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Abstract

This 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. This event
could occur during a restart if there s a loss-of-offsite power when the reactor is being deborated.
If the volume control tank is 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
pumps lcading to relatively low flow conditions and the restart of the charging pumps on emergency
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 excursion leading to fuel damage. This problem was
studied probabilistically for three plants and the important design features that affect the core
damage frequency were identificd. 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 ncglect 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
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. The 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
voolant pump (RCP) is started so that the slug of relatively diluted water passes rapidly through the
core with the potential 10 cause a power excursion and fucl 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 tais event without accounting for
mixing of the J'uted water entering the RCS results in a significant core damage frequency.
However, if mixing 1s 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 withdrawn
during deboration) and trip of the charging rumps and the RCPs. When emergency power is
brought on line the RCPs are not able to start b at the charging pumps will start. 1t is assumed that
the volume control tank (VCT), which supphes 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 boron dilution is met, i.¢., 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 occurs
it is assumed that the slug passing through the core adds sufficient reactivity 1o overcome the
shutdown margin and cause a power excursion, Furthermore, the concern is that the power
cxcursion 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 refucling
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.

In order to sce if the ccre damage frequency might be as high in US. plants, a probabilistic
assessment of this scenario was done for three plants. The plants chosen, Oconee, Calvert Cliffs,
and Surry, represent a sample from the three U.S. reactor vendors, Babcock & Wilcox, Combustion
Engineering, and Westinghouse. The estimated core damage frequency based on a scoping analysis
was 2.8E-S5yr, 2.0E-54r, and 9.7E-b/yr for the three plants, respectively. These numbers are
relatively high compared to desireable goals, but they are only the result of a scoping analysis and
include many assumptions.

X1 NUREG/CR-5819
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Executive Summary

Although there were several conservative assumptions made in the analysis it should also be noted
that there v e sevesal conditions present at these plants which might not be relevant at other plants
and would make the core damage frequency higher at those other plants. One of these is the
initiating frequency for a LOOP which is Jower at U.S piunts 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. 1n this analysis it was assumed (hat the volume of diluted water available was the volume
withinn the VCT from the normal level to the low level at which point highly borated water from the
RWST would automatically start to fill the VOT. In each of the three plants studicd, the pump from
the source of primary makeup water was tripped after the LOOP and remained tripped until full
power was restored. 1t 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 frequency would be
increased. Since there are PWRs in Europe where this s the case it may also be true within the
U.S. Thercfore, some plants may have a higher vulnerahility to this event than those chosen tor
study,

The two mo it important conservative assumptions in this analysis are:
®  The mixing of the injeotant is insignificant
®  Fuel damage occurs when the slug passes through the core

The first assumption was found to be conservative by performing an analysis using a mixing model
that had been developed fo 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 downeoiaer, and
then as it moves down the downcomer into the lower plenum.  The calculations were done for
Calvert Cliffs and Surry. The reactor conditions assumed were that the RCS was initially stagnant
and that the temperature of the injectant was cither 100F° or 290F Jower than the initial
temperature of the RCS, If there was significant loop flow due to natural circulation this would
enhance the mixing.

The results of the mixing analysis were that the boron concentration in the lower plenum was not
expected to be fower than 1080 ppm or %% ppm for Surry and Calvert Cliffs, respectively, assuming
in both cases that the boron concentration in the RCS at the time of the LOOP was 1500 ppm. This
means that the reactivity addition would correspond to a change of only 400-600 ppm rather than
the 1500 ppm that was theoretically possible *

The second major conservative assumption in the prababilistic 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

* The extent of mixing means that the volume of diluted water crsated is much larger than the
initial volume avuilable from the VOT. Hence when the RCP is 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

NUREG/(CR-5819 Xil
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1 Introduction
1.1 Objectives

The general objective of this work is to improve the understanding of rapid boron dilution cvents
in pressurized water reactors (PWRs). This is to help the US. 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 frequency of occurrence of one
sequence which has been of particular interest to the NRC. This is done for plants of cach of the
US. 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.  The 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

Borun dilution events have always been of concem in PWRs. A slow inadvertent dilution due to
malfunction of the chemical and volume control system (CVUS) is a design-basis event which
satisfies stringent acceptance criteria. The question of whether additional failures beyond the CVES
maltunction 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]. That study noted that more scenarios were being postulated
in different countries and that additional work wouid have to be done in the future to determine the
importance of these events,

It is convenient to separate these beyond-design-basis dilution events into thres 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, uncontrolied dilution in which the boron concentration in ihe core changes slowly
but steadily throughout the entire core. This type of event requires a large volume of diluted water.
Itis relatively easy to analyze as the power increase will be determined by a linear reactivity addition,
mitigated by feedback cffects, until stopped by operator action or the melting of fuel.

A second type of excursion oceurs when pumps are off and diluted water accumulates in the lower
plenum of the vessel to the extent that the bottom of the core beecomes erifical and power inereases.
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
dituted water mixes uniformly with the water in the RCS. it is this type of event that is currently
of interest tc the NRC [1.2] and that is the subject of this study. In order 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

{ NUREG/CR-5819
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Rapid Dilution Scenarios

water in the isolated loop is relatively cold, they caleulated that approxinately 3% of the fucl
experiences clad rupture and <0.5% melt completely. However, insufficient information was
presented to know what was the worth o. the control rods and it is not possible to say that the
calculations bound all possible consequences.

2.4 Blowdown of a Diluted Accumulator

If an accumulator has become diluted then if there is an inadvertent blowdown of that accumulator
there is the potential for a diluted slug to pass through the core. The 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 deenergized according to procedures, then there is possibility that it can open
allowing the accumulator fluid to enter the cold loop and flow thiough the dowacomer and into the
core.

There are several ways in which the accumulator can become diluted. In a study at Brookhaven
National Laboratory [2.10] it was Jetermined that the most likely cause was back-leakage during
operation at end-of-cycle. With a low boron concentration in the RCS and icakage thro.gh the
check valves, the accumulator boron concentration could change dramatically 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 Wustinghouse plant and
showed that the expected frequency was insignificant.  However, 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. This 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 nat have any conseguences, it was an important
precursor #nd also indicates that the most likely source of diluted water might be due to
maintenance tather than back-leakage.

5 NUREG/CR-5819
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Probabilistic Analysis

is assumed to increase linearly with time from zero to one in the time period of 25 minutes during
which the diluted water in the letdown storage tank is pumped into the RCS.

~ After the suction source switches to the BWST the potential for core damage decreases sinee

borated water is injected and presumably mixes with the diluted water. [t is assumed that atier
about an additional 15 minutes PACCD) decreases (lincarlyy to zero and there is no longer the
possibility of a rapid dilution event occurring it the ROPs are restarted.

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 refucling.  After a retuching (especially it it coincides with a long
shutdown), the decay heat is relatively low bocause of the replacement of so many fuel asscmblies
(typically one-third of the core). However, after a shutdown without refucting which is mo 1 likely
1o occur in the middie of the cycle, the deeay heat is expected 1o he much larger. Ttis expected to
be sufficient so that the natural circulution flow rate is considerably higher than atter a refucling.
If the natural circulation flow rate is sufficiently large then atter injection of diluted water there may
be sufficient mixing to reduce the probability that there will be core damage with the restant of an
RCP, This is taken into aceount by decreasing PIOCD) by a tactor of (1.5 as is shown in Figure 3.5,

It is important to recognize in the curves shown in Figure 3.5 that t=0 corresponds to the time when
the charging flow is reestablished thiough any of the power sources available. Tt does not
correspond 1o the beginning of the LOOQP, 1t the hydro umits are avadlable, then t=0 is the same
as the initial time of the accident, however, for seenarios when the hydro units fail to provide power
initially, t=0 corresponds to the recovery of cither the hydro units or off-site powcr,

The restart of the RCPs after the LOOP is aiso modelled as a tunetion of time. Once a power
souree is available either from otf-site or from the hydro units, the operators are expected to start
the RCPs. The preferred method of operating at this stage of the startup is 10 keep foreed
circulation in the RCS. Once the power is available, certain proce dures have 1o 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 vstarting the RCPs increases from
2eto to one in the thirty minute time period after recovery of power. This is shown in igure 3.6,
Again the time t=0 does not correspond 1o the oceurrence of the LOOP but rather, in this case, to
the availubility of high capacity ¢lectrical poswer, i, the off-site grid or the hydro unit through the
230 kV switchyard.

3.3.2 Accident Sequence Modelling

The event tree shown in Figure 3.7 was developed o evaluate the ditferent accident sequences; in
patticutar those leading to core damage (CD) duc to rapid dilation as marked on the diagram. The
first top event (ILOOP) is the accident initiator, Le. the foss of off-site power event during the start
up period atter the plant was placed in a shutdown condition. The shutdown itself may be diviaed
into two different eategories:  a) shutdown when refucling is done and b) shutdown without
refucling. As explained in Section 3.3.1, chis is important because of the relationship between decay

I NUREG/CR-5819
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heat levels and the probability of the dituted water from the letdown storage tank mixing with the
bigher concedtration water in the RCS

The top event SWYRD guestions the type of LOOP eve  One type (represented by the top
branchi) is grid retated without affecting the wvailability of the 230 kY switchyard, This is imveortant
since the hydro station, through the switchyard, is capable of providing clectrical power baosap to
all emergency sources incuding the RUPs. However, i the switchyard is affected, ¢ the overhead
connection 1o the hydro station is unavailable (represented by the bottom branch), then the RCPs
may not he started. but the P pumps (charging low) may have clectrical power through the
underground cables from the hydro station.

The top event HYDRO guestions the availability of the hydro station given a demand. 1f the hydro
station fails to start (hottom branch), it may be recovered and this is modelled by top event NR-
HYDRO or non-tecovery of the hydro station. For this top event the success path (top branch)
reprosents the recovety of th, S edro station.

The HPI pumps are powered from the emergoney buses and their availability (and the expected
charging flow) is questioned - p event CHG. Tae top branch signifies that they are available.

The top event NR-SWYRD guestions the recovery cither of the switchyard o the off-site grid, cither
of which would reestablish clectric power 1o the RCPs. For this top event the success path
represents the reeovery of the power supply,

The top event CCD questions whether there is core damage given the amount of diluted water that
has entered the RS The bottom branch  epresents the possibility that this occurs.

The dast tap event questions the status of the RCPs and whether or not the operator started one of
them, The top branch represents the suceosstul restart of the RCPs,

The most important top events in the accident event tree are time dependent and a conventional
static approach is inappropriate to model the complete sequences. The time deperdence may be
inclugde:* in the event tree by assuming that cach top event is a time functional and (e end-states
are also dependent on time, This may be considered a proeess, where the event tree — heing asked
and evaluated at cach time step [tt+at] and the final values are summed or integrated over the
respective time penod. The actual numencal evaluation of these integrals will be discussed in
Seetion 3.3.3.

There are five sequerwves which involve jotential core damage throup a rapid boron dilution
scenatio. These are shown in Figure 3.7, The other sequences are either sate conditions or other
types of accident sequences, such as station-bluck-out, which are not the subject of this analysis. The
fotlowing is a short suamiry and description of cach CD sequence:

Sequence | Given the LOOP ¢vent the switchyard remains operational.  The hydro

station starts up and provides a backup source of power for the unit,
including the RCPs. The charging flow is aut imatically reestablished by the

NUREG/CUK-5519 te
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P(HYDRO)=93E-3 and P(CHG)=84E-4. Both of these values woere denved by exan ining the
specific fault-trees representing the various failure modes,

The time dependency is modelied in the event tree by caloulating the contribution of cach sequence
in cach time penod [Lt+a] and then summing to the otal time for which there is core damage
potential,  The probability at a given time P(CCD) is obtained using the distributions shown in
Figure 3.5, The probability per unit time tor PIRCPRST) is from Figure 3.6, Since Flgure 3.6 is
a cumulative probability distribution it is the derivative of that curve with respect to time, e, (1/30)
per minute, which is equal 1o P(RCPRST).

The evaluation of the time integral of the CD sequences involves a convolution integral (eg.
[ drgPyt) { QoP,).. 1)) with the approprinte probabilitics. In the tollowing, for simplicity, the
short form [ dtf..) will represent this type of integration,

For Sequence 1 the appropriate integral is:
CDF(S1) = ; GUILOOP* L IESWYRIDPHEPOIYDROGPH-POTIGH P MOCCD P PROTRSTH )

In this seque = the integral { over the period 0 1o 30 minutes as the RCPs are expected to be
running by end of tes peried The integral of the time  dependent  poron,
| aPCCD)  ACPRST)), bs eveluated trom 0 to 25 minutes using the ascending part of the
distribution shown in Figure 3.5 and from 25 10 30 minutes using the descending part of the
distribution®. The aumerical vilue is 056, Henee, the result for Sequence 1 is that CDF(S1)=K.2E-

o1,

fequence 2 s similar 1o the previous one cxeept that the hydro station fails 1o start, but recovers to
supply emergency power. Henee,

COFS2) = { aIOOP LBEWYR S [ POIYDROY(1PFNRIYDRO) | PORG)]
POCD) PORCPRST).

In this sequence, there are two time pertods to consider. One s the time related to the recovery
of the hydro anct 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 s recovery and heroe, the

integral | a{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
5 dt[1-P(NR-HYDRO)| can be assumed to he unity as it is expected that over a long period of time
ther would be recovery. Henoe, the vesult tor Sequence 28 that CDF(82)=7.0E-7yr.

Sequence 3 represents the tailure of the bigh capacity electrical power supply either through the Joss
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 cither case, the power supply to the RCPs are lost and tiicre

] : ’ -
The torearal i nal Sieried Hot to 40 o e Botaose PTRUPRST) # zero afer W0 musites
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In Sequence 8 the switchyard, or the off-site grid, recovers carlier than the hydro station. The
charging flow and the RCPs may be restarted as soon as «  oftsite power beoomes avallable, The
sequence is essentially identical with Sequence 2 except that the off-site power used in Sequence 2
is replaced by the hydro units through the overhead lines,

The core damage frequency in this case s

CDFSS) = | diILOOP*PESWYRD P POIYDROP [ CHG)* [LPINRSWYRD))
POCID)*P(ROPRST) ).

The time dependent portion appearing under the integral is effectively the same as in Sege ~e- 2
and was evaluated as 0.56, Henee, COF( S8 1= 1 80E. 7yr,

The CDF for this type of sequence after o retucling is the sum of the CDF for cach of the above
five sequences and is equal to 1OSE Syt

LAA2 NonRelweling Outage

If the aceident is assumed to ocour after a drained o non-drnined outage that does not invol.e
refucting the event tree shown in Figure 3.7 is still apphcable, The primary difference between the
retueling and non-refucling outages is that the latter occurs with o relatively higher frequency sinee
refucling is only done at about 18 months intervals.  The operating history of the US. PWR
population indicates that the average trequency of nonarefueling outages is about 2yr, which includes
both drained and non-drained outages,

The plant specific LOOP frequency was found to be S02E- 281 The corresponding initiating
frequency for the boron dilution event during o start ap after a non-refucling outage, again assuming
a dilution interval of & hours, is 1.6415 457

Another difference is the larger amount of decay heat alter a non-refueling outage.  This could
considerably enhance the natural clreulation cate in the RCS thereby increasing the probability that
a shug of diluted water will mix with the borated water before the RCPs are turned on again. This
has been taken into account (as explained in Scetion 3.3.1 and shown in Figure 3.5) by reducing the
conditional probability tor core damage tollowing the restart of an R7°P by a factor of 0.5,

The other variables are assumed to be the same as used tor the case after refueling. The five
sequences leading 10 core damage were requantificd using the relevant data and resulted in the
tollowing  results: CDF(S1)=137E-Syr, CDF(S2)=116E-nyr, CDF(83")=236E-6/r1,
CDF(847)=2 2VE-8yr, and CDF(857)= 2 99E 7y, All the sequence frequencies increased by about
70% relative to the refucling case. The initiating trequency is about a factor of 3 higher, however,
P(CCD) was lowered by a factor of (0.5,

The CDF for this type of dilution sequence atter a non-refucling outage is the sum of the CDF for
cach - .he ahove five sequences which is cqual to 1.75EShr,

NUREG/CR-5519 [




i~ i m o m PR B B
e

Probabilistic Analysis

3.4 System Description - Calvert CHff. Station
A4 Chemical and Volume Control System

The Chemical and Volume Control System (CVOS) Is designed 1o pertonn vanious ionet o s, the
most important being: a) control of RCS volume (letdown and makeup), b) removal of cortosion
and fission products, and ¢) boric acid concentration control. The CVOS consists of two major
subsystem, the letdown and charging system and the makeup system, Simplified block diagrams of
these systems are presented in Figures 38 and 3.9,

The normal reactor coolant letdown from one cold feg fiest passes through two letdown stop valves
(upper left in Figure 3.8), then through the regenerative heat exchanger where its temperatute i
reduced by transferring heat to the makeup Now entering the RCS. Both letdown stop valves fail
closed if instrument air pressure is Jost (as ina LO L0 a0 7he derdown flow then passes through

the excess flow check valve and flows through o o ahe t valve, The control valve is
operated by a signal from the pressurizer lovel sl tain constant Jevel in the
pressurizer.

The temperature of the letdown s further tedsced in U fotdown heat exchanger (cooled by
component conling water) for the proper operation of the oy eschargers. A temperature eontrolles
on the outlet of the heat exchanger senses the letdown ow tempeiature and if it teaches a high
fevel it shifts the three.way fon exchanger hypass vialve 1o the bypass position preventing the hot
liquid from entering the jon exchangers, A pressure control valve is abse provided on the outlet of
the letdown heat exchanger 1o prevent the Huid from Nashing,

The letdown flow then passes *hrough the purificaticn filters, the fon exchangers and the letdown
strainer hefore entering the Volume Control Tank (VOT). There s a threcoway st valve (CVE-500
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 VOT and tor high level it airects the excess flow to
the liquid waste processing system. Normudly, the valve s aligned to direct fetdown flow into the
VeT

The VCT is used to accumulate letdown water and RCP leak off, to receive makeup vater from the
makeup system, and to provide positive suction head tor the charging pumps. The fevel in the VOT
is controlied by a level contraller, which at high level (1107 shifts the inlet control valve position to
bypass, at 90" starts automatic makeup from the makeup system and 87.5" alarms as LO level.

If the fevel in the VOT drops to 37, the suction of the charging pumps is aligned to the Retucling
Water Starage Tank (RWST) by closing the outiet valve (CVC-501) and opening the valve
connecting 1o the RWST (CVC-504), The VOT supplies water 1o the charging pumps, which provide
the makeup flow (o the RCS. Three charging pumps are provided and normally, one pump is
selected for operation, Each pump is capable of supplying 44 gpm makeup fow, which is returnes!
1o the RCS through the regenerative heat oxchanger.

17 NUREG/CR-S819
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3.5 Probabilistic Analysis < Calvert Cliffs Station

LE T Accident Sequence Timing

In order 10 assess and adequately model the outcome of & potential ditution aceident, the timing
associated 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 Oconee in Section 3.3.1.
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 ditution may be estimated by using Equation 3-1. The normal letdown and
makeup rate W, = W is about 40 gpm with one charging pump in operation,  Assuming that two
pumps are put in operstion for a faster dilution rate (84 gpm), the length of time to dilute the RCS
from 2000 o 1500 ppm would be about 4 5.8 hours. Since the actual time varies greatly depending
on the specitic circumstances, it will be assumed (as was done for Oconee) that the dilution time is
8§ hours.

The VOT level is maintained hetween 90-110° (Normal) and the switchover to the RWST occurs at
F(LOALO) and the water volume corresponding to 100° (Normul- LO/LO) is about 2900 gallon,
Depending on the rate of charging, this volume may be injected into the RCS in about 30.50
minutes,

For Calvert Clifts the sequence would most likely proceed as follows: As difution proceeds at an
average rate of 54 gpm, a LOOP event oceurs. The RCPs coast down and the diesel generators start
up establishing charging fow. The aperitor is Hikely to reduce the charging rate and tries to recover
offsite power. The LOOP pracedure® dircets the operator to borate the RCS if a cooldown is
expected. The boration may be accomplished cither by using the boric acid addition system
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 VT continues and the letdown is diverted to
the VOT. The dilution from the makeup system would automatically stop, since the reactor coolant
makeup pumps are powered from non-satety buses and are not connected to the diesel generators,

The amount of diluted water contained nithe VOT, about 2900 gallons, is expected to be injected
into the RCS at a rate which may last 50-70 mosutes. [t is assumed, based on the results discussed
in Section S, that after about 2000 gallons of diluted water are injected into the RCS, the passsie
of a diluted slug through the reactor core would fead to core damage. No credit is taken for mixing
that might occur as discussed in Section 4,

Calvert Clidls Nuglear Power Plamt Emorgeney Opersing Provedure FOP-2, Reviston 1, Loss of OF-Site Power.” Ballimiore Cas
and Fleowie Co., appresed Feb 10 1088
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charging dow is reduced 1o 44 gpm (o extend the time window for LOOY
recovery before borating the RCS.

Sequence 2 After the LOOP event the diesel generators fail 1o start, but reaover soones
thun the otfesite power and charging ow is automatically restartcd. Afier
off-site power recovers the RCPs may start and core damage may result,

Sequence 3 This is similar 10 Seguence 2 exeept the offsite power recovers earlier than
the diesel generators, Both charging and the RCPs may be started leading
to the dilution event.

383 Accident Sequence Quantification
3501 Refueling Outage

The initiating frequency, TLOOP. is based on the Toss of off-site power frequency data obtained from
industrial experience. The loss of offsite power frequency is 1 1ar or 1.26E-8hr, The average
yearly frequency of a refueling outage is 0641 and the average fongth of a dilution during start up
is about 8 hours, Henee, ILOOP=6.03E S/yr.

The time independent probakility values P{DSL) and P(CHG ) were obtained from Reterence 3.3
The wvalue P(DSL)=144E-2 represents  the unavailability of two  diesel genermtors  and
P(CHG )=3 3E-3 reflects the unavailability of the three charging pumps,

The caleulation of core damage trequency is done similarly to that for Oconee given in Scetion
3330, e, with convalution integrals. The core damage frequency for Sequence 1 is;

COFSH = § diLOOPLPOSE 1 POHG T ONR-LOOP) | POCD)  PRCPRST )

The terms [LOOP, P(DSL) and P(CHG) 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
15 4 period of velnerability of 80 minutes (soc Figure 3.11). Henee, the portion of the integral where
time dej.endence s considered is:

o § MAUEFINR-LOOPB)®, | ““drPCCD) RCPRST))

The above expression s evaluated using the distributions shown in Figures 3.6 and 3.11.
P(CCD)=(1"/40) in the interval [0,40] =1 in the interval [40,60), and = (80t 20 in the interval
{60,80] 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 012, Hence, CDE(S1)=7.11E-6/1.

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

NUREG/CR-8819 3
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CDF(\2) = ’ dQUILOOP DSE )'ll.l'l('”( i)"“ |"U~'N-l>§|,1|'|O-I'(Nuvl O "')l
POCD P ROPRS T,

This sequence may be evaluated using the results for Sequence 1 and noting that over a long period
(24 hours) the digsel generators would eventually recover. This implics that | dt] 1I-P(NR-DS1.))
is apptoximately one and the other time dependent torms are independent of the diesel recovery
rate. The last three terms in the integral tor CDF(S) are the same as for Sequence 1 and henee,
CDF(82)=1.04E-T4r.

In Sequence 3 the off-site power recovers sooner than the diesel gencerators. The charging flow is
immediately reestablished, but the RCPs are restarted dunng a 30-minute time period. At the end
of the 30 minutes, the RCPs are running and total mixing is assamed. The core damage frequency
is:

COF(SA) = § du(iLOOPPOSE*(1-PNRA OO POCCH P PIRCPRST )

As was the case with the recovery of DGs i Sequence 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 | de|1-P(NR-
LODIP)| is taken as one. The last two terms are evaluated:

o § A CCIIROPRST)

since the RCPVs would have started by the end of this 30-minute period. For this integral
P(CCD)= 40, This results in CDF(83)=3 308741,

The total core damage frequency for i refucling outage for this type of rapid dilution scenario is the
sum of the frequencies for the three differont sequences or 7541 6y,

In the above analysis it was assumed that the makeup rate atter a LOOP was reduced to 40 gpm
from the normal 84 gpm in order 10 extend the time period betore it might be required to initiate
boration of the RCS. The effeet of this assumption is examined by assuming that the makeup rate
remains at 84 gpm. The effect on PFCCD) 15 shown as Option B in Figure 313, The maximum
value 18 now reached at 25 minutes and the pedod of valnerability tfor the accident is reduced to 60
minutes from the 80 minutes with the smallcr makeap flow,

With the ditferent makeup rate the core damage freguencies for ‘he three sequences become 4.74E-
6yr, 6,928, and S.04E-7r, respectively, The total core damage frequency is S.31E 641 which
is a reduction of 30% and reflects the decreased perod of valncrability,

3832 Non-Retueling Outage
For a non-refucling outage the approach is similar 1o that explained in Seetion 3.3.3.2. The initiating
trequency is higher than for a refueling outage because there are two of these outages per year,

Henee, ILOOP=201E-4. The other change is the reduction in the vonditional prabability for core
damage given the injection of the diluted water and the restart of an RCP, This is because of the
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higher natural circulation flow rate assumed for these outages. This s reflected in the time
dependent probability BCCD) shown in Figure 301 T sult with the assumption of 40 gpm for
the makeup flow is: CDF(S1)=7.11E-6yr, COF(S2") = 1.0k yi, and CDF(53")=3.30, This results
in a total core damage frequency of 1.25E- 5yt

It the assumption is made that the makeup flow rate is not changed from the 84 gpm expected
before the LOOP (Option B), then the core damage frequencies for the three sequences become
1KTE-61, 1L1TE-Thr, and B37E-Thr, respectively, and the total becomes 8 R2E-641,

36 System Description « Surry Station

3.6.1 Chemical and Volume Coutrol System

At the Surty plant it is the chemical and volume control system (CVOS) which controls makeup and
letdown and boron coneentration.  Figures 314 and 315 show the boron control and
letdown/makeup control subsystems of the CVOS, respectively.

To carry 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 primary grade water flow conttol valve (FCV1T14A on Figure 3147 and the primary grade
makeup stop valve (FCV-1114B) open 1 ostablish the flow o the Volume Control Tank (VCT),
with the primary water supply pump running.

The boric acid flow control vilve (FCV-1113A) is closed so that only primary grade water can enter
the VCT through the VCT spray nozzle.  The primary makeup stop valve (FCVA1113B) s also
closed to prevent the primary grade water trom going dircetly inio the charging pump suction
header. This is a precaution against a sudden increase in reactivity although bypassing is allowed
during the carly phase of a xenon transient. When the amount of injected primary grade water
reaches the value set on the batch integratos, the makeup valves shut automatically. 1tis importamt
to note that the rate of addition of primary grade water is determined by the operator and 1
generally Tess than the charging rate.

The VCT has an internal volume of 300 cubic teet and normal operating pressure and temperature
of 15 psig and 105°F, respectively. The spray nozzle flow is normally about 120 gpm. The VOT level
control valve (LCV-1115A), located upstrcam of the VOT,is a solenoid-operated control valve which
is positioned by instrument air to maintain the VOT level at fess than 85%. When the VCT level
reaches a preset value, the VOT level controd valve will begin to direet letdown flow to the Boron
Recovery System. At & VOT level of K50, all letdown flow is diverted to the Boron Recovery
System. In the event that the VOT level talls to 139, the cnarging pump will automatically shift its
suction from the VOT to the Refucling Water Storage Tank (RWST).

Surry Power Statian Operating Progedure HOP R U2 “Rlender - M ” Virgiia Vleaee Power Co, Aug 19, 1588
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It the letdown orifice solation valve (HOVO2008) is not cuickly reopencd, the relatively vold
(120°F) primary grade water will be injected into the RCS by the charging pump without heing
heated properly at the regencrativ. heat cxchanger due to the absence of letdown flow on ofie sid
of the heat exchanger. As the water level in the VOT decreases, the VOT level control valve (LOCV.
1115A) will gradually realign to allow any lotdown flow 10 enter the VOT. Since no letdown flow
is entering the VOT, the VOT water level will continue to tall until it reaches the level of 134, at
which paint the suction of the charging pump will automatically switch from the VOT o the RWST
At o flow rate of 120 gpm, it will take about 15 minutes for the VOT level to drop to the 135 level
The amcumt of primary grade water discharged from the VOT into the ROS during this petiod i
approximately 1600 gallons,

11 the charging pump continues to run, this volume of primary grade waier will be followed by intake
from the RWST with a boros concentration of 2300 ppm. 11¢ Likely, however, thit the letdown flow
will be recstablished before the VOT level talls 1o the 139 level Simee thie letdown Dow is solated,
the charging flow introduced into the RCS will couse the pressurizer level to gradually increase. The
charging flow control valve (FCV-1122) is contralled by o signal from the pressurizer lovel
instrumentation to maintain a presenbed prossurizer sater lovel Towill automaiioally close if the
level setpoint is reached. 1 this happens, the sperator s likely o quickly reestablish the letdown
flow so that the charging flow can be maintaned. The subsegoent seenatio will be similar to that
which will be described below for another sories of events.

Assuming that the fetdown orifice isolation valve (HCV 1200} 18 reopened by the opetator soon aftet
the restart of the charging pump, the VOT sater Tevel will still fall initially, cavsing the VOT level
control valve (LCV-1115A) to adjust its position o admit the fetdown flow testhe VOT. The boron
concentration in the letdown flow at this point could range from 1500 to 2300 ppm, depending on
when during the debotation the LOOP occurs. Betore this letdown flow gets recireutated into the
RCS there will be about 1800 gallons of (slmiost) primary grade (PG ) water injected since all the PG
water remaining in the VOT can be drained by the charging pomp. Tt will take about 18 minutes
for the charging pump 1o inject the 1800 gallons of PG water into the RCS.

3.6.2 Electrical System

A simplified block diagram for the Surry emergeney eleetrical system is presented in Figure 3.16
The RCPs are connected to the non-safety related buses 1A, 1B and 1€ These buses are not
supparted by any secondary backup source upon losing clectrical power trom a loss of off-site power
event. The charging pumps, howevet, are connected to either satety related bus 1H or 11 and these
are powered in a LOOP event by the respective diesel generatars DG or DGA,

3.7 Probabilistic Analysis - Surry Station

371 Accident Sequence Timing

It is apparemt from the forgoing discussions that, in addition to th< accumulation of a slug of PG
water in the primary system, the offssite power his 1o be recovers oand one RCP has 1o be started
up in order for this type of reactivity acoident o happen. The times at which these causative events
NUREG/CR-8619 26
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oocur relative 1o each othier appear to play an impariant role in determining the probabiling and
sevenity of such an accident.  As noted previousty, it takes about 15 minates o inject all the PG
water left an the VOT into the cold leg Hthe offsite power is tecovered in about 15 minutes after
1t is Jost, and one of the ROPs is restarted immediately, the likelibood that the accident will ocour
is maximized. Since the injection of PG water is follov od by that of cither RWST water (which
containg 2300 ppm of boron) of letdown water (which contains at least 1500 ppm of boron), the shug
of water which has setticd at the bottom of the Jower plenum will eventually mix with the borated
water reducing the probability of & dilution accident,

Assuming that the letdown water comtains 1700 ppm of boton when it s injected into the RCS
following the exhaustion of PG water in the VOT, and that complete mixing will occur in the lower
plenum, about 10 minutes is sufficient (o raise the boron concentration in the lower plenum to the
level that is no longer & threat to eriticality, In ofhior words, if off-site power is not recovered for
more than 25 mibures and if during this penod, the charging pump (which was restarted by diesel
power soon dfter loss of off-site power) continues to inject water from either the VOT (PG water
followed by Jetdown water) or the RWST, the trequency of occurrence of this aceident will beoome
vamishingly smali,

The ime behavior of the con il core damage probability or PACCD) is modelled as indicated
in Figure 317, It increases lnearty to a vadue of one in 15 minutes. After this point the probability
decrcases lincarly 1o zero in another 10 minutes. After this time there s no fonger the possitility
of this sequence occurming.

The RCF may be restarted after recovery from the LOOP event and this is modelled as it was fir
Oconee and Calvert Clifis, The time dependence of the camulative probability is shown in Figure
1.6 and indicates that the RCPs ate expocted to be started within 30 minutes o4 recovery from the
LOOP.

372 Accident Sequence Modeling

To perform the probabilistic analysis for this scctdont seenario, the event tree shown in Figure 3,18
was developed. This event tree was applicd for both refucling and nonrefueling outages. As was
seen in the analysis for Oconee and Calvert Chtts, the top cvents that change with outage are
ILOOF and CCD.

The sceond 1ap event, DSL, in Figure 318 questions whether the emergeney dicsel generators are
available and provide back up power 1o the cmergeney safety buses. The third top event, NR-DSL,
guestions the recovery of the diesel generators. 1 the diescl generators are available, then the
charging flow may be started, if at least one of the three oharging pumps are available and its
respective electrical supply bus is powercd. This function is represented by top event CHG.

The recovery of offssite power is guoestioned aest in top event NR-LOOP. This is a prerequisite for
restarting the ROPs, since the diesel gencrators do not have sutficient capacity, Cnee the RCPs can
be started the wop event CCD guestions the potential for core damage. The restart of the ROPs s
yuestianed in the top event RCPRST

i e e e L

S B

- ol Bt BB Lol -

-




iRl S T Ay v S

[ e R TR T ——

N I e o L S ey

Probabilistic Analysis

The event tree as indicated in Figure 318 s o time dependent tree, since some of the 1op events
strongly depend on the time and this must be taken into aceount to evaluate the final CDF. There
are three sequences marked as leading 1o core damage (CD) and these indicate where the boron
dilution seactivity excursion leads to core damage. The tollowing 1s a short deseription of each CD
Lequence:

Sequence | After a LOOP cvent the diesel gencrators start and the charging flow is
avtomatically reestablished.  As soon as offsite power is recovered the
aperator will restart the ROPs in a time frame of 30 minutes,

Sequence 2 After the LOOP event the diesel gencrmors fail, but recover sooner than
the off-site power and charging flow is immediately restarted. After off-site
power recovers the RUPs may start and core damage may result,

Sequence 3 This is similar to Scquence 2 except the offsite power recovers earlier than
the dicsel generators. Both charging and the RCPs may be started leading
10 & reactivity accidem

373 Accident Sequence Quaniification

LT Refueling Outage

The initiating event frequencies were caloulated based on (Surry) plant specific data. For refucling
outages the trequency is 0641 and the failure rate of offsite power is 2R5E-S/hr. Assuming that
the RCS deboration reguires about eight hours, TLOOP= 6 03F-Syr.

The time independent probabilities P(DSL) ¢ d P(CHG) were obtained trom Reference 3.3,
P(DSL)=3.7E03 represents the unavailability of two dicsel generators and P(CHG)=4.0E03
teficct the unavailability of the three charging pumps.

The calculation of core damage frequency is done similarly to that for Calvert Clifts given in Section
3531 The core damage frequency tor Sequenee | s

CDESH) = § eI OOP [ LPOSL]TPCHG) TPINRA OO PCCD)  PRCPRS ).
The first three terms TLOOP, P(DSL) and P(CHG) are independent of time and only the last three
terms must be evalaated by considering their time dependence. Etfectively, the charging flow starts
after the LOOP event and there is a period of aecident vulnerability of 25 minutes (sec Figure 3.17),
The time dependant portion may be written:

o § P LPINRLOOR), § a0 PCCD)  PIRCPRST)
The above expression is evaluated taking into account the tunctions given in Figures 3.6 and 3.17.

P(RCPRST)=(1/30) per minute. PCCD) =115 in the interval [0,15] and =(25-0°)/10 in the interval
[15.25]. The value of [1-P(NR-LOOP)|, or the probability of LOOP recovery, is (0.15%0) per
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minute based on a 18% recovery rate at the end of one hour. Evaluating the integral in the
subintervals leads to a probabitity of S.92E.2. Henee, CDF(S1)=3.SSE-6/yr.

In Sequence 2 the diesel gcnemm tail initiably, but at least one DG recovers before the off-site
power recovers. The CDF is evaluated from:

CDES2) = § di(LOOP*HDSLY*[1-PEOCHG P FPINRDSL) [ HPINRLOOM)|
OCD)*PROPRST) )

This sequence may be evaluated using the results of Sequence 1 by noting that over a long period
(24 hours) the diesel generators are expected to recover. This implics that | di[1-P(NR-DSL)} is
approximately one. The other time dependent terms are independent of when the diesels recover.
For this scquence the last three terms are the same as for previous sequence and CDF(S2)=1.32E-

Bhyr.

0 Sequence 3, the offsite power recovers soonct than the dicsel generators. The charging flow is
immediately reestablished, but the RCPs are restarted over a 30-minute period. At the end of the
A0 mistutes, the RCPs are running and tote! mixing is assume  The core damage frequency is:

COFEY = | AILOOPFDSLY*[-PINRLOOF | PCCD) PIRCPRST))

The integrated probability for off-site recovery is similar to that for diesel recovery, Le., eventually
all LOOP events recover within 24 hours so that | dif1-PINR-LOOP)| is about one. The last two
terms are the only time dependent terms and they ace evaluated from 0 10 25 minutes using the

functions given in Figures 3.6 and 318, The final result is that CDF ) =9.37E-8yr,

The total core damage frequency is obtained by summing the trequencies for the three sequences
and is 1L66E-6r,

L7302 Now-Refueling Outage

The frequency of the accident during 4 non-refucling outage is caleulated taking into account the
ditferent initinting frequency and a different probability for condional core damage (as seen in
Figure 3.17). The frequency of a drained maimenance cutage s 1.2yr and a non-drained
maintenance outage is 061, Using these numbors and the estimated frequency for a loss of off-site
power results in ILOOP=201E-4/yr.

The results for the same three sequences are now: CDE(S1) =8 89E-6/y1, CDF(S2") =2 19E-Kyr,

and COR(SY)=1.56E-741. The total core damage frequency for this type of aceident in this type
of Gutage is 6.0KE-byT.

3.8 Summary

The results of the analysis for the three plants are given in Table 1.3 which shows not only the
expected core damage frequency (CDF), but ulso the initiating hegueney of these events. The later
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was of particular interest because in the analysis done in Europe (¢f Section 2.1), the initiating
frequency was guoted as being an order of magnitude higher. The CDF is similar for all three plants
and in the range considered significant.

Table AN

Summary of Important Frequencies

OCONEE

CALVERT CLIFFS*

SURRY

INIT FR
YR

CDhF
YR

INIT FR
YR

Cbr
YR

INIT FR
YR

Cby
R

REFUELING

493E. 5

1 08E-!

6,03E-5

7.54E-6

6.03E-5

J.66F-6

NON.
REFUELING

' Option A

1L64E4

1.75E-!

+U0IE-4

1. 25E-§

201E-4

H0KE -6

e Rl et g L L S

‘These results are dependent on plant design and various assumptions used in the analysis. The most
imporiant assumptions are summarized below. Note that sotae of them result in overestimating the
vore damage frequency.

I

The dilition time during startup is 8 hrs. The consequences of the event are
independent of when during this period the loss of offsite power oceurs. In reality, an
event oceurring carly during thrs penod will have more shutdown margin to overcome
and is, therefore, expected 1o have less of an effect than an event occurring near the end
of the normal dilution procedure.

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 arce inserted or the
RCPs are stopped, (as would be the case aftes a LOOP) is not a normal procedure, it
is assumed that since the operator knows that the tlow from the primary water makeup
pump has ceased that no other action is deemed warranted, An action that could be
taken by the aperator would be to switch the chaiging pump suction to the RWST.

For all three plants the dilution is done with flow from the VOT. 1t shouid be noted
that in some plants the suction for the charging tlow comes directly from the primary
prade makeup water source and once the PG water pump is tripped there is no longer
the potential for adding unborated water to the RCS.

Oconee. The dilution rate is about the same as the lerdown and the volume in the
letdown storage tank is diluted o low boron levels (0-200 ppm), The available volume
in the Jetdown storage tank is about 19060 gal.
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Calvert Cliffs: The dilution rate is matched by the letdown flow rate. The volume
contral tank (VCT) is eventually dfuted 1o a very low boron concentration.  The
available volume for injection into 6 ROS 15 aboat 2900 gal,

Surry: The ditution rate is gencradly lower than the charging rate, and the VCT may get
diluted to a very low boron concentration (O-100 ppm). The dilution flow is always
directed o the VOT and bypassing s allowed only during xehon transients,  The
avallable volume for injection into the RCS is abowt 1600 gal,

For all three plants the potential tor an accident iy limied b the amount of diluted
water in the VOT as the supply of primary grade water is stopped by a PG makeup
pump. However, there are plants where this pump is connected o the emergency bus
and the probability of an accident will be increased if primary grade water continues 1o
he pumped into the VOT, This appears 10 be the case for some plants in France and
Sweden and s another reason why the problem may be more serious there,  The
guestion of whether the makeup pump trips or continues 1o run has 10 be evaluated on
A unit by unit basis *

Retueling outage: The gonditional core damage probability is lincarly changing between
zero and one, corresponding to the amount of diluted water injected into the RCS.
Mining and switchover to a borated source redue o the probabil y of core damage from
one 1o zero over a short period of time,

Non-refucling outage: The probability for conditional eore damage varies between zero
and one-half 1o account for the potentially higher naturad circulation rate and mixing.

For any outage the probability of core damage used is ¢vpected 10 be conservative
because it does not account for any mixing that may oceur (¢f Section 4),

If off-site power, or another adeguate power souree, Is available, the reactor coolant
pumps (RCPs) will be started over a 30-minute interval,

Al the Ringhais plant in Swecen of three woits desigied by Westinghotse, two have the PG owater pump connested (o an
emergeney bis
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Figure 3.15 Charging and Letdown Subsystem - Surry
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I Thermal-Hvydraulic Analysis

4.1 Introduction

4.2 Thermal Mixing Considerations
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Thermal-Hydraulic Analysis
4.3 Regional Mixing Model

The quantitative aspects of this physical behavior were incorporated in the Regional Mixing Model
[4.1-4.3). This model accounts for countercurrent flow limitations between the cold and hot streams
at the cold leg/downcomer junction and incorporates plume mixing 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 flow pattern above, The other is local
and secks 1o 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 flows, encrgies, boron concentration and the volumes of
the cold and hot streams must be established. The mass, encrgy, and boron balances for the control
volume around MR1 (see Figure 4.1) yield:

0,0, +0, 0, =0 0. (4.1)
pd.Qah» ’ pﬁQah; * ",Q,.h‘ (4.2)
PuL.Co + 00.C, =0 QC, (4.3)

where p, Q, h, and C represent density, flow rate, enthalpy, and boron concentration, respectively,
and the subscripts ch, h, and ¢ 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 jet
before reaching the cold streams, ie.,

Q, = QFr, D.H) (44)

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

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 of inertial to buoyanev
forces. Energy and boron concentration can be partitioned into the hot and cold stream volumes
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e e s e m———————-——-———m



Fhermal-Hyvd rauli Analvsis




Thermal-Hydraulic Anslysis
| 1
T Ay A (42
Q o,
0t 2 e 2 (4.10)
0. P
W
o o o
and
(Q,.A4)
[ L ol -
(4.12)
Pa = Py
T 5
gD, -

Since W*, A", and H_' are al! ecometrically related, Equation 4.6 provides a simple relationship of
the form:

Q° = [\(H* " Fr, 8) (4.13)

Similarly, Equation 4.4 can be put in a dimensionless form:

Q* = f(Fr, H".D*) (4.14)
where
D* - b, (4.15)
D.*
NUREG/CR-5819 4R
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Thermal-Hydraulic Analysis
4.4 Boron Mixing Calculations

The regional mixing model was used to assess the extent of boron mixing duning a rapid dilution
scenano for the Surry and Calvert Cliffs stations. At Surry, charging pumps can deliver 96 gpm ot
demineralized water from the volume control tank (VCT). 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.
The charging injection line connects with a 26-inch 1D cold leg at the top.

Two cases with charging flow temperature of 160°F and 450“F were considered. No loop cireulation
was assumed for the duration of the dilution transient.

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

h, ~h, L “1Q .0, (4.17)
-0 - hd P . l,mup-

The mixing volume, V., = 1156 ft’, representing the volume of one cold leg, one pump, one loop
scal (excluding the upstream vertical leg), fower 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/b, 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 S48°F to 478°F, The variation of Fr,,, is very small during
this dilution transient (0.014-0.016).

The chirainment at the injection point (Q*=3.5) and stratification (H* =0.22) was obtained by
superposition of plots of counter-current flow limited entrainment and jet entrainment as shown in
Figure 44 The jet entrainment correlation based on the results of turbulence model caleulations
[4.1, 4.2] was used for the analysis for Surry,

After the mixing patterns were caleulated, the results were converted to boron 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 The
mixed 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 conirol volume around MR1 (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, was
obtained by assuming the mixing of equal volumetric flow rates by the cold stream and surrounding
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Figure 44 Entrainment Solution for Surry with Charging Temperature of 160°F
(Fr,.=0.014,*=0.76)
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Figure 4.5 Predicted Boron Concentration Transients for Surry with Charging Temperature of
160°F
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