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Abstract

his report documents the results of a scoping study of rapid dilution events in pressurized water
reactors. It reviews the subject in broad terms and focuses on one event of most interest. His event
could occur during a restart if there h a loss-of-offsite power when the reactor is being debarated.
If the volume control tank is tilled with water at a low boron concentration then a slug of this water
could accumulate in the lower plenum. This would be the result of the trip of the reactor coolant
pumps leading to relatively low flow conditions and the restart of the charging pumps on emergency
power. He concern is that this diluted slug will rapidly enter the core after a reactor coolant pump
is restarted and this could cause a power excursion leading to fuel damage. His problem was
studied probabilistically for three plants and the important design features that affect the core
damage frequency were identified. This analysis was augmented by an analysis of the mixing of the_
diluted water with the borated water already present in the vessel. The mixing was found to be
significant so that neglect of this mechanism in the probabilistic analysis leads to very conservative

_

results. Neutronic calculations for one plant were carried out to understand the effect of nuclear j
design on the consequences of the event.

;
,

,
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Executive Summary

- A rapid boron dilution event in a pressurized water reactor is postulated to occur when two
requirements are met. ne first requirement is that unborated or diluted water enters the reactor

.

cooling system (RCS) during a period when there is very little circulation and the assumption is
made that this water collects in a part of the system. The second requirement is that a reactor
coolant pump (RCP) is started so that the slug of relatively diluted water passes rapidly through the
core with the potential to cause a power excursion and fuel damage.

Although there are several scenarios that qualify as rapid boron dilution events, the one of most
concern in this study occurs during a reactor restart. Analysis of this event without accounting for
mixing of the dNted water entering the RCS results in a significant core damage frequency.
However, if mixing a taken into account it becomes possible to have core damage only under the
most extreme set of core initial conditions.

The reactor restart scenario occurs during the period when the reactor is being deborated according
to normal procedures so that criticality can be achieved. A loss of offsite power (LOOP) is the
initiating event. When this occurs there is reactor trip (the shutdown banks would be withdrau
during deboration) and trip of the charging pumps and the RCPs. When emergency power is
brought on line the RCPs 2.re not able to start hat the charging pumps will start. It is assumed that

.

the volume control tank (VCT), which supplies the suction for the charging pumps, is filled with
highly diluted water. This water continues to be pumped into the RCS if the operator takes no;

action to switch the suction to a borated source. Since the RCPs are not running, if the natural,

circulation flow rate is low, the first requirement for a rapid baron dilution is met, i.e., there is the
potential for a slug of diluted water to accumulate in the RCS,in this case most likely in the lower
plenum.

The second requirement, that an RCP start, is fulfilled after offsite power is restored. It is assumed
that the operators will start the RCP in order to resume the restart procedure. When this occun
it is assumed that the slug passing through the core adds sufficient reactivity to overcome the
shutdown margin and cause a power excursion. Furthermore, the concern is that the power
excursion is sufficient to cause fuel damage.

. A probabilistic analysis had been done for this event for a European PWR. The estimated core
damage frequency was found to be high enough so that corrective actions were taken. A system was,

'

. installed so that the suction of the charging pumps would switch to the highly borated refueling
| water storage tank (RWST) when there was a trip of the RCPs. This was felt to reduce the
! estimated core damage frequency to an acceptable level.
i
!

| In order to see if the ccre damage frequency might be as high in U.S. plants, a probabilistic
,

assessment of this scenario was done for three plant . The plants chosen, Oconce, Calvert Cliffs,

| . and Surry, represent a sample from the threc U.S. reactor vendors, Babcock & Wilcox, Combustion
! Engineering, and Westinghouse. The estimated core damage frequency based on a scoping analysis

was 2.8E-5/yr, 2.0E-5/yr, and 9.7E-6/yr for the three plants, respectively. Dese numbers are
relatively high compared to desireable goals, but they are only the result of a scoping analysis and
include many assumptions.
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Esecuthe Sumnary

Although there were several consenative assumptions made in the analysis it should also be noted
that there v/oc sevent c(mditions present at these plants which might not be relevant at other plants
and would make the. core damage frequeng highn at those other plants. One of these is the
initiating frequency for a I.OOP which is lower at U.S plants than at plants in some other countries.

.

Another condition is related to plant design and the size of the source of unborated water during
- the event. In this analysis it was assumed that the volume of diluted water available was the volume
within the VCT from the normal level to the low level at which point highly borated water from the
RWSTwould automatica!!y start to fill the VCT. In each of the three plants studied, the pump from
the source of primary makeup water was tripped after the LOOP and remained tripped until full
power was restored. If the design was such that titis pump was connected to the emergency bus then
the source of unborated water would be greatly increased and the core damage frequeng would be
increased. Since there are pWRs in Europe where this iu the case it may also be true within the
U.S. Therefore, some plants may have a higher vulnerability to this event than those chosen for
study.

De two most important conservative assumptions in this analysis are:

The mixing of the injectant is insignificante-

Fuel damage occurs when the slug passes through the coree

The first assumption was found to be conservative by performing an analysis using a mixing model
that had been developed to treat the mixing of streams of water at different tempertures, The
mixing is significant when the injectant first enters the cold leg,when it enters the downcouer, and
then as it moves down the downcomer into the h3wer plenum. He calculations were done for

,

Calvert Cliffs and Surry. De reactor conditions assumed were that the RCS was initially stagnant
and that the temperature of the-injectant was either 100F' or 2WF lower than the initial
temperature of the RCS. If there was significant loop flow due to natural circulation this would

|. enhance the mixing.

I
; The results of the mixing analysis were that the boron concentration in the lower plenum was not
L - expected to be lower than 1080 ppm or 900 ppm for Surry and Calvert Cliffs, respectively, assuming
' in both cases that the boron concentration in the RCS at the time of the l.OOP was 1500 ppm. This

_

means that the reactivity addition would correspond to a change of only 400400 ppm rather than
the 1500 ppm that was theoretically possible/

.The second major conservative assumption in the probabilistic analysis is that sending a slug of
diluted water through the core will cause fuel damage. In reality the effect of the slug will depend

L iThe extent of mixing means that the volume of diluted water created is much larger than the
initial volume available from the VCT Hence when the RCPis restarted the slug will remain in the
core for a longer period of time than would be the case with no mixing. This will not have a strong

- impact on the initial-power burst and the potential for immediate fuel damage, but would be
! -important in understanding fuel behavior over a longer period.
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Esecutlie Summary

;on thc|rcactivity addition caused by the diluted slug, the volume and geometry of the slug, the initial
shutdown margin | and the thermal. hydraulic feedback.

A scoping analysis of the neutronics was done to show how these factors affect the consequences of
- the event and iti particular whether catastrophic fuel damage might occur. This was defined as -
damage that could change fuel geometry and was determined by a loca! fuel enthalpy criterion of

.

280 cal /g. No consideration was given to other fuel damage mechanisms. A model of the Calvert
_ Cliffs plant was used although some of the results have general applicability.n

1t was found that the t' lug boron concentration would have to be less than 430 ppm (i.e., a dilution
"

of1070 ppm) for catastrophic fuel damage t_o occur if the shutdown margin was 4% and the Doppler
_

feedback was relatively strong. It the shutdown margin is smaller c,r if the core has a smaller "

t

- Doppler feedback, then a smaller dilution would cause a problem, he Doppler feedback plays a
.Very important role and vatics significantly during a cycle and for different cyc:es so that it can have
an important effect en the results.

The shutdown margin _is made up of the worth of the shutdown bank which enters the core after the
LOOP and the shutdown margin that existed prior to that. De shutdown bank worth typically
varies from 2% to 5% depending on the plant. The pre-LOOP shutdawn margin depends on when

1during the .vtartup deboration that the LOOP occurs. Ifit occurs at the start of this period then the
shutdown rnargin will be larger than ifit occurs toward the end when the core boron concentration
is closdr to the value needed for criticality. The probabilistic analysis assumes that the core damage-
is equally likely anytime during the normal deboration period an.d, therefore, neglects this effect.
For the Calvert Cliffs casc the 4% used for the shutdown margin was assumed to be the effcet of

- the shutdown bank only.

_ Eased on the Calvert Cliffs neutronics calculations of shutdown bank worth and Doppler feedback,
and mixing calculations indicating a slug boron concentration of 900 ppm, catastrophic fuel damage
would not be expected. However,if the magnitude of the Doppler coefficient'was half of that used,
and the worth of the shutdown banks was only 2% then the result would be close to the fuel damage
criterion. Furthermore,if the temperature of the slug was low, this would add to the severity of the.

-excursion due to the positive effect of coolant temperature feedback,

it is important-to note that these results will be a function of plant- design. Every plant may be
- vulnerable to some form of rapid dilution event. Plants that use a diluted VCTto deborate may be
vulnerable to _the reactor restart scenario examined in detail in this study. For those plants the
probability that this event leads to fuel damage will be a function of _many design factors. Of

: particular importance are the volume and boron concentration of the VCT, the pumping rate of the
_

charging flow and its orientation at the cold leg, and the reactivity worth of the shutdown banks and
LDoppler feedback.

1

-
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1 Introduction

:1.1 Objectives

The general objective of this work is to improve the understanding of rapid toron dilution events
in pressurized water reactors (PWRs). This is to help the U.S. Nuclear Regulatory Commission
(NRC) to determine if any action should be taken to reduce the expected frequency of such events.
This objective is met by examining different scenarios and performing scoping probabilistic and
deterministic analysis. The probabilistic work quantifies the fr quency of occurrence of one
sequence which has been of particular interest to the NRC. His is done for plants of each of the
U.S. reactor vendors. The deterministic work consists of neutronics and thermal hydraulics
calculations. The neutronics calculations are of the reactivity effect of different dilution slugs and
the resulting power excursion. He thermal hydraulics calculations are of mixing to understand

- whether unborated water introduced into the reactor coolant system (RCS) can remain as a slug of
sufficient dilution to cause a problem.

1.2 Background

Boron dilution events have alwap been of concem in PWRs. A slow inadvertent dilution due to
malfunction of the chemical and volume control system (CVCS) is a design basis event which
satisfies stringent acceptance criteria, ne qcestion of whether additional failures beyond the CVCS
malfunction might lead to inadvertent criticality and fuel damage has also been addressed in the
past.~ More recently this type of event and many other possible dilution scenarios have been
surveyed in a study for the NRC [1.1]. Rat study noted that more scenarios were being postulated
in different countries and that additional work would have to be done in the future to determine the
importance of these esents.

it is convenient to separate these beyond-design-basis dilution events into three types according to
how they cause the power to rise in the core. For one_ type, the power excursion is caused by a
relatively slow, uncontrolled dilution in which the boron concentration in the core changes slowly
but steadily throughout the entire core. This type of event requires a large volume of diluted water.
It is relatively easy to analyze as the power increase will be determined by a linear reactivity addition.
mitigated by feedback effects, until stopped by operator action or the melting of fuel.

A second type of c:teursion occurs when pumps are off and diluted water accumulates in the lower
plenum of the vessel to the extent that the bottom of the core becomes critical and power increases.
This power increase causes an increase in the natural circulation flow rate which draws the diluted
water up from the bottom of the vessel into the core. Without consideration of thermal-hydraulic
feedback, this is an autocatalytic power excursion which is more rapid than the first type above.

The third type of power excursion is caused by a slug of diluted water rapidly entering the core.
Because it is a slug, less diluted water is required than in the first type of dilution in which the
diluted water mixes uniformly with the water in the RCS. It is this typ: of event that is currently
ofinterest to the NRC |1.2) and that is the subject of this study. In ordei to have such an event it
is first necessary to introduce diluted water into the RCS during a period when there is minimal
circulation so that the water can collect in one place. The slug of diluted water can then be passed

I
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Introduction'

rapidly through the core by the startup of one or more reactor coolant pumps (RCPs) or the
blowdown of one or more accumulators. This type of event is also ditierent from the other two in
that it has the potential of causing catastrophic fuel damage, i.e., rapid changes in fort geoturtry,
rather than relatively slow fuel melting.

The rapid dilution event (as wer as the second, autocatalytic, type of excursion) would occui when
the reactor coolant pumps are running as would be the situation duiing a shutdown petiod or
immediately tollowing reactor ti.r The shutdown period is also the time when the core might be
most vulnerable to this type of event because control rods are aheady inserted and, therefore,
reactor trip would not be possible to mitigate the power excursion.

1.3 Scope and Organization of this Report _

This study is bo:h an oveniew of rapid dilution events and a detailed analysis of one particular
event. In Section 2 a review is given of scenarios which could lead to a slug of water with a low
boron concentration passing through the core. One of these events, the reactor restait secnario, ,

*
is of particular interest because in one country in IIurope temcdial action has been taken to help
prevent the event, llence, specific probabilistic and deterministic analysis was carried out for this
scenario.

The analysis is considered of a scoping nature because it uses simpic models and only considers a
limited number of plant conditions and designs. De probabilistic analysis is described in Section

*3. Tbc analysis is carrie.1 out for the Oconce Calvert Clitfs. and Surry plants, representing each ol
the U.S. reactor vendors, One of the important assumptions in the analysis is that there is
insufficient mixing when a source of diluted water is introduced into the RCS so that that slug has
the potential to remain intact and pass through the core when an RCP is started. This assumption
is tested by performing an analysis of mixing that is described in Section 4. The analysis is for one
particular plant and uses straightforward empirical modet

Section 5 describes the neutronie analysis that was carried out to understand the potential -

consequences of a diluted slug passing through the core. The analysir 1cludes static calculations
of reactisity for different slug geometries and dilutions and dynamic calculations of the pow"r
excursion that would be expected if these slugs passed through the core. Although the modeling is
based on the reactor restart scenario, much of the analpis would be applicable to other scenarios
which lead to a slug of diluted water passing through the core.

A summary of results and conclusions is given in Section 6 and Section 7 contains references.

NUREG/CR-5819 2
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2 Rapid Dilution Scenarios

2.1 -Reactor Restart Scenario

One of the sequences that the industry has been aware of for a long period of time was recently
studied in Europc. <%c result of a preliminary probabilistic analysis indicated that the frequency of
occurrence of the event might be large in those plants and hence, the NRC issued an information

L notice 12.1).
.

The scenario occurs at the end of a shutdown period when the plant is being brought back to a
critical conligurationf De normal deboration is done when the reactor coolant system (RCS)is at
hot, pressurized conditions and the shutdown banks ate withdrawn.

The initiating event for this scenario is a loss of off-site power (LOOP). When that occurs there is
a reactor trip and a trip of the reactor coolant pumps. The charging pumps would ako stop but it

-can be assumed that emergency power is brought on line quickly and the charging pumps are-
energized from the emergency bus. These pumps will continue to pump from the volume control
tank (VCT), emptying the diluted water that is present into the RCS Assumptions are made that
the operator takes no action to switch to a boration mode, and that the VCT contains a relatively

= !arge volume of water which is at a boron concentration that is much less than that originally in the
RCS. This diluted water may be colder than the watcr in the RCS. When it gets pumped ink the

- cold leg it is assumed that there is miriimal mixing so that the water can collect as a diluted slug at
the bottom of the reactor pressure vessel (RPV). The probability of minimid mixing is enhar,eed
'f the event takes place after a long refueling when the decay heat level is low and consequently thei

amount of natural circulation in the RCS is relatisch low.

Under these circumstances, if off-site power is recovered, it is likely that the operator will start an
RCP in order to continue the process that was interrupted by the LOOP, 'lhis will send the slug
of diluted water through the core and it is assumed that the reactivity added will be sufficient to
overcome the existing shutdown margin and cause a power excursion leading to fuel damage.

.

When this event was studied in Europe as part of a probioilime risk assessment (PR A) for operating
atid shutdown conditions, a relatively high frequency far a LOOP was used and other assumptions
regarding inaction of the operator and the mixing of tb: water were assumed to hold so that the core
damage frequency was found to be high. As a result of this rough estimate corrective action was
recommended and a program of analysis and experimentation was initiated. The latter is to examine
the effect of mixingwhich if present would eliminate the creation of the slug. The corrective action
was a hardware change which would switch the suction of the charging pumps to the refueling water

~

storage _ tank (RWST) when there was an RCP trip. Since :he boron concentration in the RWST
is very high this would climinate the possibility of this accident. Taking into account the reliability i

of this new system would significantly reduce the expected frequency of occurrence.

2.2 Other Scenarios Involving Startup of an RCP

There are several other sequences that have been postulated which involve the startup of an RCP
after a period in which diluted water has accumulated somewhere in the RCS. By necessity these

3 NUREG/CR-5819
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sequences occur daring shutdown. They have been studied in varying degrees of detail for one
Westinghouse plant [2.2| and the following summary is based on that study.

A sequence studied by the French [2.3,2.4] starts with a loss of power and failure of equipment
inm!ved in the startup procedure. His could lead to boiling in the core. If the auxiliary feedwater
is operable this water is assumed to condense in the steam generator. The condensate which is
unborated could accumulate in the cross over leg so that when the situation returns to normal and
the RCPs are started, a diluted slug could be sent through the core.

Another source of diluted water in the cross over leg is secondary water. If steam generator tubes
are cut either on purpose or inadvertently during steam generator modifications, and no repairs are
made before the secondaty side is brought back into senice, then leakage of unborated water into _

the primary will occur when tk secondary is filled. There were two such events [2.5] reported for
the period from June 1969 to January 1981 which were found to cause an overall reduction in boron
concentration rather than a localized diluted slug. These dilutions were both detected at an early
stage and resulted in less than a 100 ppm change in RCS boron concentration, e

A sequence studied in great detail by Swedish workers [2.6.2.7|is one initiated by a steam generator
tube rupture (SGTR). De plant is initially at hot zero power or if at power, it is shut h,
immediately. It is assumed that the RCPs are tripped due to a loss of pouer or some other cau:,c.
If the operators use a backfill cooldown procedure then unborated water from the secondary wi"
enter the RCS. If this water does not mix but is assumed to collect in a stagnant part of the loop
then if an RCP is started there is the possibility that the slug will enter the core and cause a power
excursion.

Calculations performed in Sweden showed that the boron concentration in the core could go from
850 ppm to a minimum of 163 ppm in 10 seconds. These same calculations did not show any
immediate fuel damage due to the energy deposition. l~10 wever, the calculations are claimed to be
inconclusive and further analysis is needed. As a result of this analysis Westinghouse, in 1990,
recommended to the Westinghouse Owners Group that changes be made to the Emergency -

Response Guidelines regarding the procedures after a SGTR.

Other sources of unborated water during shutdown that could cause a problem if a slug collects and
'

an RCP is started include the RCP seal water flow or a leaking thermal barrier or the water used
to clean the refueling cavity after refueling. The cavity is hosed down with unborated water to
remove radioactivity. An event involving more than 12 hours of inadvertent dilution from an
unattended hose has occurred [2.8) causing a change in RCS boron concentration of 340 ppm.

2.3 Opening of Loop Stop Valves

A situation that is similar to a pump restart is the opening of a loop stop valve when pumps are
running. Calculations had been done by Westinghouse [2.9) to determine the consequences of a
startup of an inactive unborated loop without consideration of how the loop became diluted. All
rods were assumed to be initially out of the core and hence, the worth of the scram reactivity would
be considerable. In the worst case considered, where they also assume that the temperature of the
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water in the isolated loop is relatively cold, they calculated that approxisaately 3% of the fuel
experiences clad rupture and <0.5% melt completely, llowever, insufficient information was
presented to know what was the worth of the control rods and it is not possible to say that the
calculations bound all possible consequences.

-2.4 lilowdown of a Diluted Accumulator

If an accumulator has become diluted then if thete is an inadvertent blowdown of that accumulator
there is the potential for a diluted slug to pass through the core. De blowdown is postulated to
occur during shutdown when the RCS is at atmospheric pressure and the accumulator is at operating
pressure (625 psia). There is a motor operated valve that isolates the accumulator during shutdown.
If this valve is not decnergized according to procedures, then there is possibility that it can open
allowing the accumulator fluid to enter the cold loop and flow through the downcomer and into the
core.

There are several ways in which the accumulator can become diluted. In a study at 13rookhaven
National Laboratory [2.10|it was determined that the most likely cause was back-leakage during
operation at end-of-cycle. With a low boron concentration in the RCS and leakage throagh the
check valves, the accumulator boron concentration could change dnmatically if monitoring
instrumentation was defective or operators did not respond properly.

A detailed probabilistic analysis of this type of event was carried out for a Westinghouse plant and
showed that the expected frequency was insign;ficant. Ilowever, since that study an accumulator
dilution has occurred which indicates that the most likely source of diluted water might be
demineralized water that has been added for testing. His occurred in a French plant in July 1991.
The unborated water that had been used for testing was left in the accumulator and eventually 350
ft' of this water flowed under gravity into the RCS, Although the discharge of the accumulator did
not occur suddenly and the dilution of the RCS did not have any consequences, it was an important
precursor end also indicates that the most likely source of diluted water might be due to
maintenance rather than back-leakage.

5 NUREG/CR 5819



3 Probabilistic Analysis

3.1 Introduction

in this scetion an estimate is made for the hequency of a rapid dilution event which could lead to
care damage. The analysis is for the reactor startup scenario as described in Section 2.1. It is
carried out tor the Oconce, Cahert Cliffs, and Suny plants which were designed by Babcock &
Wilcox, Combustion Engineering, and Westiaghouse, respectively. This enables one to understand
not only the important systems and operator actions with regard to this scenario, but also to identify
any major ditierences that might exist between plants designed by each of the U.S. PWR reactor

t vendors. The specific plants selected for study were chosen because of the availahility ot
information.

-

For each plant a summary description of the important systems for this type of event is tint
presented. This consists of a section describing the systems through which the unborated or diluted
water might enter the reactor coolant system (RCS), and a section describing the relevant electrical
systems. Atter this, the probabilistic analpis for each plant is prestnted in subsections on timing,
modeling, and quantitication. The quantification is done separately for refueling and nonretuctiog
outages. A summary section at the end present, the core damage frequencies for each plant and

'

a discussion of important assump'. ions used in the analysis.

3.2 System Description - Oconee Station

3.2.1 Makeup and liigh Pressure Injection System

The makeup and dilution of the RCS is accomplished at Oconce using the liigh Picssure Injection
(HPI) system. %c relevant portions of the llPI and related systems are shown in Fir,res 3.1. 3.2
and 3.3. In normal operation a small amount of coolant is bled off from the RCS through the
letdown and is directed to the purification demineralizers. The letdown (t.pper left on Figuie 3.1)
is cooled by the letdown coolers and can be isolated using several valves (HP-3', llP-4, llP-5 and :-

HP-6). The output from the demineralizers is directed through a three way valve (IIP-14, upper
right on Figure 3.1)into the letdown storage tank (LDST) or into the deborating system wheie it
is normally collected and stored in one ut the RC bleed hohtup tanks (upper lett on Figure 3.3).
Another RC bleed holdup tank holds demineralized water for dilution purposes.

Reactor coolant may directly enter the letdown storage tank through the three way contro valvel

(HP-14) or from the RC bleed holdup tank by operating the RC bleed transfer pump 1 A. The other
RC bleed transfer pump, IB, is used to supply fresh demineralized watet during the deboration
operation, transferring deborated water to the (etdown storage tank.

The letdown storage tank setves as a surge tank and normal suction source for the llPI pumps
(lower center on Figure 3.2). Another soutee or suction for the llPI pumps is the borated water
storage tank (BWST).

_

' rLm u.s A mooi ox i m a m ot-n
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hubabilistic Analysis

The normal makeup tlow is ,upp!ied by one of the llPI pumps and controlled automatically by a
control valve (llP-120) to maintain the level m the preuutizer. Duting normal operation the thrcc '

way valve (HP-14) is in " normal" position diteeting all letdown ihm into the ktdown stotage tank.
The valve may be placed in the " bleed" position to direct the letdown flow to the deborating
demineralizet or RC biced holdup tank < llP-14 is automatically placed in the " normal" position -'
when there is low level in the letdown storage tank

During startup of the reactor, the operater has to dcborate the RCS trom the shutdown botation
level to achieve criticality. The dilution rcquites adJmg a piedetermined amount 01 demincralized

'

water to the RCS through the letdown storagc tank The deboration procedure given in Table 3.1"
directs the operator to determine the amount of dcmineraliicd water or batch size that is needed.

.,

The operator then sets the totalizeribatch controller (tlow meter and integiator) to the desired
setting and opens the makeup control valve llP.15 (middle right on Figurc 31).

The control ulve remains open until the totalizet indicates the cod of the batch size and an
automatie signal closes the valve. Even th<-ugh the totalizerzliatch controllet is started and conttol
valve IIP-15 is openei makeup to the letdown storage tank is presented unt l the makeup iso!ationi

valve llP-16 is opened. Once the transfer path is establishco, the RC bleed transfer pump is statted
to add the desired quantity of dtminerali.cd watet.

The rate of addition of deborated water may be e n ..ch as or icss than the letdown flow. It could
range from 45 to 90 ppm and normally is about 70 ppm. The volume ot the hatch size is gencially
larger than the volume of the letdown storage tank which requires the operator to position the llP-
14 three way valve to the " bleed" position. Consequently, the boron concentration in the letdown
storm tank may decrease as the demincratized watei is being added by the RC bleed transfer
pump. If the transfer rate is slower than the makeup rate through the llPI pumps then the three
way valve has to be in an intermediate position to maintain the letdown storage tank level

As a result of this process the following system conditions may be obtained: -

1. The letdown storage tank volume is diluted to low boron concentrations by adJing
demineralized water

2. Depending on the demineralized water transfer rate or dilution rate, the boron
concentration may be as low as 0 200 ppm (transfer equals makeup rate) or may range
to a maximurn of about 500 of the RCS boron concentration. i.e. 1000-120d ppm
(transferred demineralized water is inixed with letdown).

3. The water level in the letdown storage tank is maintained at an intermediate position
(between high/ low) during the dchoration operation.

- on nu me, staimo ograw ermam oi- a nouo. sum eo , < om mr m .n ceo nac iwe, cm.
apprmd I ch 24. low
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Probabilistic Analysis

Table 3.1
Procedure Used to Dilute LDST

-

NORhiAL hiAKE-UP TO Tile LDST

I 1.0 Initial Conditions

1.1 Determine the amounts of borated and unborated water to be used in the batch
makeup.

2.0 Procedure _.

2.1 Set the desired batch size.

2.2 Ensure 311P-15 (Makeup Control) is reset: control knob to OPEN and Toggle
Switch to START.

2.3 Open 3HP-16 (Makeup !salation).

2.4 Start the desired Bleed Transfer pump.

2.5 Open its respective discharge valve:
3CS 46 (Bleed Transfer Pump 3A Discharge).

_O_R

3CS-56 (Bleed Transfer Pump 3B Discharge).

2.6 -If BLEED is required, ensure 3CS-26 (Letdown to BHUTs) and 3CS-41 (Bleed
Tank 3A Inlet) are open.

2.7 If more volume is required than available in the LDST, position 3HP-14 (LDST
Bypass) to BLEED.

2.8 When Batch size is reached:
2.8.1 Close 311P-16 (Makeup Isolation).

2.8.2 Stop the selected Bleed Transfer pump and close its respective discharge
valve:
3CS-46 (Bleed Transfer Pump 3A Discharge).

0 11
3CS-56 (Bleed Transfer Pump 3B Discharge).

t

2.8.3 Ensure 311P-14 (LDST Bypass) is in the NORMAL position.

2.8.4 Clear and reset 3HP-15 (Makeup Control).

- 1
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Prubabilistic Analpis

3.2.2 Electrical System

The baron dilution accident ofinterest is initiated by a loss of off-site power during the deboration
process. For this reason the specific features of the electiical distribution and supply system play
an important role and must be discussed in some detail

,

The line diagram of the Oconce electrical system is presented in Figure 3.4. The external grii!
connects to the 230 and 525 kV switchyards which are interconnected by a 230/525 kV
autotransformer. One of the two buses (yellow bus) at the 230 kV switchyard plays a fundamental
role in supplying power to the plant auxiliaries should the switchyard become isolated from the
external grid. -

The 230 kV switchyard and the yellow bus are ako connected to a two. unit hydro station (Keowcc
Hydro) through an overhead line that prosides emergency backup power. The hydro units perform
the role played by diesel-generators at other plants. If there is a switchyard isolation (loss of grid),
the 230 kV yellow bus will be reconnected :n the hydro stations and be availaNe to supply power
to all station startup transformers.

The startup transformers CT-1,2 and 3 (see Figure 3.4) can supply most of the unit auxilianics, >

including the reactor coolant pumps (RCPs) which are connected to the 6M kV buses. If the ''

switchyard is unavailable, then emergency power from the hydro station is prodded through an
underground connection to transformer CT-4 which supplies power to essential auxiliary equipment
connected to the 4 kV buses. In this case, the RCPs cannot be utilizcJ and may be restarted only
after the switchyard or grid is recovered.

The important featutes of the electrical system may be summarized as tollows: 4

1. Loss of grid events (not weather iclated) will not affect the availability of the 239 kV
switchyard and the RCPs may be restart d at any time after the hydro units provide

~

backup power.

2. Wearby rf M~.1 loss of-off-she-p<m er events, or switchyard trouble, deenergizes the 6N
kV bus:s and the RCPs may be testarted only after the recosery of the off-site grid or
switchyard.e

3.3 Probabilistic Analysis - Oconee Station

p 3.3.1 Accident Sequence Timing

The outcome ! boron dilutien scenario is strongly dependent on the timing of events or the time
evolution of the expected responses. In otder to properly model and estimate the risk due to the
accident scenario, the time behavior of the various events must be established with reasonable
certainty.

9 N t !R EG!CR-5S19
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Probabilistic Analysis

The deboration proecss itself is rather time consuming due to the small makeup and letdown llow
relative to the total RCS volume. For the pmiwe of this analysis, it is estimated that the RCS
contains about 75,000 gallon of water and the average makeupfletdown now is about 70 gpm. The
initial baron concentration at the start of the deboration is on the order of 2000 ppm and the final
boton level is assumed to be 1500 ppm. The change in the RCS boron concentration (C) can be
calculated using:

. I 'm n; . c, - li', c, RI)

where V is the volume of the RCS, C and e are the boron concentrations of the makeup andm y n

letdown, respectively, and W and W the makeup and letdown tiow rates, respectively The initialy t

boron concentration will exponentially be diluted to the +inal boron concentration as a function of
time Solving the above equation using W = W C ,=9.and C=C gives a time span of 5 hours fory n s o

the dilution proetss from 2000 to 1500 ppm.
,

Tne avt rage length of deboration was estimated by the Oconce station operators to be 8-12 hours.
This is corsistent with the above calculation since the rate of deboration is dependent on the actual
actions occurring during the startup proecss. and these are expected to neecssitate a deboration
slower than theoretically possible, llence, the analysis will set the deboration time span as S hours.

'The maximum amount of diluted primary grade water that can be injected into the RCS when the
RCPs ate not running (after a loss of olf-site power or LOOP)is the available water in the letdown
storage tank, which is awumed to be diluted to a very low boron concentration. The total volume
between the Hl/LO levels is approximately 420 ft' The water level is expected to be around
midleve!, maintained by regulating the dilution flow and the pmition of the three-way valve, HP-14.
Therefore, after a LOOP crent the amount of dihited water volume is assumed to be approximately
250 ft' or 1870 gallons. Once the low level is reached, the suction source for the HPI pumps shifts
to the BWST and highly borated water is pumped into the RCS. Asaming that the makeup tlow
is about 70 gpm, the time interval before the switchover to the BWST is about .'D-25 minutes once
the HPI pump is restarted after the LOOP esent.

The probability for conditional core damage P(CCD) is defined in order to determine the time-
dependent probability that there is core damage once the charging pumps start to pump diluted
wat into the RCS while there is no longer forced circulation. Without having the benefit of the
mixing and acutionic calculations discussed in Sections 4 and 5, respectively, and in order to
complete a scoping analysis, a simplistic approach is taken. For the situation after relueling, it is
assumed that P(CCD) varies between zero and one depending on the amount of diluted water that
enters the system. The value of zero is expected at the beginning of this time petiod when no
diluted water has entered under the relatively stagnant How conditions. The value of one is
associated with the assumption that if the full diluted volunk of the letdown storage tank (between
HULO levels) is injected into the cold leg. a suiticiently diluted region will accumulate in the lower
plenum so that fuel damage with the restart of an RCP is certain. Ilence, the probanility P(CCD)

NUREG/CR 5819 to
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$is assumeAl to increase linear'ly with time from 7ero tgi one itt the time period of 25 minutes during
_

which the diluted water in the letdown storage tank is pumped into the RCS.

Atter the suction source switches to the BWST the potential for core damage decreases since
horated water is injected and presumably mixes with the diluted water. It is assumed that alter

..

about an additional 15. minutes P'CCD) decreases (lineatly) to zero and thete is no longer the.
possibility of a rapid dihition event occurring if the RCPs are restarted.i?

The time dependence of P(CCD) is shown on Figure 3.5. The bottom curve on the figure is for
startups other than ~after a. refueling. After a refueling (especially if it coincides with a long ;

shutdown), the decay heat is relatively low because of the replacement of so many fuel assemblies ;

(typically one-third of the core). -Iloweyer, after a shutdown without refue' ting which is nn t likely !

to occur in the_ middle of the cycle, the decay heat is e>pected :o be much larger. It ik expected to
'

:be suf0cient so that the natural circulation How rate is considerably higher than after a refueling.
If the natural circulation Oow rate is sufficiently large then atter injection of diluted water there may

'

be suflicient mixing to reduce the probability that there will be core damage with the restart of an
RCPc This is taken into account by decreasing P(CCD) by a factor of 0.5 as is shown in Figure 3.5.

I It.is important to recognize in the curves shown in Figure 3.5 that t =0 corresponds to the time when -
~

the, charging Dow is -reestablished thtough 'any of the power sources- available. _ It does not
correspond t_o the beginning of the LOOP. If the hydro units are available, then t=0 is the same
as the initial time of the accident, however, for scenarios when the hydro units fail to provide pmer
initiallyit=0 corresponds to the recovery of either the hydro units or off-site power.

The restart of the RCPs after the LOOP is also modelled as a function of time, Once a power
source is available either from off site or from the hydni units, the operators are expected to start
the RCPs. The preferred method of operating at this stage of the startup is to keep forced

- circulation.in the RCS. Once the power is available, certain proce dures have to be followed before
the RCPs can actually be started. According to plant operationai personnel it is expected that after -.

about 30 minutes the RCPs would be running.

= The model, therefore, assumes that the cumulative probability of restarting the RCPs increases from
-.zero to o_ne in the thirty minute time period after recovery of powcr. This is shown in 14gure 3A

'

- c Again the time t=0 does not correspond to the occurrence of the LOOP but rather, in this case, to
the availability of high capacity electrical power, i.e., the off-site grid or the hydro unit through the,

' 230 kV switchyard.

3.3;2- Accident Sequence Modelling

'

Tlic event tree shown in Figure 3.7 was developed to evaluate the different accident sequences; in
- particular those leaqling to core damage (CD) due to rapid dilution as marked on the diagram. Theg

first top event (ILOOP)is the accident initiator, i.e., the loss of off-site power event during the start
up period after the plant was placed in a shutdown condition. The shutdown itself may be divided

.

- into tyvo different categories: a) shutdown when refueling is done and b) shutdown without
_

refueling. As explained in Section 3.3.L <his is important because of the relationship between decay

11 NUREG! Cit-5819
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Prnbabilistic Analpis

heat levels and the pr7bability of the diluted water from the letdown storage tank mixing with the i

higher concentration water in the RCS j

The top event SWYRD questions the type of 1.OOP eve. > One type (represented by the top j
branch)is grid related without allecting the amilability of the 230 kV switchyard, This is itettant ;

since the hydro station, through the switchyard,is capable of proeling electrical power bamip to ;
all emergency sources including the RCPs. However. if the switchyard is affected, ct the overhead 3

co;.nection to the hydro station is unavailable (represented by the bottom branch), then thc RCPs
.

;

may not be started. but the lipi pumps (charging flow) tray have electrical power through the +

underground cables from the hydro station, t

- i

The top event llYDRO questions the availability of the hydro station given a demand, if the hydro
station fails to statt (bottom branch). it may be recovered and this is modelled by top event NR- ;

,.

ilYDRO or non. recovery of the hydro station. For this top event the success path (top branch) :
!represents the recovery of tia hydro station.

The llP! pump (are powered from the emergency buses and their availability (and the expected
charging flow) is questioned b op event CilG. 'the top branch signities that they are available.

,

The top event NR.SWYRD questions the recevery either of the switchyard or the off. site grid, either [
of which would reestablish electric power to the RCPs. For this top event the success path !

represents the recovery of the power supply. ;

The top event CCD questions whether there is core damage given the ainount of diluted water that
has entered the RCS. The _ bottom branch icpresents the possibility that this occurs.

The last top event questions the status at the RCPs and whether or not the operator started one of I

them. The top branch represents the successful restart of thc RCps.

The most important 'op events in the accident event trec _are thne dependent and a conventional
static approach is inappropriate to model the complete ;equences. The time deper"lence may be
include.!in the event tree by assuming that each top event is a time functional and ihe end4tates
are ako dependent on time. This may be considered a process.where the event tree : being asked
and evaluated at each time step |t.t+4t] and the final values are summed or integrated over the
respective time period. The actual numerical evaluation of these integrals will be discussed in

- Section 3.3,3, '

There are tive sequer.ces which involve potential core damage throup a rapid boton dilution
scenatio. These are shown in Figure 33. The other sequences are either safe conditions or other

'

-types of accident sequences, such as station. black.out, whieh are not the subject of this analysis. The
- following is a short summdry and description of each CD sequence:

.

Sequence 1 Given the LOOP event the switchyard remains operational. The' hydro
station starts up and provides a backup source of power for the unit,

. inchiding the RCPs. The charging flow is aut ematleally reestablished by the

NUREG/CR 5819 12
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llP1 pumps. The operator decides to stml up the RCPs and depending on
the elapsed time, core damage may occur.

Sequence 2 - Again, alter a LOOP event the switchyard remains available, but the hydro
station t' ails to start, When the hydro station recovers, the charging flow is
immedil,;ely statted and after a while the operator may start the RCPs
leading to a reactivity excursion if a sufficient amount of diluted water is
available in the RCS,

Sequence 3 The switchyard is ako aliceted by the LOOP event, however, the hydro
station is able to provide emergency power through the underground

_

connection. The charging flow is started, but the RCPs may be started by
the opers only alter the switchyard recovers.

Sequence 4 Both the switchyard and the hydro station are initially unavailable. The
charging Ilow is started alter the hydro station recovers and when the
switchyard is able to secover, the RCPs may ako be stmted by the operator.

Sequence 5 This is the same at Sequtoce 4 except that the switchyard recovers catlict
than the hydro station and both the charging Ilow and the itCPs may be
powered from the grid.

3.3.3 Accitlent Setitterice Qtianitincationi
,

- 3.3.3.1 Rehieling Outage

The frequency of the initiating event, ILOOP,is based on plant. specific data available in a recent
update of the plant piobabilistic risk assessment (PR A)|3,1|, The total rate ofloss of oil site power

~

fiom all causes is 9.0E 2/yr,which consists of two parts. Seventy percent of these events are such
that the switchyard is unavailable or the oveihead connection to the hydro station is affected, 'he
remaining 30% of the cases are simple grid losses which do not affect the switchyard of the hydro
station.

The refueling outage frequency is about 0.6/yr and the average duration of the startup dilution is 8
.. hours. It is assumed that the core damage frequency will be independent of when during the
deboration the LOOP occurs This is a conservative assumption as during the early phase of the
deboration the initial shutdown margin will be large and the probabdity that the diluted water can
cause a power excursion will be reduced, ILOOP is the product of the frequency of a LOOP (per
hour), the duration of the deboration (houis). and the frequency of refueling, and hence,ILOOP=
4.93E 5/yr.

The probability of the top event SWYRD is simply the fraction of LOOP events which affect the
switchyard and this was established in the plant specir,e PRA as 70%. Ilence, P(SW (RD)=0.7.

- The . probabilities for llYDRO and C110 are ako based- on the plant PF ' and are

13 NUllEGICL $819
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P(llYDRO)=9.3E 3 and P(C110)=8.4E-4. Ibth of these values wete derived by exan tning the
specilie fault trees representing the various failure modes.

The time dependence is raodelled in the event tree by calculating the contribution of each sequence
in each time period [t.t+A| and then sunuuing to the total time for which there is core damage
potential. The probability at a given time P(CCD) is obtained udng the distributions shown in
Figure 3.5. The probability per unit time for P(RCPRST) is from Figure 3.6. Since Figure 3.6 is
a cumulative probability distribution it is the derivative of that curve with respect to tilne,i.e..(1/30)
per minute, which is equal to P(RCPRST).

The evaluation of the time integral of the CD sequences involves a convolution integral (e.g., i

j dt(P (t) { dt*|P (t')...j)) with the appropriate probabilities.. In the following, for simplicity, the j3

short form j dt{...) will represent this type ofintegration. '

For Sequence 1 the appropriate integral is: i

CDP (SI) = j dt(Il OOP'll.P(SWYRD)|'ll.P(ItYDRO)]'ll.P(rIlo)l'P(CCD)'P(lu?PRST)). .

.

- In this seque' e the integral ! over the period 0 to 30 minutes as the RCPs are expceted to be
running by end of t.s period. The integral of the time dependent porJon,

, _ j dt|P(CCD) ,.(CPRST)|, is evduated trom 0 to 25 minutes using the ascending part of the ;

distribution shown in Figure 3.5 and from 25 to 30 minutes using the descending part of the
distribution'. The numerical value is 0.56. llence, the result for Sequence 1 is that CDF(SI)=H.2E-
6/yr.

'

Eequence 2 is similar to the previous one except lhat the hydio station fails to start, but recovers to
supply emergeng power. Ilence, |

t

CDP (S2) = j dt{ll OOP*|1.P(SWYit9,l'P(llYDRO)*|1 P(NR.llYDRO)|'|1.P(CllO)| !

'P(CCD)'P(ItCPlWI)).

: In this sequence, there are two time periods to consider. One is the time related to the recovery;
of the hydro un:t and the other is the time associated with the start of the charging flow, RCPs and
core damage potential.' The latter period does not start until there is recovery and hem c, the
integral { dt|P(CCD)'P(RCPRST)|can be evaluated independently of the question of recovery of
the hydro station. Using the results for Sequence 1 the value of this integral is 0.56. The integral
j dtil-P(NR.llYDRO)] can be assumed to be unity as it is expected that over a long period of time j

'

i

ther would be recovery, llence, the tesult for Sequence 2 is that CDF(S2)=7.0E 7/yr. !

Sequence 3 represents the tailure of the high capacity electrical power supply either through the loss -
of the main grid and the failure of the 230 kV switchyard, or the loss of the grid and the overhead
supply line from the hydro station. In either case, the power supply to the RCPs are lost and there

' w inma is neurica mn io e nenne, wouw mornsinuenoner w na.onn
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is no forced circulation; llowever, the underground conne:: tion to the hydro station remains intact
and the emergency power supply is available for all essential equipment including the llPI pumps
providing the charging flow to the RCS. The caic damage frequency in this case is

CDF(S1) = j dt(11.OOl"I'(SWYl(D)'|1.P(llYDRO))'|l P(rilO)|'ll P(NR SWYltD)|
'P(CCD)* P(i(CPI (SF)).

The period of vulnerability is the first 40 minutes, since alter that time sullicient borated wates has
been taken from the !!WST to eliminate the possibility of a core damage event. During thin 40
minute period the switchyard or the olf site power connection may recover, and consequently the
RCPs may be testarted.

The recovety rate of oft site power, or the switchyard, will be assumed to he the same and constant
-

through the critire period. Based on operating data for the industry |3.2),at the end of N) minutes
the total recovery is about 15% Thus the recovery rate iql P(NR SWYRD))=(.15Nio) per minute.

The time dependent portion of CDF(S3) may be written as

o j "dt{|l P(N1(.SWYl(D)]*, j "'dt'I'(UCD)* P(RCPI(S F))

This integral is evaluated using the distribution for P(CCD) shown in Figure 3.5 and taking into
account that the limit on the second integral (t +30) cannot go beyond 40 minutes. The result for
this expression is 0.0415 and hence. CDF(S3)=1.421iWyr.

In Sequence 4, both the swite. . trd and the hydro lait and recover with a constant recovery rate.
-It is assumed that in this sequence the hydro units will recover before the switchyard or the gild.
' This implies that the charging flow is established tirst and then the RCPs may be restarted after the
switchyard or the grid recovers.

n - - The core damage frequency in this case is: -

CDF(S4) = - j dt{ll.OOl"P(SWYitD)*P(llYDRO)'ll-P(Nit ilYDR)|'ll P(CilGj)'ll P(h%S*YRD)]
'P(ccD)'P(RcPR$1));

:Over a long period (e.g.,24 houis) the hydro unit is expected to recover. Ilence, the non-recovery
probability:is neglected to simplify the calculation. Given the recovery of the hydro unit .he

' sequence progresses as in Sequence 3. Once the charging flow 1s reestablished by the startup of the
1HPI pumps, ther_e is a period of vulnerability of 40 minutes,if the RCPs are started during this time.
Hence, the time dependence of CDF(S4),

; j dt(|1 P(Nit ilYDR))'[1 P(NR SWYRD))'P(CCD)*P(ItCPRSI)),
.

has the same numerical value as the integral evaiuated for Sequence 3,i.e.,0 ' His results in
- CDF(S4)=1.33E 8/yr.

._

)

15 NUREG/CR 5819

+

..
. ..

. _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - .



1
.

I

Prubabilistle Analysis

in Sequence 5 the switchyard, or the ott site grid, recovers earlier than the hydro station. The ;

charging 110w and the RCPs may be restarted as soon as . of f site power becomes available. The i

sequence is essentially identical with Sequence 2 except that the of f site power used in Sequence 2 |

ls replaced by the hydro units through the overhead lines.

The core damage frequency in this case is:

CDl'(S$) = j dt{ll OOl"P(SWYitD)*P(IlYDitO)*|1 P(CilG))' |t P(Nit SWYltD)| f
* P(CCD)' P(ItCP161')). !

:

The time dependent portion appearing under the integral is ettectively the same as in Seq "c" 2
and was evaluated as 0.56. llence CDFf S$)=1.80E 7yr.

'The CDF 10: Ink type of sequence alter a refueling is the sum of the CDF for each of the above
live sequences and is equal to LOSE-$/yr. !

3.3.3.2 Non. Refueling Outage -;
4

If the accident is assumed to occur aftet a drained or non drained outage that does not invol,e
refueling the event trec shown in Figure 3.7 is still alipticable. The prhnary dif ference between the
refueling and non refueling outages is that the latter occurs with a relatively higher frequency since

,

. refueling is only done at about 18 months intervals. The operating history of the U.S. PWR ;
- population indicates that the average frequencyof non refueling outages is about 2/yr whichincludes
both drained and non-drained outages,

,

.

.The plant specific LOOP frequency was found to be 9.02E 2/yr. The corresponding initiating i

frequency for the boron dilution event during a start up af ter a non. refueling outage, again assuming
a dilution interval of 8 hours, h 1.64E.4/yr.

'
Another difference is the larger amount of decay heat alter a non refueling outage. This could
considerably enhance the natural circulation iate in the RCS thereby increasing the probability that
a slug of diluted water will mix with the horated water before the RCPs are turned on again. This .

has been taken into account (as explained in Section 3,3.1 and shown in Figure 3.5) by reducing the
conditional probability for core damage follewing the restart of an RCP by a factor of 0.5.

The other variables are assumed to be the same as used for the case after refueling. The 11ve
sequences leading to core damage were requantitled using the relevant data and resulted in the
following results: CDF(S l')= 1.37 E-5/yr. CDF(S2')=1.16E niyr, CDF(S3')=2.36E 6/yr,
CDF(S4')=2.21E 8/yr, and CDF(S5')=2.99E-7/yr. All the sequence ficquencies increased by about
70% relative to the refueling case. The initiating frequency is about a factor of 3 higher, however,
P(CCD) was lowered by a factor of 0.5. -

| The CDF for this t)pe of diiution sequence atter a non refueling outage is the sum of the CDF for

| cach .he above live sequences which is equal to 1.75E S!yr.
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3.4 System Description - Calvert Clilh Station

'
3.4.1 Cheinleal and Volunie Control Sptem

The Chemical and Volume Control System (CVCS)is designed to pertolin various AnetWs, the .

most important being: a) control of RCS volume (letdown and makeup). b) removal of cortosion !

and lission products, and c) boric acid concentration control. The CVCS consists of two major
subsystem, the letdown and charging system and the makeup system. Simplified block diagrams of
these systems are presented in Figures 3.8 and 3.9

The normal reactor coolant letdown from one cold leg first paues through two letdown stop valvc,
(upper left in Figure 3.8), then through the regenerative heat exchanget where its temperature is
reduced by transferring heat to the makeup tiow entering the ItCS. Iloth letdown stop valves fail l

closed ifinstrument air pressure is lost (as in a LC1. . itk N letdown flow then passes through
the excess tiow check valve and flows through % ' , atn ' valve. The control valve is
operated by a signal from the pressuri7er levcl 4w *,m t -tain constant level in the
pressuri7er.

The temperature of the letdown is further reduced in u e letdown heat exchanger (cooled by
component cooling water) for the proper operation of the jo i nchangers. A temperature controller i

on the outlet of the heat exchanger senses the letdown llow temperature and if it teaches a high
level it shifts the three way lon exchanger bypau valve to the bypaw position preventing the hot
liquid from entering the ion exchangers. A prespute control valve is alw rimided on the outlet of |

tthe letdown heat exchanger to pnvent the fluid from liashing.

The letdown flow then passes 'brough the purification titters, the ion exchangers and the letdown
strainer before entering the Volume Control Tank (VCT).There is a three-way % i valve (CVC-SnD
in Figure 3.8) that can be operated manually or automatically. In automatic mode the position of
the inlet valve is controlled by the level in the VCT and for high level it 6irects the excess flow to ,

the liquid waste processing system. Normally, the valve 's aligned to direct letdown flow into the
VCT, ;

' The VCTis used to accumulate letdown water and 1(CPleak off, to receive makeup v.ater from the
makeup system, and to provide positive suction head for the charging pumps. The level in the VCT
is controlled by a level controller, which at h_igh level (110") shif ts the inlet control valve position to
bypass, at 9(r' starts nutornatie makeup f rom the makeup system and at 87.5" alarms as LO level.

,

if the level in the VCT drops to 3". the suction of the charging pumps is aligned to the Refueling
Water Storage Tank (RWST) by closing the outict valve (CVC-501) and opening the valve
connecting to the RWST(CVC.$n4). The VCT supplies wates to the charging pumps,which provide

_

the makeup tiow to the RCS. Three charging pumps are provided and normally, one pump is
selected for operation. Each pump is capable of supplying 44 gpm makeup ilow, which is returned
to the BCS thtough the regenerative heat exchanger.

17 NUR1:G/CR 5819
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'ihe snakeup sptcm (sce Figure 3 u) powido i predetermined amount et dcmineraliznl water
and'or botic acid to the 1(CS. 'lhe spicm caa he put in automatic, borate, dilute or manual
operating mode. For the puqwe of thii analpis only the duute moJc is discuued.

'lhe dilute inode is used to decrease the boiie acid concentration of the 1(CS. In this mode, the
boric acid supply is not used and the snakeup consist <. of dcmincrabred water. The dcmincialized
water is pumped by the reactor coolant makt op pumps (l(CMP) thiough a tiow clement, a flow
control valve and the makeup stop vahe betoic it entt rs the VCl.

The neiual dilution proccu is accomplii.hed in the tollowmg steps:"

1. Operator determincs that there is space availaHe in the vwtc proccwing system for the -

diverted h.tdown. Charging and leidown is abgned for normal operation.

2. Total amount et dcmineralized water to be added is calculated by determining the
ditterence between the desitt d and (sisting boron conernitation (change in ppm) and

~

Irlating it to the water volume to be added.

3. Makeup flow controller is sti to the daired flow latt consistent with the number of
operating charging pumps. 'I he ch.uging or makeup ratt (nor mally 44 ppm - one pump)
may be increased, it so desired. 'lhe makcup tiow controller is shitted to auto position
to start the makeup proccu.

4. latdown is diverted to the waste pioccuing sptem,it high level is reached in the VCT.

The main teatures of the dilution process relnant for the dilution scactivity accident arc the
following:

1. The VCT is diluted to low boron concentrations by adding dcminct lired water. The
lotdown flow is diverted allowing the YUT volume to bc replaced by demineralized

~

water.

2. The rate of makeup is matched to tSe charging rate and consequently the water level
is maintained at normal icvel (6105") in the VCT.

3. The VCT low levtl alaim (N7.5") is substantially higher than the 3'' level where the
makeup source shif ts to the 1(WST.

3.4.2 ILetrical Systent

The main teatures of the electrical sptern at the Calvert Clitts power plant are summarized below
to the extent which is relevant to the boron dilution accident. The reactivity accident is postulated

._.

* nun nm macar e.m stun opencing rou w < q :n. i<niu..n uccves n. nen.Daien .s htatc up o naimns*r
Itahiere (ie and I honc W , appnn ea Nepi 2 4. IW
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- to occur dur!ng the 1(CS dilution when there is a 1.OOP event followed by the startup of an 1(CP.
The availability of the electrical powet supply to the charging pumps and the 1(cps is the most
impittant condderation with respect to the electrical system.

1hc shnplilled block _ diagram of the Calvert Clins electrical power system is shown in Figure 3.10.
The major sourecs of electrical power are provided by olf site and on. site sourecs. The normal
supply is through the 500 kV main buses, which are connected to the electrical grid by two 500 kV
transmission lines. In addition, the two generators of the two units (Unit 1 & 2) are also connected
to the main buses.

The 500 kV buses are connected to the 13 kV buses (see Figure 3.10) through the station service
-

transfonuers which can also be dheetly supplied from of f sin power by connecting them to a 69 kV
transmission line.1he 13 kV electrical buses are directly connected to the 1(CP motors and also
energize the safety telated 4 kV buses. The 1(CP clectrical supply is, therefore. separated from all
safety telated loads (4 kV buses) and upon . low of the 500 kV/69 LV transmission line connection,
the 1(cps are without any major source of electrical power.

The 4 kV emergency electrical buses have a second source of power provioed by the emergency
diesel generators, Given a LOOi event, the breakers connecting the diesel generators to the
emergency 4 kV buses close.1he emergency diesel generators start and begin accepting loads in
a predelined automatic sequence as determined by the load sequencer.

The charging pumps are connected to their electrical supply (which is powered by the diesel
generatots) 10 Acconds after the generator breaker closes (Step 2 of the sequencer) and
consequently, the charging pumps will continue to supply the makeup tiow, in step 6 or about 30
seconds later, the instrument air compressors are also connected back to the safety buses. The
letdown line is isolated upon low of instrument air pressure, but this is unlikely given the relatively
quick (in 30 seconds) testart of the air compressors.

_

- The main features of the electrical sy; tem-with respect to the boron dilution accident are the
following:

1. The itCPs are powered diicctly trom the 13 kV buses which are lost during a LOOP
evt .t (loss of electrical grid. two 500 kV and a 69 kV transmission line). There is no
additional source of backup power source to the 13 kV buses. The ItCPs may be
restarted only if off. site power recovers.

2, The charging putrips and the instrument air compiessois are sequentially loaded to the
diesel generators and after a 1.OOP event this equipment is restarted in about 30

-- seconds.

>
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3.5 Prolmlillistic Analpis - Calvert ClllTs Station

3.5.1 Accident Sequence Timing

in order to auess and adequately model the outcome of a potential dilution accident, the timing
anoeinted with the various events and operator actions as well as the corresponding probability
values must be estimated and included in the modeling as was done for Oconce in Section 3.3.L
Two of the important considerations are the amount of diluted water available for injection into the
RCS and the time period of the dilution process.

The total time for the dilution rnay be estimated by using Equation 31. The nortual letdown and
snakeup tate W = Wu is about 40 ppm with one charging pump in operation. Assuming that twoo

pumps are put in operation for a faster dilution rate (84 gpm), the length of time to dilute the RCS
from 2000 to 1500 ppm would be about 4.5 5 hours. Since the actual time varies greatly depending
on the specific circumstances, it will be auumed (as was done for Oconee) that the dilution time is
8 hours.

The VCTlevel is maintained between 90-110"(Nottnal) and the switchover to the RWST occurs at
3'' (LO/LO) and the water volume correslunding to 10(P (Normal LO/LO) is about 2900 gallon.
Depending on the rate of charging, this volume may be injected into the RCS in about 30 50
tuinutes.

For Calvert Clitfs the sequence would most likely proceed as follows: As dilution proceeds at an
average rate of 84 gpm, a LOOP event ocems. The RCps coast down and the diesel generators start
up estahlhhing charging flow. The operator is likely to reduce the charging rate and tries to recover
off site powet. The LOOP procedure" directs _the operator to borate the RCS if a cooldown is
expected. The boration may be accomplished either by using the horic acid addition system nr
simply supplying makeup water from the RWST.

In order to maintain the possibility of quick recovery and continuation of the start up procedure,
rather than borate it is preferable to continue the makeup at a slower rate for a short period of time.
Therefore,it.is expected that the makeup from the CT eontinues and the letdown is diverted to
the VCT. The dilution from the makeup system would automatically stop, since the reactor coolant
makeup pumps are powered from nonaately buses and are not connected to the diesel generators.

The amouni of diluted water contained in the VCT, about 2900 gallons, is expected to be injected
into the RCS at a rate which may last 50-70 mi mtes. It is assumed, based on the results discussedt
in Section 5. that after about 2000 gallons of diluted water are injected into the RCS.the passege
of a diluted slug through the reactor core would lead to core damage. No credit is taken for mixing
that might occur as discussed in Section 4.

.

*
cahni curs Nacicar Power Plant t:mogency omating Procedure I: ora, ucmh.n IJim or ort site Power. nammore ou
and 1.lectric Co. apprmed t'rh 10,19 %
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The conditional core damage probaNhty, P(CCD). is auumed to cuy lineatly hom reto to one in
a time period of 40 minutes atter injection statts if the event occuts af ter a returling. Since the
amount of diluted water is about 2900 gallon, the value would temain at tlus Irvcl (P(CCD)= 1) for
about 20 more minutes. After the statt of the botation or switchoser to the RWST the probability
of a dilution accident and conscquently the valuc of P(C( D) would decline and reach /cro at 60
minutes. Figure 3.11 presents the function P(CCD) as a function of time' As was donc for
Oconce, a second distribution with halt the probability is also shown on the figure to tenicsent the
situation w hen the startup is not alter a actucling. 'lhis takes into account the higher decay heat and
the greater likelihood that the diluted watet will mis betoic the RCl% aie restarted.

The cumulative probability distribution for the startup of the RCh 's auumed to be the same as for
the Oconte calculation (Section 3.3). Af ter iceovery f rom a I.OOP cvent, the operator will try to

-

restart the RCi . in a 0-30 minute time trame. 'lhis is shown in Figure 3 A

3.5.2 Accident Sequence Mndelling

Figure 3.12 shows the boton dilution event t ce dcycloped tot the Cakett Clitts Station. The first
top event, ILOOP,is the low of olfaite powc initiator and rcpictents the lou of the clectrical grid
and'or the two .W kV and the 69 kV transmiwinn lines.

The next top event. DSL, questions the ava ;ahility of the emergency dicscl generators which wouhl
provide backup power for the safety sptcms. but ne; tor the RCPs. The dicscl generators may f ail
to start, but could rccover af ter a certain period of time and this is modelled in the top event NR-
DSL or non recovery probability of the dicrcl generators. Note . hat the top branch (i.e., success)
under this cycnt represents rcrovery of the dicscl generators.

The charging pump availability is cumincd at the top event Cil(i. The rccoscry of the of f-site
power is an important event and P(NR 1.OOP)exp cues the probability of non recovery in a given
time interval and is the lower branch (or tailure patn) on the lice.

The last two top events are related to the tondition of the diluted slug and its potential citect on
the reactor core CCD is conditional core damage given that the diluted waver has entered the RCS.
The RCPRST top event reticcts the probability ot testarting the RCPs atter the 1.OOP event
t ecove red.

There are three sequences marked in Figurc 3.11 invohing core damage potential. The other
scquences are other untclated secnatios that are not discuurd here, since they do not involve
dilution accidents. The three sequences are summarized as tollows:

Sequcne i Atter a LOOP event the diesel generators stait and the chaiging flow is
automatically icestablished. As soon as ottaite power is recovered the
operator restarts the RCPs in a time frame of about 30 minutes. The

* lb n (4thn A An Optmn 11 u dt be am i ura m N it 1Im,
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charging ilow is reduced to 44 gpm to extend the time window for LOOP
recovely before borating the RCS.

Sequence 2 After the LOOP event the dicsci generators fall to start, but recover sooner
'

than the of f. site power and charging tiow is automatically restarted. ADer
. off tite pcmcr recovers the RCPs may start and core damage may result.

Sequence 3 This is similar to Lequence 2 except the off. site power recovers earlier than
the diesel generators. Both charging and the RCPs may be started leading
to the dilution event.

3.5.3 Accident Sequence Quanillleallon

3.5.3.1 Refueling Outage

The initiating frequency,ILOOP,is based on the loss of of f site juwer frequency data obtained from
industrial experience. The low of off site power frequency is .ll/yr or 1.26E.5/hr. The average
yearly frequency of a refueling outage is 0.6/yr and the average Qngth of a dilution during start up
is about 8 hourse llence, ILOOP= 6.03E.5/yr.

7The time independent probah!!ity values P(DSL) and P(CilG) were obtained from Reference 3.3.
The value' P(DSL)= 1.44E.2 . represents the unavailability of two diesel generators and
P(CilG)=3.3E-3 reflects the unavailability of the three charging pumps.

The calculation of core damage frequency is done similarly to that for Oconce given in Section
3.3.3.1,ig., with ' convolution integrals. The core damage frequency for Sequence 1 is:

CDF(SI) = j di(II.OOP'|1.P(DSI.)]'|1.P(ClIO)'ll P(NR.IDOP)|'P(CCD)*l'(RCPRST)

The tenus ILDOP, P(DSL) and P(CilG) are independent of time but the time dependence of the
other terms must be taken into account. The charging flow restarts after the LOOP event and there

.

' is a period of vulnerability of 80 minutes (see Figure 3.11). Ilence, the portion of the integral where
time de;.cndence is considered is:

a j "dt{[1.I'(Nit LOOP)J', j ""dfP(CCD)*P(RCI'RST))

The above expression is evaluated using the. distributions shown in Figures 3.6 and 3.11.-

- P(CCD)=(t*/40) in the interval |0,40].y 1 in the interval [40,60]. and =(80-t')/20 in the interval
|60,40] and P(RCPRST)=(1/30) per minute. The probability of recovering off site power is |1-
P(NR LOOP)]=(0.15/60) per minute and is based on data for 15% recoveries in one hour. The

'

; result of the evaluation is a probability of 0.12. llence. CDF(SI)=7.11E-6/yr.

:In Sequence 2 the diesel generators (DGs) fail inithdly, but at least one DG recovers before the off-
site power recovers. The core damage frequency is:

y

L NUREG/CR 5819 22

i

..

,



_
- - . - - . - - - - - - . - . - - ~

fl

I

p
'

l'robabilhtic Analysis

CD1f(S2) = j di(11.001"P(DSI )'|l P(Cl10))'|l.P(Nit.DSi )]'| bP(NlbtOOP)] !

'P(CCD)'P(l(cpl (NI)). i

i

This sequence may be evaluat(d using the results fm Sequence 1 and noting that over a long petiod
(24 hours) the diesel generatois wot.ld eventually recover. This implies that j dt|1 P(NR DSL))
is approximately one and the other time dependent terms aie independent of the dicsci recovery
rate. The last three terms in the integral for CDF(S2) are the same as for Sequrnee 1 and hence.
CDF(S2)= 1.04 E-7/yr.

,

in Sequenec 3 the olf site power recovers sooner than the diesel generators. 'lhe charging flow is
immediately reestablished. but the RCPs are restarted dwing a 30 minute thne period. At the end
of the 30 minutes, the RCPs are running and total mixing is assumed. The core damage frequeng
ist s

CDl'(S3) = j dt(ll.OOl"P(DSI )*[bP(Nlt l.OOP))'P(CrD)* P(l(UPitST)).

As was the case with the recovery of DGs in Sequencc 2. in this sequence it can also be assumed
that the probability of recovery of off site power is unity over a 24 hour period so that j dt|1 P(NR-

LODP)]is taken as one. The lau two terms are evaluated:
:

j "dtt'(CCD)P(l(CPI (S't),

since the RCPs would have started by the end of this 30 minute period. For this integral
P(CCD)e./40. Tids results in CDF(S3)=330E-7/yr.

The total core damage frequency for a refueling outage for this type of rapid dilution scenario is the
sum of the frequencies for the three dilferent sequences or 7.54EWyr.

'

In the above analysis it was assumed that the makeup rate after a LOOP was reduced to 40 gpm
from the normal 84 gpm in order to extend the time period before it might be required to initiate
boration of the RCS. The effect of this auumption is examined by assuming that the makeup rate ,

remains at 84 gpm. The effect on P(CCD) is shown as Option H in Figure 3.13. The inaximum
value is now reached at 25 minutes and the period of vulnerability for the accident is reduced to 60 [
minutes from the 80 minutes with the smaller makeup Dow,

' With the ditferent makeup rate the core damage frequencies for 'he three sequences become 4.74E-
6/yr,6.92E 8/yr, and 5.04E 7$r, respectively. The total core damage ircquency is 531E-6/yr which

'

is a reduction of 30% and re0cets the decteased petiod of vulnerability.

3.5.3.2 Non.Itelueling Outage

For a non. refueling outage the approach is similar to that explaine i in Section 3.33.2. The initiating
frequency is higher than for a refueling outage because there are two of these outages per year,
llence, ILOOP=2.01E-4. The other change is the reduction in' the conditional probability for core
damage given the injection of the diluted water and the restart of an RCP. This is because of the

23 NURI:G/Cib5819
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higher natural circulation flow rate assumed for these outages. 'lh is reflected in the time |

dependent probability F(CCD) shown in Figure 3.11. 'l ti. sult with the assumption of 40 ppm for !
the snakeup 110w is: CDF(S l') =7.11 E.6%r, CDF(S2') = 1.041 Ay r, a nd CDF(S3') = 3.30. 'lhis s esults
in a total core damage frequency of 1.25E-5$r.

If the assumption is made that the makeup flow rate is not changed from the 84 ppm expected
before the LOOP (Option B), then the core damage ficquencies for the three sequences become
7.87E-6$i.1.17E.74r, and 8.37E.7/yr, tespectively, and the total becomes 8.82E.63r.

3.6 Systent Description SunT Station |

1

3,6.1 Chemical and Volume Control Systein

At the Surry plant it is the chemical and volume control system (CVCS) which controls makeup and
letdown and boron concentration. Figures 3.14 and 3.15 show the boron control and
letdown! makeup conttol subsystems of the CVCS, respectively.

To carty out the RCS deboration, the quantity of primary grade water required, along with the rate )
of addition,is first determined from tables and graphs * and set on the batch integrator control.
A sample sheet from this procedure is shown in Table 3.2. When boron dilution is initiated, both
the prirnary glade water flow control valve (FCV lll4A on Figure 3.14) and the primary grade ,

makeup stop valve _(FCV Il1415) open m establish the tiow to the Volume Control Tank (VCF), .

'
with the primary water supply pump running.

The horie acid tiow control valve (FCV 1113A)is closed so that only primary grade water can enter ,

'

the VCT through the VCT spray nonle. The primary makeup stop valve (FCV Ill311) is also
closed to prevent the primary grade water from going directly into the charging pump suction
header This is a precaution against a sudden inercase in reactivity although bypassing is allowed

.during the early phase of a xenon transient. _When the amount of injected primary grade water
reaches the value set on the batch integrator, the makeup valves shut autonmtically. It is important
to note that the rate of addition of primary grade water is determined by the operator and is
generally less than the charging rate.

The VCT has an internal volume of 300 cubie feet and normal operating pressure and temperature _ [
of 15 psig and 105*F, respectively. The spray noule flow is normally about 120 gpm. De VCTievel

.
control valve (LCV 1115A), located upstream ofIhe VCT,is a solenoid-operated control valve which
is positioned by instrument air to maintain the VCT level at less than 85%. When the VCTlevel-'

reaches a preset value, the VCTlevel contial valve will begin to direct letdown flow to the lkiron
Recovey System. At a VCT level of 85% all letdown tiow is diverted to the Boron Recovery
System. In the event that the VCT level f alls to 13G, the enarging pump will automatically shift its ;

suction from the VCT to the Refueling Water Storage Tank (RWST).

|
|

|
' . Surry Power sta6on Operating Prmdure 1-op 81 UluenJct - Dauw? Virguda 1:ltrtrw Pour Co . Aug 19.19M.
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Table 3.2
Estnitt Inim Surry Dilution l'rumlure

m __mm -

| LNin st o

30 P- d m t ,

$.1 |netial (ondethus sainfird

5.2 Prreautinus and hnutahoot notrd and natnru J

,_
53 littermme the ratt and naputode of primary pade unict in ret the driired ddotion

ore nonnipaph n

,
34 Plate the M AKl'UP M ol>l! ( oN i H ol. mit h to ibt 's'l(iP" pmio in.

3.3 $ct the prmary paJe now comrohrt (1 O ll4A) for driirrd na f air and Set primary
pade %nu r intc paior tiltill4 A) la da trd quanni)

54 11 ace the M AKI UP MoDl' Si i! UIott mh ti to 'till Ull?

$7 haec the M AKI UP M(il)l' ( (lNiltol win h to 's l Alt l'

$A Verity the rollawby so one tah n rar.
. _ _ _ - . . -

Ihlute f (T-illl A 1(V ili tn 1(V Ill4A l(T lll4|t
e

Misdf Chin d flthrd ( 4mlf(tlltog ()}tt n
_a - nam-

f.9 \)iluliat) % kN I*C indh Hn llat ak) kl'ipjtCd % bfil tbr iHl(pith tf (N( ll4 A) Ef tpittHl In
tra<brd

$ 10 When the ddutis m ope.tahon is rompirle. tries to I (IP A 1 I rot triurning blrndct to
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During the RCS deboration, the primary grade water exiting trom the VCTis injected into cold leg
B by a chalging pump at a rate of approximately 120 gpm. About 20'A of this tiow is diserted to
the RCPs f.r use as seal water. The letdown tiow trom cold-leg A, in the meantime, is partially _

diverted to the Boron Recovery System. As explained above, the primary grade water addition is "

usually less than the charging rate and in order to n' ..itain a constant level in the VCT some
letdown flow must be diverted to the Boron Recovery System. The water level in the VCT is
maintained between 60 85% This implies that during the period of about eight hours required for
the RCS deboration at Surry, about N1-85'A (corresponding to apploximately 1800 gallons) of the
VCT volume is tilled with highly diluted primary grade water.

When the charging pump stops due to loss of off-site power, the letdown oritier isolation vahe
(llCV 1200D) shown in Figure 3.15 will close automatically, isolating the letdown llow. Unless the
operator reopens the valve by resetting the handswitch to OPEN position,it will tenniia closed even
after the charging pumpis restarted by emergency diesel power. At the moment the of f site power
is lost, it can be assumed that the VCT still contains 1. bout 1800 gallons of primary grade water.
Since power to the primary water supply pump is aho lost, no more primary grade water is pumped
into the VCT From this point on, two somewhat different scenarios ate conecivable depending
upon whether the letdown tiow is quickly restored following the restart of the charging pump.
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If the letdown oritice isolation valve (11C%120011) k not quickly reopened, the relatively cold
(120"F) primary grade water will be injected into the RCS by the charging pump without being

- heated pmperly at the regenerativ. heat eschanger due to the absence ofletdown flow on one side
of the heat exchanger. As the water level in the VCT decreases. the VCTievel control valve (l.C%
lil5A) will gradually realign to allow any letdown flow to enter the VCT. Since no letdown flow
is entering the VCT the VCTwater level will continue to f all until it reaches the level of 130, at
which point the suction of the charging pump will automatically switch from the VCT to the RWST.
At a tiow rate of 120 ppm,it will take about 15 minutes for the VCTiesel to drop to the 13d level.
The amount of prhnary grade water discharged from the VCT into the RCS during thk period h
approximately 1600 gallont

If the charging pump continues to run, thk volunie of primary grade wmet will be followed by intake-

from the RWST with a boron concentration of 2300 ppm It is likely, however, that the letdown flow
will be tecstabikhed before the VCTlevel talk to the 13% level Since the letdown flow h isolated,
the charging 110w introduced into the RCS will cause the preuutirer les el to gradually increase. The
charging flow control valve (FCV ll22) is conuolled by a signal trom the pressurizer level
instruinentati_on to maintain a prescribed prcourizer water Ictel it will automatically close if the
level setpoint is reachcJ. If this happens. the opciator k likely to quickly reestablish the letdown
tiow so that the charging flow can be maintained. The subsequent secnario will be sindlar to that
which will be described below for another scries of rvents.

Assuming that the letdown orifice isolation valve (llc %l200) h reopened by the operator soon af ter
the restatt of the charging pump, the VCT water level will still fall initially, causing the VCT level-

control valve (LC%1115A) to adjust its inition to admit the letdow n flow to the VCT The boron
concentration in the letdown flow at thh point could range from 1500 to 2300 ppm, depending on
when during the deboration the LOOP occurs. licfore this letdown 110w gets tecirculated into the
RCS there will be about 1800 gallons of (almost) pihnary grade (PG) water injected since all the PG
water remaining in the VCT can be drained by the charging pump, it will take about 15 minutes
for the charging pnmp to inject the 1800 gallons of PG water into the RCS.

3,6,2 Electrical System

A simplified block diagram for the Surry emergency electrical system is presented in Figure 3.16.
He RCPs me- connected to the non safety related buses I A. lit and IC. These buses aic not
supported by any secondary backup source upon losing electrical power trom a lou of of f-site power

,

event.-The charging pumps, however, are connected to either saf ety related bus 111 or 1J and these
'

are powered in a LOOP event by the respective dicsci generators dol or DG3,

3.7 Prolmhilistic Analysis - Sitny Station

3.7.1 Accident Sequence Timing

it is apparent from the forgoing discussions that, in addition to tN accumulation of a slug of PG
water in the primary system, the off site power has to be recoversa and one RCP has to be staned
upin order for thh type of reactivity accident to happen. The times at which these causative events
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occur relative to each other appear to play an important role in determining the probability and
severity of such an accident. As noted presiously, it takes about 15 minutes to inject au the p0
water icit in the VCTinto the cold leg. If the ott. site powcr k recovcied in about 15 minutes after
it is lost, and one of the f(cps k restarted inunediately, the likchhood that the accident will occur!

is maximized, Since the injection of PU water k follovvd by that of either RWST water (which
'

contains 2300 ppm of boron) or letdown watcr (which contains at least 1500 ppm of boron), the slug
of water which has settled at the bottom of the lowc plenum will eventually mix with the borated
water reducing the probability of a dilution accident. |

Auuming that the letdown water contains 1700 ppm of boron when it k injected into the RCS ,

following the exhaustion of PO water in the VCT, and that complete mhing will occur in the lower -

plenum, about 10 minutes k sufficient to raiw the boton concentration in the lowcr plenum to the i

level that k no_ longer a threat to criticality. In other wordkif oil. site power is not recoveted for'

more than 25 minutes and if during this period, the charging pump (which was restarted by dicsci ,

power soon af ter low of of f. site power) continues to inject water f rom either the VCT (PG water
followed by letdown water) or the RWST, the trcquency of occurrence of thk accident will become i

vanishingly small.

The time behavior of the core. ul core damage probability or P(CCD) h modelled as indicated
in Figure 3.17.- it increases linearly to a value of one in 15 minutts. After this point the probability
decreases linearly to zero in another 10 minutet Altet this time there is no longer the pouibility
of this sequence occurring.

The RCP may be restarted af ter recovery hom the 1.OOP event and this is modelled as it was for
Oconce and Calvert Clith. The time dependence of the cumulative plobability k shown in Figure
3.6 and indicates that the RCPs are expceted to be started within 30 minutes of recovery from the
LOOP.

2

3.7.2 Accident Sequence Modeling

To perform ti e probabilistic analysk for thk accidcnt secnario, the event tree shown in Figure 3.183

was developed. Thk event tree was applied for both relucling and nontelueling outages. As was ,

seen in the analysis for Oconce and Calvert Cliffs, the top events that change with outage are
ILOOP and CCD.

,

I- The second top cvent, DSl,in Figure 3.18 questions whether the emergency dhsel generators are 1

L available and provide back up power to the emergency safety buses. The third top event NR-DSL
L questions the recovery of the dicscl generators. if the dicsci generators are available, then the
'

charging tiow may be started, if at least one of the three charging pumps are availabk'and its
respective electrical supply bus is powered. Thh function k represented by top event CIIG.

The recovery of off site power k questioned next in top event NiblOOP. Thk is a prercquisite for
j restalting the RCPs.since the diesel generators do not have sulticient capacity. Once the RCP5 can

be started the top event CCD questions the pott ntial for core damace. The icstart of the RCPs is
questioned in the top event RCPRST.
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The event tree as indicated in Figure 3.18 is a time dependent tree, since some of the top events
strongly depend on the time and this must be taken into account to evaluate the final CDP. There-
are three sequences masked as leading to core damage (CD) and these indicate where the bore.n
dilution tractivity excursion leads to core damage. The following is a short description of each CD
sequence:

SequenceI ' After a LOOP cvent the dicsci generators start and the charging flow is
automatically teestablished. As soon as off site Iwer is recovered the
operator will restart the RCPs in a time frame of 30 minutes.

Sequence 2 After the LOOP event the diesel generators fail, but recover sooner than
the off site power and changing flow is immediately restarted. After off site
power recovers the RCPs may stait and core damage may result.

Sequence 3 This is similar to Sequence 2 execpt the of f site power recovers earlier than
the diesel generators, lloth charging and the RCPs may be started leading
to a reactivity accident.

3.7.3 Accident Sequence Quantification

3.7.3.1 Herueling Outage -

The initiating event frequencies were calculated based on (Surry) plant speelfic data. For refueling
outages the frequency is OWyr and the tailure rate of off site power is 2.MSE 5/hr. Assuming that
the RCS deboration requires about right hours. ILOOP=6.03E.5/yr.

The time independent probabilities P(DSL) r d P(CllG) were obtained from Reference 3.3.:

P(DSL)=3.7E-03 represents the unavailability of two dicsci generators and P(CllO)=4.0E-03
._ _ rc6ce6 the unavailability of the three charging pumps.-

The calculation of core damage frequency is done similarly to that for Calvert Cliffs given in Section
3.5.3.1. The core damage frequency for Sequence 1 is:

CDF(SI) = f dt{ll.OOP'|1 P(DSI.)]'ll.I'(Cilu)]'ll P(NR 1.OOP))*P(CCD)*P(l(CPRS'I)).

The first thace terms ILOOP, P(DSL) and P(CilG) are independent of time and only the last three -
; terms must be evaluated by considering their time dependence. Effectively, the charging flow starts
after the LOOP event and there is a period of accident vulnerability of 25 minutes (see Figure 3.17).
The time dependent portion may be written:

j "dt(|1 l'(NR 1 OOP)) j #dt'P(CCD)'P(RCPRST))- - . ,.

The above expression is evaluated taking into account the functions given in Figures 3.6 and 3.17.
P(RCPRST)=(1/30) per minute. P(CCD)= t'll5 in the interval |0,15]and =(25-t')/10 in the interval

. [15.25]; The value of |1 P(NR-LOOP)). or the probability of LOOP recovery, is (0.15/fo) per
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o

| minute based on a 15% recovery rate at the end of one hour. Evaluating the integral in the'

| subintervals leads to a probability of 5.92E.2 llence, CDF(SI)=3.55E.6/yr.
i

In Sequence 2 the diesel generators fail initially, but at least one DG recovers before the off. site
power recoveis.' The CDF is. evaluated f rom:

' CDF(S2) = j dt(ILOOP'P(DSI.)'|1.P(UllO)|'|1.I'(Nit DSI.))'|1.I'(Nit.1001')] d' .
.

.I'P(CCD)* I'(ItCPith'l)).

This sequence may be evaluated using the results of Sequence 1 by noting that over a long period
(24 hour.s) the diesel generators are expected to recover. Thh implies that f dt|1.P(NibDSL))is j

= approximately one. The other time dependent terms are independent of when the diesels recover. ?

- For this sequence the last three terms are the same as for previous sequence and CDF(S2)=1.32E-
8/yr.

:

:n Sequence 3 the off4lte power recovers sooner than the diesel generators. 'The charging flow is ;
'

inunediately reestablhhedibut the RCPs are restarted over a 30 minute period. At the end of the
30 mi tutes, the RCPs are running and total mixing is assume ~ The core damage frequency is:

CDF(S3) = j dt(ll.OOP'P(DSI.)'|1.I'(Nit. LOOL')|'PtCCD)'P(ItCPI(Sl')).
<

*Ihe integrated probability for off4lte recovery is similar to that for diesel recovery,i.e., eventually
all LOOP events recover within 24 hours so that j dt|1 P(NibLOOP)|is about one. The last two

- terms are the only time dependent terms and they are evaluated from 0 to 25 minutes using the
functions given in Figures 3.6 and 3.18. The final result is that CDF(Q=9.37E-8/yr.

The total core damage frequency is obtained by sununing the trcquencies for the three sequences ;

and is 3.66E-6/yr. >

3.7.3.2 Non Itefueling Outage .

The frequency of the accident during a non.relucling outage k calculated taking into account the ,

'

ditferent initiating frequency and a ditterent probability for condConal core damage (as seen in
Figure 3.17). The frequency of a drained maintenance outage is 1.2/yr and a non. drained
maintenance outage is 0.6$r. Using these numbers and the estimated frequency for a loss of off-site ,

power results in lLOOP=2.01E-4/yr.

The results for the same three sequences are now: C D F(S l *) = 5.89 E. 6/y r C D F(S 2') = 2.19 E. R/y r,
and CDF(ST)=1.56E-7/yr *lhe total core damage frequency for this type of accident in thk type ,

. of outage is 6.08E-6$r.
.

3.8 Summary

The results of the analysis for the three plants are pisen in Table 3.3 which shows not only the
.

1 expected core damage frequency (CDF) but also the initiating hequency of these events. The latter .
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was of particular interest because in the analysis donc in Europe (cf Section 2.1), the initiating - '

frequency was quoted as being an order of magnitude higher. The CDFis similar for all three plants
'

s

and in the range considered significant. |
|

Table 3.3
Summary of Impo 1 ant Frequencies ;

l
_.

OCohEE CAIA'ERT Cl.lFFS' SURitY ]
INIT FR CDF INIT FR CDF INIT FR CDF

A'R A'R A'R A'R A'R A'R
.

REFUEL LNG 4.93 E.5 1.0$E-5 6.03E 5 7.54 E.6 6.03E-5 3.66E-6

NON. 1.64 E-4 - 1.75E 5 2.01 E-4 1.25E 5 2.01 E-4 6.08 E-6
REFUEL ING .

_

TOTAL 2.80E 5 2.00E.5 9.74 E-6

* Option A

These results are dependent on plant design and various anumptions used in the analysis. The most
important assumptions are summarized below. Note that sotae of them result in overestimating the
core daninge frequency.'

.

1. The dilution time during startup h 8 hrs. The consequences of the event are
independent of when during thh period the low of off. site power occurs. in reality, an

- event occurring early during thh period will have more shutdown Inargin to overcome
and is, therefore, expected to have less of an elfect than an event occurring near the end
of the normal dilution procedure, t

2, No credit is given for the operator to take action and stop the charging flow from the
VCT after the LOOP Although dilution while the shutdown banks are inserted or the
RCPs are stopped,(as would be the case after a I.OOP)is not a normal procedure,it

'

is assumed that since the operator knows that the ilaw from the primary water makeup,.

pump has ceased that no other action is deemed warranted. An action'that could be
taken by the operator would be to switch the charging pump suction to the RWST.

:e .

|

;

3. For all three plants the dilution is done with llow from the VCT. It should be noted
that in some plants the suction for the charging llow comes dircelly from the primary -
grade makeup water source and once the PG water pump is tripped there is no longer
the potential for adding unborated water to the RCS.

!- Oconce. The dilution rate is about the same as the letdown and the volume in the
L letdown storage tank is diluted to low boron levels (0 200 ppm). The available volume

in tne letdown storage tank is about 1900 gal,

t
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!

Calvett Cliffs: The dilution rate is matched by the letdown 110w rate.1he volume i

control tank (VCT) is eventually &uted to a very low boron concentration. The |
; available volume for injection into ti RCS is almt 2WI gal. :

Surry:1he dilution rate is generally lower than the charging rate, and the VCT may get
diluted to a very low boron concentration (0100 ppm). The dilution flow is always! '

directed to the VCT and bypassing h allowed only during xenon translents. The -

available volume for injection into the RCS is about 1WJ gal, y

- i
4. For all three plants the potential for an accident is limittd by the amount of diluted

'

water in the VCT as the supply of primary grade water is stopped by a p0 makeup
'

pump. Ilowever, these are plants uhere this pump is connected to the emergency bus
and the probability of an accident will be increased it primary grade water continues to -

,

be_ pumped into the VCT. This appears to be the case for some plants in France and
Sweden and is another reason why the probicm may be more serious there. The
question of whether the makeup pump trips or continues to run has to be evaluated on
a unit by unit basis.' :

!

5. Refuelhig outage: The conditional core damage probability is linearly changing between :
zero and one, corresponding to the amount M diluted water injected into the RCS. !

Mixing and switchover to a horated source redue s the probabil :v of core damage from :i
. one to zero over a short period of ihne.

7 Non refueling outage: The probability for conditional cose damage varies betwcen vero
. and one-half to account for the potentially higher natural circulation rate and mixing.

For any outage the probability of core damage used is espected to be conservative
because it does not account for any mixing that may occur (cf Section 4).

. ;

6i If of f site power, or another adequate power source, is available, the reactor coolant
pumps (RCPs) will be started over a 3n-minute intervalc

1

1

l
i

* - At the Ringhals plant iii Sucen of three units dmgned by Westinghome. two har the l'o water pump (onnected to an
~

- emergency but

31 NUltEG/CR 5819

|

1

<-e-e,,--+r.--+,-.,-w---,---~nw.-..w. vm, , . - - , - rw<v .-.-+,4



..

_ _ _ _ _ _ _

i

I

Pavbabilir, tic Analysis
,

b

/c 5> e 1 -

ei . f.,_ e:
.

,t a ,

.
. . . . , ,.. , . ., .

i # I I
![.

'f 1 ,a't i

'i !* * -: f
,

:.- c ei 9 ,, 3 :
Isi y :. s1 ,

,.. - ,...
.

.

\
.; . ,, I | t L

:I '; g {'_J' l',J' N} ^d ( 'b" 1, s, .e<t
' '\ ;

.,
m p .. si=> -. ,

" '' 99s a rt _

*
p. q.

| |' | n t;n-l! W:;! ! 4
e< ,9 el| t| p rji j v4 |g + + ,
w~ a +r nt f t;. 1, ;,,

*b = 0
u ,) .,x i s -~~

9 6

uG m ;' * *

m. )iet m:
.;

% | ,' % /
_
, 7

| ||; ut; u t; .
* s -=,:__.,__. 9

a I O| b
,

._.J ..&,.*~
.. ,

u t(t v4 u l.ttud ;| ,|'

% x,,' ;t e
ti

'i w| p",,,

L: .(: A t. /.s .s
u-

., i,. . ,

g I
-

[W'" u o WJ; at t

.: ,. .*
s ''

. = = ~ . , es
w.); t j

'n :: '

i||s" _

d* -

v g
Ws un t,i

: : :
,,

ris litt_
_ l

i :vt i: s 4..: ' ~
ja aL __ .

_

a

-

--

ji w| {; ' O "*t W
I,,

n' I... iGG est
un # 'N; I .'" [ei..i .: . 1 c, -

Wa f,
'

.-s6- - e

, - - :

Ii!~ # il |||-|i !
itv i) '

[a. 1

Figure 3.2 ECC and Ril Spray Systems . Oconec

33 NUltEG/ Cit.5819

. _ . . . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _. _ _ _ _



. - _ - _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _.

4

|

|

t

Pn habilistic Analysis

1

|

_
u

i
H i
I''

,,

.l ; . ;w!! ti s. ,. ,l ts.. t.
e .. . .

ni a gl .1.sI c. . , b. -t' 1,. ,- 'l in t <s 3:: . ' . :- ..:
. . ,.~ i :g. Tr* pl .; . ._

: g .- g4

!!t.,)g*-~4 lt
- . , .,,

4g)li, .t
ii! v

'"
i

1p : !) v * ;;;!h t! ' th, .+,t l,i ;ll 7- j* In
,, >

i

. i . 2. -- g'l *.
.

.

1- - -

I,.,. g ,,. .., un x:re.
,

. 1: _ .v s .. y- :
-

u n. ,.
.

., . -

.
' , .;it z.- . a,-1. -d ),i.s. t!.

.
, . . . ,

. i .

.
- .,. ;.sv1 .

i.o a t r
p , ci,. .., m ji ;-- ^JA *

g 1 ,, g's -I9
;;== .,

117i;|8- s|J;) s );}1
)

-

t'agli p:
. a

* r :,,

' *p e .
i1 5,, .

. p* -.t. ., , : ;.=- ;e

.f. .| a - - . < - t
I. 4..._ ,yI: -. ir *

.s f . 1' .! .t*
.. .
.,t._. it- s -

<.
11 , .

. *o -, ,

i $ o I.t- 1:
>:.

... .,p -L.
*

2, ,r 1 -
* *

's- 7? 'u .st :. M.v_ s;p - / x, ;. -r .; - -
*

;
-. :=--- s .1

2; ic 4 e. , .
.. ,

_ - ;4. ._

is ii : ,/ ,

|g 3 Ai;j~ D '---i j t'!-~- -_
e

1j|. a ; n 3 .!! 'e
- *

..5} ''-
~~

-
I -

3 i -

35; ' 1:: .s .

.( -

-) I;H

,.
-

:
-1- *

-

- .
~ * *'- . . , , . . . _ . - j,j

Is
,

*
'

,'t A-:;')t
: , :1. I; ..

-l|u*...__!; p
-* .:

.

;,i
a ,

_ ;' 8,
*

[.s,

_P u ip ~- . 1.1 , _ ,
* -

.

. j ~8*h!.;. i
_

L- -. ;,.h <-i :
.

i w_ a 1; I,. a ..i ...._ -- _, .,
.

t. ,4
,

g;. g r ;. 44 . .. - , .

.r-- &- .m p
~:,

~
" !.a 4" s

a _,_ 1 .-- * j.)' 4

g is
~t as- - , -

,

fa;.,i', .d. ' .a a,-

,

' .o: s-e
gs d :e s - I *-

.. , ,

_e s
r; ; L.-

p'! ~s ,
--

, 4.
U! , ., U

. t, .:a.., #.8
. a..

.

{t t

j8,3
-s '

- :. .. e
#{i

1

!
o

j Figure 3.3 Coolant Treatment System - Oconee

NUREG/CR 5819 34
,

r

k

e , .--,.---,,wna..-.,,,--.,,e w . . . . - m ,. . . , , _ ~ , , ,.-my.-- , - - _ . , _ , - ,. .-7--.c ege. w.,=--1
.



. ..

l
Prvlialiilistic Analpis

m s u n w n,s u si.s. u n,
< . . . . . . . .

_LLLL "''

/,: m ;rc- , ,, , s. , , , . , , , , ,
s . , m ,, o ,, - .. .w,.3,. . _ s,, , , , , , m , ,, ,,,,,,s

~
_

i I
, ,, . .y s , .

; ''i''''
yg,asn us pa sssimsurc 3_ug,,,gu os \

IT C11 21 til 31 C'I )
_

_

ri.
.m. . . ,r, , m...,

_

-
. . . , .

. . . , .

c" _,u ,, , . . , , , ,

;
-

. . , , , , _

iii., i n., ,,,
ITs11% l'1'st1% l't 'st l's

Figure 3.4 Electrical Sptem - Oconee

P(CCD)
. _ _ _ _,_ ._ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . ,

I

/
/

o.8 - f' REFUELING ,

i

I |
0.6 F j

i
!
'

0.4 -

yOf REFUELING
.

.

i

0.2 - |

0 - - - 2- ' ' '

O 5 10 15 20 25 30 35 40 45 50
TIME AFTER CHARGING FLOW RESTART, MIN

Figure 3.5 Conditional Core Damage Probability - Oconee Plant

35 NUREG/CR 5819

_ _ - - _ -_



-

3

Probabilistic Analysis

p(RCPRST)
_ . _ . _ _ _ _ . _ . .__-

t -

c.e -

.

0.0 -

,

c.4 . -

0.t -

'o- " - - ^ ' ' * '

o- 6 to 16 to 26 so 36 40 46 60
TIME AFTER RCP RESTART POSSIBLE, MIN

Figure 3.6 Cumulative Probability for itCP llestart

ILOOP4wvRDHYDno ypno!, CHO WYno CCD ,MPash;
' '

n

I cD1.g
_

l co s
,

--

y
I __ ._ l -

,-
co s

[ c_ -_

L_ co 4,

! CD 5
^

,

Figure 3,7 Baron Dilution Event Tree Onsa

NUREG/CR 5819 36

L __ . _ _ _ _ _ _ _ _ _ - - _ - _ _ _ _ - - - _ - - . . - - - - - --- - . - - - - - - - -- -_ - - - - - - - - - - - -



_

=
n

e? I'nelmlillistic Anulais
+ xu

5

F

E
w
n
i c

g; ,jy+ *r.

@w-
' g r. ;
I

-

n::,0 |
' cre- '

|| -

Eu-pri*sta
<

<* =

*8 ge2
[;

-
"#

, _ . . . > 7.

.

,_g

r -w =

!
; e ..t,.~,,.saz#

| --
.

, _

,

EEs-
,+ : - _ . - ec _ . -

:: 7:,

-h a
. _i?

~- y
~2

, - l _L s. .
>y
3 : s.t -a

=E
. - 741,"

:
p . e. , t

J..-O f.c- |-

" ,

:&,y- - cep y
.-

2 9 n c,

a. z -s5 n
r

i } } (#--
*

p y
D 1. .

21 f [ y!, N 5 .. hye 5
,s e >: s a- :g -e: -._. a--;

t ,[
-

s c :c =::<= -
e.- e c

-

e p .,-
::- fvf<

, - a h | y | 5::
,

__. | ,

a i -

_______
g |

____.___

[v+][ $ 7
I iS. P 9

,

FE a

[a r ?E~e
|5i 2 C-w $ ;

I +. 2 9t
-

2*E:!?! N - -
, , ,

$ ; c
A_ : --

I _ ~ 7f. >
O itT

i -;
:s f 7.I .

| 5 3p i e-

5,5: ka titi si *E
1 ,

,anc y: Ow- h

-a-
i t4 .

_ ; ;
-.

A kk$
y I: r. p:.

. , ;v, i
--

e, Ag c
-

NF |Dp
r -

'

sac L:E6

Figure 3.8 Charging and Letdown Systern - Celvert Cliffs

37 NURI:G/ Cit 5819

- - - . - . _ . - - _ _ _ _ _ _ _ _ _ - _ . - _ _ _ _ _ _ _ _ - -. . - - . . - -. .. - . . . _ .- - _ . . . - . -



._ _ _ _ _____ _ _ __ _ _ _ __ _ . . _ _._._ _ _ _ _ __ _ _ __ -____ _ _

|
\

. . _

| l'rnbabilistic Analysis >p|y )#
l u, 5?

# ~'
1

|f - . - . _ q
a

b:L| i s

!I[E I

k:e ty : !
.

:=
I 2E !|5i

' t

|[[ .- -..-- W I
a .

Ip
-- - h

-S -

ic.
"

,k o, ,, r, ...__. ./
a

1
|=_

_ ' E" (f4 i

I!!"
i!!r m

tt=

I e ;v ---

e a,

1
- I

,

| I
"

,i
"

l| -

t| 73 !i E .,P- o

,

i
2* ca 15 I II f; ;

II r '
" '
- - --_n -- jgj

I,

| pie !fr I
| | :

i a d. i !,!! | |! I 7__g
| |

t
| o

;

|
| 1

| h I E4t i
EP I i'

| ||
|

| |
'' |

v

I } I :
I < c u,.

!E! !!.!
~-~

!!.!,! ' ~_d fI
i

I| L. ,,_.__._.-_lyg
|. i. | ;

.

._ l | ,

i ! EE! !|

Figure 3.9 Makeup System . Calvert Cliffs

NUREG/CR 5819 38

|

6

. .. . _ - . - . _ ,,-..,%, . . me =* we *= = m v c



- - _ _ _ _ _ - - _ _ _ _ _ - - . - _ _ _ _ _ _ _ _ . _ _ _ _ _ _ - __ . _ _ _ . _ . _ _ . ___ _-- .

L
F

Pnibaleillstic Analysis

i

-l u t% utsult e%18 4N%ilutt p%
- |1%6i1%)

Men O<

Mil'It Ili AWII "%

C./ g,g,%It i . _ _ . . _ _ . . _ 43,N,il 2 ,, g/ )
~ of 1: \

p4gg, g

69 k %
ikAN%i1%|O% i

13 kV Bl'M A l .1% f |
I I,I

O <l.'%:=.C)
-

, , ar ts

.m le .k,,,,
' -

- - - - fil 4 R(.f %U , _ . __ _ _ .

IT410%

Figure 3,10 Electric System Calvert Cliffs

P(CCD)

1
'

o.e - REFUELING

o,e .

/ /'

[ NON-REF UELING

o.t -

- , nn-.w ...t

0 - io os 30 40 60 eo 70 so 90 too
TIME AFTOt CHARGING FLOW RESTART, MIN

Figure 3.11 Conditional Core Damage Probability Calvert Cliffs Plant Option A

39 NUREG/CR.5819



;g_ - --~ .~

i:;7 p
r

'l
'' Probabilistic * alysis

1

| |i'

ILOOP D8L. N R-DSL. CHO . 94R-LOOP >D f4CPR8T

b CD 1,

_

'O ! CD 2,

- _ , . . , _ . .

CD $,

Pgure 3.12 Boron Dilution Event Tree - Calvert Cliffs

P(CCD)

.1 -

0.8 -
REFUELING

,

0.6 -

0.4 -

N-REFUELING

0.2 -

J
' ' '

0 " - -
o m 20 30 40 60 00 70 80 90 10 0

TIME AF1ER CHARGING FLOW RESTART. MIN

Figure 3.13 Conditional Core Damage Probability Calvert Ciiffs Plant - Option B,

NUREG/CR.5819 40 -

t'



_ _ _ _ _ _ _ _ _ _ _

Probabilistic Analysis

6
E M W. E

.1 : : !
t ? A"

> -

g 2 2
eg,
-

?Gu * *

\ d g 6
' ''

f ( >vs-)
:-

3
-
~

@ R

$ 0 5 0 "J 5> L>
d d

:

ll

@t

'E
.s
=

iL

3
.

b A

O- ! $
-A- -

.e.

b,r__ ,
n.

t!_
.2 3e. t ( A #a.' - * .s & g

32et-2
x
t.u

$1
.E } ? G

Emi
t= 25p

Figure 3.14 Baron Dilution Surry

41 NUREG/CR-5819

I

_ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ -



r
. - .

w,

Pashabilistic Analysis

5]3
! 1

$

Y~
@ 4

,,

<il -f
,I '
'

v

I E

=) ) ,

g s !
a

"
A

h o

a tl.- -

p . .

!+XGC* i i ><

I,
=; ; y ;

=, , =
~:jZ=8=--

4 J7eg

if
-

a
li

im e1 .

==-| | -

F - N >7< g;

- -

"

M -

di
.e --

Ib @
si m

os
313

Figure 3.15 Charging and Letdown Subsystem - Surry

NUREG/CR 5819 42
-

___



- _ - - _ _ _ _ _ _ _ _ _ _ _ _ _

Probabilistic Analysis

TRANSMIS$t0N LINE

- - ,

SWITCHVARD

m- -a

L._ ,

NON-S AF E TY 8AFETY BUSES | TO UNIT 2
eUSES 4 kV

4 ..y [
-

w

[.- -in u

O ()iA is '

L'~001

O O O
'

RCP RCP RCP -

CHAROING PUMPS

Figure 3.16 Electrical System - Surry

<4 o

P(CCD)
_

l

II
REFUEL!NG

o.a -

0.6 -

0.4 -

NON-REFUELI
*~2 ~ /

0 - --
'

O 6 10 16 20 25 30 36 40 46 60
TIME AFTER CHARGING FLOW RESTART, MIN

Figure 3.17 Conditional Core Damage Probability - Surry Plant

43 NUREG/CR-5819

_ _ _ _ _ - _ _ _ _ _ _ _ - - _ _ ______ ___ _ _ _ . _ _ _ _ _ _ _ _ _ ._



_ _ _ -

e.

Probabilistic Analysis

1

1
ILOOP Ost Nn.DSL CHO NR-LOOP CCD RCPRST

L. . _

-

' CD t

CD 3
,

Figure 3.18 ' Boron Dilution Event Tree - Surry
, , ,

.

4

4

9

.NUREG/CR 5819 44

.



-- .. ._ _ - _ - __ _ _ - _ _-_

4 Thermal llydraulic Analysis

4.1 Introduction

in Section 3 the conservative assumption was made that the charging Dow, consisting of unborated
water, does not mix sufficiently with the borated water in the RCS so that a diluted region
accumulates in the lower plenum with the potential to cause a power excursion, it is known that
there will be some mixing and in this enapter the extent of this mixing is quanti 0cd. De analysis
assumes that the unborated charging flow is colder than the water in the RCS and it is injected into
the cold leg which is otherwise stagnant or at a low natural circulation now rate.

The modelling approach is similar to that used in the regional mixing model developed by
Nourbakhsh and Theofanous [4.1,4 4. That work was in support of the NRC Pressurized Thermal
Shock (PTS) study to predict the overeocling transients due to high pressure safety injection into
a stagnant loop of a PWR. The analysis includes quantification of mixing (entrainment) at locations
where the mixing is expected to be intense such as at the connection of the charging line to the
reactor coolant system and in the downcomer. Rese mixing models are then used to determine the
dilution boundary as a function of time.

4.2 Therrnal Mixing Considerations

Qualitatively, the physical condition may be described with the help of Figure 4.1. In the absence
ofloop Dow, the relevant parts of the system include the loop seal, pump, cold leg, downcomer, and
the lower plenum. Initially, this portion of the primary system is filled with borated water with a
boron concentration of ~ 1500 ppm and at a temperature near that of normal operation ( ~ 550'F).
The dilutien transient occurs with charging pump (s) injecting unborated water into the cold leg at
a rate of ~45 to 96 gpm. Typical temperatures of the makeup (charging) flow are ~ 400 F to
50d F, although, depending on the plant and the stoppage of letdown now during LOOP, lower
temperatures, on the order of ~ 160*F, are also possible,

he ensuing now regime is schematically illustrated in Figure 4.1. A " cold diluted stream" originates
with the charging buoyant jet at the point of injection, continues toward both ends of the cold leg,
and decays away as the resulting buoyant jets fall into the downcomer and pump / loop-scal regions.
A " hot stream" Hows counter to this " cold diluted stream" supplying the Dow necessary for mixing
(entrainment) at each location. This mixing is most intensive in ce rtain locations identified as mixing
regions (MRs). MR1 indicates that mixing associated with the highly buoyant charging jet. MR3
and MR5 are regions where mixing occurs because of the transitions (jumps) from horizontal layers
into falling jets. MR4 is the region where the downcomer (planar) buoyant jet Onally decays. The
cold streams have special significance since they induce a global recirculating How pattern with flow
rates significantly higher than the charging 110w. The whole process may be viewed as the quasi-
static decay of the cold diluted stream within a slowly varying " ambient" temperature and boron
concentration.
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4.3 Regional Mixing Model

The quantitative asocets of this physical behavior were incorporated in the Regional Mixing Model
1

_ [4.1;43). This model accounts for countereurtent flow limitations between the cold and hot streams I

at the cold leg /downcomer junction and incorporates plume ndting rates which are consistent with
|

data from idealized plume geometries. |

The computation proceeds at two levels. The one is global and seeks to establish a "mean system
response", referred to as " ambient"in the discussion of the Dow pattern above. The other is local
and seeks to partition mass and energy into the cold and hot stream consistent with mixing rates and
countercurrent flow requirements. The global computation depends on the dilution sequence
conditions and is discussed in Section 4.4.

At the local level of the computation the Dows, energies, boron concentration and the volumes of
the cold and hot streams must be established. The mass, energy, and boron balances for the control
volume around MR1 (see Figure 4.1) yield:

0 Ga + 0 Ga = 0 O, (41)

p,Q,h, + p,0,h, = p,Q,h, (4.2)

i paGaC + p G4C = p,G,C, (43)4 4

where p, Q, h, and C represent density, How rate, enthalpy, and boron concentration, respectively,
and the subscripts ch, h, and c refer to the charging, hot, and cold streams, respectively. The hot
stream flow rate is equal to that entrained into the jet and depends on the injection Froude number,
Fr , location of injection (side, top or bottom) into the cold leg, and the path length of the jeta
before reaching the cold streams, i.e.,

O, ' = Q,(Fr,, D, H,) (4,4)

where Da and H, represent the cold leg diameter and the height of cold stream, respectively.-

i This entrainment function can be obtained by using the analytical or experimental results from the
idealized buoyant jet geometries. Note that the Froude number is the ratio ofinertial to buoyancy
forces. Energy and boron concentration can be partitioned into the hot and cold stream volumes

NUREG/CR 5819 46

-
_



- _ _ _ _ _ _ _ _ - _ _ _ _ ______

Thermal llydraulle Analysis

such that the tr* ! energy and baron mass remain equal to their corresponding mean values obtained
from the globai calculations,

ne essential control of the overall process is provided by the countercurrent How requirement as
expressed by the condition of stationarity oflong, neutrally stable waves at the interface between the
cold and hot streams, i.e.,

Fr|+Fr|=1 (A 5)

De Froude numbers in Equation 4.5 must be based on the actual cold stream and hot stream -

hydraulic diameters (stream cross-sectional area divi 6cd by the width of contact between the two
'

streams, W), and respective now rates exiting or entering the cold leg. A parameter 8 is used to
express the fraction of jet entrainment,0,, coming from the direction of the vessel, i.e., the hot
stream Dow for use in Frh is BO,, Therefore, the portion arriving for entrainment from the loop seal
side would be (10)O,. Since there is no outuow from the horizontal part of the loop seal, an equal
volumetric rate of cold stream must Gow in that direction. As a consequence, the net Oow to be
used in Fr, of Equation 4.5 should be Oa + BO,.

A symmetric behavior, i.e., G = 0.5,is appropriate if charging now is injected into a horizontal cold
leg. A B = 1 is used when the charging Dow is injected into an inclined portion of the cold leg (e.g.,
as in the Oconec injection con 0guration).

Equation 4.5 can be put in dimensionless form [4.4,4.5] as

Q*3 . aQ*2 + l@ + c = 0 (4.6)

where

I F *I j #* I * P' { , b = { (4.7)a= +

#p* a } (1 -A * )' A*' j #2p*a A '' j
.

, ,
1 (4.8)1 1

0'p'a A'' trFrh
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I I
(4.9)-- o- .+

(1-A*)' A ''

#^

Q'= Ga, p* ._ - (4.10)'

ps

it'D A' H'11'* - d,A'- , It' - (4.11) -
A A -Das s

and

(* d}
Fr ,=a

(4.12)
Pa ~ Psgp-

Ps -

,

:Since W', A*, and lI,' are al! geometrically related Equation 4.6 provides a simple relationship of
~ he form:

_

t

-G' - f,(II',,p*,Fraf ) (4.13)
'

B

Similarly, Equation 4.4 can be put in a dimension! css form:

G' = f2(Fr ,II',,D*) (4.14)a

where

D
D* - (4.15)d

D,
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In reauor applications the variation of p' during a dilution transient is small and the effect of this
variation on the results of Equation 4.13 is negligible. ne Fraa increases gradually during a
dilution scenario.

The countercurrent flow limiting condition (Equation 4.13) and jet entrainment (Equation 4.14) can
be reduced to two. sets of plots such that the stratification (11/) and entrainment O' can be
determined by a simnie superposition procedure (see Section 4.4).

The temperature and boron concentration in the downcomer may be estimated on the basis of
mixing of the cold stream spilling out of the cold leg. A highly complicated three dimensional
mixing pattern occurs in MR3. In the original formulation of the Regional Mixing Model [4.1], the
approach was to conservatively neglect this contribution to the mixing in the downcomer. Rather,
the cold stream exiting the cold leg was assumed to form smoothly into the planar plume within the
downcomer and to decay according to the K-c-0 turbulence model prediction. A refinement was
possible on the basis of Purdue's 1/2 scale data [4.3]. The planar plume is taken to form within a
distance of 2Da below the cold leg centerline and to be fed in equal volumetric flow rates by the
cold stream and surrounding hot volume fluid. Below this point the decay is approximated by that
of a planar plume of initial width equal to Da and Fr = 1.0 as show in Figure 4.2. The plot shows
the temperature function vs distance down the plume. The centerline temperature of the plume,
T, temperature of the mixed mean region outside the plume, T., and temperature at the jump,T,3
are related to concentrations in the present problem. s

it should be noted that such thermal stratification is obtained at low (and zero) loop ilow, and it
cannot be represented with typical system thermal-hydraulic codes (e.g., TRAC and RELAPS) to
simulate rapid boron dilution transients. For a well-mixed condition, when system codes are
applicable, there must be sufticient loop flow not only to break up the charging plume (jet) but also
to produce stable flow into the downcomer, Nourbakhsh and Theofanous [4.6] used the boundary
of stability (Fr = 1) and developed a criterion for the existence of perfect mixing in the presencea
of loop flow. Reir stratification / mixing boundary, shown in Figure 4.3, can be expressed by: _

-75

Fr, = 1+.! (4.16)
L

Although Equation 4.16 has been developed for the conditions of high pressure safety injection,it
is also valid for the Fr range of interest for charging injection. Loop flows of 20 (for Surry) to 45a
(for Calvert Cliffs) times the charging flow are required to have perfect mixing in the cold leg and,
therefore, to be able to apply the typical system thermal-hydraulic codes.

49 NUREG/CR 5819

)

- _ - - - - _ - - - - - - - - - - - - - - - - - - - - - - - - --- _ - _ --- _



. . _._ _ _ _ _ ___ _. _ - _ . _ _

ThermalIlydraulle Analysis

4,4 Boron Mixing Calculations

The regional mixing model was used to assess the extent of baron mixing during a rapid dilution ,

scenario for the Surry and Calvert Cliffs stations. At Suny, charging pumps can deliver 96 gpm of
dcmineralized water from the volume control tank (VCr). The available volume for injection into
the RCS is about 1500 gal. This flow is directed to one of the three cold legs via 3 inch ID piping.
De charging injection line connects with a 26-inch ID cold leg at the top.

Two cases with charging flow temperature of 160*F and 450'F were considered. No loop circulation
was assumed for the duration of the dilution transient.

The "mean system response" was calculated from the global energy balance. Neglecting the heat
released from the walls and assuming p, to be a constant we have:

h ,,, - h, , -tG,p, (4.17),

= exp
h_-h, l ',,j,,,

The mixing volume V., = 1156 ft', representing the volume of one cold leg, one pump, one loop
seal (excluding the upstream vertical leg), lower plenum (up to the lower edge of core barrel) and
the portion of downcomer below the cold leg was used in the calculations. Assuming a charging flow
temperature of 160*F, h, is decreasing from its initial value (h ,,) of 547 Btu /lb, to 463 Btu /lb, at
the end of the dilution transient (940 s based on the capacity of the VCT and the flow rate).

This corresponds to a cooldown from 548'F to 478"F, The variation of Fr is very small duringu
this dilution transient (0.014 0.016).

The entrainment at the injection point (O'=3.5) and stratification (11*,=0.22) was obtained by
3uperposition of plots of counter-current flow limited entrainment and jet entrainment as shown in
Figure 4.4 The jet entrainment correlation based on the results of turbulence model calculations
[4.1,4.2] was used for the analysis for Surry.

- After the mixing patterns were calculated, the results were converted to baron dilution using the
- equivalence between the dimensionless boron concentration and energy distribution. The boron
concentration transients at several important locations in the system are shown in Figure 4.5 De
m.ixed mean boron concentration, C , exponentiahy decreases from its initial value of 1500 ppm to
1193 ppm during the dilution transient. The boron concentration at the cold stream, C,, was

. obtained from a boron balance for the control volume around MRI (Equation 4.3) and by assuming
the hot stream boron concentration to be equal to the mixed mean concentration. The boron
concentration at the junction of the cold leg and downcomer (-2D below the cold leg), C, wasa 3

obtained by assuming the mixing of equal volumetric 110w rates by the cold stream and surrounding
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hot volume duid as discussed in Section 4.3. Finally tne minimum boron concentration reaching the
lower plenum. C ..was obtained from the centerline planar plume dccay (Figure 4.2)obtained from
the results of the IW-6 turbulence model [4.1,4.2]. The actual boron concentration in the lower
plenum is higher than C ,because of miting in the lower plenum. The result from Figure 4.5 showsw
that the lowest boron concentration in the lower plenum will be na less than 1080 ppm. 'llis occurs
at the time when the VCTwould be emptied of diluted water and would start to be teplenished with
highly borated water from the refueling water storage tank.

Similar calculations were performed assuming the charging Cow temperature to be 450*F. The
results of the entrainment solution and boron concentration transients at ditterent locations are
presented in Figures 4.6 and 4.7. liigher charging Cow temperature (higher Froude numbers)
slightly decreases the entrainment at the injection point. Ilowever, due to a lower mass now of the

-

makeup water (due to the lower density) the boron concentration transients are slightly higher than
for the case with lower temperature. The result is that the minimum boron concentration in the
lower plenum is only 1100 ppm in this case.

Ik>ron i..ixing calculations were also performed for Calvert Clilfs. Under normal baron dilutioa
canditions at Calvert Cliffs three charging pumps are used.cach delivering 44 gpm of demineralized
water from the volume control tank (VCT) to two of the four cold legs via 2-inch ID piping. The '
charging injection lines connect with the 30-inch ID cold leg pipes at the side. The available volume
for injection into the RCS is about 2000 gal. During a LOOP only two of the three charging pumps
are transferred to the emergency electrical bus. Therefore, each cold leg with a charging line will
receive 44 gpm. As was done with Surry, two cases with charging temperature of 160*F and 450"F
were considered.

The mixing analysis for Calvert Cliffs was sunilar to that for Surty, llowever, the jet entrainment
correlation used for top injection (as found in Surty)is not applicable to Calvert Cliffs because the
charging injection is from the side. Using the correlation obtained by Riester et al.,[4.71 lor the

_

prediction of the trajectory of horizontal buoyant submerged jets and using a simple entrainment _

coef6cient for the horizontal part of the jet, the entrainment correlation was modilled to estimate
the mixing due to side injection. The results for the entrainment solution and boron concentration
transients are presented in Figures 4 A4.11. SigniGeant mixing is predicted during the boron dilution
transients and the minimum boron concentration in the lower plenum is 900 ppm with the cold water
injection (Figure 4.9) and 960 ppm with the hotter water (Figure 4.11). It should be noted that the
Froude number of injection (based on the injection nozzle diameter) for both Surry and Calvert
Cliffs is approximately 3-7 and thus there is additional mixing due to forceful jet impingement and
splashing off the opposite wall in the cold leg which is neglected here.

4.5 Summary and Conclusions

The Regional Mixing Model, which has been developed to study the thermal mixing of interest to
pressurized thermal shock, was utilized to assess the extent of boron mixing in the absence ofloop
tlow during a reactor restart scenario. Illustrative reactor predictions for Surry and Calvert Cliffs
indicate significant mixing during the boron dilution transients. Indeed, for the cases considered the
boron concentration in the lower plenum does not fall below 900 ppm. Ilowever, these cases do not
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Thennal llydraulie Analysis
;

encompass all possible physical situations for these plants. it would also be desirable to assess the
applicability of the model when the temperature of the charging flow is higher, to improve the'

understanding of mixing when the injectant enters at the side or bottom of the cold leg piping, and
to quantify the additional mixing due to jet impingement for the range of injection Froude numbers
ofinterest to twron dilution.
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5 Analysis of Consequences

5.1 General Methodology

in order to riporously calculate the response of the core to the injection of a slug of diluted water,
a three-dimensional dynamic core model is needcd. That model should have three-dirnensional
neutron kinetics and, if not three-dimensional thermal-hydraulics, then at least one-dimensional
thermal-hydraulics in multiple channels. It would calculate the transport of boron throughout the
core for a given distribution at the core inlet. Since this capability was not available for this project,
and since resources were not available to develop a rigorous model from those panial models that
do exist, the approach taken was to do a study based on an approximate synthesis '..lethod.

In this synthesis method static three-dimensional core calculations are combined with point neutron -

kinetics calculations to determine the power excursion. The static calculations determine the slug
reactivity which is input to the power calculation, in lieu of doing detailed baron transport
calculations different slug geometries and boron concentrations are assumed. The slug is assumed
to enter the core uniformly across either the entire inlet area, or across only a section of the inlet.
The slug reactivity is calculated as a function of the position of the slug front and a emnstant speed
is assumed in order to translate the space dependence into a time dependence.

The neutron kinetics model, with the standard six groups of delayed neutron precursors, is combined
with a heat conduction modelin order to improve the accuracy of the fuel temperature calculation
relative to an adiabatic model. This model also calculates the core average fuel enthalpy. At the
time at which the fuel enthalpy is at a maximum the position of the slug front is noted and the
corresponding static calculation is used to detennine the power peaking factor. The local peak fuel
enthalpy is then calculated by adding to the initial core average fuel enthalpy the increase in core
average fuel enthalpy multiplied by the power peaking factor. The local peak fuel enthalpy can then
be compared to the criterion for catastrophic fuel damage. This is taken to be 280 cal /g (1.2 MJ/kg)

.

because it is equal to the approximate threshold for mechanical energy release, as determined from
experiments [5.1], and because fuel fragmentation has been observed [5.2| at this furl enthalpy.

~

IIence, we equate catastrophic fuel damage with m change in geometry which could in turn lead to
other fuel damage mechanisms.

Note that this approach does not take into account other consequences of rapid dilution evems. If
there is no catastrophic fuel dan ?c there is still the possibility of release of fission products due
to cmdding damage either because of stresses caused at lower enthalpics or because of dryout on
the surface of the clad. There is also the possibility of a pressure increase that could be excessive
under shutdown conditions.

5.2 Static Core Model

The three-dimensional core calculations were carried out using NODE-P2 [5.3] This code models
the neutronics with one energy group and a nodal method where k,, and M2 are the basic neutronic
data for each fuel assembly. NODE-P2 has successfully been applied to core performance problems
by many PWR licensees. Cycle 9 of the Calvert Cliffs 2 plant [5.4] was chosen to be modeled with
the code because modeling information was availsle from another recent Brookhaven National
Laboratory study at shutdown conditions [5.5|.
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Analysis of Consequences

The basic neutronics data needed for each fuel assembly found in Cycle 9 were generated using
CASMO [5.6]. CASMO is a mult. group, two-dimensional, transport theory code for burnup
calculations oflight water reactor fuel assemblies. The code has been extensively validated. The
data were generated for fresh fuel containing either 0,4,8, or 12 burnable poison rods (containing
B.C) and for four types of burned fuel from Cycle 8, each with a different enrichment and/or
number of burnable poison rods. Each burned fuel assembly was assumed to be burned tc the
average exposure for that fuel type. To simplify the data generation two fuel types representing only
five assemblics in Cycle 9 were no' explicitly represented. A single burned assembly from Cycle 7
was represented as one of the bundles from Cycle 8 and 4 erbia bearing demonstration assemblics
were represented as fresh fuel with four burnable poison rods.

Table 5.1 gives the enrichment, number of burnable poison re 'c, and burnup of each assembly type
actually used. De table also indicates whether data was gt. <ated with and/or without control
element assemblies (CEAs) present. Dere are two types of CEAs. tach axially zoned differently
with rods ntaining B.C. Ag.In.Cd Al:0, or stainless steel. The assumption wr.s made that all3

CEAs were identical and contained B C rods since more than 85% of the rods are of this
composition. Part length assemblies were neglected. For cash assembly the data were generated
at boron concentrations of 1500,750, and 0 ppm. At 750 ppm 'he data were generated at the base
fuel temperature of 548'F (560 K) and at an elevated temperature af 1200*F (922 K). The
moderator temperature was 548'F ia all cases.

De core layout for Cycle 9 as medeled is shown in Figure 5.1. Dere is octant symmetry. In
addition to the fuel type, the location of CEAs are noted, with those that are in the shutdown banks
and regulating banks identified separately.

Table 5.1
Fuel Assemblies for NODE P2 Model

Fuel Enrichment Burnable Burnup Control
Type =la Poison mwd /t Rods

Rods
_

J 4.05 0 30 Yes/No

K 4.08 0 15 No

K/ 4.08 8 21 Yes/No

K* 4.08 12 21 No

L 4.30 0 0 Yes/No

LX 4.30 4 0 Yes

IJ 4.30 8 0 Yes

L* 4.30 12 0 Yes/No
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5.3 Static Calculatloas

5.3.1 Base Calcalations

The NODE-P2 core model with the shutdown banks removed and the boron concentration at 1500
ppm is meant to represent the core during the period of deboration when the final boron
concentration has been reached. (ne hot, full power (IIFP) critical boren concentration with all
rods out and equilibrium xenon is 1460 ppm |5.4]; without xenon it would be higher.) At this point
the CEAs belonging to the regulating banks would be removed to achieve criticality and then to
increase the power to operating conditions. De calculated k,n using NODE-P2 is 1.0083 which is
less than 1% too high and within the expected uncertainty Changes in reactivity are relative to thisvalue.

The worth of the shutdown bank at these conditions is calculated by NODE-P2 to be 4.6% nis
is less than the value of 5.9% calculated independently at beginning-of-life, but at full power
conditions [5.7], and greater than the worth expected at zero power conditions based on
measurements for some of the shutdown banks (5.8[.

The worth of a cere-wide boron dilution over the range trom 1500 to 750 ppm is calculated by
NODE-P2 to be 7.8 pcm/ ppm. The boron reactivity coefficient quoted for full power conditions is
8.2 pcm/ ppm [5.4]. De difference between these boron worths has the correct trend as the removal
of control rods at the full power condition is expected to result in a higher value for the coefficient.

<

At a boron concentration of 1500 ppm a core-average increase in fuel temperature (with the spatial
distribution determined by power) from 548'F to 1200*F was calculated by NODE-?2 to give a
Doppler coefficient of-2.6 pcm/* F. Again the only comparison that can easily be made is with the
coefficient calculated for full power operation. At full power the coefficient is expected to range
from -1.0 to 2,4 pcm/*F [5.4]. He magnitude of the Doppler coefficient is expected to be higherat zero power.

~

5.3.2 Pseudo Time-Dependent Calculations

The worth of a slug of diluted water was calculated by assuming a particular geometry and then
doing a sequence of calculations representing the slug as it moved through the core.In these
calculations all CEAs were inserted. The 9 cases considered are given in Table 5.2 which lists the
change in boron concentration (relative to 1500 ppm) and the sL, geometry.
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Table 5,2
Diluted Slug Conditions

Slug Geometry
Case Change in lloron

Concentration, ppm

I
~ Semi-infinite step

| 1 600

Semi-in0 nite step
2 750

Semi-infinite step
3 1000 _

Semi-in0 nite step
4 1500

535 ft' tectangular step
5 750

535 tt' traparoidal step
6 750

Semi-infinite step core center
7 750

8 1000
Semi-in0 nite step - coie center

Semi-innnite step - core edge
9 1000

.

In Cases 1-4 the dilution is assumed to occur uniformly across the core and the change in boron
concentration is represented as a sharp wave front (step), The reactivity effect of the dilution in
these cases is shown in Figure 5.2 as a function of the position of the front of the dilution boundary.
Each node corresponds to almost one foot so that when Node 12 is reached the entire core (136.7
in length)is diluted to the new boron concentration. The curves follow an 'ess' shape with the most
rapid changes in reactivity oce tring when the slug front is moving through the bottom of the core.
(Note that this is the complement to the problem of control rods being worth relatively i!ttle until
they move past the midway point.) An additional non-linearity is the effect of the degree of boron
dilution with the reactivity of a 1500 ppm change being more than twice that for a 750 ppm change.

-

As expected, Figure 5.2 shows that the magnitude of the slug teactivity can be very large if the
dilution is large.

In Cases 5 and 6 the slug is not semi-infinite but rather corresponds to a Oxed voluine of 535 ft'
Dis corresponds to 2000 gal of water available from the volume control tank (VCT) multiplied by
two to account for an amount of VCT water (with an assumed concentration of 0 ppm) mixing witn
an equal amount of water from the reactor coolant system (RCS)(with an ahumed concentration
of 1500 ppm) to create the slug of diluted water at a concentration of 750 ppm. The reactivity
change for these two cases is shown in Figure 5.3. The rectangular case starts off identical to the
semi-infinite step shown in Figure 5.2 and reaches approximately the same peak reactivity since the
length of the slug is almost equal to (actually 10!!2) the core height. As the wave front approaches,

the top of the core the boron concentration in the bctrom of the core changes back to 1500 ppm and
the total reactivity begins to decrease. The volume of the slug is the same in the trapazoidal case
but rather than a jump change in concentration it changes over a distance of 5 ft. The totallength
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of the slug in this case is almost 15 ft. As expected, the effect of changing the geometry is a slower
rise and a delay in returning to the initial condition.

In Figure 5.4 the effect of different radial geomeiries is shown by plotting Cases 2,7,8, and 9. In
Case 7 the dilution is at the center and affects a 7x7 array of fuel assemblics Since this is only
49/217 (=0.23) of the core the effect of a 750 ppm dilution is less than that obtained when the
dilution is uniform (Case 2). His can be seen on Figure 5.4. However, since the slug is in the
center of the core, where the neutron importance is relatively high, the effect is greater than 0.23
of that obtained in Case 2. Also shown on the figure is the effect ofincreasing the dilution in the
center from 750 ppm to 1000 ppm (i.e., reducing the boron concentration to 500 ppm). With the
larger dilution the figure shows that the reactivity effect is almost equal to that achieved with a
-uniform dilution. j

For the same 1000 ppm dilution Figure 5.4 also shows the effect if only assemblies on the core edge
are affected. For Case 9 there are 25 assemblies diluted at either end of one of the core axes. This
is shown on Figure 5.5 (which also shows the pattern when the dilution was at the core center). The
total of 50 assemblies affected is almost equal to the 49 affected in the center of the core but since
the neutron importance at the core periphery is less than at the center, the reactivity effect is much
smaller.

5.4 Dynamic Core Model

The_ dynamic core model consists of the point neutron kinetics equations, including six groups of
delayed neutron precursors, and a simple thermal-hydraulic model to obtain the core average fuel
enthalpy. The thermal hydraulic model consists of equations for the average pellet, clad, and coolant
temperature. A gap heat conductance (as a function of fuel temperature) is used and a fixed heat
transfer coefficient for the clad is detemiined to yield the proper initial conditions. The model was
solved with the DESIRE software package [5.9] on a personal computer.

_

Baron dilution reactivity as a function of time was taken from the static calculations described in
Section 5.3.2 by assuming a comtant speed for the slog front. This wr.s taken to he 2.0 ft/s which
corresponds to 13% of rated flow. This is an approximation to the flow which would increase from
close to zero (assuming little natural circulation) to 20% of full flow in about 20 seconds.

A constant negative reactivity representing the initial shutdown margin was used. This is meant to
account for the worth of the shutdown banks in the reactor startup scenario and in general for any
other contribution to shutdown margin that might be present before the dilution begins. In the
present calculation -4.0% shutdown is assumed to be the base initial condition, in Calvert cliffs this
is approximately equal to the shutdown bank worth but in other plants the shutdown worth might
be smaller.

Fuel temperature reactivity was calculated during the dynamic simulation using the core average fuel
temperature calculated by the model and a Doppler feedback coefficient expressed per unit change
in square root of absolute temperature. The Doppler feedback is strongest in the region where the
fuel temperature is highest and since the power, and hence the neutron importance, is also highest
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Analpis of Consequences

in this region,it is a gross inaccuran to represent the Doppler Icedback using a core-average fuel
t(mperature. To improve usin the accuracy of the fuel temperature feedback a Doppler weighting
factor (DWF) was applied to the reacthity calculated using the core average fuel temperatute.

The DWF is desined as the actual change in fuel temp rature reactivity during a dilution divided by
the change which would occur with the same average temperature change uniformly distrihueu over
the core (or as assumed when generating s core average Doppler cocificient). In practice 4 is
apprmimated as the change in reactivity il the fuel temperature is increased according to the power
distribution expected during the dilution divided by the change in reactivity for the same average
temperature change with the power distribution at the initial condition. Using this definition, the
DWF is calculated by doing additional statie calculations at elevated power (and thus temperature).
at each af the slug pisitions used to determine the boron dilution reacthity. 'Ihc change in
reactivity for this change in temperrare at this slug position is tht; Jivided by the change in
reactivity when the temperature change is made prior to the slug moving into the core. It is then
input to the dynamic calculation as a function of time just as the slug reactivity n input.

Some of the nominalinitial conditions used for the dynamic calculations are given in Table 53. The
delayed neutron fraction represents a midpoint in the range of 0244 to 0.0070 expected for the
cycle |5.4].

Tht' dynamic ... model calculats the con average enthalpy. At the time at which this is a
matimum the power peaking factor irom the static calculation corresponding to this time is extracted
arid u.ied to correct the enthalpy so that the final result is the local peak enthalpy.

Table 5J
Nominal Initial Core Conditions

Power p>ccay IIcat) 10 M W
. . . .

Fact Temperature 548'F

Coolant Temperature 548'F

Inlet Flowrate 13% of 1(ated. 2.0 ft/s

Delayed Neutron Fraction 0.0056

She hwn Margin 4.0%
_

Doppler Cocifichnt -2.6 pem/* F g

5,5 Mynamic Calculations

The dynamic calculations were carried out to determine the peak fuel enthalpy during a rapid
dilution event in order to know if catastrophic fuel damage could occur. No attempt was inade to
calculate other effeett such as the extent of fuel meltingin the center of the pellet, clad temperatures
if boiling transition is observed, or the pressure rise in the system. A inore rigorous calculational
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model would be necessary to observe this behasior and to understand how the core would respond
other than through catastrophic fuel damage.

Tiie power response for the base caa described in Section 3.4 is shown in Figure 5.6. In this ene
a S35 ft' slug of diluted water at a boron concentration of 750 ppm passes through the core at a
speed of 2.0 ft/s. The power traec is typleal for a prompt-critical icactivity escursion in a pWR.
When the reacthity addition due to the diluted water exceeds the assumed shutdown margin by the
delayed neutron fraction the power rises rapidly, in this case, with an assumed shutdown margin
of 4% lt can be seen from Figurc 5.3 that when the slug. front is between Node 5 and 6 this
condition is satisned. llence, at approximately 3 seconds into the transient the p>wer rises rapidly
until the almost instantaneous fuel temperature resp nie (typical of a PWR) causes sufficient
negatin feedback to terminate the initial power rise. Although the p-ak power at 75 GW is very
high, what is important in detennining the fuel response is the integral of power,i.c, the energy that
is deposited in the fuel.

the energy deposition causes an increase in fuel temperature and enthalpy. The radial pellet
average enthalpy is the quantity used to determine whether or not catastrophic fuel damage has
occurred (cf Section 5.1). The core average fuel enthalpy for this case is shown in Figure 5.7. In
order to determine the peak enthalpy in the core a power peaking factor obtained from the steady
state calculation is applied as explained in Section 5.1. The power peaking factor is 6.3 and this
means that the initial power rise corresponds to a peak fuel enthalpy of 69 cal /g which is much less
than the criterion for fuel damage.1he power peaking factor i,large because the slug is only half.
way into the core at this time.

After the initial power rise the power decreases but then, as can be seen on Figure 5.6, the power
rises again before it slowly starts to decrease after 5-6 seconds. 'lhe increase comes from the fact
that reactivity is continuing to be added until that time period. The decrease in p)wer comes from
the decrease in slug reacthity but the decrease in core average fuel enthalpy comes primarily from
the fact that there is heat transfer from the fuel into the coolant and this becomes appreciable in
the period after 6 seconds. Note that when there is a large amount of energy transferred into the
coolant the model is no longer applicable. Two-phase How would be expected and significant
negative feedback from the coolant would affect the response of the fuel rods. Although this was
not rnodeled in this calculation the peak fuel enthalpy was calculated during the period of 5-6 -
seconds when the core average fuel emhalpy reaches a peak. The value was 102 callg which again
is an indication that no catastrophic fuel darnage would occur.

These results will be most sensitive to the initial shutdown margin, the Doppler feedback, and the
properties of the slug. Other factors which will have a secondary impact are the delayed neutron
fraction, the neutron lifetime, and the speed at which the slug moves through the core.

In order to quantify the effect of initial shutdown margin, several additional calculations were
completed. The initial shutdown margin represents what the condition of the core might be by virtue
of the operating mode combined with the effect of any control rods that might insert prior to the
slug passing through the core, in the reactor restart scenario even if the core was initially at its final
boron concentration there would still be some negative reactivity as the reactor is usually brought
to critical on the movement of the regulating banks. Assuming that the reactivity hold-down of the
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regulating banks is small, then the initial shutdown margin is just the worth of the shutdown banks
which would scram when there was a loss of off. site p(mer. Although this was auutncd to be 4G
in the base case, for some plants this mig,c only be 2'i. If there were no rods initially withdrawn
then the stnallest shutdown margin' that could be expected would be the IU requirement when at
hot shutdown conditions. llence, the calculations were done with an initial shutdown margin down
to 1% At the other cnd of the scale is the fact that if the shutdown margin were equal to of greater
than the amount of reactivity which could be inserted by the diluted slog then no power excursion
can take place. In the case being considered with a 750 ppm slog, this is 5.9G.

De results of these calculations are shown in Figure 5.8. Peak f act enthalpy is plotted for the time
corresponding toimmediately af ter the initial power spike and for the time at which the core average
enthalpy exhibits a bioad maximum (cf Figure 5.7). He times at which these peaks occur become
later with an increase in initial shutdown margin as it takes longer to overcome ,that barrict and
become supercritical. As can be seen, when the initial shutdown margin is between l''; and 2G the
peak fuel enthalpy can execed the 280 calig crittiion for catastrophic futi damage. His is not the
result of the initial power burst but rathcr the fact that the power remains high due to the continued
presence of the diluted slug.

Figure 5.8 also shows the eficct of reducing the Doppier Icedback by a f actor of 0.5. As explained
in Section 5.3.1 the reduction in the Doppler coctficient f rom -2FF to 1.3/'F is consistent with
the range of coefficients expected during operation of this cycle of Calvert Clitfs and similar to how
other PWRs operate.

An estimate of the boron dilution necessary to cause the fuel enthalpy to execed 280 cal'g when the
initial shutdown margin is 4G can be made by using the results shown in Figurc 5.S. Sinn that
tigure shows that a reduction of the shutdown margin to appioximately 1.59 would cause th< peak ,

fuel enthalpy to execed 280 cal!g it can be estimated that at an initial shutdown margin of 4G one
would need additional reactivity worth 2.5G, or approximately an additional dilution of 320 ppm.
Ilence,if the boron concentration of the slog was approximately 430 ppm and the initial shutdown
margin wa' 4% catastrophic fuel damage might be likely. Note that with this boron concentration -

the volume of the diluted slug would be 1.4 times the volume of the unborated water auumed to
be available from the VCT or 375 ft' He length of the slug would then be approximately 7 ft
rather than the 10 ft for the nominal case. This is not expected to alter the behavior of the power
excursion during the period where the fuct enJ. alpy reaches a maximum, however, if the slug was
even smaller and more dilute it is not clear that the situation would lead to a higher fuel enthalpy.
The competition between a higher positive reactivity insertion and a shorter insertion time in the
limit of reto volume lads to a smaller effect.

If the slug were to be located in the center of the core as shown for Cases 7 and 8 in Section 5.3.2
then there are several factors which change the response of the core, it takes a larger dilution to
cause the same power excursion with a uniform radial distribution as can be inferred from the curves
in Figure 5.4. Ilowever, for a given power excursion the peak fuci enthalpy would be higher with
the slug kicalized in the core center because the power peaking factor might be higher. For the
cases considered herein the increase in power peaking is approximately 49G. If the situation of
concern is a highly dilute slug (with perhaps a high imtial shutdown margin) then the power
excursion with the slug in the core center will be different from the case with a uniform radial
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Analpis of Consequences

distribution because the smaller inlet area for the slug means that it will be in the core longer.
llence, the sevelity of the excursion will be a complicated function of slug di;ution. g(ometry, and
volume as well as initial shuto - + margin and Doppler feedback.

In the above calculations t; wity feedback from the reactor coolant was neglected. Af ter
power rises, the increase in t ot temperature and the possibility of steam voids would tend to
reduce the power after sufficient time has elapsed for significant heat transfer. Another,potentially
more important effect of coolant temperature occurs at the outset of the event if the diluted slug
is significantly cooler than the initial water in the core. This may be the case as one of the important
mechanisms for not having mixing of any diluted water entering the system is the relatively high
density of the injectant if it is colder than the water in the RCS. 'the reactivity addition due to the
temperature of the slug could be significant, especially at the end of a fuel gele when the moderator
tempcrature coef ficient (MTC)has its largest magnitude. With the same conditions used to gencrate
Figure 5.8 (with shutdown margin of 4G) the peak fuel enthalpy would exceed 280 cal /g if the MTC
was greater in magnitude than -20 pcm/* F. This is based on a slug temperature obtained by mic:,g
eqcal amounts of unborated water at 248*F with 1500 ppm RCS water at 548'F.

The interpretation of the of feet of cooler slug temperatures is complicated by the fact that the above
neutronics calculations are for a nxed boron density (g'em') and the boron concentrations (ppm)
quoted above assume a slug temperature equal to the initial temperature (548'F)in the core. If the
coolant density is lower then the boron concentration quoted must be lower. For example, the
boron concentration would have to be reported as 675 ppm at 298'F rather than 750 ppm in order
to have an equivalent density.

_
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6 Summary of Results and Conclusions

The analysis of a rapid boron dilution event has been carried out in three different ways: 1) a
probabilistk analysis for the core damage frequency,2) a mixing analysis to determine the extent of
dilution before injection into the core, and 3) neutionics calculations to determine core behavior and
the consequences in terms of fuel damage.

The probabilistic analysis was done for reactors from each of the thr(e U.S. reactor vendots. De
CDF varies from 9.7E6$r to 2.8E-5/yr for the thice plants whleh is what is calculated for other
internal events that are considered to be important. It is, however,less than that calculated for the
same event in a Furopean reactor. One of the teasons for this is that the initiating frequency is
lower in the present analysis. No other conclusions can be (cached on the differences because the
details of the European analysis were not available for this study.

_

De analysis shows the importance of the primary grade water pump. For all three plants the
potential for an accident is limited by the amount of diluted water in the VCT as the supply of
primary grade water is stopped by the trip of the PG makeup pump, liowever, there are plants
where this pump is connected to the emergency bus and the probability of an accident will be
increased if primary grade water continues to be pumped into the VCT. This appears to be the case
for some plants in France and Sweden and is another reason why the problem may be more serious
there. The question of whether the makeup pump trips oi continues to run has to be evaluated on
a unit by unit basis.

For all three plants the dilution is done with flow from the VCT. It should be noted that in some
plants the suction for the charging flow comes directly from the primary grade makeup water source
and once the PG water pump is tripped there is no longer the potential for adding unborated water
to the RCS.

The results are dependent on assumptions used in the analysis which are summarized below. Note
that the assumptions result in overestimating the core damage frequency. More detailed analysis
would have to be carried out to quantify the effect of these assumptions. _

1.- The dilution time during startup is 8 hrs. The consequences of the event are assumed
independent of when during this period the loss of of f. site power occurs. In reality, an
event occurring early during this period will have more shutdown margin to overcome
and is, therefore, expected to have lesr,of an effect than an event occurring near the end
of the normal dilution procedure.

2. No credit is given for the operator to take action and stop the charging flow from the
VCT after the LOOP.' Although dilution while the shutdown banks are inserted or the

,

RCPs are stopped. (as would be the case after a LOOP)is not a normal procedure, it
is assumed thr.t since the operator knows that the flow from the primary water makeup
pump has ceased,'that no othcr action is deemed warranted. An action that could be
taken by the operator would be to switch the charging pump suction to the RWST.

x.
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Summary of itesults and Conclusions

3. The analysis does not account for any mising at the point of injection or mixing of the
diluted water due to its flow into the downcomer and down to the lower plenum. It
does, however, account for the clicet of natural circulation on initing. The assumption
is made that ifit is a startup without refueling then there is sutticient decay heat and
natural circulation to ruis the injectant to the extent that tne probability of causing core
damage is reduced by a f actor of 0.5. Mixing analysis performed for two of the plants
shows that this may be very conservative under certain conditions.

4. Another important auumption is that it off-site power, or another adequate power
sourec, is available, the reactor coolant pumps (RCPs) will be started during a 30-
minute interval.

The mixing analysis was done w;th the Regional Mixing Model developed to study the thermal
mixing ofinterest to pressurized thenuat shock. Illustrative reactor predictions for a Westinghouse
and a llabcock & Wilcox plant show significant mixing during the boron dilution transients. For the
cases considered, the boron concentration in the lower plenum does not tall below WO ppm when
the initial boron concentration in the vessel is 1500 ppm. Ilowever, these cases do not encompaw
all possible physical situations for these plants. It would be desirable to assess the extent of mixing
when the injectant enters at the side or bottom of the cold leg piping, as is the case in some plants.
and to quantify the additional mixing dee to jet impingement for the range of injection conditions
of interest.

The neutronic results show that there is the pouibility of catastrophic fuel damage depending on a)
the initial shutdown margin, b) the Doppler feedback, and c) the properties of the slug. especially
the boron concentration. The initial shutdown margin depends on the reactor state at the time of
initiation of the event and the reactivity worth of the shutdown bank which will scram before the slug
enters the core. The Doppler feedback is responsible for initially terminating the power excursion
'Ihis number can vary by a factor of two during a fuel cycle and therefore results will be sensitive
to where in the fuel cycle the event takes place. Af ter the initial power excursion the power remains
high until the slug has pawed sutticiently through the core so that power deertases. Since there may
not be much shutdown margin to begin with, after the slug passes through the core the decline in
power may not be as rapid as occurs with reactor trip. This also impacts the consequences in terms
of fuel damage.
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This report documents the results of a scoping study of rapid dilution events ir.
pressurized water reactors. It reviews the subject in broad terms and focuses c.n
one event of'most interest. This event could occur during a restart if there is a

loss-of-offsite power when the reactor is being deborated. If the volume control
tank in filled with water at a low boron concentration then a slug of this water
could accumulate in the lower plenum. This would be the result of the trip of the
reactor coolant power. The concern is that this diluted slug will rapidly enter the
core after a reactor coolant pump is restarted and this could cause a power excur-
sion leading to fuel damage. This problem was studied probabilistically for three
plants and the important design features that affect the core damage frequency were
identified. This analysis was augnented by an analysis of the mixing of'the diluted
water with the borated water already present in the vessel. The mixing was found to
be significant so that neglect of this mechanism in the probabilistic analysin leads-

to very conservative results. Neutronic calculations for one pl .m t were carried out
to understand the effect of nuclear design on the consequences of the event.
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Boron-dilution; boron-primary coolant circuits, boric acid, reactor , , , ,g,,,,

cooling systems, PWR type reactors-excursions, PWR type reactors- '
reactor safety; risk assessment; probability, PWR type reactors-
reactor accidents, fuel elements-damage, scram, re vtor shutdown, ,|,[lasified2"

neutron transport, reactor cores-damage. PWR typt -tors-power
unclassifiedlouses, blackouts
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