after
about 6 h be close to the maximum of 206°F (370 K) achieved during this
accident. Subsequently, the pool cooling is able to remove heat from
the pressure suppression pool as fart as it {s added.
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As a result of the increasing pressure suppression pool temperature
and evaporation from the pool surface, the primary containment pressure
increases. After 52 min, the drywe!l pressure exceeds 2.45 psig
(118 kPa). This completes the set of conditions required* for
initiation of the ADS timer, and after an additional 2 min, the ADS
would automatically open six SRVs to rapidly depressurize the reactor
vessel. However, the operators avoid the ADS actuation by resetting the
timer before the expiration of the 2-min period, and approximately every
2 min thereafter until the end of the accident sequence when reactor
vessel water level 1s restored and the ADS timer is deactivated.

If the defining system failures for this accident are assumed to be
compounded by failure of the pressure suppression pool cooling function,
the thermohydraulic conditions in the reactor vessel would be the same
but primary containment conditions would be greatly different. The sup-
pression pool temperature and pressure would increase more rapidly, and
without bound. After 4.1 h, the suppression pool temperature would be
about 345°F (447 K) and the drywell would be pressurized to its pre-
dicted®*3 132 psia (910 kPa) failure pressure.

5.3.2 Emergency action levels and timing

The timing of the declaration of emergency action levels is given
by Table 5.2. The criteria for determination of emergency action levels
are taken from the TVA Implementing Procedures Document applicable to
the Browns Ferry nuclear plant.“*“

By following the vessel pressure and level countrol recommendations
of Sect. 5.1, the operators are better able to control the course of the
accident. For the case with suppression pool cooling, the highest emer-
gency action level achieved during the accident sequence is Alert. The
results discussed in Chap. 4 (Sect. 4.3.3 and Table 4.6) show that 1if
the operators follow the EPGs for the same case, the emergency action
level would have to be upgraded from Alert to General Emergency after 6
h, and that even with pool cooling there would be an eventual overpres-
sure failure of the drywell.

For the case without suppression pool cooling, the Alert 1is up-
graded to General Emergency after 187 min. This is 76 min later than
predicted in Chap. 4 for the analogous case in which the operators fol-
low the EPGs.

5.4 The Effect of Stuck Open Relief Valves

This section examines the consequences of compounding the defining
system failures of the case discussed in Sect. 5.3 by including a stuck
open SRV, This 1s done because the reliance upon automatic SRV

*Required conditions also include reactor vessel water level <413.5
in. (10.5 m), and either RHR pump or Core Spray pump discharge pressure.
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operation recommended in Sect. 5.1 would cause repeated cycling of one
SRV and this would increase the likelihood of an SORV. The sequence of
events 1is outlined in Table 5.3, and selected system variables are
plotted on Figs. 5.6-5.9. The overall accident progression is similar
to the case without a stuck open SRV discussed in Sect. 5.3. Notable
differences are discussed below.

Although the SRV sticks in the open position at 3 min, the reactor
vessel does not begin depressurizing until 9.7 min, when the core steam
production 1s no longer sufficient to hold one or more SRVs open contin-
uously at full pressure. Vesse( pressure decreases until reaching a
minimum pressure of 272 psia {1.88 MPa) at 22.5 min. A significant
fraction of the inventory of hot water in the reactor vessel is vapor-
ized during the depressurization. As a result, the vessel water level
decreases to below the jet pump inlets (i.e. 2/3 core height). For a
period of about 10 min, the 600 gpm (37.8 1/s) RCIC injection is refil-
ling the downcomer annulus but the flow does not reach the core. During
th's period, the core is uncovered, subcritical, and generating only de-
cay heat. This period of uncovery of active fuel is not long enough to
lead tn serious overheating of the fuel. Information provided in Ref.
5.2 shows that the core can be uncovered for periods of 10 min without
severe fuel damage 1if the CRD hydraulic system is operating. The
injection provided by the CRD hydraulic system is boiled in the lower
core and provides steam cooling for the uncovered upper portion of the
core.

As the rate of depressurization slows, the 600 gpm (37.8 1/s8) RCIC
injection plus the 166 gpm (10.5 1/s) CRDHS injection (which is higher
at lcwver vessel pressures) is able to exceed the rate of inventory loss
due to vaporization. The downcomer water level increases to above the
jet pump inlets, and this rc-establishes flow of the RCIC injection from
the downcomer to the core. As ihe core refills, criticality is restored
and total core power increases to about 4%. Increased core steam pro-
duction, venting to the pressure suppression pool through the single
stuck open SRV, partially restores reactor vessel pressure; after
31 min, pressure is stable at about 520 psia (3.59 MPa).

The operators are assumed here to take action as necessary to pre-
vent undesirable and possibly dangerous flooding of the reactor vessel
by the low pressure, high capacity injection systems. To accomplish
this, the condensate and condensate booster pumps must be tripped at any
time between 0 and 15.7 min and the Core Spray pumps must be tripped
anytime between 6.2 min (when they auto-start on low vessel level) and
15.7 min. The RHR pumps are not tripped since it is desirable to keep
the RHR system running in the pool cooling mode. Vessel flooding by the
RHR pumps 1s prevented by closing the LPCI injection valves after expir-
ation of the 5 min period during which they are interlocked in the full
open position. When pumping at full flow in the poo! cooling mode, the
RHR pumps cannot inject into the reactor vessel throush the open LPCI
valves unless vessel pressure decreases to below about 300 psia
(2.07 MPa), which it does nocc.
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Sequence of events for case with operator trip of HPCI,

and with failure of both SLCS and manual rod {nsertion

Time (min) Event Comment
0 MSIV closure initiated No scram
O—end SRVs cycling on automatic No manual SRV actuations -
initiation
0.1 Recirculation pumps tripped At reactor vessel pressure
1135 psia (7.83 MPa) &
O—end CRDHS {injection continues At 108 gpm (6.8 1/8)
1 HPCT and RCIC automatically start Vessel water level <476.5 in.
(12,1 m)
l—end RCIC runs at full capacity 600 gpm (37.8 1/s)
1.5 Suppression pool temperature EPG criter* + for operator
exceeds 110°F (317 k) inftiat! of SLCS injection
3 Operator attempts to manually No rod motion
insert rods
Operator attempts to start SLCS Pumps inoperative, don't start
5 Operator trips HPCI To reduce core power and to
prevent HPCI faflure
6.2 Core Spray and RHR pumps start On vessel level <413.5 in.
(10.5 m) .
6.8 Vessel water level below TAF Emergency Systems range level
indication off-scale low
9.5 Vessel water level at Z/3 core Post Accident Flooding range .
height level indication 1/2 core
height
9.5-end Vessel water level stable at Upper 1/3 of core steam cooled
2/3 core height
10 Operators initiate suppression Containment Spray Select and
pool cooling with all four 2/3 Core Coverage Override
coolers hand switches actuated
43 Suppression pool heat capacity Operators do not depressurize
temperature limit exceeded
5C ADS 2-min timer starts Drywell pressure >2.45 peig
automatically (118 kPa) + vessel water level
<413.5 in, (10.5 m) + RHR pump
discharge pressure sensed &
52--nd Operator must reset the ADS
timer every 2 min to avoid
ADS actuation
60 Suppression pool temperature Slowly increasing .
at 168°F (349 K)
360 Suppression pool approaching 206°F (370 K) maximum bulk

maximum temperature

temperature




Table 5.2. Timing of Emergency Action Levels for
case with operator trip of HPCI and fallure
of both SLCS and manual rod insertion

Time
(min) Action level Criterion
(a) Case with suppression pool cooling

5 Alert Fallure of scram system
5~end Alert Reactor still not shut down

(») hout ression 1 cooll
5 Alert Failure of scram system
10 Alert Loas of shutdown cooling
187 General Emergency Drywell pressure >50 psig (446 kPa)
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Table 5.3 Sequence of events for case with operator trip of HPCI,
failure of both SLCS and manual rod insertion,
and one stuck open relief valve

Time (min) Event Comment
0 MSIV closure initiated No scram
0.1 Recirculation pumps tripped At reactor vessel pressure 1135
psia (7.83 MPa)
0-9,2 SRVs cycling on automatic No manual SRV actuations
initiation
O—end CRDHS 1injection continues Between 108 and 166 gpm (6.8 and
10.5 1/8)
1 HPCI and RCIC automatically start Vessel water level <476.5 in.
(12.1 m)
l—end RCIC runs at full capacity 600 gpm (37.8 1/8)
1.5 Suppression pool temperature EPG criterion for operator
exceeds 110°F (317 K) initiation of SLCS injection
3 SRV sticks in open position Fallure to close after automatic
actuation
3 Operator attempts to begin manual No rod motion
control rod insertion
Operator attempts to start SLCS Pumps inoperative, don't start
5 Operator trips HPCI To reduce core power and protect
HPCI turbine
6.2 Core Spray and RHR pumps On vessel level <413.5 in.
automatically start (10.5 m)
6.8 Vessel water level at TAF Emergency Systems range level
indication off-scale low; Post
Accident Flooding range
indicates vessel level at 323
in. (8.2 m)
6.9 Reactor power <10%
9.7 Reactor vessel starts Reactor power <52
depressurizing
9.8 Vessel water level below 2/3 core Circulation from downcomer
height annulus to lower plenum and
core stops
9.9 Reactor core subcritical Power decreaseing to decay heat
10 Operators initfate pressure Containment Spray Select and

suppression pool - sling with
all 4 pool coolers

2/3 Core Coverage Uverride
handswitches actuated



121

Table 5.3 (continued)

Time (min)

Event

Comment®

12

. 14.3

15.7

ls.a

20.7

22.5

22.5

22.5

3 1—end

32

J4—end

60

360

Active fuel region of core
uncovered

Minimum downcomer water level of
278 in. (7.06 m) reached

LPCI and CS injection valves
open

Core Spray pumps, condensate, and
condensate booster pumps
tripped

EPCI injection valves closed

Vessel water level above 2/3 core
height

Active fuel region of core 2/3
covered

Minimum vessel pressure of 272
psia (1.%8 MPa) reached

Vessel water level stable at 2/3
core coverage

Vessel pressure stable at 520
psia (3.59 MPa)

ADS 2-min timer starts automati-
cally

Operator must reset the ADS timer
every 2 min to avoid ADS
actuation

Suppression pool temperature at
172°F (351 K)

Suppression pool approaching
maximum temperature

jet pump inlets

At vessel pressure <450 psig
(3.1 MPa); LPCI valves inter-
locked open for 5 min

To prevent vessel flooding

After expiration of 5 min inter-
lock, but before any injection

Circulation from downcomer
annulus to lower plenum and
core reestablished

Core critical again

Drywell pressure >2,45 pesig
(118 kPa) + vessel level
<413.5 in (10.5 m) + RHR
pump discharge pressure

Slowly increasing

206°F (370 K)




122

ORNL-DWG B4-4558 ETD

0.7 0.8 0.9
'y - A

2

HPCl TRIPPED

0.5

0.4

VESSEL LEVEL AT THF

0.3

CORE THERMAL POWER (P/PD)

, VESSEL LEVEL NEAR JET PUMWP INLETS

0.2
e

0.1
A

0 S 10 15 ®™ 2 % 3% w0 % % %
TIME (MIN)

Fig. 5.1. Recommended level and pressure control sequence with
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6. DISCUSSION OF UNCERTAINTIES

This plant-specific study of an MSIV-closure initiated ATWS is the
fifth accident study based on Browns Ferry Unit 1 that has been con-
ducted by the Severe Accident Sequence Analysis (SASA) program at Oak
Ridge National Laboratory (ORNL). Both authors of this report also par-
ticipated in the four previous studies so an appreciable amount of ex-
perience in severe accident analyses for a BWR of this design has been
applied in this work. Nevertheless, this 1is unquestionably the most
complex and difficult of the ORNL SASA program studies conducted to
date. 1In spite of every effort by the authors to reduce the uncertain-
ties associated with the results presented in this report, many remain,
and some are significant. It 1is the purpose of this chapter to provide
a discussion of the significant known uncertainties.

6.1 Uncertainties in the Calculational Model

The caiculations discussed in this report were performed by R. M.
Harrington using the BVR-LACP code which he developed at ORNL for use in
the SASA program studies. The code incorporates reactor vessel, primary
containment, and secondary containment models and in its present form is
gpecific to Browns Ferry Unit 1. BWR-LACP was also used in the four
previous ORNL studies, being expanded and improved in each case as nec-
essary to meet the particular needs of each new study. The progressive
stages 1in the development of the code are discussed in the re-
portsb'l's'“ that document the results of the previous studies; addi-
tions made to the code for the ATWS accident sequence calculations are
described in Appendix A of this report.

BWR-LACP results for a Station Blackout accident sequence have been
compared to results calculated for the same sequence by the SASA team at
INEL using RELAP4 Mod 7 (Ref. 6.5). BWR-LACP results for a small-break
LOCA with condensate booster pump injection have been compared with re-
sults calculated at INEL for the same sequence by RELAP5 Mod 1 (Ref.
6.6). As part of the preparation for this study, and as discussed in
Appendix A, an available INEL RELAP5 Mod 1.f ATWS run was repeated at
ORNL using BWR-LACP and the results were compared. Agreement has been
qualitatively good in all cases.

Considering the relative simplicity of the primary system represen-
tation within the BWR-LACP code, the good agreement of its results with
those of RELAP might be surprising.- However, it should be recognized
that primary system calculations for the portion of a severe accident
sequence before core uncovery are much simpler for a BWR than for a PWR.
In all cases, the MSIVs would be shut during a BWR severe accident
sequence, the reactor vessel 1is 1isolated, the recirculation pumps are
tripped, and the core inlet flow is a function only of the amount of
makeup water injection and the effect of natural recirculation circuits
within the reactor vessel. Therefore, sophisticated primary system
analyses codes such as RELAP5, RETRAN, RAMONA, or TRAC are usually not
necessary for BWR severe accident calculations; fundamental modeling of
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the processes within the reactor vessel in a properly benchmarked rela-
tively simple code such as BWR-LACP is sufficient.

On the other hand, the interaction between the reactor vessel and
fts very small Mark I primary containment is very important to calcula-
tion of the progression of events for a severe accident sequence at a
BWR plant of the Browns Ferry design. The BWR-LACP code is especially
suited in this regard because it combines primary system and primary
containment analytical capability.

Simply stated, the BWR-LACP code is a straight forward application
of basic thermal hydraulic, heat transfer, and reactor kinetics theory
which in its present form is specific to Unit 1 of the Browns Ferry
plant. The code is not intended to be competitive with the more sophis-
ticated and general primary system codes but rather is designed for the
different purpose of rapid and inexpensive scoping analyses of the over-
all accident sequence in the primary system, primary containment, and
secondary containment of Unit 1 at Browns Ferry. It has always been the
policy of the SASA program at ORNL that important original findings ob-
tained by use of BWR-LACP should be verified by subsequent application
of the more sophisticated codes, and the requested verification of such
BWR-LACP results has been forthcoming in the past.6'5-6'5 The expansion
of the BWR-LACP code to permit the calculation of reactor power as a
function of reactor vessel makeup water injection rate and temperature,
and reactor vessel pressure under ATWS conditions strengthens the need
for continuation of this policy. Current overall SASA program planning
includes the issuance of reports concerning Browns Ferry AIWS calcula-
tions by INEL using RELAPS5/CONTEMPT and by BNL using RAMONA; the results
presented in Chaps. 3, 4, and 5 of this report have early been made
available to these laboratories aad it 1s expected that the more sophis-
ticated codes will provide the necessary reliable verification of the
general accuracy of the sequence of events and the timing predicted by
BWR~LACP.

The known modeling deficiencies in the BWR-LACP code are not be-
lieved to introduce significant inaccuracies in the predicted progres-
sion of the ATWS accident sequence. The known deficiencies are:

1. The calculated reactor decay heat power level is representative of
infinite operation at 100% power and does not reflect the effect of
the brief periods of reactor operation at elevated powers that
would occur after recirculation pump trip. Reactor fission product
decay power 1is calculated as if a reactor scram had occurred at the
inception of the accident sequence.

2. Heat transfer from the uncovered portions of the fuel rods te the
surrounding steam is not modeled during the brief periods of par-
tial core uncovery that occur during the portion of the accident
sequence analyzed by use of BWR-LACP.

3. During ATWS accident sequence runs performed at the TVA Browns
Ferry Contrcl Room Simulator in support of this study, it was ob-
served that the calculated flows injected to the reactor vessel by
the HPCI and RCIC systems fluctuated significantly with the rapid
cycling of reactor vessel pressure that would occur during ATWS ac-
cident sequences in which the operator attempted to control reactor
vessel pressure. This effect is due to the sophistication of the
simulator modeling of the time delays inherent in the governor
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control of the steam supply valves for the HPCI and RCIC systems.
This modeling level 1s not replicated in the BWR-LACP code, in
which the injection rate for the high pressure turbine-driven ECCS
systems is assumed to be constant and as set by the opzrator and is
not affected by reactor vessel pressure. This simplification has a
neglible effect in the calculated results.

The calculation of reactor power does not include the effect of the
relatively slowly changing xenon reactivity. The buildup of xenon
after a power decrease can, over a long period, help to shutdown
the reactor. Since most of the transients discussed in this report
would have run their course in one or two hours, the buildup of
xenon would not provide a significant fraction of the reactivity
required to reach hot shutdown.

The model of the reactor vessel water level sensors assumes that
the sensor reference legs move instantaneously to their equilibrium
values: The Post Accident Monitoring range reference leg is always
at drywell temperature, and the Emergency Systems range reference
leg is always 40Z of the way between drywell temperature and the
reactor vessel saturation temperature (see Appendix A.5). This
assumption introduces a slight inaccuracy during the most rapidly
moving parts of the transients, but does not affect the final val-
ues reached. This 1s true because the reference legs will
ultimately reach their equilibrium temperature.

In addition to the modeling considerations discussed above, uncer-

tainties exist in the input parameters supplied to the BWR-LACP code for
the study of the-MSIV closure initiated ATWS accident sequence. These
include:

1.

One very important assumption of the BWR-LACP ATWS model involves
the in-vessel heating of injected HPCI or RCIC flow. As illus-
trated by the graph on Fig. 4.4, in-vessel feedwater heating causes
a dramatic decrease in reactor thermal power when the vessel water
level is reduced sufficiently to uncover the feedwater spargers.
When the downcomer annulus water level 1is below the level of the
feedwater spargers, the HPCI/RCIC injected flow is heated by direct
contact condensatiaon of steam while falling toward the water sur-
face beneath the spargers. The BWR-LACP input assumes®*7:6+8 thap
a fall through 2 ft (0.6]1 m) of steam environment is sutficient to
heat the injected water to saturation. With only saturated water
entering the core, there is more in-core voiding and hence a lower
power level, as shown on Fig. 4.4.

Recent preliminary work at Brookhaven National Laboratory with the
RAMONA code®*? has indicated that the amount of in-vessel heating
of injected flow might be much less than assumed for BWR-LACP [even
if the flow falls through as much as 12 ft (3.66 m) of invessel
steam environment]. Consequently, the R:MONA code predicts much
higher core power than does BWR-LACP when the reactor vessel water
level is low. If the BNL results are sustained by ongoing peer
review within the SASA program, this will have a overwhelming in-
fluence upon the planning for operator actions to mitigate ATWS
transients. The reactor vess2l water level reduction recommended
in the EPGs would be much less effective in reducing the core
power. Since the steady state core therma! power is determined by
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the injection rate (see Appendix B), the procedure of tripping the
HPCI turbine recommended in Chap. 5 or some other means of ensuring
reduction of the total injected flow would be necessary for
mitigation of the MSIV-closure initiated ATWS.

The primary system events during the very brief period (50 s) after
the MSIVs begin to close in which the effects of recirculation pump
trip and feedwater turbine coastdown are dominant in determining
the conditions within the reactor vessel cannot be modeled by the
BWR-LACP code. Instead, the BWR-LACP calculations are initiated at
time 50 s into the ATWS accident sequence using initial values
taken from the results of the recent GE study discussed in Sect.
2.3.

It is assumed in this study that the only coolant loss from the re-
actor vessel is through the SRVs to the T-quenchers in the pressure
suppression pool or via the steam supply valves to the RCIC or HPCI
turbines. In fact, there would also be a slight leakage from the
various components of the primary system into the drywell (less
than 25 gpm) and a slight leakage through the shut MSIVs into the
main condensers. The amount of leakage is uncertain and has been
neglected in this study.

Leakage from the primary containment has been modeled as equivalent
to that measured during actual containment integrated leak rate
tests, which were conducted at 40 psia (0.274 MPa), as adjusted for
differing containment pressures. This is only a realistic approxi-
mation to the actual leakage rates that might occur in a future ac-
cident sequence.

The HPCI system lubricating oil (gears, shafts, control system,
etc.) employs a cooler for which the cooling water supply is the
water being pumped by the system. In the ATWS accident sequences,
the pressure suppression pool level rises quickly because a large
amount of steam 1is condensed. This causes an automatic and ir-
reversible shift of the HPCI pump suction to the overheated pool;
HPCI failure by overheated lube oil will occur.

In this study, HPCI system failure is assumed to occur at the time
when bulk-average pressure suppression pool temperature reaches
190°F (361 K). This is S50°F (28 K) higher than the turbine manu-
facturer's recommended maximum for 1lube o0il cooler inlet water
temperature and of course the oil temperature at this time would be
significantly higher. Nevertheless, the authors of thie report
cannot produce evidence showing that HPCI system failure would
occur at this temperature. The reader should recognize, however,
that pressure suppression pool water temperature would rise very
rapidly in the MSIV-closure initiated ATWS sequence and therefore
an increase in the assumed pressure suppression pool temperature at
which HPCI system failure occurs would produce a delay in system
failure of only a few minutes.

It has been assumed that the drywell coolers would fail when the
drywell atmosphere temperature reaches 200°F (366 K). This 1is far
beyond the design bases of the drywell coolers but it is of course
uncertain at what temperature these coolers would actually fail.
This assumption has little effect upon the time at which a high
drywell pressure signal would be sensed as a result of evaporative
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steaming from the overheated pressure suppression pool because in
the ATWS sequences, the high drywell pressure signal occurs before
the drywell temperature exceeds 200°F (367 K).

7. An important uncertainty in any ATWS analysis, regardless of the

computer code employed, is the accuracy of the predicted core
power. The core power determines the injection flow requirements
and the rate of the suppression pool heatup. The BWR Owners Group
Emergency Procedures Guidelines recommend that the operators reduce
the reactor vessel water level to near the top of active fuel (TAF)
to reduce the core power. If the core power after this maneuver,
for example, were 12 instead of 9% (as BWR-LACP predicts for full
system pressure), the suppression pool would heat up about 33%
faster.
No experiments have been performed to check the results of numer-
ical predictions of core power level with water level at the TAF
(and control rods at their full power withdrawn positions). One
INEL estimate put the maximum uncertainty of RELAP-calculated esti-
mates under these conditions at 100Z (Ref. 6.10). The General
Electric Company, 1in work performed for the BWR owners group,
specified a maximum uncertainty band of 50% (Ref. 6.11). The
uncertainty in the BWR-LACP core power calculations can reasonably
be expected to be of the same order as those of the INEL or GE
predictions. Sophisticated thermohydraulic/neutronic calculations
are planned or underway at INEL, BNL, and GE; it {is hoped chat the
results will reduce the current uncertainties in the estimates of
core power under ATWS conditions.

6.2 Uncertainties with Regard to Operator Actions

MSIV-closure initiated ATWS sequences with operator action have
been discussed in Chaps. 4 and 5 of this report. The written procedures
that would guide the operators in the unlikely event that one of these
accident sequences should actually occur are currently in the process of
revision by the TVA. The revised procedures will be based upon the BWR
Owners Group Emergency Procedure Guidelines,®*12 yith plant-specific
data for Browns Ferry substituted in the appropriate places for the gen-
eral example data provided in the guidelines. Every effort has been
made by the authors of this study to consult with the TVA engineering
staff as necessary to obtain the Browns Ferry plant specific data. As
usual, TVA cooperation has been excellent and all available information
has been obtained. Nevertheless, several uncertainties remain. These
include:

1. The very important and somewhat controversial question of whether
or not the operators will be instructed by the developing plant
specific procedures to attempt to control reactor vessel pressure
under ATWS conditions remains to be resolved. The Emergency
Procedure Guidelines provide a general requirement for reactor ves-
sel depressurization whenever suppression pool temperature exceeds
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160°F (344 K).* This requirement is not based upon ATWS considera-
tions but rather is based upon the desirability of assuring smooth
condensation of SRV T-quencher discharge in the suppression pool by
remaining within the parameters envelope of existing experimental
investigation. Calculations performed attendant to this study show
that once begun, the depressurization must be complete [L.e., to
below 115 psia (0.793 MPa)] because the increased steam release to
the pressure suppression pool during reactor vessel depressuriza-
tion increases the pool heatup rate, and according to the graphical
requirement for operator action (Fig. 4.10), the increased pool
temperature requires further depressurizaticn.

It has been assumed for the calculations presented in Chap. 4 of
this study that the operators would act under ATWS accident condi-
tions to depressurize the reactor vessel in accordance with the re-
quirements of Fig. 4.10. However, the reader should note that the
results of this study have indicated that it is extremely risky to
operate a critical boiling water reactor at low pressures under
ATWS conditions %“ecause of the potential for a rapid upward spiral
of reactor power and reactor vessel pressure, caused by the posi-
tive coefficient of reactivity for void collapse and the very large
void collapse with small pressure increases at low pressure (see
Table 4.2). Indeed, reactor power and reactor vessel pressure
spikes are predicted by BWR-LACP and reported in the results pre-
sented in Chap. 4. It is possible, however, that the final TVA
emergency operating instructions provided for the use of the Browns
Ferry operators will instruct the operators to maintain the reactor
vessel pressure near 1its normal operating value under AIWS condi-
tions.

The results presented in Chaps. 4 and 5 have been calculatad under
the assumption that the operator would not use the core spray sys-—
tem under ATWS conditions as long as other low-pressure injection
systems are available. This is in accordance with the instructions
provided in the Emergency Procedure Guidelines which are based on
the fact that the effect upcn core power and reactivity of a top-
down spray into the individual fuel channels of a partially uncov-
ered BWR core under ATWS conditions cannot be calculated by any
existing code. The assumption that the effect of the core spray
can be neglected is reasonable in the ATWS sequence because the
low-pressure injection into the reactor vessel would be dominated
by the condensate booster pumps, which have a much larger capacity
than the core spray pumps and are capable of injecting at a higher
reactor vessel pressure (see Table 3.2).

*See Fig. 4.10 and the discussion in Sect. 4.1.3.
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7. MPLICATIONS OF RESULTS

The purpose of .ius chapter is to provide a discussion of the state
of readiness at the Browns Ferry Nuclear Plant to cope with an ATWS ac-
cident sequence initiated by an MSIV closure event. As studied here,
this accident sequence involves a complete failure of all control rods
to move inward from their normal positions for 1002 power operation in
response to the scram signal generated by MSIV closure or as a result of
subsequent scram signals. Total failure of rod movement constitutes the
most severe ATWS case, but is also the most improbable of the possible
sccam system failures. Thus the results of this study are intended to
provide an upper bounding estimate of the consequences of these very
unlikely events. The available control room instrumentation, the state
of operator training, the written emergency procedures, and the overall
system design at Browns Ferry Unit 1 are discussed in Sects. 7.1 through
7.3 from the standpoint of their adequacy in the actual event of an
MSIV-closure initiated ATWS accident sequence. Information concerning
the computer calculations employed in this study is summarized 1in Sect.
7.4,

7.1 Control Room Instruments

There 1is no specific alarm or other indicacion that would signal
the {nitiation of an ATWS event to the plant operators. On the other
hand, there 1is ample indication accompanied by both audio and visual
alarms within the control room to signal when a scram condition has been
satisfied and a scram signal has been generated. Since many abnormal
transients result in multiple scram signals before they are brought
under control, one control room display indicates all scram signals in
effect by solidly backlighted transparent lettered panels except that
the panel representing the first scram signal received is highlighted by
flashing backlights. To determine the success of the scram, the opera-
ter, in accordance with established written procedures, must scan the
instrument readouts concerning control rod position and reactor power.
This information is prominently displayed.

All control room and other plant instrumentation that would be
available after a normal reactor scram would also be available for
operator use during an ATWS accident sequence even if a loss of offsite
power were also involved. The primary system parameters displayed in
the control room that would be of particular interest include reactor
power from the average power range monitors (APRMs),* the reactor vessel

*With a loss of offsite power, the RPS buses that power the APRMs
would be lost until the RPS motor-generator sets were locally restarted
on the diesel-generators. The SRMs and IRMs are battery-powered, how-
ever, and the IRMs can indicate reactor powers as high as 40%. The SRMs
and IRMs are 1inserted into the core by operator action following a
scram.



138

water level from the two indicating systems that have ranges extending
over the portion of the reactor vessel near the top of the core, the
reactor vessel pressure, and the rates of in‘cction into the reactor
vessel from the feedwater system, the ECCS systems, and the CRD
hydraulic system. The control room indication ranges for each of these
parameters is provided in Table 7.1.

As discussed in Chaps. 3 and 4, the reactor thermal power can sig-
nificantly exceed normal operating levels during power excursions ini-
tiated by core flooding or by small pressure increases during critical
operation at low pressure under ATWS conditions. As shown in Table y 5% I8
the upper limit of control room indication is 125%Z. (It should also be
noted that the APRMs measure the power level suggested by the level of
nuclear activity, rather than the core thermal power, which lags the
neutron flux.) Thus, the range of available power indication would not
permit the control room operator to see the peaks of the power spikes.
However, since the power spikes are of brief duration and the operator
would be apprised of an abnorma’ly high power level, this instrument
limitation is not expected to have any effect on the sequence of events.

The two available reactor vessel water level indication systems
that would permit the control room operator to monitor water levels near
the top of the core were not deesigned for service under ATWS conditions
and tnerefore are not 1ideal for this purpose. As indicated in Table
7.1, the Emergency Systems instrument is calibrated for normal operating
pressure but the lower end of {ts indicating range 1s 13 in. (0.33 m)
above the top of the core. On the other hand, the indicating range of
the Post Accident Flooding instrument extends down to 1/3 core height,
but this instrument is calibrated for atmospheric pressure and, because
its lower tap is into the surface of a jet pump discharge cone, it would
not be expected to provide accurate reactor vessel water level indica-
tion unless the reactor vessel were depressurized and the flow through
the jet pumps was zero or very low.

As discussed in Sect. 4.1.2, the BWR Owners Group Emergency Proce-
dures Guidelines direct the operator to take action to lower the reactor
vessel water level to the top of the core when confronted with an ATWS
situation. The purpose of this action is to reduce reactor power but,
as indicated in Fig. 4.2, the major effect is achieved when the water
level is lowered below the feedwater spargers. Therefore, the reactor
vessel water level could be maintained significantly above the top of
the core while still achieving the main purpose of the lowering.
Specifically, the operator could maintain the water level near the
bottom of the Emergency Systems indication range, thereby maintaining
reliible indication while sacrificing almost nothing in power reduction,

Since all thirteen of the reactor vessel relief valves would be
open if the vessel pressure exceeded 1125 psig (7.86 MPa), and because
the increased voids attendant to high reactor vessel power would insert
a large amount of negative reactivity, thereby turning power and pre-
venting further pressure increase, ard because it would not seem possi-
ble to alert «n operator more than by an indicated vessel pressure of
1500 psig (10.40 MPa), the upper limit of indicated reactor vessel pres—
sure given in Table 7.1 seems adequate.
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The makeup flows from the feedwater and from the ECCS systems that
would be injected into the reactor vessel under ATWS conditions lie
within the ranges of available control room instrumentation as docu-
mented in Table 7.1. However, it should be recognized that when the RHR
system is aligned for pressure suppression pool cooling and the LPCI
mode injection valves are opened for simultaneous reactor vessel injec-
tion, then the rate of reactor vessel injection can only be ascertained
by subtracting the pressure suppression pool ccoling flow from the total
RHR system flow.

The CRD hydraulic system injects 60 gpm (0.004 m?/s) of cooling
water flow past the 185 control rod drive mechanism assemblies during
normal reactor operation. In an ATWS situation, if the failure-to-scram
prevents the opening of the scram inlet valves, this flow would not be
increased. Otherwise, the opening of the scram inlet valves permits a
large flow to bypass the CRDHS flow control station and the actual flow
into the reactor vessel would be in excess of the upper limit of the
available indication. The fact that the CRD hydraulic system injects
much more water than is ~2cognized by the operator under accident situa-
tions has been discussed in previous ORNL SASA program reports and is
not a new result of this study.

It was also reported in previous studies that the actual position
of the SRVs is not displayed in the control room. When the control room
operator acts to manually open an SRV, a control panel light informs him
that the solenoid operator for that valve 1is energized, nothing more.
As discussed in Sect. 4.1.3, attempted reactor vessel pressure control
by manual SRV actuations would be very confusing to the operator.
Acoustic monitors have been installed to indicate the presence of flow
through the SRVs, but this indication 1is consigned t>» read-out in
secondary panels, outside of the control room. It is recommended that
consideration be given cto moving this indication so that the control
room operator would be able to ascertain how many and which relief
valves are actually open at any time during a BWR accident sequence.

The primary containment parameters measured by the available in-
struments and displayed in the control room include tne temperature of
the drywell atmosphere, the temperature and level of the water in the
pressure suppression pool, the temperature of the wetwell atmosphere,
and the overall pressure in the primary containment. The range of indi-
cation and the associated alarms for each of these parameters are pro-
vided in Table 7.2.

As discussed in Chap. 3, the best-estimate failure pressure for the
Browns Ferry MK I containment is 132 psia (0.91 MPa). Therefore, if the
operators failed to take corrective action in an ATWS accident sequence
so that the failure pressure was approached, the drywell and wetwell
pressure instruments would be off-scale higi:. The pressure suppression
pool water level instruments would also be off-scale high as the pool
continued to swell in response to heating and the absorption of the SRV
discharge. On the other hand, the existing drywell and pressure
suppression pouvl temperature indication would remain onscale throughout
the period of the accident sequence before containment failure.

Since the wetwell atmosphere would be virtually 100% steam as the
primary containment pressure approached failure levels, the pressure
could be inferred during the period after the pressure instruments
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became off-scale high from the indicated pressure suppression pool
temperature and the saturation tables.

Tad System Design

A design consideratfon first identified in the SASA study of Sta-
tion Blackout at Browns li'et't'y-"l alsc has direct application to the ATWS
accident sequence. There 1is provision for an automatic shift of the
high pressure coolant injection (HPCI) booster pump suction from the
condensate storage tank to the pressure suppression pool on high sensed
suppression pool level. The change in HPCI pump suction lineup is ac~
companied by the opening of two DC-motor-operated valves in the line
from the suppression chamber header (Fig. 7.1) followed by the closing
of the DC-motor-operated valve in the suction line from the condensate
storage tank. (A check valve in the line from the suppression pool pre-
vents backflow from the condensate storage tank into the pool during the
changeover.) Once accomplished, the shift is irreversible; the operator
cannot switch the pump suction back to the condensate storage tank.
Because the HPCI turbine lubricating and control oil 1is cooled by the
water being pumped* and the pressure suppression pool temperature is
elevated in many accident sequences, this automacic shift can cause
failure of the HPCI system by overheating of the lubricating oil.

The automatic shift of the HPCI booster pump suction will occur
when the pressure suppression pool level increases to an indicated level
of +7 in. Since the normal pool level is maintained between =2 and =6
in.,”*2 this 1increase implies the addition of between 68,000 and 98,000
gals (257 and 371 m%) of water to the pool.t For the MSIV-closure ini-
tiated ATWS accident sequence, this would occur about 10 min after the
inception of the accident, when the suppression pool temperature had
increased to about 160°F (344 K). The pool temperature would continue
to increase rapidly after the shift. Since the HPCI system lube oil
cooler 1s designed for a maximum inlet water temperature of 140°F
(333 K), the oil would be overheated, leading to probable system failure
within a few minutes following the shift.#

The water pumped from the condensate storage tank into the reactor
vessel, converted to steam within the reactcer vessel, transferred from
the reactor vessel as steam via the SRVs to the pressure suppression

*As shown on Fig. 7.1, a portion of the booster pump discharge is
diverted through the gland seal condenser and the lube oil cocler and
returned to the pump suction.

tSome of the level 1increase would be caused by the {increase in
specific volume of the woter mass as it is heated.

*Por this study, it has been assumed that system failure would
occur when the suppression pool temperature reached 190°F (361 K). The
oil temperature at this time would, of course, be considerably higher.
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pool, and condensed within the pressure suppression pool would increase
the pool volume to the equivalent of an indicated level of +7 in. long
hefore the condensate storage tank was emptied. Since the condensate
storage tank volume is maintained at about 362,000 gals. (1370 m?)
during normal operation,7'2 an ample amount of relatively cool water
would remain available in the condensate storage tank at the time the
HPCI booster pump suction was shifted.

The threat to the HPCI system identified here is not unique to ATWS
accident sequences. It also exists in all other BWR accident sequences
such as Station Blackout and Loss of Decay Heat Removal* in which the
pressure suppression pool would be overheated. High pressure suppres-
sion pool temperature would be caused by the pool heating attendant to
the condensation of steam in the pool, which would also be the reason
for the increased pressure suppression pool level that would cause the
gself-destructive shift of the HPCI booster pump suction to the over-
heated pool.

It should be noted that separate provision is made for an automatic
shift of the HPCI booster pump suction if the normal condensate storage
tank water source becomes exhausted. Thus it appears that the provision
for the automatic high suppression pool water level shift must have been
straight-forwardly based on a concern for the effect of high water level
in the wetwell although, since there 1is a clearance of some 16 ft
(4.88 m) from the pool surface to the top of the torus under normal
operating conditions, it seems incongruous that an increase in indicated
level of 13 in. (maximum) should require the pump suction shift from the
standpoint of preserving torus structural integrity. Also, the wetwell
alirspace~to-drywell vacuum breakers would continue to function at
pressure suppression pool water levels much above the setpoint for pump
suction shift.

All efforts to determine the basis for the HPCI system booster pump
suction shift upon high sensed pressure suppression pool level have been
unsuccessful. There is no corresponding shift for the reactor core iso-
lation cooling (RCIC) system, whose operation can also lead to higher-
than-normal water levels in the torus. A survey of plant drawings does
not reveal why an indicated water level of +7 in. in the wetwell should
be of concern. Discussions with TVA engineering staff and GE vendor
personnel do not produce the reason.t

It is recommended that action be taken to remove the thieat of HPCI
system loss caused by automatic actuation of safety system logic and the
resultant loss of lubricating oil cooling during severe accident se-
quences. This might be done either (1) by replacing the existing oil by
an oil qualified for high temperatures,’*? (2) by revising the existing
logic so that the operator, recognizing the automatic suction shift and

*This is the TW sequence in WASH-1400 parlance.

tfThe best guess seems to be that the HPCI bocster pump suction
shift was intended to ensure that enough volume would remain in the
torus airspace to permit collection of the non-condensible gases from
the drywell in the event of a large-break LOCA.
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realizing that the pressure suppression pool 1is overheated, could re-
store the pump suction to the condensate storage tank, or (3) by remov-
ing altogether the automatic pump suction shift upon high sensed pres-
sure suppression pool levzi, Since this deficiency in plant protective
logic has come up again and again in the BWR SASA studies, the authors
of this report strongly recommend that some kind of preventative action
be taken.

A second consideration in regard to plant design involves the in-
ab.lity of the control room operators to know which SRVs are actually
open at any particular time during an accident sequence. If the control
ruom operators act to manually open an SRV, they are rewarded with a
control panel light indicating that the solenoid operator for that valve
has been energized. It is emphasized that the actual valve position 1is
not indicated in the control room. For example, should the operator act
to manually open a valve that, by happenstance, was already open because
the setpoint for its automatic actuation had been exceeded, he would be
rewarded with a light, but nothing would change. Acoustic monitors that
are effective in detecting actual discharge through the SRVs have been
installed, but the readout is on the »hack-panels, out-of-sight of the
control ro~m operators.

7.3 Operator Preparedness

The TVA Browns Ferry control room simulator does have the capabil-
ity to model the portion of an ATWS severe accident sequence that would
occur before drywell failure or fuel damage. For the purpose of deter-
mining the general reliability of the sequence of events as predicted by
the simulator computer, the no-operator-action MSIV-closure initiated
ATWS accident sequence of events has been calculated using both BWR-LACP
and the simulator.

The simulator results were taken from special equipment that
recorded the control room instrument readings as they would be seen by
the operator. Thus, whenever a control room instrument was pegged high
or low during the accident sequence, the recorded data remained at the
upper or lower end of the range of the instrument until the magnitude of
the parameter being measured came back into the measurement range.
Also, since the simulator does not model failure of the HPCI system on
high lube oil temperature, it was necessary for the simulator control
console operator to impose an artificial failure. Thus, for the purpose
of facilitating a comparison of the simulator results with the BWR-LACP
results, a constant has been added (v all simulator event timing so that
the time of HPCI failure matches that calculated by BWR-LACP., It should
also be noted that the accident is initiated at time 4.5 min on the
simulator scale and therefore normal power operation 1is represented .y
the plotted simulator results before this time.

The simulator results for core thermal power are shown on Fig. 7.2
and may be compared with the BWR-LACP results shown on Fig. 3.1. The
simulator computer software does not 1include models to recognize the
effect of lowered reactor vessel water level in reducing core power.
Thus the simulator results do not indicate a reduction in reactor power
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when the HPCI fails (at time 16 min) nor is the power reduced to decay
heat levels when the core 1s completely uncovered during the periods
between the power peaks. The magnitude of the plotted simulator power
pes.s is limited to 1.25 because, as indicated on Table 7.1, the indi-
cating range of the APRMs is 0-125Z.

The simulatcor results for reactor vessel downcomer water level are
shown in Fig. 7.3; these results can be compared with the BWR-LACP
results shown on Fig. 3.2, It is interesting to note that the water
level during the period between recirculation pump trip and HPCI system
failure is predicted to be about 440 inches (11.2 m) by the simulator
and about 475 inches (12.1 m) by BWR-LACP. Since the water levels are
relatively stable during this period, all of the injected water is being
boiled to steam. Comparison of Figs. 7.2 and 3.1 shows that the
calculated power levels are about the same during this period.

After HPCI system failure, the water level falls as shown on Fig.
7.3, leading to initiation of the large-capacity, low-pressure, ECCS
systems and the ADS timer, followed two minutes later by automatic
opening of the six SRVs controlled by the ADS system. When the reactor
vessel pressure has decreased to below the shutoff heat of the low-
pressure ECCS pumps, vessel injection floods the core, causing a power
excursion. The simulator (erroneously) models the ADS valves as closing
each time the reactor vessel water level 1is restored. The reactor
vessel water level shown on Fig. 7.3 does not go below 260 in. (6.6 m)
because, as listed on Table 7.1, this is the bottom of the instrument
indicating range.

The simulator results for the rate of injected flow are shown on
Fig. 7.4 and may be compared with the BWR-LACP results shown cn Fig.
3.3. Feedwater flow is lost after MSIV closure and only the CRD hydrau-
lic system provides injection until HPCI and RCIC system injection is
automatically initiated upon a low reactor vessel water level signal.
The simulator models for the rates of HPCI and RCIC system injection are
more sophisticated than those in BWR-LACP, taking into account the tur-
bine governor control systems and the effect of varying reactor vessel
pressure,

After failure of the HPCI system, reactor vessel injection 1s sup~
plied only by the high-pressure RCIC and CRD hydraulic systems except
for the brief periods when the reactor vessel is depressurized suffi-
ciently to permit injection by the low-pressure systems, including the
condensate booster pumps.

The simulator results for the reactor vessel pressure are shown on
Fig. 7.5; these can be compared with the BWR-LACP results shown on Fig.
3.4, The reactor vessel pressure increases briefly after MSIV closure,
but recirculation pump trip reduces core power and subsequently, reactor
vessel pressure remains at the relief valve setpoints as some relief
valves remain open and other relief valves cycle. Large decreases in
reactor vessel pressure occur when the ADS system is actuated upon de-
creasing reactor vessel water level. These pressure drops permit the
low-pressure injection systems to flood the core, thereby producing a
power excursion and also resetting the ADS logic and closing the ADS
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valves e&s the water level rises.* Reactor vessel pressure 1is rapidly
restored and the pressure is controlled by automatic actuation of the
SRVs at their relief setpoints during the periods between ADS actua-
tions.

The simulator results for the temperature of the pressure suppres-
sion pool are shown on Fig. 7.6. Comparison with Fig. 3.5 shows that
the simulator modeling produces a much higher pool heatup rate. As
listed in Table 7.2, the upper limit for indication of suppression pool
temperature 1is 400°F (478 K) and this is the reason for the plateau
shown on Fig. 7.6. The simulator greatly overpredicts suppression pool
temperature.

Figure 7.7 shows the drywell pressure history during the accident
sequence as predicted by the simulator. Comparison with Fig. 3,6
reveals that the simulator predicts much lower containment pressures.
Taken with the information in the previous paragraph, it must be con-
cluded that the simulator does not model evaporative steaming from the
surface of the heated pressure suppression pool.

What must be judged here is the efficacy of the TVA control room
simulator as an operator training device, capable of instilling the
knowledge needed by the operators to cope with an actual ATWS event. It
was not designed for this exercise. The simulator does not model the
effect of low reactor vessel water level on reactor power. Also, the
simulator does not model evaporative steaming from the surface of the
pressure suppressior pool. These modeling defects, from the standpoint
of ATWS application, directly ca:se the predicted pool water temperature
to be much too high and the predicted primary containment pressure to be
much too low. Also, other simulator models do not reflect the differ-
ence between the downcomer water levels that would be predicted by the
Emergency Systems instruments and the Post Accident Flooding instruments
so the operator under training is unrealistically exposed to a situation
in which all reactor vessel water level instruments indicate the same
water level wunder accident conditions. The simulator predicts
erroneously that the open ADS valves would shut each time the reactor
vessel water level is restored; this has a minor effect on the magnitude
(too high) and the duration (too low) of power spikes. Nevertheless,
the general =eequence of events predicted by the simulator is
sufficiently accurate so that the simulator can be useful for operator
training to deal with ATWS events. Obviously, improvement of the
simulator models is desirable.

The concept of symptom-oriented procedures for operator action in
response to emergency conditions has been implemented by the BWR Owners
Group Emergency Procedures Guidelines. It is a conclusion of the
authors of this study that the ATWS accident sequence 1is easily
identifiable by the operators and should have a separate procedure. The
general concept of symptom-oriented procedures 1is workable because
almost all accident sequences demand the same operator actions, 1i.e.,
keep the core covered. Yet in the ATWS accident sequence, the operator

*This is an error in the simulator logic. Once open, the ADS
valves would not close upon increasing reactor vessel water level.
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must reduce the reactor vessel water level to the top of the core. In
all other accident sequences, the main erfort should be to increase or
maintain injection; 1in the ATWS accident sequence the operator must
reduce the injection flows and control the downcomer water level near
the top of the core.

In other accident sequences, the reactor is scrammed, core power is
at decay heat levels, and the operator can easily control reactor vessel
pressure by manipulatfon of one SRV. For the ATWS accident sequence,
the operator attempting to control pressure by manual SRV actuation
would be confused by the fact that reactor vessel pressure would be
unaffected by his efforts until he had acted to manually open several
SRVs, but then would suddenly decrease when he opened one more. For
these reasons, the ATWS accident sequence seems to be the odd-man-out;
that 1is, procedures for its mitigation are unique and therefore cannot
be simply fitted into the general envelope of procedures for mitigation
of other BWR accident sequences. It should also be noted that
delegation of the ATWS corrective actions to a separate procedure would
greatly simplify the remaining symptom-oriented guidelines.

7.4 Summary of Computer Calculations
used in this Study

It 1is the purpose of this section to briefly summarize the
calcvlational methodology used in this study.

The results of General Electric company calculations were used for
the first 50 s of each accident sequence analysis (see Chap. 2).

The BWR-LACP code was initiated at the 50 s point for each
analysis. Results of the BWR-LACP calculations are presented in Chaps.
3, 4, and 5.

Identical sequence calculations were performed using BWR-LACP and
RELAP5 through a cooperative effort between INEL and ORNL. The
comparison is discussed in Appendix A. The results are similar except
that the timing of the events predicted by RELAP has been expanded
because the calculated power in RELAP5 is lower. Since the BWR-LACP
calculated power is within the estimated error band (#10% power) of the
RELAP power, no attempt has been made to adjust the BWR-LACP power
calculatione.*

Identical ATWS scenarios were calculated using BWR-LACP and the
Browns Ferry simulator computer through a cooperative arrangement be-
tween the ORNL SASA program and the TVA. The results of the comparison
are discussed in Sect. 7.3. None of the simulator results has been used
for any purpose other thas for the discussion in Sect. 7.3.

*Subsequent to these calculations, an error was found in RELAPS
that tended to make the calculated power too low. This error has been
corrected but the decision was made not to delay the issuance of this
report to permit a new comparison of results.
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The Browns Ferrv simulator is not and was never intended to be an
engineering analysis tool. Nevertheless, information obtained during
three visits to personally witness the simulated control room response
te various ATWS accident sequences has convinced the authors of this
report that the ATWS simulation 1is reasonably accurate. However, the
realism could be significantly improved by correction of the known
deficiencies in the simulator models (discussed in Sect. 7.3).
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Table 7.1. Control room indication ranges for primary system
parameters important to analysis and control of an
ATWS accident sequence

Parameter Indication range

Percent of rated thermal power (3293 MW, ) 01252

Reactor Vessel Water Level

Emergency systems, inches above vessel zero? d 373588
Post accident flooding, inches above vessel zero” 260—560

Reactor Vessel Pressure, psig 0—1500
Feedwater Flow

Total feedwater flow (recorder), 1b/hr
Feed flow line a, 1b/hr
Feed flow line b, 1b/hr

ECCS Injection Flow

HPCI system flow gpm 0—6000
RCIC system flow, gpm 0—700
Core spray flow, gpm‘ 0—10000
RHR system total flow (recorder)®, gpm 0—40000
RHR containment spray/cooling flow®, gpm 0—20000

CRD Hydraulic System Flow, gpm 0—100

‘Calibrated for normal operating pressure.

| 8
Calibrated for atmospheric pressure.

*The system has two independent loops. There is one indicator
for each loop.
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Table 7.2. Control room indications and alarms of primary
containment variables important to analysis and control
5 of an ATWS accident sequence

Variable Range or alarm setpoint

Drywell pressure

Indication, psia 0—80
Alarms, psia 16.30
16.35
16.45
16.70

Drywell atmosphere temperature

Indication, °F 0400
Alarms, °F 145

5 Wetwell Pressure
Indication, psia 0—80
Alarms, psia 16.7

Pressure suppression pool temperature

Indicucion, °F 0—400
Alarm, °F 95

Pressure suppression pool level?

Indication, fa. =25 to + 25
High level alarm, in. +6
Low level alarm, in. -6

% 1astrument zero is 15.2 feet above the bottom of the
-etwell torus. Zero water level means that the torus 1is
approximately half-filled with water.
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initiated ATWS accident sequence.
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initiated ATWS accident sequence.
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APPENDIX A: MODIFICATIONS TO THE BWR-LAC™ CODE FOR THIS STUDY

This appendix provides details of modifications to the BWR-LACP
code made specifically for this study. Some of this new coding is a
straightforward translation of the expected behavior of system compo-
nents, such as SRVs and injection systems, into mathematical rules. The
most 1important of the modifications — the new routines that calculate
core voiding and fission power — are simplified solutions of a set of
very complex neutronic and thermohydraulic problems.

The models used in BWR-LACP to calculate core voiding and fission
power are considerably simplified in comparison to the detailed, first
principles models used in codes such as RAMONA, RELAP, or TRAC. To as-
sess what differences might exist between BWR-LACP and the more complex
codes, a comparison is made in this appendix of the RELAP5 results (pro-
vided by the SASA team at INEL) and BWR-LACP results for the same test
transient.

The results, of course, show some differences between the two
codes, but the qualitative similarities prove that BWR-LACP is an ade-
quate scoping tool even for a complex accident such as ATWS. System
variables show the same trends and, most importantly, both codes predict
a severe power/pressure spike occurring at the end of the reactor vessel
depressurization. This confirms one of the major recommendations of
this report: that the reactor vessel not be depressurized during an
ATWS accident. In general, it is the desire of the authors that the
major recommendations of thiz report be confirmed by investigations
using the more sophisticated codes, i.e., TRAC, RELAP, or RAMONA, as
applicable.

A.1 Calculation of Reactor Power

In an ATWS accident the reactor power {s the sum of decay heat
power plus fission power. The fission power is a transient function of
the reactivity of the core; decay heat power 1s a function of the
elapsed tim since reactor shutdown. Whenever the negative reactivity
insertion brings the core subcritical, the total power in BWR-LACP 1is
set equal to the decay heat power as soon as the calculated fission
power is negligible.

The decay heat function 1is calculated in accordance with the ANS
5.1-1979 standard decay heat curve. This calculation for decay heat is
exactly correct only for the case of a full scram; however, it is a rea-
sonable approximation for most of the cases examined in Chaps. 4 and 5
because reactor power is below 10%Z after about 7 min.

Pae = £(t, P)
where,
P4k = decay heat power (fraction of full power)

t = elapsed time since the scram or accident initiation
P, = initial reactor power (=100% for all cases).
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The prompt-jump approximation to the 6 delay group point kinetics
equations is solved for fission power. These equations can be found in
any nuclear analysis textbook and are not discussed here. The code in-
put for delayed neutron properties is listed on Table A.l. Four socurces
of reactivity are considered: fuel temperature change (via doppler co-
efficient), coolant void fraction change (via void coefficient), control
rod insertion, and boration of reactor coolant. Each of these sources
of reactivity is discussed in the following subsections.

A.l1.1 Fuel temperature and reactivity feedback

A single average fuel temperature is calculated by solving the fol-
lowing equation

de
v = 108 Pt - 1624 (Tf ~ Tsat)

where,

T¢ = volumetric average fuel temperature (F)
Pt = fission plus decay heat power (fraction of full power)
Taat = saturation temperature (F), of the coolant in the core.

The numerical coefficients in the above equation take into account the
fuel heat capacity and the average fuel-to-coolant heat transfer coeffi-
cient.* The coefficient of Pt is the thermal equivalent of full power,
divided by the fuel heat capacity. The coefficient of (Ty - Tgar) 18
the effective heat transfer coefficient between the volumetric average
fuel temperature and the coolant average temperature, divided by the
fuel heat capacity.

The net reactivity due to a change in average fuel temperature is a
function of the doppler coefficient which 1is corrected for change in
coolant void fraction:

Apd = (Tf - 1210) o (Do +DV)
where
Apd = the change in total doppler reactivity (Ak/k)

Te = average fuel temperature (F)

1210 = average fuel temperature (F) at full power
a = doppler coefficient

= -1.58(10)"5 (ak/k/F)

D. = doppler correction facto- with 0% core average void
= .83

*See Section 3 of Browns Ferry FSAR for fuel weights, steady state
volumetric average temperatures, and average heat flux. A value of
0.08 Btu/l1b F was used for U0z specific heat (Nuclear Engineering
Handbook, H. Etherington, Editor).
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D, = rate of change of doppler coefficient with core average
void (4a/X)
= 4.4(10)73
V = core coolant average % void (=38 at full power).

Numerical values given above for the doppler coefficient, including the
effect of coolant void fraction, are from Amendment 21 to the Browns
Ferry FSAR, Figs. 3.6-5 and 3.6-6. The doppler coefficient, above, in-
cludes a weighting factor of 1.33, as recommended by NEDO-20964. This
1.33 factor accounts for the greater temperature changes in the more im-
portant parts of the fuel.

If the reactor 1is brought from full power to hot shutdown at 1000
psia, the fuel, on average, cools by about 660°F since the fuel tempera-
ture is very close to the coolant saturation temperature at hot shut-
down. By the above formula, a negative reactivity of 0.00865 4&k/k would
have to be added to compensate for the increased reactivity of the cool-
er fuel.

A.1.2 Void reactivity

The calculation of void reactivity is based on the average void
fraction in the average channel. As explained in A.2, the void fraction
is calculated at 1 ft axial intervals up the average channel. The cal-
culation of average void fraction weights the void in each 1 ft section
with the square of the normalized axial power distribution over that
section. Table A.2 gives the axial power distribution used for the
weighting. The use of flux squared weighting acccunts for the greater
reactivity of a given void when it is in a higher worth axial location.

The equation for void reactivity change accounts for the change in
vold reactivity coefficient with void fraction (void coefficient 1in-
creases as void increases):

bo, = co(v = Vigg) + C1(vZ - vig0)/2

where
bp, = the change in total void reactivity (4k/k)
V = average void fraction (X)
V100 = average void fraction at 1002 power (%)

= 38%

C, = vold coefficient with no voids present (Ak/k/2)
- -5,3(10)7*

Cl = rate of change of void coefficient with void (ak/k/(%)?)
= =, 1138(10)7"%,

As the reactor is brought from full power to hot shutdown, the core
average vold changes from 38% to 0Z. Dy the above formula, a negative
reactivity of 0.0283 Ak/k would have to be added to compensate for the
increased reactivity of the core without any voids. By adding this void
reactivity change to the doppler reactivity change (see the bottom of
subsection A.l.1), one can estimate that a total negative reactivity of
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0.0369 would bring the reactor from full power to hot shutdown. This
estimate does not consider the relatively slowly changing xenon reactiv-
ity which would, during the first ~8 h after accident initiation, help
to shut down the reactor. In a period of only one or two hours, the
buildup of xenon would not provide a substantial fraction of the
reactivity required to reach hot shutdown. Therefore, in the relatively
short-term ATWS transients examined in this report, either the control
rods or coolant boration must supply a negative reactivity of at least
0.0369 Ak/k to bring the reactor to hot shutdown.

A.1.3. Control rod reactivity

The reactivity due to manual control rod insertion in an ATWS acci-
dent would be u function not only of the physics and configuration of
the reactor core, but also would depend on the reactor operators. Exer-
cises conducted at the TVA Browns Ferry simulator showed that the pro-
clivity of operators to perform all the manipulations necessary to main-
tain continuous countrol rod 1insertion during an ATWS would depend
heavily on characteristics of the individual operator. Since constant
attention is required to maintain continuous control rod insertion it is
assumed here that an operator could easily be diverted from the manual
rod insertion task 50X of the time. Therefore, the reactivity insertion
rate is based on an effective average control rod speed of 1.5 in./s in-
stead of the nominal rod speed of 3.0 in./s. The assumption of faster
sustained control rod insertion can not be assumed at present because
the training of operators to the EPG procedures for ATWS is still in an
early stage.

ti = ll‘l‘ 1“./1-5 in-/s = 96 S
where,

t, = time consumed for each rod inserted (&)
144 {n. = distance traveled by rod for full core insertion.

Page 3.6-11 of the Browns Ferry FSAR states that a control rod
worth 1073 Ak/k would be very weak. Using thic to represent average rod
worth, the rate of reactivity addition during periods of manual rod in-
sertion would be

5

B = -10-3(Ak/k)/t1 s =10"2 Ak/k/s

where,

p = average rate of reactivity insertion after the initiation of
manual rod insertion.

This 1s the value used for the manual rod insertion calculations re-
ported in Chap. 4.
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A.l.4 Boron concentration and reactiviry

The boron concentration in the reactor coolant depends on the rate
at which the sodium pentaborate solution ‘s pumped into the reactor ves-
sel, the total volume of coolant in the reactor vessel and the mixing of
the boron solution within the reactor coolant. Volume 4 of the Browns
Ferry Hot License Training Manual states that there is 990 1b of boron
in a volume of 4550 gal in the SLCS storage tank, and that, upon SLCS
actuation, this solution is pumped into the reactor vessel at a rate of
50 gpm. Therefore, the rate of injection of boron into the reactor ves-
sel is:

" 990 1b B 50 gal 1 min _
Vota) T 1l mis W - 18 WM,

If the boron mixes perfectly within the reactor vessel, the boron con-
centration after SLC initiation {is

Cyp = t1(0.181 1b B/s)/vt
where,

Cy = boron concentration (1b B/ft3)

ty = elapsed time since SLCS initiation

Vt = total volume of water within the reactor vessel.

According to TVA operations analysis engineers, a boron fraction in
the coolant of 320 ppm would bring the reactor from full power to hot
shutdown. Using a coolant volume of 14785 ft3 at the normal reactor
water level of 561 in., the mass of boron within the reactor vessel
would be:

45.4 1b H;0 320 1b B
M, = 14785 fe3 = 215 1b B.
fr3 105 1b H,0

Therefore, hot shutdown could be reached after only 19.8 min of SLC in-
jection at 50 gpm.

When the Browns Ferry specific EPGs are written, they will probably
reflect a slightly more conservative hot shutdown mass of 265 1lbs B,
based on a boron fraction of 395 ppm boron in reactor coolant required
to reach hot shutdown with a margin of 0.02 Ak/k. The corresponding
SLCS injection time would be 24.4 min.

For the calculations of Chapt. 4 with boron injection it was neces~-
sary to calculate the boron reactivity at each instant during the tran-
sient. The method used for this is based on the TVA estimate of the hot
shutdown ppm boration requirement and the boron mixing information pre-
sented in the GE BWR owners group report "Power Suppression and Boron

Remixing Mechanism for General Electric Boiling Water Reactor Emergency
Procedures,” DAC 261, NEDC-22166, August 1983 (prepared by L. Chu).
Boron concentration is calculated for two subvolumes within the re-
actor vessel: (1) the voiume of coolant at the bottom of the vessel
lower plenum, and (2) all other coolant within the vessel. As explained
in NEDC-22166, if the core inlet flow is less than 5% of its full power
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value, 100% of the injected boron solution sinks intc the bottom of the
lower plenum (i.e., the initial mixing efficiency 1is 0Z). At 252 flow
the initial mixing efficiency climbs to 75% and it {is 100Z at full
flow. The residence time of the heavier boron solution in the lower
plenum is also dependent on the reactor coolant flow. Iif primary cool-
ant flow is 4% or less, the residence time is infinite but when primary
coolant flow 1is above about 15%, the residence time 1is only about 22
8. In the BWR-LACP model, the mass of boron in each of the two control
volumes 1is calculated using the following set of equations

d(Mblp)/dt = (] - 51-) wbmj - "blp/Tm

d(Hbg)/dt = /

Einwbinj " Hblp Trn

where,

"blp = ?;;; of boron stratified in the bottom of the lower plenum
Hbg = mass of boron in general circulation, in the balance of the
coolant (1b)
Ejp = initial mixing efficiency (1b B mix/1b B injected)
Tr- residence time(s) of stratified b»oron in the bottom of the
lower plenum.

The concentration of boron in general circulation, also assumed to
be the boron concentration of the coolant in the core, is

Cpg = Mbg/vt
where,

Cpg = boron concentration (1b/£ft3) in reactor coolant
Vi = total coolant volume (ft3) in the vessel.

The net boron reactivity is then

/

Pp = B%1ed Cbg’ “bhed

where,

Py = total boron reactivity
Akhsd = total reactivity that must be supplied to reach hot shut-
down
= —000369 Ak/k (pel’ Sect. AoloZ)
Cphsq = boron concentration corresponding to the TVA estimate of

320 ppm B required to reach hot shutdown
= 0.0145 1b B/ft?,
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A.2. Calculation of Core Void Fraction

BWR-LACP calculates the void fraction profile at 1 ft intervals
over the length of an average fuel assembly channel. Each time the void
fraction routine is called it is given the core thermal power, the ves-
sel pressure, and downcomer water level and enthalpy The core 1inlet
flow must also be known to allow calculation of the core void profile.
The void fraction routine calculates the core inlet flow by means of an
iterative procedure that assumes steady-state thermohydraulic conditions
over eech time step.

At the beginning of the iteration, a primary coolant flow 1is as-
sumed, snd the core void profile of the average channel is calculated at
1| ft intervals from the inlet to the outlet. Since the core ‘s 12 ft
long, this amounts to 13 node points. The average channel is a repre-
sentative fuel assembly (one of a total of 764) that is assumed to gen-
erate (1/764)-th of the total core thermal power and to receive the same
fraction of the total core inlet flow. The axial power distribution as-
sumed for the average channel is specified by Table A.2.

The conservation of energy is applied across each 1 ft axial seg-
ment to calculate the steam generation rate. If the bulk coolant tem-
perature 1is below saturation, a vold fraction of zero 1s assigned.
After coolant reaches saturation, the void fraction is calculated from
the steam and water flows by the drift flux equations:

V= JS/(COJ + vgjl
J8 = xc/og
J = c[x/pg + (1 - x)/pfl

where,

mass flux

void fraction

steam mass velocity
concentration parameter = 1.0

o
LI I I

total mass velocity
= drift velocity = 1.0 ft/s

M- O
"

= flow quality (steam flow/total flew)
p = saturated vapor density
Dg = gaturated fluid density,.
The values used for the C° and VBJ
“BWR Low Flow Bundle Uncovery Test and Analysis,” NUREG/CR-2232, EPRI
NP-1781, GEAP-24964, by D. S. Seeley and R. Muralidharan (April 1962).
After the core void profile is calculated, the unrecoverable pres-
sure drops around the primary coolant loop are calculated. These unre-
coverable losses 1include friction and/or form losses in the average
charnel unheated and heated portions, core outlet plenum, standpipes,
steam separators, and jet pumps. The equations used to calculate these

parameters were taken from the report
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losses, and typical coefficients for each loss term, were taken from the
EPRI report, "NATBWR; A Steady-State Model for Natural Circulation in
Boiling Water Reactors,” EPRI NP-2856-CCM, by J. M. Healzer and D.
Abdollahian, S. Levi, Inc. (February 1983).

The only major difference between the natural circulation calcula-
tions in NATBWR and BWR-LACP is that the natural circulation through the
core bypass path (mainly the interstitial region between fuel assemblies
into which the control rods insert) is neglected in BWR-LACP. At full
power conditions, about 10Z of the core inlet flow bypasses the active
fuel, flows vp through the bypass paths, and rejoins the main flow in
the core outlet plenum. Under natural circulation conditions, the di-
rection of bypass flow can reverse, with coolant from the core outlet
plenum flowing downward through the bypass paths tc joia with the major-
ity of the core flow into the active fuel. The core bypass flow path
wes left out of BWR-LACP because it was felt that its relatively high
flow resistance would limit the bypass flow to a small fraction of the
total natural circulation flow. If this circulation path were included
in BWR-LACP, the additional core flow under conditions of low vessel
water level (i.e., downcomer water level near the top of the active
fuel) would decrease the in-core coolant voiding and therefore lead to
the prediction of higher core power (but certainly within the existing
uncertainty bands quoted by leading investigators in References 6.8 and
6.9). The effect would be negligible for a normal vessel water level
(1.e., 10 to 15 ft above the top of active fuel) because the change 1in
core flow would be small compared to the already substantial natural
circulation.

Elevation pressure drops (gains) around the reactor vessel primary
coolant natural circulation flow path are also calculated after the void
fractions are calculated. At the end of each iteration, the net eleva-
tion head (elevation pressure increases minus drops) around the loop 1is
compared to the total unrecoverable losses around the loop. The value
of flow for use in the next {teration is determined by the formula:

wnew . wold /Apte/APtul
where

wnew = total natural circulation flow to be used on the next
iteration

wold = current {toration value of flow

Apte = net elevation pressure gain around the loop in the direc-
tion of natural circulation

Aptul = total unrecoverable pressure losses around the natural cir-

culation loop

If the new flow {teration is within 0.5 of the current flow iteration,
further {iteration {s unnecessary and control 1is ieturned to the main
program.
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A.3 Reactor Vessel Injection Systems

A.3.1 Core spray, LPCI, and condensate booster pumps

In the no operator action case presented in Chap. 3 there are three
systems that provide high capacity, low pressure injection. The two low
pressure ECCS systems, Core Spray and LPCI, actuate automatically and
pump from the pressure suppression pool into the reactor vessel. The
condensate pumps, in series with the condensate booster pumps run
continuously during normal operation and continue to run after a reactor
scram, pumping from the main condenser hotwell, through the idle main
feedwater pumps, into the reactor vessel. Using TVA-supplied pump head
vs. capacity curves and schematic piping diagrams, equations for
injected flow as a function of reactor vessel pressure were developed at
ORNL for eachk of these injection systems:

"1pc1 = 41266V/1 - (Pv - pp)/m'

Bcs = 38791 - (Pv - Pp)/342

where,

Bipet = bulk flow (gpm) injected by all four LPCI pumps

B, = bulk flow (gpm) injected by all four Core Spray pumps
Sv = reactor vessel pressure (psia)
Pp = pressure suppression pool pressure (psia).

The condensate/condensate booster pump injection flow as a function of
reactor vessel pressure is given by Table A.3. The following conditions
apply: three condensate and three condensate booster pumps are running,
and the main condenser hotwell is assumed to be at atmospheric pressure.

A.3.2 HPCI system

The HPCI provides some injection in all the ATWS transients pre-
sented in this report. The following assumptions are made concerning
characteristics of the HPCI system: (1) the HPCI turbine automatic flow
control system adjusts HPCI flow to any operator-set flow demand between
20% and 100% of the 5000 gpm full capacity; (2) the automatic flow con-
troller cannot respond to operator flow demands below 20% because of the
minimum HPCI turbine speed limitation; and; (3) the HPCI system will
fail due to overheating of the HPCI turbine lube oil 1if water hotter
than 190°F is pumped.

The assumption of HPCI failure at 190°F pumped water temperature is
based on the discussion on pages Ql4.1-4 and 5 of Amendment 67 to the
Browns Ferry FSAR. This information was submitted in support of the
limited-duration pumping of suppression pool water at 162°F during
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certain design basis accidents. The HPCI turbine lube oil 1is used in
the HPCI turbine bearings, in the turbine governors, and in the gear re-
ducer. Since the oil 1s cooled by the pumped water it will always be
hotter than the pumped water. The FSAR discussion states that oil tem
perature in excess of 200°F is “"to be avoided.” Allowing for an oil
cooler AT of 10°F, the corresponding limiting water temperature would be
190°F, and HPCI turbine failure is assumed to occur if the water exceeds
this temperature.

In the cases examined in Chap. 4, the operators manipulate the HPCI
injection flow to control vessel water level after the EPG-directed
water level reduction maneuver. Although each operator would approach
the task of level control in a slightly different way, the basic process
would be the same in every case: the operator would periodically check
the indication of water level and HPCI flow, and would either increase,
decrease, or not change HPCI flow depending on the proximity of the in-
dicated to the desired water level. BWR-LACP simulates operator control
of HPCI flow in accordance with the following assumptions:

l. The operator would check vessel water level once per minute and
may make up to one adjustment in HPCI flow per minute.

2. The operator would attempt to maintain the vessel water level
above the minimum indication of the Emergency Systems range level 1in-
strument; the preferred vessel water level (setpoint) would be 380 in.,
which is 7 in. above the 373 in. bottom of the Emergency Systems range.

3. In the interest of preventing excessive reactor power* in an
ATWS accident, the operators would not inject at a rate exceeding
2000 gpm.

4., 1f level is more than 5 in. from the setpoint, the operator
would increase or decrease (as appropriate) the flow by 57 of the full
HPCI capacity (i.e., 5% of 5000 gpm).

5. 1If level is more than 8 in. above the setpoint, the operator
would decrease flow by 10Z%.

6. The operator would zero the flow if level is more than 20 1in.
above the setpoint.

7. 1f level is below the minimum range of the Emergency Systems
instrument, the operator would increase flow by 10%,

A.3.3 Operator controlled Condensate/Condensate Booster pump injection

For all the cases in Chap. 4 that result in emergency depressuri-
zation, it i= assumed the operators would provide needed reactor vessel
injection by using one condensate and one condensate booster pump, in
series, to pump from the main condenser hotwell to the reactor vessel.
They would close the feedwater pump discharge isolation valves (to pre-
vent vessel flooding) and bypass the feedwater pumps by opening the

*dithout the addition of poison to the core, flow injected into the
reactor vessel is the major determinant of reactor power. This fact is
a basic premise ~f the EPC procedures for ATWS (see Appendix B).
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startup bypass valve (see Fig. 3.8). The startup bypass valve is
installed in an eight inch pipe; its position is indicated in the con-
trol room. Main feedwater flow is also indicated in the control room.
The startup bypass valve provides a means to supply the moderate to low
flow required in an ATWS transient by using the motive power of the very
high capacity condensate and condensate booster pumps.

Operator control of injected flow using the startup bypass is simu~-
lated in BWR-LACP in accordance within the following assumptions:

1. The operator checks vessel water level once per ninute and may
adjust injected flow once per minute.

2, If the Emergency Systems level indication is off-scale low, the
injection rate is set at 1800 gpm (113 1/s).

3, If the level indication is on-scale of the Emergency Systems
range instrument, but below the desired level for manual con-
trol near the TAF [380 in. (9.65 m) above vessel zero], the in-
jection flow is set at 900 gpm (57 1/s).

4, 1f the level indication is above the desired level, injection
flow is set at 600 gpm (38 1/s).

5., If the level indication 1s mure than 20 in. (51 cm) above the
desired level, injection flow is set to zero.

A.4 Safety Relief Valves (SRVs)

Each of the 13 SRVs autumatically cpens when vesscl pressure ex-
ceeds the opening setpoint and closes when pressure decreases to about
5% below the opening setpoint. The first bank of four SRVs is set at
1120 psia, the second bank of four is set at 1130 psia, and the third
bank has five SRVs set to open at 1140 psia. According to the ASME
code, the valves must open within 1X of the nominal opening setpoint.
Conversation with TVA operations analysis engineers reveals that the
closing pressures range between 6% and 11% below the nominal opening
pressures. The opening and closing pressures used for the BWR-LACP sim-
ulation are given by Table A.4. These actual setpoints were derived by
spreading the nominal setpoints over the ranges discussed above.

Each of the 13 SRVs can be opened or closed by operator manipula-
tion of hand switches in the control room. The EPGs direct the oper-
ators to actively attempt to control vessel pressure by manual SRV
control. It was desired to simulate operator control of SRVs as realis-
tically as possible in order to avsid an excessively choppy vessel pres-
sure behavior. The simulation of operator control of vessel pressure
includes operator recognition of the absolute vessel pressure as well as
{te rate of change and general upward or downward trend. The BWR-LACP
simulation is based on the following assumptions:

l. The operator checks vessel pressure once per minute, and may
make up to one SRV manipulation per minute.

2. The upper and lower bounds for desired vessel pressure are 1050
and 900 psia, respectively. After emergency depressurization
these bounds would be shifted downward to 300 and O psia.
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3. If vessel pressure 1s outside of the desired range and 1is
60 psi further from the desired range than one minute ago, one
SRV is opened or closed, as appropriate.

4. 1If vessel pressure 1s outside of the desired range and has
either increased or decreased by more than 120 psi over the
previous three minutes, one SRV is opened or closed as appro-
priate.

A.5. Vessel Level Indication

There are two vessel water level instruments mentioned in this re-
port: the Emergency Systems range indicator and the Post-Accident
Flooding range indicator. Their ranges in relation to the reactor ves-
sel and internals are shown on Fig. 4.7. Both these instruments measure
the collapsed water leve! in the downcomer annulus of the reactor ves-
sel.

The Emergency Systems indication covers the range from above normal
water level down to about only 1 ft above the top of active fuel. This
indication is calibrated to read correctly when the reactor coolant is
hot and at full pressure. The Yarway system of reference leg compensa-
tion minimizes the error when the reactor coolaat 18 cooled to below op~
erating temperature. The variable leg is outside the reactor vessel and
is clamped physically and thermally to the reference leg. Steam from
the reactor vessel condenses in the constant head condensing chamber and
circulates back to the reactor vessel through the variable leg, trans-
ferring enough heat to maintain the reference leg temperature about 50%
of the way between the drywell air temperature and the reactor coolant
temperature.

The Post-Accident Flooding range indicator covers the range from
100 in. below the TAF to 200 in, above the TAF. The {ndication is cali-
brated to read correctly when the reactor vessel is depressurized and
reactor coolant is at about 212°F. The variahle leg {a fnaide the re-
actor vessel (it 1is the vessel downcomer annulus), and the reference leg
is not heated. The reference leg will therefore remain close to the
temperature of the drywell atmosphere.

Either of the level {ndication systems under consideration here
consists of a AP sensing element, an electronic circuit to transform
the AP signal to a level signal, and the indicating meter. The AP
element measures the difference between the pressure at the bottom of
the reference leg and the pressure at the bottom of the variable leg.
The reference leg is (or should be) always water-filled*; the amount of
water and/or steam depends on the actual water level inside the vessel
downcomer.

*During rapid reactor vessel depressurization the heated reference
leg of the Yarway instrument can flash, causing a temporary full-to-the-
top level indication. This effect 18 not simulated in BWR-LACP.
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The potential for error addressed here 1s in the circuitry that
transforms the pressure difference fnio a water level. This circuitry
is designed to always give the same level indication for the same mea~
sured pressure difference. Suppose that the vessel water level stays
the same, but that the density of the water either in the reference leg
or in the variable leg changes; the measured pressure difference would
change and thus the indicated water level would change when, in fact,
there was no change in actual water level.

The following equations are used in BWR-LACP to compute the effect
on indicated level of reference leg or variable leg conditions that dif-
fer from calibration condition:

— (AP — AP*)(AL, )/(AP* — AP*
t( 1)( . APt)

where,

Lind indicated height of water in the downcomer annulus,

T height of the upper end of the indication range,

AP measured pressure difference,
pressure difference that would be measured at calibration

conditions if the vessel water level were at the top end of
the indication range,

length of the indication range, and

pressure difference that would be measured at calibration
conditions {f the reactor vessel were at the bottom end of
the indication range.

The measured AP is a function of the actual vessel water level and
the reference leg and variable leg water densities:

1 4

AP = (&“.L).,‘ - (AL )\V — AL
\ > { X . (

where,

distance between the upper and lower AP taps,

water density of the reference leg,

reactor vessel downcomer liquid level above the lower AP tap,
density of variable leg water (i.e., reactor coolant in the
downcomer annulus

density of the reactor vessel steam

The BWR-LACP calculation makes the assumption that p, 1is equal to the
density of saturated fluid evaluated at reactor vessel pressure. The
steam density is set equal to the d sity of dry saturated vapor at ves-
gsel pressure. The reference leg neity is evaluated at reference leg
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temperature and vessel pressure:

5 * ar(‘l'r. Pv)

where

T, = 0.4 Tear * 0:6 T4 for the Emergency System range,
T = wa for the Post-Accident Monitoring range
P = reactor vessel pressure,

= saturation temperature at Pv’ and

’;‘, = drywell atmosphere temperature.

Lo B )

T

"<

The remaining terms in the expression for Llnd are given by the follow-
ing

* - O
APt ALi(pr pl)
* = o nk
AP‘ ALi(pr pr)

For the Emergency Systems level indication, the reference leg cali-
bration density, p*, {s evaluated at 290°F and p: and p* are evaluated
at 1015 psia saturation condition. 8

For the Post-Accident Monitoring level indication, the reference
leg calibration density, pf, 1s evaluated at 135°F, and p{ and p* are
evaluated at a 14.7 psia saturation condition. g

A.6 Comparison of RELAP and BWR-LACP Results

This section provides a comparison of RELAP and BWR-LACP results
for a hypothetical MSIV-closure initiated ATWS accident with operator
recovery actions to control reactor vessel pressure and water level, but
without SLCS sodium pentaborate injection or manual rod insertion. The
RELAP5/MOD1.6 run was performed at INEL and sent to ORNL by W. C. Jouse
of EG&G, Idaho, Inc., by letter dated November 14, 1983 ["Need to
Identify and Assess Computational Uncertainties Associated with Plant
Transient Simulations for Severe Accident Sequence Analysis (SASA) Pro-
gram — (WCJ-3-83)"],

In attempting to replicate the “ELAP results with BWR-LACP an ef-
fort was made at ORNL to use the same rules for the simulation of the
operator actions to control vessel pressure and water level that were
used at INEL for the RELAP work. Input for both codes assumes that
there i{s an automatic HPCI suction shift (on high suppression pcol water
level) and subsequent failure of the HPCI injection when suppression
pool temperature reaches I180°F (slightly lower than the 190°F failure
criterion used in the body of the report). No attempt was made to see
that code inputs not related to operator or automatic control actions
are the same. For example, the BWR-LACP code may have slightly
different doppler or vold reactivity coefficients.



171

The BWR-LACP simuiation of operator control of the SRVs (as modi-
fied for this comparison) is based on the following rules:

1. The desired vessel pressure (setpoint) for operator control is
the lower of 950 psia or the EPG limit on vessel pressure based on the
suppression pool heat capacity temperature limit.*

2. The operator checks vessel pressure continuously.

3. 1If pressure is above the setpoint, one SRV is opened.

4., 1If pressure is more than 50 psi below the setpoint, one SRV is
closed.

5. No more than one SRV opening or closing 1is allowed in any one
20 s period.

The BWR-LACP simul tion of operator control of vessel water level
using the HPCI system (as modified for this comparison) is based on the
following rules:

1. The desired setpoint for operator control is a level equivalent
to the top of the active fuel.

2. The amount of flow demanded by the operator is equal to the
difference between the actual level and the setpoint, multiplied by a
gain of S00 gpm/ft.

3. There is a 20 s lag (time constant) between the formation of
the flow demanded by the operator and the realization of this flow via
the HPCI system (i.e. to simulate delay in the operator response).

4. Demanded flow may not go below 1200 gpm.

S. The operators prevent the automatic initiation of injection by
LPCI and Core Spray systems.

The RELAP and BWR-LACP results for this transient are plotted on
Figs. A.1—A.5, and the sequence of events 1s summarized on Table A.5.
The major events predicted by each code are essentially the same, but
BWR-LACP predicts that the events happen much sooner. The reason for
this quicker response 1s that BWR-LACP predicts a higher reactor power
throughout the transient. Since reactor power 1is higher, the pressure
suppression pool (PSP) heats faster and consequently the vessel pressure
setpoint {s reduced faster by the PSP heat capacity temperature limit.
The effect is amplified because the faster depressurization heats the
pool faster, thereby reducing the vessel pressure setpoint even more
rapidly.

The length of the time scale for the plots of the BWR-LACP results
has been stretched relative to the length of the RELAP time scale, on
the basis of the time required for the vessel pressure setpoint to reach
255 psia. This was done to emphasize the basic similarity of the trends
in system variables. The BWR-LACP code was not changed to decrease the
predicted reactor power closer to the RELAP-predicted reactor power.
This would have extended the time required for the sequence to unfold,
bringing the BWR-LACP event timing into closer agreement with the RELAP

*The reactor vessel pressure vs. pressure suppression pool temper-
ature curve used here can be found in Section SP/T of Rev. 3 to the GE
BWR Owners Group EPGs. This curve is different from the curve TVA is
intending to use for the Browns Ferry specific version of the EPGs
(Fig. 4.10, this report).
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timing. There does not seem to be a compelling justification for such a
move because, at present, the differences between RELAP and BWR-LACP
reactor power predictions are not greater than the uncertainty inherent
in either method. INEL has estimated that the maximum uncertainty on
the RELAP prediction of core power level under ATWS conditions with
water level at or near the top of the active fuel is 1002%°%® and the
Generglgmectric Company has specified a maximum uncertainty band of
150%.%.

At a recent SASA program interlab information exchange meeting,
preliminary results were presented that indicate that the RAMONA code,
being run at BNL, predicts higher power levels than either BWR-LACP or
RELAP [presentation by P. Saha and G. Slovik, Department of Nuclear
Energy, Brookhaven National Laboratory, Upton, New York (April 11,
1984)]. Since RAMONA employs a more sophisticated calculation of the
core neutronics, 1t seems 1inappropriate at the present time to
manipulate BWR-LACP code input to reduce the predicted core power levels
in an attempt to force agreement with the RELAP results.

A.7 Condensa:ion of SRV T-quencher Discharge

Steam discharged by a T-quencher into the pressure suppression pool
(PSP) 1s condensed by an induced flow of subcooled water from the
vicinity of the T-quencher. This induced flow mixes with and exchanges
heat with the steam as it flows into and up through the surrounding
water. The minimum induced flow of subcooled water necessary for
complete condensation is

Wnif = Wgey (g = hg)/(hg = hy o 0y)

where

Woie = minimum induced flow of subcooled water necessary for 1007
condensat{ion
"s . ® flow of SRV steam being discharged by the T-quencher
ﬁs = enthalpy of the steam being discharged
hf enthalpy of saturated fluid evaluated at wetwell pressure

hlocal = enthalpy of the subcooled water surrounding the T-quencher.

From this equation we see that complete condensation would not be
possible if the PSP were saturated because the induced flow of water
feeding the quenching process would have to be {nfinite. Without
applicable experimental data, it is very difficult to predict exactly
how much subcooling 1{s required for complete condensation. D. C. Cook
concluded from a survey of available experimental data that a minimum of
about 10°F of subcooling is required for complete condensation [D. H.
Cook, doctoral dissertation, "Pressure Suppression Posl Thermal Mixing,"
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NUREG/CR-3471, ORNL/TM-8906 (to be published)]. Based on Cook's con-
clusions, t(ne following condensation relatifonship was built into BWR-
LACP: '

1. Condensation = 100% ....If T > 10°F
subcooli =
2. Condensation = 0% ....If Tsubcoolingng 0°F

3. Condensation = F10.  seasBE O € X < 10°F

Tnubcooling subcooling

where,

Tsubcooling ™ Tsat ~ Tlocal
T = gaturated fluid temperature evaluated at the total
pressure in the vicinity of the T-quencher.
Tiocal = temperature of the water surrounding the T-quencher.

sat

It is important to note that the suppression pool does not cease
all condensation when the pool temperature reaches the point of less
than 10°F subcooling. When steam bubbles, uncondensed, through to the
surface of the PSP there is an 1increase in the pressure of the wetwell
atmosphere over the pool. This additional pressure increases the
subcooling of the PSP water and allows the condensation process to
continue. As the SRV discharge continues, most of the thermal energy of
the discharge is absorbed by condensation in the pool. Only a portion
of the SRV discharge escapes condensation as necessary to maintain a
subcooling somewhere between 0 and 10°F,

A.8 Pressure Suppression Pool Temperature Distribution

The primary assumption of the BWR-LACP model of the suppression
pool is that the temperaturs of water throughout the suppression pool is
uniform. During an accident involving extended SRV discharge, this
assumption leads to the result that the very large water mass of the
whole pool is available as a heat sink for the thermali energy discharged
by the SRVs.

It 18 logical to question how there could be sufficient circulation
around the approximately 350 ft (107 m) circumference of the pool to
justify the assumption of a well-mixed pool. Without such ecirculation,
only water in the vicinity of a discharging T-quencher cotv'd act as a
heat sink; incomplete condensation of SRV discharge would begin much
sooner, and primary containment pressure would build up faster. D. H.
Cook has studied this question extensively and has developed a two di-
mensional multi-node computer model that calculates the transient varia-
tion of pool temperature with depth (distance from the bottom of the
pool) and with angular displacement around the torus [D. H. Cook, doc-
toral dissertation, “Pressure Suppression Pool Thermal Mixing,”
NUREG/CR-3471, ORNL/TM-8906 (to be published)]. The code allows a wide
variety of combinations of discharging T-quenchers, and allows an arbi-
trary mass discharge vs. time for each T-quencher.

Cook's code has been run in conjunction with the BWR-LACP code (in
replacement of the BWR-LACP uniform pool temperature model) for selected
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ATWS transients. In general, the more detailed pool calculation shows
that the water temperature above a discharging T-quencher is higher than
the bulk pool temperature and that this temperature difference sets up
powerful density currents that mix the contents of the whole pool. The
hot, less dense water rising above a discharging T-quencher flows upward
to the surface and spreads across the top of the pool, while a subsur-
face current of relatively cool water flows in the opposite direction
along the bottom of the pool toward the discharging T-quencher. As a
result, the whole pool is able to function as a heat sink and the rate
of pressure buildup is not significantly faster than would be obtained
with the uniform pool temperature model.*

For example, the Chapter 5 case plotted on Figs. 5.1-5.5 was run
with Cook's pool model, and with the following assumptions: (1) the
long period of intermittent actuation of a single SRV is through the
same SRV, discharging to the same T-quencher, and (2) there is no pool
cooling., The first assumption maximizes local terperature buildup. The
second assumption also maximizes local temperatuie buildup by preventing
the significant (~40000 gpm) pool circulation that goes along with pool
cooling.

After the first hour, the volumetric average pool temperature was
189°F (361 K), the maximum single-node pool temperature (occurring above
the discharging T-quencher) was 202°F (368 K), and the average bottom
Lemperature was 177°F (357 K). This result shows that water near the
discharging T-quencher 1is 13°F higher than the volumetric average pool
temperature. However, this doesn't adversely affect the condensation of
the T-quencher discharge because the T-quenchers are submerged 10 ft
(3.05 m) below the surface of the pool and the water that feeds the con-
densation process i{s cooler than the water at the surface of the pool.

*It should be recognized that this conclusion is based upon an ATWS
accident sequence, in which the rate of discharge into the pool is rel-
atively large.
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Table A.1 Neutron kinetics data®

Delayed Decay
Neutron Fraction Constant
Group O]

1 0.207(10)73 0.0127

2 0.1163(10)72 0.0317

3 0.1027(10)72 0.115

4 0.222(10)72 0.311

) 0.699(10)73 1.4

6 0.142(10)73 3.87

%From "RAMONA Analysis of the
Peach Bottom-2 Turbine Trip Transi-
ents,” by Scandpower, Inc., EPRI
Report No. NP-1869, June 1981

Table A.2 Assumed® full
power steady state axial
power distribution

Distance
. ?: A:,tt:: Relative

Fuel g
(fr)

0 0.61
1 1.04
2 1.16
k 1.19
4 1.16
5 1.11
6 1.09
7 1.07
3 1.05
9 1.03
10 0.92
1 0.72
12 0.33

%applicable to end-
of-cycle, equilibrium
xenon full power opera-
tion.
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Table A.3 Condensate/condensate

booster pump injected low
as a function of reactor
vessel pressure

Vessel Infected
Pressure Flow
(psia) (1b/s)

418

Setpoints for automatic SRV actuation

Nominal Actual Nomonal Actual

ipening Opening Closing Closing

Pressure Pressure Pressure Pressure
(psia) (psia) (psia) (psia)

115 064 1052
118 )64 1030
120 1042
125 ‘ 1014
126 073 1023
130 ] 1062
131 1073 1042
135 } 1051
1072
1032
1060
1053
1015
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Table A.5 bequence of events for RELAP/BWR-LACP

comparison transient

RELAP BWR~LACP

Time Time Event

(8) (s)

0 NA Beginning of MSIV closure. RELAP calculation
begins

3.75 NA Peak reactor power (275%)

3.68 NA Recirculation pumps tripped, reactor power
decreasing rapidly

14 NA Peak vessel pressure of 1312 psia, all 13 SRVs
open (automatic actuation)

NA 50 BWR~LACP calculation begins

68 60 HPCI,RCIC Systems on at full flow (5600 gpm
total injection)

50-150 50-150 RELAP power averages 22.5%, BWR-LACP power
averages 30X,

150 150 Operators begin vessel level, pressure control.
RCIC tripped, HPCI flow reduced to 1200 gpm.

175 190 Last automatic SRV actuation until power/
pressure spike at end of depressurization

325 230 PSP heat capacity temperature curve begina to
reduce vessel pressure setpoint

357 280 Vessel water level reaches: TAF RELAP power
level = 7%, BWR-LACP power level = 92

992 992 RELAP power level below 3. BWR-LACP power
level below 52

1850 1280 PSP heat capacity temperature limit on vessel
pressure reaches 255 psia, stops decreasing
(@ PSP temp = 160°F)

2000 1330 Operator begins closing SRVs to attempt to
control vessel pressure at 255 psia

2400 1420 Reactor power spike (RELAP to 120%, BWR-LACP
to 68%) accompanied by repressurization of
the reactor vessel and automatic SRV
actuations

2480 1680 Failure of HPCI system after PSP temperature
exceeds 1B0°F (total injection flow reduced
to the ~ 200 gpm from the CRD hydraulic
system)

2500 1740 Vessel water level below the TAF and decreasing

2900 1570 Vessel pressure below 250 psia and decreasing
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APVENDIX B: ATWS CALCULATIONS FOR THE STEADY STATE
8.1 Introduction

An ATWS accident sequence would be initlated by an anticipated
transient demanding reactor scram for which the negative reactivity in-
gsertion that would be provided by inward control rod movement does not
occur., If the MSIVs are shut, all steam exiting the reactor vessel is
discharzed into the pressure suppression pool, and the pool temperature
{ncreases rapidly. To avoid primary containment failure and the conse-
quencee, the operstor: must act to manually introduce enough negative
reactivity tc temporarily reduce reactor power until enough 1liquid
neutron poison has been injected to provide permanent reactor shutdown.

The purpose of tuis appendix is to discuss the calculational
sophistication required to determine reactor power under the conditions
of an MSIV-closure initiated ATWS. The operators can manually reduce
the reactor power by taking control of the high-pressure injection sys~-
tems and decreasing the injection rate., It is shown in Sect. B.2 that
if the 1injection rate to the reactor vessel {is specified, then the
steady state power can be determined by a simple hand calculation. On
the othwy hand, if operator control of the reactor vessel water level is
specified, then the calculation of steady state power 1is much more com-
plicated, as explained in Sect. B.3. The conclusions of this appendix
are summarized in Sect. B.4.

B.2 The Case with Specified Injection Rate

Unless the operators take action to depressurize the reactor ves-
sci, makeup flow under the conditions of an MSIV-closure initiated AIWS
could only be provided by the HPCI, RCIC, and CRD hydraulic systems.
The HPCiL and RCIC systems inject into the reactor veasel through the
feedwater lires whereae the relatively emell CRD hydraulic eystem flow
enters the reasctor vessel through tne control rod guide tubes.

At leartc one SRV would remain continuously open as long as tLhe
‘steam releawe from the reactor vessel constituted more than 6.5 of the
steam flow at ncrmal full-power operation. The definition of terms for
the power calculations is shown in Fig. B.l, where:

injection mass flow, lb/h

specific enthalpy of injection flow, Btu/lb
core thermal power, Btu/h

steam flow througa SRVs, 1b/h

specific enthalpy of sieam, Btu/ld

Cu ot
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At steady state, the reactor vessel water level would be constant,

H. is equal to Hu. and

Q = ﬁw (h, = h_) Btu/h (B.1)

A simple but accurate “rule of thumb” for the Browns Ferry Unit 1
reactor can be developed by assuming that the reactor vessel pressure is
at the setpoint of the lowest-set bank of SRVs (1120 psia) and that the
injection temperature (from the condensate storage tank) is 90°F. Then

h, = 1187.3 Btu/1b (B.2)

h, = 58.1 Btu/1b (B.3)
and

Q = 1129.2 M, Beu/h . (B.4)

Equation (B.3) can be cast into a more useful form by use of the
following relations:

1 Btu/h = 2,931 x 1077 mw, (B.5)
100X power = 2293 MW (B.6)
1 GPM = 499.3 1b/h (at 90°F) . (B.7}
Then
P 5.02 x 1073 L (B.8)
where

Pp = reactor thermal power as percent of full power operation,
Fy = injection rate, GPM.

As an example of the use of Equ. (B.8), the combined injection rate
of the HPCI and RCIC systems after automatic initiation is 5600 GPM. An
additional injection of about 100 GPM would be provided by the CRD hy-

draulic system. From Eqn. (B.8), the steady state reactor thermal power
would be 28,6X%.
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Although the reactor thermal power is 28.6% with the water makeup
provided by automatic actuation of the high pressurc injection systems,
the percentage of full power steam flow delivered to the pressure
suppression pool would be somewhat less. To verify this, a simple
expression for the steam flow from the reactor vessel as a percent of
normal full power can easily be developed.

At steady state, the mags flow from the reactor vessel 1is equal to
the mass 1injection rate . Steam flow at 100X power 18
13.381 x 10%° 1b/h. If we assume that the enthalpy of the steam leaving
the reactor vessel under ATWS conditions is the same as the enthalpy of
the exiting steam during full-power operation, then the ATWS power ex-
pressed as a percentage of full power is

N

P = 100 x b4 (B.9)
13.381 x 10®

Equation (B.9) can be converted into a more useful form by use of
Eqn (B.7). Then

P =3.73x 1073 F_ 2 (B.10)
P W

where

Pp = power delivered to the pressure suppression pool as a percent
of the power exiting the reactor vessel during full power
operation.

Fy = Injection rate, GPM.

Continuing the previous example, Egqn. (B.10) predicts that with a
combined HPCI, RCIC, and CRD hydraulic system injection of 5700 GPM, the
power delivered to the pressure suppression pool is 21.3% of the power
exiting the reactor vessel under normal full-power operating condi-
tions. Actually, the percentage would be slightly less because the
steam enthalpy at 1120 psia [Eqn. (B.2)] is slightly less than the en-
thalpy at full power which fe 1191.6 Btu/ib at 1020 pseia.

Comparison of Eqn. (B.10) with Eqr. (B.8) reveals that the percent
of full power delivered to the pressure suppression pool under MSIV-
closure initiated ATWS conditions is about three-fourths of the percent
of reactor thermal power. This will always be true because of the ad-
ditional sensible heat required to increase the temperature of the in-
coming makeup water to saturation. Under normal operating conditions,
feedwater enters the reactor vessel at a temperature of 377°F* whereas
under MSIV-closure initiated ATWS conditions, the mnakeup water enters
the reactor vessel at a temperature of about 90°F.

*The rated thermal power of 3293 MW(t) is based on this.
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B.3 The Case with Known Reactor Vessel Water Level

The BWR Owners' Group Emergency Procedure Guideiines (EPGs) do not
direct the operator to maintain a specified rate of reactor vessel in-
Jection unde. ATWS conditions but rather require the operator to main-
tain an indicated reactor vessel water level (at the level of the top of
the active fuel in the core). Thus the analytical problem is greatly
expanded from the simple exercise described in Sect. B.2 to a complex
challenge in which the injection rate necessary to maintain the speci-
fied water level 1in the reactor vessel must be calculated, This can
only be done by first calculating the reactor thermal power from
detailed considerations of the conditions within the reactor vessel.
Once the percent (Pp) of full power is known, Eqn. (B.8) can be recast
in the form

Fy = 199.20 Py GPM (B.11)

and solved for the required injection rate.

B.4 Conclusions

l. Given an ATWS situation in which the reactor core is capable of
unrestricted power operation, the steady state power depends only on the
injection rate [Eqn. (B.8)].

2., Under ATWS conditions, the core thermal power expressed as a
percent of the normal full power [Eqn. (B.8)] will alwaye be greater
than the power exiting the reactor vessel expressed as a percent of the
power exiting the reactor vessel during normal full power operation
[Eqn. B.10)]. This is because of the requirement for additional! power
expenditure within the reactor vessel to heat the makeup flow taken from
the condensate storage tank.

3. Since 1{ 1ie konown that, with all four RER system heat ox-
changers in operation, about four percent power can be removed from the
pressure suppression pool while keeping the pool temperature at about
200°F, it 1s reasonable to ask why the instructions to the operator do
not merely require him or her to mairtain injection at a rate of about
1100 GPM, which, from Eqn. (B.10), would result in the injection of
about four percent power into the pool.

4. The answer is that the resultant reator vessel water level is
not known {f the operator is simply instructed to maintain a certain
injection rate. For example, an injection rate of 1100 GPM might well
result in an ATWS situation in which a substantial portion of the upper
core 1is uncovered while significant power generation continues in the
lower core.

S. The BWR Owners' Group EPGs simply direct the operators to
maintain the indicated reactor vessel water level at the top of the
active fuel. This, of course, is to ensure that core uncovery does not
occur while still maintaining the reactor vessel injection rate as low
as possible.
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6. The seemingly simple shift of the operator control parameter
from the injection rate to the indicated reactor vessel water level
greatlv -somplicates the calculation of the steady state power. This is
because the actual water level would differ from the indicated level and
because the core thermal power must now be calculated from detailed con-
sideration of the conditions within the reactor vessel,
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PRELIMINARY HUMAN FACTORS REVIEW FOR
SEVERE ACCIDENT SEQUENCE ANALYSIS

ABSTRACT

Human factors considerations associated with operator per-
formance are assessed for the Anticipated Transient Without
Scram (ATWS) at Browns Ferry Nuclear Power Plant Unit |1
(BFl). Although human factors problem {identification 1{s
moderated by the current transition to symptom—based EPGs,
issues addressed 1include human engineering deficiencies 1in
control rcom design, and human reliability of critical operator
actions. Analyses are somewhat cursory due to multiple
objectives of the study, but they do demonstrate the utility of
human factors research methods. Critical operator actions
fdentified in the EPGs as related to ATWS are qualitatively
assessed in terms of expected performance and constraints to
success. A detailed task analysis was completed for several of
these actions, and a quantitative human reliability analysis
was performed. Human factors research receds for ATWS are
fdentified and reflect broader recommeniations supporting
further involvement with SASA studies.

INTRODUCTION

The purpose of tne human factors review for the Severe Accident Se-
juence Analysis (SASA) program is to support
cally {dentifving and assessing salfent human fectors Issues in the BWR
Anticipated Transient Without Scram (ATWS). Through a plant-specific
analysie of the Browns Ferry Unit 1 (BF1) ATW3,! this study serves as a
demonstration of contributions from human factors research to SASA ef-
forts. Human factors issues addressed in this review include operator

reliability in performing safety-related actions, human engineering

analysis of control room design, and tvpes of procedures. Operator
training for severe accidents and computer-based operator aids were also
recognized as potentially {mportant factors shaping operator per-
formance.

Preliminary assessments of human factors 1ssues are reported in
this appendix to support the SASA evaluation of the BWR ATWS. The an-
alysis includes a description of critical operator actions affecting the
ATWS sequence and how these actions may be modified by human factors
problems. Identification of 1issues in operator performance, and devel-
opment of a system/task data base using the BFl control room simulator,
were conducted by an integrated team from the ORNL SASA project and the
ORNL Reliability and Human Factors Group. More comprehensive documenta-
tion of human factors analyses will be reported in a separate technical
document upon completion of the review.
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The selection of human factors issues studied was streamlined to
accommodate objectives and constraints of the program. Multiple objec-
tives required: first, review of operator actions from initiation of
the transient up to core damage (front end), and, second, assessment of
actions during accident management involving mitigation of core damage
(back end). The tack end of the accident {s to receive major emphasis
in the human factors study. This appendix discusses the approach, an-
alyses, findings and recommendations for the human factors review of the
front end phase. Several cross-references are included to sections of
the ORNL ATWS report. Analysis of the front end required extensive co-
ordination of time and level of effort with SASA analysts. Considering
that emergency procedures for BFl were being changed to symptom-based
procedures and that these procedures are still being reviewed for pos-
sible modification, the front end analysis was constrained to prelim-
inary evaluations using best available information.
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2. HUMAN FACTORS ISSUES IN OPERATOR PERFORMANCE

Human factors research in nuclear power plant opeivations addresses
an array of issues related to operator performance. During familiariza-
tion with BFl ATWS sequences juxtaposing automatic system responses with
operator actions, two human factors 1issues were identified and are
discussed in this section. These issues include emergency procedures
and a human engineering analysis of control room design.

2.1 BFl Emergency Procedures

At the time of this study, the emergency procedures used at BF1
were undergoing a transition from event-based Emergency Operatinz In-
structions (EOIs) to symptom-based Emergency Procedure Guidelines (EPGs)
developed by the BWR Owners Group. Event-based procedures require
operators to first diagnose the type of transient before taking correc-
tive actions. With symptom-based EPGs diagnostic efforts are minimized
such that operators selectively detect and attend to critical safety
functions that are off-normal, The Tennessee Valley Authority (TVA) is
currently assessing the compatibility of the technical contents of the
EPGs with BFl system design and safety analysis.

The development of symptom-based procedures was an atiempt to re-
duce the cognitive workload of control room operators in diagnosing the
type of transient. Through use of the EPGs during a tramsient it ie in-
tended that operators verify the adequacy of critical safety func-
tions. One advantage of event-based procedures, however, 1is that
operators may immediately relate causes and ccnsequences of of f-normal
conditions and subsequently directly act <o mitigate accident
progression,

SASA analysts have made the recommendation in Sect. 5.1 of the ORNL
ATWS report that the emergency procedures for ATWS be separated from the
EPGs. The human factors analysis assisted in defining some of the prob-
lems operators may experience with the current structure of the EPGs.
One of these problems is that certain opecrator actions called for in re-
sponse to ATWS are substantially different from actions appropriate to
other accidents. Some of theee actions are also contrary to operational
practices on which operators are trained. One example related to ATWS
i the instruction in the EPGs to lower and maintain vessel level at the
top of the fuel in order to reduce power. Under other accident condi-
tions, low vessel level would be an off-normal condition and the EPGs
would instruct operators to restore vessel level to within more accept-
able bounds.

From a human factors standpoint, the structure of the EPGs presents
some difficulties for operators in relation to ATWS. However, the solu-
tion proposed by SASA analysts to separate those instructions relevant
solely to ATWS may or may not be entirely satisfactory. Operator per-
formance during a transient would be based on several factors including
training and operator aids, such as the Safety Parameter Display System
(SPDS), in addition to procedures. These factors and others should be



considered across a range of accidents to optimally guide operator re-
sponse before targeting the restructuring of procedures to address
problems related to one specific accident sequence.

Several operator actions identified in the EPGs as critical to the
progression of ATWS are examined in some detail and results of these an-
alyses are presented later in this appendix. The timing of this study
vis-a-vis ongoing adaptation of the EPGs for BFl precluded an extensive
assessment of the EPGs using NRC human factors guidelines for evaluation
of procedures.

Human Engineering Analysis of Control Room Design

A human engineering anslysis of control room design concerns the
functional layout of controls and displays comprising the man-machine
interface. On the one hand, this study did not intend to undertake a
comprehensive human engineering assessment of the BFl control room using
NRC guidelines. On the other hand, several human engineering 1issues
were {dentified during simulator exercises. These exercises provided
input to both the human factors analysis and the SASA analysis. Simul-
ator exercises were conducted and videotaped to provide a record of op-
erator actions during runs of different ATWS sequences. Exerclses were
held on two occasions using two BWR SRO-instructors as operators. On
both occasifons an {instructor was furnished by TVA and the second oper-
ator was from the ORNL human factors project team. The following dis-
cussion 1s based on instructors' comments and analysts' observations re-
sulting from these exercise.. The three human engineering 1issues
related to ATWS 1included reactor level control, reactor pressure
control, and manual control rod insertion.

Reactor level control

Duriag an ATWS, cperators monitor reactor vessel level! and manually
adjust coolant Injection systems based on displayed level information
The problem is that, depending on their type, level indicators may be
inaccurate or have insufficient range. Operators basing their actions
on these displays may erroneously misjudge actual level. An additional
problem i{s that some level {indicatlons, which do have sufiicient range,
are located on panels located away from the controls for coolant injfec-
tion systems. Another operator must interrupt his work to read and com-
municate level information from these particular displays.

There are four vessel level monitoring systems with ten total indi-
cators in the BFl control room. Types and function include, first, nar-
row range GEMACs which cover the range from 528 to 588 inches (BF 0 to
+60 1inches). There are three of these sensor systems in the control
room and one of any two sensor outputs is fed to a permanent recorder.
The narrow range sensors are used for normal operation in both manual
and auto control modes.
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Second, wide range YARWAYS cover the range from 373 to 588 inches
(BF +60 to -155 inches) and are used in off-normal conditions. There
are two of these systems and they are not fed to a recorder.

Third, post-accident flooding range/shroud level range sensors
cover the range from 260 to 560 inches (BF -100 to +200 inches). There
ace two of these systems and these sensors are used mainly in conjunc-
tion with the emergency core cooling systems. There is a recorder indi-
cation in the range of 360 to 460 inches (BF 0 to +100 inches). The
post-accident flooding range and the shutdown flooding range systems are
"cold” calibrated for use when the reactor is in or near cold shutdown
temperatures. This predicates some type of variable normalization or
correction factor which the operators must apply when attempting to mon-
itor reactor level with the reactor at power.

Fourth, shutdown flocding range indication has one sensor and it
covers the range from 528 to 928 inches (BF 0O to +400 inches). This in-
strument monitors level when the total vessel is required to be flooded.

One of the design problems is the lack of reliable information on
reactor level. The wide and narrow range monitors are calibrated "hot”
against various operating temperatures and therefore give reliable level
information during an ATWS. However, none of the monitors allow level
monitoring at or slightly below the top of the active fuel. The wide
range “"Bottoms-Out” at 373 inches which corresponds to 13 inches above
the active fuel. During the ATWS, the operators are forced to use the
post-accident flooding range system. Since this system is cold cali-
brated, however, level information will be unreliable and will comstrain
operator performance in maintaining water level close to the top of the
active fuel in accordance with the EPGs.

A second design problem is related to level monitoring. Operators
are trained to use the narrow range and then shift to the wide range
monitors in off-normal conditions. In the ATWS, the lead operator
(Operator #1) would be attempting to control the reactivity of the unit
by manually inserting control rods and iniecting btoron via the SLCS.
The second operator (Operator #2) wouvld likzly use the narrow/wide range
indications as long as they supply needed level {information, which
during ATWS should be a very shoit period in duration. Both of these
systems are physically displayed within the rontrol room at distances
from approximately 20 to 35 feet from the controls for the SRVs and
coolant injection systems. The specific difficulty is that Operator #2
who controls ccolant injection systems has te heavily rely upon Operator
#1 for reading and communicating the level values from the wide range
monitors. This interrupts the work of Operator #1 and adds to his al-
ready apparently high workload. This increase in workload also raises
the possibility of display reading and communication errors.

2.2.2 Reactor pressure control

The operator may be hindered during an ATWS in attempting pressure
control by, among other concerns, not knowing i{f the SRV being manually
opened is already automatically activated. This is because no auto SRV
position indication is located adjacent to manual SRV controls.
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The BFl unit has thirteen safety rellef valves distributed among
four main steam lines exiting the pressure vessel. These valves have
two functions, to protect against overpressure transients, and to de-
pressurize the reactor when required during off-normal conditions. Any
of the valves can be opened manually with switch action by the operators
and will be automatically opened by steam pressure once their set points
are exceeded. The valve set points range from 1105 to 1125 psig.

Six of the SRVs are dedicated to the automatic depressurization
system (ADS). This oystem initiates on high drywell pressure and low
vessel water level., The ADS autotimer has a two minute cycle. If the
low level signal does not clear, or the operator does not recycle the
timer prior to the end of the two minutes, all six valves open. Once
ADS activates the six SRVs, the SRVs will not close until reactor pres-
sure drops to about 20 psi above drywell pressure or the operator man-
ually resets the ADS timer.

The design problem is an absence of any individual indication of
auto SRV activation adjacent to the SRV controls. Experienced operators
may hypothesize that SRVs are automatically cycling based on pressure,
flow, and other monitors. There are acoustic monitors for the SRVs, but
these are displayed at the rear of one of the back panels. The only
front panel indication for the operators is the switch handle mode and a
small light adjacent to each switch. This light tells the operator only
that the valve solenoid has been energized, not that the valve has ac-
tually opened. [n summary, the operator 1is not provided timely
information about valve position unless he takes several seconds to walk
to the back panel to observe the acoustic monitors.

The potential error from this design problem is that the operator
may open a valve which 1s already in the blowdown mode from overpres-
sure. This action of trying to open an SRV, then, would not add to a
further decrease in pressure. An additional problem which complicates
the ATWS sequence is that he may attempt to close a valve which has ac-
tually stuck open. The operator would then need to examine the acoustic
monitors, along with other relevant instrumentation, to diagnose this
failure.

«2.3 Manual coni <ol rod insertion

Two human engineering prcblems related to manual control rod inser-
tion were identified. First, the switch to insert rods is a multifunc-
tion deadman lever with which errors of commission mavy occur. Second,
positioning errors may result while turning the rod sequence selector
switch until the desired rod select pushbutton is illuminated.

Failure of control rods to insert automatically during ATWS should
be followed by operator attempts to manually scram the rods according to
the EPGs. The multifunction deadman switch constrains operator mobility
and may contribute to error. Once the operators have diagnosed the ATWS
and have also experienced manual scram failure, the EPGs instruct them
to manually insert the control rods one at a time. The process takes
about one minute per rod. The procedure requires switching to manual
insertion effectively bypassing the rod sequencing and rod blocks. The
operator then reads from the rod pattern charts to select and 1insert
high worth control rods.
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A design problem identified is that the switch which inserts the
rods is a multifunction spring-loaded deadman lever which also withdraws
rods. The operator has to continually activate and overpressure the
spring to move a rod. He is limited to the reach of his arms and cannot
change position more than a few feet in either direction of the
switch. The operators on the simulator were observed makiny commission
errors in selecting the incorrect mode of the control switch. 71bey did
in every case recover and place the switch in the correct mode within
one second.

The second problem concerns potential errors in positioning the rod
sequence selector switch to enable the desired rod select pushbutton.
During the ATWS it is desirable to insert high worth control rods in the
center of the core to achieve the quickest reduction in reactor power.
To insert the high worth control rods requires the operator to deviate
from the pre-programmed rod sequence. The Rod Worth Minimizer (RWM) can
be easily bypassed with a keylock switch in the control room. However,
the Rod Sequence Control System (RSCS) cannot be bypassed in the control
room. The control room operator must communicate with an auxiliary
operator in the instrument room to bypass rod groups as necessary, de-
laying control rod insertion. The operator must also manipulate two
control room switches for RSCS to insert control rods because the Reac-
tor Manual Control System (RMCS) imposes RSCS rod blocks when the emer-
gency insert is used.

The RSCS switches must be positioned to permit selection and move-
ment of the desired control rod. A problem is the need to position the
rod sequence selector switch when changing from one rod group to another
which increases the time delay for rod selection and insertion. The op-
erator manipulates the rod sequence selector switch until the des!red
rod select pushbutton is illuminated. The rod select pushbuttons are
small and lighted from the back. This switch positioning problem is
further complicated by the distant location of the switch which makes it
difficult for the operator to read the rod select pushbuttons while
manipulating the switch. This may Jead to a number of errors in pos'-
tioning the rod sequence selector switch until the desired rod pust-
button {s selected.
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3. ASSESSMENT OF OPERATOR ACTIONS DURING ATWS

The purpose of this section 1s to discuss the approach and results
of the human reliability assessment of operator actions during ATWS.
The section begins with the identification of critical operator actions
for review, followed by a qualitative analysis of these actions. In ad-
dition, a quantitative human reliability analysis (HRA) was completed
for several of these actions. Rather than sssess operator actions
throughout the ATWS the overall analysis was limited to only those
operator actions in the EPGs judged to be most critical to the sequence
of ATWS. Primary emphasis concerning the human factors assessment was
on operator actions contained in the EPGs, although input to the HRA in-
cluded data collected through a task analysis of operator actions fol-
lowing the EOIs. It was assumed that these latter actions called for by
both the EPGs and EOIs would be performed by operators in a closely sim
ilar manner. This similarity is held to support the assumption that re-
sults of the HRA, while based on the EOIs, may be relevant to the EPGs.

3.1 Identification of Critica! Operator Actions

The 1identification and selection of critical operator actions was
coordinated with SASA analysts based on an evaluation of key branching
points 1in the ATWS sequence. Inputs to the selection process in-
cluded: (1) examination of the EPGs, (2) consideration of operator ac-
tions included in computer codes used for systems analysis, (3) review
of an Operator Action Event Tree (OAET) developed for ATWS, which
{dentifies major branches in the sequence of key operator actions neces-
sary to mitigate the accident,’ and (4) critical review of operator
actions observed dvring simulator exercises of ATWS. The aix operator
actions selected for analysis {included:

(1) Selection and manual 1insertion of individual control rods
given failure to scram (refer to Section 4.1.! of the ORNL ATWS report).

(2) Verification of conditions for use of the Standby Liquid Con-
trol (SLC) system and initiat’on of poison injection 1intc the vessel
(refer to Sectfon 4.1.,1 of the ORNL ATWS report).

(3) TInitiation of pressure suppression pool (PSP) cooling through
residual heat removal (RHR) system (refer to Section 4.1.4 of the ORNL
ATWS report).

(4) Operator control preventing overpressure of the vessel by man-
ually opening SRVs before 1105 psig is reached for auto actuation (refer
to Section 4.,1.3 of the ORNL ATWS report).

(5) Operator control of coolant injection systems to lower and
maintain reactor vessel water level at the top of active fuel (refer to
Section 4.1.2 of the ORNL ATWS report).

(6) Depressurization of the reactor vessel in accordance with the

PSP heat capacity temperature curve (refer to Section 4.1.3 of the ORNL
ATWS report).
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3.2 Qualitative Review

At the time of this writing TVA was continuing to modify the EPGs
in accordance with BFl plant design. This imposes some constraints to
the assessment of operator actions. A prelininarg Operating Sequence
Overview, which is an NRC task analysis technique,’ was developed from
review of the EPGs and is shown in Fig. 1. The identification of major

operator actions {is similar to those identified in the ATWS OAET
reported in Reference 2.

Plant: BFNP Operator Function/Subfunction:
Supervise and Control Plant Operations/
Mitigate the Conseaquences of an Accident

NSSS/Type:  GE/BWR Operating Sequence ID: 7
C.R. Type: Multiple

Operating Seguence . Asticipatad Traneient Without Scram, Followinag MSIV
Closure

Initial Conditions: Plant operating at 100% power and all systems in
normal 1ine-up.

Sequence Initiator: MSIV Closure

Progress of Action: ‘The crew acknowledges the closure of the MSIVs, and
recignizes that the reactor did not scram. All attempts to manually scram
the reactor fail. Control rods are manually inserted using reactor manual
control system. The reactor recirculation pumps trip automatically on high
reactor pressure. Level rapidly decreases due to coolant loss through the
safety/relief valves, and HPCI and RCIC autamatically initiate on low level.
The operators verify that conditions require initiation of standby liquid
control ax begin injection. Concurrently, coolant injection is manually
thrc:tled so that level is lowered and maintained at the top of active fuel
to reduce power. Manual! control rod insertion continues using RMCS.

The residual heat removal system is placed ir the suppression pool cooling
mode. Suppression pool temperature is monitored to maintain the torus heat
capacity temperature limit. Reactor pressurc is limited by automatic/
manual opening of safety/relief valves, and if SRVs are cvcling or the RPV
must be depressurized SRVs are manually opened until pressure drops.

Fcllowing injection of boron by SIC acvording to technical specifications,
water level is raised using coolant injection systems to circulate poison
through the core,

The Shift Supervisor declares an alert, and notifies appropriate on-site
personne!l.

Final Conditions: The plant is in hot shutdown with torus cooling in
operation. Reactor level is being maintained using RCIC

Major Systems: Reactor Recirculation, Reactor Manual Control, Main Steam,
Residual Heat Removal, RHR Service Water, Nuclear Instrumentation, HPCI,
RCIC, SIC, Rod Worth Minimizer, Rod Sequence Control System, Primary
“ontainment Isolation System, Water Level Instrumentation.

Fig. 1. Operating sequence overview with EPG-based operator ac-
tions.



Operator actions to insert control rods are critical to shutting
the reactor down in the event of failure of automatic systems to scram
the reactor. A considerable amount of time would be required to man-
ually insert all withdrawn control rods. However, through expeditious
selection of high worth rods and inserting these first the operator can
reduce power at a modera'e rate. The cognitive and physical require-
ments of this task are likely to require the full attention of one
operator. Once the power level 18 considerably reduced, operator
workload may permit handling other tasks in the immediate area of the
console. The operator is tied to the switch for inserting the selected
control rod, as it is a deadman lever. The two BWR SRO-instructors used
in the simulator exercises reported an apparently accelerated learning
curve 1In selecting higher worth rods over practice runs. The
instructors also repcrted some concern about introducing uneven flux in
rertain areas of tne core when a reasonable rod pattern was not
maintained.

Checking conditions and initiating SLC injection are critical tasks
insofar as poison injection satisfies the functional requirement of in-
gerting negative reactivity to shut the reactor down. Poison injection
in a BWR 1s also controversial with regards to lost plant availability
juring lengthy cleanup. In general, the execution and timing of this
task are subject to question. The procedures relieve the operator of
some of the burden in this decision-making process. When either of the
conditions listed in Section 4.1.1 of the ORNL ATWS report exist, the
operator is required to initiate SLC. This action may be taken by the
perator in the absence of the Shift Engireer. Even with the procedural
requirement, however, the operators may try other alternatives for man-
ually inserting control rods before initiating SLC injection. The un-
certainty arsociated with this task should be incorporated as part of
the HRA.

Initiation of PSP cooling 1is {important for protecting primary con-
tainment integrity in the absence of the main condenser following MSIV
closure., Reliability 1issues concern initiation of PSP cooling using
both KHR 1loops, and the timing of operator actions in relation to PSP
temperature and rate of temperature increase. The timing of this task
is especially critical when the operator must concurrently perform other
{mportaat tasks. For example, control of reactor pressure and water
level may delay initiation and completion of PSP cooling. In addition,
someé delay results from the regquired continual operation of the
suppression pool test line valve. When the deadman control switch for
this valve 1s released, valve motion steps. The operator muset return to
the control switch to continue and complete valve motion {f he is drawn
way to perform other essential tasks.

Actuation of SRVs to prevent vessel overpressure necessitates moni-
toring of pressure displays. Operators may perform this task either be-
fore pressure reaches 1105 psig or after pressure reaches automatic SRV
operation levels (1105 to 1125 psig). When “"he operator does not man-
ually open an SRV until 1105 psig or higher is reached in the vessel, he
may unknowingly be attempting to open an SRV already open automatically
and thereby add nothing to pressure control (refer to Section 4.1.3 of
the ORNL ATWS report).




205

Based on the EPGs, the operator should lower and maintain the
reactor vessel water level at the Top of Active Fuel (TAF) while sodium
pentaborate solution is being injected. Upon injection of a prede-
termined amount of poison, the operator is to restore the water level to
its normal operating range, thereby mixing poison throughout the core
and bringing the reactor subcritical. As a preliminary test of proced-
ures, these steps were included during the simulator exercises. The ir-
structors involved in these exercises reported an apparent increase in
success across successive trials in maintaining level at TAF during
poison injection. However, several considerations limit confidence in
inferences drawn from such preliminary observations. Among these
considerations are possible limitations within the computer software
supporting the BF1 simulator as reported by TVA, and the validity of
results based on only two SRO-instructors using draft procedures.

Some deficiencies became apparent during the simulator experiments
related to reactor water level instrumentation effecting operator per-
formance in maintaining level at TAF. The operator controlling reactor
water level using RCIC and HPCI would tend to frequently monitor the
level instruments displayed with the HPCI/RCIC controls. This operator
would also tend to call on the reactor operator for level readings from
the emergency range YARWAYS. Deficiencies with the level instruments in
close proximity to the HPCI and RCIC systems are that they are uncompen-—
sated and calibrated to read accurately only when the reactor is depres-
surized and the recirculation pumps are tripped. During an ATWS these
instruments may read as much as 43 inches lower than actual reactor
water level (refer to Chapter 4 of the ORNL ATWS report). Some of these
level instruments also provide insufficient level indication since the
wide range level instrument's bottom end is 13 1inches above TAF. There
is the possibility of operator error in converting the reading from wide
range 1instruments to the post accident flooding range instrument
reading, since each ianstrument range has a different reference zero.
This type of error was identified in the analysis of the ™I accident,
and recommendations have been made in the past to correct this problem.

The location of the emergency range instruments presents some dif-
ficulty to the operators. The operator controlling the reactor water
level using HPCI and RCIC must depend oa the reactor operator to call
out readings from the YARWAYS because of the distance between the indi-
cators and the controle for these svstems. The indicators are located
on the reactor panel to provide level indication when operating the
feedwater system with reactor level below the normal range. These indi-
cators should be retained in their nrecent location and could be supple-
mented with additional instrumentation visible from a distance.

An additional difficulty with level control concerns use of high
pressure injection systems. SASA calculations show some ATWS cases in

which the pressure suppression pool (PSP) level increases to the limit
for HPCI suction shift from the condensate storage tank to the PSP,

Subsequently, the HPCI pump fails from high lube oil temperature unless
the operator manually trips the pump. An anecdotal observation from the
simulator exercises was an operator error of commission involving man-
ually shifting suction of RCIC to the PSP following automatic HPCI suc-
tion shift, leading to failure of boih systems.

i1
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The last operator action of concern in following the EPGs involves
the situation in which the PSF temperature has increased to a point on
the PSP heat capacity temperature curve that vessel depressurization is
prescribed. Human engineering deficiencies in SRV automatic position
indication have been previously described. In general, manual depres-
surization is a difficult task when the vessel is at high pressure.
Especially important is the ability of operators to execute this proce-
dure while anticipating reactor response to low pressure coolant injec-
tion. Observations of simulator exercises involving initiation of ADS
showed injection control to be a severely difficult and apparently un-
manageable task for operators in terms of uncontrolled cycling of low
pressure injection followed by pressure and power spikes. Avoidance of
power and pressure spikes should be practiced through simulator training
involving operation of low pressure injection systems. * set of recom-
mended operator actions for controlling low pressure injection following
vessel depressurization is described in Section 4.1.2. of the ORNL ATWS
report. The EPGs may need to better structure a series of steps for in-
creasing operator reliability in controlling lcw pressure injection sys-
tems to avoid power and pressure oscillations.

An ancillary issue is related to controlling PSP temperature using
the RHR system. The simulator experiments revealed difficulties in the
operation of PSP cooling when reactor water level is lowered in accord-
ance with the EPGs. Two valve interlocks will cause an isolation of the
PSP cooling flow path unless the operator takes action to prevent the
automatic valve closure. The first isolation occurs at the reactor
level where the LPCI initiation occurs (476.5 inches). The second iso-
lation occurs at two-thirds core coverage (312 inches). These isola-
tions of PSP cooling are intended to prevent diversion of LPCI for con-
tainment cooling during a LOCA. However, during an ATWS reactor water
level is to be controlled at or near the TAF. The isolation of PSP
cooling would likely divert the operators' attention away from control-~
ling coolant injection. Training and procedures should emphasize the
need to bypass the two-thirds core coverage interlock and place the con-
tainment spray valve select switch in the SELECT position prior to re-
ducing water level to the top of the core.

3.3 Quantitative HRA

Presentation of the HRA is divided intc three sections. First, a
task analysis of critical operator actions during ATWS is reported.
Second, the steps in conducting the analysis using the Technique for
Human Error Rate Prediction or THERP* are summarized, along with a
1isting of the quantitative human reliability estimates. The use of
THERP was primarily relevant to estimating operator reliability during
particular tasks selected for anazlysis on the basis of their importance
to ATWS. Third, results of the analysis using the Operator Performance
Simulation (OPPS) computer mode.® are described. The use of OPPS to
supplement the THERP analysis provided a time-reliability estimate
across all operator actions during ATWS.
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3.3.1 Task Analysis

An input requirement to THERP 1is a task analysis providing sys-
tematic descriptions of operator actions. The task analysis of critical
operator actions used in this review followed the standard MRC task
analysis format? which describes tasks at three levels of detail. At a
high level 1is the Operating Sequence Overview identifying the general
progression of actions by plant systems and operators. The ATWS Over-
view incorporating the EPGs was previously shown in Fig. l. At a middle
level of detail {is the Task Sequence Chart identifying the normative
ordering of tasks, the purpose of operator actions, cues that initiate
the task, technical specifications of procedures, and plant systems in-
volved in the task. The most specific level of detail is the Task Data
Form (TDF) listing all discrete human actions comprising the task. A
sample TDOF is shown in Fig. 2 for initiation of PSP cooling and illus-
trates types of information collected. TDFs were completed for the four
tasks selected for HRA.

Inputs to the task analysis were:

(a) BFl procedures including EOIs, EPGs and general operating in-
structions.

(b) Videotapes of BWR SRO instructors conducting ATWS exercises on
the BFl control room simula®>r.

(c¢) Computer records of operators' switch manipulations during the
simulator exercises collected through the Performance Measurement
System.®

(d) Expert judgment of operator actions using a task analysis
panel of an SRO instructor, an SRO-SS from Oak Ridge National Labora-
tory, and a human factors specialist.

The task analysis resulted in a normative description of actions
transcending {idiosyncratic performance characteristics of the SRO in-
structors on the simulator.

3.3.2 Human reliability estimates using THERP

THER? 1s a recognized and accepted technique for assessing operator
reliability in nuclear power plant operations. It has undergone consid-
erable development by Swain and his associates at Sandia National Lab-
aratory.7 THERP is a technique in which operator behaviors comprising a
task are identiffied through a task analysis. These actions are assigned
nominal human error probabilities (HEPs) which are modified by perfor-
mance shaping factors (PSFs), and the final success probability 1is then
calculated. The task analysis of operator actions must be at a level
compatible with HEP data bases. HEPs reported in the THERP human error
data base (Chapter 20 of Ref. 4) have been subjected to some ~riticism
dealing with their adaptation from a non-nuclear power plant operator
scurce. However, the final version of this data base has reporiedly
been supplemented with HEPs from relevant sources, and other human error
data bases are also available such as those developed through simulator
expcrinento.s'a An additional issue in the use of THERP is the matching
of task analysis data with descriptions of operator actions listed in
the human error data base.’ Depending upon the task being assessed by
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Plant Narme

Browns Ferry

TASK DATA FORM (DESCRIPTIVE)

TASK IDENTIFICATION

Operating Sequ

Anticipated transient
without scram

Unit Number _L

Operating Sequence 10 1

Supervise and control plant

Page No _ L of 3

Task St Initiate suppression pool couling
Task Purpose 1o limil suppressivi pool lesperature
INPO Task Code

NSSS Vendor General Electric Operator F 7]
Mitigate consequences of an
AE Ueility - Operator Sub function 3 Task Sequence No. __ .U
TG Vendor .__General Electric ~ G ’ Task Du 3 ptavees 51 seconds
CR Type Muitiple Procedures _001-100-1 Section VII emergency
OL Date e shutdown with MOLY clesuis
CUE _____Procedure Data Collected at- __Simulator
Behaec: Obyect of Action Communmcation |ink
OTHER PLANT | INPO ]
JOBCAT| JLOC TiME VERB COMPONENT | PARAMETER STATE OBJECT SYSTEM EouIv MEANS RC | RLOC CONTENT
RO2 12 12:43 Positions | Pump Power On RHR Discrete ]
12:44 Control
ROZ 12 12:43 Posttions Pumy, Power On RHR Discrete
12:64 Control
ROZ 12 12:41 Ohserves Pump Power On RHR Indicator
12164 Light
ROZ 14 12:43 Observes Pump Fower On RHF Indicator
12:44 Light
ROZ 12 12:47 Positions | Valve Position Open #HK Discrete
12:51 Control
RO2 12 12:49 Positions Valve Position Open RHR Discrete
14:30 Control
RO2 i 12:56 Posit{iar Pump Power on RERSW Discrete
12:54 Control
T 5197
Fig. 2. Sample Task Data Form.
v . [ ] " - A\
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THERP, the reliability between analysts in selection of HEPs for opera-
tor actions may need to be reviewed to ensure the accuracy of the
analysis.

Nominal HEPs were taken from the THERP human error data base re-
ported in Chapter 20 of Ref. 4. Assignment of HEPs was coordinated be-
tween authors to verify reasonableness of their selection for matching
task analysis data.

One PSF assumed to pear on operator performance during ATWS was
stress, The effect of stress on performance was assumed to weigh more
significantly on the initial cognitive determination of whether to per-
form the task given the abnormal condition of the plant. That 1is,
stress was held to more likely distract the operator from executing the
task but once the task 1is undertaken operator competence overrides ad-
verse effects from stress. Attributing stress effects to decision—-mak-
ing seems a better reflection of the complex and confusing stimuli with
which operztors are attempting to filter, but once a course of action is
selected the relative affects of stress are reduced. This description
parallels the distinction made in the THERP Handbook between dynamic de-
cision-making tasks and step-by-step tasks. That 1s, HEPs are more
heavily modified by stress for dynamic tasks.

HEPs were further modified from effects of dependence defined as
the extent success on one action effects success on the subsequent ac-
tion. Dependence was assessed using guidelines reported in Ref. 4.

Modified HEPs comprising complete success paths were used to calcu-
late final task success probabilities. Only actions for which errors
would contribute to system failure were included in the calculations. A
sample THERP event tree for SIC injection is shown in Fig. 3 with HEPs
adjusted according to the preceding discussion. Estimated failure prob-
abilities are reported in Table 1 for the four tasks assessed by
THERP. Uncertainty bounds (UCBs) are also reported reflecting best case
(lower UCB) and worst case (upper UCB) performance. In most cases UCBs
were calculated to show effecte from stress on initiating execution of
procedures under off-normal plant conditions.

Prevention of vessel overpressure by manual operation of SRVs has
an estimated nominal HEP of 2.72E-02, This 1is interpreted as a prob-
ability that about three percent of the time when an operator should ex-
ecute this operation he would fail to operate SRVs. The task extends
over a considerable period of time starting shortly after inftiation of
this ATWS event when the MSIVs close and vessel pressure increases.

Manual {insertion of control rods has an estimated nominal HEP of
1.82E~01, and requires careful interpretation. This HEF was calculated
on the basis of selection of approximately twelve control rods inserted
in such a pattern that power was reduced to less than one percent on the
simulator computer and in combination with poison injection. The selec~-
tion, insertion and position change verification of a single control rod
has an estimated PEP of 9.48E-03 adjusted for dependence. Performance
of the entire task, however, includes operation of the master group
select switch used when the operator shifts from one group of control
rods to another according to the pattern being developed for insertion
of rods. Interpretation of the final task HEP must consider that there
were B85 task elements included in the task. It is important to note
that although dependence was factored in with fallure probabilities, the
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overriding significance of this task to mitigating the ATWS by bringing
the reactor subcritical supports an assumption that most errors would be
eventually, if not immediately, recovered by the reactor operator.

Operator initiation of PSP cooling has an estimated nominal HEP of
1.27E-01. A major contributor to operator error is whether the operator
recognizes the increase of PSP temperature, including acknowsledgment of
the PSP high temperature annunciator within the first ten minutes of its
initiation., THERP uses a time reliability distribution for assigning
HEPs 1in situations {involving failure to diagnose events. Within the
first ten minutes of problem initiation the HEP is 0.1 which was used in
calculating the nominal HEP, and from ten to twenty minutes the HEP for
failure diagnosis 1s 0.01. This {adicates that the operator is more
likely to recognize the heatup of the PSP as more time passes. The up-
per UCB is based on a diagnosis failure during the first ten minutes and
worst case high stress, whereas the lower UCB assumes less probable di-
agnosis failure and nominal high stress.

Use of SLC during ATWS has an estimated nominal HEP ot 3.69E-02, an
upper UCB of 2,59E-01, and a lower UCB or 1.47E~02. The complexities of
this task 1include the :onsiderable difficulty operators would have in
deciding to execute the task and the high level of stress accompanying
the decision. Based on these considerations it may be more appropriate
to take the worst case scenario and use the upper UCB as a more conser—
vative estimate.

3.3.3 OPPS time reliability cuive

Supplementary assessment of operator actions throughout the ATWS
wis provided through use of the Operator Performance Simulation (OPPS)
computer model. The OPPS model, developed in the Safety-Related Opera-
tor Actions (SRCA) progran,s simulates operator responses to transient
conditions in a nuclear power plant. Results are in the form of a time
reliability distribution. A major advantage of OPPS, as with other
simulation models,!? 1{s assessing systematic variations in input and
process conditions for subsequent effects on output variables. Computer
models 1incorporate features pertinent to task performance and may
include task, operator, time, and organization variables. The OPPS
model was programmed using the SAINT simulation language and assumes
that operator performance {is guided by procedures. During an OPPS
fteration, the simulated control room crev 1is timed for completion of
branches through pre-alarm detection, event diagnosis, selection of
procedures, execution of operator actions following procedure steps,
executfm of actions outside the control room, and assessment of
recovery from errors of omission and commission.

Results of the OPPS analysis includes a time reliability distribu-
tion shown in Fig. 4, Curves are plotted by relative and cumulative
frequencies based on 1000 {terations of simulated task performance.
Performance time for completion of all required operator actions
averaged 2005 seconds (33.42 minutes) with a minimum of 1382 seconds
(23.03 minutes) and a maximum of 2629 seconds (43.82 minutes). The num-
ber of errors of omission averaged 3.68.

17



R A I I O O RS IS TS I

cum

and

relative

L
o~
it
x
[
©
v
3
L
e
A
-
»n
e

v

R ERE R
'SR R RN
4588802

L R
-

ir

L i B B S S S ]

41
il

fab

el

TeeweageaeTIgeeqaa
o0 O D0 O ) oo
A b I B S SR R T S R A
WWwwwwwwiwuwwy )W W
COLOOOUOUOODODOUDOT o

. ¢

ime r

frequencies.

FOONG ¢ OGUNL » Oy YU @ L«

QD emiNVMNe e LA OO

Wes NN VTN NN T NI O N O T Ty O Oy 1y )
L T N,

o0 - (L&)

- ..

¢ )
O OC » @ C Og

FIFOP OON) =™ O N @
jer gy Rr > ¢ Yy OO
yety e OOV N O
“o e “ " se e

'SESE > OO0 OO O C o or ot 00 vt oo o o

ulative




213

Inputs a d assumptions to this OPPS analysis were that 105 control
room switch manipulations are necessary (based on the task analysis) to
mitigate ATWS, that no actions were required of auxiliary operators out-
side the control room, and that equipment delay time was embedded in the
procedures. Regarding diagnosis of ATWS, branches selected were that
annunciators indicate specific conditions rather than general alarms for
{dontifying ATWS, that five indicatlions are sufficient to diagnose the
type of disturbance, and that operator diagnosis 1is terminated at the
syaptom level rather than extending to the root cause of rod failure to
{nsert. Additional branches concerning planning and procedures were
selected to reflect that procedures are written, are indexed, are memor-
{zed to determine immediste operator actions, and that the ATWS scenario
is used in training.

While the OPPS model calculates an average simulated performance
time of 33.42 minutes, not all safety-related actions must be completed
within that time interval to ensure plant safety. Operators may com~
plete more critical actions irmediately following the trangsient and,
upon verifying improvements in plant conditions, take additional time to
complete remaining actions. In summary, the OPPS model provides an
estimate of time reliability for assessing operator performance. The
interpretation of 1its output 1is circumspect to input assumptions and
limitations inherent to model design.

19
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4. ASSESSMENT AND RECOMMENDATIONS

The work accomplished to date in this human factors review of ATWS
at BFl provides preliminary conclusions concerning operator performance
and reliability, and serves as a demonstration of potential contribu-
tions to other SASA {investigations. The review has assisted in the
evaluation of ATWS by assessing effects of safety related actions and
identifying human {actors issues shaping operator performance.

Initial findings concern operator reliability in performing criti-
cal tasks. Effects of human engineering deficiencies in control room
design and certain i{nstructions contained in the symptom—based EPGs are
also ajsessed. Tasks for which operator performance appears susceptible
to certain types of error include:

(1) Selection of high worth control rods and manually inserting
them requires considerable time and number of actions.

(2) Verification of conditions and initiation of SLCS injecticn
presumes a complex decision which operators may defer for some period of
time until after other means of achieving reactor shutdown are at-
tempted.

(3) 1Initiation of PSP cooling is important in the context of the
timing of the recognition of PSP temperature increase.

(4) Lowering and maintaining reactor vessel water level at TAF may
be constrzined by inadequate level indication.

(5) Following vessel depressurization, controlling low pressure
injection systems is important to prevent oscillating pressure and power
spikes.

The EPGs include a step for initiation of PSP cooling. The event-
based EOIs do not include such a step. In using the EPGs, then, op-
erator reliability in executing this task should be higher since rele-
vant instructions specifically guide these particular actions.

Analysis of operator training for ATWS was limited in this review
to informal interviews with TVA BWR instructors. In general, operators
are trained for ATWS through a combination of classroom instruction and
simulator exercises. This human factors assessment of 1issues in op-
erator reliability, however, underlines many of the considerations in-
cluded in a front-s d training analysis related to severe accidents.
Training for severe .c.cidents should be based on probabilistic risk an-
alysis (PRA) and SASA analysis and would be optimized through a struc-
tured approach using the Systems Approach to Training concept. Perfor-
mance requirements would be identified using PRA and SASA studies
leading to an identification of learning objectives to be addressed in
classroom instruction and simulator practice.

There are three recommendations for control room modifications
emerging from the human engineering analysis. The first recommendation
concerns position indication of the SRVs corresponding to their auto-
matic actuation. Opera..,rs are blind to their position unless they
check acoustic monitors on a back panel (refer to Section 4.1.3 of the
ORNL ATWS report). A status lamp would be sufficient to supply the
necessary data to guide manual SRV actuation. The second recommendation
concerns vessel level indication associated with HPCI and RCIC. These
displays should be upgraded to allow greater operator control 1in
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lowering and maintaining level with TAF in ac-ordance with the EPGs. A
possible solution is to install a large dig t.l irdicator referenced to
TAF and which can be read at a distance. The third recommendation con-
cerns the multifunction deadman switch for control rod insertion. An
apparent solution is that, when in the emergency manual insertion mode,
the switch would have a momentary block. This would permit the operator
to remove his hand from the switch and have a short period of time for
other tasks.

Operator performance on ievel control would likely be more reliable
if vessel-~level indications were upgraded corresponding to information
needs associated with the task. The complexities of this task should be
fully explained to operators through specialized ATWS training. Class~-
room instruction should address steps in the EPGs involving lowering
vassel level which seem contrary to the heavily emphasized goal of main-
taining a normal high level. Operators should have simulator practice
and undergo evaluation to ensure appropriate skills for safely lowering
and maintaining level. This should follow the reported intentions of
TVA to upgrade computer software supporting the simulator to increase
its compatibility with the EPGs.

Further work in this human factors review of operator actions for
mitigating ATWS should include additional analysis of the EPGs. How-
ever, the scope of the current study precludes more detailed assess-
ments. On the one hand, SASA analysts have made a recommendation (see
Section 5.1 of the ORNL ATWS report) that a separate procedure be
written for the ATWS. On the other hand, the EPGs were developed to,
among other reasons, guide operator actions so as to restore off-normal
safety functions rather than deal with equipment failures. It is
recognized that the EPGs may require some restructuring to make them
easier to follow and more directly instruct the operator to take actions
that are unique to the ATWS. Operator reliability in mitigating ATWS by
following the EPGs should also be interpreted in the context of how
other factors (such as training, operator aids, control room design, and
management practices) may influence performance.

The remainder of this study, in fact the majority of effort, is ad-
dressing operator performance for mitigation of core damage as part of
accident management. A functional classification is being developed
fdentifying functions and performance requirements assoc.ated with acci-
dent management, including protection of plant safety equipment and pro-
cesses and protection of the hea'th and safety of personnel a~d the
public.

The SASA program benefits from human factors analysis following
incorporation of the operato. in overall systems analysis. Operator
errors Influence the timing and sequence of deteriorating off-normal
system parameters. The assessment of salient human factors issues pro-
vides means for reducing the potential for such error.
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ADS
ANS
ANSI
APRM
ATWS

BCL
BNL
BFNP
BWR
CBP
CFR
CILRT
CP
CRD
CRDHS
CcS
CST
DF
DHR
L4
ECCS
EECW
EPA
EPG
EOIL
EPRI
FSAR
W

GE
GPM
HCU
HPCI
ID
INEL
TIORV
IREP
kPA
LACP
LDHR
LPCI
LPECCS
LOCA
LOCA/OC
LOSP
MARCH
MPa
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Appendix D

ACRONYMS AND SYMBOLS

Automatic Depressurization System
American Nuclear Society

American National Standards Institute
Average Power Range Monitor
Anticipated Transient Without Scram
Bottom of Active Fuel

Battelle Columbus Laboratories
Brookhaven National Laboratory

Browns Ferry Nuclear Plant

Boiling Water Reactor

Condensate Booster Pump

Code of Federal Regulations
Containment Integrated Leak Rate Test
Condensate Pump

Control Rod Drive

Control Rod Drive Hydraulic System
Core Sprav System

Condensate Storage Tank
Decontamination Factor

Decay Heat Removal

Drywell

Emergency Core Cooling System
Emergency Equipment Cooling Water
Electrical Penetration Assembly
Emergency Procedure Guideline
Emergency Operating Instruction
Electric Power Research Institute
Final Safety Analysis Report

Feedwater

General Electric Company

Gallons per Minute

Hydraulic Control Unit

High Pressure Coolant Injection
Internal Diameter

Idaho National Engineering Laboratory
Inadvertently Open Relief Valve
Interim Reliability Evaluation Program
Kilopascal

Loss of AC Power

Loss of Decay Heat Removal

Low Pressure Coolant Injection Mode of the RHR System
Low Pressure Emergency Core Cooling Systems
Loss of Coolant Accident

Loss of Coolant Accident Outside Containment
Loss of Offsite Power

Meltdown Accident Response Characteristics
Megapascal



MRI
MSIV
MWd/te
MW(e)
MW(t)
NPSH
NRC
01
ORNL
Pa
PCV
FCIS

PCS
PSID
PRA
PSP
PV

RBCOW
RCIC
RES
RHR
RHRSW
RPS
RPT
RPV
RWCU
SASA
SBGTS
SGT
SBLOCA
Sov
SI
SLC
SLCS
SNL
SORV
SRV
TAF
TIP

TQUV

TVA
WI

Zr

220

Manual Rod Insertion

Main Steam Isolation Valve

Megawatt Day per Tonne

Megawatt electrical

Mejawatt thermal

Net Positive Suction Head

Nuclear Regulatory Commission

Operating Instruciion

Oak Ridge National Laboratory

Fascal

Pressure Control Valve

Primary Conteinment and Reactor Vessel Isolation Control
System

Power Conversion System

Pounds Per Square Inch Differential

Probabilistic Risk Assessment

Pressure Suppression Pool

Pressure Vessel

Pressurized Water Reactor

Reactor Building Closed Cooling Water

Reactor Core Isolation Cooling System

Office of Nuclear Regulatory Research

Residual Heat Removal System

Residual Heat Removal Service Water

Reactor Protection System

Recirculation Pump Trip

Reactor Pressure Vessel

Reactor Water Cleanup System

Severe Accident Sequence Analysis

Standby Gas Treatment System

Standby Cas Treatment System

Small Break Loss of Coolant Accident

Scram Discharge Volume

International System of Units (Systeme International)
Standby Liquid Control

Standby Liquid Control System

Sandia National Laboratories

Stuck Open Safety Relief Valve

Safety Relief Valve

Top of Active Fuel

Traveling Incore Probe

Transient event initiation by reactor scram and failure of
normal feedwater system to orovide core make-up water, ac-
companied by failure of HPCI and RCIC, and by failure of low
pressure ECCS

Tennessee Valley Authority

Vessel Water Injection

Wetwell

Zirconium
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