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1 Introduction

This report presents the results of work performed by
the Pacific Northwest Laboratory (PNL) in suppon of
the Accident Management Research Program (NRC
1989) developed by the US. Nuclear Regulatory Com-
mission Office of Nuclear Regulatory Research (NRCY
RES). The Accident Management Rescarch Program is
intended 0 improve "undersianding of the physical
progression of severe core damage accidents” and 1o use
that improved understanding to "provide insights for
accident management, particulacly in the area of limit-
ing potential radioactive releases and stabilizing condi-
tions should the reactor vessel be breached.” Further,

"Irjesearch acuvities will center on assessing the
feasihility of vanous strategies that might be imple-
mented by utilitics 10 prevent o7 mitigale severe
accidents, and on Wentifying those which should be
conssdered for inclusion in wiility accident manage-
ment plans,... In all cases, the design and opera-
tonal requirements for strategy execution will be
evaluated, but emphasis will also be given 10 ex-
amining porentizl circumstances under which cer-
tain operator actions could warsen accident con-
sequences or adversely impadt the ability (o achieve
a long-term, stoble stave (NRC 1989

Specifically, this repont documents Tasks *, 2. and 3 of
work performed for NRC/RES by PNL in FY 1991 sup-
porting the Accident Management Research Program.
The objectives of this report were twofold: firsy, 1o
determine the current understanding and practice in the
Pressunized Water Reactor (PWR) Emergency Proce-
dure Guidelines { EPGs), as it may relate w severe
accident management, and second, 1o identify and evalu:
ate strategies for mitigating the effccts of severe awa-
dents during the in-vessel phase of the acordent, which (s
defined as being afier the initiation of core degrudation
and prior 1o the fatlure of the reactor vessel. Mitigating
strategics for the ex-vessel phase of PWR severe acor-
dents have been considered by a parailel Acodent
Management Guidance Program project conducted at
Brookhaven National Laboratory (BNL).

Task 1 required the ientification o ceicat accident
sequences and the extent 1o which sirate goos already ex-
181 10 prevent them or mitigate their consequences in the
EPGs of ali three PWR owners groups. For purposes of
comparison, a similar review of the EPGs is also made
for the 20, largely preventive, sirategics chat were iden
tified and evaluated during Fiscal Year (FY) 1989 by
BNL and PNL, with thut work having been reporied in
NUREG/CR-5474, Assessmen, of Candidate Accident

MManagement Straiegies.

We understand that the purpose of the EPGs and Emer-
gency Operating Procedures (EOPs) is 10 @ddress pre-
veution of and recovery from imadeguate core cooling
{1ICC) and not necessarily 1o provide definitive guidaace
tor recovery from scoere core damage accidents. At var-
10us points in this report it s concluded that puidance
far coping with certain severe accident conditions 18
incomplete or nonexistent. This is not inieaded as a cri-
tiosm of the EPGs, since their purpose is not 1o addiess
severe accidents. This conclusion 1s simply a recogmion
that coping with setere accidents should properly be ad-
dressed in the context of accident management In
certain other cases guidance may exist for 1CC recovery
which might be appropriatc (o consider during & severe
acoident. In those cases, this guidance is sdentified and
may be assessed as a severe accden! management strat-
egy in future tasks

Crivical accident sequences were defined 1o be those sat-
shang one OF the crieria:

1. Sequences that contribate significantly 10 the risk of
core mei.

b3

Sequences that contribuie signilicantly 1o risk char.
acterized by other risk measures. For purposes of
this report, the only "other risk moasure” we have
uscd is risk 10 the public, with carly risk and latent
{cancer ) risk lumped together

3. Sequences that represent significant challenges 10
safety Tunctions
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Introduction
Table 1.1 "B" strategies relevant 16 the in-vessel phase of PWR severe accidents

Strategy Sectsons of this Report
Procedures and hardware changes, if necessary, 10 Inject water wito the reacior 1o 30,4.0,90
terminate the core melt prior to vessel failure (¢ g, primary feed and bleed).
Procedures and hardware changes, if necessary, for secondary side mjection 10 prevent or 40,90
terminate the core melt (e.g., secondary feed anu bleed ).
Procedures 1o continue the use of vessel injection after vessel rupture. 30
Procedures and modiications, as necessary, 10 cross-conduct corresponding safety 30,60
injection systems between the units in multiple unit plants
Poteer oy i Tepressurize the reactor system using power operated redief valves 40,90
(POR 81 sxl v velief valves (SR Vs), and/or the high point vents.
Procedures 10 depressurize che primary system using the sieam generator, by opening 40,90

atmosphoric dump valves and providing make up with existing or alternate wirter sources
{1.¢.. secondary feed and hleed).

Procedures and hardware changes, if necessary, to injoct additional borated water from 4
alternate scurce(s) 1o maintain subcriticality.

] T T N Dl ol B e T e e e e mm e T Y . o e T T

The strutegies proposed are evalusied on the basis of
theoretical and analytical models described in the hiera-
tuare, on repo, § of experimental results, and on design
and operational informaiion on same four PWRs: Zion,
Sequoyah, Catvert CHfts, and Oconee. Figure 1.2 shows
how the strategies proposed relate 1o the safety objec-
sves and the safety functions. The reader will note that
maost of the strategies are "integral” in the sense that
they impact several different safety functons

1.1 Organization of This Report

Scenon 2.0 of this repor discusses the methodology
ased (G derermine the critical sequonces. Appendices A
through D document the determimation of Critivsl
sequences for Zion 1, Sequovah 1, Catvert CHIls 1, and
Oconce 3, in that order, along with an evaluation of ven-
dor EPG coverage.

The report is organized primarily secording to candidate
stigtegies, witl subheadings providing descriptions of
the strategies, discussing any related phenomenological
or systems issues, ana providing generic and plant-
specific evaluations of the candidate sirategies. The
strategies discussed include the "B List strategies (see
Tabie 1.1 for coverage of the "B” strategies in this re-
port) and the following strategies:

¢ Water Addition to the Reactor Pressure Vessel
{Section 3.01

o Deprossuiizaion of the Primary Sysiem
{Section 4.0

*  Flooding the Reuctor Cavity 1o Cover RPY Lower
Head (Seotion 214

¢ Reestablishment of AC Power (Section 6.0

NUREGAR-5856
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*  Provision of Portable Pumping Capabitity

*  Provention and Mitigation of Reactor Coolant
Pamp (RCP) Seal Fatiures {Section 70)

¢ Maintaining Forced Circulation through the Core
(Secton £.0)

* Secondary Feed and Biced (Section 9.0)
*  Primary Feco and Bleed (Section 9.0)

¢ Creation of a Cure Damage Assessment Capability
{Section 10.0)

Section 1.0 contains a discussion of generic human fac-

lors issues which impact the implementation of ali of
the etrategios discussed and evaluated in the report.

NUREG/CR-5856
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Some strziegies are not discussed in detadl because they
arc already the subject of extensive rescarch under the
Severe Accident Rescarck Program or they seem 10 be
adequately covered by the vendor EPGs and plant emer-
gency operath - nrocedures (EOPs)

The report identilics situations where phenomena sre
not well undersiood, Hut where a berter understanding
of the phenamena is not likely 10 have any impact on
decisions made by operators or Technical Seppornt
Center staff during  severe accident. I will also
consider generic human (aciors issues, including the
training of operatuns ond others with severe accident
management responsibilities, personnel performance
under severe accident conditions, and the abitity of the
operating crew 1o carry out in-plant actions urdet severc
accident conditions
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2 Critical Severe Accident Sequences and EPG Coverage

2.1 Methodology and information
Hesources

This report is based upea available documentation of
generic rescarch on severe actident phenomeno!sgy,
gvailable documentation of design and eperational de-
tails of the four specific plants considered in evaluatng
the proposed accident ranagement straiegies, and (he
opcrations and plant systems experience of ihe authors
and some of their colleagues Informanon sources spec-
ifically relivd upon include:

*  NUREG-1150 and its supporting reporis, partic-
ulariy those directly relevant 10 Zion and Sequoyak,

s the plantspecific PRAs described in the previous
section,

o imitial suhmir als of the Final Safety Analysts Re-
ports (FSARs) for the four plants, including consid-
eration of \ter amendments for some of the plants,

o vendor emergemy provedures guidelines,

+  portions of the plant Emergeacy Oporating Proc
dures {or the lour plams,

« many of the papers on the Three Mile Istand, Unit 2
{T™M1-2) acciden; in special Volume 87 of Nuclear
Technology, Acgust, October, November, and
December 1989, and

+  other open hterature papers and reports on severe
accident phenomenology, accident management
policy, and plant systems FeSpORSes 10 specilic
accidents.

This was a lot of material for the tme and resources
availabie for this project; the authors would appreciate
neiny informed of any UMISSIONS O EXTAFS IN the
descriptions, evidence, and coticlusions in this report

2.2 Description of Plants

The foar planis (by threc vendors) are similar tn many
ways. This section will roie some of the differences be-
ween the plants that have an impact on the selection of
critica accident sequences aud on the extent 10 which 3
particalar strategy maght be implemented successhidly ot
a given plant,

Zian is » "Yestnghouse "high pressure” plant with a
large dry containment. The term "high pressure” means
it it has a fully quelified, safety-related charging sys-
rem. The charging system is designed 1 provide rels-
tively small amoants of coolant makeup flow 16 the
reactor vookant system (KRCS) during normal operation.
With a safety-related charging system, Zion can take
credit for the ability of the charging system o supply
makeup flow 1o the RCS ducing small-break loss of
coolant acoidents (LOCAs) proceeding at pressures
tugher than the shutoff head of the high pressure injec-
tion system (HPS1). At the tume of performance of the
Zion PRAs, Zion was unusually senstiive 10 the effects
of common-cause failures in the Service Water (SW)
and Component Cooling Water (CCW) system, with al-
most 80% of the core melt risk being related 10 fatlures
of the COCW sysiem

The Sequovah plant is also a Westinghouse "high pres-
sure” plaat, but onc with an ice condenser containirent
These containments are smalier than the large, dry con-
tainment #9d have @ lowe; design pressure. They de-
pend on a large collection of baskats of ice 10 Gridense
steam reieased from a LOCA, thus protecning the con-
twinment from the full effect of the LOCA blowdown.
This is @ Pressure SUPPIEssIOn CORLLNMEnt, similar in
intent w the BWR pressure suppressior pool contaia-
ments. fee condenser containments are pencrally con-
sidered 1o more vulnerable to containment fwlure ina
varicty of accident sequences than large, dry contain-
ments. Since this report i dealing with the in-vesscl

[ e of severe accidents, that vulnerabitity doesn't have
much impact on our work

NUREG/OCR-AESG

A L e
j
|
|

T g —









a-













L B gt g ~ i peran ]

et S W G R R . T T T

L P ——

i T,

e e e

Py melung and relocation, leading 1o tncorporation of
these materials into the consolidated poel or the conum
Crust supporting the molten coriam pool. If the water
added 10 the vessel per-olates through the rubble bed,
providing moderation, then recriticality may be an issue
(Cokim.s and Diamond 1979). On the ather hand, an
unmoderated recriticality of the molten, consolidated
portion of a d2, rading core cannot occur at 1-235
enrichments characteristic of a PWR.

Just as with an anticipated transient without scram
(ATWS; sequence (in which control rod material is also
missiag from the core region), if sufficiently borated
water is added, the rubble bed can be maintained sub-
critical. Problems might arise if the operaters find 1t
necessary 10 add unborated water direcily to the RCS or
it, during recirculation phase core cooling, borated
water in the contatnment sump has been diiuted by the
addition of unboraied water. At present, there appears
ta be no consensus as 10 whether operators should add
water to a degrading core if the”  anly source of water
for that purpse is unborated or borated but diluted 1o
lower than desired boron concentrations. How might
borated water in the containment sump become diluted?
The physical process of loss of RCS water from a break
with flashing of some or all of the RCS coolant lost
foliowed by condensation of the resulting steam on con-
tainment structures or containment spray droplets is
equivalent to distillation of the RCS coolant. The
boron and other chemicals in the RCS coolant may be
partiaily removed from the RCS coolant by this process
and precipitated out somewhere in containment. Unless
the boron is re-entrained by containment spray flow on
its way 10 the sump, the net result may be gradual
removal of boron from the racirculating coolant. Once
precipitated oui, the boron is difficult to put back in
solution. Keeping it in solution in the borated water
Storage tanks requires heating.

in the event 1hat it was necessary 1o 3dd unhorated
water 1o containment during the recirculation phase of
core cooling or that recirculating cootant has hea.me
dituted by flashing and condensation, a possitle oiti
gating strategy would be the pre-emplacemert of open
bins of dry borated ctemicals in the neighborhood of the
containment sump. As water levels around the sump
flood the bins during recircelation-phase cooling, dis-

NUREG/CR-5856
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solving the solid boron, soluble boron will he added 1o
the recirculaung coolant,

Finally, the energetics of 1 recriticality need 10 be con-
sidered. Recriticaiity transients in a degrading core
would be anconstrained, that is, subject 10 more or loss
free expansion as the transicnt deposiis energy in i
critical array. This expansion and Doppler feedback wiil
introduce negative reactivity and terminate the tron-
sient. The total energy deposited by the transicnt is a
function of the rate of positive reactivity addition that
initiates the transient. Recrticafities in fuel or waste
process plants are typically unconstrained and inttiated
by the addition of material to a vessel or by gravitation
assembly of a critical mass. Neither process produces
very high rates of positive reactivity input; such criti-
calities have typically been imited 1o between 10" and
107 total fissions, released in one or a series of pulses
This is a relatively modest amount of energy, 100 fis.
sions is equivalent 1o 320 Mloules (ic., 3.2 x 10° Joules)
of energy, which 15 700 times smaller than the

200 Gloules (2.0 x 10" Joules) of energy deposited in
tuel in the first Chernobyl reactivity transient. Approi-
mately a second later 1000 Gloules (10'°) was deposited
in the second Chernoby! transient  Lucas, et al. (1987d)
estimate 473 Mloules and 662 MIoules as the 5% and
5% confidence limits for the steam explosion energy
release required 1o fail the upper head holis of a US
veudar PWR reactor vessel. The Cheenobyl accidem
{which was a reactivity-driven accdent, as opposed 1o
the decay heat-removal-driven TMI-? accident) inspires
Gaution, in that the first puise was shut down by
imtroaduction of negative reactivity feedhack (mainly
Dappler), but as the power dropped, a combination of
cooling of fuel fragments by rapid iransler of heat to
reactor coolant together with expulsion of coolant pro-
duced a Jarge positive reactivity insertion that led 1o the
larger (five times larger) second power spike. Similar
Two-stage processes seem possible in the context of
severe acoident recriticatities. A modest recriticality
transient might disperse conum exposing the corium
array to coolant and leading to positive reactivity inser-
(tons due 1o improved moderation and Doppler effecs
(1.e., eonling fuel fragments reduces the Doppler broad-
ening of uranium peutron absorption resonances). It
appears this ponsibility has not been investigated in any
deraii.
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 Asindicated ahove, the potcatial adverse effects of
~ water addition are speculative. [n addition, the operator
~ would seidom have sufficient information on the status

 of core degradation t¢ identify thase precise situations

- in which water addition (or addition of the wrong

NUREG/CR-F856
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amount or wrong kind of water) wail exacerbate the acci-
demt sequence. Consequentiy, whenever possible, water

should be added 10 the vessel, ac soon and as rapidly as
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reduced below secondary system pressute in order 1o
backfifl the primary system from the secondary; titis aso
stops the leakage from primary o secondary, with the
disadvantage of introducing u.borateG water into the
primary system.

4.3 Naturgl Circulatien-1nduced Fail-
ure of the RCS

For severe accidents proceeding ai high pressure such
as smail-break LOCAS or transient-induced acadents,
the vowemetric enthalpy of steam is high enough that
significant amounts of t-_at can be removed (rom the
core by natural circulation of stear. [Note: As pressure
increases, steam density, thermai conductivity, Reynolds
number, and Prandtl number all increase, swamping
small decreases in dynamic viscosity and mass-specific
enthalpy. The net effect is an approximately 85-fold in-
crease in the effectiveness of steam as 4 heat transicr
medium as pressure increases f:om 1 bar (approx one
atmosphere) 10 150 bays (El-Wakal 1971, p.2443] [ this
2vent. natural crculation ioops may transfer enovgh
heat to the highor eievation portions of the primary sy
tem 10 cause a breach of the primary system (probably al
the pressurizer surge line) large enough o depressurize
the primary system. This scenano is speculative, but has
been supported by small-scale experiments and detatled
code apalyses (Cha et al. 1989; Rayless 1988, NRC
1987). Cha e al. investigated the sensitivity of natural
circutation flows in a high press: re degrading core
aceident in order 10 try to understand why the TMI.2
accident showed hittle evidence of this phicnomenon.
Their models suggested that pressure vai i@tions and
evaporation rates during the course of the acadont had
Aavimpact on the natural circulation flows predicted by
the codes, while higher water levels tended to reduce the
strength of the Now, but not eliminate it entirey.

Analysis of 2 Surry TMLB' accident sequence (station
blackout with loss of AFW) by Bayless { 1988) using
SCDAP/RELAPS support the conclusions:

1. Natural circulation of superteated s« am s likely o
oecur i the TMLUB sequonoe:

2. s ocourrence is relative ipsensdive 1o modeling
undcertatnties,

NUREGICR 3856
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1w extends the cote heatup transient by transporting
heat from the core to structures high m the RPY
and (perhaps) 1o piping high in the RCS,

4. i deads w areep-rupture failure of the pressurizer
surge ine or one of the hot legs prior 1o RPV
failure;

5. the RCS depressurization induced by surge line or
hot leg failure leads 1o accamulator injection which
Gaenches the core.

From the acaiden management viewporny, the impor-
tance of the high pressure superheated stesm natural
arculation phenomenon s thai, even if the aperators
wanted 1o implement a strategy of mamtaining high
RCS pressare {say, with the goal of preventing a steam
explosion when the molten core relocates to the lower
pleaum), it might not be possible.

4.4 Trade-Offs Between FCI and DCH

Direct contamment heating (DCH) 1 postulated 10
ocenr when a reactor vessel fails while the primary sys-
tem is at hagh pressure. The high delta-p driving the
flow of molen corium through the breach causes it to
fragmeat into an acrosol. The large surface area of the
aeyosol enhances heat transfer 10 the contamment at-
mosphere and (exothermic) oxidation of the metaliic
componetits of the corium. An obvious mitigating strai-
ey 18 10 depressurize the core 10 reduce the pressure
driving the dispersal and fragmentation of the corium.

On the other hand, some researchers belicve that ener-
geuc fuel-coolamt interactions (FCI) are significantly
more likely at low pressure than at high pressure
(Berman 1988). The partial core relocation at TMI-2
accurred at gh pressure and produced only a mild FCL
For the in-vessel phase of a severe accident, this s
mainly ap issue at the ime of relocation of molien
corium to the lower plenum. The concern is that an
erzrgetic FCL could fail the RPV in such a way as to
create a missite that directly penetrates the containment,
cagiiap a large radianon release. This scenario, called
alpha-failu~ of containment, and fuel-coolant interac-
uon in general, have been extensively studied for a var-
iety-of fuels and coolants, both experimentaltly and
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PORYV and depressurize the RCS urtil the bigh prosure
injection (HP1), LPL and core flood tanks (CFT)

return the core exit thermacouple ten. pesatures o sat-
uretion temperature. If primary o secondary heit
transfer is extablished, direction ' Jiven 1o mainta’ . this
heat transfer mode by cycling the pressurizer PORV 10
keep the ROS pressure 2560 psi greater than the OTS¢C
pressure.

The OTSO shell side pressure can be lowered by adjust-
ing the tarbine bypass valves (TBVS), while muintainiag
€0 level, untli secondary T, s 40 10 60°F lower than
the core ¢ .t thermocouple temperature. I primary-10-
seconcary heat vtansfor canunat be established, the
OTSGs can be further depiessurized until the secondary
T 18 9010 LIOPF lower 1han the core exit 190, 10

couple temperature.

Fur an SGTR with the RCP: running, the RCS - 1
pressurized using the pressurizer sprays. Cooldown is
accomplished using the TBVS. Straruing is instiated on
the faulied OTSG until the secondary pressure is below
1000 psig and the OTSG level is below US%. If steaming
is not possible, the fxulted OTSG an be drained 10 the
condenser 1o avold overfilling The RCS & also depres.
sarized, while mainmtatning subcooiing, to minimiae the
tube leak rate driving force.

4.7 Evaluation of the Strategy

Reactor Cootant System deprescutization invohes po-
tential disadvantages and uncertaintios:

¢ Because steam a ow pressures is o much less of-
fective head transter medivm than high-pressure
steqnn, depressutization will cause uncovered core
hea f-up 10 proceed essentially sdiabatically.

¢ Available evidence suggests depressurization may
increase the probability of “triggening” a ‘team ex-
piosion (cacrgetic FOL) (Berman 1988) at the time
of molien core relocation, Although it tay redure
the amount of "pre-mixing” and, hence, the size of
the resulting FCT (Abolfadi and Theofanous 1987)

4.5

¢ Depressurization of the RCS using POR Vs while
the core is degrading is Likely 10 degrade cosd tions
in contalnment, which will increase piessure, tem
petature, hydrogen content, and radionuciide con
tamination. This may prevent the operating staff
ifom entering containfent.

¢ Ircontainment iniegrity has heen compromised
RCS depressurization may also degrade conditions
in the Avxiliory Butlding of cause releases 1o tie
environment.

and potential advantages

¢ Depiessurization befow the shatoff head of ECCS
pumps o1 below the nitrogen pressare in the soou-
mulators way allow addition of water to the RPV
using these ources,

*  Depressurization will reduce the thermal and pres.
sure challenges to e RCP seals,

¢ Depressurization will reduce the los of RCS inven.
tory Gut any breaches in the RCS pressuse
boundary.

¢ Depressurization may preves< or mitigete h, g% pres.
sure melt ejection (HIME) and DCH. This can be
particelarly important st plants with lower aantaim.
ment desighs pressures, such as Sequcyah (4 con
denser oontainment),

¢ Depressunization will reduce the structural chal-
lenge (o an RPV weakened by high temp sture
creep, potentially avoiding RI'V breach

On balance, the poteatial for early failui e of a highly
contaminated containment, due to the hkelihood and
potential consequences of HPME and DCH, strongly
recominends depressurization as o strategy lor mitigat-
ing a degrading core. This is particulatly true 1 cases
where depressurization will allow waier to be injecied
o the reactor vessel.

NUREG/CR 5856
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§ Flooding Reactor Cavity to Cover RPYV Lower Head

5.1 Description of the Strategy

Flooding the reactor caviv, up 10 the level of the top of
the RPV Jower head might prevent breach of the RPV
Alter relocatior of the molten corium 10 the lower
plenum. Failin ( that, this st_ategy might mitigate DCH
by quenching and scrubbing the relcase of mohen
corium 10 the cavity.

This strutegy would work 1o prevent RPV bres* if i
worked, by changing the outside surface of the =V
from an adiabatic boundary 10 one with boiling and nat-
ural cotvection heat removal. With an adiabatic boun-
dney [due to the reflective metal insulation on the oul-
side Of the vessel), heat will accumulate in the metal of
the lower bead, raising its temperature and Jowenag its
strength. = b heat removs ™ e outside surface, a
frozen corium crust should toud 1o grow at the vessel:
cotium interface. This cortum crust will tend 1o insulate
the vessel from the high temperatures of the molten
COTIum mass.

11 the Jower head failed anyway the mass of water in the
cavity would tend to quench the corium cjeciod through
the breach. The phenomenology 1s complex, however.
High pressure melt ejection into a pool of water may re-
sult in an energetic fuei-coolant interaction combined
with substanual generation of hydrogen from oxidation
of metals in the conum.

5.2 Plant-Specific Implementation

Some of the factors affeciing the feasibility of this strat-
egy in proventing RPV breach are.

*  The amount of erosion of the vessel by a jet of mol-
1en coriutn impinging on the lower head as the mol-
1en porium relocates o the jower plenum.

*  The heat ransier coetficiont between the molien
pool, the inside surface of the RPV, and the reactor
vessol internale

i1

¢ The amount of quenching and fragmentation of the
coriua when 1t relocates and the resulting porosity
of the mined mOMEn (0209 COTIUMm Mass,

«  The thermul conductivity of the molten cornum,
frozen corium, and RPV metal

¢ The heat transfer mode (nucleate botling, fila hoi-
ing, e1c.) &t the oviside RPV surface and the result
ing surface heat transfer coelticient.

o Access of water in the Nooded reactor cavity 1o the
surfuce 01 the RPV and pathways for removal of the
steam pensrated at the RPV surface (e, how tight
is the RPV insulation?)

«  Ability of the operators 10 successfully lood the
reactorn cavity 10 the level of the lower head of the

RPV

Fot the Zion plant, the best way 10 flood the cavity is 10
use containment spray, drawing water from the RWST
1ank. This method can supply water over an extended
puriod of time since the RWST cun be refilled. One ¢
the containment spray pumps is driven by its own diesel
dniven pump. As of 1986, it was still dependent on AC
for SWS cooling of the diesel and for control. The NRC
has recommended that the system be modified 10 make
the diescl and pump independent of AC power. I the
RWST has been refilled with onborated water, itcant o
borated through the make up water system from thiee
boric acid tanks via boric acid transfer pumps. This sys-
tem is AC dependent. This strawegy is relatively simple
10 implement at Zion

5.3 Evaluation of the Strategy

AMthough the tectors deccribed i the previour s tion
are complex, they should be gmenabie 10 quant _aive
snalysis. Henry et al. (19914, 1991b) have performed
scoping experiments using small-scale vossels of two dif-
ferent 1 ickness, both with and without reflective metal
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 Restoration of AC Power

6.2 Plant-Specific Implementation

Fer the Zion plant, the operators will first aitempt 10
load the emergency AC bus 1o the EDGs from the con-
ol room. 1D the EDGs «uit but the emergency AC bus
cannot be loaded from the control toon, personnel
would attempt 10 Joad the das locally. I the EDCs do
not stan automatically, interlocks must be defeated and
the diesels started manually. 1f the diesels do not start,
the operators would stempt (o power ‘he emergency
AC bus from any available and appropriate AC powet
supply

The DC power systems of the thiee Oconec units are
Isnked through an isolatiug diode arrangement so that
cach unit provides a DC power backuo for the other
units. The DC power systems supply instrumeniaion
and control power through an inverier and are backed
for essential loads by the 120-V AC regulated power sys-
tem. The availabilsty of DC power aids in the recovery
of AC power. The wider vaniety and higher relability of
AC power sources at the Oconee plant render station
blackout accidemts significantly less likely than at other

plants

Al Oconte, emergency AC power can be furnished from
several sources, including.

¢ for certain loss of load transicnts, turbine runback
will yllow the Oconce plant’s own generaion 1o con.
unue 1o supply plant auxitisry Joads,

e s 230-kV transmission lines serving Oconec from
three directions,

¢ either of the other vwo nuclear units,

¢ 100KV yansmission line from the two combustion
turbine generators at the Lee Steam Station,

¢ 138&Vunderground hine from a guick-starting on-
site Keowee Hydroelectric 87 500-kVA Geacrating
Unit, and

¢ 230-kV overhead line from another Keowee Hydro-
electric Generating Unit

NUREGICR 5856
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The primary emergency AC power soutce ot Oconee i
the twi hydroelectoie units tather than by diesel penera
tor sets. These hydroelectne units are more reliahle
than diesel generators More importantly, thou larpe
capacity makes it possible 10 provide emergency power
tovirtually any load. Thus, load shedding 1s much more
limited and load sequencing is unncoessary. The rels
ability of the emergency AC power system is further en
hanced by the availabilicy of the two Lee Steam Station
combustion turbine gencrators dedicated 10 Ovonec,
with separite supply lines (o a separaie standby
transformer,

6.3 Evaluation of the Strategy

Tuking action 1o increase the flexibility and reliability of
clectrical power supply sources ts clearly lcasible. The
decision on wheiher and how to implement it in a spoc-
tfic case will need 1o batance bringing in backup general-
ing Capacity from out of Lown 41 great CXpense aguiny
the downside risk of contiswng 1o operate with de
graded clectical power supply. The probabiliy of add:.
tonal failures or slow recovery of the lost offsite power
may be quite smal but the downside consequences are
quite large. There are no obvious disadvantages, other
than cost, 10 this strategy, althc ugh procedural modifics.
tioes and additional taining would be necded 10 1mple
ment the strategy effectively,

For the Zion plant, the restoration of AC power has a
Major pact on a number of recovery seguences, as de.
scribed i (the Zion PRA rebaseliming report ( Wheeler
1986). The impact of restoration i highly time depen-
deni. For example, in one scenanio, loss of offsite power
{ollowed by loss of Auxiliary Feedwater sesuits in loss of
secondary vooling, which is followed by an independont
foss of feed and bleed capability due 10 human error,
The restoration of AC power withis four hours tesults
i the successful functioning of the containment sys-
tems. Restoration later than four hours results in de.
graded performance of containment systems and higher
probability of comainment failure. Timely resioration
Of AC pawer in certain scenanos increases the probahil-
ity of containment success by two orders of magnitude
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6.4 Provision of Portable Pumping
Capability

Another potential approach (o itigation of station
blackout and loss of offsite AC power accidents is the
use Of portanle pamps that are not poweted from the
plant electtical busses These pumps could pump water
from piant wator sources or from offsite water sources
(1., Jukes, rivers, #1¢.). Thetw is no shortage of portable
pumps at of near mos: nuclear plant sites, so what s
aveded i pre-planning of access 10 the pumps and con-
tingent connections 1o plant piping systems.

For accidents, such as loss of offsite AC, station black-
oul, Joss of main and suxibiary feedwater, what hus been
1081 15 DOt ACeess 1o watet but pumping capability. Fro.
vision of portable, independently -powered, pamping
capacity can prevent of mitigate severe secident scc
natios arising from these initators, 11 is pecessary 1o

1. ensvie that the aeeded motive foree s available. -
even under station blackoat conditions, and

pre-stage ihe equipment necessary (0 allow pre.
viously snalyzed cross-connections 10 be wnple:
mented (uickly enough to be uselul in an emer-
pency. and

3 implement appropriate changes 1o procedures and
traming

o

4. assure tigt the connection of these pumps docs not
viglate containment at a time of porential cote

degradatinn
Equipment necded includes:

Pipung - Fire hoses of equivalent (mostly pre-staged
at the reguired locations)

Pumips - Fire trucks (pumper trocks) of pre-staped
portable pamps

Connectors - Mantfolds o1 “spiders” on appropriate
tanks, pump suction headers, or a1 natural bodies of
water, with connectors appropriately matched 1o the
thses and pumps 10 be nsed

] S i e e e e R e

Restoraton of AC Power

This surstegy will tend 10 provide only low pressure
pumping capacity, imited by the puinps available and
the pressure limits of the flexible hoses Higher pres-
sures snd higher ows would imply bigger pumps, bigpes
drivers, and pre-positoned hard piping  Thus, utiliza-
tion of this strategy will primarily address supporting
systems. 11 would tond 10 requite depressurization of the
ROS or the sieam generaton. Nevertheless, even in
high-pressute scenanos, these portable Jow pressute
pumps could be used 10 refill water tanks and 1o provide
cooung 10 ECTS equipment and RCP seal injection
flow, el

F . "t wt-Soecific Implementation

Lovag s i e sglemented some aspects of
B 0o i oy walh exiensive provisions
10 Boeee 1 U -c0mia oS betwoen the owo

units, there & Two tire sysicn: contections. The first is
# hard pipes! vanectinn between the Fire Protection
(FP)system a f ‘he energency dicsel generator scket
water cooling system. Upon loss of Service Water, this
hackup system can be valved in from the control room.
The second FP system cross-consect allows FF system
flow 10 the centrifugal charging pump coohing system.
This second application uses pre-staged fire hose and
connectors and is meorporated ine the Abnormal Op-
crating Proodures (AOP-4.), Rev. », 77318005 Ample
quani ‘ties of water are available and the ability 1o retill
the RWST makes this strategy very attractive at Zion,

‘This strategy can be very useful even if only a hmited
pumping capability is provided. For example, portable
pumps might be used 1o provide cooling for the diesel
generators and/or the diesel powered contginment spray
pump. The ability to keep the diescls operating might
make it possible 10 restore the service waler system
(SWS) or continue containment spray.

6.6 Evaluation of the Strategy
Pre-stage porghle pumping capacity with judiciously

planned crossconnections between plant sysiems and
wiater sources result in:
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L Arelatively inexpensive upgrade of plant safety and

R flexibility.

2 Pumpiug power that is independent of offsie AC

A0 *

B and emergency AC

| 3 Increased flexibility, which could mitigate other off-
‘s normal prant conditions:

spent fuci jriol level loss
tefucling caviry seal Joss

Outsge and mainienance activities that require
unusual system isolations

ierease redundancy for esisting safety systems
(€ . jacket water cooling for the EDGs)

NUREGAR 5856
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Other than the pressure limitations, there are 7o ob-
vious disadvantages 1o implementing this strategy. It

should be possible 10 use existing piping with fully Qual

ified containmen penetrations as the pathway for de-
livering water 1o the target systems inside containment.
The piping connections needed 10 assure quick connec.
tion of the portable pumps are relatively modest. Cer-
taiialy any such changes increase the complexity of the
Plant and would require changes in procedures and ad-
ditional taining. In addition, cach added connection 1o
plant piping sysicans and cach new ross-connection be-

tweer plant systems may introduce possible plan evoly-

tans with un-analyzed safety impacts. These potential
provlems can be minimized by assuring (hat these cross.
connects will be used only under clearly identified and
specificd circumstances, which can include severe acci-
dents in which the potential consequences of the
accident swamp the uncertamnties involved in using the
Cross-connedt.
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If AC power is restored after baving been Jost, flow 1o
the seais “hould be restored slowly 10 prevent thermal
Shock 10 the scals, bearings and pump shafts. The np.
erators should deleat the automatic oading of the
charging pumps onto the AC busses, so (hat flow 10 the
RCP seals can be controlled by the operatos.

The Oconee PRA assumed that seal loakage could reach
approximarely 100 gpm per RCP within about an hour if
the RCPs comtinue 1o operate without seal injection and
either the seal return line is solated or component ool
ing fwls. If the RCPs were tripped within 15 minutes,
seal 'eakage is estimated 10 be substantially less, no
mure than 15 gpm per RCP afier about an hour

Low ressure service water (LPSW) provides motor
cooling 10 the KCPs, CCW cools the RCP therma) bar-
riers, and HPI cools the RCP scals. 1LPSW also provides
wooling for the HPI pump motors and the CCW heat ex.
changers. In the event of LPSW failure, backup cooting
flow could he made available either from the LFSW of
Units 1 and 2 o1 from the high pressure service water
(HPSW), which supplies the fire protection head-rs in
all three units. The HFSW normally wakes suction from
the condenser circulating waler crossover line, bul a

NUREG/ICR sS85
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100,000 gallon elevated storuge 1wk can provide a
backup watef supply. The operator recovery actions to
provide backup flow to LPSW require locsl manual op.
erutions of Cross-ConRection and/or isolation valves

In add<ion, the Standby Shutdown Facility (SSF) can he
used 1o provide RCP seal cooling independent of 11-¢
ahove systems The spent fuel pool can be used as a suc
tion soutce for RCP seai injection and RCS makeup.

In CE piants, CCW provides coaling 16 the RCP mech
anical seals, but not seal injection.

7.3 Evaluation of the Strategy

The strmegies discussed in this section are mostly pre-
VEntive strategies, simed at preventing or mitigating
RCP seal LOCAs in accident sequences involving tail-
ures of the COW system. Their implementation uses ex
isting plant equipment and parts of thes. strategios ase
ulready implemented an the plants considered in this
report. The only obvious disadventage is the potential
f: damage 10 the RPY and RCS piping from e
emergency cooldown, if i1 1s necded.
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8 Maintaining Forced Circulation Through the Core

8.1 Description of the Strategy

This section considerns the mainienance of foroed flow
under conditions that might "normally” require shut.
down of the RCPs. During the TMI-2 accident, opera-
tors shut down the last operating RCP at 100 minutes
imo the accident becaus - of vibrations caused by the two
fluid it was pumping. Prior 10 this shotdown, the
il-2 core was being successfully cooled by the forced
circulation of the two phase coolant Upon pump skt
down, the core quickly uncovered, started 10 heat up,
and then 1o degrade. Wheu RCP flow was reestablished
#1174 minutes into the accident, core degradation had
s0 far that the consolidated region of molien
cote wass not coolable and the region of the core above il
fragmented due 1o thermal shock and zirconium burning
Inte & porous debris bed.

Competing criteriu affect whether RCPs should con-
Tinue 10 operate after a LOCA. The pump head may
cause inventory o be 108t through the break as a liquid
flow, rather than a steam Bow. Sinee sicam Hew will be
Itmited by sonic choking of the flow, hguid break flox
will result in greater inventory loss. [f the pumps arc

v, vhe ROCS will he stagnant or naturally cire.
Wlaiing of pressure drops in the RCS 10 Jess than the
saturation pressure corresponding the average specific
enthalpy in the systera, then water will start flashing
throughout the sysiem. The resulting sieam will tend 10
collect in system high points, perhaps interrupting any
patural reulation. . the RCPs are running, the steam
resulting from the flashing will tead to arculate with the
rest of the coolant as 8 two phase mixture.

In the absence of serious vibration, operators should at-
tempt © maintain some level of forced arculation, if
only 10 buy time for other mitigative stralegies. Consid-
eration should be given 10 "togghing” or "humping” the
RCPs, i.e., starting a2 [P, bringing it up 10 Tull speed,
then tripping it off and Jetting it coast down. This proc-
ess should be continued as long as possible, perhaps 1o-
tating between several of the RCPs. As noted, running
the pumps may cause the break flow 10 be higuid, in-
areasing the raie of inventory loss. This will also cause

k1

the system 10 depressurize taster, ever tually aliow)ag
makeap from the accumulatorns and the low pressure in
jection sy dems.

Karussik ( 1989) recommonds that operalon conlinue
running steam-bound boller feed pumps until propes
suction conditions can be re-established. This recom-
mendation goes counter o accepted practice of stopping
4 steam-bound pump immediately and not restarting it
until proper suction conditions exist. He notes that he
knows of no suthenticated case of a high pressure
boiler-feed pump seizing at full speed because of a flash.
ing suction. When pumps have seized, it has been while
coasting down after being tripped. He proposes three
theoreiical reasons for this assertion. First, with the
pump running, there is sufficient driving torque 1o pull
through momentary contacts between shaft and heariog
caused by vibration. Second, the continuing presence of
fNuid (albeit, sicam) in the pump body tends 10 damp out
vibrations. Third, as a pump coasts down after being
tripped, it may pass through a eritical frequency, at
which the resonance vibration will be worse than usual
because it is undamped by liguid in the pump. By con-
tnetig ¢ operate the pump under these conditions, it s
simply being operated as a steam compressos. 1n an-
other context, Karassik notes that cavitating flow condi-
tions in a pump can be mitigated somewhat by adding a
small amount of non-condensible gas 10 the pumped
fluid (Karassik et al 1976) In some low-pressure
accident scenarios, operators would have access 10 the
pitrogen remaining in (he accumulaiors afier the water
in the sccumulators has been blown-down into the RCS.
Karassik notes that this strategy for mitigating cavita-
ton is rarely used because of the difficully in injecting
just the right amount of non-condensible gas.

A related consideration is the possibility that continued
operation of the RCPs, even just "bumping” them oca-
sionatly, may bias the flow and heat transter regumes in
the RCS woward natural circulation and othes regimes
offering significant levels of heat removal through the
steam pencrators. Recently, di Marzo et al. (1988)
described a thermal hydrauhic regime occurring in small-
break LOCAs. This regime, which they call Interrup-
tion and Resumption Mode (IRM), was demonstraied
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i & test fucility prototypical of s B&W PWR. The
authors make the following observations about this
thermal hydraulic regime:

1 Ircannot be predicied on the hasic of Jocal con-
ditions in the RV, the loop seals, the OTSG, of the
hot and cold legs: the RCS has 10 be teated

mnieprialy

2. The (flow) interruption phese of IR involves the
growth of satcrated or scperheated steam bubbles in
the vessel downcomer of the cold legs that are, tem-
porarily, insulated from subcooled coolant.

3 The (flow) resutipiion phase of IRM involves the
breakdown of thai tnsulation and rapid condeisa
tion Of the bubbies, with the resulting mild water -
hammer causing resumption of flow through the
l00p scals, the candy cane, and the OTSG.

4. The systom shows signs of chaotic dynamics. “Tests
repeated ot the same initial conditions showed that
bilurcations which alter the transient trajectory can
ogut.*

5. The resumption phase produces efficient heat trans.
fer in the OTSG, whick is capable of recioving all of
the heat that had built up in the system during the

nlerruption phase

6. Increased water level in the shell-side of the OTSGs
reduces the amplitude and the deration of these os-
cillatory flows.

Relevance of IRM 10 the present evaluation is specula
tive. 1nis possible that continued operation of the RCPs
and continued forced circelation in the RCS (even in
“bumping” mode ) may bias the system toward flow e
gimes such as natural circulation, “reflux® coolmg, or
IRM which offer effective heat transfer through the
steam generators. More work is needed on the true lim-
iting conditions for RCP operation and the impact of
contineed operation on loop thermal hydraulics under
accident conditions.

NUREG/CR-5856
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8.2 Plant-Specific Imp'ementation

At the Zion plant, RCPs could be manually siaried and
allowed 10 coast down using notmal proceduses. There
B1E N specilic restrictions in the procedures; however, if
serl cooling has been Jost and reestablished, it 18 im-
purtant (o throttle back the charging pumps so that the
stal ind pump shafts are not damaged by thermal shock.
Thermal shock of the RCP shafts could result in shaft
detormation which could in turn damage the RCP by
Cirusting severe vihratons.

The abvious advantage of this strategy is that it can de-
L2y further core degradation and this, in turn, may
provide the time 1o resore other functions that could
limit the severity of the accident. Since there has been
e study reporied on tae effects of "bumping” the Zion
ROCPs, it s difficult 10 assess the trade-off between using
this wechnique 1o delay further core damage v the pos-
sibility of disabling the pumps, thus making them un.
avallable should plant conditions change so that they
could be restarted. I this strategy were implemenied on
Gne pump at a time, rolating amang the pumps, the
¢hunces that all pumps would be damaged bevond use
SeENMS Very remote.

Al the Oconee plant, dunng a loss of offsie power, the
RCFs are load shod. However, with the large capacity of
the Keowee hydroclectne units, load shedding is less ex.
iensive than for plants which use EDGs.

The Babeock and Wilcox (B& W) abnormal transiemt
operating guidelines (ATOG ) provide directions on the
hest methods of operating the ROPs. The RCPs are
tripped during & small break loss of coolant accident
(LOCA) if the subcooling margin is lost. However, as
odg a8 the pumps continae 1o run the core will ne
coaled by the steam and water mixture circulating
through the core. If the pumps are tripped ot a later
time, when hittle liguid remains in the RCS, the steam
and water remaitang in the vessel and loops will sep-
arate. Steam will cotlect in the high points and water
witl collest in low points. If enough water does not col-
lect in the vessal, the core will be uncovered, will not be
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adequately cooled, and core damage will restlt Based
ab ihe above tationale, the B&W ATOG states that the
RCPs must be wripped immediately when the subcooling
inargin s Jost, but if the ROPS are not tripped immedi-
ately (wathin 2 tainutes of Joss of subcooling margm)
they shovld not be tripped at a later time and ot Jeast
one RCP in each loop should be operated i severe in-
adequate core cooling (ICC) conditions exsts the B&W
ATOG directs that the RUPs mus) be restarted even if
mechatical damage cen oocur. The ATOO also sugpests
"bumping® the RCPs (1e,, start and run a ROV fur
10 seconds then shut 1 off) 10 start/restarn natutal cuc
ulation. If there is enough wuter in the RCS Lis should
initiste natural circwlatior  Under saturation conditions
may or may not start natral crculation, bu
it will help depressurize the RCS by condensing teactior
coolant steam in the steam generators and aliow more
HP 10 flow into the systere. 1 aatural cirenlation does
not start after four "bumps” over an hour period, then
the ATOG directs running one RCP o8 Jong us one
OTSG is available as a heat sink.

At Sequoyah and Zion, cooling of the pump motor
windings is provided by air Bow induced by an impclict
attached to the pamp shaft. Twe cooling air s conled by
2 heat exchanger after it has passed over the windings
{1hus, 1he neat exchanger is really keeping the wit in the
pump enclosure coal). A routine of "bumping” the
pumps and letting them coasi down would expose the
windings 10 5- 10 second: of high heating (hecause of
high staitup amperage j followed by a couple of nunutes
of cooling with no electrical current in the windings. It
may be possible 10 continue this routise indecniely
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(p- 1-5HT) provides guidance 1ot tripping and restar ng
ROP: that 1ends 10 kerp RCPs cunming i all sequanies
excep! the large break LOCA and a specific size runge of
hot leg LOCA.

The Generic lssue document for RCP Trip/Restarn
frund 1n the Executive volume of the Westinghowse
Owners Group ERGs (1983) gives the clearest descrp
tion of the Westinghouse Owners Group approach
use of the RCPs during severe acvidents. Baswcally, they
recommend continuing 10 aperate the RUPs durisg wll
upset wod aucident situations, except for the initinl
response to certain SBLOCAS, 107 which Case severa!
possible RCP trip criteria ure described. These tnp

o

&3

Maintaining Foreed Circulation

criteria are preemntive, in the sense that they provide
for an carly trip of the RCPs in SBLOCA scenatios in
which o later, inadverient trip of the RCPs would lead 1o
rapid core ungovery and dladding heatup. The critena
are chosen so that they will requite an RCP tip in the
spectfic SBLOCA scenarios, but not requite an RCV
ing in SGTR and non-LOCA transients. The docainent
notos that bost estimate analysis shows accepuable peak
cladding tempetature for all LOCAS and transients,
withou! tripping the RCPs, bot the “onservistive
Appendix K criteria reguire RCP tnip for the specific
range of S OCAs sequences. 1o suy case, RCF opera
ton is required in the event of inadeguate core cooling
{vore exit thermocouple readings above 1 20070 and
secondary system depressarization net suoceeding ) o1
imminen pressutized thermal shock (when tae RCPs
are wsed 10 miz the cold safety inject How with
previously stagnant het RCS inventory). If the RCPs
have been tripped in response to a SBLOCA and the
seyguence later degrades 10 inadequate cote cooling, the
ERGs require restan of one ¢f moere ROPs, ever if the
RCS is highly voided.,

8.3 Evaluation of the Straiegy

‘The rapsaity with which the situation ac T™I-2 detenior-
ated after minute 100 of the accident when the last RCF
was tripped off, suggests careful consideration of RCP
operation guidelines that focus mose on protecting the
core than protecting the RCF The worst thing that can
happen from continzing 10 u;erate the RCPs in cavitat.
g wnd steam-binding conditions 1 cutastrophic fatluiv
of one or more of the pumps. T the extent that this (o
these) tarlures create LOCAs, they will tend to depres-
surize the RS, leading soward he low poessure, large-
LOCA sequences thit all contemporary PWRs wore de-
sizoed 10 accommodate.

Cortanly, the thought that . ae or mere RCPs were
destroyed jo an acciient that might have been controlied
by other means while protecting the RCPs would not be
a plsasant Lne for the utility management. However, as
discussed ia Section 6.3, acadent ..aagement decisions
should be made with appropnate consideration of the
downside risk of the vanous ghiernatives. I the zeaident
seyuend has led 1o cavitation of steam binding condi-
tions 10 one or more of the RCPy, then the conditional
probability of core melt is alreadv much larger than
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under normal cocdivions. This higher conditional prob.

ability leads 10 signdficantly higher economic and putaec
salery tisks in the only relevant context, that of the
acoident situstion the operators are facing at that
moment. These highor sisks should tond 10 1t decision
criteria away from protection of valuable assets, such as
the RCPs, and 1oward protection of the core, the con-
tainment, and the environment surrounding the plam.
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The Westinghouse Emerpency Response Guide hines,
the CE CEN- 152, and the B&W ATOG all reflect a
heigivtencd awarcness of the need, under some accident
conditions, o operate RCPs under conditions of cavita-
ton, fashing, and vibration that woukd normally ¢
their shutdown.
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runaing one RCP per loop (as long as adequate sub.
cooling margin is maintained).

Finally, some plants (Combustion Engineering Sysiem-
80 plants) have no PORVs. For these plants, depres-
tunization must be implemented using heat removal
throagh the sicam generaton of by means of feed and

bleed cooling using the charging pumps, presserizer

9.6 Evaluation of the Strategy

Primary feed and bleed is a major contingent method of
removing heat from the primary system. 1t feasibility

NUREG/CR 5856

and effectiveness depend on the availability of biced
pathiways and sources of invemtory makeup. At some
plants for some accident sequences primary feed and
medmybellntmuymmmnymdeptmm the
plant sufficiently 10 permit sufficient inventory makeup.
The major disadvantage of primary feed and bleed cool-
I 18 that it amounts 10 an operator-created LOCA,
contaminating, heating, and pressutizing containment,
and tequiring inventory makeup 10 prevent core un-
covery and core degradation.
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10 Creation of a Core Damage Assessment Capability

10.1 What is Meant by Core Damage
Assessment Capability?

T . intended 10 be a collection of tools for assessing
and & awing conclusions about the state of the core apd
the KCS by evaluating the availatle information in its
entirety. 1t is not intended 10 require extensive modif-
ications o1 additions 10 plant instrumentation.

After TMI1-2, the NRC required atilities 10 sipnificantly
upgrade their ability to identify and evaluate inadequate
core cooling. All PWRs were eventually required 10
have in place redundam, qualified, Class 11 instrumen-
tation 1o determine subcooled margin, temperatures at
the core exit, and RPV coolant level. Anderson (1989
has described industry responses to these NRC inita-
tves. Combustion Engineering developed a heated
jusction thermocouple (FITC) instrument for measur-
ing RPV coolant level. Westinghouse developed a dif-
ferential pressure-based level detector, the Reactor Ves:
sel Level Instrumentation System (RVLIS). Afier
review and testing by the NRC, these systems were give
preliminary, generic approval and have been adopied by
many CE and W owners. National Nuclesr Corp. devel-
oped and tested at the Farley plant a level detector
based on ex-vessel neutron detector measurements

This was reviewed by the NRC and judged not 10
provide consistent and reliabic measurement of vessel
levels under all conditions of interest. A few plants have
installed level detectors, developed by Technology for
Energy Corp., based on strings of gamma t' crmometers
arrayed in a vertical probe, providing indications of
Liquid or vapor conditions at a number of discrete eleva-
tions. This system has been reviewed and approved by
the NRC. Babeock & Wilcox (B& W) plants are using
differential pressure-based detecions to determine both
RPV and hot leg/candy cane levls.

Utilities have tended 10 bring display of these stru-
ments into the control rom through the Safety Param.
eter Dispiay System. Utibties and vendors have been re-
(uired 10 test and modify the Jevel instruments and core
£Xit thermocouples, as nece-sary 1o assure adequate reli-
ability and accuracy.

e

Regulatory Guide 1.97 (NRC 1980) states implementa-
tion approaches that the NRC is prepared 1o accept for
the provision of instrumentation 1o monitor conditions
in the plant and its environs during and following an
accident. The objectives of this monitoring are.

L provide mformation necded for the operators 1o
ke pre-planned manual actions (o accomplish safe
plant shutdown,

te

determine whether post-accident actions and sys-
tems are performing their intended funclions,

3. provide information 1o the operators 10 permit
them 10 determine is a gross breach of barriers o
radioactivity release might occur or has occurred,

4. furnish data on the operation of important plant sys-
tems, and

5. provide information on the release of radioactive
materials,

The Reg Guide requires that tue instruments be de-
signed so that they are always on scale during and afier
an accident. They are required 1o survive the accident
environment for the length of nme their function i re-
guired. The Guide identifies the minimum number of
variables 10 be monitored by control room operating
personnel during and after an accident. [t classifies in-
struments into five types and three categories. For the
most important variables, Type A and Category 1, the
Guide requires that the data monnoring function not be
susceptible 10 single failures; that the instruments be en-
ergized from siation standby power: and that continuous
indication be provided and recorded  Plants going into
operation after June 1983 are required 1o meet the re-
quirements of the Reg Guide; plants going into opera-
tion before that time are required 10 meet the require-
ments with some modifications.

Teken together, these post TMI-2 actions are intended
10 assure that a rich body ~finformation about the plant
will be avaitabic to help operators und Technical Sup-
port Center staff determine the appropriate course of
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'l‘ action during and afier an acadent. There remain, how- superheated steam exiting the core before the thern, + f
ever, numerous difficulties with assessing the status of a couple can respond. Tie under-represemation i stirit ;
'I @egrading core Incore instrumentation is mostly de- uted 1o interveming heat transicr from the steam to *
| signed 10 provide information about neutron flux levels cladding 4nd core internals high in the core priot 1o the *
l and mid-core of core exit temperatures; while it is im- steam arriving at the CET. |
l portant 10 know that the reactor is subcritical, these flus :
E levels do not directly tell the operator much about the Because of the joint sensitivity of flux detectors 10 both :
b status of a degrading core. Thus, the operator is left neutrons and gammas, a flux dewectos located under the :
1 with trying 10 draw conclusions sbout core damage pro RPV (or a gamma detector low in the reactor cavity) |
[ gression (rom measurements of various parameters would respond very strongly 1o relocation of molien |
5 taken at some distance from the core. corium 1o the lower plenum. Prior 1o relocation, both
1 ncutrons and gammas are substantially shuelded from
p All is not lost, however. Forensic analysis of signals the detector by the water in the Jower plenum. After se. "
L from the ex-vessel flux detectors during the first four location, there is little shielding for either the gammas ;
; hours of the TMI-2 accident yvielded a picture of reactor o1 photo-neurrons. Ex-vessel flux detectors, located
| vessel level consistent with that derived from the an- outside the vessel (at, above, of below the core mid- |
r alysis of other plant data (Wu et al. 1989) This was pos- plane), show a similar response, although much reduced, :
: sible because the ex-vessel detectors responded directly 10 core relocation. The source range monitors ai T™M1-2 !
; to gamma radiation generated in the shutdown core and showed a doubling of response at 224 munutes into the
i 10 photo-neutrons gencrated by interaction of the accident, which correlated with temperature and pres- l
l gamma radiation with deuterium in the coolant. For sure indications of the relocation of molten corium 1o |
8 busth these signals, the source sireagth and the shielding — the RPV lower plenum |
l are affecied by coolant level in the core and in the |
: downcomer. Adams and Berta (1980) indicate thal seif- Mass and energy accounting combined with flow rates, |
; powered neutron detectors (SPNDs) can also provide pressures, and temperatures throughout the RCS and i
E qualitative indication of RCS coolant density and vessel containment cat: polentially provide a very complete |
i. level. These SPNDs, present in the core of some PWRs, picture of break sizes and RCS inventory. Hydrogen :
- will indicate directly if the reactor has not been shut- and gamma spectroscopy anatysis of RCS ¢ olant sam- |
i down. ITit bas been shutdown, the neutron signal will ples can indicate cladding oxidation, clad failure, and :
: go off-scale low, although there is some indication that tuel pellet temperatures. |
: extremely sensitive amplifiers ("pico-amplificrs”) can
} measure this signal. With the reactor shut down, the Implementation of this strategy wovld involve the crea !
SPNDs become much more sensitive 10 temperature tion of caleulational tools allowing the kinds of forensic i
variation than they are 10 neutron fluctua’ ions. As with analyses done afrer the TMI-2 accident 10 be completed i
the ex-vessel flux detectors, forensic analysis of SPND in real-tiae during o future acoident. This would be an- ’
! ' signals provided a picture of incore temperatures during alogous to tomography, ir which a Setaled picture of
'ﬁf the heat-up, dry-out, and melt-down of the TMI-2 core plant status 1 "urfolded” from a collection of integral l
(Broughton et al. 1989) that is consistent with data from measurements. Specific subroutines can be developed g
the core exit thermocouples. to calculate 1) containment pressure and lemperature :
; response 10 LOCA blowdowns, 2) heat transter 10 ves f
i As ind‘cated above, all plants have core exit thermocou- sel, RCS, and in-conta.mment structutes, 3) hydrogay !
. ples £{ £T5). They can provide valuan's informatics generation as a function of clad temperature @ nd steam ;
aboul the condition of a degrading core. although supply, 4) ex-vessel flux detector response 10 neutron 1
A Adams and McCreery (1984) report a substantial time and gamma sources and vessel and downcomer level, ete. :
geses lag and clad temperature under-representation in the The results of these calcolations and other plamt data I
) dereetion of cladding heat -1p by the core exit thermo- can be imegrated with an expert system which incorpor- g
b couples in the Loss-of-Flaid Test (LOFT) facility. Thay ates physical, chemical, and wemporal relationships that ;
l ' attribute the time lag 1o a fitm of water coating the ther- have 10 be sutistied Jwaing any developing accident. Use Q
|’ macouple, which has 1o be borled away by the of the expert system would eniorce a consistent (1.¢., :
| |
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| Approach # ] [ecesion Aids for Declanng Severe

One of the most important frctor in impiomontiog any
strategy for severe accident maagement is deading
when and who makes the decision that it 1s time 1o deal
with the situation ai hand as a severe accident. This key
decision will determine when the focus of activities will
shift from "normai® procedures fot dealing with emer-
gencies and off normal events o implementing strat-
egies 10 de with core mell, core displacement, and
severe chal. ages to containment integrity. The lack of
reliable information on the status of the core can make
this & very ditlicult decision, Thus, problem recognition
becomes a matter of making a judgmont based on mult
ple data sources, most of which are indirect and of un
known vahidity.

Since humans are relatively poor st making complex de-
cisic as under conditions of stress and limited informa-
ion (although huiaans are arguably better at it than
Anvthing else but post {310 INVestigating Commissions ),
a useful approach would be 10 develop decision aids.
Any dependence of these decsion aids on particular
computational resources or plant instrumentation necds
careful consideration, since both may be unavailable in
some severe accidents such station: blackouts. There are
several possible approaches to ths dependence. A
series of graphs or nomographs could be developed that
tepresent various severe accident scenarios. These
would be based on plant data that would be available
some point in the event sequence, such as data trands
over lime (e.g., lemperature, pressuie, status of injection
systems, e1c ). Calculations can be implemented in pro-
grams than run on programmable calculators o battery
powered portable computers.

In order 1 develop a problem recogrition decision aid,
& process of kne viedge engineering must take place.
This inciudes identifying the relevant physical param.
eters in the plant, time constants for consideration, al-
ternate sources of data should the plant information sys-
tems fail, and development of decision rules. This later
step would be based both on analys s of past severe
acvidents, on-going research, and modeling exercises.
As with all decision aids, the feasibility of a severc
accident probiem recognition ad depends on the thor-
oughness of analysis. Since all possible contingencies
cannot be anticipated, the development of decision ards

NURBEGAR 5856

“hagld concentrate on heanistics, 14, general rules tor
assessang the plant stste. The etloctiveness of such deci:
s0n s can be evateated in exercises in which per
song  tempt o diagnose plant status sad take actions
using . decsion akls,

The goa! in the development of this 2avivion asl would
he 1o design, develop, and test ietatively sitmple dedi-
sions aids in the form of graphs, nomographs, decision
matmiees, decision trces, simple thermal hydraulic cal
culations, or similar devices that would be independent
of the svailability of plant computers o plant powes.

Approuch #2: Job Perfor aance Auds for Acoident
Mitigation

Omnce it s recognized (hat a severe accident is in prog-
tess, steps must be taken 10 minimize the probability of
major releases that endanger public safety. 1t is unlikely
thut elaborate step-by-step writien procedures would bo
usciul in severe accident scenarios, even if they could be
developed, Rather, ine strategy should be 10 develop
JPAs 10 facilitate accvient management by aiding both
the inductive and deductive reasoning processes of the
decision makers. The step-by-step sequences of 4ctions
used 1n conventional operating procedures should be
minimized. The tendency 10 skip of alier steps will be
enhanced by the stressful circamstances of the accident,
the in-plant environment may not be conducive 1o pro-
longed occupation by operalors o provide the condi-
tons for detailed actions,

The most appropriate 1A would resemble the expert
systems that have proved so effective for medical diag-
nostics, These JPAs guide the person’s thinking by &
series of guestions and instructions. These satem also
include the capability o supply 10 the user the ogic he
hind each sequence should the user ask for i1 I imple
mented on computers, they can provide multiple posst-
ble diagnoses and an extimate of the likelithood of each
being true. These JPAS should be located with the sys.
tems and cquipment 1u the locations where they arc
maost Ykely 10 be used,

More conventional 1PAs would he used for more con-
ventional tasks. For example, in using alternative means
for pumping water, imatrections may be required for
making unconventional cross-over connections and
starting the pump. These instructions should be located
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10 wdentify the correct lead 1o Wt or jumper. Communi-
cations with the control room were almost impossible,
SO it was hard 1o determine that the correct actions had
been taken.

During the T™MI-2 aceident, personnel were dispatched
10 the auxiliary buikding and into the reactor building a
number of times 10 operate conirols, read thermocouple
voltages and take readings of radiation levels. Radiation
levels reached high levels ( > 1,000 mR/hr) a.4d tempera.
tures in the auxiliary building reached 170°F. The inves-
tigators noted that radiation protection procedures were
extremely lax and that actions of ibe people while in
high rad.ation areas violated techmical specifications
Had the radiation protection rules been followed, entry
into the auxiliary building would have been prevented or
severely restricted.

As the specific approaches and JPAs 10 be used by per-
sonnel in performing the tasks are developed, informa-
tion on the eavironment in which personnel may have 10
work will also be described. As these environments are
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identified thest impact on human perfc cmnace can be
assessed. The .. ed for special Yools and equipment (o
protect  ersonnel and make it possible for them 10 per-
form the required tasks will also be identified. An ex-
@ ple of this type of personal proteetive equipment is
the "cool suit” developed for use in the post-T™I re.
covery effort. PNL recently submitted & draft report 1o
the NRC enitled "Review of the Impact of Environ-
mental Factors on Human Performance * This report
supports the preparation of performance specifications
for both special tocls and personal equipment that may
be required for severs accident management.

Prior 10 the decision 10 actually begin the development
of speaial 1 ols and equipment, a detailed and exhaus-
tive search shoald be made of items already developed
for other _ndustries and the miliaary.

In any case, 11 1s vitai that good 1ask and human
performance information be obtained so that the
performance specifications refiect he real requirements
of the human lement of strategy  piementation.
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preferable in the sense of leading 1o delaved initation of
core degradanion and lowet hydrogen generation Early
of late depressurization should significantly redece the
risk associated with tagh pressure meit ejection and
direct contmnment heating

Improved knowledge of the status of & degrading core
might improve the quality of sccident management.
This improved knowledge will require calculational
tools that can integrate plant data with knowiedge of the
olamt design 1o choose those 1008 of plant ctatus
that are consistent with the data and the time history of
the accident.-and do 1t all in real time.

Flooding the reactor cavity 10 tie 1op of the RVP jower
head may improve heat removal from the outer surface
of the lower head enoughi 10 prevent creep rupture fail-
ure of the lower head after relocation of part of the
molien corium 10 the lower plenum.
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Continuieg 10 operate RCPs and maintam forved flow
through the vessel (under conditions that put the RCPs
at risk) may prevent or mitigate core damage or mey buy
Hme O SCHONS 10 16COVET OF PrOtECT contaimment o7
protect the public. Fos some LOCAS, this choice may
increase the rate of inventory 10ss from the break, thus
requiring increased makeup fow.

Thus, this work has idcntified several strategies, which
extend beyond the EPGs into the severe acoident
regime, thit will mitigate the senousness of events and
their consequences during the in-vessel phase of severe
accidents. Further work in ths arca can be expected 1o
better define the feasibility, effectiveness, and potential
disadvantapges of these strategies in the context of appli-

CHUON 10 speciic plants
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Appendix A

Appendix A
Westinghouse Large, Dry Containment Plant - Zion

A.1 Critical Accident Sequences

Critical accident sequencas for a large, dry containment ~ o<« cre dewermined using information feom NUREG/CR-

) e Frequency from Internal Evems  This NUREG report documents the probabilistic risk
assessment (PRA) on Zion Unit 1 in support of NUREG-1130. Ad” aional informatiem was inferred from
the Westinghouse Owner's Group Emergency Response Guidelines (ERGs), High-Pressure Veraon. Revision 1,
September 1, 1983. Zion is one of the Westinghouse “high-pressure” plants, that is, it hes a safety related, fully
qualified, charging system available 1o inject water in accidents where the reacior coolant system (RCS) pressure stays
near the relief valve setpuints.

A.1.1 Core Melt Risk
The following 17 sequences were identified in the Zion PRA as dominating the tisk of core melt:

Z-1  Loss of component cooling water (CCW), cuusing loss of cooling to the RCP seal thermal barriers and
ezeptyally inducing an RCP seal LOCA. In addinon, loss of CCW flow 10 the chargimg and salety injection
(81) pumps wili cause their failure. Containment cooling remains available, but core damage results from an
inability to replace primary coolant. This sequence accounts for 79.4% (') of the total core damage frequency
(CDF) calculawed in the PRA. The sequence leads (o early core damage and vessel failure with the RCS at
high pressure, with containment systems functioning.

Z-2  Smali-break LOCA (<2 in.) followed by failure of tie recirculation sysiem 10 provide high-pressure S1into
the primary sysiem. The domiaant contributor 10 this sequence is humar error in switching the low-pressure
suction lines from mjection 10 recisculation. This sequence accounts for Zo.6% uf the CDF and leads 10 late
core damage and high pressure RPV failure with containment systems functioning.

Z-3  Large-break LOCA followed by an (ndependent fatlure of low-pressure S1into the primary sysiem during the
recirculation phase. The dominant coptridbutor is human error in realigning the low-pressure injection (LP1)
systen: suction valves from injection (o recirculation. This sequence accounts for 3 2% of the CDF and leads
10 2 late, low pressure RPV failure with containment systems functioning

Z-4  This sequence is ideatical 10 sequence Z-3 except the inatating event is @ yvedium -break LOCA. Tt aceoums
for 3.2% of the CDF

Z-5 Loss of AC power; independent failure of auxiliary feedwater (AFW) system, fatlure of feed and biced: fafivre
1o restore offsite power in 1 b but recovery before 4 h. The dominant contributons to this sequence are human
rror in implementing feed i tleed and random failures of the AFW system. This sequence accounts for
1.4% of the CDF and leaCs w early, high pressure RPV fanlure with containment systems funciioning because
of the estoration of AC power.
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systems succeed. Although feed and bleed might be feasible withoul any functioning PORVs, this sequence

| includes loss of feed and bleed because of the loss of one PORY and the relatively high probability of operator
error in operating PORVs. This sequence accounts for 0.03% of the CDF and leads to early, high pressure
failure of the RPV with contatnment systems fuactioning.

Z-16  Same as sequence Z-11 with the SWS common-mode portion of sequence Z-12. SWS failurc causes failure ol |
CCW. Since SWS cannot be restored, the CCW and injection pumps will not operate and an RCP seal LOCA J
occurs. This sequence accounts for 0.03% of the CDF and leads to carly, high pressure failure of the RPV and :
early failure of containmeni duc 10 loss of SWS and CCW |

Ay W —

Z-17  Less of offsite power and degraded emergency AC power, causing CCW failure; failure "0 recover full AC
powet or start faulted DGs in 8 h. In this sequence, an RCP seal LOCA occurs in o mar ner similar o
sequence Z-8. This sequence is comprised of degraded AC power scenarios which allow the SWS and
containment fans and cooling systems 10 suceeed. This sequence accounts for 01.03% of he CDF and leads 1©
carly, high pressure faiiure of the RPV with successful functioring of containment sysiems

A.1.2 Public Risk

T e R B S S

Accident sequences that resulted in (he lailure of containment systems are considered (0 present a risk 10 the prublic
These sequences ¢ Z-9, Z- 10, Z-12, Z-13, and Z-14,

A.1.3 Chalienges to Safety Functions

There are six critical safety functions identificd in the Westinguouse ERGs:

o -

(1) Reactor subcriticality.

(2) Core cooling,

LT e S ———

{3) Reactor pressure vessel (RPV) integrity.
{4) Primary system heut sink (i.c., the secondary system).
(%) Containment integrity.

(6) Primary system inventory.

i e B

} All 17 sequences in the Zion PRA repr :sent a threat 1o some of the critical safety functions. Other events that would
also pose a threal 10 the safety functions are pressurized thermal shock (PTS), anticipated transient without scram
(ATWS), and steam gencrator tube rupture (SGTR).

A.1.4 Threats to Sufety Systems

" .Y

Each of the 17 sequences in the Zion PRA poses a threat 1o safety systems. The PRA sequences represent the
combination of failures of 1 number of safety systems. Some events involving the failures of support sysiems also
represeni a threat 1o safety systems, i.e., failure of CCW or SWS, station blackov, and SGTR. In addition, seismic
cvents, fires, and internal flooding threaten safety systems.
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Appendix A

Siep 2 of ERG ECA-1.1, LOSS OF EMERGENCY COOLANT RECIRCULATION, requires the aperator 10 add
makeup 10 the RWST to extend the time it can be used as a suction source. The ERG notes that details of mikeup
water sources will be plant-specific, but the reactor mukeup water control sysicm and the spent fucl pit cooling system
would be typical sources.

Strategy 24 {Ensure Appropriate Recirculation Switchover and Maaual Intervention Upon Faillure of Automatic
Switchover)

ERG E-1, LOSS OF REACTOR OR SECONDARY COOLANT, und Elx-1, TRANSFER TO HOT LEG
RECIRCULATION, contain steps 10 establish and verify recirculation. ECA- 1.1, 1 O8S OF EMERGENCY
COOLANT RECIRCULATION, contains steps for manual establishment of recirculation

The ERG ECA-1.1 gives detailed guidance on response to a failure to estanhish recircutation flow. 11 is entered irom:

1. ERG E.1, LOSS OF REACTOR OR SECONDARY COOLANT, Step 12, which requires verdfication of the
capability 10 vse cold leg recirculation flow. However, a note in Step 12 specifics that venification implhics
verifying the availability of the required equipment and not its proper alignment,

2. ES-1.3, TRANSFER TO COLD LEG RECIRCULATION, Step 3, which requires alignment of the safety
injection system for recirculation.

3 ES-1.2, LOCA OUTSIDE CONTAINMENT, Step 3, requires transfer 10 EDA- L1 if the LOCA outsice
containmendt cannot be isolated (in this case, "appropriate” recirculation swiichover is not 1o switch over, since
there is no inventory In the contamment sump).

Strategy 2.5 (Ensure Adequate Plant Heat Removal Capability by Emergency Connection(s ) of Existing or
Alternate Water Sources)

ECA-1.1, Step 16, instructs the operator 10 try 10 add water 1o the RCS from sn alternate source. The ERG notes that
the possible alicrnate sources will be plant-specific and offers the reactor makeup water control system, delivered using
the normal charging pumps and the centrifugal charging pumps (1.¢., the safety-related charging pumps ), as a typical
alternate source.

There are steps in E-1 that have non-specific guidance o use non-safety related pumps and coolant sources. No
specific guidance o the use of sources such as rivers, lakes, or reservoirs was found 1 the ERGs.

Strategy 3.2.1  (Enabie Emergency Bypass or Change of Protective Trips for Imection Pumips)

No ERG steps specifically implementing this strategy were found, but it is consistent with guidance 10 operate the
RCPs in situations requiring them 10 protect the core, even though the normal support conditions for RCP operation
are not met,

Strategy 33.2  (Use Non-Safety Related Cnarg ng Pumps for Core injection)

ECA- L1, Step 16, instructs the operatar to 1ry 10 add water 10 RCS from an alternaie source. The ERG notes that the
possible aliernate sources will be plant-specific and offers the reactor makeup water control system, delivered using ths
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normal charging pumps (which are non-safety-related) and the centrifugal charging pumps (i ¢, the safety-related
charging pumps), as « typical alternate sovrce. ERG E-1 makes reference 1o switching (o aliernative means if charging
pumps are not running. The operator is then directed o "plant specific information” for means of reesinblishing

necessary charging flow.

Strategy 3.4 (Use Alternate Seal Injection (e g, Hydrotest Pump) When Reactor Coolant Pump Scal Cooling is
Lost)

No ERG guidance implementing (his proposed strategy was found. The general approach taken in the ERGs 1o Joss
of RCP seal cooling s 10 trip the RCPs, secure the seal cooling system block valves, attempt 10 cool down the RCS,
and exercise extreme care when reestablishing seal cooling low in order 10 prevent damage 1o (he RUP by thermal
saresses. Most causes of seal coaling failure (i, loss of AC power, loss of CCW, and loss of SW) would affect
ahiernate sources of seal cooling also.

Strategy 3.5 (Use Condensate Fumps or Startup Feedwater Pumps for Steam Generator Injection)

ERG FR-H.1. RESPONSE TO LOSS OF SECONDARY HEAT SINK, Step 2, instructs the operstor (o attempl 1o
establish AT'W i 10 one steam generate 1 (SGI. 1 that is unsuccessful, Steps S and 7 direct the aperator (o try 1o
estabrish SU feed Nlow using the MEW pumps (Ste} §) or the condensate pumps (Step 7).

Strutegy 4.1 (Conserve Battery Capability by Shedding Non-Essential Loads)

ERG ECA00, LOSS OF ALL  CPOWER, Step 14, directs the operator 0 conserve DC power by shedding non-
essential DC loads as soon as practical.

Strategy 4.2 (Use Portable Battery Chargers or Other Power Sources 1o Recharge Station Ba tenies) ECA0.0, Step
14, also states "consideration should «iso be given 10 securing a portable dicsel powered datiery
charger 1o ensure DC power availability.”

Strategy 43 (Enable Emergency Repienishment of the Pocumatic Sunply for Safety Related Air Operaned
Camponents)

ERG ECA 1, LOSS OF ALL AC POWER RECOVERY WITHOUT S1 REQUIRED, makes relerence to
determining the availability of instrument air and loading an air compressor if necessary.

Sirategy 44 (Enable Emergency Bypass or Change of Protective Trips for Emergency Diesel Generators)

ECA- L, Step 7, directs the operator to dispaich personnef 1o locally restore AC power using piant-speciiic
procedures. The ERG has no explicit recommendation to bypass ot change DG protective trips.

Strategy 4.5 (Enable Emergency 7'ross" e of AC Power Between Two Units or 10 an Ousite Gas Turbine
Generator)

No reference was found for this strategy in the ERGs.

Strategy 4.7 (Use Diesel-Driven Firewater Pump for ... Steam Generator Injection or Containment Spra 5)

NUREG/CR-5856 Al
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Appendix B

Westinghouse lce Condenser Containment - Sequoyah

Critical accident sequences for an ice condenser plant were determined using the information contained in a number
nf NUREG/CR reports supporting the development of NUREG-1150. These reports document the probabilistic risk
assessiaent performed on Sequoyah Unit 1. They include (with abbreviated titles ):

NUREG/CK-4550, Vol. 5 - Core Damage Frequency fsom Iniernal Events.

NUREG/CR-4551, Vol. 2 - Severe Acciden: Risks and the Potential for
Risk Reducuon.

NUREG/CR-4700, Vol. 2 - Containment Event Analysis for Postulated
Severe Accidents.

Additiona! information was inferred from the emergency procedures guidelines in the Westinghouse Owners Group
Emergency Response Guidelines (Higk Pressure Version), Revision 1, Seplember |, 1983 Sequoyah « one of the
Wesringhouse "high-pressure” plants; that is, it has a safety-related, Tully qualified. charging system available 1o inject
water in accideats where the RCS pressure stays r2ar the relief valve setpoints.

B.1 Critical Accident Sequences
B.1.1 Core Meit Risk

Eight accident sequences accouni for approximately 93% of the core mclt risk caloulated in ihe NUREG-1150 PRA
for the Sequoyah plant, as reporied in NUREG/CR-4550, Vol 5.

S-1  S2ZH, - A small-break LOCA, followed by failure of core injection in the recirculation hase. Electrical power
and containment heat removal and spray are available. The major contributing cause of this accident is operator
failure 10 switch over 1o recirculation flow. This sequence accounts for 34% of the core melt risk and leads 10
high pressure failure of the RPV

§-2  Teew - Failure of the CCW system, which leads eventually to a reactor coolant pump seal LGCA and fuilure of
emergency iujection and containment spray. Elecirical power is aveilable, but neither containment heat remova’
nor containment spray function are. The major contributing cause of this accident s commun cause iailure ot
the CCV/ putaps. This sequence accounts for 317% of the core meit risk and leads 10 late, high pressure failure of
the RPV and fate containment failure.

§-3  8,H; - Asmall-break LCCA, followed by failure of the low-pressure recirculation system (i.e., fuilure of the low
head pumps, which take water from the consainment sump and deliver it 10 the suction header of the high- head
recirculation purap, or failure of the associated valves).  Electrica! power and containmer' heat removal and
spray are available. This sequence accounts for 119 of the core melt risk and leads 1o high pressure failure of
the RPV with successful functioning of containment systems.

B.1 NUREG/CR-5856
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Appendix B

B.2 ERG Coverage of the Critical Accident Sequences
Sequence S-1 - (Smali-break LOCA with ioss of recirculation phase injection)

Emergenc; Response Guideline E-1 describes how 1o respond 10 4 small- break LOCA, including possible repressuri-
zation of the RCS because the safcty injection flow is excessive or the SG heat sink is lost. ERG ES- 1.3 governs the
transfer 10 recirculation core injecton when the RWST tank has reached the switchover setpoint. ES-1.3 has six steps;
Caution 1 for Step 1 notes thut Sieps 1 through 3 must be done as quickly as possible, because of the limited amount of
waler in the RWST below the switchover setpoint. ERG ECA- 1.1, LOSS OF EMERGENCY COOLANT RECIR-
CULATION, provides guidance in the event of loss of recirculation phase safety injection. [t gives three possible
sympioms of loss of recirculation flow:

(1) Lass (falure 1o open) of poth sump reciroadarion solation valves

A
{2) Loss (failure to start) of both low-head S1 pumps.
L

(3) Inadequate sump invemtory due 1o LOCA outside containment of depletion of RWST without #
corresponding increase in sump level,

There is no clear indication how the operator will find his/her wity 10 ECA-1.1 if the loss of emergency recirculation is
duc o aperator failure 10 switch over when required. ECA-1.1 has five major action calegorics:

(1) Continue atiempts 10 restore emergency coolant recirculation.
(2) Increase/conserve RWST level,
(3) Try 10 add makeup 10 RCS from an ahernate source.

(4) Depressurize SCs 1o cool down and depressurize RCS.
]

{3) Maintain RCS heat removal.

Recomsnendations supporting Action 2 include climinating unnecessary containment Spray and throtiling safety injec-
tion flow. The only alternate seurce suggesied is the norma plant water control system with injection via the charging

pumps. The 24 steps of ECA-1.1 provide relatively detailed tuidance for the oneratcs facine lnes of sorirey lyrian
won flow. ' '

Fosdomim
“iapen

Sequance $-2 (Loss of component cooling water)

Althnugh the Reference Plant Desc. iption recognizes the importance of the CCW system, there is no direct guidance
in the ERGs " tecponse 10 Loss of CCW. Presumably, cach plant has Abnormal Operating Procedures (AGPs)
1astructing the operator on response 10 a loss of CCW. The functio: al ERGs FR-C.1, RESPONSE TO

INADEQUATE CORE COOLING. and FR-C2, RESPONSE TO DEGRADED CORE COOLING, rrovide three
major actions: )

(1} Reinitiation of high-pressure safety injection (which w'l aot work in this case).
{

(2) Rapid secondary depressurization (which might help temporarily).
£

NUREG/CR-5856
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/
'(3) RCP resta-t and/or opening pressurizer PORVS (which also might help temporarily)

Sequence $-3  (Smali-break LOCA with loss of low-head recirculation trains)
The evaluation given for ERG coverage of sequence S-1 applies here also.
Scquence S-4 (Sequence 5-3 with loss of containment spray)
The evaluation given for ERG coverage of sequence S- 1 applies here with the added note that Step 4 of ECA-1.1
requires the operator 10 start both the normai and emergency fan coolers, which will provide some containment heat
removal and steam condensation.
Sequence -5 (Station blackout)
The ERGs ECA-0.0, ECA.1, and ECA0.2 address loss of ali AC power, both when safety injection is required and
when it is not. Westinghouse states that these guidelines specificaily address the generic aspects of ltems a, ¢, f{, and g
of NRC Generic Letier 81-04, "Emergency Procedures and Training for Station Blackout™. The three guidelines run to
about 250 pages.
ECA-0.0 has five major action categories:
! (1) Perform immediate actions; i.¢, checking RCS isolation, verifving secondary heat sini
{2) Restore AC power.
{
(3) Maintain plant conditions for optimal recovery.
((4) Evaluate the energized AC emergency bus (after recovery of emergency AC).
(¢
(5) Select appropriate recovery guideline after re<toration of AC power.
The guidelives note 10 1o 15 key operations involving proposed local (i.¢., outside the control room) operator actions
that utilities musi evaluate based on plant-specific constraints such as availability and accessibility of equipment, per-
sonnel available for in-plant operations, communications capabilities, and personnel safety.
Sten S of ECA-0 0 instructs the operators 10 take actions 1o restore emergency AC power from the control room. Siep
7 requires local operator actions to restore emergency AC power. The ERGs provide no guidance when evaluation of
the loss of offsite power and the loss of emergency AC s ggests that none of these actions are likely 10 be successful in
« tir.ely manner. If the station blackout proceeds 10 cor. gama e, it continues to be imperative 10 restore AC power.
Most plausible mitigative actions during the in-vessel phas Of a . ore melt require AC power.
Sequence S-6 (Intermediate-break LOCA with failure of high-h.ad recirculation)
The evaluation of ERG coverage given for sequence S-1 applies here.

Sequences S-7 and S-8 (Loss of vital DC bus)

B.S NUREG/CR-5836
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Appendis C

C.1.2 Public Risk

Using data from Table 83 of the CC-1 PRA, NUREG/CR-3511, Vol. 1, the most significant contributors to public nisk
are those sequences dominating the probability of early containment faiiures leading 10 large releases.

NUREG/CR-3511 indicsics that the probability of containment failure due (0 stexm explosion is dominated by two
sequences:

C-3, S2H, Small-small -brez’c LOCA with loss of recirculation injection.
C 4, S2HF, Sequence C-3 with additional failure of containmen: spray.

The probability of early failures due 10 overpressure or hydrogen burn is dominated by five scquences:

C-1, ATWS(PCS), ATWS with immediatc RPV failure.

C-2, TDCL, Loss of DC bus 11 followed by loss of AFW.

C.3. S2H, Smali-small-break LOCA wiln loss of recirculation injection.
C-4, S2HF, Sequence C-3 with additional failure of containment spray.
C-6, miscellaneous ATWS sequences without early RPV failure.

In addition 10 the sequences noted above, the following two sequences are considered significant o public risk:
C-14 Event V (interfacing system LOCA) followed by additional fatlures resulting in core damage.
C-15 SGTR followed by additional failures resulting in core damage.

C.1.3 Challengos to Safety Functions

In the Combustion Enginecring Owners Group EPGs, CEN-152, there are ten safety functic as ideatified as necessary
3 mitigate events and contain radioactivity. These safety functions are divided im0 four classes as fokows:

(1) Anti-Core Melt Safety Functions.
(4) Reactivity control.
i) RCS inwntery control.
{c) RCS pressure control.
(d) Core Heat Removal.

f¢) KCS Heat Removal,

3 NUREG/CR-3856
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Recovery Guidelines (FRGs). The ORGs are event-based and require operator diagnosis +:f the event; the FR(s are

symptom-based and are entered if operaton var w sble 1o diagnose the even: ot if the appropriate ORG does not suc-

cessfully munage the event.

This review verified that the generic procedural sieps of CEN-152 act 10 mitigate many of the dominant severe ac.
dents sequences for Calvert Qliffs-1. However, the Introduction to CEN-152 nuies *.. gaidance for the managemain!
of degraded core conditions is nat included. There is insufficicnt anatytical base for this gvidance ®

Maimenance of vital auxiliaries is listed as the last class of safety functions; ho-vever, loss of offsite power was fourth
out of seven fiems in the dominant sequence list. Also the loss of DC bus 11 (special iransicnt initimor) was third on
the list. This could be construed to imply that not enough ttention is placed on mainienance of vital auxiliaries in

CEN-152. In actual practice. - aintenance of vital auxiliaries is considered immediaiely after reactivity control and
then concurrently with cach safety function.

Specilic information regarding the coverage of the uumbered sequences: (all Fage and sceton references are from
CEN-152, Rev. 3, unless otherwise indicated)

Sequence C-1 (AT'WS causing primary system {ailure)
Sequence C-6 (Other ATWS sequences)

The CEN-152 Functional Recovery Guideline (FRG) on REACTIVITY CONTROL (pp 10-50 to 10-75) directs the
Operator 10 take the reactor subcritical by atlempting (in the order given):

(1) Manual insertion of the control rods.
(2) Boration of the RCS using the chemical volume and control system

(3) Boration using the safety injection system.

(4 Controi element assembly drive down (manualiy energize control assemblies ard drive them into the core

using normal control rod insertion meckanisms).

The FRG stresues the importance of continuing 10 attempt 10 es.ablish suberiticality.

Sequence C-2 (Loss of DC bus 11 with loss ot secondary heat sink)

Sequence C-3 (Loss of secondary heat sink)

Sequence C-7 (Loss of secondary heat sink)

Sequence C-9 (Loss of offsite power followed by loss of secondary heat sink )

Sequence C-11 (Transient requiring pressure relief followed by loss of secondary heat siak)

Sequence C-13 (C-9 with additional loss of containment systems)

&5 NUREG/CR-5856
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Appendix 1)

Habcock & Wilcox Large, Dry Containment
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