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NSAC PERSPECTIVE

This report describes an assessment of the probability and consequences of PWR
reactivity events that could occur during shutdown conditions. The intent of the
assessment was 10 identify generic insights that can be used 1o support the development
of PWR shutdown risk management and contingency planning guidelines. This
assessment aiso provided valuable information 1o recent PWR probabilistic chutdown
safety assessments (NSAC-176L) that have been performed by EPRI. Al of these
assessments are being performed as part of EPRI's Outage Risk and Management (ORAM)
program.

The scope of this assessment included the probability and consequences of reactivity
events during reactor shutdown, a review of existing design and acministrative controls
10 preciude such events, and identification of other actions that may be heipful in further
reducing their possibility. The assessment benefitied from the use of industry operating
experience including utility surveys, and the use of ongoing research and
experimentation.

The following types of reactivity events were included in this assessment:

« Gradual boron dilution events, in which the boron concentration in the reactor
coolant system is gradually and somewhat uniformly reduced.

« Rapid boron dilution events, in which a relatively nonborated pocket of water in
the reactor coolant system is swept into the core.

» Core loading errors during refueling.

In this assessment no events were found that involved inadvertent PWR criticality
during shutdcwn congitions. This is based on the review of operating experience. Also,
with the possible exception of rapid boron dilution, reactivity events do not appear 1o be
significant contributors to PWR risk during shutdown operations.

The following are highlights of the results and insights for each of the types of events
included in this assessment:

Gradual Boron DRilution

+ The frequency of gradua! boron dilution events during shutdown conditions in U.S.
PWRs has decreased by at least a factor of three from pre-1985 experience.

« Inadvertent criticality resulting from this type of event is estimated as less than
1E-4/reactor-year. Criticality is limited by void generation, with an expecied
power level 100 low 10 cause fuel damage.

Rapid Boron Dilution
« There have been no reported events in which a pocket of unborated water has been
swept into the core. However, there are some mechanisms in which pockets of

unborated water can be introduced into the RCS, as ingicated by a few precursor
evenis that occurred in the U.S. before 1983.
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Fuel

One way that rapid boron dilution couid occur ("the Sweadish scenaric”) appears
10 warrant precautions 1o ensure it has only a very low probability. Many of
these precautions are already common U.S. practice.

Loading Errors

PWR fuel loading errors are uncommon, but have occurred. Criticality from
loading errors would require a cluster of 3 1o 4 unrooded fresh assemblies. This
can easily be prevented by experienced personnel who are observing the core
'>ading pattern.

The probability of inadvertent criticality from fuel loading errors is very low,
one the results of this assessment indicate that the probability of core damage is
insignificant. |f core damage did occur, having the containment ciosed ensures
public safety and a very low probability of offsite releases. Worker safety
however would not be assured.

As a result of this assessment, several recommendations were developed 10 ensure that
there 1s a low probability of these types of events. These recommendations are included
in the report, and will also be inciuded in the shutdown risk management and contingency
[a ming guidelines currently under development by EPRL :

S. Pal Kaira
NSAC, Project Manager
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1.0 INTRODUCTION AND SUMMARY

1.1 Scope

The scope of this report 1s 10 assess the probability and consequences of reactivity
events during reactor shutdown, 10 review existing administrative controis in place to
prevent such events, and identify other actions which may be heipful ir. further reducing
therr possibility.

The following reactivity events were evaluated:

. Gradual boron dilution events. in which the boron concentration in the
active portions of the reactor coolant system s nearly uniformly reduced.
{section 2)

. Rapid boron dilution events, in which a relatively unborated volume of
water 1s swiftly swept into the core, causing localized reactivity increases,
(secticn 3;

. Core loading errors during refueling (section 4)

Reactivity events that were discarded from consideration were:

. Events with frequencies estimated as less that 1E-7/reactor-year in
NUREG/CR-5368, ("Reactivity Accidents”, 1990); e.g., discharge of a
diluted accumulator

. Reactivity events associated with recovery from an accident condition;
e.g., ECC recirculation with diluted sump)

. Reactivity events caused by core design error; e.g., /mproper core loading
specification
. Reactivity events duning power operation.

In agdition, a refueling practices survey of PWR utilities was completed, and the results
are reported (Appendix 4A).

1.2 Style
in several areas. there are significant uncertainties in the physical phenomena and course

ot events. Engineering judgement, based on discussions with knowledgeable individuals.
was used where believed appropriate. Where the judgements being expressed are our
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own, rather than reflecting @ consensus, we've used the first person; i.e., "we believe”
rather than "it is believed”.

1. mary of R m

Since soluble boron is used to control reactivity in PWRs, a relatively large reactivity
shutdown margin is attainable. The minimum prescribed shutdown in PWRs is typicaily 5%
(k-eff of 0.95) during refueling, and the actual shutdown margin is usually higher. This
large shutdown margin provides considerable safety margin against inadvertent criticality as
a result of fuel loading errors, control rod misplacements, or temperature changes. On the
other hand, PWRs have the potential for reactivity addition due 1o boron dilution events.

No cases have been found in operating experience of inadvertent criticality in a PWR
during shutdown or refueling operations.

A gradual boron dilution event occurs when the boron concentration in the active
portions of the Reactor Coolant System (RCS) is nearly uniformly reduced due to operator
action or eguipment malfunction. The frequency of graduai boron dilution events in
recent years during shutdown operation of U.S. PWRs is now down to no greater than
0.02/reactor year, down by at least a factor of three from pre-1985 experience.
Criticality has not occurred from any of the boron dilution events to date, and the
estimated frequency of inadvertent criticality due to boron dilution is less than
1E-4/reactor year. Criticality would cause low power generation, too low to cause core
damage, so gradual boron gilution events are not considered a significant contributor to
core gdamage.

The gradual boron dilution events that occurred were caused by human performance
problems, equipment malfunctions, or steam generator tube sheet decontamnation and
tube removal/plugging activities. No cases of boron dilution caused by maintenance
related valve misalignment have been reported.

Rap!i ron Diluti

A rapid boron dilution event is defined as a relatively unborated volume of water being
swept into the core, causing a local reactivity perturbation. One exampie would be
Reactor Coolant Pump (RCP) startup with stagnant and unborated water in the RCP
suction.









significantly reduce the risk of inagvertent criticality, provided the personnel are aware
of the hazards associated with clusters of fresh or unrodded fuel assemblies.

Although there are wide uncertainty bounds on the estiri:ates, refueling errors do not
appear to be meaningtul contributors 1o public nsk. There are no offsite radiological
conseguences due 10 nadvertent criticality (estimated as no greater than 1E-4 per
refueling and probably about 1E-6) because containment integrity s assured during fuel
movement. Even fuel damage (estimated as less than 1E-6 per refueling, and probably
impossible) would have a vamishingly remote likelihood of causing an offsite radiological
release in excess of 10 CFR 20 limits, although worker safety could not be assured if
sigrificant fuel damage occurred. Although three dimensional neutronic-thermal-hvdraulic
analyses can be done for refueling errors, none have been performed to date.
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2.0 GRADUAL BORON DILUTION

2.1 E Definiti

Gradual boron dilution events cover those events in which the reactor coolant system
boron concentration 1s nearly uniformiy reduced due 10 some malfunction in the chemical
and volume control system or operator error. These events are distinguished from those
events discussed in Section 3.0 (Rapid Boron Dilution) by the characteristic that core
bDoron concentration s gradually reduced.

The classic safety analysis boron dilution event postulates opening of the primary water
makeup control valve and either a controller or mechanical failure of the blend system.
A more complete discussion of boron dilution initiators is contained in section 2.2. The
chemical and volume control system and the reactor makeup system are designed to limint
the potential rate of dilution. Primary grade water with a boron concentration iess than
that of the reactor coolant system enters the reactor cooiant systern through the normal
charging system. Flow in the reactor coolant loops is sufficient to ensure uniform mixing
of the coolant throughout the system. As a resuit, core boron concentration begins to
decrease. The reduction in core boron concentration results in an increase in neutron
count rate as indicated on the source range detectors.

As the source range count rate increases, numerous indications and annunciators are
avaiiable to alert the operator to the fact that a dilution is in progress. Additionally, the
status of the makeup system s readily available from main control board indications.
Once alerted to the dilution, the operator can terminate the transient by isolating the
source of the dilution from the reactor coolant system. The dilution can also be mitigated
by initiation of emergency boration. Should the above actions not be taken, then the
dilution has the possibility of continuing until the reactor becomes critical.

Once critical, reactor power will continue to increase. The rate of power increase will
depend upon reactivity feedback due to fuel and moderator temperature increases.
Reactor power, fuel and coolant temperatures will continue to increase until the coolant
begins to boil. At that point, the negative reactivity feedback due to void formation will
terminate the power increase. As discussed in NUREG/CR-5368 (ref 2.5), preliminary
Calcuiations assuming beginning of cycie parameters (which provide the worst case)
ngicate that a power level of approximately 3% of rated wouid be reached due 10 this
event. Therefore, no fuel damage is expected to occur. The event wouid be terminated
by manual boration.

2-1



ron Dilyution Initiator

Two approaches were used to identify potential boron dilution initiators. The first
approach involved a review of pressurized water reactor operating history (INPO Licensee
Event Report ana Significant Event Report Data Bases, Nuclear Power Experience Data
Base, ana AEOD Shutdown ang Refueling Event Data Base) to identify past events which
have resulted n the dilution of the reactor coolant system (RCS). The resuits of this
review are summarized in the foillowing paragraphs. Events which resulted in the dilution
of makeup and storage systems, but did not result in RCS dilutions were not included in
the review of operating events.

Secondly, a list of potentiai dilution flow paths was generated on the basis of detailed
analvsis of plant system interfaces which could potentially inject unborated water into
the RCS. Although many flow paths can be identified, very few are credible (defined as
requiring two or less valve mispositionings or failures to resuit in RCS dilution).

Chemical & Volume Co~.zol System Eguipment Maifunction /

For this initiator, an equipment malfunction occurs in either the primary water system or
the boric acid supply system, resuiting in a reduction of the boron concentration in the
water supplied to the suction of the charging pumps. Two RCS dilution incidents as
cited in NUREG/CR-2798 (ref 2.1) have resulted from some type of chemical and volume
control system malfunction. In one event, a boric acid controller setpoint error resuited
in the actual boric acid flow being less than the vaiue demanded by the controller. As
a result, the boron concentration in the volume control tank, and subsequently the
reactor coolant system was reduced from 1470 ppm to 1435 ppm. In another event,
a flow controlier for the primary makeup water valve failed. This caused excessive
primary water makeup flow during blend operations and a subsequent reduction in RCS
boron concentration from 1372 ppm to 1259 ppm over a period of thirteen hours.
Another equipment malfunction event, as cited in the INPO Licensee Event Report (LER}
Data Base (ref 2.2), occurred due to a flow transmitter that was out of calibration. The
npuUts to the boric acid integrator caused inaccurate operation of the boric acid controlier.
in approximateiy an eight hour period, the RCS boron concentration was reduced from
2217 pom to 1952 ppm. A further review of the RCS boron dilution events contained
in the INPO Licensee Event Report (LER) Data Base (ref 2.2) shows that no boron dilution
event since 1985 was caused by an equipment malfunction.

m ner r
Several RCS diutions have resuited from equipment failures and/or human errors
associated with steam generator maintenance. Two events cited in NUREG/CR-2798 (ref

2.1) invoived secondary to primary leaks due to cut or unplugged SG tubes. In one
event, the RCS boron concentration was reduced from 1720 ppm to 1698 ppm, and in
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the second event the boron concentration was reduced from 1800 ppm to 1733 ppm.
in both of these cases the tubes were unknowingly cut or left unpiugged. In another
event, cited in LER No. 206-80034 (ref 2}, an unexpected source of water was supplied
'0 the secondary side of the steam generator while some steam gererator tubes were
peing removed. RCS boron concentration was reduced by 35 ppm. Another event cited
n INPO SER 13-90 (ref 3) invoived a foreign reactor. During steam generator tube
plugging operations, a MISCOMMUNICAtION between maintenance and Operations personnei
resulted in buttoning up a steam generator with a section of tube removed. When the
steam generator was filled, approximately 8000 gallons of water from the secondary side
was added to the RCS through the tube. The core cooling circuit was diluted from 2083
pom to 2001 ppm. This event caused a substantial amount of unborated water to be
added 1o the cold leg of the RCS and is discussed further in Section 3.

Three events involved fauity steam generator isolation devices. In two of the events,
LER Nos. 206-80029 ano 206-80036 (ref 2.2)"a faulty inflatable plug or loop seal
resuited in leakage of unborated water into the RCS during steam generator channel head
cecontamination. However, in both everts, the boron concentration was never reduged
Delow 11s required value and shutdown margin was always greater than 10% dk/k. In
a third event, LER No. 244-83015 (ref 2.2), a nozzle dam was being seated using diluted
water in conjunction with air pressure at 30 psig. The isolation device leaked, and the
complete volume of diluted water in the channel head and some air entered the RCS. In
addmion 1o the dilution, the air bubble passed through the RCS and entrained in the RHR
pump suction, requiring the RHR pumps to be tripped and the subseguent loss of
shutdown cooling.

'n another event, LER No. 318-82049 (ref 2.2), water used for hydrolasing filled the
steam generators past the nozzie lip because a portable drain pump was incorrectly
oriented and not removing any of the water from the channel head. The RCS was diluted
by an estimated 107 ppm. Shutdown margin remained greater than 22% dk/k
*hroughout the event. Corrective actions taken to preciude such an event included
ncreasing the frequency of checking the water level in the steam generator channei head
anc using borated water for the hydrolasing. Another hydrolasing related dilution,
P.16.C.1979 (ref 2.4), resulted in an RCS boron reduction to 1993 ppm. 7 ppm below
the Technical Specification limit.

Another event related to steam generator decontamination identified in NUREG/CR-2798
iref 2.1). involved a miscaliculation of the amount of excess boric acid required to oftset
the demineralized water added to the RCS during decontamination of the SG tube sheets.
As a result, the boron concentration in the RCS was reduced by from 2000 ppm to 1902
ppm

it shouid be noted that, with the exception of the event occurring at the foreign reactor,
none of the steam generator maintenance related events cited above occurred after
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Five cemineralizer related boron dilution events obtained from PWR operating experiences
are listed in NUREG/CR-2798 (ref 2.1). The most severe event resulted in a dilution of
356 ppm. However. even if the gemineralizers were not presaturated with boric acid,
operation of the demineralizers wili eventually saturate them and eventualily terminate the
dilution. A review of PWR operating experiences indicated that no demineralizer related
boron alution event has been reported since 1982. Therefore demineralizer related boron
dilution events are not considered significant risk contributors to boron dilution events.

Reguireg VCT Boron ncentr ntai

In this event, the operator miscaiculates the required boric acid fiow rate 1o maintain the
volume control tank at the required boron concentration. As a result, water at a2 boron
concentration less than that of the reactor coolant system is aoded via normal charging.
An example of this type of event is listed in Table 2-1 as Event No. 4. The RCS boron
concentration was reduced from 2300 ppm to 1996 ppm. The shutdown margin that
was maintained throughout this event was 6.8 percent, which was weil within the limits
required by the plant’s Technical Specifications.

r wn ring Refuelin

in this event, unborated water 1s used 10 spray gdown the reactor internals and the cavity
walls. As a2 results, the boron concentration in the refueling canal in reduced. This event
's giscussed further in Sections 3 and 4 due to the potential for significant dilution and
the mode of operation.

) ign F T n INISTr ntroi
ilution Even

Design Features

Some piants have a boron dilution mitigation system that will isolate boron dilution flow
paths upon receipt of an increasing source range count rate signal.

Administrati rol

During refueling, adgministrative controis are placed on the position of various vaives that
could potentially resuit in dilution of the reactor coolant system. These vaives are
typically closed and secured in position by mechanical stops or with air or electrical
power removed, thus preventing the addition of unborated water to the reactor coolant
system. Additionally, for those shutdown modes which require the makeup system 10
be n operation, the valve position for the makeup system is limited, often by a
mechanical block, to limit the rate at which the diluted water can be added to the reactor
coolant system.
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Other controls are implemented through memoranda that address the correct application
of a technical specification and the correct procedure and equipment maintenance and
calibration schedules. NUMARC 91-06 (ref 2.8) has provided some guidelines that could
assist in reducing the number of these events from occurring. Those that apply to
gradual dilution are:

A, Boron dilution paths should be identified for each planned shutdown
contiguration. Flow paths that may cause a boron dilution shouid receive
appropriate administrative controls.

B. Simuttaneous filling of the RCS and the refueling water storage tank should
be carefully controlied to reduce the potential for underborated water
injection into the core.

oo Shutdown margin caiculations should be verified and any differences should
be immediately resolved. As a minimum, an evaluation of the shutdown
margin snould be performed whenever changes are planned that could
atfect shutgown margin,

D. The addimion of unborated water to the refueling cavity or the primary side
of the steam generators shouid be strictly adgminstratively controlled.

E. Source range detectors shouid be frequently monitored during shutdown
conditions, particularly during activities that could resuit in boron dilution.

= Redundant boration paths should be available to respond to a boren dilution
event
Technical i on { n

The shutdown margin requirement for modes 1 through 4 is typically 1.0 10 1.9% dk/k.
The shutdown margin requirement for mode 5 is typically 1% dk/k. The basis for the 1%
shutdown margin is typically to limit the impact of a steam line break; however, it aiso
provides a margin to criticality for other reactivity events such as a boron dilution event,
During refueling, the shutdown margin is typically 5% dk/k. This ensures that the reactor
will be maintained sufficiently subcritical during the fuel movement.

Pr ral ntrol Placi m | in

Placing the wrong type of demunerzlizer in service or not saturating the desired
demineralizer with boric acid can result in an inadvertant reduction in core boron



concentration. Implementation of procedural controls reduces the iikelihood of an
inadvertent dilution by these means.

4 r iti lution Tr n

Several main contro! board indications exist which can assist the operator in identifying
' a gilution 15 In progress. The most significant indication is an increase in source range
count rate. The audible source range indication in the control room would alert the
operators 1o an increasing count rate. All PWRs typically have an audible source range
indication in the control room during shutdown when in the source range. Long term
trending of source range count rate is accomplished by periodically monitoring the nuclear
instrument strip chart recorders. Additionally, annunciated alarms, such as a "High Flux
ar Shutdown” (typically set at five nmes the background count rate) exist to alert the
operator. Various indications are aiso available on the main control board to inform the
operator of the status of the chemical and volume control system and reactor makeup
system. These include: indication of boric acid flow rate, blended flow rate, and primary
water tlow rate, status of chemical and volume control system and reactor makeup
system pumps, and deviation alarms if boric acid or primary makeup water flow rate
differ from ther setpoint flow by more than 10%.

Emergency Boration - Because the control rods are inserted into the core during
shutdown conditions, the only means the operator has to control reactivity additions s
by boron addition. Emergency boration procedures typically require the operator to
niate emergency boration in response 10 any unexplained addition of positive reactivity
nto the core. Typically, emergency boration can be accomplished several ways
nclugding: @ motor operated or manually operated emergency boration valve at the boric
acid storage tanks, the normal boration flowpath, and the refueling water storage tank.

Fr n

Twenty-five inadvertent boron dilution events were reported by the end of 1984 and
were included in Brookhaven's Report on "Reactivity Accidents” (ref 2.5). None of these
events resulted in criticality. These events were caused by both equipment and human
performance problems, with human performance causing 80% of the events. Their
estimated frequency of criticality from boron events was determined to be 2.0E-4 (ref
2.5). This number was derived by using the information from the events that occurred
and extrapolatir.g 1o the point where the shutdown margin was reduced to zero. That
frequency was then multiplied by 0.1 for the failure of the operator to take action. The
human performance factor was based on judgement.
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Eight boron dilution events that caused a reduction in the core boron concentration that
have occurred since January 1985 in U.S. PWRs have been identified from a review of
References 2.2, 2.3, 2.4, and 2.6 . These events are numbers 4, 20, 21, 22, 23, 24,
29 and 31 in Table 2-1. Therefore the frequency of boron dilution events is 2E-2 for
approximately four hundred reactor-vears of PWR operation, down by a factor of three
irom pre-1985 experience. Four of these events (20. 21, 23 and 28) caused dilutions
that were limited in rate and magnitude with no reasonable possibility of resuiting in
criticality (i.e.. adding RWST water at a concentration of 2069 ppm to the RCS at a
concentration of 2084 ppm). Two of the events (4 and 24) could have resulted in
criticality if unmitigated. The cause of one of the events (22) is unknown, therefore the
potential of resuiting in criticality is questionable. However, it was included in the
frequency of inadvertent criticality to be conservative. One other event (31), resuited in
a dilunion of approximately 20 ppm, and since it was within the boron sampling accuracy.
was dismissed. Therefore, the frequency of boron dilution events with the potential to
cause criticality 's about three in four hundrad years of PWR operation, or approximately
0.7E-2 per reactor-year. Assuming a probability of 0.1 for the operator not recognizing
an increase In the source range count rate and corresponding alarms, and 0.1 for not
detectng the dilution by RCS boron sampling or 2 water balance, the frequency of
nagvertent criticality from boron dilution s less than 1E-4.

ysion

Gradua! boron dilution events are not expected 1o cause core damage, even if they are
unmitigated. No criticalities have resuited from any of the gradual boron dilution events
that have occurred to date. In fact, they appear 1o have been terminated with a small
\oss of reactivity margin. The frequency of gradual boron dilution events reported at
commercial nuclear plants in the United States fias declined significantly in recent years.
The reported gradual boron dilution events invoived operator performance problems, or
steam generator tube sheet decontamination and tube removal/plugging activities.
Maintenance reiated valve misalignments did not contribute 1o the reported gradual
gilution events
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Table 2-1 (Cont.)

Reactor Coolant System Boron Dilution Events

NOTE: The event listing in this table is not complete prior to 1980 For example, the

foliowing additional events have been listed by INPO:

Crystal River 3
Crystal River-3
Calvert Cliffts-1
Crystal River 3
Milistone - 2
Point Beach-1

1/26/77
2110177
1/28/78
3/10/78
4/14/78
11/7/79

LER 302-77000(77-8)
LER 302-77000(77-12)
LER 317-78000(78-9)
LER 3092-78016

LER 336-78005

LER 266-79019



2.7 Reterences

2.1  NUREG/CR-2798 (ORNL/NSIC-208), "Evaluation of Events involving Unplanned
Boron Dilutions in Nuclear Power Plants”, July, 1982.

2.2 INPQO Licensee Event Report Data Base.

2.3 INPO Significant Event Report 13-90, "Unplanned Boron Dilutions from Shutdown
Congitions”, August, 1990.

2.4 Nuclear Power Experience Data Base. Stolier Corp., Boulider, CO.
25 NUREG/CR-5368 (BNL-NUREG-52198), "Reactivity Accidents”, January, 1990.

2.6 AEQOD Special Evaluation Report, "Review of Operating Events Occurring During
Hot and Cold Shutdown and Refueling”, Draft. December, 1990.

2.7 NUREG--1022 (DEB4 300039), "Licensee Evernt Report System”, September,
1983.

2.8 NUMARC 91-068, "Guidelines for Industry Actions to Assess Shutdown
Management™, December, 1991.
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3.0 RAPID BORON DILUTION

3.1 Definition and Scope

For the purposes of this report., a rapid boron duution event is defined as the sudden
agaition ot a volume of boron free or nearly boron free water into the core region. The
rapid boron dilution event differs from the events discussed in Section 2.0 in the rate at
which the unborated water enters the core. For the gradual boron dilution events
discussed in the previous section, therz2 is sufficient mixing of diluted water in the reactor
coolant system t0 result in only a8 slow decrease in core boron concentration.
Furthermore, the diluted volume s dispersed uniformiy throughout the core region. In
contrast, a "rapid boron dilution” event occurs when the flow into the reactor core
contains streams of relatively unborated water. As a result, the reactivity addition in the
core can be localized and potentially severe.

Historinally, analysis of rapid boron dilution events were first reported some 20 yearsago
iref 3.1) for a startup of an solated loop containing coid, clean water (oniy possible in
a plant with loop isolation vaives). Point kinetic analyses were found to grossly
overpredict the seventy of the transient. Transient three-dimensional analyses were
completed, and showed about 3% fuel rod failure and less than 0.5% of fuel elements
completely meited. Total energy release was determined to be insufficient to breach the
Reactor Coolant System (RCS). These resulits were considered by the reactor designer
to be unacceptable despite stringent administrative controls on opening locp isolation
valves, and protection-grade interiock circuits were deemed necessary 1o prevent
nadvertent startup of an isolated loop. The event was thus removed from design basis
evaluation and further analyses became academic. Therefore, analyses of dilution events
n Final Safety Analysis Reports (FSARs) have been limited to the gradual dilution events
described in Section 2.0.

During commussioning of the Ringhals 4 PWR in Sweden in 1982, unborated water was
used for hot functional testing (prior to core load). and the Reactor Coolant System (RCS)
partially drained prior to borating. Subsequent boration of the residual water in the
suction piping of the Reactor Coolant Pump (RCP) proved to be extremely difficuit: i.e.,
the water in that location stayed unborated when the rest of the RCS was borated for
core loading. Preliminary reactivity calculations indicated that injecting a2 volume of
unborated water equal to the volume of one "crossover” leg (the section of RCS piping
that "crosses over” from the steam generator to the RCP suction) could generate a
severe reactivity transient if swept into a core with new fuel (ref 3.2). During their
annual training in 1983, operators of Ringhais 2, 3, and 4 were alerted to this potential
hazard and instructed to delay any startup for boron sampiing of the crossover ieg if they
hao reason 10 believe there had been a previous ingress of boron-free water.



The Chernoby! accident in 1986 heightened interest in reactivity accidents with the
potentia! for severe core gamage. including rapid boron dilution (ref 3.3). A great deal of
uncertainty exists in the hydraulic and neutronic response for such an event, and existing
analyses are inconclusive as 1o whether severe fuel damage or dispersal can occur for
any event with a significant chance of uccurrence. As a result, this section of the report
summarizes the results and status of other work on this subject, rather than presents
detalled analyses of our own.

Two very recent studies, from Sweden and Brookhaven (ref 3.4 and 3.5), became
avaiable after the draft of this report was prepared. We consider their results to be
significant, and have substantially revised the draft text 10 incorporate review of them.
Based on those results, we draw conclusions (not necessarily those of the authors of
those reports)

Several rapid boron dilution events have been analyzed previously (refs 3.3, 3.6, 3.7, and
3.8} In general these events can be ciassified into two categories. The first category
nvolves the dgilution of a reservolr connected to the Reactor Coolant System (RCS) and
the spurious discharge of the contents of the tank into the core region. Two scenarios
in this categoery include: 1) the dilution of an accumulator and the spurious opening of
the accumutiator discharge valve, and 2) the dilution of the Refueling Water Storage Tank
(PWST) and inadvertent gstuation of the safety injection system. A detailed analysis of
these events is presented in NUREG/CR 5368, "Reactivity Accidents.” (ref 3.6). This
report estimated the probability of a significant reactivity event from these two scenarios
as 6 9E-10/yr and 3.7E-O8/yr respectively. Because the probability of these events is so
low, they do not require further consideration in this report.

The second category of rapid boron dilution scenarios involves the start of a Reactor
Coolant Pump (RCP) and the subseguent injection of a relatively unborated water siug
nto the core. Various scenarios are discussed in more detail in Section 3.3.

Anatomy of a R iluti n

Two things are regquirec for a rapid boron dilution event to occur: the coliection of a
stagnant volume of relatively unborated water, particularly in the crossover or cold leg
of the RCS, and the subsequent rapid transmission of that volume of unborated water
nto the core region. As discussed in the report “Some Local Dilution Transients in a
Pressurized Water Reactor” (ref 3.7), the formation of a stagnant zone of unborated
water requires very low or no flow in the reactor coolant loops.

if any RCP is operating, there will be sufficient circulation throughout the RCS to prevent
the formation of a stagnant zone. The Residua! Heat Removal (RHR) system provides
enough circulation in the portions of the RCS being circulated to prevent the formation



of a stagnant zone in the reactor vessel, cold leg piping between the RHR discharge and
the reactor vessel, and hot leg piping between the reactor vessei and the RHR suction.
However, the RHR system may or may not cause circulation through the steam
generators. Any of three conaitions may block RHR circulation through the steam
generators:

Steam generator tubes drained. During most of a refueling outage, the
steam generator tubes are drained (filled with air or nitrogen).

2. Vapor pocket. If the RCS is totally depressurized and the water level near
the flange, a low temperature water vapor pocket is likely to exist at the
top of the steam generator tubes (the manometer effect, ref 3.9).

3. Thermal gradients. If water in the steam generator shell is warmer than the
active portion of the reactor coolant, RHR flow through the reactor vessel
is generally too low to force water through the steam generator tubes as
a parallel path. This condition would exist if the RCPs had been shut off
prior 1o compietion of the RCS cooldown.

If all forced circulation 1s shut off, natural circulation through the reactor coolant loops
as a result of core decay heat wiil generally resuft (unless prevented by one of the above
mechanisms). Natural circulation flow through the steam generators is generally much
higher than would be forced by RHR flow. However, it's possible for variations in
temperatures between the steam generators to prevent natural circulation through one
'00p, particularly at colg shutdown. We therefore recommend that the reactor coolant
in the steam generators and reactor coolant suction piping (the crossover legs) should be
considered as stagnant at all times that all RCPs are shut off.

If giluted water 1s added to a stagnant region. a pocket of iess borated water resuits.
The addition of diluted water may occur either deliberately, as in the case of proceeding
10 @ normal reactor startup, or inadvertently.

One French study (ref 3.8) analyzed the potential impact of a clean water slug inserted
nto the core. Two parametric cases were analyzed, in one case the boron concentration
of the core was assumed to decrease by 400 ppm with no change in core inlet
temperature, while the other case involved a reduction in core inlet temperature of
approximately 110 Deg-F in conjunction with the dilution. For the case of the dilution
only, no core damage was predicted; however, for the case of the dilution in conjunction
with the cooling, significant core damage was predicted.

in support of this reactivity risk study, scoping ca'culations were performed by the
Westinghcuse Commercial Nuclear Fuels Division for a few fuel assemblies, without
burnable poisons, in clean and borated water (2000 ppm). The reactivity was calculated



with the KENO-PC coce. using parameters considered typical of current fuel design. We
believe the resuits, listed in the table below, are indicative of expected reactivity for
current enrichmeni and without burnable poisons. However, the values would hsve 10
ne verified for a specific fuel design prior to use in design or safety analysis.

No. of | U-235 Boron
Assemblies Enrichment Concentration

4 5 wio 2000 ppm 0.96

I 4 5 wio 0 ppm 1.24

The above results show that two fresh and unpoisoned assemblies with ennchments of
4 w/o U-235 would pe critical in unborated water. These resuits are listed here to
llustrate the potential highly localized effects of subjecting assemblies 10 pure water.
it should be noted that typical core designs do not place two fresh unpoisoned
assemblies next to one another, and that burnabie poisons (1o whatever extent is required
by the core design) are added before purting the assembly in the reactor core.

In principle, an optimally shaped and placed volume of ciean, cold waier on the order of
10 cubic feet can produce prompt criticality in a cold core at beginning of cycle.
Considering the relatively high velocities at which fiuid can be swept into the core
(roughly 3 feet/second for a single RCP running on a 4-loop plant, twice that velocity on
a 2-loop plant), neither prompt criticality nor high regctivity insertion rates can be ruled
out. If the reactivity insertion is rapid enough, severe core damage could result, including
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dispersal of moiten fuel with resultant pressure waves. Fuel dispersal has been
conservatively caiculated for some postulated rapid boron dilution events, but we know
of no realistic calculation which proves such a result is possibie for any realistic scenario.

Accurate geterministic analvses of the possible extent of core darnage following a rapid
boron diution event are difficult in several areas. First, the size, shape, location, and
spatial boron content of the postulated pocket of low boron concentration is speculative.
Secund, an accurate prediction of the boron transport and turbulent mixing as the pocket
'S swept 10 and through the core requires state of the art hydraulics modeling and is
dependent upon plant-specific design. We know of only one such analysis (ref 3.4},
Thirg. getermination of the reactivity effect of the spatial boron transient requires three-
dgimensional analysis. The static 3-D analyses are well within the state of the art, but will
vary with each core design and perhaps with each reload. Fourth, a detailed transient
3-D analysis 1s necessary to reasonably predict local conditions near the hot spot. Point
xinetcs (or 1-D or 2-D) caiculations tend to be either indefensibie or extremely
conservative. Fifth and last, converting localized fuel conditions to core and RCS damage
states requires jugdgement subject 1o erther uncertainty or conservatism.

The tailure threshold for unirradiated and intact fuel rods is 210 to 220 cal/gm radially
averaged peak fuel enthalpy iref 3.10). In this range, the failure mechanism is brittle
fracture of the cladding caused by severe oxidation. This failure mechanism does not
leac 10 fuel dispersal or severe core damage; i.e., there wouid be no significant fuel
cispersal, the fuel rods would remain in a coolable geometry, and no pressure pulses
wouid occur.

Wher the fuel enthalpy exceeds about 300 cal/gm for unirradiated fuel (equivalent 10
gross meiung of the UO2 fuel peliet), the fuel failure mode changes. Molten fuel is
expelled into water and fragments into small particles. Mechanical energy in pressure
waves following fuel dispersal could threaten the integrity of the pressure boundary. The
threshold for detecting nuclear 1o mechanical energy conversion appears to be about 325
caligm for unirradiated intact fuel, with a conversion efficiency less than 1% in the range
of 325 to 500 cal/gm (ref 3.10),

The above failure thresholds are somewhat lower for irradiated fuel.

Rapt i ri

Various studies have evaluated various boron dilution scenarios, both prcbabiiities and
deterministics. In one of the most complete such studies, Sven Jacobson (ref 3.4}
evaluated 15 scenarios and was able 10 dismiss 12 of them on the basis of very low
probability. These results are summarized on Table 3-1. Evaiuation of one event (steam
generator tube rupture with backfill during cooldown), aithough low frequency, led to

W



Table 3-1

Summary of Vanous

Boron Dilution Scenarios’

Tube rupture + 3 0E-7/reacwor RCP % Procedure
Dackfll cooidoen YeRl - atibcanen |
|

Malfuncoon i 3 1E-10escr | RCP | WNo scuons
CVCSdunng  yew I ! reoured
Lesking thermal | < | 0E-S/reactor : RCP No scooee

[bwmier qunng  yesr (estmmied) recpared
RS Whes = i3 Ay

Blackou daring !UEM RCP Further
saup eher  vear BORVES

RHRS (mot | No further

Grawry, RHRS No further
{ B0 apphcabie prvv s

‘Jacobson (ref 3.4), reprinted with permission
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Scenario C (Loss of AC Power during Dilution - The "French Scenario”)

The reactor has just been refueled and s the process of being started up. A boron
dilution (toward the criticai boron concentration) 1S in progress when a loss of offsite
power occurs. resulting n the trip of all RCPs. Decay heat is low and natural circulation
does not occur i, the reactor coolant ipopls) receiving the diluted charging flow from the
Volume Control Tank (VCT!. Emergency power comes on and automatically restores
the charging flow. In the absence of alarms drawing attention to the dilution in progress,
the operators fail to secure the dilution (as required by plant Technical Specifications),
and the entire volume of the VCT is discharged into the RCS. The loss of AC power aiso
may automatically isolate letdown. (with the assumption that it is not manually re-
established), such that the incoming charging flow is not heated by the regenerative heat
exchanger. The incoming unborated and possibly coid water therefore forms a stagnant
and relatively unborated volume in the cold leg and bottom of the reactor vessel. When
the VCT wevel is low, charging pump suction is switched to the borated (and coid)
Refueling Water Storage Tank (RWST). But betore a significant amount of borated
RWST water 1s aoded 1o the RCS (borating the unborated voiume), offsite power is
restored, the operators restart an RCP, ang the clean water is swept into the core. This
poron dilution scenario is somenmes referred 1o as the "French Scenario” since it was
first publicizea in reference 3.8, and led EdF to install an automatic system to switch the
charging pump suction from the VCT to a borated source on loss of power to the reactor
coolant pumps. The scenario is also described n references 3.4, 3.5, and 3.11, and s
discussed in more detail later.

Sconnno D (Unborated Water in RHR System)

Startup of the RHR system when it contains totally unborated water was evaluated by
the Frencn (ref 3.12) with the extreme assumption that no mixing occurred, such that
a clean water front moved through the core at a speed determined by the RHR flow;
causing 1he core average boron concentration to drop linearly from 1500 ppm to O ppm
in 75 seconds. The interesting result revealed by the analysis was that the core power
generation caused RHR system rupture on overpressure after about 8 seconds, stopping
the dilution well before fuel damage imits were reached. This result suggests that RHR
flow 1s incapable of causing a core disruptive reactivity accident. The estimated
frequency of this scenaric was on the order of 1.E-8/year., too low for further
consideration in any event.

Scenario E (Boration after Shutting Off RCPs)
During RCS cooldown at the beginning of a refueling st utdown, the RCPs are postulated

to be are turned off at a relatively high temperature (such as 140 Deg-F) and before
porating to refueling boron concentration. With hot water left in the steam generators,
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Specifications which forbid dilution uniess forced circulation exists. Further, operation
of the makeup pump would cause audible ciicks from the batch integrator, which can be
heara by all occupants of the control room as a reminder that dilution is in progress.
Thus, we think that continued dilution would be limited to the contents of the VCT even
on plants where the makeup pump 1S on a vital bus.

However. Dy far the greatest conservatism in the Brookhaven assessment is the assumed
congitional probability of core damage if an RCP is restarted just as the VCT is drained
0 the point that automatc switchover 10 the RWST occurs. Brookhaven assumed unity
probability. We believe the probability is zero due to mixing between the incoming
charging flow and the RCS fluid, as discussed below.

The Brookhaven report also provides very useful thermal-hydraulic analyses, based on
mixing models developed for Pressurized Thermal Shock studies. Cold (or cool) charging
flow 1s calculated to partially mix with the stagnant water in the RCS, such that the
minimum boron concentration in the reactor lower plenum would be 60% to 75% of its
nitial value. not 0% .e.. local boron concentration reduced from 1500 ppm to
900-1100, depending on the plant and the case.

However, we believe that even that is unduly conservative. Flow in the RCS wiil not
stagnate following loss of AC power. As part of this ORAM study, we have conducted
scoping studies on the expected RCS flow behavior following loss of AC power at hot,
zero power with low decay heat. We assumed 0.05% decay heat, roughly equal to
decay heat 4 months after shutdown and with replacement of one-third of the core.
Reactor coolant pump coastdown takes roughly four minutes. (Large flywheels on the
RCP motors provide inertia and siow decrease in flow. Reactor coolant flow decreases
to 50% in about 12 seconds, to 10% in about 1-1/2 minutes, to 2% in roughly 3-1/2
minutes. and the pump impelier stops at about 4 minutes due 1o pump seal and bearing
friction.) At the tme the pump impeller stops, flow temporanly drops to 0.65%, then
recovers to 0.85% (about 800 gpm per ioop) within a few minutas as a result of the
decay heat (0.05% of rated power). This 800 gpm flow per ioop is roughly 7 to 8 times
the charging flow. Based on discussions with H. Nourbakhsh (ref 3.14), author of that
section of the Brookhaven report, and the eguations and figures in that report, perfect
mixing of the incoming charging with the RCS flow would be expected even if the
charging flow had no heating in the regenerative heat exchanger. Mixing would be
further assured by: (a) forcetful jet impingement of the charging flow stream (about 6
‘eet/second) and splashing otf the opposite wall of the coid leg pipe; (b) warmer charging
flow in the highly likely case that letdown flow is re-established; and (c) further mixing
of fluid with natural circulation flow from the other loops among the forest of instrument
tubes in the reactor vessel lower plenum.

Natural circulation flow in one loop could be stopped, at least temporarily, if auxiliary
feedwater flow 10 other steam generators subcooled them so much that all natural
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circulation went to them. Hot water in the reactor core outlet will not tend to rise into
a steam generator containing even hotter water. Auxiliary feeawater 1s automatically
actuated 1o all steam generators on loss of offsite power. An early step in typical loss
of offsite power recovery procegures instructs the operator 1o throttie auxiliary feed flow
10 prevent excessive cooldowrn. There's some (farrly smalll chance that he would
terminate aux feed flow to the loop with the charging line much sooner than to the other
steam generators, As mentioned, that would be a temperary congition and would not
prevent natural circulation ang mixing in the reactor vessel. Any temperature difference
petween the charging flow ana the RCS, of course, will cause convection currents within
the cold ieg between the charging line and the reactor vessel.

Three-dimensional statc reactivity calculations by Brookhaven indicated reactivity
insertion rates of 210 9 % dk/sec (83 10 $13/sec) for assumed siug boron concentrations
of 800 0 O ppm, respectively (1500 ppm initial boron concentration). Point kinetic
analyses were then performed. Most indicated relatively benign results. Some did not.
These analyses were useful in suggesting the transient behavior as a first-cut estimate,
but suffer from the fundamental limitation that they are point kinetic estimates.
Conservative caiculations showing an unacceptable resuit are inherently inconclusive.

Jacobson (ret 3.4) approachec the puzzie in an entirely different manner. He assumed
that the incoming charging tlow was at the same temperature as the RCS, so no
convection currents were estaplished. The incoming unborated charging flow was
assumed to fill the cold leg piping (displacing borated water) until all the unborated water
was transferred from the VCT into the RCS. His estimate of the frequency of the event
s about 1.E-4/yr, about a factor of ten higher than Brookhaven's, based primarily on his
estimate of when RCPs would be restarted. (He assumed most cases of loss of offsite
power were of short duration, and that restart of the RCPs would be controlled by the
human reaction tme of the operators in going through the ioss of offsite procedure.) He
conducted state-of-the-art hydraulics calculations involving particle tracking with the
PHOENIX computer coge, and put the resuiting core transient spatial boron concentration
nto a 3-D static neutron physics code to calculate reactivity. The hydraulics calculation
ndicated substantial breaking up of the boron-free pocket as it was swept 10 the reactor
core, but with large boron gracients at the core inlet -- from 2000 to O ppm at different
locations. The reactivity transient was relatively mild for the core under study -- not
enough 10 cause criticality. However, the patterns of boron concentration indicate that
the reactivity transient would be strongly sesitive to the core loading patterns; i.e.,
whether regions of high reactivity coincided with locations of low boron concentrations.

If needed, the probability of the French dilution scenario cculd be reduced further by
routing the dilution flow directly to the suction of the charging pump (termed the
"alternate diution mode”). This is the current practice at Ringhals and some other plants
iret 3.20). and s said 10 be preferable for other reasons (it gives faster response).



Our preceding comments on the mixing that would be caused by natural circulation appily
also 10 these results; .., we don't believe a clean water pocket can be caused by this
scenario.

3.3.2 Steam Generator Inieakage - the Swedish Scenario

In this scenario, 8 large volume of undiluted water is postulated to leak into the RCP
SucCtiOn piping ana steam generator from the secondary, and be swept into the core when
the RCP is started as part of RCS filling and venting. Jacobson lists § precursor events
extracted from Nuclear Power Experience, all during the period 1976 through 1982, in
which inadvertent RCS dilution occurred as a result of steam generator maintenance
‘either tube leaks or leaks through nozzle dams). These events, plus another two events
reported in 1983, are discussed in section 2.2. In addition 10 these seven precursors,
8000 galions of secondary water was introduced into the Blayais (French) reactor in
March, 1990, through an open steam generator tube (ref 3.15). Post-event analysis of
the Biavais event showed that if the operators had not taken action to add boron and
stop the dilution, crimticality might have occurred in approximately four hours. in ail of
these precursor events. the clean water inleakage was detected and corrected Ion¢
before RCS filling and venting. Based on the precursors he listed, Jacobson concluded
that the esumated frequency of occurrence was greater than 1.E-8/yr and required
further anaiysis.

Note that this scenario 1s identical to scenario A (Dilution during RCS Filling), and very
similar to scenario E, except for the source of unborated water.

To oate, this scenario has been treated extensively only by Jacobson, although ltalian
researchers have work n progress on it (ref 3.16). Also, analysis of incorrect startup of
an 1solated loop has recently been reported for a VVER piant (six-loop PWR of Soviet
design), using a flux synthesis method 1o approximate the abnormal flux shape (ref 3.19).
Reduction of boron concentration to 600 ppm in one cooiant loop resuited in a peak fuel
peller enthalpy of 234 cal/gm. causing limited fuel damage.

For his assessment, Jacobson postulates a small secondary-to-primary leak that takes
several days to fill the entire 2B0 cubic feet {2100 gallons! of the stagnant zone
upstream on the RCP. (A larger leak would spill into the active region of the RCS and be
detected by boron sampling as well as by mass balances.) Starting the RCP sweeps this
water toward the reactor core. Particle tracking analysis with the PHOENIX hydraulics
code was used to determine the boron spatial transient into and through the core. The
attached Figure 3-1 shows the calculated spatial boron concentration at the core inlet at
various times in the transient. Note that considerable breakup of the clean water siug
has occurred, yet large variations in boron concentration exist (from 2000 to O ppm).
The ume-varying spatial boron concentration was input into a2 3-D static nuclear design
coce {SIMULATE-3) to cetermine the time varying reactivity. For the reference core
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Figure 3-1
Transient Boron Concentration at Core Inlet
for RCP Start with Clean Water Pocket®



gesign, he calculated @ 9% k-eff increase, at rates up to 5%/sec (about $8/sec). This
reactivity gain was insufficient to overcome the available shutdown margin {in excess of
15% for that core design). so no criticality occurred. A perturbation case assuming a
500 cubic foot (3700 galions) clean water pocket indicated a 12% increase in k-eff.
Hydraulic tests are now being conducted in Sweden to confirm the conservatism of the
PHOENIX particie tracking mode! as used by Jacobson.

However. these resuits were calculated for a core with a large shutdown margin - k-etf
of 0.83 at the normal retueling boron concentration of 2000 ppm (more than 15%
shutdown margin). Jacobson noted that extrapolating these results to a3 more normal
core contiguration, with a 10% shutdown margin (typical tfor Ringhals), would five an
"uncomfortably small margin” considering the uncertainties involved.

In the U.S., the industry trend is toward higher enrichment cores with a 5% shutdown
margin, for which the extrapolated results would be more severe. Jacobson's resuits
ndicate a 10% reactivity gain (reactivity is dk/k). and a change in k-eff from 0.83 to
0.92 is equivalent to a change from 0.95 to 1.05. Further, Jacobson's reference core
had only a few isolated fresh fuel assemblies, and those on the core periphery, whereas
most current U.S. cores are "low leakage”, with the most reactive fuel on the inside.
The relatively large regions shown on Figure 3-1 with boron concentrations of O to 1000
ppm could well coincide with the most reactive regions of the reactor core. (Note that
a core with k-eff of 0.95 at 2000 ppm would be critical between 1600 and 1700 ppm:
and that diffusion and slowing down distances in a cold PWR are short enough that
criticality can occur in just a tew assemblies, as ilustrated by Table 3-1.) Finally, cores
are being designed that require more than 2000 ppm to obtain a 5% shutdown margin,
and the reactivity perturbation is proportional to initial boron concentration.

For these reasons, a straightforward extrapolation of the Jacobson resuits to a core
representative of U.S. trends. suggesting a rapid reactivity transient raising k-eff from
0.95 10 1.08 at rates in the neighborhood of $8 per second. would be crude and not
necessarily bourding.

In our opinion, no amount of analyses of this scenario, using rigor and conservatism
appropriate for design basis analysis, will conclusively prove acceptable results for this
scenario for all core reioad designs. In fact, we strongly suspect that accurate, rigorous
analysis will prove the cpposite --that unacceptable resuits (i.e., fuel dispersall can occur
for some cases. Therefore, we conclude that this scenario must be prevented by
ensuring that @ pocket of unborated water does NOT exist prior to turning on RCPs.

3.4 Design Features and Administrative Controls to Prevent a Clean Slug Insertion Event

Technical Specification Regquirements on Coolant Loop Flow - The Technical
Specifications typically require either a reactor coolant loop or a residual heat removal
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loop to be in operation in modes 3, 4, and 5. Furthermore, if no forced circulation is
avaiiable in modes 3. 4, and 5, the Technical Specifications require the operator to
suspend all operations involving a reduction n RCS boron concentration.

Sample Coolant Loops prior 1o Reactor Coolant Pump Startup - The normal startup
procegure (ref 3.17), requires all reactor coolant ioops to be sampied. Additionally, the
fill and vent procedure for some plants, particularly with loop stop valves, (ref 3.18)
requires the reactor coolant ioops 10 be sampled to ensure that an adequate shutdown
margin exists in the reactor prior 1o starting the reactor coolant pumps. The sample lines
tor those plants are located in the crossover leg, and therefore may detect a stagnant
diluted zone.

Loop Isolation Valve Interiocks - For those plants that have reactor coolant loop isolation
valves, administrative controls and reactor protection grade interiocks on the operation
of these valves assist in preventing the occurrence of a clean slug insertion event. if the
'00p has been isolated from the others by closing the coid leg stop vaive, fiow from the
'solated portion of the loop to the remainder of the system must be established for a
specified period of ume (typicaliy ranging from 90 to 180 minutes) prior 10 opening the
cold leg stop valve. The Techmical Specifications typically require the boron
concentration of an isolated loop 10 be greater than or equal to the boron concentration
of the operating loops prior 1o opening either the hot or cold leg stop vaives of an isolated
loop.

3.5 Mitigatve Aclions

Diagnosis of the Event - There are several control board indications available 10 the
operator 1o assist in identifying the potential for a clean siug insertion event. As reported
in reference 3.6 for scenario A, the diluted seal water will be injected into both the cold
leg and the crossover leg, and some of the diluted water will be directed from the cold
leg into the core. This water will be sufficiently mixed to prevent a clean siug insertion,
but will result \n a gradual decrease n core boron concentration. As a resuit, the
operators will see a gradual increase in the source range count rate, thereby alerting
them 10 the possibility of a dilution in progress. Additionally, many other control board
indications, such as vaive position indications, primary water flow rate, and pump breaker
position. exist to assist the operator in diagnosing the ongoing dilution. These indications
would allow the operator 1o take the appropriate corrective actions.

Emergency Boration - The most likely corrective action 1o be taken by the operator is 10
initiate emergency boration. This allows the injection of highly borated water into the
reactor coolant system 1o compensate for the dilution aiready occurring. Typically,
operators are instructed 1o iniiate emergency boration if any unexplained or uncontrolied
positive reactivity agdition occurs.
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4.8 Conciusions ang Recommengdations

Rapid recuction in local core boron concentration is a low frequency event -- no such
case has been reported. However, there are several potential mechanisms which could
Cause such an event. ana the possibility exists that a reactivity excursion with severe fuel
damage couid result. No recent (within the last 20 years) three-dimensional transient
nuclear-thermal-hydraulic analyses have been reported, and such analyses are subject 10
considerable uncertainty, particularly regarding boron transport and mixing in turbulent
low through complex geometry. In principle, bounding analyses, in both conservative
8N0 CPUMISTIC gIrections, are within the state of the art, but have not yet been reported.

in our opinion, the so-calied French scenario (loss of power while diluting) cannot cause
a rapig boron gilution event because of inherent natural circutation and the mixing it will
cause. Nonetheless, ncluging instructions in procedures and training to terminate
dilution ‘ollowing loss of otfsite power seem appropriate. Such action would at least
avoid 3 violation of the plant Technical Specitications. Consideration can also be given
10 use 0f the alternate dilution mode as the normal dilution mode during plant startup.

Also, core damage as a result of rapid boron dilution caused by the RHR system appears
'mpossiDie because of the relatively slow rate at which this system can push water into
the reactor core.

Only scenarios with a large volume of unborated water upstream of a Reactor Coolant
Pump appear capable of causing severe core damage as a result of a rapid boron dilution.
The necessary volume of unborated water appears relatively large -- comparable to the
volume of the crossover leg piping itself, and should therefore be detectable by
appropriate poron samping. In our opinion, startup of an RCP with a large volume of
clean water cannot be proven to be generically acceptable (but cases can probabiy be
found that can be proven 10 unacceptabie). Therefore, we recommend that precautions
De 1aken 1o ensure a very low probability of occurrence for scenzrios A, B, and E. These
precautions inciude:

. Don’t dilute unless at least one RCP is running;

. Restrict dilution to conditions under which natural circulation would be
expected if the RCPs were tripped; |.e., heat transfer from the RCS to all
SGs (avoid dilution when one or more steam generators are hotter than the
RCSI;

. When borating for @ shutdown, keep at least one RCP running until the

desired boron concentration 1s reached; e.g., to refueling concentration i
in a retueling shutdown;
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It normal filling of the RCS is through the RCP seails (with the normal
charging line isolated), review the administrative controls and design to
ensure that the probability of inadvertent filling with clean water is
vanishingly remote;

Boron sampling ot the crossover leg of the RCS is recommended prior to
RCP restart AND prior to RCS filling whenever the possibility exists that
water of reduced boron concentration may exist there. For most PWRs,
local samples would have to be drawn from drain lines ("grab samples”).
Draining of the crossover leg and refilling with borated water from the
active portions of the RCS is an aiternative 1o sampling on plants with ioop
solation valves. [NOTE: Unexpected readings demand investigation.
Since clean water 1s hghter than borated water, a clean water pocket could
exist In the steam generator outiet plenum for a long time before mixing
with the more dense borated water at the bottom of the crossover leg
where the drain 1s located.!

Plant personnel should be aware of the various scenarios for getting a clean water pocket
n the RCS and the hazaras associated with it. Where symptoms suggest a2 c'ean water
pocket might exist, procedures should exist to repiace it with borated water, such as
draiming the region near the pocket while borating 10 increase core shutdown,
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4.0 REAC /.iVITY CONTROL DURING REFUELING OPERATIONS

This section focuses on the risk associated with reactivity control during refuelings.
Tragmonally, analyses of refueling operations as presented in Final Safety Analysis
Reports have focused on events such as oropped fuel assemblies and loss of spent fuel
pit cooling, which have the potential for offsite radiation release. NSAC 128, Analysis
of Refueing Incidents in Nuciear Power Plants (ref 4.1), provides a cetailed discussion
of events such as mishandiing of fuel assemblies, reactor cavity draining, and excessive
personnel exposures during refueling. However, neither FSARs or NSAC 129 provide
a vetalled giscussion of reactivity control during refueling operations. Discussion in this
secuen 1s hmited 1o reactivity contro! in the reactor vessel. Reactivity control in the
spent fuel pit is not addressed in this report because criticality in the spent fuel building
caused by fuel assemblies placed in incorrect locations of by a boron dilution event is not
possible. The spacing and content (borated material) of the racks, together with the
boron concentration (typically 2000 ppm) in the spent fuel pooi will prevent a criticality
n the event that fuel assemblies are misplaced in spent fuel pit iocations. Also, the
spent fuel pool will also remain subcritical (witt, proper assembly piacement) even if the
boron concentration were reduced 10 O ppm.

Technical Specitications for each piant require a minimum shutdown margin for refueling
operations. Since soluable boron 1s used 10 control reactivity in PWRs, larger shutdown
margins are attainable \n PWRs than in BWRs (Boiling Water Reactors). The minimum
prescribed shutdown margin s typically 5% dk/k for PWRs during refueiing operations,
compared 1o the typical shutdown margin of 1% dk/k for BWRs. Because of their larger
shutdown margin, PWRs have significantly less potential for inadvertent criticality. As
aiscussed in NRC Information Notice 88-21 iref 4.2), inadvertent criticalities during
refueling or with a partally loaded core have occurred at two U.S. BWRs. A few years
ago, when maximum PWR fuel enrichments were 3.5 w/o U-235, it was widely believed
that PWR loaging errors could not possibly cause criticality. That situation has changed
with the current industry trend to higher enrichments.

As the trend towaras longer fuel cycles and the corresponding higher enrichments for
‘eed assemblies during core reioads continues, the potential for adverse effects of a
misiocated fuel assembly or inadvertent dilution of the refueling water will increase. As
a result, the need for strict adherence 10 controis on reactivity additions to the core wili
be required.

This section of the report examines reactivity control during refueling. The discussions
assume that the final core design and manufacturing process ensure a 5% shutdown
margin at the compietion of the refueling, and that no mistake is made in the
specification of the original refueling sequence. That i1s, oniy the risk of fuel assembly
misioading errors s addressed.






Briefing control room persennel on the potential for positive reactivity insertion
from the time that the cavity is drained, until the vessel head is replaced:;

Monitoring the boron concentration at the surface of the water in the retueling
cavity following any substantial introduction of unborated water;

Ensuring at least two source range nuclear instruments are operable and monitored
for reacuvity changes, if pussibie, during refueling cavity draining;

Tightly controiling the acgdition of unborated water to the refueling cavity.

Passing an unpoisoneéd. unroddec fresn fuel assembly with an enrichment of 50 wio
U-235 through unborated water will not resuit in criticality. in addition, the manipulator
crane interiocks will prevent a fuel assembly from passing through the diluted layer, as
long as the diluted laver remains near the top of the refueling cavity. Therefore, a layer
of unborated water is not consigered a potential mechanism for inadvertent criticality
during refueling. The potental for a sudden dilution event (by a layer of clean water
being lowered into the reactor vessel and swept through the RHR system), is addressed
in Section 3.

NUREG/CR-2798 (ref 4 5) cited three events of reactor coolant systern dilution during
refueling. All three events invoived steam generator related dilutions. Two cases
nvolved secondary to primary leaks due to cut or unplugged SG tubes. In one event,
the RCS boron concentration was reduced from 1720 ppm to 1698 ppm, and in the
second event, it was reduced from 1800 ppm to 1733 ppm. The third event invoived
a miscalculation of the amount of excess boric acid required to offset the demineralized
water added to the RCS during decontamination of the Steam Generator tube sheets.
The boron concentration was reduced from 2000 ppm to 1902 ppm during this event.
No core alterations were being performed during any of the three events, and o
criticality resulted. A boron gilution in the neighborhood of 300 to 400 ppm would be
required 10 increase reactivity by 5%, which is the typical PWR Technical Specification
shutdown margin requirement for refueling.

Boron gilution events are discussed in Section 2. The operating experience reviewed in
that section 18 not indicative of boron dilution events that could potentially occur during
refueling.

4.1, ntial for R ion in Sh ' i -

in 1989, the NRC issued a bulletin 10 alert PWR licensees of the potential for the loss of
“equired shutdown margin during refueling operations (ref. 4.3). The bulletin was issued
as a result of a 10 CFR Part 21 report to the NRC by a utility. The utility reported a
potential for reducing the shutdown margin below the Technical Specification limit (5%
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dk/k) during refueling caused by placing fresh fuel assemblies in intermediate positions
during core alterations. The utility calculated that if several fuel assemblies with
enrichments as fow as 4.1 wio U-235 were grouped together, the shutdown margin
would be reduced to below the value required by the Technical Specifications.

Furthermore. additional calculations showed that an inadvertent criticaiity couid result
unger extreme conaitions it @ number of highly reactive tuel assemblies were grouped
together. As a result, utlities were required to review their refueling procedures to
ensure that they maintained adequate shutdown margin during all refueling operations,
inciuding placing fual assemblies in temporary core locations. A summary of the controis
used by utilities 10 ensure adequate shutdown margin is included in Section 4.2.2

4.2 Typicg! Refueiing Practices and Controls

421 re Shutfle vs. Fuil Qffio i

The particular method chosen for refueiing varies from plant to piant. A large majority
of the plants which responged ¢ the EPR! OQutage Risk Management Survey (ref 4.12)
stated that they preferred the ‘ull offloac relocagd method of refueling (forty-seven of fifty-
four refuelings were otfloaa/reioads). The reasons cited (Appendix 4A) by utilities for this
preference are as follows (in decreasing order of being cited):

inspection or maintenance activities which require access to the vessel, (draining
of the RCS, or solation of ‘he residual heat removal system);

Avoiging fuel damage cue 10 snagging grid straps.
To provide for fuel inspections;
To reduce the risk associated with mid-ioop operations.

Those plants that preferred the core shuffle stated that shorter refueling times and less
wear on the refueling equipment were the reasons for preferring the core shuffie.

Fuel assembly design improvements such as "non-snagging” grids may alleviate one of
the more significant concerns about core shuffles. As the concern about snagging grid
straps is eliminated and as spent fuel pit inventori@és increase, more plants may use core
shuffles for ther refueiing. However, full offload/reioads will still be required to facilitate
maintenance activities and avoid mid-loop operations. As cited above, the nature of
some outage work, such as core barrel inspections, require the fuel 1o be removed from
the core.



% talertd

One typical refueling sequence for a core shutfle (as described in the Zion FSAR) invoives
the following:

Fue!l scheduled to be discharged 1s removed from the core and placed in the fuel
transfer system for removal to the spent fuel pit;

Partially spent fuel is transferred from the intermediate region of the core 1o
vacated positions in the center region;

Partiaily spent fuel is transferred from the outer positions of the core 10 vacated
ntermediate posmions;

New fuel assemblies are brought in from the spent fuel pool by the fue! transier
system and ioaged into the required core locations:

Control rod assemblies are changed in the control rod change fixture prior to
nsertion of the new assemblies into the core.

in most PWRs, controif rods can only be changed in the control rod change fixture, out
of the core. In some PWRs however, equipment is available that facilitates changing
control rods in the core. The capability to move two fuel assemblies at one time in the
core 1s not physically possibie 1n most PWRs.

For complete offlicad/reloads. the most common sequence (as described in Appendix 4A)
1S as follows:

A source bearing assembly is placed into the core near one of the source range
detectors;

The process is repeated for the second source assembiv;

Fuel 1s added around the source assembly, then the source assembly s moved to
its final location, and the resurting vacant position filled;

The gap between the two source bearing assembiies is filled (bridge built) and the
remaming core locations filled, row by row.

From & reactivity control viewpoint, each refueiing method offers its own set of
agvantages and disadvantages. For the core shuffie, the majority of the fuel remains in
the core throughout the refueling process. As a result, the shutdown margin for the core
s closer 10 its mnt for a greater period of time than it is for an offload/ reload. However
since a core shuffle keeps the assembiies vertical, there 1s less need for intermediate fuel
assembly locations in order to box in twisted or bowed assemblies. (Recently,
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Westinghouse has begun using a “fuel loading guide™ to eliminate the need for
intermediate locations.! Additionally, full otfload/reloads provide a more effective means
of monitoring reactivity changes by an inversa count rate ratio (ICRR) piot than do core
shuffles,

4 2.2 Typical Admimstrative Controls During Refueling

The following discussion of administrative controis was based on a compiiation of utility
responses 1o the EPRI Outage Risk Management Survey and to NRC Bulletin No. 89-03.
The controls discussed are not intended to be complete or integrated. but rather
represent exampies of controls utiinies use to ensure that shutdown margin s mantained
during refueling.

Shutgewn Margin and Boron Concentration Reguirements

All plants require @ minimum shutdown margin during refueling operations. Typically, this
value is 5% dk’k, aithough one plant responding to NRC Bulletin No. B9-03 citeda
requirement of 7. 5% dk/k. The shutdown margin is maintained by requiring the boron
concentration 1o be the larger of the value specified in Technical Specifications (typically
2000-2400 ppm) or that which will ensure a keff < 0,95, Several utilities responding to
the survey indicated that a 50 ppm uncertainty is applied to the caiculated boron
concentration, and @ 1% dk 'k uncertainty s applied to the shutdown reactivity.

Response 1o both the survey and NRC Bulietin No. 89-03 stated that many plants place
an additional agministrative control that reguires the boron concentration be 100 ppm
nigher than that specified by the Technical Specifications. Additionally, some plants
require the RWST boron concentration to be as much as 300 ppm higher than that
required by Technical Specifications.

To ensure that an adeguate shutdown margin is maintained, the boron concentration is
sampled every 72 hours as required by the Technical Specifications. Some plants
increase ther RCS boron concentration sampling frequency when a source range
nstrument s inoperable. Additionally, some plants stated in their responses 10 both the
survey and NRC Bulletin No. 89-03 that they administratively require daily sampling. The
Technical Specifications typically require the RCS boron concentration 10 be sampled
every 12 hours if both source range instruments are inoperable.

Ran nitorin i h,
The Technical Specifications typically require two operable source range instruments both
with continuous visual indication in the control room, and one with audible indication in

containment while fuel movements are in progress. Operability of the source range
detectors ensures that control room personnel can adequately monitor and assess
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reactivity changes during the refueling process. Additionally, ICRR plots are cited as a
means of ensuring operability of the source range instruments during fuei movement, as
well as a means of monitoring reactivity changes.

Fuel Movement Verification

Several methods of venfying the proper movement of fuel assemblies to and from the
core were identified as part of the survey. These methods include:

l.ocal ingependent verification of proper assembly location prior to the movement
of the fuel. Personnel which performed this verification varied from utility to
utiity and included: Quality Assurance, Reactor Engineering, and Operations.

Signature of supervisory personnel, typically Reactor Engineering, Operations or
both, for each compieted step.

Communication with the control room during fuel movement to verify proper
assembly location as tracked by tag boards. Some plants also stated they tracked
fuel assembly ID numbers.

Core maps taken after refueling has been completed. Often, this is accomplished
Dy videotaping 2nd requires the approvai of Quality Control, Reactor Engineering,
and Operations. Additionally, some utilities map the spent fuel pit after offload
angd after core re-load 10 provide independent verification.

One :mportant, but informai, feature tending to prevent criticality due to loading errors
was pointed out by station personne! during personal interviews, but was not mentioned
n the written survey responses. A large increase in reactivity due 1o loading errors can
occur only f fresh fuel assemblies, or those without control rods, are improperly
clustered together. However. fresh assemblies are bright and shiny and easily
gistinguished from irragiated assemblies which are duil, dark, and emit a biue giow. The
presence or absence of control rods is also readily observable from the containment
operating deck. looking down into the core. In addition, a8 TV monitor may visually
display the core in the control room as it is being loaded. Therefore, any cluster of fresh
fuel assemblies without control rocds would be obvious 0 observers as the cluster was
being formed. Senior Reactor Operators, assuming that they are aware of the potential
hazard of clusters of fresh, unrodded fuel assemblies, would be expected to observe a
cluster being formed and stop the reloading.

iations from ified R in

For the planned refueling seauence, plants evaluate the most reactive condition expected,
typicaily at or near the final core design state, to ensure that the minimum required
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shutdown margin i1s maintained. Deviations from the specified refueling sequence are
only permitted under special circumstances. These circumstances include temporary
storage of an assembly and "boxing” of a twisted or bowed assembly. Deviations from
the specified refueling seguence typically require two approvais: a Senior Reactor
Operator (SRO) and one other, typically from the Liant's reactor engineering staff.

in responses 10 both the EPRI survey and NRC Bulletin No. 89-03, most utilities stated
they use fuel vendor guideiines as a means of ensuring that the shutdown margin is
maintained during intermediate fuel loading conditions. In their responses to NRC Bulletin
No. 89-03, several utiities also cited specific controls governing the temporary placement
of fuel assemblies in core locations. Typical controls cited in the responses to NRC
Bulletin No. 89-03 are listed below.

If assemblies are temporarily placeg along the core baffle, no other fuei assemblies
are allowed 10 be placed next to those assembiies. Furthermore, at least one
vacant core location (one utility cited two vacant core locations) rmust be between
the assembly and the remainder of the core.

When 11 1s necessary 10 straighten a twisted or bowed assembly by "boxing” the
assembly, the assembhes used in making the "box" should be assemblies in their
final location. If that s not possible, several utilities cited guidance for cases in
which the assembles used are not in ther final location. These included:

one of the assemblies making up the "box" must have a face adjacent to
a vacant core location or the batfle; or,

{1t is necessary to use fresh fuel assemblies 1o make the "box", the fresh
fuel assemblies used must have 20 or more standard fresh burnable
absorber rodlets, or a control rod insert; or,

the reactivity worth of the assembly being temporarily placed in the core
iocation must be less than or equal to the reactivity worth of the final fuel
assembly to be placed in that core location.

One utility stated that if the reactivity worth of the assembly temporarily stored
in the core location exceeds the reactivity worth of the assembly which will be
finally stored in that iocation. then placing the fuel assembly in that temporary
location would only be permitted if the following were met:

no more than 2 control rods shall be withdrawn from that part of the cora
containing fuel; and,



fresh assembiies shall not be placed next t0 one another uniess it is
specified in the final core design; and

a dummy fuel assembiy shail be used on one face of the core iocation
bemg boxed in.

For core shuffies, some utilities stated in their responses 1o NRC Bulletin No. 83-03 that
assemblies are permitted only in their initial and/or final core location.

Agdimionally, two utilities stated in ther responses to NRC Bulletin No. 89-03 that all
burnable poiscn rods or control rods must be inserted into their respective assemblies
prior 10 insertion of the assembly into the core.

4 3 Pr ilistic A ment of Vi f
4.3.1 n f Even

This section considers the scenario, probability, and consequences of a PWR criticality
caused by refueling errors. Three inadvertent criticality events have occurred in BWRs
during refueling (ref 4. 2), but none in PWRs. (PWRs typicaily have much larger shutdown
margin requirements during refueling (5% vs 1%), and involve no more than one control
rod movement at a time.)

Only fuel assembly misioading errors are considered here: i.e., departing from the
prescribed loading pattern. Evaluating the probability of gross error in the nuclear design,
manufacturing process, or in the transiation to the loading sequence. is beyond the scope
of this study,

The possibility of a single assembly going critical in a local pocket of unborated water
during its movement from the spent fuel pool to the core was considered, and rejected
as being vanishingly remote. At least two instances of unborated water pockets have
been reported (ref 4 4). The unborated water, being less dense, will tend to stay at the
top of the refueling cavity, and fuel assemblies are not raised to the surface of the water
in the cavity. Also, a single unpoisoned, unrodded fuel assembly with an enrichment of
5.0 w/o U-235 would not become critical in unborated water. (A clean water pocket
being swept into the core as the cavity water level is lowered after refueling is addressed
in section 3.)

With enrichments less than 3.5 w/o U-235, criticality is not a credible event as long as

the refueling boron concentration (typically 2000-2400 ppm) is maintained. With
ennchments of 45 to 5.0 wio U-235, crticality is possible with only a few assemblies
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misiocateg. Although only one utility surveyed currently uses fuel in the 4.5 10 5.0 wio
U-235 range, the Westinghouse Commercial Nuclear Fuel Division reports that the current
ndustry trend is toward 4 5 to 5.0 w/o U-235.

Since no smgie refueling error can cause criticality, one must postulate that prior errors
either refueling or boration! had gone undetected at the tme of the refueling error. If
the assembly being inserted causes a significant reactivity increase, the source range
coumt rate wil increase. An increasing count rate might alert personnel upon
approaching criticality, and the fuel assembly would be raised up out of the core region.

If crivicality occurs, neutron flux wouid increase at an exponential rate dependent upon
the excess reactivity. Normal procedures require checking the count rate prior 1o
unlatching the crane from the assembly. [f the increase is siow, the operators would
notice the increasing count rate prior 1o thermal power being generated, and raise the
assembly. |f the increase 's rapid. @ containment evacuation alarm on high source range
count rate might occur before the crane operator had time to respond 10 the increasing
count rate. When the containment alarm occurs, the crane operator, in response to his
nstructions, would be expected to stop inserting the assembly and evacuate
containment. In this case, neutron flux (and power] woulc continue to increase to the
thermal power range. Since a positive moderator temperature of reactivity is likely,
heating of the coolant would accelerate the power increase. Fuel temperature increase
would cause negative reactivity due to the doppler coefficient, but would not be
expected to stop the power increase short of steaming (since the moderator temperature
coefficient would most lkely be larger in magnitude than the fuel temperature
coefticient). Steam formation would temporarily reduce nuclear power generation. As
the steam leaves the aftected assembiies and is replaced with water, power would again
ncrease. This unstable chugging would continue until the reactor was shutdown, most
Ikely by manua! boration from the control room (or possibly by the crane operator raising
the assembly) Fuel assembly damage (beyond minor clad cracks caused by rapid fuel
heating) may be impossibie, but has not yet been demonstrated 1o be impossibie.

4.3 2 Event Tree Description

The event tree for refueling criticality is shown on Figure 4-1. The initiating event is a
refueling error that places a fuel assembly in an improper location, an event that requires
multiple procedural errors. Top events (defining event tree branches) are defined as
follows:



0A: 0A: . Core

Loading | Large Shutgown| Count | Energetics| Eng
Error  Reactivity| Margin | Rate | State
(1) | Gain | ;1? ; !
\ oK
.03
—_— ] {
g |
| : oK
| 3E-4 |
Critical
| .7 (2E-6)
L—-_—_—_—q‘.
| 0.0
' co
NOTES:

1. MULTIPLE PROCEDURAL ERRORS REQUIRED

2. CRITICALITY MIGHT BE
A. STOPPED BEFORE THERMAL POWER GENERATION (50%)
B. Umstasie steaming (cmuccrwng) (50%)

3. NEGLIGIBLE PROBABILITY OF RADIOLOGICAL RELEASE

thu'e 4-1
PWR Fuel Misioading Event Tree
{Best Estimate Probabilities)
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Large Reactivity Gain - Many core reioaa errors will not significantly increase reactivity.
instead. the error may decrease reactivity or have no net effect on reactvity. For
example, errors in placing a new fuel shipment in the spent fuel pool racks may cause
an dentical fuel assembly to be ipaced into a given core location. This was the case in
the one nstance of multiple errors reported in the PWR refueling survey (Appendix 4A).
However. a refueling may involve more than one enrichment, and the burnable poison
nserts (BPis) may aiffer among fresh fuel assembilies.

Shutdown Margin - No single error (of misioading an assembly) can cause criticality as
long as the 5% shutdown margn reguired by the Technical Specifications has been
maintained. Therefore, uniess either; a) previously undetected reload errors, or b} boron
dilution nas occurred. no criticality s possible. (Note that the product of the "Reactivity”
ana "Shutdown Margin® events represents the conditional probability that criticality can
be achieved by the inmiating refueiing error.)

Count Rate - As the fuel assembly i1s lowered into the core and criticality is approached
or reached, subcritical multinlication will increase, increasing the count rate. The
ncreasecd count rate may alert the crane operator to stop lowering the fuel assembly prior
1o reaching criticaility

Energetics - This branch addresses the likelihood that the combirotion of intial core
reactivity, and the rate ang magnitude of reactivity being added by the assembly being
iowered into the core, will cause a power burst sufficient for disruptive fuel failure. For
design basis accident analysis (control rod ejection), the NRC conservatively sets 280
cal/gm (504 BTU/Ib) as the threshold beiow which fuel damage is not expected to be
sufficient 1o jeopardize core cooling irefs 4.6 and 4.7). Above 280 cail/gm, dispersal of
moiten fuel into the coolant becomes a possidility. For irradiated fuel, 200 cai/gm is
commonly taken as the threshold for fuel damage.

The end-states consicered are as foliows:

QK - No criticality despite the procedural error {and a possibie Technical
Specification violation).

Inagvertent criticalty - This end-state extends from marginal criticality and a
neutron flux that never exceeds the source range, up to and including steaming
and power oscillations Ichugging). Some cladding failure is conceivable due to
strain caused by rapid fuel pellet thermal expansion. but such clagding failure is
not considered core damage in the context of PRA assessment.

Fuel assembly damage - Above the 280 cal/gm fuel enthalpy threshoid, dispersai

ot moiten UQ2 into the coolant becomes possibie, with the potential for
disassembly of some fuel assemblies. Even with moiten fuel dispersal and
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mechanical assembly damage (if such a conseguence is even possible), the

possibility of a significant radiological release is considered too remote to be a
concern. Damaged fuel would be predominately unirradiated; more than 35 feet
of water covers the core: and containment integrity is maintained. Therefore,
the event tree is not developed beyond the possibility of fuel assembly damage.

4.3. nt Tr nuficats

Freguency of Initiator - Two fuel assembly misicading errors were reported in fifty-tour
reloads in the PWR survey of outage experience, or an average of 0.04 per reioad. The
value may be significantly lower in the future as a result of additional controis recently
apphed (ref 4 3}, and is not likely 10 be substantiaily higher.

Intiating Event frequency: 0.1 to 0.01/reload (upper & lower bounds)
Best estimate: 0.03/reload

Reactivity - intutively, one expects that the majority of reload errors will not cause a
significant increase in reactivity. Mislocating fresh fuel assemblies in the spent fuel racks
upon initial receipt would cause zero reactivity effect if identical assemblies are switched.

Upper/lower bound: 0.5 t0 0.1 (probability that a reload error causes a significant
increase in reactvity)

Best estimate: 0.3

Shutdown margin - Insofar as 1s known to the authors, only one case has been reported
in PWR operating experience in which the shutdown margin could have been reduced
below the value of 5% required by the Technical Specifications {ref 4.3). However,
many of the previous refuelings were with lower enrichments such that much more than
a 5% shutdown margin was available. One could argue that the source range count rate
would indicate any reduction in shutdown margin so severe that a single fuel assembly
misioad would cause criticality. Normal trending of source range count rate is a powerful
defense against major loss of shutdown margin (e.g.. from 5% to 1%), but is not
considered a certainty, since the normal count rate may change considerably in the
course of refueling. Boron dilution could also cause a loss of shutdown margin. Some
cases of boron dilution have been reported during refueling shutdown, but none sufficient
10 cause 2 large reduction in shutdown margin. On the basis of the virtual absence of
precursor events during approximately one thousand PWR refuelings, the estimated
‘requency of a loss of shutdown margin so severe that one further misioad could cause
criticaity is taken as one in three thousand refuelings, give or take a factor of 10.

Upper/iower imits: 0.003 - 0.00003/refueiing
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Best esumate: 0.0003 refueling

Count rate - The Technical Specifications typically require an audible count rate
ndication inside the containment. The crane operator mignt be alerted 1o an increasing
count rate and halt assembly lowering prior 10 criticality. The probability of crane
operator success is not considered high tor the following reasons. Most of the reactivity
added by a tuel assembly would be added in the first few feet of insertion into the core.
Typical retueling practice (for offload-reload) 1s to position the assembly about 2 inches
away from other assemblies 10 prevent grid strap hang-up, and then lower it at a high
speed (up 10 21 feet/minute), until the assembly is ciose to the bottom. (The 2" extra
water gap 's assumed here 10 have no effect on reactivity.) The neutron source and
detectors are at the bortom of the core. Criticality with a very high flux peak at the top
of the core might occur within a few seconds of beginning to lower the assembly, hefore
*here was a noticeably large increase in detector response. (Flux shape, rather than the
speed of neutron diffusion 1s /mportant. The neutron detector is shielded from the flux
ncrease at the top of the core by a subcritical medium, and could be dominated by
subcritical multipication of the source until there was a very large increase in flux at the
10p of the core “e probability is therefore estimated as:

Upper lower bound - 0.9 10 0.5 (probability of faiing to halt assembly travel prior
10 crincality.}

Best estimate - 0.7

Energeucs - No analyses have been found for the potential reactivity transient resulting
trom nsertion of @ more reactive assembly into a8 given location. Three-dimensional
dynamic analyses of ttus nature are well within the state of the art, and much more
tractable than the rapid boron dilution cases discussed in Section 3. However, they are
peyond the scope of this report. The following discussion, therefore, is neither more nor
£8s than expert speculation as 1o what the resuits of such a caiculation would be. It is
not clear, based on discussions with accident analysts, whether fuel dispersal is
physically possible due 1o misioacing fuel. If loading the assembiy s hypothetically
assumed 1o increase k-eff from 0.99 to 1.02 (as an extreme casel, with half the
reactivity gain in the first foot of travel (and 3/4 in the second foot, and so on), and an
nsertion rate of 21 feet minute s assumed, the reactivity insertion rate would be about
300 pcmisec at the time prompt criticality s achieved. Whether such a severe reactivity
transient would cause fuel dispersal s uncertain. Fuel dispersal cannot occur without
partial fuel melting at the hot spot, or a hot pellet average temperature of about 5000
Deg-F. For a rapid power burst, fuel heatup 1s near adiabatic, with little difference
between average and centerline temperatures.) However, a fuel temperature increase
ot only 200 Deg-F on & core-wide basis would cause roughly 300 pcm of negative
Doppier ‘eedback. !f the conservative approach used for design bas:s FSAR analyses of






4. r Wi /‘CR-5771

Shortly after the originai draft of this report was prepared, a Brookhaven report on the
same ssue became available ("Probability and Consequences of Misloading Fuel in a
PWR" NUREG/CR-5771, August 1981, ref 4 8). Despite substantial differences in
component probabiiities. NUREG/CR-5771 also supports the conclusions that the risk of
criticality trom PWR misioading s low, and that the associated public risk is negligible.

Salient features of NUREG/CR-5771, and our review comments comparing their work
with ours. are discussed pelow. Table 4-1 compares frequencies estimated n the two
wWOrks.

NUREG/CR-5771 addresses cycie 9 of Calvert Cliffs 2 (a C-E PWR, using fuel with
enrichments up 10 4.3 w/o), and evaluates refueling practices and guidelines instituted
after NRC Bulletin 88-03 ref 4 3). The reactivity effects of this core are representative
of the current PWR trend toward higher enrnichments, except in one important respect --
the shutdown margin is much greater than expected in the majority of plants with higher
ennichment tuel. The properly loaded cycle 9 core with all controi rods present and 2300
ppm boron (required by the Technical Specifications) has a calculated shutdown margin
of 13%, much greater than the 5% reguired by Tech Specs. For additional safety
margin, the shutdown margin s calculated assuming all control rods are out. In contrast,
most PWRs base their shutcown margin calculations on ail control rods being inserted.

Because of this additional B% shutdown margin, multiple refueling errors, clustering at
least four fresh assemblies without control rods together, would be required to violate
the Technical Specification shutdown margin requirement. No such additional safety
margin was considered in section 4.3, such that a single loading error could be assumed
to cause 2 Technical Specification vioiation. (As reported in the PWR refueling survey
results in Appendix 4A, PWR stations typically do provide some additional satety margin,
even though 1t is not as large as 8% )

Brookhaven calculated the change in the shutdown margin for several sets of misioaded
fresh, unrodded fue! assemblies clustered together. Their results are shown below:

Number of refueling errors
(Number of fresh, unrodded Reduction in shutdown margin, % dk/k
assemblies clustered together)

05
40
7.8
12.6

L MW -
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in estimates of various components, that difference is relatively smail. Both resuits
Support the conclusion that a criticality event during refueling, while possible, is a very
low probability event

But nownere s the Brookhaven Westinghouse difference more pronounced than in the
condimional probability of fuel damage given criticality. Brookhaven conservatively
assumed that probability to be 1. 0. Westinghouse judgement {best estimate) is that
significant fuel damage 's /mpossible from such an event. The difference stems from
differing perspectives (or judgements) regarding the possible reactivity transient. This
pont has been discussed (ref 4. 9) with the principie author of NUREG/CR-5771, and he
agrees that our estumate (admittedly speculative) appears credible, and may be accurate.
We have also consulted with INEL 10 see f any of the SPERT or PBF tests were
applicable (ref 4.10). No tests were directly applicable, although SPERT-3 (especially
SPERT-3E) used rodded, low enrichment uranium dioxide. The SPERT tests generaily had
much higher reactivity insertion rates than can be achieved while loading fuel. and had
no positive moderator coetficients. These SPERT tests demonstrated that oxide-type fuel
can take over $2 in reactivity without damage at low pressure and temperature.
Analyses nf the transient are well within the state of the art for three-dimensional
neutronic calculations, but are beyond the scope of this study. Until such analyses are
done. we will stick with our prediction of what they will show.

Brookhaven also pravid: ¥ scoping calculations of worker dose, and these resuits are
worth mentioning her2. o ~ e y'amma and neutron dose 10 workers in containment due
to power generation. Bro. N iven cal ulated that "total dose rate is about 0.03 mrad/hr,
which is well below @ . limn of concern”™. Worker whoie body immersion and inhalation
cose rates of 0.1 yemisec and 0.7 rem/sec. and a thyroid inhalation dose rate of 24
rem/sec, were calculated based on assuming: (1) gap activity reieased from tweive
rradiatec assemblies surrounding the improper fresh fuei cluster; (2) activity 4 days after
shutdown: and (3) other assumptions recommended by Regulatory Guide 1.25,
"Assumptions Used for Evaluating the Potential Radiological Consequences of a Fuel
Handling Accident In the Fuel Handling and Storage Facility for Boiling and Pressurized
Water Reactors” (ref 4 11). The high inhalation dose rate, due entirely 1o the assumption
of substantial fuel damage. would be likely 10 cause early heaith effects. Without
signiticant fuel camage. worker dose rates would be negligible.
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APPENDIX 4A
Outage Risk Management Survey

Part of the EPRI/Westinghouse Program for Outage Risk Assessment and Management
nvolvec a survey of PWR utlines regarding their outage pianning and operations
practices. The responses provide very useful insights into current practices. A portion
of that survey ceait with recent refueling experience. Seventeen utilities covering
eighteen plants (fifty-four recent refuelings) responded to the refueling questionnaire.
These responses are summarized below.

Care must be taken in using quantified results from the survey. Although the experience
reported provides valuable insight, the survey was not intended, nor is it suitable, for a
rigorous statistical data base.

hoi f Refueling Meth

As part of the survey, the responding utilities indicated the method selected for each of
therr last three refuelings. The methods used for a total of fifty-four refuelings were
discussec in the survey results. Of these fifty-four refuelings, forty-seven were full
offioad/reloaads. The full offload/reload method of refueling was preferred by twelve of
the seventeen utilities who stated a preference in their refueling method (one utility cited
no preference). The reasons cited (in decreasing order of frequency of being cited) for
selecting the officad/reload method include:

Inspection or maintenance activities which require access to the vessel, (draining
of the RCS, or isolation of the residual heat removal system);

Avoiging fuel damage due t0 snagging grid straps;

To provide for fuel inspections;

To reduce the risk associated with mid-loop operations.
Five utilities expressed a preference in performing a fuel shuffie as opposed to a full
offload/reload. Additionally, one utility cited that they would prefer 10 use a fuel shuffle,
but the scope of the outage work usually dictated that a full offload/reload be performed.
Utiimies cited quicker refueling times (typically about one day less for core shuffles) and

reguced wear on the fuel handling equipment as reasons for their preference. Three of
the utilities that preferred the fuel shuffle have Westinghcuse two loop plants. The
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other two utilities have Babcock and Wilcox piants. Although theirr stated preference
was to perform a fuel shuftle, they were often forced to pertorm a full offload/reload to
compilete required INSpections of maintenance.

Of the seventeen utllity responses, eight of them indicated that refueling, especially the
oftloan of tuel for those that selected this method of refueling, was typically critical path.
However, only five cited this as a consideration in selecting the method for fuel
movement. The three utiities that have Westinghouse plants that preferred the fuel
shuitie stated that refueling was not on critical path. The two utilities that have Babcock
and Wiicox plants stated that refueling was on critical path.

Shutdown Margin Reguirements

Fifteen of the seventeen utlities which responded to the survey require a minimum
shutgown margin of 5% dk/k during refueling. Nine of the utilities that responded cited
that the minimum boron concentration must be at some specified value (typicailly 2000
ppm| or that cancentration which ensures a shutdown margin of 5% dk/k. Eleven of the
utilities cited some addrtional margin for uncertainty applied to the shutdown margin.
Typically, a 50 ppm uncertainty s applied 1o the boron concentration, and a 1% dk/k
uncertainty 1s apphled 10 the shutdown reactivity. Additionally, several utilities cited
agministrative requirements which require boron concentrations 100 ppm higher than the
minimum required 10 add margin, or account for dilution due 10 steam generator primary
side decontamination.

As a result of the ingustry trend towards longer fuel cycles and higher enriched fueis,
boron concentrations higher than 2000 ppm are required to maintain the minimum
shutdown margin. All but six of the utility respondents indicated that they presently use
assemblies enriched to greater than 4 w/o U-235. Seventeen utilities responded to the
question regarding the maximum fuel ennichment which has been used, or will be used
n the next refueling outage. The following table shows a more complete break down of
the survey responses.

Maximum U-235 Number
Enrichment
wi/o < 4 6
40 < wio < 45 1
45 < wio <50 1
wi/o > 5.0 0
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Ran rin

All piants require the operabiity of the source range instruments to be verified prior 10
and during retueiing operations. The Technical Specifications typicaliy require an analog
channel operationai test 1o be pertormed prior 10 fuel movement (within eight hours.
Additionally. the first assembly inserted into the core 1S a source bearing assembly and
the response of the source range channel 1s verified. During refueling operations, a
channel check 1s performed every twelve hours. Additionally, ail utiiities pertorm a 1/M
plot as part of full core reloads and core shuffies, and use the piots to verify the
response of the source range instruments. Only one of the seventeen utilities responding
to the survey stated that they had used portable source range monitors (for the initial
core lcad!. Additionaily, one utility stated that aithough portable source range monitors
had never been used during therr refuelings, the Technical Specifications allow their use
f a permanently installed source range monitor becomes inoperable.

Typical Refueling Practices
Rel P rn LADDI: nl 111 |

Fourteen of the sixteen utilities responding t0 the survey stated that they bridge
the two primary source bearing assemblies first, and then fill in the remaining
assemblies row by row. One utility indicated that they formed a crescent shape
around the core periphery connecting three excore detectors 90° apart. They then
fill in the remaining core locations working towards the opposite side of the core.
For the remaining utility, the reload pattern is developed around the secondary
sources such that for a tic-tac-toe (i.e., 3x3 gnid) pattern is formed. The
reload starts at the north, proceeds south, northeast, northwest, southeast,
southwest, center, west. and finally east.

Control R h rin 1l

Thirteen of the sixteen utilities indicated that controi rod changeouts are
performed in the spent fuel pit. One of the utilities that does not change the
control rods in the spent fuel pit cannot do so because ther only control rod
assembly change fixture is located in the containment refueling cavity. The
control rods are typically moved in the spent fuel pit during the offloading of the
core because 1t has less potential for impacting the schedule.

Fuel Movement Verification

Several methods of verifying proper movement of fuel assemblies to and from the
core were dentified as part of the survey. These methods include:
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Local independent verification of proper assembly location prior to the
movement of the fuel. Personnel which pertormed this verification varied
from utility to utility and included: Quality Assurance, Reactor Engineering,
and Operations.

Signature of supervisory personnel, typicailly Reactor Engineering,
Operations or poth, for each completed step.

Communication with the control room during fuel movement to verify
proper assembly location as tracked by tag boards. Some plants indicated
that they tracked fuel assembly ID numbers.

Core maps taken after refueling has been completed. Often, this is
accomplished by videotaping and requires the approval of Quaiity Control,
Reactor Engineering, and Operations. Additionally, some utilities map the
spent fuel pit atter officad and after core reloag 10 provide ingependent
verification

iati from Refueiin n

Sixteen of seventeen utilities responding to the survey cited that deviation from
the refueling seguence 1s permitted for cases of bowed or twisted assemblies.
These geviations from the original refueling sequence are proceduralized using the
equivalent of fuel handling deviation reports. Deviations from the original refueling
sequence typically require the approval of a Senior Reactor Operator and a Reactor
Engineer. To ensure that no assemblies are misplaced during the process, fuel
movements associated with the deviation are tracked and verified in the same
manner that normal fuel movements are tracked and verified.

One utility cited an additional event which would require deviation from the reload
sequence. If a source range detector were 10 fail, the secondary neutron source(s)
would be temporarily stored 90 degrees offset from their final location with
respect 10 the detector.

rol re Sh wn Margin 1s Maintai ring Refuelin

All of the utilities responding to the survey cited some form of refueling guideline 1o
ensure that adequate shutdown margin was maintained during refueling. Typically. these
controls were provided by the fuel vendor. They aiso included Technical Specification
requirements. The survey cited the following controls used to ensure that shutdown
margin is maintained during refueling:
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Evaluation of the refueling sequence by Reactor Engineering 10 ensure that
shutdown margin 1s mainta:ned during the refueiing sequence. Additionally,
Reactor Engineering evaluates any proposed changes to the refueling sequence:

Verification of refueling boron concentration once every 72 hours (as required by
Technical Specifications). One utility verifies the boron concentration once every
24 hours:

Restrictions on the number of assemblies which can be piaced in core locations
atthe core periphery. Additionally, these locations must have open core locations
between themselves and the core locations already filled with fuel in the final
pOSItIONS;

Prediction of the approach to criticality using inverse count rate ratio {(1/M) plots.
Additionally, the following controis were specifically cited for core shuffles:

All core locations may only contain the original fuel assembly or the finai fue!
assembly:

No more than three control rods can be removed from the core at any given time,

Fuel Assembl ing Error

In the fifty-four refuelings reported in this survey, two of the eighteen plants responding
to the survey placed a fuel assembly in an incorrect core location. In one case, the error
was detected when the operators attempted to retrieve a fuel assembly from an empty
spent fuel pit location. The error was corrected by reversing the fuel handling reload
pattern until the misplaced assembiy was found. At that time 1t was relocated to its
correct core location. The other case involved the misplacement of nine fresh fuei
assemblies in the core. The errors were detected as part of the core map performed
following the fuel load. The assemblies had been piaced in the wrong locations in the
spent fuel pit upon INtial receipt at the plant. However, the assemblies were identical
and did not require relocation 10 thewr original core locations. In neither case did control
rod withdrawal occur before detection of the misplaced assemblies.

in agdition 1o the cases cited above, five other utilities cited loading errors which did not
occur in the core. Four of the five cases involved the misplacement of fuel assembiies
in the spent fuel pit during core offioad. in one case, the error was detected by the
operator performing the reguired second verification of the position of the assembly in
the spent fuel pit location. The assembly was subsequently placed in its correct location.
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The other case, nvolving the misplacement of three assemblies, was detected during
an inventory of the spent fuel pit. These assemblies were also placed in their correct
locatons.

The remaining loading error cited n the survey involved taking the assembly (which
occurred twice) from trhe wrong spent fuel pit location. However, as the assembly was
beng removed from the upencer, a visual inspection revealed that the wrong assembly
was being moved. As a result, the assemblies were returned to their original spent fuel
pit iocations

Finally, one utlity cited the musorientation of two assemblies from their required
orientation. The errors were detected during the core map and the assemblies were
properly oriented.
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ENCLOSURE 2 to TXX-93098

GENERIC LETTER B5-05
INADVERTENT BORON DILUTION EVENTS
JANUARY 31, 1985



- "CQ’.
& s UNITED STATES

A Y & NUCLEAR REGULATORY COMMISSION
g o ; WASHINGTON, D C 20658
%hb 'n-‘<;; January 31, 1985 :
..'..
TO ALL PPFSSURTZEN WATER PEACTOR LICENSFES =s 11 1338
fient]emen: 2. N CLEMEMTS

SURJECT: TINANVERTENT RORON NY_UTION EVENTS (Generic Letter R5-05)

The purpose nf this letter is to inform each licensee of operating pressurized
water reactors of the staff position resylting from the evaluation of Generic
Tssue 72, “Inadvertent Boron Dilution Events” regarding the need for upgrading
the instrumentation for detactinn nf boron dilution events in operating reartors,

A boron dilution event is considered as ar anticipated operational nccurrence
which mav nccur at mnderate frequency. The staff has performed analvses of
unmitigated boron dilutinn events for a tvpical plant for each pressurized
water reactor (PWR) vendor. The staff determined that while power excursions
during borer dilution events are pnssible if the operator does nnt take any
action and sufficient volume nf dilution water is available, the excursion
shnuld be self-1imiting. The staff analyses indicate that these tvpe of
boron dilution transients chould not exceed the staff's acceptance criteria.
However, our analyses alen chow that a few plants may experience sliaht
overpressurizatinr in sxcess of the 110% overpressure limit in the Pecidual
Heat Remnval svstem if the event ocrurs during a particular mndé nf operation.

In addition, the staf* recogrizes that manv operating plants do not have
distinct, positive alarms tn alert the operators to boron dilutinn events

but rely nn nther devices such as audible count rate meters. Other problems
include lack of alarm redundancv and lack of technical specifications which
would prevent nperatnrs from taking alarming devices out of service., The
staff also dnes nnt consider it prudent to credit operators with the ability
to recognize a boron dilution event and take the proper mitigative action
within specified time 1imits in the absence of pnsitive boron dilution alarms.

Cnnsidering all of the ahave factors and possible consequences nf boran dilution
events, the staff has concluded that the criteria in Section 15.4.6 of the
Standard Peview Plan are adeqguate and should continue to be aoplied to plants
currently underaning licensing review. Hnwever, the conceguences are nnt

severe enough tn jenpardize the health and safetv nf the public and dn not
warrant backfitting requirements for hornn dilution events at nperatinag reactnrs.
The staff will continue to review the analyses of the Boron Diiution Event in
relnad applications tn assure that reasnnable confidence is provided that
eperators can be expected tn take the right corrective action using the

installed svstems.

'n summary, while the NRC will not reouire operatina plant backfits for boren
dilutien events at this time, the <taff would regard an unmitigated horon
dilution evert ac 2 cerious breakdown in the licensee's ability tn control
ite plant, and <tronaly urges each licensee ton assure itself that adequate
protectinrn against boron dilutinn svents exists in its plants,

—BOPOTTIEE
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SECTION 15.4.6 CHEMICAL AND VOLUME CONTROL SYSTEM MALFUNCTION THAT RESULTS IN A
DECREASE IN BORON CONCENTRATION IN THE REACTOR COOLANT (PWR)

REVIEW RESPONSIBILITIES

Primary - Reactor Systems Branch (RSB)
Secondary - None

I. AREAS OF REVIEW e

—
Unborated water can be added to the reactor coolant system, via the chemical
volume and control system £CVCS), to increase core reactivity. This may happen
inadvertently, because of perator error or CVCS malfunction, and cause an
unwanted increase in reactivity and a decrease in shutdown margin. The operator
must stop this unplanned dilution before the shutdown margin is eliminated. Since
the sequences of events that Mmay occur depend on plant conditions at the time of
the unplanned moderator dilution, the review includes conditions at the time of
the unplanned dilution, such as refueling, startup, power operation (automatic
control and manual modes ), hot standby, and cold shutdown.

The review of postulated moderator dilution events considers causes, initiating
events, the sequence of events, the analytical model, the values of parameters
used in the analytical model, and predicted consequences of the event.

The sequence of events described in the applicant's safety analysis report (SAR)
is reviewed by both the RSB. The RSE reviewer concentrates on the need for the
reactor protection system and the operator action required to secure and maintain
the reactor in a safe condition. The RSB review of SRP Section 6.3 covers the
systems for emergency injection of borated cooling water.

The analytical methods are reviewed by RSE to ascertain whether the mathematica)
modeling and computer codes have been treviously accepted by the staff. If a
reiarenced analytical method has not been previously reviewed, the reviewer
initic*es a generic evaluation of the new analytical model.
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The predicted results of moderator dilution events are reviewed by RSB to assure
that the consequences meet the acceptance criteria given in subsection 11 of this
SRP section. Further, the resuits of the transients are reviewed to ascertain

that the values of pertinent system parameters are within ranges expected for
the type and class of reactor under review.

In addition, the RSB will coordinate the other branches' evaluations that inter-
face with the overall review of the system as follows: The Instrumentation and
Control Systems Branch (ICSB) reviews the instrumentation and control aspects of
the sequence described in the SAR to confirm that reactor and plant protection and
safeguards controls and instrumentation systems will function as assumed in the
safety analysis as part of its primary review responsibility for SRP Sections 5.8
through 7.5. The Chemical Enginesring Branch (CMEB) reviews the functional and
operational characteristics and potential failure modes of the CVCS as part of
its primary review responsibility for SRP Section 9.3 4. The RSB reviewer makes
use of this review to evaluate initiating causes and the expected sequence of
events. The Core Performance Branch (CPB) reviews the values of the reactivity
parameters used in the analyses as part of its primary review responsibility for
SRP Section 4.3 and also performs, upon request, additional analyses related to
these accidents for selected reactor types as part of its primary review
responsibility for SRP Sections 4.2 and 4.4,

For those areas of review identified above as being reviewed as part of the
primary review responsibility of other branches, the acceptance criteria necessary

for the review and their methods of application are contained in the referenced
SRP section of the corresponding branch.

I1. ACCEPTANCE CRITERIA

The RSB acceptance criteria are based on meeting the relevant requirements of the
following regulations:

A General Dgsign C(iterion 10 (Ref. 2), as it'relates to the reactor coolant

B. General Design Criterion 15 (Ref. 3), as it relates to the reactor coolant
system and its associated auxiliaries being designed with appropriate margin
to assure that the pressure boundary will not be breeched during norma)
operations including anticipated operational occurrences.

Lo ]

General Design Criterion 26 (Ref. 4), as it relates to the reliable contro)
of reactivity changes to assure that specified acceptable fuel design limits
are not exceeded, including anticipated operational occurrences. This is

accomplished by assuring that appropriate margin for malfunctions, such as
stuck rods, are accounted for.

The general objective of the review of moderator dilution events is to confirm
that either of the following conditions are met:

1. The conseguences of these events are less severe than the consequences of
another transient that results in an uncontrolled increase in reactivity and
has the same anticipated frequency classification.
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2. The plant responds to the events in such a way that the criteria regarding
fuel damage and system pressure are met and the dilution transient is
terminated before the shutdown margin is eliminated.

Specific criteria necessary to meet the relevant reguirements of GOC 10, 15,
and 26 are as follows:

1. Pressure in the reactor coolant and main steam systems should be maintained
below 110% of the design valves. (Ref. 1)

> Fuel cladding integrity shall pe maintained by ensuring that the minimum
DNBR remains above the 95/95 DNBR 1imit for PWRs and the CPR remains above
the MCPR safety 1imit for BWRs based on acceptable correlations (see SRP
Section 4.4).

3. An incident of moderate frequency should net generate a more serious plant
condition without other faults occurring independently.

4. An incident of moderate frequency in combination with any single active
comonent failure, or single operator error, shall be considered and is an
event for which an estimate of the number of potential fuel failures shall
be provided for radiological dose calculations. For such accidents, the
number of fuel failures must be assumed for al) rods for which the DNBR
or CPR falls below those values cited above for cladding integrity unless
it can be shown, based on an acceptable fue! damage mode! (see SRP
Section 4.2), thac fewer failures occur. There shall be no loss of function
of any fission product barrier other than the fuel cladding.

5. If operator action is required to terminate the transient, the following
minimum time intervals must be available between the time when an alarm

announces an unplanned moderator dilution and the time of loss of shutdown
margin:

a. During refueling: 30 minutes.

b. During startup, cold shutdown, hot standby, and power ocperation: 15
minutes.

The applicant's analysis of moderator dilution events should be performed using
an acceptable analytical model. Shuuld unreviewed analytical methods be proposed,
these methods must be evaluated by the staff. For new generic methods, the
reviewer initiates an evaluation.

A1l of the following plant initial conditions should be considered in the analysis:

refueling, startup, power operation (automatic control and manual modes ), hot
standby, and cold shut.down.

The parameters angd assumptions used in the analytical model should be suitably
conservative. The following vaiues and assumptions are considered acceptable:

(i) For analyses during power operation, the initial power level is rated
output (licensed core thermal power) plus an allowance of 2% to account
for power measurement uncertainty.

(i1) The boron dilution is assumed to occur at the maximum possible rate.
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(i11) The core burnup and corresponding boron concentration are selected
to yield the most Timiting combination of moderator temperature
coefficient, void coefficient, Doppler Coefficient, axia) power profile,
and radial power distribution. This will usually be the beginning-of-
life (BOL) condition.

(iv) A1l fuel assemblies are installed in the core.

(v) & conservatively low value is assumed for the reactor coolant volume.

the core. |

(vii) For analyses during power operation, the minimum shutdown margin allowed
by the technical specifications (usually 1%) is assumed to exist prior
to the initiation of boron dilution.

(viii) For each event analyzed, a Conservatively high reactivity addition
rate

is assumed taking into account the effect of increasing boron worth
with dilution.

(ix) Conservative Scram characteristics are assumed, i.e., maximum time
delay with the most reactive rod held out of the core.

IT1. REVIEW PROCEDURES

The procedures below are used during both the construction permit (CP) and operat-
ing license (OL) reviews. During the cp review, the values of system parameters
and setpoints used in the analysis will pe preliminiany in nature and subject

to change. At the OL review, fina) values should be used in the analysis, and

the reviewer should Compare these to the Timiting safety system settings included

The descriptions of moderator dilution transients Presented in the SAR are
reviewed by RSB regarding the occurrences leading to the initiating events.

sequence of events, from initiation unti) 8 stabilized condition is reached,
s reviewed to ascertain:

1. The extent to which normally operating plant instrumentation and controls

are assumed to functign. Particularly important are the alarms which alert
the operator to the unplanned boron dilution.

The operation of engineered safety systems that is required.

The extent to which operator actions are required.

N " s w

The appropriate margin for malfunctions, such as stuck rods are accounted ,
for.

15.4 6-4 Rev. 1 - July 1981




The RSB reviewer confirms that analyses are included for a boron dilution
incident occurring during each of the following plant initial conditions:
refueling, startup, power operation (automatic control and manual modes), hot
standby, and cold shutdown. The refueling condition should consider cases when
the reactor vessel head is removed and the coolant is drained to the elevation
of the hot leg piping. For each such incident reviewed, all possible causes
must have been considered by the applicant and justification presented that

the cause selected for analysis is the one that allows the operator the least
time to take corrective action.

With the aid of the EICSB reviewer, the timing of the initiation of those protec-
tion, engineered safety, and other systems needed to 1imit the consequences of
each boron dilution incident to acceptable levels is reviewed. The RSB reviewer
compares the predicted variations of system parameters with various trip and
system initiation setpoints. The ICSB reviewer evaluates automatic initiation,
actuation delays, possible bypass modes, interlocks, and the feasibility of
manual operation where the SAR states that operator action is needed or expected.

To the extent deemed necessary, the RSB reviewer evaluates the effects of single
active failures of systems and components that may affect the course of the
transient. This phase of the review uses the system review procedures described
in the standard review plans for Chapters 5, 6, 7, 8, and 9 of the SAR. In
particular, the redundancy of alarms that alert the operator to the unplanned
dilution is confirmed.

The mathematical models used by the applicant to evaluate core performance and
reactivity status are reviewed by RSB to determine if these models have been
previously found acceptable by the staff. If not, a generic review of the mode)
proposed by the applicant is initiated.

The values of system parameters and initial core and system conditions used as
input to the mode) are reviewed by RSB. Of particular importance are the
reactivity coefficients and control rod worths used by the applicant. The justi-
fication provided by the applicant to show that the selected core burnup condition,
boron concentration, and rod worths yield the minimum margins is evaluated.
CPS is consulted regarding the values of the reactivity parameters used in the
applicant's analysis. These values are reviewed by CPB under SRP Section 4.2.
The value of core reactivity as a function of time followin? each incident
analyzed is confirmed by comparision with an acceptable analysis performed for
another plant, by comparison with staff calculations for typical plants done
by CPB on reguest, or by independent calculations by the RSB reviewer.

The assumed dilution flow rates are reviewed, taking into consideration the
system parameters which act to limit the flow. The reviewer examines the flow-
limiting equipment characteristics provided by the applicant to justify his

flow rate assumptions; e.g., if the flow is 1imited by the charging pump capacity,
the assumed flow is compared with the flow for all charging pumps acting at

full capacity. If some lesser value of flow is assumed, such as not all pumps
operating, or flow limited by a valve, justification must be provided. EICSB

is consulted concerning any interlocks for which credit is taken.

The results of the analyses are reviewed and compared to the acceptance criteria
presented in subsection II of this SRP regarding the time available for the
operator to take corrective action. The variations with time during the tran-
sient of important parameters are compared to those predicted for other similar
plants to see that they are within the range expected. Parameters of particular
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importance are core reactivity, boron concentration, rate of addition of unbor-
ated water, power level, core pressure, and minimum departure from nucleate
boiling ratio (DNBR).

IV. EVALUATION FINDINGS

The reviewer verifies that the SAR contains sufficient information and his
review supports the following kinds of statements and conclusions which should
be included in the staff's safety evaluation report:

Various chemical and volume control system (CVCS) malfunctions which could
lead to an unplanned boron dilution incident have been reviewed. The mal-
functions that allow the operator the shortest time for corective action
have been analyzed starting from plant conditions of startup, power operation
(automatic and manual), hot standby, cold shutdown, and refueling. These
events were evaluated by the applicant using a mathematical model that

has been previously reviewed and found to be suitably conservative. The
results of the analyses of these events showed that the operator has

minutes to take corrective action if a boron dilution incident occurs during
refueling and minutes if at power. In the latter case the most severe
transient results in a minimum departure from nucleate boiling ratio (DNBR)
of and reactor coclant and main steam system pressures of less than

110% of design.

The staff concludes that the analysis for the decrease in reactor cocolant boron
concentration event is acceptable and meets the reqguirements of General Design
Criteria 10, 15 and 26. This conclusion is based on the following:

3. The applicant has met the reguirements of GDC 10 with respect to demonstrating
that the specified acceptabie fuel design limits are not exceeded for this
event. This reguirement has been met since the results of the analysis
showed that the thermal margin limits (MDNBR for PWRs) are satisfied as
indicated by SER Section 4.4.

2. The applicant has met the requirements of GDC 15 with respect to demonstrat-
ing that the reactor coolant pressure boundary 1imits have not been exceeded
for this event. This requirement has been met since the analysis showed
that the maximum pressure in the reactor coclant and main steam systems
did not exceed 110% of the design pressure.

3. The applicant has met the requirements of GDC 26 with respect to demonstrating
that the control rod system has the capability of overcoming the effects
of boron dilution events during reactor operation. The applicant has demon-
strated the fulfillment of these requirements by showing that under the
postulated accident conditions, and with appropriate margins for stuck
rods, the specified acceptable fue)l design 1imits are not exceeded.

V.  IMPLEMENTATION

The following is intended to provide guidance to applicants and licensees regarding
the NRC staff's plans for using this SRP section.

Except in those cases in which the applicant proposes an acceptable alternative
method for comlying with specified portions of the Commission's regulations,
the method described herein will be used by the staff in its evaluation of
conformance with Commission Regulations.
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15.4.6 CHEMICAL AND VOLUME CONTROL SYSTEM MALFUNCTION THAT RESULTS
IN A DECREASE IN THE BORON CONCENTRATION IN THE REACTOR
COOLANT

15.4.6.1 lgentification of Causes and Accident Description

One of the two principal means of positive reactivity insertion to the
core is the addition of unborated, primary grade water from the
Demineralized and Reactor Makeup Water System (RMWS) into the RCS
through the reactor makeup portion of the Chemical and Volume Contro)l
System (CVCS). Boron dilution with these systems is a manually
initiated operation under strict administrative controls requiring
close operator surveillance with procedures limiting the rate and
duration of the dilution. A boric acid blend system is available to
allow the operator to match the makeup's boron concentration to that
of the RCS during normal charging.

A comprehensive review of the primary system showed that a single
failure in the NaOH spray system would not result in a boron dilution
of the Reactor Coolant System and that the CVCS malfunction represents
the most 1imiting potential source of dilution. Based on this

review, it is clear that the analysis results presented below bounds
311 potential sources of inadvertent dilution under al) modes of
operation.

Amendment 87 15.4-28
December 18, 1992
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Q212.78
Q212.13
The principal means of causing an inadvertent boron dilution are the 14
opening of the primary water makeup control valve and failure of the
blend system, either by controller or mechanical failure. The CVCS
and RMWS are designed to 1imit, even under various postulated failure
modes, the potential rate of dilution to values which, with indication
by alarms and instrumentation, will allow sufficient time for
automatic or cperator response (depending on the mode of operation) to
terminate the cilution. An inadvertent dilution from the RMWS may be
terminated by closing the primary water makeup control valve. A1)
expected sources of vilution may be terminated by closing isolation
valves in the Civi%, 1.2-LCV-112B and C. The lost shutdown margin
(S0M) may be regained by the opening cf isolation valves to the RWST,
1,2-LCV-1120 and E, thus allowing the addition of 2000 ppm borated
water to the RCS.

The rate at which unborated water can be added to the RCS is limited
by the design of the CVCS and RMWS. The makeup flow is limited to a
maximum dilution flow rate of 167 gpm for Cold §hutdown, Hot Shutdown
and Hot Standby.

Generally, to dilute, the operator must perform two distinct actions: i 14

1) Switch control of the makeup from the automatic makeup mode to 14
the dilute mode, and

2) Turn the RCS makeup actuation handswitch to the “on" position. i 74

December 18, 1992
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Failure to carry out either of the above actions prevents initiation
of dilution. Also during normal operation the operator may add
borated water to the RCS by blending boric acid from the boric acid
storage tanks with primary grade water. This reguires the operator
to determine the concentration of the addition and to set the blended
flow rate and the boric acid flow rate. The makeup controller will ;
then 1imit the sum of the boric acid flow rate and primary grade water

flow rate to the blended flow rate after turning the RCS system makeup

actuation switch to the “on” position (i.e., the controller determines

the primary grade water flow rate).

The status of the RCS makeup is continuously available to the operator
by:

1) Indication of the boric acid and blended flow rates,

2) CVCS and RMWS pump status lights,

3) Deviation alarms if the boric acid or blended flow rates deviate
by more than 10% from the preset values,

4) Source Range Neutron Flux - when reactor is subcritical;

a) High Flux at Shutdown Alarm,

b) Indicated Source Range Neutron Flux count rates,
c) Audible Source Range Neutron Flux count rate, and
d) Source Range Neutron Flux - Doubling Alarm.

5) With the reactor critical

a) Axial Fiux Difference Alarm (reactor power > 50% RTP),

b) Control Rod Insertion Limit Low and Low-Low Alarms,

c) Overtemperature N-16 Alarm (at power),

d) Overtemperature N-16 turbine runback (at power), .
€) Overtemperature N-16 Reactor Trip, and f

15.4-30
February 28, 1992
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Q212.78

Q212.13¢
f)  Power Range Neutron Flux - High, both high and low setpoint | 14 )
Reactor Trips. \

Q212.66

This event is classified as an ANS Condition Il incident (a fault of 14
moderate frequency) as defined in Section 15.0.1.
Q212.78
Q212.13€
15.4.6.2  Analysis of Effects and Conseguences
To cover all phases of plant operation, boron dilution during 14
Refueling, Cold Shutdown, Hot Shutdown, Hot Standby, Startup, and
Power modes of operation are considered in this analysis.
Conservative values for necessary parameters were used, i.e., high RCS
critical boron concentrations, high boron worths, minimum shutdown
margins, and lower than actual RCS volumes. These assumptions result
in conservative determinations of the time available for operator or
system response after detection of a dilution transient in progress.
Qz212.78
Q212.136€
Refueld 14

An uncontrolled boron dilution transient cannot occur during this mode | 14
of operation. Inadvertent dilution is prevented by administrative

controls which isolate the RCS from the potential source of unborated
water. Either valve 1,2C5-8455 or valves 1,2CS-8560, 1,2FCv-1118B, 84 1
1,2C5-8441, 1,2C5-8453 and 1,205-8439 in the CVCS will be locked I
closed during refueling operations. These valves block all flow .
paths that could allow significant rates of unborated makeup water to 71
reach the RCS. Any makeup which is reguired during refueling will 74
be borated water supplied from the RWST.

15.4-31 Amendment 84 |
February 28, 1992 |
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Qz12.78

Q212.136
14 Pilution During Cold Shutdown

87 The Technical Specifications require the reactor to be shutdown by at
least 1.3% A K/K for Unit 1 and 1.3% AK/K for Unit 2 when in this
mode. The following conditions are assumed for inadvertent boron

14 dilution while in this operating mode:

Q212.78

Q212.136

87 1) The boron concentration required to meet a SOM of 1.3% AK/K for

Unit 1 and 1.3% A K/K for Unit 2 is very conservatively |
estimated to be 1345 (Unit 1) and 990 (Unit 2) ppm. This

corresponds to a critical Cg of 1250 ppm (Unit 1) and 910 ppm

(Unit 2), assuming a very conservative, constant boron worth of

13.7 pcm/ppm (Unit 1) and 16.3 pcm/ppm (Unit 2).

2) Dilution flow rate is limited by design to a maximum of 145 gpm
for Unit 1 and 140 gpm for Unit 2.

3) A minimum RCS water volume of 3500 ft3. This is a
conservative estimate of the active volume of the RCS with the
water level drained to mid-nozzle in the vessel while on one
train of RHR.

iluti H n

The Technical Specifications require the reactor to be shutdown by at
least 1% A K/K with an available shutdown margin of 1.6% A K/K
| (Unit 1) and 1.3% AK/K (Unit 2) when in these operating modes.

Amencment 87 15.4-32 |
December 18, 1992 |
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The following conditions were assumed for an inadvertent boron
dilution while in these modes:

1) The boron concentracion required to meet a SDM of 1.6% AK/K
(Unit 1) and 1.3%AK/K (Unit 2) is very conservatively estimated
to be 1465 (Unit 1) and 980 (Unit 2) ppm. This corresponds to a
critical Cg of 1350 ppm (Unit 1) and 900 ppm (Unit 2), assuming
2 very conservative, constant boron worth of 13.9 pcm/ppm (Unit
1) and 16.3 pcm/ppm (Unit 2).

2) Dilution flow rate is 1imited by design to a maximum of 167 gpm
for Unit 1 and 161 gpm for Unit 2.

3) A minimum RCS water volume of 4169 (Unit 1) and 4212 (Unit 2)
ft3. This is a conservative estimate of the active volume of
the RCS while on one train of RHR, and is a very conservative
estimate of the active RCS volume with one reactor coolant pump
operating.

Startup is a transitory mode of operation. In this mode the plant is
being taken from one long term mode of operation, Hot Standby, to
another, Power. The plant is maintained in the Startup mode only for
the purpose of startup testing at the beginning of each cycle.

During this mode of operation the plant is in manual control, 1i.e.,
Tavg/ rod control is in manual. A11 normal actions required to
change power level, either up or down, require operator initiation.
The Technical Specifications require a SOM of 1.6% AK/K (Unit 1) and
1.3% AK/K (Unit 2) and four reactor coolant pumps operating. Other
conditions assumed are:

1) Dilution flow rate is limited by the design of the CVCS and
RMWS. The makeup flow rate is limited to 2 maximum of 167 gpm
for startup.

15.4-33 Amendment 87
December 18, 1992
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2) A minimum RCS water volume of 9000 (Unit 1) and 9100 (Unit 2)
ft3, This is a very conservative estimate of the active RCS
volume, minus the pressurizer volume.

Initfa) Cg for criticality is assumed to be 1600 ppm (Unit 1)
and 1500 ppm (Unit 2) with & very conservative, constant boron
worth of 12.5 pcm/ppm (Unit 1) and 13.3 pem/ppm (Unit 2).

Dilution Dyring Fyll Power QOperation

The plant may be operated at power two ways, automatic T.vg/rod
control or under manual (operator) rod contrecl. The Technical
Specifications require an available shutdown margin of 1.6% A K/K
(Unit 1) and 1.3% AK/K (Unit 2) and four reactor coolant pumps
operating. With the plant at power and the RCS at pressure, the
dilution rate is limited by the capacity of the centrifugal charging
pumps (analysis is performed assuming two charging pumps are in
operation even though normal operation is with one pump). Conditions
assumed for this mode are:

1) Dilution flow rate is limited by the design of the CVCS and
RMWS. The makeup flow rate is limited to a maximum of 167
gpm. When the pressurizer level control is in manual, the
maximum dilution flow rate is 167 gpm and when in automatic
pressurizer level control, the dilution is limited to the maximum
letdown flow rate (approximately 125 gpm).

A minimum RCS water volume of 9000 (Unit 1) and 9100 (Unit 2)
ft3. This is very conservative estimate of the active RCS
volume, minus the pressurizer volume.

Initial Cg for criticality is assumed to be 1600 ppm (Unit 1)
and 1500 ppm (Unit 2) with a very conservative, constant boron
worth of 12.5 pcm/ppm (Unit 1) and 13.3 pcm/ppm (Unit 2).

Amendment B85
May 29, 1992
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15.4.6.3  Results and Conclysions

See Reference 14 for analysis results and conclusions which are
applicable while the Boron Dilution Mitigation System is under
evaluation.

Dilution during this mode has been precluded through administrative
control of valves in the possible dilution flow paths (see Section
15.4.6.2).

il r 1 n

In the event of an inadvertent boron dilution transient while in this
mode of operation the Source Range nuclear instrumentation will detect
a doubling of the neutron flux by comparison of the average Source
Range flux during a full minute time frame to the average flux for
each of the nine previous minutes. Upon detection of the flux
doubling, an alarm is sounded for the operator and valve movement is
automatically initiated to terminate the dilution and start boration,
Valves 1,2-LCV-112D and E (isoclation valves to the RWST) are opened
to supply 2000 ppm

15.4-35 Amendment 87
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borated water to the suction of the charging pumps and valves
1,2-LCV-1128 and C (isolation valves in the CVCS) are closed to
terminate the dilution. These automatic actions are carried out to
minimize the approach to criticality and regain the lost shutdown
margin. Action taken by the operator is to terminate boration
after regaining the regquired shutdown margin and determine and correct
the cause of the dilution transient.

Rilytion During Hot Shutdown and Hot Standby

In the event of an inadvertent boron dilution transient while in these
modes of operation the Source Range nuclear instrumentation will
detect a doubling of the neutron flux, automatically initiate valve
movement to begin boration and terminate the dilution, and sound an
alarm for the operator. No operator action is reguired to terminate
this transient and minimize the approach to criticality.

jlutd j r

This mode of operation is a transitory mode to go to power and is the
operational mode in which the operator intentionally dilutes and
withdraws control rods to take the plant critical. During this mode
the reactor is in manual rod contro) with the operator reguired to
maintain a very high awareness of the plant status. For a norma)
approach to criticality the operator must manually initiate a limited
dilution and subseguently manually withdraw the control rods, a
process that takes several hours. The plant Technical Specifications
require that the operator determine the estimated critical position of
the control rods prior to approaching criticality thus assuring that
the reactor does not go critical with the control rods below the
insertion 1imits. Once critical, the power escalation must be
sufficiently slow to allow the operator to manually block the Source
Range reactor trip (nominally at 109 cps) after receiving P-6 from

Amendment 84 15.4-36 |
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the Intermediate Range. Too fast a power escalation (due to an
unknown dilution) would result in reaching P-6 unexpectedly, leaving
insufficient time to manually block the Source Range reactor trip.
Failure to perform this manual action results in a reactor trip and
immediate shutdown of the reactor.

However, in the event of an unplanned approach to criticality or
dilution during power escalation while in the Startup mode, the plant
status s such that minimal impact will result. The plant will

slowly escalate in power to a reactor trip on the Power Range Neutron
Flux - High, low setpoint (nominally 25% RTP). After reactor trip
there is at least 21.5 (Unit 1) and 17.9 (Unit 2) minutes for operator
action prior to return to criticality. The reguired operator action
is the opening of valves 1,2-LCV-112D0 and E to initiate boration and
the closing of valves 1,2-LCV-112B and C to terminate dilution.

Dilution During Full Power Operation

With the reactor under manual rod control and no operator action taken
to terminate the transient, the power and temperature rise will cause
the reactor to reach the Overtemperature N-16 trip setpoint resulting
in a reactor trip. " After reactor trip there is at least 21.5 (Unit
1) and 17.9 (Unit 2) minutes for operator action prior to return to
criticality. The required operator action is the opening of valves
1,2-LCV-112D and £ and the closing of valves 1,2-LCV-112B and C. The
boron diiution transient in this case is essentially equivalent to an
uncontrolled rod withdrawal at power. A reactor trip occurs when
either the Hi Neutron Flux or the Overtemperature N-16 setpoint is
reached. The maximum reactivity insertion rate for a boron dilution
transient is conservatively estimated to be 1.2 pcm/sec (Unit 1) and
1.2 pcm/sec (Unit 2) and is within the range of insertion rates
analyzed for uncontrolled rod withdrawal at power.

15.4-37 Amendment 86
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It should be noted that prior to reaching the Overtemperature N-16
reactor trip the cperator will have received an alarm on
Overtemperature N-16 and an Overtemperature N-16 turbine runback.
With the reactor in automatic rod control the pressurizer leve)
controller will 1imit the dilution flow rate to the maximum letdown
rate, approximately 125 gpm. If a dilution rate in excess of the
letdown rate is present, the pressurizer level controller will
throttle charging flow down to match the letdown rate.

Thus with the reactor in automatic rod control, a boron dilution will
result in a power and temperature increase such that the rod
controller will attempt to compensate by slow insertion of the control
rods. This action by the controller will result in at least three
alarms to the operator:

1) rod insertion limit - low level alarm,

2) rod insertion limit - low-low level alarm if insertion continued
after (1) above, and

3) axial flux difference alarm (A1 outside of the target band).

Given the many alarms, indications, and the inherent slow process of
dilution at power, the cperator has sufficient time for action. For
example, the operator has at least 28 (Unit 1) and 23 (Unit 2) minutes
from the rod insertion 1imit low-low alarm until 1.6% AK/K (Unit 1)
and 1.3%AK/K (Unit 2) is inserted at beginning-of-1ife. The time
would be significantly longer at end-of-1ife, due to the low initial
boron concentration, when shutdown margin is a concern.

The above results demonstrate that in all modes of operation an
inadvertent boron dilution is precluded, or responded to by automatic
functions, or sufficient time is aveilable for operator action to
terminate the transient. Following termination of the dilution flow
and initiation of boration, the reactor is in a stable condition with
the operator regaining the required shutdown margin.

Amendment 86 15.4-38
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