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Abstract 

This reports documents work performed for the NRC/RES Accident Management Guidance Program to evaluate pos
sible strategies for mitigating the consequences of PWR severe accidents. The selection and evaluation of strategies 
was limited to the in-vessel phase of the severe accident, i.e., after the initiation of core degradation and prior to RPV 
failure. A parallel project at BNL has been considering strategies applicable to the ex-vessel phase of PWR severe 
accidents. 
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Executive Summary 

The objectives of this report were twofold: first, to determine the current understanding and practice in the Pressur
ized Water Reactor (PWR) Emergency Procedure Guidelines (EPGs), as it may relate to severe accident management; 
and second, to identify and evaluate strategies for mitigating the effects of severe accidents during the in-vessel phase 
of the accident, which is defined as being after the initiation of core degradation and prior to the failure of the reactor 
vessel. It is well-known that the EPGs are success-oriented, and they indeed provide success paths to deal with many of 
the critical accident sequences discussed in the reporl. In addition, many of the preventive (i.e., tending to prevent the 
initiation of core melt) strategies identified in NUREG/CR-5474 have been implememed, either entirely or partially, 
in the EPGs. However, the EPGs arc not designed to provide guidance to the operators in res{X>nsc to the severe core 
damage accidents in which nothing works (or not enough things work) and core damage initiates. The functional 
operating guidelines dealing with inadequate core cooling and containment integrity do offer some guidance that 
would be useful during the in-vessel phase of a severe accident. 

The vendor EPGs provide minimal guidance for the evaluation of human factors issues that will impact the ability of 
control room operators and in-plant operations and maintenance personnel to carry out the actions required under 
accident conditions; e.g., high temperatures, moisture, and radiation levefs, with possibly impaired visibility. The 
Westinghouse ERGs do note some of the points at which utilities may have difficult decisions as to the capability of 
non-control-room staff to implement in-plant actions. 

The fact that an accident has progressed to initiation of core damage implies some or all of the following plant 
conditions: 

1. Several major plant front-line or support systems are unavailable or degraded. 

2. Environmental conditions in containment are degraded, implying difficulty in carrying out some desired plant sys
tem manipulations. 

3. Quality of the operator's knowledge of plant status, and particularly core status, is deteriorating. 

4. The core may still be criticaL 

5. AC power may be unavailable, with DC power degrading. 

6. The situation in the control room may be chaotic, with personnel present who are not normally in the control 
room, and plant conditions that have been experienced only during training sessions, if at all. 

7. Decision making responsibility and authoi-iry may not be clearly defined. 

Even with these deteriorating conditions, there are clear actions that operators can take to prevent or mitigate further 
plant degradation. First and foremost, get the reactor subcritical, if it isn't already. Second, get water into the vessel by 
any means possible (although there is a hierarchy of preferred means). Third, if possible, maintain the ~ccondary sy~
tem as a heat sink for the primary system, Fourth, if electrical power is degraded or unavailable, do everything possible 
to restore it. Fifth, if the core is truly endangered, the operators should be prepared to sacrifice any mher plant sy:-,
tcms to the goal of minimizing the damage to the core and the threat to containment. Sixth, a number of rclativel>y' 
modest preventive and mitigative efforts may have a significant impact on plant risk. These include the flexibility to 
use portable AC power generators and portable self-powered pumps to supply water or power critical equipment. 
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Also included is the use of feed and bleed flow in the service water system to maintain cooling of the centrifugal charg
ing pump~. hence maintaining RCP seal injection and/or RCP seal cooling. 

The arguments supporting RCS depressurization prior to vessel br~ch are persuasive. Early depressurization gets the 
plant closer to the accident conditions it was designed for, but may accelerate core degradation by comparison '>'lith 
remaining at high pressure. The analysis of Hanson ct a!. (1990) strongly suggests that late depressurization is prefer
able to early depressurization. Early or late depressurization should significantly reduce the risk associated with high 
pressure melt ejection and direct containment heating. 

Improved knowledge of the status of a degrading core might improve the quality of accident management. This 
improved knowledge will require calculational tools that can integrate plant data with knowledge of the plant design to 
choose those descriptions of plant status that are consistent with the data and the time history of the accident-- and do 
it a !I in real time. 

Flooding the reactor cavity to the top of the RVP lower head may improve heat removal from the outer surface of the 
lower head enough to prevent creep-rupture failure of the lower head after relocation of pan of the molten corium to 

the lower plenum. 

Continuing to operate RCPs and maintain forced flow through the vessel (under conditions that put the RCPs at risk) 
may prevent or mitigate core damage or may buy time for actions to recover or protect containment or protect the 
public. For some LOCAs, this choice may increase the rate of inventory loss from the break, thus requiring increased 
makeup flow. 

Thus, this work has identified .<.everal strategies, which extend beyond the EPGs into the severe accident regime, that 
will mitigate the seriousness of events and their consequences during the in-vessel phase of severe accidents. Further 
work in this area can be expected to better define the feasibility, effectiveness, and potential disadvantages of these 
strategies in the context of application to specific plants. 
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I Introduction 

This report presents the result~ of work performed hy 
the Pad fit: Northwest Laboratory (PNL) in ~uppon of 
the Accident Management Research Program (NRC 
19g()) developed by the U.S. Nuclear Regulatory Com
mission Office of Nuclear Regulatory Research (NRC/ 
RES). The Accident Management Research Program is 
intended to improve "understanding of the physical 
progression of severe core damage accidents" and to use 
that improved understanding to "provide insights for 
accident management, particularly in the area of limit
ing potential radioactive releases and stabilizing condi
tions should the reactor vessel be breached." Further, 

"[r]cscarch activities will center on assessing the 
feasihility of various strategies that might be imple
mented by utilities to prevent or mitigate severe 
accidents, and on identifying those which should be 
considered for inclusion in utility accident manage
ment plans .... In all cases, the design and opera
tional requirements for ~trategy execution will be 
cvalu:lled, but empha.'.is will also be given to ex
amining potential circumstances under which cer
t.:tin operator actions could worsen accident con
~equcnces or adver~ely impact the ability to achieve 
a long-term, stable state (NRC 1989) 

Specifically, this report documents Tasks 1, 2, and 3 of 
work performed for NRC/RES by PNL in FY 1991 sup
paning the Accident Management Research Program. 
The objectives of this report were twofold: first, to 
determine the current understanding and practice in the 
Pressurized \Vater Reactor (PWR) Emergency Procc-
d urc Guidelines (EPGs), as it may relate to severe 
<lCcident management; and second, to identify and evalu
ate strategies for mitigating the effects of severe acci
dents during the in-vessel phase of the accident, which is 
defined as being after the initiation of core degradation 
and prior to the failure of the reactor vessel. Mitigating 
~tratcgics for the ex-vessel phase of PWR severe acci
dents have hcen considered hy a parallel Accident 
Management Guidance Program project conducted at 
Brookhaven National Laboratory (BNL). 

1.1 

"P.;sk 1 required the identification of critical accident 
sequences and the extent to which str<~tegies already ex
ist to prevent them or mitigate their consequences in the 
EPGs of ail three PWR owners groups. For purposes of 
comparison, a similar review of the EPGs is also made 
for the 20, largely preventive, strategies that were iden
tified and evaluated during Fiscal Year (FY) 1989 by 
BNL and PNL, with that work having been reported in 
NUREG/CR-5474,Assessmem of Candidate Accident 
Management Straregies. 

We understand that the purpose of the EPGs and Emer
gency Operating Procedures (EOPs) is to address pre
vention of and recovery from inadequate core cooling 
(ICC) and not necessarily to provide definitive guidance 
for recovery from severe core damage accidents. At var
ious points in this report it is concluded that guidance 
for coping with certain ~evcrc accident conditions is 
incomplete or nonexistent. This is not intended as a cri
ticism oft he EPGs, since their purpose is not to address 
severe accident~. This conclusion is simply a recognition 
that coping with severe accidents should properly be ad
dressed in the context of accident management. In 
certain other e<1ses guidance may exist for ICC recovery 
which might be appropriate to consider during a severe 
accident. In those cases, this guid:~nce is identified and 
may be assessed as a severe accident management strat
egy in future tasks_ 

Critical accident sequences were defined to be those sat
isfying one of the criteria: 

I. Sequences that contribute significantly to the risk of 
core mdt. 

2. Sequences that contribute signiftcantly to risk char
acterized hy other risk measures. For purposes of 
this report, the only "other risk measure" we have 
used is risk to the public, with early risk and latent 
(cancer) risk lumped together. 

3. Sequences that rcpre~cnt ~ignificant ch<lllcnges to 
safety function~. 

\:UREG/CR-5856 



Introduction 

4. Sequences that represent significant challenge~ to 
~afety systems. 

Figure 1.1 shov."' a top-level logic tree of safety purpose, 
safety objectives, and safety functions. 

The critical accident ~eguence identification is ba~cd on 
plant-specific information, principally information from 
plant probabilistic risk assessments (PR.As), for four 
specific PWRs: 

• 

• 

• 

Zion (Westinghouse PWR with large, dry 
containment) 

Sequoyah (Westinghouse PWR with ice condenser 
containment) 

Calvert Cliffs (Combustion Engineering PWR with 
large, dry containment) 

Oconee (Babcock & Wilcox PWR with large, dry 
wntainment) 

These p:uticular plants were chosen because of reason
ably good availability of design and operational informa
tion and because each was the subject of a recent prob
abilistic risk assessment (PRA). Zion is the subject of 
the Zion Probabilistic Safety Study (Pickard, Lowe & 
Garrick 1982) and the NUREG-1150 supporting report 
that rcbaselined that study for NUREG-1150 purpose~ 
(Wheeler 1986). Calvert Cliffs is the subject of an In
terim Reliability Evaluation Program (!REP) PRAnm· 
ducted for the NRC (Payne et al. 1984). The Sequoyah 
PRA i'> documented in NUREG-1150 wpporting rc· 
ports (Benjamin eta!. 1987; Bcrtucio ct a!. 1987). 
Oconee is the subject of a PRA jotntly conducted by 
Duke Power and the Nuclear Safety Analysis Center 
(NSAC 1984). These PRA~ were used to determine 
'>evcre accident sequences and the associated risks; addi
tionally, they provide ~uccinct information on plant sy~
tems and system interactions in the context of those 
severe accident sequen(.A!S. 

Sinu: all of the plants arc PWRs and the two Westing· 
house plants arc very similar, except for the containment 
type, some of the information in this report is necessar
ily repetitive. Similarly, the EPGs were developed by 
the \Cndor'> and the owner's group~ under common cri
tena provided hy the NRC. and the ~arne Westinghouse 
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Emergency Response Guidelines (ERGs) (High
Pressure Version) apply to both Zion anti Scquoyah. 

While the report includes sequences representing early 
challenges to containment systems, it docs not attempt 
to enumerate sequences threatening containment during 
the ex-vessel phase of a severe accident. In this report, 
we usc the terms "core melt risk" and "core melt fre
qucnq•" interchangeably. This common usage c-an he 
justified by noting that the risk of an event is usua!ly de
fined as being the probability of the event times the con
sequences of the event. The probability of a core melt is 
equal (to a very good approximation) to the core melt 
frequency and the consequence of a core melt is taken to 
be 1 (i.e., one core melt). Thus the core melt risk and 
the core melt frequency are numerically equal. 

lhsks 2 and 3 called for the identification of a list of can
didate strategies for management of the in-vessel pha~e 
of severe accidents and the evaluation of those strategies 
according to the criteria of feasibility, effectiveness, and 
possible adverse effects. The identification is to be 
based on a review of the existing literature on severe 
accidents. The Jist should include strategies to prevent 
or mitigate high risk consequences or high core damage 
frequency; strategies that can increase the availability of 
pressurized water reactor (PWR) safety functions by 
u~ing existing equipment and water resources (perhaps 
in ways not intended by the plant designers); and rel
evant strategies on the list (the "B" list) provided to PNL 
with the Statement of Work. The "8" strategies referred 
to ubovc are lbtcd in Table 1.1. 

Two additional criteria for the strategy selection were 
imposed: 1) They should not require major plant modif
ications, and 2) they should not currently be imple
mented in the emergency procedures guidelines (EPGs). 
Since preventive strategies have been previously consid
ered in some detail (Luckas eta!. 1990), the primury 
focus in this report is on strategies intended to mitigate 
a severe accident in progress (that is, an accident with 
core degradation) rather than strategies intended to pre
vent the initiation of core degradation. It should be 
noted, however, that prevention and mitigation can 
overlap. Strategies which mitigate core degradation may 
act to prevent breach the reactor pressure vessel (RPV) 
and thus might be considered preventive strategies for 
the ex-vessel phase of the severe accident. 
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Table 1.1 ~H" strategies relevant to the in-vessel phase of PWR severe aecidents 

Strategy Sections of this Re!)ort 

Procedures and hardware changes, if necessary, to inject water into the reactor to 
terminate the core melt prior to vessel failure (e.g., primary feed and bleed). 

3.0, 4.0, 9.0 

Procedures and hardware changes, if necessary, for secondary side injection to prevent or 
terminate the core melt (e.g., secondary feed and bleed). 

4.0, 9.0 

Procedures to continue the usc of vessel injection after vessel rupture. 3.0 

Procedures and modifications, as necessary, to cross-conduct corresponding safety 
injection systems between the units in multiple unit plants 

3.0,6.0 

Procedures to depressurize the reactor system using power operated relief valve~ 
(PORVs), safety relief valve~ (SR Vs), and/or the high point vents. 

4.0, 9.0 

Procedures to depressurize the primary system using the steam generator, by opening 
atmospheric dump valves and providing make up with existing or al!ernatc water sources 
(i.e., secondary feed and bleed). 

4.0, 9.0 

Procedures and hardware changes, if necessary, to inject additional borated water from 
alternate source(s) to maintain subcriticality. 

3.0 

TI1e strategies proposed are evaluated on the basis of 
theoretical and analytical models described in the litera
ture, on repons of experimental results, and on design 
and operational information on same four PWRs: Zion, 
Sequoyah, Calvert Cliffs, and Oconee. Figure 1.2 shows 
how the strategies proposed relate to the safety objec
tives and the safety functions. The reader will note that 
most of the strategies are "integral" in the sense that 
they impact several different safety functions. 

1.1 Organization of This Report 

Section 2.0 of thh report discusses the methodolnt,ry 
used to determine the critical sequences. Appendices A 
through D document the determination of critic:c.l 
~equcncc~ for Zion I, Se4uoyah I, Calvert Cliffs I, and 
Oconee J, in that order, along with an ev:Jluation of ven
dor EPG coverage. 

1.3 

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

Water Addition to the Re<-Jctor Pressure Vessel 
(Section 3.0) 

Depres~urizatinn of the Primary System 
(Section 4.0) 

Flooding the Reactor Cavity to Cover RPV UJwcr 
Head (Section 5.0) 

Reestablishment of AC Power (Section 6.0) 

NUREG/CR-5856 
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Provi~ion of Portable Pumping Capability 
(Section 0.0) 

Prevention and Mitigation of Reactor Coolant 
Pump (RCP) Seal Failures (Section 7.0) 

Maintaining Forced Circulation through the Core 
{Sect inn 8.0) 

Secondary Feed and Bleed (Section 9.0) 

Prim:uy Feed and Bleed (Section 9.0) 

Creation of a Core Damage Assessmem Capability 
(Section 10.0) 

Section 11.0 contains a discussion of generic human fac
tors issues which impact the implementation of all of 
the strategies discussed and evaluated in the report. 

NUREG/CR-5856 1.4 

Some strategies are not discu~scd in detail because they 
arc already the subject of cxtcn~1vc research under the 
Severe Accident Research Program or they seem to be 
adequately covered by the vendor EPGs and plant emer
gency operating procedures (EOPs). 

The report identifies situations where phenomena are 
not well understood, but where a better understanding 
of the phenomena is not likely to have any impact on 
decisions made by operators or Technical Support 
Center staff during a severe accident. ft will also 
consider generic human factors issues, including the 
training of operators and others with severe accident 
management responsibilities, personnel performance 
under severe accident conditions, and the ability of the 
operating crew to carry out in-plant actions under severe 
accident conditions. 
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2 Critical Severe Accident Sequences and EPG Coverage 

2.1 Methodology and Information 
Resources 

This report is based upon available documentation of 
generic research on severe accident phenomenology, 
available documentation of design and operational de
tails of the four specific plants considered in evaluating 
the proposed accident management strategies, and the 
operations and plant systems experience of the authors 
and some of their colleagues_ Informalion sources spec
ifically relied upon include: 

NUREG-1150 and its supporting reports, par!ic
ularly those directly relevant to Zion and Sequoyah, 

the plant-spcci[ic PRA~ described in the pre-vious 
section, 

initial submittals of the Final Safety Analysis Re
ports (FSARs) for the four plants, including consid
eration of later amendments for some of the plants, 

vendor emergcnty procedures guidelines, 

portions of the plant Emcrgenq Operating Proce
dures for the four planb, 

many of the papers on the Three Mile Island, Unit 2 
(TMl-2) accident in special Volume X7 of Nuclear 
Technology, August, October, November, and 
December 1989, and 

other open literature papers and reports on severe 
accident phenomenology, accident nwnagement 
policy, and plant systems responses 1o specific 
accident<.. 

'fhis was a lot of material for the time and resources 
available for this project; the authors would appreciate 
being informed of any ombsions or error~ in the 
tlcscription~. evidence, and condusion~ in thi~ report. 

2.1 

2.2 Description of Plants 

The four plants (by three vendors) arc similar in many 
ways. This section will note some of the differences be
tween the plants that have an impact on the .selection of 
critical accident sequences and on the extent to which a 
particular strategy might be implemented successfully at 
a given plant. 

Zion is a Westinghouse "high pressure" plant with a 
large dry containment. The term "high pre~sure" means 
that it has a ful!y qualified, safety-related charging sys
tem. The charging system is designed to provide rela
tively small amounts of coolant makeup flow to the 
reactor coolant ~ystem (RCS) during normal operation. 
With a safety-related charging system, Zion can take 
credit for the ability of the charging system to supply 
makeup !low to the RCS during small-break loss of 
coolant accidents (LOCA~) proceeding at pressures 
higher than the shutoff head of the high pressure injec
tion system (HPSl). At the time of performance oft he 
Zion PRAs, Zion was unusually sensitive to the effects 
of common-cause failures in the Service Water (SW) 
and Component Cooling Water (CCW) system, withal
most 80% of the core melt risk being related to fai!urcc, 
of the CCW system. 

The Sequoyah plant is also a Westinghouse "high pres
sure" plant, but one with an icc condenser containment. 
These containments arc smal!cr than the large, dry con
tainment and have a lower design prc~surc. They de
pend on a large collection of basket~ of icc to condense 
steam released from a LOCA, thus protecting the con
tainment from the full effect of the LOCA hlowdown. 
This is a pre~surc wppression containment, similar in 
intent to the 8\\'R pressure suppression pool contain
ments. lee conden~er containments are generally L""On
sidered to more vulnerable to containment fCJilure in <l 

variety of accident sequence~ than large, d1y contain
ments. Since this report IS dealing with the in-vessel 
phase of severe accident~. that vulnerability doesn't have 
much impact on our work. 
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The C1lven Cliffs plant i~ a Combustion Engineering 
PWR with a brge, dry wntainment. It has a non-safety
related charging ~ystem; one effect of thi~ is that the 
Calvert Cliff JREP PRA (Payne 1984) did not give any 
credit lOr the ahility of the charging system to provide 
high-pressure makeup !low during small-break LOCA~ 
and similar accident sequences. In addition, the shutoff 
head of the high pressure injection pumps i~ lower than 
usual for PWRs (1275 psi versus 1600 psi) and the pres
surization of the accumulators is also lower than u~ual 
(200 psi versus 600 psi). The net effect of these design 
features and the lack of credit for the charging system is 
that the Calvert Cliffs PRA is dominated by accident 
sequences remaining at su high a pressure that no make
up coolant can be provided, leading to eventual un
covery of the core and wre melt. Calvert Cliffs was also 
sensitive to Vital DC bus failures, with these failure..<; 
causing a plant trip, a demand for safety system func
tioning, and at the same time degrading several of the 
safety systems (making them more vulnerable to addi
tional independent failures). 

The Oconee plant is a Babcock & Wilcox PWR with a 
large, dry containment and a non-safety-related charging 
system. By contrast with the other two vendors, B&W 
uses once-through steam generators (OTSGs), which 
have a significantly smaller inventory of water on the 
shell side (secondary side) of the steam generator than 
the U-tube steam generators (SGs) used by Westing
house and Combustion Engineering. Without the 
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thermalmertia provided by larger mass of water in the 
SG shell, OTSG~ allow less time for operator response 
to accident sequences involving loss of feedwatcr. On 
the other hand, Oconee has a more robust emergency 
e!ectriC<Jl power sy~tem than most plants and has a 
Standby Shutdown Facility (SSF) which provides a com
pletely redundant and independent means of injecting 
coolant into both the steam generators and the core. 

2.3 Identification of Critical Sequences 

Identification of critical accident sequences was affected 
by both plant differences and differing <~ssumptions and 
methodologies used in performance of the PRAs. The 
Zion PRA was performed by Pickard, Lowe, & Garrick 
using the Large Event Tree/Small Fault Tree methodol
ogy. The resulting accident sequences have a somewhat 
different flavor than the sequem:cs from the other three 
PRA<;, performed using the Small Event Tree/Large 
Fault Tree methodolOb'Y· Each methodology has advan
tages and disadvantages; in theory, although the des
cription of accident sequences will be different, the 
botlom-line assessments resulting should be equivalent. 
Tables 2. J, 2.2, 2.3, and 2.4 summarize the critical 
accident sequences identified for the four plants. Full 
descriptions of the sequences, of the EPG coverage of 
the sequences, and oft he EPG CO\·-crage of the "A" list 
sequences I rom NUREG/CR.5474 are provide11 in 
AppendiCes A, B, C, and D. 



Sequence 

Z·l 

Z-2 

Z·3 

Z-4 

Z-5 

Z6 

"L.-7 

Z-8 

Z-9 

Z-10 

Z-11 

Z-12 

Z-13 

z 14 

Z-15 

Z-lt> 

Z-17 

7-IH 

;/.-19 

L-~0 

Critical Sequence 

Table 2.1 Summary table of coverage· of Zion critical accident sequences by 
Westinghouse Emergency Response Guidelines 

Full Partial No 
J)escriplion Coverngel•J Coverngel\) Coverage CommenL• 

Loss of CCW; mduccd RCP seal LOCA X AOPs probably cover ]<Y.5 of CCW 

Small-break LOCA; fmlur~ of high pressure X 
recirculation core eoohng 

L<lrge-brcak LO(' __ J\: faih1re of low prcssurt• X 
recirculation 

S<lme as Z-3with medium-break LOCA im11ator X 

Degraded AC power; AFW failure; failure of pnmary X 
feed and bleed; AC recovery <4 hr 

Large-break LOC\; failure of LPI X 

Same as Z-5 but 4 hr < AC recovery <8 hr X 

Degraded AC power; loss ofCCW and SW until AC X 
recovered between 1 hr and 4 hn; 

Same as Z-8 but wuh unrecov~rablc fa1lure of SW X 

Dcgra<kd AC power; I £1"-'> of CCW and S\V; no AC X 
power recovery in 8 t:tr; fa!lure of containment ;ystems 

Same 8S Z-8 but wtth AC recovery between 4 hn. X 
and 8 hrs; contamment systems succeed 

Degraded AC power; lfJss of SW; RCP seal LOCA X 

Same as Z-12 but Lm cookrs fat! dircetlv dlJC X 
to loss of AC Power 

Interfacing System I .OCA X 

L<.>ss of DC bus 112 causing loss of secondary heat X 
sink and f~ilure of pr•rn<ll)' feed and bleed 

Some as Z-11 with the SW system common-cau~c X AOP; probably cmcr loss or SW 
portion of Z-12 

lkgr~ded AC power which fa1ls CCW and Induces AOPs probably cover loss of CCW 
RCP ;e"l LOCA; ~vailable AC allow; SW ~nd 
contalnm~nt ~ystems to succeed 

Prcssurind thermal shock X 

Anticipated transients W1tho"t SCf{AM X 

S!eam Generator li1be Kupture X 

(a) In g~neral, 1f the EHG steps pwv•ded ;ucceed, the ;equcncc will not proceed lo core melt. 
(b) The accident sequence is cnns1dercd in the ERG, butt he guJdJncc provided m,Jy not prevent core <.kgrada!JOn_ 
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Tahle 2.2 Summary table of coverage of Sequoyah critical accident sequences by 
We.~tinghouse Emergency Response Guidelines 

toll Partlnl No 
Sequenc~ Dt~criptiou Covera~l•l Coverage'~) Conragt Comments 

S-1 Small-break LOCA; failure of rcCJrculat.on ph"'" X 
core coolmg 

S2 Lo;s of CCW; mduced RCP seal LOCA: failure o[ X AOPs probably C0\V ],,~, 

ECC and containment spray ofCCW 

S-3 Small-break LOCA; failure of recirculation phdsc X 
core coolmg (due toLl' pump failures) 

S-4 SequenceS-3 with a<.hl1loonal [ailun· "' X 

cont~nimcnt spray 

S-5 Station blackout; induced RCJ' se<JI LOCA, no [CC X 

or containment systems av~ilahk 

S-6 lnt.-rmcdoate-break LOCA; lo~' l>f liP rccircula11on X 

pha'c core cooing 

S-i Los.\ of DC bus I; mdepcmlent faolure of Al'W. X AO!'s probably cover loss 

failure or feed and bleed (due to DC bus loss) of Vital DC 

ss l.oss of DC bus!!; the rest tdcnlicalto S-7 X AOPs probably cover loss 
of Vital DC 

S-'l lntermc;_llate- or largc-hl·cak I.OCA; fa•lurt> ot occ X 
n'ndemcr: containment failure. then con: met] 

s 10 lnterlaCJng syslem LQf,\, adUIItor.al f~dures X 

lc2d1ng to core melt 

S-11 SGTR: add1110nal failure'S leading 10 core m\'1! X 

s 12 RI'V O\ctpre<;suriz~tlon at cold shuldown X 

sn R( S ovcrC<H)ilflg !ramie~ I al po'WLJ' X 

S-1-1 Lo:,, ol scn>ndMy he~ I >ink X 

S-15 l'•cs>unzcr !1ood1ng X 

S-H• t\ni1Cipatcd 1 ran'lent' W1!hou1 \CRt\M X 

S-17 l.os,, ,,[ SW system, ca"-"ng evcnluaiJo>' ,,r /\I W, X AOPs prob2bly cover loss 

CCW and cont.1mmcn1 spray ofSW 

(~) In grnn~l, 11 the uu; step> prm-~<led succeed, th~ ,equcncewill not proceed to core melt. 
(h) 'lloe acudcnl 'cqucnce j_-, toll\1Uned 1n I he l fH,_l,ut I he guidan.:c provided may not prevcnl Lore degr2dmion. 
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C-1 

n 

C-3 

C-4 

C~5 

C-6 

C-7 

C8 

C-9 

C-10 

C-11 

C·l2 

C-13 

C-14 

C-!5 

C-lti 

C-17 

C-18 

C-J'J 

C-20 

Critical Sequence 

Table 2.3 Summary table of coverage of Calvert Cliffs critical accident sequences by 
Combustion EngineerinJ:: Emergency Procedure Guidelines CEN -152 

l'ull Partin! No 

D<:s(ription Conragel•l Coveragelb) Coverage Comruen" 

Anticipated transient without SCRAM cau~ing X 
1mmc()iate RCS failure and early containment failure 

Loss of DC bus 11 degrades secondary heat sink and X AOPs probably cover lms 
safety systems: subsequent AFW failure leads to core of DC bus 
melt 

Small-small LOCA; fmlure of I !I' rec,rculation phase X 
core cooling 

Sequence C.3 with additional fa !lure of contamment X 
sprays in rectre mode 

Loss of secondary heat sink; fatlure of pnm~r:· X 
feed and blet:<l 

AlVIS with boration fmlurc or stuck open PORV X 

Transient followed by los~ of secondary he~t sink X 

Loss of offsite power; transient-induced LOCA: X Plant-speC!fie guid~nce needed 
HPSI and containment systems fall for I .OSP 

Loss of offsit(' power; AFW failure X I'Jant-~pecific gmdance needed 
for l,OSP 

Station blackout; RCS boiloff causes core melt X A0Ps may provide St~tion 
blackout guidanc<: 

1tansient reqwring pressure relief; lo's of X 
seoondal)' h~at sink 

Small-small LOCA; loss of HPSI &econdRi]' h~;H sink X 

Loss of offs1te power; fallur~ of Al'W and X Plnnt-spec1tlc gt1idance needed 
containment systems for JDSP 

lnterfanng ~ystems I ,OCA; additional failures X Nocauuon against imllaling 
resulting in core melt recirc cooling when LOCA is 

outside containment 

SGTR; addit1011al fmlure~ rewltmg 111 core mel! X 

Overprcssuril."llion at cold shutdown X 

RCS overcooling transient at power X 

Pressunzcr noodmg X 

I.o's ofSW train 12; trips plant, degrades ~afety syslcm X AOP, probably cover loss of SW 

Los.; of Salt Water system; degrades CCW, SW, 'iild X AOPs probably cover loss of 
ECC pump room cookr.; of Salt Water System 

(a) In general, if the LPG steps provided succeed, the sequence Will nPI proceed to core melt 
(b) The accident sequence i.'> constdcred in the ERG. but the guidance pro~idet! mny not prevent core dcgradalion. 
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Table 2.4 Summary table uf coverage nr Oconee critical accident sequences by 
Babcock & Wilcox Abnormal Transient Operating Guidelines 

Sequence 

0·2 

0·3 

OA 

0-0 

0-.S 

0-9 

0-!0 

0-11 

0-12 

ne~niplion 

LD-'>S of I .I' Service \\'ater: degrades 1-!Pl pumps 
~mJ CCW. 1nduced RCP seal LOCA 

I _argc-brt:.Jk LOCA: fmlure to transfer to LP 
recircul~tton phase core cooling 

ATWS followed by immcdi<ll<.' LOCA and failure 
to reach long-term stabk molmg mode 

Small-brea~ I _(lCA, dcplctwn of [1\VST !nil owed 
by LLllure to lrrtn.>fer to rt:cnc conling 

I A1rge F\11/ or Condensate I me hreJk cau>e'> loss o! 
secondary heat >ink; !e~d and bleed falls; emergency 
FW from Stamlby Shutdown FaeJhty fad> 

l.oss of Instrument JifCJuse<; pHllalloss of 
secondary hertt "mk; I!['! :md Lmcrg~nL)"i·W arc 
not 1n11iatcd 

SGTR follo,wd by 1-lPI f~dure 

Los'> of m~tn FW; failure of EFW, operator> fail to 
tnittate primal)" feed and bleed or recover EF\V 

SCiTR '"th >luck-open SG rdtd valve: BWST 
1nvemory 1~ not maint~lll<?d 

RP\' rupture preclmk' cort rc!loodmg 

lntet lacing >ystem LOCA 

~1,1toon bbckoul, [3ilure Hcnm-driven Ef-"W pump 
stuck-open rcl1Ct VJIYe 

l'ull Partial No 
Coverage(•) Co•·uage(~) Co;.v~rnge 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

(~) In gencr~l. tf the ATOG steps provtded succeed. the sequence will not proceed to core melt. 

Commenl~ 

brtial gutdance on need to 

preserv·e BWST inventory 

Parti~l gUJdance on neeU to 

preserve BWST inventorv 

No ckar guidance on iden\1-

fymg and responding to 
mtcrfa~ing system LOCAs 

(b) The ~lCJdcnt 'cqucm·e "considered m the ERCi, but the guidance provided may not prevent core dcgradJ\lOn. 

NUREG/CR-5856 2.6 



3 Water Addition to the Reactor Pressure Vessel 

3.1 Description of the Strategy 

At almost all stages of almost all conceivable severe 
accidents addition of water to the core is beneficial. In 
a few acci,dcnt sequences, however, particularly when the 
capability of adding water to the core is regained after a 
period of zirconium burning and other core degradation 
processes, the negative effects of water addition 
(massive hydrogen generation and structural degrada
tion of the core) may be substantial. However, the 
operators will rarely have enough infOrmation about the 
state of the core to identify those exceptional situations. 
On balance, the operators should always add as much 
water as possible to a degrading core whenever they can, 
as the likely benefits outweigh the more speculative 
possible disadvantages. For operators to choose not to 
add water because of potential negative impact, is to 
give up the opportunity to terminate the core degrada
tion processes of an ongoing accident. The is~ue of how 
the operators can know the status of a degrading core is 
discussed in more detail in Section 10.0. 

There are situations, particularly early in an accident, 
when the operators may want to throttle or terminate 
containment spray in order to preserve inventory in the 
refueling water storage tank for injection into the core. 
This will postpone the need to switch over to recircula
tion mode cooling of the core and containment. These 
situations are easier to identify; if the containment 
environment can be maintained in the acceptable range 
with the containment fan coolers alone or with the fan 
coolers and throttled spmy flow, then it is desirctblc to 
do so. Operators may also need to throttle or terminate 
water addition to the core in the event of ovcrtooling or 
overfilling of the RCS. The controlling concern is the 
prevention of pressurized thermal shock (PTS), which 
may threaten the integrity of the RPV. If PTS i~ a con
cern, then the operators have at least managed to cool 
the core and maintain RCS inventory. 

Other issues related to water addition arc discussed in 
Sections 4.0, 6.0, 8.0, and 9.0. 

3.2 Core Fragmentation and Hydrogen 
Generation 

If the core has been uncovered, has dried out, and por
tions of it heated up lO more than 1700 K, then addition 
of water may, as it did at TMI-2 (starting at minute 174 
of the accident), cause massive zirconium burning, 
hydrogen generation, and the creation of a large porous 
rubble bed (Broughton et al. 1989; Kuan eta!. 1989). 
This is one of the situations in which the rate of water 
addition can affect lhe course of the accident. Small 
amounts of water will cause only limited zirconium 
burning, since the process will be steam-starved. Large 
amounts may limit the amount of zirconium burning by 
quenching the hot cladding and reducing its tempera
ture below 1200 K In-between amounts of water offer 
the worst of all possibilities, enough steam to burn all of 
the available zirconium, but not enough water to quench 
the reaction (Kuan and Hanson 1991). As before, 
operators will have difficulty identifying this condition 
and determining that a given amount of water addition 
in that situation is too much or too little. On balance, 
the appropriate operational decision in this situation is 
10 add as much as possible. 

:u 

The resulting fragmentation of fuel rods and fuel pellets 
is likely to create a rubble bed, as in the TMI-2 accident, 
sitting atop a consolidated pool of molten corium 
(corium is a molten or previously molten mixture of 
steel, control rod materials, zirconium, uranium, and 
oxides of all of these materials). Depending on the size 
and porosity of the rubble bed and depending on the 
availability of water, the rubble bed may or may not be 
coo!able. If not, then it will gradually me]!, enlarging 
the underlyinr; corium pool. This process may be termi
nated by one or more relocations of molten corium to 
the lower plenum of the vessel. 

3.3 Recriticality Issues 

In the situation described in Section 3.2, control rod 
milterials will have been removed from the rubble bed 
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by melting and relocation, leading to inmrporation of 
these materiab into the consolidated pool or the corium 
crust ~upporting the molten corium pool. If the water 
added to the vessel percolates through the rubble bcd, 
providing moderation, then recriticality may be an issue 
(Cokinos and Diamond 1979). On the other hand, an 
unmoderatcd rccriticality of thc molten, consolidated 
portion of a degrading core cannot occur at U-235 
enrichments characteristic of a PWR. 

Just as with an anticipated transient without scram 
(ATWS) sequence (in which mntrol rod material is also 
missing from the core region), if sufficiently borated 
water i~ added, the rubble bed can be maintained sub
nitical. Problems might arise if the operators fmd it 
necessary to add unborated water directly to the RCS or 
if, during recirculation phase core cooling, borated 
water in the comainment sump has been diluted by the 
addition of unborated water. At present, there appear~ 
to be no consensus as to whether operators should add 
water to a degrading core if their only source ofwatcr 
for that purpose is unborated or borated but diluted to 
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 
followed 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 
partially removed from the RCS coolant by this process 
and precipitated out somewhere in containment. Unless 
the boron i::, rc·entrained by containment spray flow on 
its way to the sump, the net result may be gradual 
removal of boron from the recirculating coolant. Once 
precipitated out, the boron i~ difficult to put back in 
solution. Keeping it in solution in the borated water 
~torage tank<, requires heating. 

In the event that it was necessary to add unborated 
water to containment during the recirculation phase of 
core cooling or that recirculating coolant has become 
diluted by flashing, and condensation, a possible miti
gating strategy would be the pre-emplacement of open 
bins of dry borated chemicals in the neighborhood of the 
containment sump. As water levels around the sump 
flood the bins during recirculation-phase cooling, dis-
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solving the solid boron, soluble horon will be added to 
the recirculating coolant. 

Fmal!y, the energetics of a recrit1cality need to he con
~idercd. Recriticality transients in a degrading core 
would be unconstrained, that is, subject to more or Jcs~ 
free expansion as the transient deposits energy in the 
critical array. This expansion and Doppler feedback will 
introduce negative reactivity and terminate the tran· 
~ient. The total energy deposited by tbe transient is a 
function of the rate of positive reactivity addition that 
initiates the transient. Recriticalities in fuel or waste 
process plants are typically unconstrained and initiated 
hy the addition of material to a vessel or hy gravitation 
assembly of a critical mass. Neither process produces 
very high rate..<; of positive reactivity input; such criti· 
calitics have typically been limited to between LOt 7 and 
1019 total fissions, released in one or a series ofp.ulscs. 
This is a relatively modest amount of energy; 1IJ 9 fis
sions is equivalent to 320 MJoulcs (i.e., 3.2 x 108 Joules) 
of cnerev, which is 700 times smaller than the 
200GJ~-ulcs (2.0 x 1011 Joules) of energy deposited in 
fuel in the first Chernobyl reactivity transient. Approxi· 
mat ely a second later 1000 GJoulcs (1012) was deposited 
in the ~econd Chernobyltransient. Lucas, eta!. (19X7d) 
estimate 473 MJoules and 662 MJoule.:. as the 5% and 
95% confidence limits for the steam explosion energy 
release required to fail the upper head bolt~ of a U.S. 
vendor PWR reactor vesseL The Chernobyl acddent 
(which was a reactivity-driven accident, as oppmcd to 

the decay-heat-removal-driven T\1I-2 accident) inspires 
caution. in that the first pulse was shut down by 
mtroduction of negative reactivity feedback (mainly 
Doppler), but as the power dropped, a combination of 
cooling of fuel fragments by rapid tram fer of heat to 
reactor coolant together with expulsion of coolant pro· 
duced a large positive reactivity insertion that led to the 
larger (five times larger) second power spike. Similar 
two-stage processes seem possible in the context of 
severe accident recriticalities. A modest recriticality 
transient might disperse corium exposing the onium 
array to coolant and leading to positive reactivity inser
tions due to improved moderation and Doppler effect 
(i.e., cooling fuel fragments reduces the Doppler broad· 
ening of uranium neutron ab~orption resonances). h 
appears this possibility has not been invcstigattd in any 
detail. 



3.4 Plant-specific Implementation 

Plant"specific details impact the implementation of this 
,qratcgy primarily in determining the ability to usc 
primary feed and bleed cooling and the ability to depre~
surizc the RCS. For instance, at Calvert Cliffs, the low 
shutoff head of the high pressure injection pumps 
( 1275 psi) and the low pressurization (200 psi) of the 
plant's safety injection tanks (i.e., accumulators) make it 
somewhat more difficult to add water to the core in high 
pressure accident sequences than at other plants. 

At Zion, if the plant can be depressurized below 600 psi, 
water can be added to the vessel from the accumulators, 
using the blanket gas to provide the driving pressure. 
Zion has four accumulators with a capacity of approxi
mately 10,000 gallons each. In addition, the RWST can 
provide water by gravity feed and has a capacity of 
approximately 389,000 gals. Procedures now exist that 
allow the operators to refill the RWST from out~ide 
water sources. 

Both of these water sources can be treated with boric 
acid through the Make-up Water System. There are 
three boric acid tanks each with a capacity of approxi
mately 11,000 gallons. The boric acid is transferred via 
two boric acid transfer pumps each with a cap<Kity of 
75 gpm. These pumps can be diesel-driven. If the plant 
emergency diesel generators were not working, the trans
fer pump could be driven by a relatively small portable 
generator if the proper interface were availabk. 

At Oconee, unit cross-connections can have both posi
tive and negative impacts. The ability to obwin emer
gency teedwater, ~ervice water, and c\cctrit: power from 
other units provides valuable opportunities fnr recover
ing vital safety functions (there do not appear to he any 
unit interconnections for safety injection). 1-lmvcvcr, 
sharing turbine and auxiliary buildings could allow an 
internally initiated nood of one unit to affect another 
unit. 

The Standby Shutdown Facility (SSF) at Oconee docs 
provide a unique and independent capability to main
t.1in sutticient inventory in the reactor coolnnt sy~tem 
(RCS) to ~ustain natural circulation. The SSF ro.:actor 
coolant volume control system (RC:VCS) is dc~igned to 
provide makcup w;ncr to the RCS <-1nd provide reactor 
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coolant pump (RCP) seal injection. The spent fuel pool 
can he used as a suction source of makeup water if the 
normal makeup system is not available. There is suf
ficient borated water available in the spent fuel pool to 
allow the SSF to maintain hot shutdown conditions for 
all three units for approximately three days. The spent 
fuel pool water level would be drawn down to approxi
mately 1 foot above the top of the spent fuel racks after 
this 3 day period. The RCVCS components are pro
vided motive and control power via an independent 
electrical power system, which uses a dedicated diesel 
generator. 

3.5 Evaluation of the Strategy 

As indicated above, adding water to the vessel as soon, 
as often, and in as great a quantity as possible should he 
the operator's primary str<:~tegy for responding to severe 
accidents. Fca~ibility of the strategy is an issue; with the 
exception of some ATWS sequences, inability to add 
water to the core at some critical juncture is what turns 
a tran~ient or a loss of coolant accident (LOCA) into a 
severe accident. Many of the other strategies discussed 
in this report and most of the strategies discussed in 
Luckas et al. ( 1990) represent attempts to prevent the 
los~ ofRCS inventory or to find some functioning 
makeup water source and delivery system that can 
replace lost RCS inventory. 

Effectivenc~s of the strategy will depend on when and 
how the water is added and on the previous course of 
the accident. In a degrading core, when the pool of 
molten corium reaches a certain mass, its size and the 
surrounding crust of frozen corium and metal will 
render it effectively impervious to quenching and cool
down by water added to the core region. However, the 
water added to the vessel at this juncture can still have 
beneficial effects: slowing the core melt progression, 
~crubbing fission products, and perhaps mitigating the 
fuel-coolant interaction (FCI) at the time of relocation 
of the molten corium to the RPV lower plenum. 
Finally, pre~cnce of water at the time of core rdocation 
to RPV lower plenum may permit quenching of a 
sufficiently porott~ rubble of fragmented corium, as 
appears to have happened at TMI-2. 
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A<; indicated above, the potential adverse effects of 
water addition arc speculative. In addition, the operator 
would seldom have sufficient information on the statu~ 
of core degradation to identify those precise situations 
in which water addition (or addition of the wrong 
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amount or wrong kind of water) will exacerbate the acci
dent sequence. Consequently, whenever possible, water 
should be added to the vessel, as soon and as rapidly as 
possible. 



4 Depressurization of the Primary System 

4.1 Description of the Strategy 

Depressurization of the primary system during a de
graded core accident or a potentially degraded core 
accident carries four major potential benefits: 

L During the depressurization transient, flashing of 
water to steam in the core region will cool fuel, clad
ding, and core internals, 

2. depressurization may permit addition of water to 
the core using low pressure water sources, 

4. depressurization should reduce the threat of in
duced LOCAs or steam generator tube ruptures due 
to natural circulation within the RCS of high pres
sure, superheated steam, 

3. and it may prevent or mitigate direct heating of the 
containment atmosphere upon melt-through of the 
RPV. 

Depressurization also has two major potential disadvan
tages: after the flashing transient is complete, core de
gradation will proceed essentially adiabatically (sec the 
note in Section 4.3 below) and hence more rapidly. De
pressurization may also significantly increase the prob
ability of an energetic FCI (at the time of relocation of 
molten corium to the lower head of the RPV). 

Depressurization as an accident mitigation strategy is 
being extensively investigated at the Idaho National En
gineering Laboratory as part of the NRC Severe Acci
dent Research Program (Chambers eta!. 1989; Golden 
eta!. 1989; Hanson eta!. 1990). Hanson ct al. (1990) 
considered (i.e., hy modelling the events using SCDAP/ 
RELAP5) two different depressurization strategies ap
plied to the Surry TMLB' accident (station blackout 
with AF\\1 failure). The first strategy required (early) 
depressurization at the time of SG dryout. The ~econd 
required (late) depressurization after core dryout and 
heat up (operators latch open the PORVs when core exit 
temperatures indicate 922 K). Both strategies ~uccess
fullydepressurized the RCS to around 1 MPasc.1l (ap
proximately 150 psi), considered low enough to prevem 

4.1 

direct containment heating. Early depressuri:t..ation ac
celerated the time of core melting and RPV failure, 
because of earlier core uncovery and the ineffectivenes~ 
of low pressure steam as a heat transfer agent (see the 
note in Section 4.3). Because the RCS was essenti<:~lty 
full at the time of depressurization, the depressurization 
transient took longer and cladding got hot enough at the 
time of accumulator injection to cause significant zir
conium burning, hydrogen generation, and relocation of 
clad and fuel. For late depressurization, the RCS in
ventory at the time depressurization begins is much 
smaller, leading to a shorter transient and lower clad 
temperatures at the time of accumulator injection. A~ a 
result, accumulator injection quenches the core, delay
ing core degradation and minimizing hydrogen prod~c
tion. On the basis of their analvsis, Hanson et al. recom-
mend late depressurization. -

Licensing authorities in the Federal Republic of 
Germany have adopted depressurization as a severe ac
cident management tool, basing their decision partly on 
the domination of core damage risk by high pressure 
core melt and vessel failure sequences (98% of the core 
damage risk, as determined in PRAs). In addition, the 
high pressure sequences are considered to increase the 
risk of early containment failure (Kersting 1990). Are
view of PRAs for the Sequoyah, Zion, C-alvert Cliffs, and 
Oconee plants suggests a similar, if not as overwhelm
ing, preponderance of risk-significant high pre~~urc 
vessel breach sequences (Payne eta!. 1984; Benjamin 
et al. 1987; Wheeler 1986; NSAC 1984). 

4.2 Use in Steam Generator Tube Rup
ture and Interfacing System LOCAs 

Certain types of severe accidents essentially req uirc de
pressurization. For steam generator tube ruptures 
(SGTRs) and interfacing system LOCAs (Event V) 
which threaten to proceed to core degradation, dcpre~
surization is a major strategy for reducing the leakage 
from the primary system to the secondary system (during 
an SGTR) or to the auxiliary building (during Event\') 
by reducing the pressure difference driving the Icakaec. 
Indeed, for an SGTR, primary sy~tem pre~surc may b~ 



Depressurization 

reduced below secondary system pres~ure in order to 
backfill the primary system from the secondary; thi~ also 
stops the leakage from primary to secondary, with the 
disadvantage of introducing unhorated water into the 
primary system. 

4.3 Natural Circulation-Induced Fail
ure of the RCS 

For severe accidents proceeding at high pressure, such 
as small-break LOCAs or transient-induced accidents 
the volumetric enthalpy of steam is high enough that ' 
significant amounts of heat can he removed from the 
core by natuwl circulation of steam. [Note: As pres~urc 
increases, steam density, thermal conductivity, Reynollb 
number, and Prandtl number all increase, swamping 
small decreases in dynamic viscosity and ma~~-spccific 
enthalpy. The net effect i~ an approximately 85-fold in
crease in the dfcctivcncss of steam as a heat transfer 
medtum as pressure increases from 1 bar (approx. one 
atmosphere) to 150 bars (EI-Wakil1971, p.244)]. In this 
event, natural circulation loops may transfer enough 
heat to the higher elevation portions oft he primary sys
tem to cause a breach of the primary system (prob<thh' at 
the pressurizer surge line) large enough to depre~surizc 
the primary system. Thi~ scenario is speculative, but has 
been supported by small-scale cxpcrimenb and detailed 
code analyses (Cha ct al. 1989; BavlC'~s 19gS; NRC 
J 987). Cha ct al. investigated the ~ensitivi ty of natura 1 
circulation flov.:s in a high pressure degrading core 
accident in order to try to understand why the TMl-2 
accident showed little evidence of this phenomenon. 
Their model~ suggested that pres~ure variations and 
evaporation rates during the course of the accident had 
no impact on the natural circulation flows predicted by 
the codes, whik higher water levels tended to reduce the 
strength of the flow, but not eliminate it entirely. 

Analy~is of a Surry TMLB' accident ~equence (station 
blackout with loss of AFW) by Bayless ( 198R) using 
SCDAP1RELAP5 support the conclusions: 

1. Natural circulation of superheated steam is likdv to 

occur in the TMLB' sequence; · 

2. it~ occurrence is relative in~ensitivc to modelling 
unccrta in tics; 

4.2 

1. it extends the core heat up transient by tran~porting 
heat from the core to structures high in the RPV 
and (perhaps) to piping high in the RCS; 

4. it leads to creep-rupture failure of the pressurizer 
surge line or one of the hot leg~ prior to RPV 
failure; 

5. the RCS depressurization induced by surge line or 
hot kg failure leads to accumulator injection which 
quenches the core. 

From the accident management viewpoint, the impor
tance of the high prcswrc superheated steam natural 
circulation phenomenon is that, even if the operators 
wanted to implemem a stratc_t,')' of maintaining hillh 
RCS pressure (say, with the goal of preventing a ~~cam 
explosion when the molten core relocates to the lower 
plenum), it might not be possihk. 

4.4 Trade-Offs Between FCI and DCH 

Direct containment heating (DCH) is postulated to 
occur when a re<tctor vessel fails while the primarv svs
tem is at high pressure. The high delta-p driving ih~ 
flow of molten corium through the breach causes it to 
fragment into an aerosol. The large surface area of the 
aerosol enhances heat transfer to the containment at
mosphere and (exothermic) oxidation of the metallic 
component~ of the corium. An obvious mitigating strat
egy is to depressurize the core to reduce the pressure 
driving the dispersal and fragmentation of the corium. 

On the other hand, some re:.earehcrs believe that ener
getic fuel-coolant interactions (FCI) arc significantlv 
more likely at low pressure than at high pressure -
(Berman 198g). The partial core relocation at TMI-2 
occurred at high pressure am! produced only a mild FCI. 
for the in-vessel phase of a severe accident, this i~ 
mainly an issue at the time of relocation of molten 
corium to the lower plenum. The concern is that an 
energetic FCI could fail the RPV in such a way as to 
create a missile that directly penetrates the cont<~inmcnt, 
causing a large radiation release. This scenario, called 
alpha-failure of containment, and fuel-coolant interac
tion in general, have been extensively studied for a var
tety of fuels and coolants, both experimentally and 



theoretically. Papers by Theofanous et al. (Theofanous 
eta!. 1987; Abolfadl and Theofanous 1987; 
Amarasooriya and Theofanous 1987; Lucas eta!. 1987) 
review the evidence for and against creation of a suf
ficiently energetic missile, reaching the conclusion that 
the probability of alpha-failure is acceptably low. Nu
merous Letters to the Editor responding to the 
Theofanous et al. papers (Berman 1988; Marshall 1988; 
Corradini 1988; Hopenfeld 1989; F1etcher and 
Thyagaraja 1989; Corradini 1989; Young 1989) and 
Theofanous et al. responses to those letters 
(Thcofanous 1988a; Thcofanous 1988b; Theofanous 
19fi8c; Theofanous 1989a; Theofanous and 
Amarasooriya 1989; Theofanous 1989b; Thcofanous 
1989c) suggest that scientific consensus has not yet been 
reached on these issues. 

It should be noted that Theofanous eta!. limit their 
consideration to single FCI events and consider only the 
probability of alpha-failure of containment. Thus, they 
do not consider the possibility that a small FCI might 
disperse the remaining molten corium, providing the 
mechanism for both significant premixing and the trig
gering of a second and larger FCI. Also, their calcula
tion of the probability of alpha-failure involves steadily 
decreasing quantities of FCI energy available to be 
directed upward in the vessel, to cause failure of the 
upper head, and to invest the upper head with sufficient 
upward-directed kinetic energy to fail containment. 
Finally, left out of consideration is the pos~ihility that an 
FCI sufficiently energetic to fail the lower and/or upper 
heads may also disperse molten corium into contain
ment as fine aerosol with the potential to cause direct 
containment heating. 

4.5 Information Needs 

An "ideal" strategy for dealing with a degraded core 
might be to maintain the primary system at high pre~
sure while the core degraded, somehow avoid a natural 
circulation-induced failure high in the primary system 
(which would quickly depressurize the RCS), identify 
when the core had relocated to the lower plenum, and 
then depressurize prior to breach of the lower head ~o a~ 
to mitigate DCH. By dropping the core into the lower 
plenum while the RCS is at high pressure, the probabil
ity of an energetic FCI is minimized. However, there are 

'1.3 

Dcpressuril'.ation 

some problems with this scenario. Natural circulation 
of superheated steam may depressurize the primary sy~
tem independently of the operator's intent. Even if un
intended depressurization doesn't occur, the operator 
may not have enough information about the state of the 
degrading core to know what actions to take and when. 
Finally, even if the operator could identify the moment 
of core relocation, there might not be sufficient time to 
depressurize the RCS prior to vessel failure. These 
problems seriously compromise this "ideal" strategy. 

There is a Jot of information available to the operators 
during a severe accident; the problem is that it\ not 
necessarily the information the operator really needs. 
However, the information is tied together by the fact 
that all of the measurements are of a system of known 
dimensions and compositions undergoing a more or less 
understood evolution subject to the laws of physics and 
chemi.<.try. The appropriate calculational tools would 
permit the comparison of plant data against predictions 
calculated from possible plant damage configurations 
and significantly improve the operators' understanding 
of the severe accident progression. These questions arc 
considered in more detail in Section 10.0. 

4.6 Plant-Specific Implementation 

The potential tools for depressurizing the RCS arc 
1) heat removal through the steam generators, 2) emer
gency core cooling .<.ystem (ECCS) flows, 3) PORVs, 
4) letdown flow, 5) RPV head vents, 6) charging pumps, 
and 7) pressurizer spray. The difficulty is that if the 
operators are considering depressurization of the RCS 
during a severe accident (with the core degrading), most 
likely the plant reached this state because of the unavail
ability or ineffectiveness of some or all of these tools. 

Depressurization using normal pressurizer spray will 
only be effective if water in the cold leg is subcooled and 
there is a sufficient pressure difference between the cold 
leg and pressurizer dome to drive the flow in the spray 
line (i.e., the RCP in that loop is running). If not, there 
w:ill be an auxiliary spray flow path, most likely from the 
charging pump discharge header, which may he ahle to 
supply sub-cooled water to the spray valves. The reactor 
head venb are quite small, intended only for bleeding 
non-condensible ga~cs from the RCS. The normal 
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charging and letdown flows are also relatively small, but 
can be increased several-fold by starting additional 
charging pumps or opening the letdown flow control 
valves. The letdown flow reduces both mass and en
thalpy in the RCS, thus tending to depressurize the Sr.>
tem. The charging pump.<. add water to the RCS, in
creasing the inventory in the RCS. However, the water 
added is significantly subcooled, thus tending to lower 
the average enthalpy. 'The ECCS sys!ems can add signif
icant amounts of subcooled water to the RCS, combin
ing the benefits of depressurization, makeup of RCS in
ventory, and quenching of hot components. The 
PORVs remove water mass and enthalpy from the RCS, 
thus depressurizing the RCS, but also tending to un
cover or further uncover the core because of the reduc
tion in RCS inventory. Hanson eta!. (1990) note a rela
tively high probability (on the order of p=0.3) that a 
POR V block valve will be closed, because of problem 
leakage through the PORV In the event of a station 
blackout, ~uch dosed POR V block valves cannot he 
opened, preventing usc of that PORV as a relief and de
pressurization pathway. In addition, Hamon et al. note 
that their late depressurization strategy might require 
air syqem modifications to support the frequent cycling 
of the POR Vs prior to initiation of dcprc~surization. 

If available, the steam generators arc the preferred tool 
for depressurizing the primary system. The steam gen
erators and the secondary system are designed tore
move enthalpy from the primary system; this can be 
done without some of the disadvantages of dumping 
large quantities of primary system mass and enthalpy to 
containment (through PORVs and head vents) or 
through the letdown flow. 

The Calvert Cliffs !REP PRA assumes throughout that, 
in transient-initiated and small break LOCA accidents, 
the PORVs arc not capable of lowering the RCS pres
sure below the shutoff head of the high pressure safety 
injection/recirculation (HPSJ;R) pumps (1275 psi) soon 
enough to prevent core damage. For this reason, most 
of the core melt risk-significant accident sequences arc 
high-pressure sequences involving the inability to imple
ment primary feed and bleed cooling. Since the time 
window for action is wider, the Calvert Cliffs PORVs 
should be adequate to depressurize the RCS during core 
degradation. 
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If it is decided that depressurization is necessary and all 
of the tools discussed above are unavailable or have 
been unable to effect depressurization, then operator~ 
can attempt to create a hole in the primary system pres
sure boundary. A speculative possibility, if AC power is 
available, would be to attempt to run an RCP to de
struction, thus creating a seal LOCA or some other di~
ruption of the pressure boundary near the RCP. The 
actual or potential disadvantages of this action include 
the destruction of a valuable piece of equipment, crea
tion of a LOCA or other damage to the RCS, and possi
bly providing an ignition source for hydrogen in contain
ment. As such, this action would be taken, if at all, only 
after careful consideration by the emergency staff in the 
Technical Support Center. 

For the Zion plant, the procedure recommended in the 
EOP to depressurize the RCS is to use normal pressur
izer spray. If pressurizer spray is not available then the 
RCS should he depressurized using a PORV. If no 
PORV is working, pressure can be reduced using auxil
iary spray, combined w:ith letdown to prevent overfilling 
the RCS. Since procedures for refilling the RWST arc 
in place at Zion, normal or auxiliary spray should be 
available. Note that the RCS cannot be depressurized 
quickly using the pressurizer spray alone, since it only 
gradually reduces the average enthalpy of primary sys
tem inventory. 

For the Oconee plant, decisions on operator actions to 
deal with inadequate core cooling, including depressuri
zation, are based upon fuel cladding temperature, as 
measured by the core exit thermocouples. If the tem
perature of the cladding (Tclad), based on the average of 
the five highest reading core exit thermocouple tem
peratures, is greater than 180(PJ~ the operator is dir
ected to depressurize the once-through steam genera
tors (OTSGs) as quickly as possible and to depressurize 
the RCS using the PORV until low pressure injection 
(LPJ) is able to restore core cooling and the core exit 
thermocouple temperatures indicate a return to satura
tion temperature. 

If a Tcl~d greater than 1400°F but less than 1800°F is 
indicated by the core exit thermocouple. temperatures 
and primary to secondary heat transfer has not been CS· 

tablished, direction is given to open the pressurizer 



PORV and depressurize the RCS until the high pressure 
injection (HPI), LPI, and core flood tanks (CFTs) 
return the core exit thermocouple temperatures to sat
uration temperature. If primary to secondary heat 
transfer is established, direction is given to maintain this 
heat transfer mode by cycling the pressurizer POR V to 
keep the RCS pressure 25-60 psi greater than the OTSG 
pressure. 

The OTSG shell-side pressure can be lowered by adjust
ing the turbine bypass valves (TBVs), while maintaining 
SG level, until secondaryTsa! is 40 to 60°F lower than 
the core exit thermocouple temperature. If primary-to
~econdary heat transfer cannot be established, the 
OTSGs can be further depressurized until the ~econdary 
Tsat is 90 to 110°F lower than the core exit thermo
couple temperature. 

For an SGTR with the RCPs running, the RCS is de
pressurized using the pressurizer sprays. Coo!down i~ 
accomplished using the TBVs. Steaming is initiated on 
the faulted OTSG until the secondary pressure is hclow 
1000 psig and the OTSG level is below 95%. If steaming 
is not possible, the faulted OTSG can be drained to the 
condenser to avoid overfilling. The RCS is also depres
surized, while maintaining subcooling, to minimize the 
tube leak rate driving force. 

4.7 Evaluation of the Strategy 

Reactor Coolant System depressurization involves po
tential disadvantages and uncertain tic~: 

• 

Because steam at low pressures is a much less ef
fective heat transfer medium than high-pressure 
steam, depressurization will cause uncovered core 
heat-up to proceed essentially adiabatically. 

Available evidence suggests depressurization may 
increase the probability of "triggering" a steam ex
plosion (energetic FCI) (Berman 1988) at the time 
of molten core relocation, although it may reduce 
the amount of "pre-mixing" and, hence, the size of 
the resulting FCI (Abolfadl and Thcofanous 1987). 

4.5 

Depressuril'.ation 

Depressurization of the RCS using POR Vs while 
the core is degrading is likely to degrade conditions 
in containment, which will increase pressure, tem
perature, hydrogen content, and radionuclide con· 
tamination. This may prevent the operating staff 
from entering containment. 

If containment integrity has been compromised, 
RCS depressurization may also degrade conditions 
in the Auxiliary Building or cause releases to the 
environment. 

and potential advantages: 

• 

• 

Depressurization below the shutoff head of ECCS 
pumps or below the nitrogen pressure in the accu
mulators may allow addition of water to the RPY 
using these sources. 

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

Depressurization will reduce the loss of RCS inven
tory out any breaches in the RCS pressure 
boundary. 

Depressurization may prevent or mHigate high pres
sure melt ejection (HPME) and DCH. Thi~ can be 
particularly important at plants with lower contain
ment designs pressures, such as Sequoyah (ice con
denser containment). 

Depressurization will reduce the structural chal
lenge to an RPV weakened by high temperature 
creep, potentially avoiding RPV breach. 

On balance, the potential for early failure of a highly 
contaminated containment, due to the likelihood and 
potential consequences of HPME and DCH, strongly 
recommends depressurit.ation as a strategy for mitigat
ing a degrading core. This is particularly true in case~ 
where depressurization will allow water to be injected 
into the reactor vesseL 
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5 Flooding Reactor Cavity to Cover RPV Lower Head 

5.1 Description of the Strategy 

Flooding the reactor cavity up to the level of the top of 
the RPV lower head might prevent breach of the RPV 
afrer relocation of the molten corium to the lower 
plenum. Failing that, this strategy might mitigate DCH 
by quenching and scrubbing the release of molten 
corium to the cavity. 

This strategy would work to prevent RPV breach, if it 
worked, by changing the outside surface of the RPV 
from an adiabatic boundary to one with boiling and nat
ural convection heat removal. With an adiabatic boun
dary (due to the reflective metal insulation on the out
side of the vessel), heat will accumulate in the metal of 
the lower head, raising its temperature and lowering its 
strength. With heat removal at the outside surface, a 
frozen corium crust should tend to grow at the vessel
corium interface. This corium crust will tend to insulate 
the vessel from the high temperatures of the molten 
corium mass. 

If the lower head failed anyway, the mass of water in the 
cavity would tend to quench the corium ejected through 
the breach. The phenomenology is complex, however. 
High pressure melt ejection into a pool of water may re
~ult in an energetic fuel-coolant interaction combined 
with substantial generation of hydrogen from oxidation 
of metals in the corium. 

5.2 Plant-Specific Implementation 

Some of the factors affecting the feasibility of this strat
l'f,'Y m preventing RPV breach are: 

The amount of erosion of the vessel by a jet of mol
ten corium impinging on the lower head as the mol
ten corium relocates to the lower plenum. 

The heat transfer coefficient between the molten 
pool, the inside ~urface of the RPY, and the reactor 
vessel internals. 

5.] 

0 

• 

The amount of quenching and fragmentation of the 
corium when it relocates and the resulting porosity 
of the mixed molten/frozen corium mass. 

The thermal conductivity of the molten corium, 
frozen corium, and RPV metaL 

The heat transfer mode (nucleate boiling, film boil
ing, etc.) at the outside RPV surface and the result
ing surface heat transfer coefficient. 

Access of water in the flooded reactor cavity to the 
surface of the RPV and pathways for removal of the 
steam generated at the RPV surface (i.e., how tight 
is the RPY insulation?). 

Ability of the operators to successfully flood the 
reactor cavity to the level of the lower head of the 
RPV: 

For the Zion plant, the best way to flood the cavity is to 
use containment spray, drawing water from the RWST 
tank. This method can supply water over an extended 
period of time since the RWST can be refilled. One of 
the containment spray pumps is driven by its own diesel 
driven 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 to make 
the diesel and pump independent of AC power. If the 
RWST has been refilled with unborated water, it can be 
borated through the make-up water system from three 
boric acid tanks via boric acid transfer pumps. This sy~
tem is AC dependent. This strategy i~ relatively simple 
to implement at Zion. 

5.3 Evaluation of the Strategy 

Although the factors described in the previous section 
are complex, they should be amenable to quantitative 
analysis. Henry eta!. (199la, 1991b) have performed 
scoping experiments using small-scale vessels of two dif
ferent thickness, both with and without reflective metal 
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insulation, to assess some of the phenomenologiGtl 
issues. The heat ,.;ource wa.s molten iron thermitc 
dropped into the bottom of the vessel. For their exper
imental setup, heat removal at the outside vessel ~urfacc 
proceeded by nucleate boiling and there was a sufficient 
supply of water infiltrating through the insulation ~earn~ 
that the heat flux was limited by thermal conduction 
through the ves~el wall and not by the boiling heat tram
fer processes on the outside surface of the vessel. 
M. Saito eta!. (1990) developed a mathematical model 
for the melt/freeze phenomena occurring when a stream 
of molten metal falls onto a steel plate and compared 
the predictions of their model with experimental result~. 
They compared predictions assuming 1) melting of the 
steel plate combined with crust formation as the molten 
metal froze against it and 2) the model assuming no 
crust formation. Experimental results were better pre
dicted by the crust formation model. 'The crust will form 
an insulating layer tending to retard melting of the plate_ 
They calculated a threshold temperature for the molten 
metal above which no crust would form, implying more 
rapid melt attack on the plate. For a molten U01 jet. a 
temperature well above 4000 K wa,.; required to inhibit 
crust formation. A recent UCLA preprint (Park and 
Dhir 1991) describes two-dimensional transient and 
steady-state analyses of this strategy, including the heat 
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loss by radiation to the upper regions of the reactor vc~
scl and the unwetted portions of the vessel lower head. 
They com:ludcd that: 1) melting of the unwett('{] portion 
of vessel wall is predicted for vessel wall emissivities 
greater than 0.2 (however, the melting is not expected to 
propagate further than half the vessel thickness) and 
2) for a range of parameters studied, flooding of the 
cavity may provide an effective means of retaining the 
core in the vessel. 

The issue of whether ejection oft he molten corium into 
a pool of water in the reac{Or cavity would have un
acceptable consequences shares the complexity of FCI 
issues in genera!. A potential disadvantage of the strat
egy, if it succeeded in preventing failure of the lower 
head of the RPV is that maintenance of the molten core 
within the RPV might lead to late failures of steam gen
erator tubes, with concommit<:~nt contamination of the 
secondary ~ystem. 

Flooding the reactor cavity to some depth (perhaps less 
than the level of the lower head) is widely cited as a po
tential or settled ~trategy for the mitigation of HPME 
and DCH (Hanson et al. 1990; Kasten berg eta!. 1990; 
Kersting 1990; Espefalt 1989; Lehner et al. 1988). 



6 Restoration of AC Power and Provision of Portable Pumping Capacity 

6.1 Restoration of AC Power 

For station blackout accidents, and to a Ie~ser extent for 
loss of AC power transients that have proceeded to core 
degradation, almost all potentially beneficial strategies 
require electrical power. Thus, strategies to restore 
either offsite AC power or emergency AC power (or in 
the loss of offsite AC power transient, protecting against 
sub~equent loss of the emergency diesel generators 
[EDGs]) arc of the highest urgency. 

Strategies to restore AC power will depend on the na
ture of the original transient and the estimated time to 
recovery (taking into account the uncertainties in time 
to recovery). It is important to recognize that each fail
ure reduces safety margin and raises the conditional 
probability that additional failures will cause core dam
age, cme melt, and/or containment failure. This means 
that a plant suffering a loss of offsite AC power with 
successful start and operation of the emergency die..<;el 
generators may want to arrange for delivery of backup 
generating capacity as insurance against subsequent fail
ure of the die~el generators. The expected duration of 
the loss of offsite AC power wou!d obviously figure in 
this decision. 

A utility with multiple nuclear units could purchase a 
single, centrally located skid- or truck-mounted diesel or 
gas turbine generator to provide last-resort AC power 
backup to all of its plants. This generator should be able 
to reach any plant in the system within a couple of 
hours. Single unit utilities might join with neighboring 
nuclear utilities to cooperatively purchase such emer
gency generators. At least one company (in the Chicago 
area) maintains sizeable inventories of diesel generators, 
gas turbine generators, and package boilers. These arc 
available on a 24-hour basis for rent, with delivery by 
truck or air freight. With appropriate planning this im
plies availability at any plant in the East within 12 hours 
and at any plant on the West Coast within 16 hours. A 
recent call to this company established availability of 18 
rental gas turbine generators light enough for airlifting, 
ranging in power from 900 kW to 3250 kW, and 9 diesel 
generators, from 500 kW to 2500 kW 

o.l 

Much smaller portable generators would be capable of 
supporting critical tasks, such as maintaining DC power 
to the auxiliary feedwater pump and turbine or main
taining reactor coolant pump seal injection and cooling. 

Finally, commercially available uninterruptible power 
systems (UPSs) and power conditioning systems, could 
help the essential plant systems ride out short outages 
and bus failures. Essential AC power systems, which usc 
inverters to produce AC power from Essential DC 
power busses, serve the same function. Some critical 
equipment and instrumentation might be protected 
using commcrcialiy available UPSs, which can protect 
against both electrical line transients and short outages. 
The protection against line transients is important; 
without it, operators may restore AC power and dis
cover that critical plant equipment was damaged by the 
initiating electrical transient and is still unavailable, 
even though AC power has been restored. An example 
of critical instrumentation deserving of such protection 
are the steam generator level sensors. In a station 
blackout, after depletion of the batteries, it should still 
be possible to manually operate the turbine-driven 
auxiliary feedwater (AFW) pump, but knowledge of the 
steam generator level will be required to manually 
control that level using the turbine-driven Al-""'W pump. 

To assure the feasibility of such backup generation, a 
utility would need to inventory available portable 
backup generation; this would indude the sources 
described in the previous paragraph, as well as skid-, 
truck-, and trailer-mounted generators used by indu~
tria!, commercial, and institutional organizations in the 
utility's service area. A utility might even offer incen
tives to organi:~ations that generate part or all of their 
own electricity to usc portable generators that would be 
available to the utility in an emergency. Additionally, 
the utility would need to plan how to tie such capacitv 
into the plant's AC distribution system, including provi 
sions for bypassing failed switchyard equipment or failed 
busses in the plant. If the accident has re~ulted in (or 
may result in) releases to the environment, the contin
gency planning should permit operation of the emo
genc-y generator at some "stand-ofr distance from the 
plant. 
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6.2 Plant-Specific Implementation 

For the Zion plant, the operators will first attempt to 
load the emergency AC bus to the EDGs from the con
trol room. If the EDGs start but the emergent)' AC bu~ 
cannot be loaded from the control room, personnel 
would attempt to load the bus loc.11ly. If the EDGs do 
not start automatically, interlocks must be defeated and 
the diesels started manually. If the diesels do not start, 
the operators would attempt to power the emergency 
AC bus from any available and appropriate AC power 
supply. 

The DC power systems of the three Oconee units are 
linked through an isolaung diode arrangement so that 
each unit provides a DC power backup for the other 
units. The DC power systems supply instrumentation 
and control power through an inverter and arc backed 
for es~entialload~ by the 120-V AC regulated power sy~
tem. The availability of DC power aid~ in the recovery 
of AC power. The wider variety and higher reliability of 
AC power sources at the Oconee plant render station 
blackout accidents significantly less likely than at other 
plants. 

At Oconee, cmt.:rgcncy AC power can be furni5hed from 
several sources, including: 

for certain los~ of load transit.:nt~, turbine runbaek 
will allow the Oconee plant's own generator to con
tinue to supply plant auxiliary loads, 

• six 230-kV transmission lines serving Oconee from 
three directiom, 

either of the other two nuclear units, 

100-kV transmission line from the two combustion 
turbine genercnors :It the Lee Steam Station, 

13.8-kV underground line from a quick-~taning on· 
site Keowc..: Hydroelectric 87,500-kVA Gem:rating 
Unit, and 

230-kV overhead line from another Keowec Hydro· 
electnc Generating Unit. 

11.2 

The primary emergency AC power ~ourcc at Oconee i~ 
the two hydroelectric units rather than by diesel genera
tor sets. These hydroelectric unit~ are more reliable 
than diesel generators. More importantly, their large 
capacity make~ it possible to provide emergency power 
to virtually any load. Thus, load shedding is much more 
limited and load sequencing is unnecessary. The reli
ability of the emergency AC power system is further en
hanced by the availability of the two Lee Steam Station 
combustion turbine generators dedicated to Oconee, 
with separate supply lines 10 a separate ~tandby 
transformer. 

6.3 Evaluation of the Strategy 

Taking action to increase the flexibility and reliability or 
electrical power supply sources is dearly feasible. The 
decision on whether and how to implement it in a spec
ific case will need to balance bringing in backup generat
ing capacity from out or town at great expense against 
the downside risk of continuing to operate with de
graded electrical power supply. The probability of addi
tional failures or slow recovery of the lost offsitc power 
may be quite small but the downside consequences arc 
quite large. There arc no obvious disadvantages, other 
than cost, to this strategy, although procedural modifica
tions and additional training would be needed to imple
ment the strategy effectively. 

For the Zion plant, the restoration of AC power ha~ a 
major impact on a number of recovery sequences, as de
scribed in the Zion PRA rebase!ining report (Wheeler 
1986). The impact of restoration is highly time depen
dent. For example, in one scenario, loss of offsite power 
followed by loss of Auxiliary Fcedwater results in \0ss of 
secondary cooling, which is followed by an independent 
loss of feed and bleed capability due to human error. 
The restoration of AC power within four hours result~ 
in the successful fllilctioning of the containment sy:-
tems. Restoration later than four hours results in de
graded performance of containment systems and higher 
probability of containment failure. Timely restoration 
of AC power in certain scenarios increases the probabil· 
ity of containment success by two orders of magnitude. 



6.4 Provision of Portable Pumping 
Capability 

Another potential approach to mitigation of station 
blackout and loss of offsite AC power accidents is the 
use of portable pumps that arc not powered from the 
plant electrical busses. These pumps could pump water 
from plant water sources or from offsitc water sources 
(i.e., lakes, rivers, etc.). There is no shortage of portable 
pumps at or near most nuclear plant sites, so what is 
needed is pre-planning of access to the pumps and con
tingent connections 10 plant piping systems. 

For accidents, such as loss of offsitc AC, station black
out, loss of main and auxiliary fccdwater, what has been 
lost is not access to water but pumping capability. Pro
vision of portable, independently-powcre<l, pumping 
capacity can prevent or mitigate severe accident sce
narios arising from these initiators. It b nece~sary to: 

I. ensure that the needed motive force is available-
even under station blackout conditions, and 

2. pre-stage the equipment necessary to allow pre
viously analyzed cross-connections to be imple
mented quickly enough to be useful in an emer
gency, and 

3. implement appropriate changes to procedures and 
training 

4. assure that the connection of these pumps docs not 
violate containment at a time of potential core 
degradation. 

Equipment needed includes: 

P1pmg- Fire hoses or equivalent (mmtly pre-staged 
at th..:: required locations) 

Pumps- Fire trucks (pumper trucks) or pre-staged 
portable pump~ 

Connectors- M<mifold~ or "spiders" on appropriate 
tanb, pump suction header~, or at natural bodies of 
water, with connectors appropriately matched to the 
hose~ and pumps to be used. 

I'd 

Restoration of AC Power 

This strategy will tend to provide only low pressure 
pumping capacity, limited by the pumps available and 
the pressure limits of the flexible hoses. Higher pres
sures and higher flows would imply bigger pumps, bigger 
drivers, and pre-positioned hard piping. Thus, utiliza
tion of this strategy will primarily address supporting 
systems. It would tend to require depressuriwtion of the 
RCS or the steam generators. Nevertheless, even in 
high-pressure scenarios, these portable low pressure 
pumps could be used to refill water tanks and to provide 
cooling to ECCS equipment and RCP seal injection 
flow, etc. 

6.5 Plant-Specific Implementation 

Some plants have already implemented some aspects of 
this strategy. At Zion, along with extensive provisions 
for utilization of cross-connections between the two 
units, there are two fire syswm connections. The first is 
a hard-piped connection between the Fire Protection 
(FP) system and the emergency diesel generator jacket 
water cooling system. Upon loss of Service Water, this 
backup sys!Cm can be valved in from the control room. 
The second FP system cross-connect allows FP system 
flow to the centrifugal charging pump cooling system. 
This second application uses pre-staged fire hose and 
connectors and is incorporated into the Abnormal Op
erating Procedures (AOP-4.1, Rev. 3, 7(31/90). Ample 
quantities of water are available and the ability to refill 
the RWST makes this strategy very attractive at Zion. 

This strategy can be very useful even if only a limited 
pumping capability is provided. For example, portable 
pumps might he used to provide cooling for the die~e\ 
generators and/or the diesel powered containment spray 
pump. The ability to keep the diesels operating might 
make it pos~ible to restore the service water system 
(SWS) or continue containment spray. 

6.6 Evaluation of the Strategy 

Pre-stage portable pumping capacity with judiciously 
planned cross-connections between plant systems and 
water sources result in: 
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1. A relatively inexpensive upgrade of plant safety and 
flexibility. 

2. Pumping power that is independent of offsitc AC 
and emergency A C. 

3. Jncrea~ed Oexibility, which could mitigate other off
normal plant conditions: 

• spent fuel pool level loss 

refueling cavity seal loss 

outage and maintenance activities that require 
unusual system isolations 

• increase redundancy for existing safety systems 
(e.g., jacket water cooling for the EDGs) 

NUREG/CR-5856 6.4 

Other than the pressure limitations, there are no ob
vious disadvantages to implementing this strategy. It 
should be possible to use existing piping with fully qual
ified containment penetrations as the pathway for de
livering water to the target systems inside containment. 
The piping connections needed to assure quick connec
tion of the portable pumps are relatively modest. Cer
tainly any such changes increase the complexity of the 
plant and would require changes in procedures and ad
ditional training. In addition, each added connection to 
plant piping systems and each new cross-connection be
tween plant systems may introduce possible plant evolu
tions with un-analyzed safety impacts. These potential 
problems can be minimi7ed by assuring that these cross
connects will be used only under clearly identified and 
specified circumstances, which can include ~evere acci
dents in which the potential comequencc~ of the 
accident swamp the uncertainties involved in using the 
cross-connect. 



7 Prevention and Mitigati<m of RCP Seal Failures 

7.1 Description of the Strategy 

Thl~ section describes some strategies from a paper by 
Cheng (1989) for preventing RCP seal failures subse
quent to toss of Component Cooling Water (CCW) or 
los~ of service water. If seal injection is still available 
(i.e., the centrifugal charging pumps are still available), 
feed and bleed operation of the CCW may maintain suf
ficient cooling of the centrifugal charging pumps (CCPs) 
to protect the seals. If not, alternate cooling water for 
the CCPs needs to be established. If neither of the 
above is possible, then an emergency cooldown of the 
primary system will mitigate the effects ofRCP seal 
failure. 

7.2 Plant-Specific Implementation 

Cheng's paper describes analysis of preventive and miti
gative strategies implemented for the Thiwanese 
Maanshan plant, a 3-loop Westinghouse PWR. The 
methods described should be generally applicable to 
mher Westinghouse plants and to other PWRs. 

Cheng notes that experiments and analyses by Westing
house, the Energy Thchnology Engineering Center, 
Atomic Energy of Canada Limited, and Electricite de 
France all suggest thaT RCP seal failures under loss of 
seal injection or seal cooling will occur later and result 
in lower LOCA flow rates than generally assumed in 
safety analyses and PRAs. He also discusses potential 
recovery actions discovered while performing a Level-l 
PRA on the Maanshan plant. 

If the initiating event is loss of :.ervice water (i.e., CCW 
pumps arc still available), causing loss of shell side heat 
removal in the CCW system heat exchangers, then feed 
and bleed operation of the CCW may remove enough 
heat to keep the CCPs operating, hence maintaining 
RCP seal injection flow. This is accomplished by feed
ing cold water from the condensate storage tank into the 
CCW surge tank, where it mixes with the hot CCW sys
tem inventory. The mixed water is pumped through the 
heat exchanger where some is drained off through the 

shell vent valve and the rest continues to the v<:~riom 
emergency loads, particularly the charging pumps. 

If there is not a CCW pump available, or if the CCPs be
gin to overheat, then the operator should try to establish 
alternate sources for cooling water to the CCPs. At 
Maanshan, water from a demineraliz.ed water storage 
tank (DST) can be lined up by hose to supply cooling 
water to the ECCS pumps and the containment spray 
pumps. If operation of the CCPs can be maintained, no 
seal LOCA is expected and the operator can proceed to 

a natural circulation cooldown. 

7.1 

If the CCPs fail (early or eventually), then the operator 
should initiate depressurization and cooldown of the 
RCS either a normal natural circulation coo!down or an 
eme;gency cooldown, as necessary. During the cool
down, the operators can establish alternate cooling of 
the RHR pumps from the DST and alternate RCP seal 
injection using the hydrOlest pump. The :tlternatc seal 
injection may prevent or mitigate development of the 
seal LOCA Alternate cooling to the RHR pumps may 
allow makeup to the RCS (after the depressurization) 
even if the seal LOCA develops. 

The analvsis of core damage frequency in the Zion PRA 
rebaseli~ing (Wheeler 1986) assumes that a 300 gpm 
leak will develop per pump one hour after loss of service 
wdter cooling to the seals. Once this seal LOCA occurs 
it is assumed that the core will be uncovered in one 
hour. 

Reduction or RCS pressure will reduce the leakage 
through the seals and reduction of temperature will re
duce the thermal degrad<:~tions of materials. The us~ of 
feed and bleed of CCW to protect the charging pumps 
can in turn protect the RCP seals. Th<lt protection can 
also extend to the capability to perform primary feed 
and bleed cooling. At Zion, the 550 gpm charging 
pumps have a maximum discharge head ot 2670 pstg. 
Since the lift setting for the safety relief valve~ is 
2435 psig, the feed and bleed capability exist:. even tf no 

PORVs are available. Procedures for feed and bked 
operations are in place at Zion. 
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If AC power is resrorcd afler having been lost, flow to 
the seals should be re::.tored slowly to prevent thermal 
shock to the seals, bearings and pump shafts. The op· 
era tors should defeat the automatic loading of the 
charging pumps onto the AC busses, so that flow to the 
RCP seals can be controlled by the operators. 

The Oconee PRA assumed that seal leakage could reach 
approximately 100 gpm per RCP within about an hour if 
the RCPs continue to operate without seal injection and 
either the seal return line is i.<.olated or component cool
ing fails. If the RCPs were tripped within 15 minutes, 
seal leakage is estimated to be substantially less, no 
more than 15 gpm per RCP after about an hour. 

Low pressure service water (LPSW) provides motor 
cooling to the RCPs, CCW cools the RCP thermal bar
riers, and HPI cools the RCP seals. LPSW also provides 
cooling for the HPJ pump motors and the CCW heat ex
changers. In the event of LPSW failure, backup cooling 
flow could be made available either from the LPSW of 
Units 1 and 2 or from the high pressure service water 
(HPSW), which supplies the fire protection headers in 
all three units. The HPSW normally takes suction from 
the condenser circulating water crossover line, hut a 
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100,000 gallon elevated storage tank can provide a 
backup water supply. The operator recovery actiom to 
provide backup flow to LPSW require local manual op
erations of cross-connection and/or isolation valves. 

In addition, the Standby Shutdown Facility (SSF) can be 
used to provide RCP seal cooling independent of the 
above systems. The spent fuel pool can be used as a suc
tion source for RCP seal injection and RCS makeup. 

In CE plants, CCW provides cooling to the RCP mech
anical seals, but not seal injection. 

7.3 Evaluation of the Strategy 

The strategies discusseD in this section arc mostly pre
ventive strategies, aimed at preventing or mitigating 
RCP seal LOCA<; in accident sequences involving f::Jil
urcs of the CCW system. Their implementation mes ex. 
isting plant equipment and part~ of these strategic~ arc 
already implemented at the plants considered in this 
reporL The only obvious disadvantage is the potential 
for damage to the RPV and RCS piping from the 
emergency cooldown, if it is needed. 



8 Maintaining Forced Circulation Through the Core 

8.1 Description of the Strategy 

This section considers the maintenance of forced 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 
into the accident because of vibrations caused by the two 
phase fluid it was pumping. Prior to th1s shutdown, the 
TMI-2 core was being successfully cooled by the forced 
circulation of the two phase coolant. Upon pump shut
down, the core quickly uncovered, started to heat up, 
and then to degrade. When RCP flow was reestablished 
at 174 minutes into the accident, core degradation had 
proceeded so far that the consolidated region of molten 
core was not coolable and the region of the core above it 
fragmented due to thermal shock and zirconium burning 
into a porous debris bed. 

Competing criteria affect whether RCPs should con
tinue to operate after a LOCA The pump head may 
cause inventory to be lmt through the break as a liquid 
flow, rather than a steam flow. Since steam flow v.'ill be 
limited by sonic choking of the flow, liquid break flow 
will result in greater inventory loss. If the pumps are 
tripped, then the RCS will be stagnant or naturally circ
ulating. If pressure drops in the RCS to less than the 
saturation pressure corresponding the average specific 
enthalpy in the system, then water will start flashing 
throughout the system. The resulting steam will tend to 
collect in system high points, perhaps interrupting any 
natural circulation. If the RCPs arc running, the steam 
resulting from the flashing will tend to circulate with the 
rest of the coolant as a two phase mixture. 

In the absence of serious vibration, opcrator.s should at
tempt to maintain ~orne level of forced circulation, if 
only to buy time fur other mitigative strategies. Consid
eration should be given to "toggling" or "humping" the 
RCPs, i.e., starting an RCP, bringing it up to full speed, 
then tripping it off and letting it coa~t down. This proc
ess should be continued as long as pos~ihlc, perhaps ro
tating between several of the RCPs. fu noted, running 
the pumps may cause the break flow to be liquid, in
crc:l.~ing the rate of inventory !o~~- This will also cause 

8.1 

the system to depressurize faster, eventually allowing 
makeup from the accumulators and the low pressure in
jection systems. 

Karassik (1989) recommends that operators continue 
running steam-bound boiler feed pumps until proper 
suction conditions can be re-established. This recom
mendation goes counter to accepted practice of stopping 
a steam-bound pump immediately and not restarting it 
until proper suction conditions exist. He notes that he 
knows of no authenticated 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 
theoretical reasons for this assertion. First, with the 
pump running, there is sufficient driving torque to pull 
through momentary contacts between shaft and bearing 
caused by vibration. Second, the continuing presence of 
fluid (albeit, steam) in the pump body tends to damp out 
vibrations. Third, as a pump coasts down after being 
tripped, it may pass through a critical frequenLJ', at 
which the resonance vibration will be worse than usual 
because it is undamped by liquid in the pump. By con
tinuing to operate the pump under these conditions, it is 
simply being operated as a steam compressor. In an
other context, Kara~sik notes that cavitating flow condi
tions in a pump can be mitigated somewhat by adding a 
small amount of non-condensible gas to the pumped 
fluid (Karassik ct al. 1976). In some low-pressure 
accident scenarios, operators would have aa:ess to the 
nitrogen remaining in the accumulators after the water 
in the accumulators has been blown-down into the RCS. 
Karassik notes that this strategy for mitigating cavita
tion is rarely used because of the difficulty 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 occa
sionally, may bias the flow and heat transfer regimes in 
the RCS toward natural circulation and other regimes 
offering signific·mt levels of heat removal through the 
steam generators. Recently, di Marzo ct al. (1988) 
described a thermal hydraulic regime occurring in small
break LOCAs. This regime, which they call Interrup
tion and Resumption Mode (IRM), was demonstrated 
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in a test facility prototypical of a B&W PWR. The 
authors make the following observations about this 
thermal hydraulic regime: 

1. It cannot he predicted on the ba~is of local con
ditions in the RPV, the loop seals, the OTSG, or the 
hot and cold legs; the RCS has to be treated 
integrally. 

2. The (flow) interruption phase of IRM involves the 
growth of saturated or superheated steam bubbles in 
the vessel downcomer or the cold legs that arc, tern· 
porarily, insulated from suhcoolcD wolant. 

3. The (flow) resumption phase of IRM involves the 
breakdown of that insulation and mpid condensa
tion of the bubbles, with the resulting mild water· 
hammer causing resumption of flow through the 
loop seals, the candy cane, and the OTSG. 

4. The system shows signs of chaotic dynamics. "lhts 
repeated at the same initial oonditions showed that 
bifurcations which alter the transient trajectory can 
occur." 

5. The re~umption phase produces efficient heat trans· 
fer in the OTSG, which is capable of removing all of 
the heat that had built up in the system during the 
interruption phase. 

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

Relevance of IRM to the present evaluation is specula
tive. It is po:.~ible that continued operation of the RCPs 
and continued forced circulation in the RCS (even in 
"bumping" mode) may bias the system toward.flow re
gimes such as natural circulation, "reflux" cooli'ng, or 
IRM which offer effective heat transfer through the 
steam generators. More work is needed on the true Jim
iring conditions for RCP operation and the impact of 
continued operation on loop thermal hydraulics under 
accident conditions. 
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8.2 Plant-Specific Implementation 

At the Zion plant, RCPs could be manually started and 
alloweD to coast down using normal procedures. There 
are no spcciftc restrictions in the procedures; however, if 
seal woling has been lost and reestablished, it is im
ponantto throttle back the charging pumps so that the 
sea! and pump shafts are not damaged by thermal shock. 
Thermal shock of the RCP shafts could result in shaft 
deformation which could in turn damage the RCP b}' 
causing severe vibrations. 

The obvious advantage of this strategy is that it can de
lay further core degradation and this, in turn, may 
provide the time to restore other functions that could 
limit the severity of the accident. Since there has been 
no study reponed on the effects offfbumping" the Zion 
RCPs, it is difficult to assess the trade-off between using 
this technique to delay further core damage vs. the pos
sibility of disabling the pumps, thus making them un· 
available should plant conditions change so that they 
could be r~taned. If this strategy were implemented on 
one pump at a time, rotating among the pumps, the 
chances that all pumps would be damaged beyond use 
seems very remote. 

82 

At the Oconee plant, during a loss of offsitc power, the 
RCPs are load shed. However, with the large capacity of 
the Keowee hydroelectric units, load shedding is Jess ex
tensive than for plants which use EDGs. 

The Babcock and Wilcox (B& W) abnormal transient 
operating guidelines (ATOG) provide directiOns on the 
best methods of operating the RCPs. The RCPs arc 
tripped during a small break loss of coo lam accident 
(LOCA) if the subcooling margin is lost. However, as 
long as the pumps continue to run the core will be 
cooled by the steam and water mixture circulating 
through the core. If the pumps are tripped at a later 
time, when little liquid remains in the RCS, the steam 
and water remaining in the vessel and loops will sep
arate. Steam will collect in the high points and water 
will collect in low points. If enough water doe~ not col
lect in the vessel, the core will be uncovered, will not be 



adequately cooled, and core damage will result. Based 
on the above rationale, the B&W ATOG states that the 
RCPs must be tripped immediately when the subcooling 
margin is lost, but if the RCPs arc not tripped immedi
ately (within 2 minutes of loss of subcooling margin) 
they should not be tripped at a later time and at least 
one RCP in each loop should be operated. If severe in
adequate core cooling (ICC) conditions exists the B&W 
ATOG directs that the RCPs must be restarted even if 
mechanical damage can occur. The ATOG also suggests 
"bumping" the RCPs (i.e., start and run a RCP for 
10 seconds then shut it off) to start/restart natural circ
ulation. If there is enough water in the RCS this should 
initiate natural circulation. Under saturation conditions 
"bumping" may or may not start natural circulation, but 
it will help depressurize the RCS by condensing reactor 
coolant steam in the steam generators and allow more 
HPI to flow into the system. If natural circulation docs 
not start after four "bumps" over an hour period, then 
the ATOG directs running one RCP as long as one 
OTSG is available as a heat sink. 

At Sequoyah and Zion, cooling of the pump motor 
windings is provided by air flow induced by an impeller 
attached to the pump shaft. This cooling air is cooled by 
a heat exchanger after it has passed over the windings 
(thus, the heat exchanger is really keeping the air in the 
pump enclosure cool). A routine of "bumping" the 
pumps and letting them coast down would expose the 
windings to 5-10 seconds of high heating (hecause of 
high startup amperage) followed by a couple of minutes 
of cooling with no electrical current in the windings. It 
may be possible to continue this routine indefinitely. 

The Combustion Engineering EPGs CEN-152 
(p. 1-Slff) provides guidance for tripping and restarting 
RCPs that tends to keep RCPs running in all sequences 
except the large break LOCA and a specific size range of 
hot leg LOCA 

The Generic Issue document lor RCP 1fip1Rcstart 
found in the Executive volume of the Westinghouse 
Owners Group ERGs (1983) gives the clearest descrip
tion of the Westinghouse Owners Group approach to 
usc of the RCPs during severe accidents. Basically, they 
recommend continuing to operate the RCPs during a!! 
upset and accident situations, except for the initial 
response to certain SBLOCAs, for which ca~e several 
possible RCP trip criteria are descrihed. These trip 
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criteria are preemptive, in the sense that they provide 
for an early trip of the RCPs in SBLOCA scenarios in 
which a later, inadvertent trip of the RCPs would lead to 
rapid core uncovery and cladding heatup. The criteria 
are chosen so that they will require an RCP trip in the 
specific SBLOCA scenarios, but not require an RCP 
trip in SGTR and non-LOCA transients. The document 
notes that best estimate analysis shows acceptable peak 
cladding temperature for all LOCAs and transient~. 
without tripping the RCPs, but the conservative 
Appendix K criteria require RCP trip for the specific 
range of SBLOCAs sequences. In any case, RCP opera
tion is required in the event of inadequate core cooling 
(core exit thermocouple readings above 1201PF and 
secondary system depressurization not succeeding) or 
imminent pre~surized thermal shock (when the RCPs 
are used to mix the cold safety inject flow with 
previously stagnant hot RCS inventory). If the RCPs 
have been tripped in response to a SBLOCA and the 
sequence later degrades to inadequate core cooling, the 
ERGs require restart of one or more RCPs, even if the 
RCS is highly voided. 

8.3 Evaluation of the Strategy 

The rapidity with which the situation at TMI-2 deterior
ated after minute 100 of the accident when the last RCP 
was tripped off, suggests careful consideration of RCP 
operation guidelines that focus more on protecting the 
core than. protecting the RCP. The worst thing that can 
happen from continuing to operate the RCPs in cavitat
ing and steam-binding conditions is catastrophic failure 
of one or more of the pumps. Th the extent that this (or 
these) failures create LOCAs, they will tend to depres
surize the RCS, leading toward the low pressure, large
LOCA sequences that all contemporary PWRs were de
signed to accommodate. 

Certainly, the thought that one or more RCPs were 
destroyed in an accident that might have been controlled 
by other means while protecting the RCPs would not be 
a pleasant one for the utility management. However, as 
discussed in Section 6.3, accident management decision~ 
.<.hould be made with appropriate consideration of the 
downside risk of the various alternatives. If the accident 
sequence has led to cavitation or steam binding condi· 
tions in one or more of the RCPs, then the condioonal 
probability of core melt is already much larger th<ln 
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under normal conditions. This higher conditional prob· 
ability leads to significantly higher economic and public 
safety risks in the only relevant context, that of the 
accident situation the operators are facing at that 
moment. TIICsc higher risks should tend to tilt decision 
criteria away from protection of valuable assets, such as 
the RCPs, and toward protection of the core, the con
tainment, and the environment surrounding the plant. 

1\ilJREG/CR-5856 8.4 

The Westinghouse Emergency Response Guidelines, 
the CE CEN-152, and the B&W ATOG all reflect a 
heightened awareness of the need, under some accident 
conditions, to operate RCPs under conditions of cavita
tion, flashing, and vibration that would normally require 
their shutdown. 



9 Feed and Bleed as a Severe Accident Management Strategy 

9.1 Secondary Feed and Bleed 

This strategy will not be described in detail since it is 
generally covered adequately by the EPGs and EOPs. 

9.2 Plant-Specific Implementation 

Vendor EPGs and plant EOPs and abnormal operating 
procedures (AOPs) use secondary feed and bleed as a 
strategy for continuing to cool the RCS through the 
steam generator, in the event that the main condenser i~ 
not available. Secondary feed and bleed, dumping steam 
to the atmosphere and supplying fecdwater from any 
<lVailablc source, is preferred to primary feed and bleed, 
which amounts to an operator-induced LOCi\. 

Sct:andary feed and bleed procedures are included in the 
Zion EOPs. 

At the Oconee 3 plant, the TBVs arc used for steaming 
the OTSGs and fccdwater is typically provided by emer
gency fcedwatcr. Backups 10 the emergency feedwater 
system include: 1) cross-wnnections from Units 1 and 
2, 2) service water, and 3) SSF auxiliary service water 
system (ASWS). The SSF ASWS take~ suction from the 
Unit 2 condenser circulating water line and is a com
pletely independent backup source. 

9.3 Evaluation of the Strategy 

A~ noted previously, RCS heat rejection to the ~econ
dary through the steam generators is the preferred strat
egy. It require~ a pathway for RCS heat removal 
through at least one steam generator. If possible. this is 
done with heat removal from the secondary through the 
main conden~er and with normal fcedwater supply. Ir 
heat cannot be rejected at the main condenser, then 
steam i~ dumped to the atmosphere ilnd secondary in
vemory is made up using whatever feedwater ~ources arc 
availahle (secondary feed and hleed ). If secondar;.' feed 
and bleed is successful, it should pre\cnl core melt. 

9.1 

A potential adverse effect of this strategy is the possibil
ity that feed and bleed cooling of the secondary will sub
ject steam generator tubes to thermal shock causing an 
induced SGTR sequence, with its implication of con
tainment bypass. 

9.4 Primary Feed and Bleed 

This strategy will not be described in detail since it is 
generally covered adequately by the EPGs and EOPs. 

9.5 Plant-Specific Implementation 

The Calvert Cliffs IREP PRA assumes throughout that, 
in transient-imtiatcd and small break LOCA accidents, 
the PORVs arc not capable of lowering the RCS pres
sure below the shutoff head of the HPSI!R pumps 
(1275 psi). For thb reason, most of the core melt risk
significant accident sequences are high pressure 
sequences involving an inability to implement primary 
feed and bleed cooling. One possible way of raising this 
shutoff he<ld a bit would be to align the discharge of the 
low pressure injection pumps or the containment spwy 
pumps to the suction of the high pressure pump, which 
should raise the shutoff head of the HPSI/R pump to 
around 1425 psi. This strategy would appear to he feas
ible both in the injection phase and the recirculation 
pha~e of an accident, hut would require complicated op
erator manipulations of cro~s-connecting line~. 

Primary feed and bleed procedures are included in the 
Zion EOP~. A~ already noted in Section 7.2, feed and 
bleed cooling m the CCW system may maintain cooling 
to the charging pump~. thus maintmning the capability 
for primary ked and bleed using the charging pump~ 
and the PORV~ or the letdown flow. 

For the Oconee plant. if secondary ~ide heat removal is 
not established, the Oconee ATOG directs the estab
lishment of HPJ cooling. This is accomplished by ini
ti<:~ung I !PI, opening the pressurizer PORY, and 
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running one RCP per loop (as long as adequate sub
cooling margin is maintained). 

Finally, some plants (Combustion Engineering System
SO plants) have no PORVs. For these plants, depres
suri?..ation must be implemented using heat removal 
through the steam generators or by means of feed and 
bleed cooling using the charging pumps, pressurizer 
spray, and letdown sy~tem. 

9.6 Evaluation of the Strategy 

Primary feed and bleed is a major contingent method of 
removing heat from the primary system. Its feasibility 
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and effectiveness depend on the availability of bleed 
pathways and sources of inventory makeup. At some 
plants for some accident sequences primary feed and 
bleed may be blocked by the inability to depressurize the 
plant sufficiently to permit sufficient inventory makeup. 
The major disadvantage of primary feed and bleed cool
ing is that it amounts to an operator-created LOCA, 
contaminating, heating, and pressurizing containment, 
and requiring inventory makeup to prevent core un
covery and core degradation. 



10 Creation of a Core Damage Assessment Capability 

10.1 What is Meant by Core Damage 
Assessment Capability? 

This is intended to be a collection of tools for assessing 
and drawing conclusions about the state of the core and 
the RCS by evaluating the available information in its 
entirety. It is not intended to require extensive modif
ications or additions to plant instrumentation. 

After TMI-2, the NRC required utilities to significantly 
upgrade their ability to identify and evaluate inadequate 
core cooling. All PWRs were eventually required to 
have in place redundant, qualified, Class 1 E instrumen
tation to determine subcooled margin, temperatures at 
the core exit, and RPV coolant level. Anderson (1989) 
has described industry responses to these NRC initia
tives. Combustion Engineering developed a heated 
junction thermocouple (HJTC) instrument for measur
ing RPV coolant level. Westinghouse developed a dif
ferential pressure-based level detector, the Reactor Ves
sel Level Instrumentation System (RVLIS). Afler 
review and testing by the NRC, these systems were give 
preliminary, generic approval and have been adopted by 
many CE and W owners. National Nuclear Corp. devel
oped and tested at the Farley plant a level detector 
based on ex-vessel neutron detector measurements. 
1bis was reviewed by the NRC and judged not to 
provide consistent and reliable measurement of vessel 
levels under all conditions of interest. A few plants have 
installed level detectors, developed by Thchnology for 
Energy Corp., based on strings of gamma thermometers 
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. Babcock & Wilcox (B&W) plants are using 
differential pressure-based detectors to determine both 
RPV and hot leg/candy cane levels. 

Utilities have tended to bring display of these instru
ments into the control room through the Safety Param
eter Display System. Utilities and vendors have been re
quired to test and modify the level instruments and core 
exit thermocouples, as necessary to assure adequate reli
ability and accuracy. 

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

1. provide information needed for the opera10rs to 
take pre-planned manual action.<. to accomplish safe 

plant shutdown; 

2. determine whether post-accident actions and sys
tems are performing their intended functions; 

3. provide information to the operato:s to permit 
them to determine is a gross breach of barriers to 
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 the instruments be de
signed so that they arc always on scale during and after 
an accident. They arc required to survive the accident 
environment for the length of time their function is re
quired. The Guide identifies the minimum number of 
variables to be monitored by control room operating 
personnel during and after an accident. It classifies in
struments into five types and three categories. For the 
most important variables, 'JYpe A and Category 1, the 
Guide requires that the data monitoring function not be 
susceptible to single.failurcs; that the instruments be en
ergized from station standby power; and that continuous 
indication be provided and recorded. Plants going into 
operation after June 1983 are required to meet there
quirements of the Reg Guide; plants going into opera
tion before that time are required to mc.et the require
ments with some modifications. 

1'Jken together, these post TMl-2 actions arc intended 
to assure that a rich body of information about the plant 
will be available to help operators and Technical Sup" 
port Center staff determine the appropriate course of 
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action during and after an accident. There remain, how
ever, numerous difficulties with assessing the status of a 
degrading core. lm:ore instrumentation is mostly de
signed to provide information about neutron flux levels 
and mid-core or core exit temperatures; while it is im
portant to know that the reactor is subcritical, these flux 
levels do not directly tell the operator much about the 
status of a degrading core. Thus, the operator is left 
with trying to draw conclusions about core damage pro
gression from measurements of various parameters 
taken at some distance from the core. 

All is not lost, however. Forensic analysis of ~ignals 
from the ex-vessel flux detectors during the first four 
hours of the TMI-2 accident yielded a picture of reactor 
vessel level consistent with that derived from the an
alysis of other plant data (Wu et al. 1989). Thb was pos
sible because the ex-vessel detectors responded directly 
to gamma radiation generated in the shutdown core and 
to photo-neutrons generated by interaction of the 
gamma radiation with deuterium in the coolant. For 
both these signals, the source strength and the shielding 
are affected by coolant level in the core and in the 
dov:ncomer. Adams and Berta ( !980) indicate that self
powered neutron detectors (SPNDs) can also provide 
qualitative indication of RCS coo lam density and vessel 
level. These SPNDs, present in the core of some PWRs, 
will indicate directly if the reactor has not been shut
down. If it has been shutdown, the neutron signal will 
go off-scale low, although there is some indication that 
extremely sensitive amplifiers ("pico-amplifiers") can 
measure this signal. With the reactor shut down, the 
SPNDs become much more sen~itivc to temperature 
variation than they are to neutron fluctuations. As with 
the ex-vessel flux detectors, forensic analysis of SPND 
signals provided a picture of incore tempewtures dunng 
the heat-up, dry-out, and melt-down of the TMl-2 core 
(Broughton et al. 1989) that is consistent with data from 
the core exit thermocouples. 

As indicated above, all plants have core exit thermocou
ples (CETs). They can provide valuable information 
about the condition of a degrading core, although 
Adams and McCreery (1984) report a s~;~bstantialtimc 
lag and clad temperature under-representation in the 
detection of cladding heat-up by the core exit thermo
couples in the Loss-of-Fluid Test (LOFT) facility. They 
attribute the time lag to a film of water coating the ther
mocouple, which has to he boiled away by the 
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superheated steam exiting the core before the thermo
couple can respond. The under-representation is aurib· 
utcd to intervening heat transfer from the steam to 
cladding and core internals high in the core prior to the 
steam arriving at the CET. 

Because of the joint sensitivity of flux detector~ to bO!h 
neutrons and gammas, a flux detector located under the 
RPV (or a gamma detector low in the reactor cavity) 
would respond very strongly to relocation of molten 
corium to the lower plenum. Prior to relocation, both 
neutrons <:~nd gammas are substantially shielded from 
the detector by the water in the lower plenum. After re
location, there is little shielding for either the gammas 
or photo-neutrons. Ex-vessel flux detectors, located 
outside the vessel (at, above, or below the core mid
plane), show a similar response, although much reduced, 
to core relocation. The source range monitors at TMJ-2 
showed a doubling of response at 224 minutes into the 
accident, which correlated with temperature and pres
sure indications of the relocation of molten corium to 
the RPV lower plenum. 

Mass and energy accounting combined with f1ow rate~, 
pressures, and temperatures throughout the RCS and 
containment can potentially provide a very complete 
picture of break sizes and RCS inventory. Hydrogen 
and gamma spectroscopy analysis of RCS coolant ~<~m
ples can indiGite cladding oxidation, clad failure, and 
fuel pellet temperatures. 

Implementation of this suategy would involve the crc<l
tion of calculational tools allowing the kinds of forensic 
analyses done after the TMI-2 accident to be completed 
in real-time during a future accident. This would be an
alogous to tomography, in which a detailed picture of 
plant status is "unfolded" from a collection of integral 
measurements. Specific subroutines can be developed 
to calculate I) containment pressure and temperature 
response to LOCA blowdowns, 2) heat transfer to ves
~cl. RCS, <1nd in-containment structures, 3) hydrogen 
generation as a function of clad temperature and steam 
supply, 4) ex-vessel flux detector respomc to neutron 
and gamma sources and ves~el and downcomer level, etc. 
The results of these calculations and other plant data 
can be integrated with an expert system which incorpor
ates phy~tcal, chemical, and temporal relationships that 
have to be satisfied during any developing accident. Usc 
ol the expert system would enforce a consistent o.c., 



consistent with the plant design, prior history of the 
transient or accident, and the laws of physics and chem
i~try) interpretation of the available data. 

For some phenomena, collections of measurements may 
he determined by the geometric configuration of the 
core and the recent history of water !eve!, coolant 
density, pressure, etc. This would be true of the wllec
tion of ex-core and incore flux measurements, for in
stance. Artificial neural networks (ANNs) have been 
used successfully in similar applications of adaptive 
pattern recognition. Similarly ANNs wuld be used to 
create or "capture" functional relationships between 
plant parameters and measured variables, on the one 
hand, and output variables dc~criptive of plant status 
during an accident. An artificial neural network is 
"trained" or "learns" these relationships by exposing its 
input and output "leads" to the matching input-output 
data vectors and letting the learning algorithm gradually 
build the mathematical fit that ties the corresponding 
input and output wgether. This approach has be used 
successfully to identify patterns in noisy visual data or 
audio data. Such patterns might be, for example, letters 
in optical character recognition, "targets" in radar or 
television or sonar signals, or phonemes (or syllables) in 
speech recognition. In the nuclear plant severe accident 
context, the types of pam:rns we would like to be ab!e to 
identify include: 

I. the type of accident underway, as a function of the 
set of alarm~ and the values of basic plant variables 
and 

2. the condition of the core as a function of flux, ther
mocouple, flow, pressure, and level measurements. 

As these words were being wrillen a journal article ar
rived m the mail (Klopp 1990) discussing industry ap
proaches to Individual Plant Examin,1tions (IPEs) and 
to accident management planning. On the issue of cal
culationaltooh, Klopp discusse~ several possible ap
proache~ heing considered. These include: 

1. Placing the Modular Accident Analysis Program 
(MAAP) code at each on-site and off-site 
cmergenq response IJcility. 
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2. 1Ying MAAP in with the plant computer, so that the 
input decks arc written automatically to reflect cur
rent plant status. 

3. Creating a "library" of MAAP runs that would de
pict the (calculated) plant response to a large num
ber of severe accidem scenarios. 

4. Finally, "fw]e are currenlly conducting feasibility 
studies on the potential use of artificial intelligence 
(AI) systems (including neuron hybrids) as a means 
of collecting and presenting such a mass of informa
tion .... The AI system could "learn" the library con
tent, complete with identifiers for various key condi
tions, and be available to serve as a backup to 
on-line MAAP runs." 

The neuronic hybrids referred to by Klopp would be AI 
systems containing ANNs as pattern recognizing compo
nents. The ANN components typically require lengthy 
training, but, once trained, respond very rapidly to any 
given input. As with natural neural networks (i.e., ner
vous systems), they sometime make mi~takes but 
perform very well with noisy or degraded input data, 
conditions not unlikely during a severe accident. 

10.2 Plant-Specific Implementation 

Westinghouse plants have ex-vessel flux detectors and 
movable incorc fission chamber flux detectors. The 
movable detec\Ors could apparently be "parked" below 
the vessel to detect relocation. There are abo core exit 
thermocouples. 

I3abcock & Wilcox plants have ex-vessel flux detectors, 
fixed incore SPNDs, and core exit thermocouples. Many 
of the diagnostic criteria in the B&W Abnormal Tran
sient Operating Guidelines (ATOG) emergency re
sponse guidelines (B& W 19~2; B&W 1985) are based on 
core exit thermocouple readings. 

Combustion Engineering plants have ex-ve).~cl flux de
tectors, fixed in-core SPNDs, and core exit 
thermocouples. 
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10.3 Evaluation of the Strategy 

The creation of cakulationaltools to help operators and 
technical support staff understand the evolution of a 
severe accident is widely recommended, but, to date, not 
implemented. The proposed system described in Sec
tion 10.1 is more extensive than previous recommenda
tions, but uses components which are well-understood, 
or on the way to being well-understood. The calculation 
modules or subroutines are identical to, or simplified 
versions of, modules used in today's accident analysis 
codes. The uses and limitations of expert systems are 
becoming reawnably well-understood and the knowl
edge needed to build reliable and logically valid expert 
systems is becoming more wide-spread throughout in
dust!)", academia, and the regulatory communi tv. Artifi
cial neural networks build on a body of research dating 
b<Kk 50 years and have been the subject of intensive and 
widespread research for the last ten years. 
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A substantial effort would be required to knit the tools 
described together with data derived from experiment~ 
and code analyses to form an integrated tool that could 
help operators and technical support personnel under
stand, in realtime, an evolving accident. The challenge 
is to create a tool that can do for the operators in real 
time what the TMI-2 forensic analysis did in months and 
years of experimentation, reflection, code development, 
and analysis. The potential benefits of transferring the 
developing understanding of severe accident pheno
mena from the research community to operating plants 
are also substantial. 



11 Human Factors Considerations in Severe Accident Management 

11.1 Introduction 

While considerable effort has been expended to study 
the behavior of nuclear power plants under severe ac
cident conditions and to develop strategies to deal with 
this dass of accidents, less attention has been paid to the 
human's role in carrying out the severe accident strat
egies being developed. In fact, many of the human fac
tors considerations discussed below are significant 
enough to jeopardize the success of any severe accident 
strategy. Among the most significant problems are: 

• 

The information available to plant personnel in the 
control room and Emergency Response Center dur
ing a severe accident about conditions within the 
core and in containment is often very limited and 
may be unreliable. 

The implementation of severe accident strategies 
may require the auxiliary operators, maintenance 
personnel, instrumentation technicians, and others 
to perform tasks, such as diagnosing faults and 
locally operating equipment under extreme condi
tions, without adequate technical data, prior train
ing, or experience. 

Managers at all levels in the organization will be 
faced with decision-making situations unique to 
severe accidents. 

Firm criteria will be needed for when (or if) deci
sion-making authority passes from the operating 
crew on duty at the time of the accident to the man
agement and technical personnel assembling in the 
Thchnical Support Center during the accident. 

The lack of procedures and reliable technical in
formation about plant behavior under severe 
accident conditions fundamentally changes the roles 
of plant per~onncl and the decision-making process. 

Personnel may be rc4_uired to work under condi-
1 ions of high physiological stress including heat, 
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noise, high radiation levels, high humidity, toxic 
fumes, smoke, and /or communications overload. 

11.2 Approaches to Mitigate Human 
Factors Problems 

The following approaches can make a major 
contribution to an effective severe accident management 
program: 

1. Development of decision aids for determining when 
to invoke severe accident strategies. 

2. Development, testing, validation, and verification of 
Job Performance Aids (JPAs) for severe accident 
mitigation. 

3. Development of a training program for choosing 
and implementing severe accident strategies. 

4. The design, development, and testing of special 
equipment and tools to he used by personnel 
working under hazardous conditions associated with 
severe accidents. 

11.3 Implementation of These 
Mitigating Approaches 

Since severe accidents by definition go beyond the 
design-basis accidents and off-normal events covered by 
technical guidelines and procedures, the mechanism.~ 
that have been developed for utilities to respond to 
emergencies may require extensive adaptation to the 
unique circumstances of severe accidents. These 
adaptations will include the development of job 
performance aids that differ in their basic orientation 
from conventional EOPs. Existing decision aids such as 
the Safety Parameter Display System (SPDS) may 
require modification of the organizational structure 
developed on the basis of NUREG-0654 for responding 
to emergency events. 
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Approach # 1: Decision Aids for Dec!an·ng Severe 
Accident Status 

One of the most important factors in implementing any 
strategy for severe accident management is deciding 
when and who makes the decision that it is time to deal 
with the situation at hand a~ a severe accident. This key 
decision will determine when the focus of activities will 
shift from "normal" procedures for dealing with emer
gencies and off-normal events to implementing strat
egies to deal with core melt, core displacement, and 
severe challenges to containment integrity. The lack of 
reliable information on the status of the core can make 
this a very difficult decision. Thus, problem recognition 
becomes a matter of making a judgment based on multi
ple data sources, most of which are indirect and of un
known validity. 

Since humans arc relalively poor at making complex de
cisions under conditions of stress and limited informa
tion (although humans arc arguably better at it than 
anything else but post facto investigating commissions), 
a useful approach would be to develop decision aids. 
Any dependence of these decision aids on particular 
computational resources or plant instrumentation needs 
careful consideration, since both may be unavailable in 
some severe accidents such station blackouts. There arc 
several possible approaches to this depemlcncc. A 
series of graphs or nomographs could be developed that 
represent various severe accident scenario~. These 
would be hased on plant data that would be available at 
some point in the event sequence, such as data trends 
over time (e.g., temperature, pressure, status of injection 
systems, etc.). Calculations can be implemented in pro· 
grams than run on programmable calculators or battery
powered portable computers. 

In order to develop a problem recognition decision aid, 
a process of knmvlcdge engineering must take place. 
This include.-; identifying the relevant phystcal param
eter~ in the plant, time constants for consideration, al
ternate sources of data should the plant information sys
tems fail, and development of decision rule~. This laller 
step would be based both on analyses of past severe 
accidents, on-going research, and modeling exercises. 
A<i with all decision aids, the feasibility of a severe 
accident problem recognition aid depend~ on the thor· 
oughne~:-. of analy~i~. Since all possible contingencies 
cannot he anticipated, the development of decision aids 
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should concentrate on heuristic~. i.e., general rules for 
assessing the plant state. The effectiveness of such deci
sion aids can be evaluated in exercises in which per
sonnel attempt to diagnose plant status and take actiom 
using the decision aids. 

The goal in the development of this decision aid would 
he to design, develop, and test relatively simple deci
sions aids in the form of graphs, nomographs, decision 
matrices, decision trees, simple thermal hydraulic cal
culations, or similar devices that would be independent 
of the availability of plant computers or plant power. 

Approach #2: Job PeJf()mJUncc Aids for Accident 
Muigation 

Once it is recognized that a severe accident is in prog
ress, steps must be taken to minimize the probability of 
major releases that endanger public safety. It is unlikely 
that elaborate step-by-step written procedures would be 
meful in scv.::re accident scenarios, even if they could be 
developed. Rather, the strategy should he to develop 
JPAs to facilitate accident management hy aiding both 
the inductive and deductive reasoning processes of the 
decision-makers. The step-by-step sequences of actions 
used in conventional operating procedures should be 
minimized. The tendency to skip or alter steps will he 
enhanced hy the stressful circumstances of the accident; 
the in-plant environment may not be conducive to pro
longed occupation hy operators or provide the comh· 
tions for detailed actions. 

The most appropriate JPA would resemble the expert 
systems that have proved so effective for medical diag
nostics. These JPAs guide the person's thinking by a 
series of questions and instructions. These system also 
include the capability to supply to the user the logic he
hind each sequence should the user ask for it. If imple
mented on computers, they can provide multiple possi
ble diagnos~ and an estimate of the likelihood of each 
being true. TI1eseJPA~ should be located with the sys
tems and equipment in the locations where they are 
most likely to be used. 

More conventional JPA\ would be used for more con
ventional tasks. For example, in using alternative means 
for pumping water, instructions may be reyuircd for 
making unconventional crms-over connections and 
starting the pump. These instrurtions ~hould be Jm·,1tcd 



with or on the pump and should make heavy use of 
graphics to illustrate the proce::.s. Any special tools 
must also be prepositioned. Detailed task analysis of 
personnel actions for each accident mitigation strategy 
will help to identify the most appropriate form of JPA 
to facilitate personnel response. Within this context, 
the severity of the environment will need to be ronsid
ered, since multiple human resources may be required to 
provide breaks for others who have worked up to their 
threshold level of exposure to heat, smoke, radiation, or 
noise. In this context, one of the plants ronsidered in 
this report has a procedure for connecting a portable 
pump to one of the plant systems. The necessary flex
ible hoses for making the connections arc on location 
and color coded, red for the supply flow path :md green 
for the drain flow. This color-coding might still be dif
ficult to use in conditions of poor visibility. 

Approach # 3: Develop Training Programs for Severe 
Accident Management 

Power plant personnel receive a diversity of training. 
For purposes of this di::.cussion, it will be assumed that 
the training received by the operators and other tech
nical personnel is sufficient for normtll conditions and 
emergencies that do not meet the definition of a severe 
accident. Included in this training arc information and 
exercises designed 10 facilitate emergency response. 

A training strategy for severe accident mitigation would 
enrompass operating personnel ami their super\'isors, 
management, and support personnel; each of thc~c ~taff 
categories will have functions in a severe accident that 
may differ from their responsibilities during non-severe 
accident conditions. 

'Training for personnel directly involved with severe 
accident managemenl would emphasize <m understand
ing of the physical and chemical processes associated 
with severe accident scenarios. It would form the basis 
for understanding the mitigation strategies and for the 
decisions on which strategies to implement. This type of 
training would differ fundamentally from conventional 
tmining by emphasizing the ability to conceptualize 
what is going on in the vessel and in containment, based 
on a limited number of clues, some of which arc of 
dubious reliability. An important feature of the training 
would be imparting knowledge of which data sources arc 
mmt likely to be reliable under a given ~ct of condition~ 
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and which are most likely to be unreliable. The training 
would also develop skills in pattern recognition using 
limited data and help create a "cognitive mapping" of the 
mmt likely status of the core and the RCS. 

A training program that is somewhat analogous to the 
type needed for severe accident management is the ~con
fidence course" type training developed by the military. 
The basic idea is that a group of people are presented 
with a very difficult task and are given very limited, 
seemingly inadequate resources. Their task is to devise 
innovative strategies to achieve their goals. This type of 
training could be devC!oped for severe accident 
scenarios. 

Training of management personnel--those not directly 
responsible for operating the plant--represents a dif
ferent set of problems. People who have studied there
sponse of management under severe accident conditions 
agree that many managers who function well under 
normal conditions are ill-equipped to handle severe 
accident situations. Medvedev (1991) argues that the 
plant manager and the operating crew chief at Cherno
byl continued to order inappropriate responses to the 
accident for approximately 24 hours, because they were 
unwilling to believe accurate reports of conditions in the 
plant. Most experts agree that the most important func
tions of managers arc to act as filters, buffers, and facil· 
ita tors for the operational personnel who are dealing 
with the accident directly. The problem is that there has 
been little or no research on the type of training needed 
to develop effective strategies for these managers. 

Approach #4: The design, development, and testing of 
special tools and equipmcmto be used by personnel work
ing under hazardous condicions associated with severs 
accidents 

Experiences at TMI-2 and during the fire at Browns 
Ferry give u~ wme insight into the type of conditions 
that could be expected during severe accidents. 

During the fire al Browns Ferry, personnel were dis
patched to the equipment room in the reactor building 
to lift leads and install jumpers. They encountered 
den~e smoke and toxic fumes that reduced visibility to 
inchc~. The requirement to wear breathing apparatus 
made movement within confined areas difficult. It was 
difficul! to lind the right cabtnet and even more difficult 
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to identify the correct lead to lift or jumper. Communi
cations with the control room were almost impossible, 
so it was hard to determine that the correct actions had 
been taken. 

During the TMI-2 accident, personnel were dispatched 
to the auxiliary building and into the reactor building a 
number of times to operate controls, read thermocouple 
voltages and take readings of radiation levels. Radiation 
levels reached high levels(> 1,000 mR!hr) and tempera
tures in the auxiliary building reached I70°F. The inves
tigators noted that radiation protection procedures were 
extremely lax and that actions of the people while in 
high radiation areas violated technical specifications. 
Had the radiation protection rules heen followed, entry 
into the auxiliary building would have been prevented or 
severely restricted. 

As the ~pecific approaches and JPAs to be used by per
sonnel in performing the tasks arc developed, informa
tion on the environment in which personnel may have to 

work will also be described. As these environments arc 
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identified their impact on human performance can be 
assessed. The need for special tools and equipment to 
protect personnel and make it possible for them to per
form the required tasks will also be idemified. An ex
ample of this type of personal protective equipment is 
the "cool suit" developed for use in the post-TMI re
covery effort. PNL recemly submitted a draft report to 
the NRC entitled "Review of the Impact of Environ
mental Factors on Human Performance." This report 
supports the preparation of performance specifications 
for both special tools and personal equipment that may 
be required for severe accidenl management. 

Prior to the decision to actually begin the development 
of special tools and equipment, a detailed and exhaus
tive search should be made of items already developed 
for other industries and the military. 

In any case, it is vital that good task and human 
performance information be obtained so that the 
performance specifications reflect the real requirements 
of the human clement of strategy implementation. 



12 Conclusions 

The objectives of this report were twofold: first, to de
termine the current understanding and practice in the 
Pressurized Water Reactor (PWR) Emergency Proce
dure Guidelines (EPGs), as it may relate to severe 
accident management; and second, to identify and eval
uate strategies for mitigating the effects of severe 
accidents during the in-vessel pha~c of the accident, 
which is defined as being after the initiation of core deg
radation and prior to the failure of the reactor vessel. It 
is well-known that the EPGs arc success-orlcnted, and 
they indeed provide success paths to deal with many of 
the critical accident sequences discussed in the report. 
In addition, many of the preventive (i.e., tending to pre
vent the initiation of core melt) strategies identified in 
NUREG/CR-5474 have been implemented, either en
tirely or partially, in the EPGs. However, the EPGs are 
not designed to provide guidance to the operator~ in re
sponse to the severe core damage accidents in which 
nothing works (or not enough things work) and core 
damage initiates. The functional operating guidelines 
dealing with inadequate core cooling and containment 
integrity do offer some guidance that would be useful 
during the in-vessel phase of a severe accident. 

The vendor EPGs provide minimal guidance for the 
evaluation of human factors issues that will impact the 
ability of control room operators and in-plant opera
tions and maintenance personnel to carry out the ac
tions required under accident conditions; e.g., high tem
peratures, moisture, and radiation levels, with possibly 
impaired visibility. The Westinghouse ERGs do note 
some of the points at which utilities may have difficult 
decisions as to the capability of non-control-room staff 
to implement in-plant actions. 

The fact that an accident has progressed to initiation of 
core damage implies some or all of the following plant 
conditions: 

1. Several major plant front-line or support ~ystems 
arc unavailable or degraded. 

2. Environmental conditions in containment are de
graded, implying difficulty in carrying out ~orne 
desired plant system manipulation~. 

12.1 

3. Quality of the operator's knowledge of plant status, 
and particularly core status, is deteriorating. 

4. The core may still be critical. 

5. AC power may be unavailable, with DC power 
degrading. 

6. The situation in the control room may be chaotic, 
with personnel present who are not normally in the 
control room and plant conditions that have been 
experienced only during training sessions, if at all. 

7. Decision making responsibility and authority may 
not be Clearly defined. 

Even with these deteriorating conditiOQ<;, there are clear 
actions that operators can take to prevent or mitigate 
further plant degradation. First and foremost, get the 
reactor subcritical, if it isn't already. Second, get water 
into the vessel by any means possible (although there is 
a hierarchy of preferred means). Third, if possible, 
maintain the secondary system as a heat sink for the pri
mary system, Fourth, if electrical power is degraded or 
unavailable, do everything possible to restore it. Fifth, a 
number of relatively modest preventive and mitigative 
efforts may have a significant impact on plant risk. 
These include the flexibility to use portable AC power 
generators and portable self-powered pumps to supply 
water or power critical equipment. Also included is the 
use of feed and bleed flow in the service water system 10 
maintain cooling of the centrifugal charging pumps, 
hence maintaining RCP seal injection and/or RCP seal 
cooling. Sixth, if the core is truly endangered, the opera
tors should be prepared to sacrifice any other plant sys
tems to the goal of minimizing the damage to the core 
and the threat to containment. 

The arguments supporting RCS depressurization prior 
to vessel breach are persuasive. Early depressurization 
gets the plant closer to the accident conditions it was de
signed for, hut may accelerate core degradation by com
parison with remaining at high pressure. The analy~is of 
Hanson et al. (1990) strongly suggests that late depres
~urization is preferable 10 early depressurization, 
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preferable in the sense of leading to delayed initiation of 
core degradation and lower hydrogen generation. Early 
or late depressurization should significantly reduce the 
risk associated with high pressure melt ejection and 
direct containment heating. 

Improved knowledge of the status of a degrading core 
might improve the quality of accident management 
This improved knowledge will require calculational 
tools that can integrate plant data with knowledge of the 
plant design to choose those descriptions of plant status 
that are consistent with rhe data and the time history of 
the accident--and do it all in real time. 

F1ooding the reactor cavity to the top oftheRVP lower 
head may improve heat removal from the outer surface 
of the lower head enough to prevent creep-rupture fail
ure of the lower head after relocation of part of the 
molten corium to the lower plenum. 
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Continuing to operate RCPs and maintain forced flow 
through the ves~el (under conditions that put the RCPs 
at risk) may prevent or mitigate core damage or may buy 
time for actions to recover or protect containment or 
protect the public. For some LOCA~, this choice may 
increase the rate of inventory loss from the break, thus 
requiring increased makeup flow. 

Thus, this work has identified several strategies, which 
extend beyond the EPGs into the severe accident 
regime, that will mitigate the seriousness of evenb and 
their consequences during the in-vessel phase of severe 
accidents. Further work in this area can be expected to 
better define the feasibility, effectiveness, and potential 
disadvantages of these strategies in the comext of appli
cation to specific plants. 
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Appendix A 

Westinghouse Large, Dry Containment Plant - Zion 

A.l Critical Accident Sequences 

Critical accident sequences for a large, dry containment plant were determined using information from NUREG/CR-
4550, Vol. 7, Core Damage Frequency from Internal Events. This NUREG report documents the probabilistic risk 
assessment (PRA) performed on Zion Unit 1 in support ofNUREG-1150. Additional information was inferred from 
the Westinghouse Owner's Group Emergency Response Guidelines (ERGs), High-Pressure Version, Revision 1, 
September 1, 1983. Zion is one of the Westinghouse "high-pressure" plants; that is, it has a safety related, fully 
qualified, charging system available to inject water in accidents where the reactor coolant system (RCS) pressure stays 
near the relief valve setpoints. 

A.l.l Core Melt Risk 

The following 17 sequences were identified in the Zion PRA as dominating the risk of core melt: 

Z-1 Loss of component cooling water (CCW), causing loss of cooling to the RCP seal thermal barriers and 
eventually inducing an RCP seal LOCA In addition, loss of CCW flow to the charging and safety injection 
(SI) pumps will cause their failure. Containment cooling remains available, but wre damage results from an 
inability to replace primary coolant. This sequence accounts for 79.4% (!!)of the total core damage frequency 
(CD F) calculated in the PRA The sequence leads to early core damage and vessel failure with the RCS at 
high pressure, with containment systems functioning. 

Z-2 Small-break LOCA ( <2 in.) followed by failure of the recirculation system to provide high-pressure SI into 
the primary system. The dominant contributor to this sequence is human error in switching the low-pressure 
suction lines from injection to recirculation. This sequence accounts for 10.6% of the CDF and leads to \ate 
core damage and high pressure RPV failure with containment systems functioning. 

Z-J Large-break LOCA followed by an independent failure of \ow-pressure Sl into the primary system during the 
recirculation phase. The dominant contributor is human error in realigning the \ow-pressure injection (LPl) 
system suction valves from injection to recirculation. This sequence accounts for 3.2°/r, of the CDF and leads 
to a late, low pressure RPV failure with containment systems functioning. 

Z-4 This sequence is identical to sequence Z-3 except the initiating event is a medium-break LOCA It accounts 
for 3.2% of the CDE 

Z-5 Loss of AC power; independent failure of auxiliary feedwater (AFW) system; failure of feed and bleed; failure 
to restore offsite power in 1 h but recovery before 4 h. The dominant contributors to this sequence are human 
error in implementing feed and bleed and random failures of the AFW system. This sequence accounts for 
1.4% of the CDF and leads to early, high pressure RPV failure with containment systems functioning because 
of the restoration of AC power. 
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Z-6 Large-break LOCA and failure ofLPI. The primmy contribu!Or is hum.:~n error in leaving cert<Jin motor
operated valves (MOVs) closed after testing the LPI system. This sequence <Jccount~ for 0.9r;..s of the CDF ami 
leads to early, low pressure failure of the RPV with containment systems functioning. 

Z· 7 This sequence is the same as sequence Z-5 except AC power is restored between 4 and 8 h. This sequence 
accounts for 0.3% of the CDF and leads to early, high pressure failure of the RPV AC power is restored early 
enough to allow successful functioning of containment systems. 

Z-8 Loss of AC power, causing loss ofCCW and service water system (SWS); power restored in more than l hand 
Jess than 4 h. An RCP seal LOCA is induced. CCW/SWS arc recovered afler restoration of AC power; 
however, core melt has already occurred. The dominant contribu!Ors arc hardware and m<~intcnance failures 
in CCW, SWS, and diesel generators (DGs). This sequence account~ for 0.2% of the CDf' and leads to early, 
high pressure RPV failure with successful functioning of containment systems. 

Z-9 Same as sequence Z-8 except for the unrecoverable failure of the SWS. An RCP seal LOCA is caused by loss 
of CCW, which is caused by the unrecoverable loss of the SWS. The permanent loss of the SWS also resulis in 
failure of containment systems. Dominant contributors to this sequence arc common-cause failures of the 
SWS. This sequence accounts for 0.2% of the CDF and leads to early, high pressure faih1rc of the RPV and 
early containment failure. 

Z-10 Loss of AC power, causing loss ofCCW and SWS followed by induced RCP seal LOC'A; f:~ilurc to restore 
power in R h, causing failure of containment sprays and fan coolers. This sequence accounts for O.l'!'r of the 
CDF and leads to early, high pressure RPV failure and early contllinmcnt failure. 

Z-11 Loss of AC power, C<:lusing loss of CCW and SWS: AC power restored after 4 hand before 8 h. This sequence 
is similar to sequence Z-8. An RCP seal LOCA does occur and restoration of AC power docs not occur soon 
enough to prevent core melt. AC power is restored in time to prevent failure of containment. This sequence 
accounts for 0.1% of the CDF and leads to early, high pressure RPV failure with succes.<.ful functioning of 
containment systems. 

Z-12 Loss of offsite AC power and partial failure of emergency AC power with no recovery within 8 h, causing 
failure of SWS. This sequence is similar to sequence Z-10 except that RCP seal LOCA and the loss of CCW 
arc caused by loss of SWS. The failure to res10re AC power within 8 h results in complete loss of containment 
systems. This sequence accounts for 0.1% of the CDF and results in c<:~rly, high pressure failure of the RPV 
and early failure of containment. 

Z-13 Same as sequence Z-12 except containment fans fail directly as a result of the loss of AC power rather than as 
a result of a loss of cooling to the chillers. Since AC power is not res!orcd in 4 h, an RCP seal LOCA will 
occur. This sequence accounts for 0.07% of the CDF and leads to early, high pressure f;tilure of the RPV with 
partial success of containment systems. 

Z-14 lnterfacingsystems LOCA. In this sequence two MOVs in the residual heat removal (RHR) syste.m fail to 
isolate !ow-pressure piping from the high-pressure RCS. Although the simultaneous failure of two MOVs is a 
low probability event, it was included because this failure directly byp<Mes containment. This sequence 
accounts for 0.07% of the CDF and can lead to eilher early or late failure of the RPV Containment is 
already bypassed at the time of core damage initiation. 

Z-15 Failure of DC bus 112 causing loss of one power-operated relief valve (PORV) and ln~s of AC hus 148:Jnd 
failure of AFW. Failure of DC bus 112 causes loss of main fecdwa\Cr (MFW) and a reactor trip. Containment 
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systems succeed. Although feed and bleed might be feasible without any functioning PORVs, this sequence 
indudes loss of feed and bleed because of the loss of one PORV 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 RPY with containment systems functioning. 

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

Z-17 Loss of offsite power and degraded emergency AC power, causing CCW failure; failure to recover full AC 
power or stan faulted DGs in 8 h. In this sequence, an RCP seal LOCA occurs in a manner similar to 
sequence Z-8. This sequence is comprised of degraded AC power scenarios which allow the SWS and 
containment fans and cooling systems to succeed. This sequence accounts for 0.03% of the CDF and leads to 
early, high pressure failure of the RPV with successful functioning of containment systems 

A.1.2 Public Risk 

Accident sequences that resulted in the failure of containment systems arc considered to present a risk to the puhlic. 
These sequences arc Z-9, Z- 10, Z-12, Z-13, and Z-14. 

A.l.3 Challenges to Safety Functions 

There are six critical safety functions identified in the Westinghouse ERGs: 

(1) Reactor subcriticality. 

(2) Core cooling. 

(3) Re<lctor pressure vessel (RPY) integrity. 

( 4) Primary system heat sink (i.e., the secondary system). 

(5) Containment integrity. 

(6) Primary system inventory. 

Al\17 sequences in the Zion PRA represent a threat to some of the critical safety functions. Other events that would 
also pose a threat to the safety functions are pressurized thermal shock (PTS), anticipated transient without scram 
(ATWS), and steam generator tube rupture (SGTR). 

A.l.4 Threats to Safety Systems 

Each of the 17 sequences in the Zion PRA poses a threat to safety systems. The PRA sequences represent the 
combination of failures of a number of safety systems. Some events involving the failures of support systems also 
represent a threat to safety systems, i.e., failure of CCW or SWS, station blackout, and SGTR. In addition, seismic 
events, llres, and internal flooding threaten s<tfety systems. 
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A.2 ERG Coverage of the Critical Accident Sequences 

A.2.1 Methodology 

Critical accident sequences were identified in NUREG/CR-4550, Vol. 7, Analysis of Core D<~mage Frequency from 
Tnternal Events: Zion Unit I. Each sequence was analyzed to determine what components and systems were affected 
(in many cases this was included in the PRA). The Westinghouse Owner's Group ERGs were analyzed to determine if 
they provided information and direction to adequately handle or at least provide some help in responding to the 
critical accident sequences. The Westinghouse ERGs contain both event- and safety function-based guidelines, and 
both types were included in the analysis. The event-based guidelines have EXX-y.z numbering; the safety function
based guidelines have FX-y.z numbering (where X represents various letters andy and z represent various numbers). 

The analysis showed that the ERGs provide significam guidance, particularly for those sequences that have a large 
human error component (such as sequences Z-2 and Z-3). This is not surprising since the ERGs provide guidance for 
the development of Emergency Operating Procedures (EOPs), which, by definition, specify appropriate operator 
anions in various ~ituations and scenarios. In addition to the PRA sequences summarized below, there are other 
event~ (e.g., SGTR. ATWS, :Jnd PTS) that abo represent threats to public safety, safety func!ions and safety systems. 
These threats arc identified in Sect ions A. 1.2 through A.l.4. For these threats, the ERGs comai n specific guidance. 

A.2.2 Summary of ERG Guidance for Each of the Sequences in the Zion PRA 

Sequence Z-1 (Loss of CCW) 

The Function Restoration (FR) Procedures FR-C.I and FR-C.2 deal with inadequate core cooling and degraded core 
cooling. The guidance in these procedures is limited to atlempts to restore systems that will provide coolant to the 
core. The only steps that would temporarily provide a limited amount of coolant arc those for depre~surizing and 
injecting the coolant into the vessel from the SI accumulators. At this point the FR Procedures exit to the event-based 
procedure, E-1, LOSS OF REACTOR OR SECONDARY COOLING. No additional help was found in this 
procedure. 

Sequence Z-2 (Small-break LOCA and high-pressure recirculation failure) 

Both FR Procedures and Optimal Recovery Guidelines (ORGs), which are the event-based guidelines, provide steps 
to rec~tablish high-pressure safety injection (HPSI). 

Sequence Z-3 (Large-break LOCA and low-pressure recirculation failure) 

The ERGs contain steps to establish and verify low-pressure injection. Although these steps do not explicitly swte that 
the operators should ensure that the suction valves are in the proper position, step~ can he taken to initiate injection 
by the LPI ~ystcm. 

Sequence Z-4 (Medium-break LOCA and tow-pressure recirculation failure) 

Same a~ sequence Z-3. 

Sequence Z-5 (Loss of AC power, failure of AFW, failure of feed and bleed, 
and power not recovered in 1 h) 
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Guidelines for loss of all AC power are contained in Section ECA-0.0 of the ERGs. The guidelines rely on the ability 
to reestablish AFW or, failing that, to depressurize and use feed and bleed. No guidance is given for the conditions in 
this accident sequence. 

Sequence Z-6 (Large-break LOCA and LPI failure) 

As is the case with other sequences in which the primary factor contributing to the probability of the sequence is 
human error, the ERGs provide steps to initiate the system required (i.e., the LPI system). The ERGs contain steps 
for dealing with a large-break LOCA (ERG E-1), and these would be effective once LPI were restored. The actual 
testing ofMOVs and the proper lineup for the MOVs after testing should be contained in a normal operating 
procedure or a sutveil\ance procedure. 

Sequence Z-7 (Loss of AC power, failure of AFW, failure of feed and bleed, 
and power not recovered in 8 h) 

Sequence Z-8 (Loss of AC power, temporary loss of CCW and SWS, power and 
systems restored between 1 and 4 h, but not before core damage occurs) 

Sequence Z-9 (Loss of AC power, permanent loss of SWS and CCW) 

Guidelines for loss of power are contained in Section ECA-0.0 of the ERGs. However, the ERGs do not provide 
guidance for the combination of conditions descnbed in these three sequences. 

Sequence Z-10 (Loss of power, Joss of CCW and SWS, power not restored in 8 h) 

This sequence results in both core damage and a severe challenge to containment. The ERGs do not provide any help 
in dealing with the loss of all component cooling and service water systems. Likewise, the ERGs provide no guidance 
for dealing with maintaining containment integrity without sprays and cooling fans. Presumably plant AOPs provide 
guidance for response to loss of AC power, CCW, and SWS. 

Sequence Z-11 (Loss of AC power, temporary loss of CCW and SWS, power and systems 
restored between 4 and 8 h, but not before core damage occurs) 

Sequence Z-12 (Loss of offsite power and partial failure of emergency AC 
power, permanent Joss ofSWS, and power not recovered in 8 h) 

Sequence Z-13 (Loss of offsite power and partial failure of emergency AC power, loss 
of SWS, containment fans failed, and power not restored in 8 h) 

Guidelines for loss of power are contained in Section ECA-0.0 of the ERGs. However, the ERGs do not provide 
guidance for the combination of conditions described in these three sequences. 

Sequence Z-14 (Interfacing systems LOCA) 

ERG ECA-1.2, LOCA OUTSIDE CONTAINMENT, provides procedural guidance for actions to identify and isolate 
a LOCA outside containment. The major action categories in ECA-1.2 are: 

A.S NUREG/CR-5856 



Appendix A 

(I) Verify proper valve alignment. 
(2) Identify and isolate break. 
(3) Verify that the break is isolated. 

If the operator succeeds in isolating the LOCA, control transfers to ERG E-1, LOSS OF REACTOR OR 
SECONDARY COOLANT; if the LOCA cannot be isolated, then control transfers to ECA-1.1, LOSS OF 
EMERGENCY COOLANT RECIRCULATION, since there will not be any inventory in the containment sump to 
provide recirculation capability. Diagnosing the interfacing LOCA, identifYing the location, and isolating the break 
are difficult tasks, and the ERGs provide only minimal guidance. 

Sequence Z-15 (Loss of DC hus 112, failure of AC bus 148, and failure of AFW) 

ERG E-0, REACTOR TRIP OR SAFETY INJECTION, and ECA-0.0, LOSS OF ALL AC POWER, provide 
guidance on switching from normal to both emergency AC and DC buses given loss of main and auxiliary feedwater. 
The ERGs contain guidance in a number of places on the operation of POR Vs. 

Sequence Z-16 (Loss of AC power and permanent loss of SWS) 

No ERG guidance is available beyond handling the initial power failure and subsequent loss of SW and CCW. A~ AC 
power is not restored before 4 h, an RCP ~ea! LOCA occurs and coolant continues to be lost with no guidance that will 
prevent core damage. Recovery of AC power within 8 h results in containment success. 

Sequence Z-17 (Loss of AC power, CCW failure, and power not restored in 8 h) 

Guidelines for loss of power are contained in Section ECA-0.0 of the ERGs. However, the ERGs do not provide 
guidance for the combination of conditions described in this sequence. 

A.3 ERG Coverage of "A" Strategies 

The "A" strategies were studied extensively by Brookhaven National Laboratory and Pacific Northwest Laboratory 
during FY 1989. The results of this study are documented in NUREG/CR-5474, A~sessment of candidate Accident 
Management Strategies. This section uses the strategy numbering system of NUREG/CR-5474 and evaluates the 
extent to which the Westinghouse ERG~ cover the proposed strategies. 

Strategy 2.1 (Reduce Containment Spray Flow Rate to Omserve Water for Core Injection) 

ERG ECA-1.1, LOSS OF EMERGENCY COOLANT RECIRCULATION, provides for terminating flow to 
containment sprays and throttling core injection flow to conserve refueling water storage tank (RWST) inventory, in 
situations in which the operators cannot establi~h recirculation flow. The same ERG also provides Tor the use of all 
available fan coolers to reduce the need for containment spray. 

Strategy 2.2 (Enable Early Detection, Isol<:~tion, or Otherwise Mitigate the Effects of an Interfacing Systems 
LOCA) 

The Section A.2 evaluation of Sequence Z-14 describes the ERG coverage of the interfacing systems LOCA. 

Strategy 2.3.2 (Refill Refueling Water Storage llmk with Borated Water) 
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Guidelines for loss of all AC power are comaincd in Section ECA-0.0 of the ERGs. The guidelines rely on the ability 
to reestablish AFW or, failing that, to depressurize and usc feed and bleed. No guidance is given for the conditions in 
this accident sequence. 

Sequence Z-6 (Large-break LOCA and LPI failure) 

As is the case with other sequences in which the primary factor contributing to the probability of the sequence is 
human error, the ERGs provide steps to initiate the system required (i.e., the LPI system). The ERGs contain steps 
for dealing with a large-break LOCA (ERG E-1 ), and these would be effective once LPI were restored. The actual 
testing of MOVs and the proper lineup for the MOVs after testing should be contained in a normal operating 
procedure or a surveillance procedure. 

Sequence Z-7 (Loss of AC power, failure of AFW, failure of feed and bleed, 
and power not recovered in 8 h) 

Sequence Z-8 (Loss of AC power, temporary loss of CCW and SWS, power and 
systems restored between 1 and 4 h, but not before core damage occurs) 

Sequence Z-9 (Loss of AC power, permanent loss of SWS and CCW) 

Guidelines for loss of power are contained in Section ECA-0.0 of the ERGs. However, the ERGs do not provide 
guidance for the combination of conditions described in these three sequences. 

Sequence Z-10 (Loss of power, loss of CCW and SWS, power not restored in 8 h) 

This sequence results in both core damage and a severe challenge to containment. The ERGs do not provide any help 
in dealing with the loss of all component cooling and service water systems. Likewise, the ERGs provide no guidance 
for dealing with maintaining containment integrity without sprays and cooling fans. Presumably plant AOPs provide 
guidance for response to loss of AC power, CCW, and·SWS. 

Sequence Z-11 (Loss of AC power, temporary loss ofCCW and SWS, power and systems 
restored between 4 and 8 h, but not before core damage occurs) 

Sequence Z-12 (Loss of offsite power and partial failure of emergency AC 
power, permanent loss of SWS, and power not recovered in 8 h) 

Sequence Z-13 (Loss of offsite power and partial failure of emergency AC power, loss 
of SWS, containment fans failed, and power not restored in 8 h) 

Guidelines for lms of power are contained in Section ECA-0.0 of the ERGs. However, the ERGs do not provide 
guidance for the combination of conditions described in these three sequences. 

Sequence Z-14 (Interfacing systems LOCA) 

ERG ECA-1.2, LOCA OUTSIDE CONTAINMENT, provides procedural guidance for actions to identify and isolate 
a LOCA outside containment. The major action categories in ECA-1.2 are: 
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(1) Verify proper valve alignment. 
(2) Identify and isolate break. 
(3) Verify that the break is isolated. 

If the operator succeeds in isolating the LOCA, control transfers to ERG E-1, LOSS OF REACTOR OR 
SECONDARY COOLANT; if the LOCA cannot be isolated, then control transfers to ECA-1.1, LOSS OF 
EMERGENCY COOLANT RECIRCULATION, since there will not be any inventory in the containment sump to 
provide recirculation capability. Diagnosing the interfacing LOCA, identifying the location, and isolating the break 
are difficult tasks, and the ERGs provide only minimal guidance. 

Sequence Z-15 (Loss of DC bus 112, failure of AC bus 148, and failure of AFW) 

ERG E-0, REACTOR TRIP OR SAFETY INJECTION, and ECA-0.0, LOSS OF ALL AC POWER, provide 
guidance on switching from normal to t-ooth emergency AC and DC buses given loss of main and auxiliary fecdwater. 
The ERGs contain guid:mcc in a number of places on the operation of PORVs. 

Sequence Z-16 (Loss ot AC power and permanent loss of SWS) 

No ERG guidance is available beyond handling the initial power failure and subsequent loss ofSW and CCW. As AC 
power is not restored before 4 h. an RCP seal LOCA occurs and coolant continues to be lost with no guidance that will 
prevent core damage. Recovery of AC power within 8 h results in containment success. 

Sequence Z-17 (Loss of AC power, CCW failure, and power not restored in 8 h) 

Guidelines for loss of power are contained in Section ECA-0.0 of the ERGs. However, the ERGs do not provide 
guidance for the combination of conditions described in this sequence. 

A.3 ERG Coverage of"A" Strategies 

The "A" strategies were studied extensively by Brookhaven National Laboratory and Pacific Northwest Laboratory 
during FY 1989. The results of this study are documented in NUREG/CR-5474, Assessment of Candidate Accident 
Management Strategies. This section usc~ the strategy numbering system of NUREG/CR-5474 and evaluates the 
extent to which the Westinghouse ERGs cover the proposed strategies. 

Strategy 2.1 (Reduce Containment Spray Flow Rate 10 Omserve Water for Core Injection) 

ERG ECA-1.1, LOSS OF EMERGENCY COOLANT RECIRCULATION, provides for terminating t1ow to 
containment sprays and throttling core injection flow to conserve refueling water storage tank (RWST) inventory, in 
situations in which the operators cannot establish recirculation flow. The same ERG also provides for the use of all 
available fan coolers to reduce the nefti for containment spray. 

Strategy 2.2 (Enable Early Detection, lsolation, or Otherwise Mitigate the Effects of an Interfacing Systems 
LOCA) 

The Section A.2 evaluation of Sequence Z-14 describes the ERG coverage oft he interfacing systems LOCA. 

Strategy 2.3.2 (Refill Refueling Water Storag..: Tank with Borated Water) 
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Step 2 of ERG ECA-1.1, LOSS OF EMERGENCY COOLANT RECIRCULATION, requires the operator to add 
makeup to the RWST to extend the time it can be used as a suction source. Tht: ERG notes that details of makeup 
water sources will be plant-specific, but the reactor makeup water control system :md the spent fuel pit cooling system 
would be typical sources. 

Strategy 2.4 (Ensure Appropriate Recirculation Switchover and Manual Intervention Upon Failure of Automatic 
Switchover) 

ERG E-1, LOSS OF REACTOR OR SECONDARY COOLANT, and ES-1, TRANSFER TO HOT LEG 
RECIRCULATION, contain steps to establish and verify recirculation. ECA- 1.1, LOSS 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 estahli~h recirculation now. It is entered from: 

L ERG E-1, LOSS OF REACTOR OR SECONDARY COOLANT, Step 12, which re4uircs verification nf the 
capability to use cold leg recirculation flow. However, a note in Step 12 specifies that verification implies 
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 to EDA-1.1 if the LOCA outside 
containment cannot be isolated (in this case, "appropriate" redrculation switch over is not to switch over, since 
there is no inventory in the containment sump). 

Strategy 2.5 (Ensure Adequate Plant Heat Removal Capability by Emergent-)' Omncction(s) of Existing tJT 

Alternate Water Sources) 

ECA-1.1, Step 16, instructs the operator to try to add water to the RCS from an alternate source. The ERG notes that 
the possible alternate sources will be plant-specific and offers the reactor makeup water control system, delivered using 
the normal charging pumps and the centrifugal charging pumps (i.e., the safety-related charging pumps), as a typical 
altt:rnate source. 

There arc steps in E-1 that have non-specific guidance to use non-safety related pumps and coolant sources. No 
sped fit: guidam:c on the usc of sources such as rivers, lakes, or reservoirs was found in the ERG~. 

Strategy ~-2.1 (Enable Emergency Bypass or Change of Protective Trips for Injection Pumps) 

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

Strt~tegy 3.3.2 (Usc Non-Safety Related Charging Pumps for Core Injection) 

ECA-1.1, Step 16, instructs the operator to try to add water to RCS from an alternate source. The ERG notes that the 
possible alternate sources will be plant-specific and offers the reactor makeup water control system, delivered using the 
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normal charging pump~ (which arc non-safety-related) and the centrifugal charging pumps (i.e., the safety-related 
charging pumps), as a typical alternate source. ERG E-1 makes reference to switching to alternative means if charging 
pumps arc not running. The operator i~ then directed to "plant specific information" for means of reestablishing 
necessary charging flow. 

S!r<ltej,')' 3.4 (Use Alternate Seal Injection (e.g., Hydrotcst Pump) When Rc<JCtor Coolant Pump Sc;![ Cooling is 
Lost) 

No ERG guidance implementing this proposed strategy was found. The general approach taken in the ERGs to loss 
of RCP se<Jl cooling is to trip the RCPs, secure the se<Jl cooling system block valves, attempt to cool down the RCS, 
<Jnd exercise extreme care when reestablishing seal cooling flow in order to prevent damage to the RCP by thermal 
strc~ses. Jv!ost causes ofsc<JI cooling failure (i.e., loss of AC power, loss of CCW, <Jnd loss of SW) would <~ffcct 
altcrn:ltc sources of seal cooling also. 

Strategy 1.5 (Usc Condensate Pumps or Startup Feed water Pumps for Steam Generator lnJcction) 

ERG FR-H.l, RESPONSE TO LOSS OF SECONDARY HEAT SINK, Step 2, instructs the operator to attempt to 
cswhlish AFW flow to one stcum generator (SG). If that is unsuccessful, Steps 5 and 7 direct the operator to try to 
establish SG feed llow using the MFW pumps (Step 5) or the condensate pumps (Step 7). 

Strateg:y4.1 (Com.erve Ba1\t'-f)' Capability by Shedding Non-Essential Loads) 

ERG ECA-0.0, LOSS OF AI LAC POWER. Step 14, directs the operator to conserve DC power by shedding non
essential DC loads as soon a~ practical. 

Strategy 4.2 

Strategy 4.1 

(Use Portable Battery Chargers or Other Power Sources to Recharge Station Batteries) ECA-0.0, Step 
14, also ~tates "consideration should also be given to securing <1 portable diesel powered batter)' 
charger to ensure DC power availability." 

(Enahle Emergency Replentshment of the Pneumatic Supply for Safety Related Air Operated 
Components) 

ERG ECA-0.1, LOSS OF ALL AC POWER RECOVERY WITHOUT Sl REQUIRED, makes reference to 
determining the availability of instrument air and loading an air compressor if necessary. 

S!ratef,ry 4.4 (Enable Emergency Bypass or Change of Protective Trips for Emergency Diesel Generators) 

EC A-0.0, Step 7, dircC!s the operator to dispatch personnel to locally restore AC power using plant-specific 
procedures. The f:RG has no explicit recommendation to bypass or change DG prote(;tivc trip~. 

Strategy 4.5 (Enable Emergency Crosstie of AC Power Between Two Units or to an Onsite Gas Turbine 
Generator) 

No reference was found for this strategy in the ERGs. 

Strategy4.7 (Usc Diesel-Driven Firewater Pump for ... Ste"dm Generator Injection or Comainment Sprays) 
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ERG FR-H.l, RESPONSE TO LOSS OF SECONDARY HEAT SINK, directs the operator to try to re-establish feed 
flow to one SG using the AFW system, the MFW system, or the condensate system (in that order). No mention was 
found of the possibility of using the diesel-driven firewater pump for SO feed flow. 

Strategy 5.1 (Reopen Main Steam Isolation Valves and Thrbine Bypass Valves to Regain the Main Condenser as a 
Heat Sink) 

ERG FR-H.l, RESPONSE TO LOSS OF SECONDARY HEAT SINK, Steps 5 and 7, and E-1, LOSS OF 
REACfOR OR SECONDARY COOLANT, mention attempts to establish SG coolant flow, using first the MFW 
system and then the Condensate system, but no specific reference is made to attempting to establish a flow loop hy 
manually opening the main steam isolation valve(s) (MSIV) or turbine bypass valves (TBVs). 

Strategy 6.1 (Provide Additional Supply of Borated Makeup Water for Long-Thrm Accident Control) 

ERG FR-S.l, RESPONSE TO NUCLEAR POWER GENERATION/ATWS, Note on Step 13, directs the operator 
to continue boration to obtain adequate shutdown margin during subsequ.ent actions. Furthermore, HbOr<~tion should 
continue by other means, if possible." Other than this step, there is no apparent guidance fqr securing additiona 1 or 
alternate sources of borated water. 
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Westinghouse Ice Condenser Containment - Sequoyah 

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

NUREG/CR-4550, Vol. 5- Core Damage Frequency from Internal Events. 
NUREG/CR-4551, Vol. 2- Severe Accident Risks and the Potential for 

Risk Reduction. 
NUREG/CR-4700, Vol. 2- Containment Event Analysis for Postulated 

Severe Accidents. 

Additional information was inferred from the emergency procedures guidelines in the Westinghouse Owners Group 
Emergency Response Guidelines (High-Pressure Version), Revision 1, September 1, 1983. Sequoyah is one of the 
Westinghouse nhigh-pressure" plants; that is, it has a safety-related, fully qualified, charging ~ystem avdilablc to in jen 
water in accidents where the RCS pressure stays near the relief valve set points. 

B.l Critical Accident Sequences 

B.l.l Core Melt Risk 

Eight accident sequences account for approximately 93% of the core melt risk calculated in the NUREG-1150 PRA 
for the Sequoyah plant, as reported in NUREG/CR-4550, Vol. 5: 

S-1 S2H2- A small-break LOCA, followed by failure of core injection in the recirculation phase. Electrical power 
and containment heat removal and spray are available. The major contributing cause of this accident is operator 
failure to switch over to recirculation flow. This sequence accounts for 34% of the core melt risk and leads to 
high pressure failure of the RPV 

S-2 T ccw- Failure of the CCW system, which leads eventually to a reactor coolant pump seal LOCA and failure of 
emergency injection and containment spray. Electrical power is available, but neither containment heat removal 
nor containment spray function are. The major contributing cause of this accident is common cause failure of 
the CCW pumps. This sequence accounts for 31% of the core melt risk and leads to late, high pressure failure of 
the RPV and late containment failure. 

S-3 S2H 3 - A small-break LOCA, followed by failure of the low-pressure recirculation system (i.e .. failure of the low
head pumps, which take water from the containment sump and deliver it to the suclion header of the high-head 
recirculation pump, or failure of the associated valves). Electrical power and containment heat removal and 
spray are available. This sequence accounts for 11% of the core melt risk and leads to high pressure f<~ilurc of 
the RPV with successful functioning of containment systems. 
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S-4 S2H3F- This is sequence S-3 followed by failure of containment spray. Electrical power is availuhk, but neither 
containment heat removal nor containment spray arc. The major cause of this sequence is common cau~e 
failure of low-pressure recirculation and containment spray (in recirculation mode). This sequence accounts for 
9% of the core melt risk and lead.<. to high pressure failure of the RPV and late failure of containment. 

S-5 T 1 0 3 WD1 F- This is a station blackout, causing an RCP seal LOCA (due to Joss of seal cooling ami seal injec
tion flow). Because of the loss of all AC power, core injection, containment heat removal, and containment 
spray arc not available. The cause of this sequence is the initial loss of offsitc power transient, followed hy indc
pendem or common cause failure of the emergency AC power system. This sequence accounts for 3.3% of the 
core melt risk and leads to a late, high pressure failure of the RPV and late containment f<Jilure. 

S-6 S1H2 - An intermediate-break LOCA, followed by Joss of high-pressure recirculation flow. This leads to an 
inability to inject water into the core during the recirculation phase, causing a core melt. Unlike the rrevious 
five sequences, however, the RPV is expected 10 be at low pressure hy the time core melt has progre~scd to the 
point of RPV breach for this sequence. Elcnrical power, cont<Jinmcnt heat removal, and containment ~pray arc 
av<Jilablc. The major contributing cau~c is operator failure to switch over to recirculation now. This sequence 
accounts for 1.9% of the core melt risk and leads to a low pressure failure of the RPV with wccessful function
ing of containment systems. 

S-7 T DcrLt P 1 - l.Dss of DC bus I, fol!owed by independent failures in the AFW sy~tcm (the loss of the DC bus 
c<Juscs failure of one of the PORVs). Loss of AFW requires feed & bleed cooling, which fails becau\c only one 
PORV is available. Electrical power is available, except for the failed DC bus, as arc containment heat removal 
and containment spray. The major contributor to this sequence is the initiating Joss of DC bus. This sequence 
accounts for 1.3% of the core melt risk and leads to an early. high pressure failure of the RPV with successful 
functioning of the containment systems. 

S-8 TrKJJL 1P1 -Loss of DC bus II. The rest of the description of thi~ sequence is idcntiutlto that fm ~clJucncc S-7. 

B.!.2 Public Risk 

Sequences imponant from the public risk standpoint for Sequoyah include S-2, S-4. S-5, and the following sequences: 

S-9 Intermediate- or large-break LOCA followed by failure of the ice condenser system. Containment will fad 
because of the failure of the ice condenser. Because of flashing in the sump, core injection may fail in the recir
culation phase of the accident. NUREG/CR-4550. Vol. 5 assigns a conditional probability = 0.13 that core 
recirculation f<Jils given containment failure. NUREG/CR-4551, Vol. 2, reviewers assigned prohahilitic~ in the 
range from 0.03 to 0.4 to failure of core heat removal due to containment f<Jilurc. 

S-10 Event V (interfacing system LOCA) followed by additional failures resul!ing in core dam:Jgc. Bcc;tusc of the 
LOCA outside containment, containment is already breached at the time of initiation of core damage. 

S-11 SGTR followed by additional failures resulting in core damage. As with sequence S-10, containment is already 
breached a! initiation of core damage. 
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8.1.3 Challenges to Safety Functions 

The safety functions defined in the Westinghouse ERGs (High-Pressure Version) are: 

( 1) Reactor subcriticality. 

(2) Core cooling. 

(3) RPV integrity. 

(4) Primary system heat sink (i.e., the secondary system). 

(5) Containment integrity. 

(6) Primary system inventory. 

All of the enumerated sequences, resulting in core damage and perhaps containment failure, involve challenges to one 
or more safety functions. Other sequences that challenge safety functions are: 

S- 12 PTS challenges RPV integrity. 

S-13 Excessive heat transfer from primary system to the secondary system due to shell-side depressurization chal
lenges reat-'lor subcriticality, RPV integrity, and eventually other safety functions S-14 Loss of SG heat sink chal
lenges the primary system inventory and core cooling safety functions. 

S-15 Pressurizer flooding (i.e., solid primary coolant system) challenges primary system and RPV integrity. 

S-16 ATWS challenges the reactor subcriticality, RPV integrity, and core cooling safety functions. 

8.1.4 Threats to Safety Systems 

E<Jch of the 16 sequences developed above poses a threat to one or more safety systems. The PRA sequences all 
involve the failure of one or more safety systems. In addition to the developed sequences, seismic events, fires, and 
intcrnall1ooding all threaten safety systems. 

The most significant threat to safety systems is the station blackout, sequence S-5, since it eliminates all safety injection 
(except for the accumulators), the charging pumps, containment spray and heat removal, RCP seal injection and seal 
cooling, two trains of AFW, all pumps, and all MOVs. 

Another significant accident sequence for Scquoyah is the loss of CCW sequence S-2, which causes the eventual loss of 
all safety injection, the charging pumps, the RCP seals, containment spray, and containment heat removaL 

A final sequence posing a threat to safety systems is: 

S-17 lms of the service water system, causing the loss of room cooling, loss of cooling for the AFW pump motors, and 
los~ of shell-side flow in the heat exchangers for the CCW and containment spray (in the recirculation mode). 
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B.2 ERG Coverage of the Critical Accident Sequences 

Sequence S-1 (Small-break LOCA with loss of recirculation phase injection) 

Emergent)' Response Guideline E-1 describes how to respond to a small- break LOCA, including possible repressuri
Jation of the RCS because the safety injection flow is excessive or the SG heat sink is lost. ERG ES-L3 governs the 
tran~fer to recirculation core injection when the RWST tank has reached the switchovcr ~etpoint. ES-J .3 has six steps; 
Caution I for Step I notes that Steps I through 3 must be done as quickly as possible, becau:.e of the limited amount of 
water in the RWST below the switchover setpoint. ERG ECA- 1.1, LOSS OF EMERGENCY COOLANT RECIR
CULATION, provides guidance in the event of Joss of recirculation phase safety injection. It gives three possible 
symptoms of loss of recirculation flow: 

(I) Loss (failure to open) of both sump recirculation isolation valves. 

' · (2) Loss (f,iluce to st"t) of both tow-h"d Sl pomps. 

l 
(3) Inadequate sump inventory due to LOCA outside containment or depletion of RWST without a 

corresponding increase in sump level. 

There is no clear indication how the operator will find his/her way to ECA-1.1 if the loss of emergency recirculation is 
due to operator failure to switch over when required. ECA-1.1 has (lve major action categories: 

(1) Continue attempts to restore emergency coolant recirculation. 
l 

(2) Increase/conserve RWST level. 

(3) 1ty to add makeup to RCS from an alternate source. 

( 4) Depressurize SGs to cool down and depressurize RCS. 

I 
(5) Maintain RCS heat removal. 

Recommendations supporting Action 2 include eliminating unnecessary containment spray and throttling safety injec
tion flow. The only alternate source suggested is the normal plant water "COntrol system with injection via the charging 
pumps. The 24 steps of ECA-1.1 provide relatively detailed guidance for the operator facing loss of recirculation injec
tion flow. 

Sequence S-2 (Loss of component cooling water) 

Although the Reference Plant Description recognizes the importance of the CCW system, there is no direct guidance 
in the ERGs for response to Loss of CCW Presumably, each plant has Abnormal Operating Procedures (AOPs) 
instructing the operator on response to a toss of CCW. The functional ERGs FR-C.l, RESPONSE TO 
INADEQUATE CORE COOLING, and FR-C.2, RESPONSE TO DEGRADED CORE COOLING, provide three 
major actions: 

(I) Reinitiation of high-pressure safety injection (which will not work in this case). 

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

l 
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I 
' (3) RCP restart and/or opening pressurizer PORVs (which also might help temporarily). 

Sequence S-3 (Small-break LOCA with loss of low-head recirculation trains) 

The evaluation given for ERG coverage of sequence S-1 applies here also. 

Sequence S-4 (Sequence S-3 with loss of containment spray) 

The evaluation given for ERG coverage of sequence S-1 applies here with lhe added note that Step 4 of ECA-1.1 
requires the operator to start both the normal and emergency fan coolers, which will provide some containment heat 
removal and steam condensation. 

Sequence S-5 (Station blackout) 

The ERGs ECA-0.0, ECA-0.1, and ECA-0.2 address loss of all AC power, both when safety injection is required and 
when it is not. Westinghouse states that these guidelines specifically address the generic aspects of Items a, e, f, and g 
of NRC Generic Letter 81-04, "Emergency Procedures and 1taining for Station Blackout". The three guidelines run to 
about 250 pages. 

ECA-0.0 has five major action categories: 

I 
(1) Perform immediate actions; i.e., checking RCS isolation, verifying secondary heat sink. 

(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 restoration of AC power. 

The guidelines note to to 15 key operations involving proposed local (i.e., outside the control room) operator actions 
that utilities must evaluate based on plant-specific constraints such as availability and accessibility of eq uipmcnt, per
so nne! available for in-plant operations, communications capabilities, and personnel safety. 

Step 5 of ECA-0.0 instructs the operators to take actions to restore emergency AC power from the control room. Step 
7 requires toea! 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 suggests that none of these actions are likely to be successful in 
a timely manner. If the station blackout proceeds to core damage, it continues to be imperative to restore AC power. 
Most plausible mitigative actions during the in-vessel phase of a core melt require AC power. 

Sequence S-6 (Intermediate-break LOCA with failure of high-head recirculation) 

The evaluation of ERG coverage given for sequence S-1 applies here. 

Sequences S-7 and S·8 (Loss of vital DC bus) 
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The ERGs provide no direct guidance for this sequence. Presumably, the plant AOPs provide guidance for the lo~s of 
vital support systems. 

Sequence S-9 (Intermediate-break, or larger, LOCA with failure of the ice condenser) 

This sequence challenges containment integrity because the (clean) steam and water (and no hydrogen) from the break 
mayoverpressurize the containment. The functional ERG FR-Z.l, RESPONSE TO HIGH CONTAINMENT 
PRESSURE, specifics the following major action categories: 

(1) Verify containment isolation and heat removal. 
(2) Check for and isolate faulted steam generator. 
(3) Check for excessive containment hydrogen and determine appropriate action. 

Action 3 is not relevant to this sequence (at k:ast, not until cladding damage occurs). Actions I and 2 may mitigate this 
sequence, depending on the ~ize and location of the break and the extent of the icc condenser failure. 

Sequence S-10 (Event V with additional failures leading to core damage) 

ERG ECA-1.2, LOCA OUTSIDE CONTAINMENT, provides procedural guidance for actions to identify and isolate 
a LOCA outside containment. The major action categories in ECA-1.2 are: 

(1) Verify proper valve alignment. 
(2) Identify and isolate break. 
(3) Verify that the break is isolated. 

If the operator succeeds in isolating the LOCA, control transfers to ERG E-1, LOSS OF REACfOR OR SECON
DARY COOLANT; if the LOCA cannot he isolated, then control transfers to ECA-1.1, LOSS OF EMERGENCY 
COOLANT RECIRCULATION, since there will not be any inventory in the containment sump to provide recircula
tion capability. Diagnosing the interfacing LOCA, identifying the location, and isolating the break arc difficult tasks, 
and the ERGs provide only minimal guidance. 

Sequence S-11 (SGTR with additional failures leading to rurc damage) 

Guidance for responding to an SGTR is provided by ERGs E-3, STEAM GENERATOR TUBE RUPTURE; ES-3.1, 
POST-SGTR COOLDOWN USING BACKFILL; ES-3.2, POST-SGTR COOLDOWN USING SLOWDOWN, 
ES-3.3, POST-SGTR COOLDOWN USING STEAM DUMP; ECA-3.1, SGTR WITH LOSS OF REACTOR 
COOLANT- SUBCOOLED RECOVERY DESIRED; ECA-3.2, SGTR WITH LOSS OF REACTOR COOLANT
SATURATED RECOVERY DESIRED; and ECA-3.3, SGTR WITIIOUT PRESSURIZER PRESSURE 
CONTROL The guidance is extensive; the seven ERGs run to approximately 750 pages. 

The major action categories in ERG E-3 are: 

(1) IdentifY and isolate ruptured SG(s). 

(2) Cool down to establish RCS subcooling margin. 

(3) Dcprcswrizc RCS to restore invcll!OI)'. 

(4) Thrminate safety injection to stop primary-to-~ccondary leakage. 
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(5) Prepare for cooldown to a cold shutdown condition. 

Although they provide adequate guidance for terminating the SGTR with the plant in a safe condition, these ERGs, as 
all the others, are success- oriented and do not say much about mitigation of accident sequences in which additional 
failures have led to the initiation of core damage. 

Sequence S-12 (PTS challenging RPV integrity) 

The functional ERGs FR-P.l, RESPONSE TO IMMINENT PRESSURIZED THERMALS HOCK CONDITION, 
and FR-P.2, RESPONSE TO ANTICIPATED PRESSURIZED THERMAL SHOCK CONDITION, provide 
guidance for the management of overcooling conditions and over-pressurization at low temperatures. 

Sequence S-13 (Excessive heat removal from the primary system) 

The functional ERGs FR-P.l, RESPONSE TO IMMINENT PRESSURIZED TiiERMALSHOCK CONDITION, 
and FR-P.2, RESPONSE TO ANTICIPATED PRESSURIZED THERMAL SHOCK CONDITION, provide 
guidance for the management of overcooling conditions and over-pressurization at low temperatures. 

Sequence S-14 (Loss of secondary heat sink) 

The functional ERGs, FR-H.l, RESPONSE TO LOSS OF SECONDARY HEAT SINK; FR-H.2, RESPONSE TO 
STEAM GENERATOR OVERPRESSURE; FR-H.3, RESPONSE TO STEAM GENERATOR HIGH LEVEL; 
FR-H.4, RESPONSE TO LOSS OF NORMAL STEAM RELEASE CAPABILITIES; FR-H.5, RESPONSE TO 
STEAM GENERATOR LOW LEVEL, provide responses to a variety of events threatening immediate or incipient 
loss of secondary heat sink. 

Sequence S-15 (Pressurizer flooding) 

The functional ERG FR-1.1, RESPONSE TO HIGH PRESSURIZER LEVEL, provides guidance for the event of 
pressurizer level increasing and incipient solid primary system. 

SequenceS-Hi (ATWS) 

The functional ERGs FR-S.l, RESPONSE TO NUCLEAR POWER GENERATION/ATWS, and l-""R-S.2, 
RESPONSE TO LOSS OF CORE SHUTDOWN, guide the operator in responding to ATWS conditions. 

Sequence S-17 (Loss of service water) 

The ERGs provide no guidance on operator response to lo~s of service water. 

B.3 ERG Coverage of the "A" Strategies 

Since the same Westinghouse Emergency Response Guides (High Pressure version) apply to Sequoyah as Zion, infor
mation about ERG coverage of the "A" Strategies can be found in Section A3. 
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Appendix C 

Combustion Engineering Large, Dry Containment - Calvert Cliffs 1 

Critical accident sequences for a Combustion Engineering (CE) large, dry containment plant, were determined mainly 
from the information contained in NUREG/CR-3511, Interim Reliability Evaluation Program: Analysis of the Calvert 
Cliffs Unit 1 Nuclear Power Plant, Volume 1. Main Report. The degree of coverage of these critical sequences and of 
the HA" ~trategies by the CE EPGs was determined by reviewing CEN-152, Combustion Engineering Emergency Proce
dures Guidelines, Rev. 3. 

C. I Critical Accident Sequences 

C.l.l Core Melt Risk 

NUREG/CR-3511 cites the following accident sequences as dominating the Calvert Cliffs-! (CC-1) core melt fre
quency. Many of these sequences are impacted by the low shutoff head of the CC-1 HPI pumps (1275 psia), which 
causes feed and bleed cooling to fail in many high-pressure accident situations. 

C-1 ATWS(PSF)- An ATWS occurs that leads to primary system failure. This sequence is considered likely to 
lead to containment failure from overpressure and/or hydrogen burn. This sequence contributes 20% of the 
core melt frequency and leads to early RPV failure and early containment failure. 

C-2 T oc- Failure of DC bus 11 causes a trip of the plant, failure of the power conversion system, failure of AFW 
pump 13, and degradation of the safety systems. The plant scrams successfully, but AFW fails subsequently 
due to additional independent failures. With no secondary heat sink, core inventory boils off through the 
PORVs. Containment fails due to overpressure or a hydrogen burn. This sequence contributes 16% of the 
core melt frequency and leads to early, high pressure failure of the RPV and early containment failure. 

C-3 S2H -Small-small-break LOCA followed by successful scram, AFW operation, and HPSI operation. When 
the refueling water tank depletes and switchover occurs, high-pressure safety recirculation fails leading to core 
uncovcry and core melt. Containment systems succeed and cool containment early on, but containment fails 
due to overpressure or hydrogen burn. This sequence contributes 11% of the total CMF and leads to early, 
high pressure RPV failure and early containment failure. 

C-4 S2FH- Same as ~equence C-3 with the additional failure of the containment sprays in the recirculation mode. 
The core melts due to lack of recirculation phase makeup; the containment fan coolers prOvide some contain
ment cooling, but containment fails due to hydrogen burn and/or overpressure. This sequence contributes 9% 
of tow! core melt risk and leads to early, high pressure RPV failure and early containment failure. 

C-5 T2L- Loss of the power conversion system (PCS) causes a plant trip, which is followed by an independent loss 
of AFW The reactor scrams successfully and containment systems work, but feed & bleed cooling fails due to 
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the low head of the HPJ pumps. RCS inventory boils off through the PORVs and the core melts. Contain
ment fails due to hydrogen burn and/or overpressure. This sequence contributes 6% of the CMF and leads to 
an early, high pressure failure of the RPV and early failure of containment. 

C-6 T4KU{f4KQ{f3KU{f3KQ- These sequences involve a transient with failure to scram followed by either fail
ure of boration or a stuck-open POR V. The core melts, because power continues to be generated or because 
pressure stays too high for successful HPSJ makeup to the RCS. Containmem fails by hydrogen burn and/or 
overpressure. These sequences contribute 13% of the total CMF and leads to early, high pressure failure of 
the RPV and early failure of containment. 

C:-7 T4ML- A transient is followed by loss of the PCS and AFW systems. The re.ctor scrams and containment sys
tems function. Because of the loss of secondary heat sink, the RCS boils off through the PORVs and core 
melt ensues. Containment fails eventually due to hydrogen burn or overpressure. This sequence contributes 
5% of the CMF and leads to early, high pressure failure oft he RPV and early or eventual failure of 
containment. 

C-8 T1 QD"CC'- Loss of offsite power followed by a transient-induced LOCA; AFW works but HPSI and the con
tainment systems fail. The core melts due 10 lack of RCS makeup; containment is expected to fail due to over
pressure. This sequence contributes 4% of the total CMF and leads to early, high pressure failure of the RPV 
ami early containment failure. 

C-9 T1 L- Loss of offsite power followed by failure of AFW. Because of the loss of secondary heat sink the RCS 
boils off through the PORVs. CDntainment fails due to overpressure and/or hydrogen burn. This sequence 
accounts for 4% of the CMFand leads to early, high pressure failure of the RPV and eventual failure of 
containment. 

C-10 SBO- Station blackout followed by successful operation of the turbine driven AFW pump(s) until battery 
depletion some 4 h into the accident. RCS boiloff causes core melt; because of the station blackout no con
tainment systems are available. Containmem fails from overpressure. This sequence accounts for 3% of the 
CMF and leads to late, high pressure failure of the RPV and late failure of containment. 

C-11 T 3ML- A tramient requiring pressure relief is followed by loss of the PCS and AFW. The reactor scrams and 
containment systems succeed. Loss of secondary heat sink causes boiloff of the RCS through the PORVs. 
Containment fails due to hydrogen burn and/or overpressure. This sequence contributes 1% of the CMF and 
leads to early, high pressure failure of the RPV and eventual failure of containment. 

C-12 S2D" -A small-small-break LOCA followed by Joss of HPSI and eventual core mell due to no RCS makeup 
during the injection phase of the accident. Containment systems succeed but containment eventually fails due 
to overpressure and/or hydrogen burn. This sequence accounts for I% of the CMF and leads to high pressure 
failure of the RPV and eventual failure of containment. 

C-13 T1 LCC'- A loss of offsite power followed by failure of AFW and the containment systems. The RCS inven
tory boils off through the PORVs due to Joss of the secondary heat sink. Containment fails due to overpres
sure. This sequence accounts for I% of the CMF and \cads to early, high pressure failure of the RPV und 
eventual failure of containment. 
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C.l.2 Public Risk 

Using data from Th.ble 8.3 of the CC-1 PRA, NUREG/CR-3511, Vol. 1, the most significant contributors to public risk 
are those sequences dominating the probability of early containment failures leading to large releases. 

NUREG/CR-3511 indicates that the probability of containment failure due to steam explosion is dominated by two 
sequences: 

C-3, S2H, Small-small-break LOCA with loss of recirculation injection. 

C-4, S2HF, Sequence C-3 with additional failure of containment spray. 

The probability of early failures due to overpressure or hydrogen burn is dominated by five sequences: 

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

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

C-3, S2H, Small-small-break LOCA with 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 to the sequences noted above, the following two sequences arc considered significant to public risk: 

C-14 Event V (interfacing system LOCA) followed by additional failures resulting in core damage. 

C-15 SGTR followed by additional failures resulting in core damage. 

C.1.3 Challenges to Safety Functions 

In the Combustion Engineering Owners Group EPGs, CEN-152, there are ten safety functions idemified as necessary 
to mitigate events and contain radioactivity. These safety functions are divided into four classes as follows: 

(1) Anti-Core Melt Safety Functions. 

(a) Reactivity control. 

(b) RCS inventory control. 

(c) RCS pressure control. 

(d) Core Heat Removal. 

(c) RCS Heat Removal. 
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(2) Containment Integrity Safety Functions. 

(a) Containment isolation. 

(b) Cont<~inment temperature and pressure control. 

(c) Comhustible gas control. 

(3) Indirect Radioactivity Release Control. 

(4) Maintenance of Vital Auxiliaries. 

The previously enumerated sequences, all of which result in core damage and perhaps containment failure, involve 
challenges to one or more safety functions. Other sequences that challenge safety functions arc: 

C-16 PTS challenges RPV integrity. 

C-17 Excessive heat transfer from primary system to the secondary system due to SG shell side depressurization 
challenges reactor suhcriticality, RPV integrity, and eventually other safety funt:tions. 

C- J.S Pressurizer nooding (i.e., solid primary coolant system) challenges primary system and RPV integrity. 

C.l.4 Threats to Safety Systems 

The most significant threat to safety systems is the station blackout, sequence C-10. It eliminates all safety injection 
(except for the accumulators), the charging pumps, containment spray and heat removal, RCP seal injection and seal 
cooling, two trains of AFw, all pumps, and all motor- operated valves. 

Also significant for Calvert Cliffs is the loss of DC bus 11, sequence C-2, causing a plant trip, failure of the PCS and the 
AFW motor-driven pump 13, with degradation of the safety systems. Failure of DC hus 21 has similar, although not 
quite as serious, consequences. 

Additional sequences threatening safety systems are: 

C-19 Failure of service water system train 12 causes loss of main feedwater pump lube oil cooling and condensate 
booster pump lube oil cooling, resulting in a plant trip. Safety systems affected by train 12 failure are the con
tainment air coolers 13 and 14 and DG 12. 

C-20 The salt water system provides secondary (shel1-side) cooling of the CCW system and the service water system 
and cooling for the ECCS pump room coolers. 

Finally, sci~rnic events, fires, and intcrna I !loading all threaten safety systems. 

C.2 CEN-152 Coverage of the Critical Accident Sequences 

The critical accident sequences identified in the preceding section were evaluated to determine if they were adequately 
covered hy the CEN-152 guidelines. CEN-152 contains Optimal Recovery Guitlelinc~ (ORGs) and Functional 
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Recovery Guidelines (FRGs). The ORGs are event-based and require operator diagnosis of the event; the FRGs are 
symptom-based and are entered if operators oar unable to diagnose the event or if the appropriate ORO does not suc
cessfully manage the event. 

This review verified that the generic procedural steps of CEN-152 act to mitigate many of the dominant severe acci
dents sequences for Calvert Cliffs- I. However, the Introduction to CEN-152 notes:" ... guidance for the management 
of degraded core conditions is not included. There is insufficient analytical base for this guidance." 

Maintenance of vital auxiliaries is listed as the last class of safety functions; however, loss of offsite power was fourth 
out of seven items in the dominant sequence list. Also the loss of DC bus 11 (special transient initiator) was third on 
the list. This could be construed to imply that not enough attention is placed on maintenance of vital auxiliaries in 
CEN-152. In actual practice, maintenance of vital auxiliaries is considered immediately after reactivity control and 
then concurrently with each safety function. 

Specific information regarding the coverage of the numbered sequences: (all page 'dod section references are from 
CEN-152, Rev. 3, unless othetwise indicated) 

Sequence C-1 (ATWS causing primary system failure) 

Sequence C-6 (Other ATWS sequences) 

The CEN-152 Functional Recovery Guideline (FRO) on REACTIVITY CONTROL (pp. 10-50 to 10-75) directs the 
opcrawr to take the reactor subcritical by attempting (in the order given): 

(l) Manual insertion of the control rod~. 

(2) Boration of the RCS using the chemical volume and control system. 

(3) Boration using the safety injection system. 

(4) Control clement assembly drive down (manually energize control 
using normal control rod insertion mechanisms). 

assemblies and drive them into the core 

The FRO stresses the importance of continuing to attempt to establish subcriticality. 

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

Sequence C.5 (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 (Tiansient requiring pressure relief followed by loss of secondary heat sink) 

Sequence C-13 (C-9 with additional loss of containment systems) 
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The EPG on LOSS OF FEED WATER RECOVERY (pp. 8-1 to 8-20) provides instructions for re-establishment of 
fcedwater flow and appears through the associated safety function status check to be able to lead the operator into set
ting up feed and bleed cooling, when necessary. 

Sequence C-3 (Small-break LOCA with recirculation failure) 

Sequence C-4 (C-3 with additional containment spray failure) 

Sequence C-12 (Small-break LOCA with Joss ofHPSI) 

The EPG on LOCA RECOVERY (pp. 5-1 to 5-30), Step 46, directs the operator to verify automatic switchover tore
circulation f1ow and to manually initiate recirculation if automatic switchover fails. It provides no guidance in the 
event hoth automatic switchover and manual initiation fail. The FRO on containment temperature and pressure con
trol contains instructions for the use of the containment fan coolers in either normal or emergency mode, but no speci
fic instructions on what to do if containment spray fails. 

Sequence C-8 (Loss of offsite power with induced LOCA, followed by HPJ and containment systems failures) 

CEN-152 provides no generic guidance on the maintenance of vital auxiliaries, indicating instead that plant-specific 
guidance is needed. The EPG on recovery of a LOCA and the FRGs arc intended to help the operator diagnose and 
respond to the inadequate core cooling that results from the failure of the HPJ system. 

Sequence C-10 (Station h!ackout) 

CEN-152 provides no explicit guidance for station blackout situations, rather indicating that restoration of vital AC 
and DC power require plant- specific actions and criteria. CEN-152 guidelines for LOSS OF FEEDWATER 
RECOVERY (Ch. 8) and LOSS OF FORCED CIRCULATION RECOVERY (Ch. 9) both assume availability of 
electrical power. 

Sequence C-14 (lnterfadng system LOCA) 

The break identification chart (p. 5-23) provides the logic for identifying a LOCA outside containment; procedural 
control stays with the EPG on recovery of a LOCA (Section 5 of CEN-152). Most of the subsequent steps assume a 
hreak in containment; in particular, Step 46, which initiates the switch over to recirculation flow, does not caution 
against initiating recirculation flow when the LOCA is outside containment. 

Sequence C-15 (SGTR) 

The EPG on recovery of a SGTR (Section 6 of CEN-152) provides specific guidance for this event. 

Sequence C-16 (PTS) 

Section 1.7.1 of CEN-152 provides guidance on PTS. 
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Sequence C-17 (Excessive primary-to-secondary heat transfer) 

The EPG on recovery of an excess steam demand event (Section 7 ofCEN- 152) provides guidance for these overcool
ing or steamline break events. 

Sequence C-18 (Pressurizer flooding) 

Most of the ORGs and the FRGs contain specific guidance on the maintenance of appropriate pressurizer level. 

Sequence C-19 (Failure of service water system train 12) Sequence C-20 (Failure of the salt water system) 

CEN-152 contains no guidance on maintenance of vital auxiliaries, indicating that such guidance should be plant
specific. 

C.3 CEN-152 Coverage of the "A" Strategies 

Strategy 2.1 (Reduce Containment Spray Flow Rate to Conserve \Mlter for Core Injection) 

Specific guidance provided only to reduce or terminate flow upon pressure drop in containment. 

Strategy 2.2 (Enable Early Detection, Isolation, or Otherwise Mitigate the Effects of an Interfacing Systems 
LOCA) 

More guidance is needed in the EPG to make the strategy successful. As noted in the Section C.4.2 summary ofEPG 
coverage of Sequence C-14, the break identification chart provides logic for identifying and Interfacing Systems 
LOCA, but the EPG on LOCA RECOVERY (Ch. 5) assumes the break is-!!! containment. 

Strategy 2.3.2 (Refill Refueling Water Storage Thnk with Borated Water) 

Not covered in the EPGs. 

Strategy 2.4 (Ensure Appropriate RecircuJation Switch over and Manual Intervention Upon Failure of 
Automatic Switchover) 

EPG guidance i~ adequate. The LOCA RECOVERY ORG (Ch. 5), Step 46, has the operator: 

(l) continuously monitoring RWT level, 
(2) verifying initiation of recirculation if the level falls to 10%, and 
(3) manually initiating recirculation, if necessary. 
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Strategy 2.5 (Ensure Adequate Plant Heat Removal Capability by EmergenL'Y Connection(s) of Existing or 
Alternate Water Sources) 

The EPGs do not provide adequate guidance. 

Strategy 3.2.1 (Enable Emergency Bypass or Change of Protective Thps for Injection Pumps) 

The EPGs do not provide adequate guidance. 

Strategy 3.3.2 (Use Non.Safety Related Charging Pumps for Core Injection) 

EPG guidance is adequate. 

Strategy 3.4 (Use Alternate Seal Injection (e.g., Hydrotest Pump) When Reactor Coolant Pump Seal C.ooling is 
Lost) 

The EPGs do not provide any guidance 

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

No guidance is provide for recovery of feedwater using Condensate pumps or St"Jrtup Feed water Pumps. 

Strategy 4.1 

Strategy 4.2 

Strategy 4.3 

Strategy 4.4 

Strategy 4.5 

(Conserve Battery Capability by Shedding Non-Essential Loads) 

(Use Portable Battery Chargers or Other Power Sources to Recharge Station Batteries) 

(Enable Emergency Replenishment of the Pneumatic Supply for Safety Related Air Openl\ed 
Components) 

(Enable EmergenLy Bypass or Change of Protective lhps for Emergency Diesel Generators) 

(Enable Emergency Crosstie of AC Power Between Two Unib or to an Onsitc Gas Thrbine 
Generator) 

CEN-152 provides no guidance for these five strategies, but rather indicates that plant-specific actions and criteria are 
required. 

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

The EPGs do not provide any guidance. 
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(Reopen Main Steam Isolation Valves and Turbine Bypass Valves to Regain the Main Condenser 
as a Heat Sink) 

Guidance is provided in the CEN-152 LOF guideline, but not in as much depth as in the Combustion Engineering 
Advanced Thch.nology Manual. 

Strategy 6.1 (Provide Additional Supply of Borated Makeup Water for Long-Term Accident Control) 

The EPGs do not provide any guidance. 
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Appendix D 

Babcock & Wilcox Large, Dry Containment · Oconee 3 

Critical accident sequences for the Babcock & Wilcox (B & W) large, dry containment plant were determined using the 
information contained in the Oconee PRA (NSAC-60), which documents the probabilistic risk assessment performed 
on Oconee Unit 3. Additional information was inferred from the Abnormal Transient Operating Guidelines 
(A TOGs) and the Emergency Operating Procedures lechnical Bases Document. 

Oconee Unit 3 has two unique, plam-specific features that directly impact the determination of critical sequences. 
One feature is the standby shutdown facility (SSF), which is a separate, bunkered installation that provides a secure 
means for attaining and maintaining hot shutdown conditions for all three Oconee units. The SSFwas primarily 
designed to provide core cooling for incidents of industrial sabotage, fires, and flooding but can also be used to provide 
an alternative means of cooling after other types of events. The SSF um provide a backup supply of feedwater to the 
steam generators for secondary-side heat removal and can inject and maintain sufficient inventory in the reactor cool
ant system (RCS) to sustain natural circulation and cool the reactor coolant pump (RCP) seals. The SSF also has its 
own electric;~ I power system, with <1 dedicated diesel generator. This facility provides an additional level of backup 10 
numerous safety functions, not found at most plants, and thus affects the probability of a core melt event occurring !Or 
many sequences. 

The other unique feature is the emergency power sources for Oconee: the Keowec Hydroelectric Station and the Lee 
Steam Station combustion turbines. Power from Keowee is provided by an overhead path, which connects one of the 
two Keowee units to the Keowee main stepup transformer, which in turn is connected to the 230-kV switchyard to pro
vide power through the Oconee Unit 3 startup transformers (CT3). If the overhead path is unavailable, either Keowee 
unit can he connected to a 13.8-kV underground path that provides power to Oconee transformer CT4. These sources 
of emergency electrical power were determined In the Oconee PRAto be more reliable than a diesel generator set. 
However, should both Keowee units be unavailable for emergency power generation, either of two Lee Steam Station 
combustion turbines can provide power to Oconee transformer CTS via a 100-kV overhead path. This level of redun
dancy and diversity in the emergency electrical power system is uncommon and results in a highly reliable emergency 
p<Jwer ~ourcc. Therefore, the impacts of a loss of offsite power (and the probability of a station blackout) arc greatly 
diminished in the Oconee PRA 

D. I Critical Accident Sequences 

D.l.l Core Melt Risk 

Ten accident ~cquence groups account for approximately 89% of the core melt risk calculated in the Oconee PRA: 

0-1 T 12BU -The normally operating low-pressure service water (LPSW) system f<Jils to provide cooling to the HPJ 
pumps, which provide RCP seal injection, and to the CCW system, which provides RCP seal cooling. The RCP 
~t:<Jl injection/cooling recovery actions that fail include: 

( 1) Using the LPSW system, by cross-connecting it with either the high-pressure service water (HPSW) system or 
the LPSW system of another Oconee unit. 

D.! NUREG/CR-5856 



Appendix D 

(2) Opening the local HPJ pump LPSW discharge piping and cycling the HPJ pumps to prevent pump 
overheating. 

(3) Initiating the SSF, which can provide RCP seal injection, in time (within 30 minute~ of HPJ failure as a re~ult 
of HPJ pump motor cooling failure) to prevent RCP seal leakage. 

Thus, the operations staff fails to reestablish a source of cooling prior to the initiation of RCP seal leakage, 
without the ability to make up the loss of inventory since the HPJ system relies upon LPSW cooling. This 
sequence accounts for 28% of the core melt risk from internal initiators. 

0-2 AXA- A large-break LOCA is followed by success of the LPI system and the core f1ood tanks, but the operations 
staff either fails to implement low-pressure recirculation from the emergency sump within 30 minutes or fails teo 
throttle the high f1ow conditions that may develop during recirculation, thus causing the LPI pumps to cavitate. 
These sequences account for 15% of the core melt risk from internal initimors. 

0-3 TWS- In these sequences the turbine trips, but (because an insufficient number of control rods drop into the 
core to render the reactor suhcritical) the reactor fails to shutdown. At this point one of two sequences can oc
cur that result in core melt: 

(1) The main fecdwatcr system fails to continue supplying the steam generators and either borated water is not 
injected to render the reactor ~ubcri1ica! in time to initiate a stable cooled state or a long-term stable cooling 
mode is not maintained. 

(2) The reactor core is within a certain regime, with respect to core life and its effect on moderator temperature 
coefficient (coefficient less than 95%), ~uch that a pressure transient large enough to cause aRCS LOCA 
occurs and either the injection systems fail to provide inventory makeup or the long-term stahlc cooling mode 
is not maintained. 

These sequences account for 11% of the core melt risk from intern<~ I ini!iating events. 

0-4 SY sXs- A sma!l-break LOCA is followed by successful HPI. The small-break LOCA also causes the initiation 
of the reactor building sprays, whose operation is not terminated after they arc automatically actuated and the 
reactor building pressure is reduced. Eventually (in 2 h) the reactor building sprays deplete the borated water 
storage tank (BWST) injection-water inventory. High-pressure recirculation from the emergency sump fails due 
primarily to operations staff error. This sequence accounts for 9% of the core melt risk from internal initiators. 

0-5 T10BU- A large feedwater or condensate line break results in a Joss of main and emergency feedwater because 
the main and emergen<.-)' feedwater share water sources. The operations staff then fails to implement HPJ cool
ing (i.e., feed and bleed) and emergency feedwater from the SSF is not initiated within 30 minutes. This se
quence accounts for 9% of the core melt risk from internal initiators. 

0-6 T68U -A loss of instrument air occurs (as the initiating event, as a result of a loss of offsite power, or as a result 
of system faults after a reactor/turbine trip). Main feedwater and the emergency feedwater system motor-driven 
pumps arc not available because the instrument air is lost. The emergency fcedwater system steam-driven pump, 
which can operate using remote manual actions, fails to continue operation after depletion of the upper surge 
tank (i.e., another suction source is not provided by the operations stafl). The feedwater systems arc not recov
ered (lnd neither HPJ cooling nor emergency feedwater from the SSF is initiated. This sequence account.-; !or 9'1r· 
of the core melt risk from internal initiating events. 
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0-7 RUR- A steam generator tube rupture (SGTR) is followed by an HPI failure to maintain RCS inventory. The 
HPJ failure is the result of operations staff error or hardware faults associated with the HPJ suction valves, the 
BWST itself, or the single BWST suction valve (LP-28). This sequence accounts for 2% of the core melt risk 
from internal initiators. 

0-8 T2BU- A loss of main feedwater occurs and the emergency feedwater system fails as a result of operations staff 
errors or hardware failures (dominated by insufficient level in the upper surge tank for suction requirements). 
The operations staff then fails to initiate feed and bleed cooling or recover a source of fecdwater by restoring 
main feedwater or providing a suction source from the other two Oconee units. Thb sequence accounts for 2% 
of the core melt risk from internal initiating events. 

0-9 RXRO- A steam generator tube rupture occurs. If a main steam relief valve on the affected steam generator 
fails to close, recirculation from the sump is not an option since the break is effectively outside containment. In 
this scenario, long-term cooling fails because the injection-phase inventory is not maintained by continually 
refilling the BWST so as to allow extended injection and decay heat removal using the low-pressure system. If 
the secondary-side remains intact (i.e., the main-steam relief valve closes), core melt commences if low-pressure 
injection and recirculation fail to function during the recirculation or decay heat removal modes of operation. 
The LPI system can fail as a result of various hardware faults, operations staff errors, or failures of the LPSW 
system that cools the LPI pumps. These sequences account for 2% of the core melt risk from internal initiating 
events. 

0-10 VR- This sequence is unique in that it is a single event: ·a disruptive rupture of the reactor pressure vessel 
(RPV) by a failure mode that precludes core reflooding. Thus, none of the safety systems are effective after the 
initiating event. This sequence account~ for 2% of the core melt risk from internal initiators. 

All other sequences individually contribute Je..<;s than 2% of the core melt risk from internal initiating events. 

D.1.2 Public Risk 

Sequences important from the public risk standpoint for Oconee include most of the sequences important to core melt 
risk. Sequence 0-8 is the only sequence that does not appear to make a contribution to public risk. This is primarily 
due to the fact that this sequence does not directly affect the performance of the containment systems. The following 
sequence also becomes important to public risk: 

0-11 ISLOCA- The interfacing system LOCA occurs when an interface between the high-pressure Res and the LPI 
~ystem is breached. The resultant LOCA allows the RCS water and any water injected for makeup to flow out 
the reactor building, thus bypassing containment. Mitigation fails directly as a result of the breach (e.g., the LPI 
pumps are damaged) or fails later because there is no water in the sump for recirculation. The dominant loca
tion for an interfacing system LOCA is at the suction line from the Res. 

D.l3 Challenges to Safety Functions 

The safety functions derived from the Oconee PRA and the abnormal transient operating guide.lines arc as follows: 

(1) RCS integrity. 
(2) RPV integrity. 
(3) Reactor subcriticality. 
(4) RCS heat removal (via secondary system). 
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(5) RCS pressure relief. 
(6) Core heat removal. 
(7) RCS makeup. 
(8) Long-term heat removal. 
(9) Reactor building cooling (heat removal). 

All of the enumerated sequences, resulting in core melt and perhaps containment failure and public risk, involve chal
lenges to one or more of these safety functions. 

D.1.4 Threats to Safety Systems 

The most significant threat to safety systems at Oconee Unit 3 is the loss of LPSW, Sequence 0-1, since numerous sys
tems rely on this system for cooling, including: 

(1) The motors of the pumps in the HPJ, emergency fccdwater, and reactor coolant systems. 
(2) The heat exchangers of the decay heat removal system. 
(3) The heat exchangers of the CCW system. 

Other sequences that threaten numerous safety systems include sequences 0-5 and 0-6. An additional sequence pos
ing a threat to safety systems is: 

0-12 T5QU- A loss ofoffsite power is followed by local power failures, resulting in a loss of all AC power (i.e., a sta
tion blackout). The only system available for RCS heat removal is the steam-driven emergency feedwater pump, 
which fails through hardware faults or operations staff errors. Once all feedwater is lost, the safety relief valves 
are challenged and eventually open to discharge liquid, after which one or more valves fail to recluse. The 
induced LOCA cannot be mitigated due to the loss of all AC power. 

D.2 ATOG Coverage of the Critical Accident Sequences 

The Abnormal Transient Operating Guidelines (A TOGs) are symptom-based guidelines and as such do not distin
guish the events by their initiating events. Rather, the symptoms or plant conditions are used to guide the actions of 
the operations staff. 1bc ATOG used in this study was developed prior to the full implementation of the SSF, there
fore, there is no reference to the SSF in the ATOG. 

Sequence 0-1 (Wss of LPSW causing RCP seal leakage without makeup) 

A loss ofLPSW event is not addressed directly in the ATOG. In the INADEQUA1E CORE COOLING guideline a 
step instructs the operations staff to trip a RCP if the LPSW is lost and not restored to the RCP motor within 
30 minutes. The need for RCP seal cooling is not clearly indicated in the guidance and the only reference to the 
reliance of numerous systems on the LPSW sy~tcm is in the system auxiliary diagram (SAD) section, which lists the 
components required to support each of the systems. 

Sequence 0-2 (Urge-break LOCA with failure of low-pressure recirculation) 

A Jarge-hreak LOCA will prohably result in an overheating transient condition for which guidance is provided in the 
LACK OF HEAT TRANSFER guideline (guideline Ill-B). An indication of a large LOCA is that the RCS pressure 
drops and the core !lood tanks are discharging to the RCS. CP-101 provides instructions for long-term core cooling 
following a major LOCA. There arc instructions to aligr: to the sump for recirculation if the BWST lo- !o level alarms 
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(i.e., level drops to 6ft) and also provides instruction w throttle LPI valves to prevent pump cavitation. Should low
pressure recirculation fail, the operations staff will enter the INADEQUA1E CORE COOLING guidance. 

Sequence 0-~ (Transient without scram) 

The guidance related to transient without scram events deals primarily with the steps for control rod insertion and 
boratiun to shutdown the reaction. Should main feedwater fail, emergency feedwater would he actuated to ensure an 
overheating transient does not occur. In the case where both main feedwater and emergency fcedwater fail, HPJ cool
ing would be initiated as directed by the LACK OF HEAT TRANSFER guideline (guideline III-B) and the sequence 
is similar to sequence 0-5. If a LOCA is induceil., the same guideline is used and the sequence is similar to 
sequence 0-2. 

Sequence 0-4 (Small-break LOCA without high-pressure recirculation) 

The guidelines that address the potential for RCS inventory losses do not provide instructions for shutting down the 
reactor building sprays to conserve the BWST inventory used by the HPJ system to provide makeup to the RCS. Gui
dance is provided for initiating high-pressure recirculation, using the LPI system to provide pump suction. Should 
high-pressure recirculation fail, the operations staff will enter the INADEQUATE CORE COOLING guidelines. At 
this point, if failed systems cannot be recovered, the operations staff will attempt to decrease the pressure of the RCS 
by opening the PORV and high point vents in order to make the core flood tanks and LPI system available for core 
cooling. 

Sequence 0-5 (Large fccdwater/condcns.ate line break with failure of HPJ cooling) 

A large fccdwatcr line break, which fails both main fcedwater and emergency feedwatcr, will result in an overheating 
transient (i.e., a lack of heat transfer, guideline III-B). This event is addressed in the ATOG and is one of the scenarios 
di~cus~ed in depth in Part II of the ATOG. The guidance expects the Joss of natural circulation to occur for an 
extended loss of feedwater. The corrective actions for a loss of all feedwater arc to attempt to restore feedwater; failing 
to do so, starting HPJ cooling. Direction is given to actuate two HPI pumps and run them at full capacity while man
ually opening the PORV. In addition, all but one RCP should be tripped, thus reducing the heat load while still main
taining forced core cooling. Upon losing all subcooling margin, all RCPs are tripped. Upon failure of HPI cooling, 
the operations staff will enter the INADEQUATE CORE COOLING guidelines. At this point, iffailed systems can
not he recovered, the operations staff will attempt to decrease the pressure of the RCS by opening the PORV and high 
point vents in order to m::>kc the core flood tanks and LPI system available for core cooling. 

Sequence 0-6 (Loss of instrument air with failure of primary or secondary cooling) 

The loss of instrumcn t air results in a reliance on the emergenL)' feedwater system steam-driven pump for secondary
~ide he:ll removal. Upon failure of this pump, the sequence and guidance is essentia!ly the same as the loss of all feed
\Vatcr, described in 0-5 as an overheating transient. 

Sequence 0-7 (SGTR with failure of HPJ) 

'Jbere i~ a specific guideline (guideline III-D) for the occurrence of a SGTR and the SGTR scenario is discussed in 
detail in Part II of the ATOG. Identification of the tube rupture is probably from the steam line or condenser air 
t:jcctm radiation alarm. If the primary-to-secondary heat transfer is excessive, the operations staff is directed to follow 
EXCESSIVE HEAT TRANSFER, guideline lii-C, as expeditiously as possible and then to return to the SGTR guide
line after heat transfer i~ stabilized_ Guideline III-C results in the isolation of the faulted steam generator and the use 
of the functioning steam generator for secondary-side heat removal. Upon return to the SGTR guideline, the 
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operations staff begins to cooldown and depressurize. If the HPI system fails, the operations staff will enter the 
INADEQUATE CORE COOLING guidance. At this point, if failed systems cannot be recovered, the operations staff 
will attempt to decrease the pressure of the RCS by opening the PORV and high point vents in order to make the core 
flood tanks and LPI system available for core cooling. 

Sequence 0-8 (Loss ofMFW with failure of primary or secondary cooling) 

A loss of main and emergenq feedwater will result in an overheating transient. This sequence and related guidance is 
essentially the ~arne as that given for 0-5. 

Sequence 0-9 (SGTR with failure of long-term heat removal) 

There i~ a specific guideline for the occurrence of a steam generator tube rupture, which is one of the scenarios di~cus
sed in detail in Part II. Indication of an SGTR is probably given by the steam line or condenser air ejector radiation 
alarm. If the primary-to-secondary heat transfer is excessive, which would be the case if a main steam relief valve is 
stuck open, the operations staff is directed to follow EXCESSIVE HEAT TRANSFER, guideline III-C, as expedi
tiously as possible and then to return to the SGTR guideline after heat transfer is stabilized. Guideline III-C results in 
the isolation of the faulted steam generator and the use of the functioning steam generator for secondary-side heat 
removal. Upon return to the SGTR guideline, the operations staff begins a rapid cooldown if the SGTR leak rate is 
greater than the capacity of one normal makeup pump. There is no guidance mentioned in Part I of the ATOG to con
tinually replenish the BWST to avoid entering the recirculation phase if the main steam relief valve is stuck open; it is, 
however, recognized in Part II of the ATOG that recirculation from the sump during a SGTR iS not possible and 
means to replenish the BWST may need to be established. If long-term heat removal fails, the operations sta!Iwill 
enter the INADEQUATE CORE COOUNG guidance. At thiS point, if failed systems cannot be recovered, the oper
ations staff will attempt to decrease the pressure of the RCS by opening the PORV and high point vents in order to 
make the core flood tanks and LPI system available for core cooling. 

Sequence 0-10 (RPV rupture) 

Due to the catastrophic nature of this event no actions can be taken to mitigate the accident or release. The ATOG 
does not address this event since there are no mitigating actions that could be taken. Actions to limit the potential for 
this type event are implied by trying to avoid thermal shock and brittle fracture operational regimes. Steps include 
throttling the HPI flow when subcooling margin is restored and restarting a RCP. Starting the RCP will mix the HPJ 
water with reactor coolant, thus raising the temperature of the water and preventing brittle fracture. 

D.3 ATOG Coverage of the "A" Strategies 

Strategy 2.1 (Reduce Containment Spray Flow Rate to Conserve Water for Core 
Injection) 

The ATOG does not recommend a strategy to reduce or terminate the reactor building sprays to conserve the water 
available to the core injection systems from the BWST The need to provide for replenishing the BWST is referred to 
in the case of a SGTR, where the RCS inventory does not reach the sump. The ATOG emphasizes being in the decay 
heat removal mode before depleting the BWST 
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(Enable Early Dettxtion, Isolation, or OtherWise Mitigate the Effects of an Interfacing Systems 
LOCA) 

The ATOG provides direct guidance on identifying and isolating various types ofLOCAs. For isolatable LOCAs, the 
locating symptoms and isolating valves arc identified. Five LOCAs are identified as non-isolatable: SGTR, open pres
surizer safety valves, HPI injet.""tion line break, RCP pump seal LOCA, and RCS instrumentation line break. For these, 
locating symptoms are provided. Specific guidance is provided for the occurrence of a SGTR. 

Strategy 2.3.2 (Refill Refueling Water Storage Thnk with Borated Water) 

The ATOG recognizes the need to replenish the BWST in situations where there is not adequate inventory in the 
~ump. This is directly addressed for the case of SGTRs, though the source(s) of this additional borated water is not 
identified. 

Strategy 2.4 (Ensure Appropriate Recirculation Switchover and Manual Intervention Upon Failure of Automatic 
Switchover) 

The ATOG recognizes the need to verify that the switch over to recirculation is achieved. Two general causes of recir
culation failure are identified: loss of sump water and loss of both suction paths from the sump. The loss of sump 
water can occur because the RCS inventory does not accumulate in the sump (e.g., during a SGTR) or the sump water 
is diluted from a non- borated source, which requires the sump water to be borated and the dilution to be terminated. 
The loss of both suction paths can occur as a result of clogging Or if both sump valves fail to open. The clogged valves 
may be cleared by back flushing the line. If the valves fail to open, local manual operation of the valves is suggested. 
However, it is recognized that local attempts to open these valves may not be possible because the radiation levels may 
be too high. 

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

The Oconee SSF can provide a backup supply of feedwater to the steam genera10rs for secondary-side heat removal 
and can inject and maintain sufficient inventory in the RCS to sustain natural circulation and cool the RCP seals. The 
SSF also has its own electrical power system, with a dedicated diesel generator. This faciEty provides an additional 
level of backup to numerous important safety systems. The ATOG used in this study does not identify this backup sys
tem because the SSF was not fully implemented at Oconee at the time the ATOG was developed. 

Strategy 3.2.1 (Enable Emergency Bypass or Change of Protective Trips for Injection Pumps) 

This strategy b not discussed in the ATOG. 

Strategy 3.3.2 (Use Non-Safety Related Charging Pumps for Core Injection) 

The ATOG specific rules for initiating HPI state that if one HPI pump fails to ~tart then the makeup pump is put into 
service, taking suction from the BWST In addition, the SSF also provides an independent backup to the HPI system. 

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

If RCP seal cooling is lost, the operations staff will trip the RCPs and attempt to recover seal cooling. The SSF pro
vides a backup to this function and essentially implements the strategy at the Oconee Nuclear Station. 
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Strategy 3.5 (Use Condensate Pumps or Startup Feedwater Pumps for Steam Generator Injection) 

At Oconee, this strategy is essentially implemented since the SSF can be used to provide feedwater to the steam gencr· 
ators for secondary-side heat removal. Since the SSF has a dedicated diesel generator, this fcedwater source is not 
dependent on site AC power. 

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

This strategy is not discu~sed in the ATOG. 

Strategy4.2 (Usc Portable Battery Chargers or Other Power Sources to Recharge Station Batteries) 

This strategy is not discussed in the ATOG. 

Strategy 4.3 (Enable Emergency Replenishment of the Pneumatic Supply for Safety Related Air Operated 
Components) 

This strategy is not discussed in the ATOG. 

Strategy 4.4 (Enable Emergency Bypass or Change of Protective Trips for Emergent-)' Diesel Generators) 

This strategy docs not apply since the Kcowee Hydroelectric Station is the emergency AC power source for the 
Oconee Nuclear Station. 

Strategy 4.5 (Enable Emergency Cros~tie of AC Power Between Two Units or to an Onsite Gas 1brbinc 
Generator) 

The emergency power source for all three Oconee units is the Keowee Hydroelectric Station, which supplies power via 
a 230-kV !inc to the Oconee switchyard. In addition, the Lee Steam Station combustion turbines can provide backup 
emcrgenq AC power if the Keowec Hydroelectric Station is unavailable. A cross tie between Oconee units is thus not 
necessary. 

Strategy4.7 (Use Diesel-Driven Firewater Pump for ... Steam Generator Injection or Containment Sprays) 

The strategy for u<:>ing a pump that is independent of onsite AC power for steam generator injection is essentially 
implemented at Oconee since the SSF can he used to provide the fccdwater and has iLs own dedicated diesel generator. 
The ATOG docs not discuss the usc of an independent source for reactor building sprays. 

Stratq,')' 5.1 (Reopen Main Steam Isolation Valves and Turbine Bypass Valves to Regain the Main Condenser a~ a 
Heat Sink) 

This strategy is not discu~sed in the ATOG. 

Strategy 6.1 (Provide Additional Supply of Borated Makeup Water for Long:rerm Accident Control) 

Til is strategy is similar to the strategy involving replenishing the BWST borated water inventory. 
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Table of Acronyms 

AC alternating current HPME high-pressure melt ejection 
AFW auxiliary feedwater HPSI high-pressure safety injection 
AI artificial intelligence HPSI/R high-pressure safety injection/recirculation 
ANN artificial neural network mode 
AOP Abnormal Operating Procedures HPSW high-pressure service water 
ASWS Auxiliary Service Water system 
ATOG Abnormal Transient Operating Guideline ICC inadequate core cooling 
ATWS anticipated transient without scram IPE Individual Plant Evaluations 

!REP Interim Reliability Evaluation Program 
B&W Babcock & Wilcox IRM Interruption and Resumption Mode 
BNL Brookhaven National Laboratory 
BWST Borated Water Storage Tank JPA job performance aid 

CC-1 calvert C\iffs-1 kVA kilovolt amp 
CCP centrifugal charging pumps 
CCW Component Cooling Water system LOCA loss of coolant accident 
CE Combustion Engineering LOF loss of feedwater 
CEOG Combustion Engineering Owners Group LOFT Loss-of-Fluid lest 
CET core exit thermocouple LOSP LD.ss of Offsite power 
CFT core flood tank LPI Low Pressure injection 

LPSW Low Pressure Service Water system 
DC direct current 
DCH direct containment heating MAAP Modular Accident Analysis Code 
DO diesel generator MFW Main Feedwater 
DST demineralized water storage tank MOV motor-operated valve 

MSIV Main Steam Isolation Valve 
ECCS emergency core cooling system 
EDG emergency diesel generator NRC Nuclear Regulatory Commission 
EOP Emergency Operating Procedure NRC/RES Office of Nuclear Regulatory Research 
EPG Emergency Procedures Guideline NSAC Nuclear Safety Analysis Center 
ERG Emergency Response Guideline 

ORO Optimal Recovery Guideline 
FCI fuel-coolant interaction OTSG once-through steam generator 
FP Fire Protection system 
FR Function,11 Restoration PCS Power Conversion System 
FRO Functional Recovery Guideline PNL Pacific Northwest Laboratory 
FSAR Final Safety Analysis Report PORV Pilot (or Power) Operated Relief Valve 
FY fiscal year PRA probabilistic risk assessment 

PTS pressurized thermal shock 
HJTC heated junction thermocouple PWR prcs~urizcd w<Jter reactor 
HPJ high-pressure injection 
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RCP Reactor C,oolant Pump SPND self-powered neutron detector 
RCS Reactor Coolant System SRV safety relief valve 
RCVCS Reactor Coolant Volume Control System SSF Standby Shutdown Facility 
RHR Residual Heat Removal system SSF Standby Shutdown Facility 
RPV Reactor Pressure Vessel sw Service Water system 
RVLIS Reactor Vessel Level instrumentation sws Service Water system 

system 
RWST Refueling Water Storage Thnk TBV Thrbine Bypass Valve 
RWST refueling water storage tank TMI-2 Three Mile Island, Unit 2 

SAD system auxiliary diagram U-235 uranium-235 isotope 
SBO station blackout UPS uninterruptible power system 
SCRAM scram, a rapid shutdown of the reactor US NRC U.S. Nuclear Regulatory Commission 
SG steam generator 
SGTR steam generator tube rupture w Westinghouse 
SI safety injection WOG Westinghouse Owners Group 
SPDS Safety Parameter Display system 
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