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LOSS-OF-FEEDWATER TRANSIENTS IN PWRs
Robert D. Burns III

The TMI-2 eccident demonstrated that the nuclear industry must be prepared
for events involving multiple equipment failures|[1l] The purpose of the LWR
severe accident sequence analysis (SASA) research at the L-s Alamos Scientifir
Laboratory (LASL) is to provide the NRC with a techni-al basis for judging the
adequacy of plant operating procedures for dealing with such events. The LASL
approach is to (1) identify potential types of multiple equipment failures at
specific US commercial nuclear power plants{2], (2) perform comp:ter simulations
of postulated -cident initiators including anticipated equipment malfunctions
and operator actions throughout the event, and (3) determine key primary system
responses, timing, and significance of events.

Recent SASA work in LASL's Multifault Accident Analysis Section has focused
on loss-nf-feedwater (LOTW) transients et a 4-loop Westinghouse nuclear power
reactor[3). This class of accidents was selected because of NRC concern over
auriliary feedwater (AFW) system reliability and because of concern over the
capability of plants to "feed and bleed" in _otal LOFW situationms.

In all transicnts studied, the initiator was loss of main feelwater and
reactor coolant pump (RCP) trip, caused by temporary loss of off-site power.
Subsequent automatic actions included reactor scram, closure of the main steam
isolation valves, and initiation of AFW flow., TRAC-PD? calculations were
designed to study the conscquences of AFW delivery rates below the minimum
specified in the emergency operating procedures (EOPs) for the reference 4-loop
plant.

S'x types of LOFU scenarios have beern studied, including (1) zero AFW
availability (nominal case), (2) initially zero AFW but full rccovery after 2 h,
(3) zero AFW with steam generator (8G) atmospheric relief valve (ARV)
nalfunction, (4) zero AFW with high pressure charpinpg flow initiated after 2 h,
and (5) zero AFY with delay in reactor scram. Additional cases were considered
to study the effects of uncertainties in pressurizer heater/spray operation,
operator marual initiation of high pressure charging flow, reactor initial
conditions, and RCP and pewer coastdown characteristics. Nominal case resvlts,
rationale for selections of other cases, and lessons learned are sunmarized below.

(1) Nominal case results indicate three phases of the LOFW transient with
zero AFW, in which the behavior of the primary system is sipnificantly
different. Th» first phase (quasi-couilibrium) Iasts until the SG inventory
boils dry (approximately 70 min.). Natural circulation permits subcooling of the
cold leg to the saturation conditions in the SG.  Restoration of AFW delivery to
nt 1east one SG before the $Gs dry out will result in continuation of the first
phase and altimately ecither normal progression to cold shutdown or return to
power.

The second phage (subcooled nxpnns{ou) beginsg when heat removal capacity is
lost as the $Gs boil dry. To accommodate primary water expansion in the vessel,
aystem pressaures increase within minutes to the setpoint of the power-operated
relirf-valves (PORVs), relicving the primary system in subconled, isobaric
expansion at approximately Bo ofm (0.04 m3/s).  The PORVa relieve ateam at this
rate for approximately 20 min., then water relief continues at the same rate for
approximatelv another 20 min.  Natural circulation continues during this phase,

System saturation at the etart of the third phase (satvrated expansion)
drives natural circulation to zero after approximately 10 mia.  System pressurves
rise to the pressurizer safety valve aetpoint to accommodate approximately 600
efm (0.3 m¥/2) two phase tlow out the presaupeizer valves. Vapor forms in the
orimary system and elad temperatures begin o vige shavply alter approximately 459
min ol boiling in the primay system,
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(2) A case involving recovery of AFW availability minutes bet... .atural
circulation was completely lost in the third phase was selccted because operators
would likely attempt to restore AFW as soon as possible, and recovery at that
time is a bounding case for AFW recovery At any earlier time. Results showed
that () AFW iritiation caused rapid primary depressurization and subsequent
reflooding of the primary system by pressurizer water and (b) primary subcooling
and natural circulation vere re-estabiished after 20-30 min. Operator initiation
of increased charging flow in response to low pressurizer level (called for in
the EOPs) would result in return to hot shutdown conditions.

(3) A case involving opening of one ARV to its full open position and
subsequent failure to close w2s added as a complication in the LOFW scenarios
because reactor operating experience shows that ARVs have malfunctioned in the
part and because primary conditions during the first phase of a LOFW transient
dcpend on secondary saturation conditions. Results showed that primary
temperatures and pressures fall during the 1C min. required to blowdown the
affected SG, but subcooled conditions are maintained even in the absence of
pressurizer heaters. The impact on the duration of the first phnse is small.

(4) A case involving operatnr initiation of full charging fluow after primary
system pressure reached the safety setpoint was relected as a bounding case for
scenarios with feed and bleed initiation up to chat time. When charging flow was
initiated, the vapor-fraction in top quarter of the core was gpproximztely 10
percent. After reaching a maximum of 20 percent about 10 min. later, a slow
refill of the core began and completed approximately 2 h later. Results also
showrd that the primary eystem eventually returned to subcooled expansion. The
circumsatances of this are not yet fully unders~ood and remain under srudy.

(5) A Lasc involving delay in reactor scram was selected td> determine the
impact of opening the PORVs early in the transient as nccurred during the TMI
accident. Results indicated that following RCP trip without immediate reactor
acram (1) PORVs open after approximately 4 s, safeties aft.r 8 s, and all valves
begin to clome within seconds of scram initiation ann () steam relief is
accommodated through pressurizer valves up to ebout 20 s of scram delay, thea
wvater relief beging. Scram ' lay remains under study to include the effects of
fuel and water temperature reactivity feedback. (For scram delays requiring
pressurizer val-e water relief, small breaks i - the primary ayatem will probably
be forced to accommodate system maturaied expausion.)

Work is continuing in the LASL SASA effort to fully dccument these results
and to investipgate other 1L.OFW scenarios. Our continuing activities will fccus on
preparednese for multiple equipment failure events.
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GENERIC CATEGORIES OF MFAs
DEVELOPED EARLY IN LASL SASA EFFORT

ALL AVAILABLE INFCRMATION STUDIED
TO IDENTIFY GENERAL, INCLUSivE CATEGORIES

SOURCES:

WASH- 1400

REACTOR EXPERIENCE(LERSs,...)

FSARs

CNGINEERING EVALUATIONS OF PLANTS
VITAL AREA STUDY(FAULT TREES)
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CATEGORIES INC!YUDE MULTIPLE
EQUIPMENT FAI'URE SCENARIOS

1. LOSS OF FEEDWATER (LOFW).
2. STATION BLACKOUT (SR).

3. LOSS OF RESIDUAL HEAT
REMOVAL (LORHR).

4. SMALL-BREAK LOCA (S—-LOCA).
5. INTERFACING-SYSTEM LOCA (IS-LOCA).
6. PRESSURIZER—VALVE LOCA (PV-LOCA).

A
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TRAC APPLIED TO SIMULATION OF ZION
LOSS OF FEEDWATER SCENARIOS

LOFW CASES PRESENTED HERE:
1. NOMINAL SCENARIO ( 0-3h )
2. DELAYED/DEGRADED AFW ( 0-10h )
3. STUCK-OPEN ARV ( 0-1h )
4. FEED/BLEED ( 0-4h )
5. ATWS ( 0-1h )

..USE ANALYSES TO FIND AND RESOLVE
SPECIFIC SAFETY—RELATED CONCERNS.
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NOMINAL SEQUENCE iS TOTAL LOFW
INITIATED BY LOSS OF OFFSITE POWER

RCP TRIP
RX TRIP (0.6s) WATER
MSI1V CLOSES RELIEF

SYSTEM 1,FW ZERO l90m

PRESSURE CLAD HEATUP
(MPa) 16 BEGINS

!
SYSTEM  195m
SATURATION
15 T 112m

- SG DRY-OUT 70m

NATURAL CIRCULATION
13 g -—.“1 4[ -
4]
TIME (h) 2
~ gy ..CONSISTENT WITH SEMISCALE
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ANALYSIS OF STEAM GENERATOR
DRY—OUT TIME VERIFIES TRAC RESULT

G INVENTORY:
160,000 kg * 1.8 MJ/kg = 90 FPS

CORE_ENERGY, 0—4200s:
APPROX. 80 FPS (MAINLY DECAY POWER)

FUEL ENERGY. 1350K—550K:
800K * 500 J/kgK * 200,000 kg = 8 FPS

D
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ANNALYSIS OF PORY RELIEF BASED ON
CALCULATED SYSTEM EXPANSION RATES

SUBCOOLED EXPANSION (80—112m)
(.003 m*/m3 * 50 MW)/(.005 MJ/kgK * 700 kg/ m?)
= 0.04 m/s (5 kg/s STEAM OR 25 kg/s WATER)

SATURATED EXPANSION (112m+)
hy—h; = 0.9 MJ/kg (AT 16.1 MPa)

vy—v, = 0.0075 m3/kg
(0.0075 * 40 MW)/0.9 = 0.33 m%/s
(40 kg/s STEAM OR 200 kg/s WATER)

m ALAMOS SCIENTIFIC LABORATORY




COLD LEG TEMPERATURE EQUALS
SECONDARY SATURATION CONDITIONMS
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MASS FLOW-RATE (KG/S)

PRIMARY NATURAL CiRCULATION CONTINUES AFTER
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JRAC APPLIED TO SIMULATION OF ZION
LOSS OF FEEDWATER SCENARIOS

LOFW CASES PRESENTED HERE:

1. NOMINAL SCENARIO ( 0-3hk )

lz. DELAYED/DEGRADED AFW ( 0-10h )
3. STUCK-OPEN ARV ( 0-1h )

4. FEED/BLEED { 0-4h )
5. ATWS ( 0—1h )

...USE ANALYSES TO FIND AND RESOLVE
SPECIFIC SAFETY—RELATED CONCERNS.
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CORE AVG PRESSURE(PA)

RIMAKY SYSTEM_EXPERIENCES
CONDARY CONDITIONS
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RAPID SYSTEM DEPRESSURIZATION CAUSES PRESSURIZER
WATER TO FALL INTD PRIMARY SYSTEM AND REFILL UPPER PLENUM
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IRAC_APPLIED TO SIMULATION OF ZION
LOSS OF FEEDWATER SCENARIOS

LOFW CASES PRESENTED HERE:
1. NOMINAL SCENARIO ( 0-3h )
. DELAYED/DEGRADED AFW ( 0-10h )

. FEED/BLEED ( 0-4h )

2
3. STUCK-OPEN ARV { 0-1h )
4
S

. ATWS ( 0-1h )

...USE ANALYSES TO FIND AND RESOLVE
SPECIFIC SAFETY-RELATED CONCERNS.
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CORE AVG PRESSURE(PA)
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FURTHER LOFW/ATWS CONSIDERATIONS
FOUND IN ANALYSES

1. AFTER 80s AT FULL POWER, SGs DRY-OUT.

2. PORV/SAFETY WATER RELIEF STARTS
AFTER ABOUT 20s AT FULL POWER.

S. AT ZION, STEAM RELIEF CAPACITY
ADEQUATE IN ATWS - BUT
WATER RELIEF MAY NOT BE.

4. REACTIVITY FEEDBACK MUST BE CONSIDERED.

. REQUIRES FURTHER STUDY.

fiv
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LESSONS LEARNED [N BASE CASE
TRAC SIMULATIONS OF ZION LOFW

1. APPROX. 1 h AVAILABLE FOR
INITIATION OF NORMAL AFW RECOVERY.

2. APPROX. 2.5 h NEEDED BEFORE
CLAD HEAT-UP BEGINS.

3. INITIATION OF AFW BEFORE NATURAL
CIRCULATION LOSS LEADS TO RECOVERY.

4. 30 PERCENT OPERATION OF TURBINE AFW
PUMP ADEQUATE FOR RECOVERY.

5. STEAM SIDE DEPRESSURIZATION MAY HAVE
SIGNIFICANT REACTIVITY EFFECT.

6. FEED/BLEED RECOVERY POSSIBLE UP TO
APPROX. 2 h INTO ACCIDENT.

7. SCRAM DELAY CAN CAUSE EARLY PORV/SAFETY
Eﬂ v OPENING, EARLIER SG DRY-OUT.
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