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ABSTRACT 

In support of the U.S. Nuclear Regulatory Commission (NRC) Accident 
Management Research Program, a methodology has been developed for 
identifying the plant information needs necessary for personnel involved in the 
management of an accident to diagnose that an accident is in progress, select and 
implement strategies to prevent or mitigate the accident, and monitor the 
effectiveness of these strategies. This report describes the methodology and 
presents an application of this methodology to a Pressurized Water Reactor 
(PWR) with a large dry containment. A risk-important severe accident sequence 
for a PWR is used to examine the capability of the existing measurements to 
supply the necessary information. The method includes an assessment of the 
effects of the sequence on the measurement availability including the effects of 
environmental conditions. The information needs and capabilities identified using 
this approach are also intended to form the basis for more comprehensive 
information needs assessment performed during the analyses and development of 
specific strategies for use in accident management prevention and mitigation. 
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SUMMARY 

Accident management is an essential element of the 
Nuclear Regulatory Commission (NRC) Integration 
Plan for the closure of severe accident issues. This ele
ment will be used to consolidate the results firom other 
key activities under this plan to enliance the safety pro
grams for nuclear power plants. Implementation of 
accident management will ensure that planned actions 
and preparatory measures are developed which will 
enhance the capability of nuclear power plant po^n-
nel to effectively manage sev^e accidents. 

Instrumentation was identified by the NRC as one of 
the five areas in which the risks associated with severe 
accidents can be further reduced. This identification 
was based on the importance of reliable plant status 
infOTmation, which is needed by personnel to success
fully manage severe accidents. Without adequate plant 
status information and guidance to ensure its proper 
use, plant operating personnel cannot reliably diagnose 
the occurrence of an accident, det^inine the extent and 
nature of the challenge to plant safety, monitor the pa-
formance of automatic systems, select and implement 
corrective strategies to prevrat or mitigate the safety 
challenges, and monitor their effectiveness. 

To support the NRC accident management work 
relating to instrumentation, a program is being con
ducted with the objectives of: 

1. Developing a methodology that will identify 
(a) the information needed to understand the 
status of the plant during a broad range of 
severe accident conditions including corec-
tive actions, (b) the existing plant measure
ments which could be used to directly or 
indirectly supply these information needs, 
(c) the potential limitations on the capability 
of these measurements to function properly 
under the conditions that will be present dur
ing a wide range of postulated severe 
accidents, and (d) the conditions in which in
formation from the measurement systems 
could mislead plant personnel. 

2. Applying the developed methodology to a 
pressurized water reactor (PWR) with a large, 
dry containment to assess the capabilities and 
limitations of the methodology and to identi
fy, on a generic basis, potential limitations in 
the instrumentation. 

3. Evaluating a typical severe accident sequence 
for a PWR witfi a large, dry containment to 

test the methodology's capability to assess 
the availability of information for sequences 
identified in probabilistic risk assessments. 

To satisfy the first objective, a four-step method
ology was developed to identify nuclear power plant 
information needs during severe accidents and to 
determine the extent to which these needs could be met 
by instrumentation currently in use at the plants. These 
svsps are listed as follows: 

1. A hierarchical tree structure is used to iden
tify the relationships between plant safety 
objectives, challenges to the safety objec
tives, mechanisms that cause the challenges, 
and strategies that would mitigate or prevent 
the mechanisms. 

2. Each branch point in the safety objective 
trees, developed in Step 1, is reviewed to de-
tramine what information would be needed to 
decide whetho* the plant is either approach
ing or at a state that would c(»iespond to that 
branch point. Possible sources of this infor
mation (feedwater flow, reactor coolant tem
perature, containment pressure, etc.) is then 
identified and assessed to see how well the in
formation at the plant represents that which is 
needed. 

3. The instrumentation that exists at the plant 
that will supply the needed information is 
identified. 

4. The infcHmation which may mislead person
nel involved in accidoit maaagemait is iden
tified based on the lack of information that is 
needed to clearly distinguish individual 
branch points on the safety objective trees. 

The information-needs methodology was appUed to 
a PWR with a large, dry containment to accomplish the 
objective. This application was based on typical plant 
features and instrumentation but would not be totally 
representative of a particular plant. The results £tom 
this ̂ )plication can be summarized as foUows: 

• Safety objective trees were developed. Al
though the severe accident information 
presented on the trees is not new or unique, the 
structure of the trees allows easy visualization 
of what is important for a broad spectrum of 
severe accidents. This broad perspective also 
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provides insights for identifying the situations 
in which strategies may be effective in pre
venting or mitigating a sev^e accident 

• The assessment of information needs for 
a PWR with a large, dry containment indi
cate \bexe is not sufficient instrumratation to 
understand the status of the core during 
heatup and relocation. There is also insuffi
cient information to determine whether there 
is excessive energy transfer to the vessel low
er head and whether failure should be ex
pected. The lack of informaticm in these two 
areas increases the difficulty in making a de
cision of whether to use plant resources for 
strategies relating to preserving vessel integ
rity or to use strategies aimed at preserving 
containment integrity. 

• About twenty information needs exist for 
which personnel involved in accident man
agement have the potential to be mislead be
cause they must rely on interpretation of 
instruments that do not direcUy supply the 
needed information. Five of these needs were 
judged to be important and could be grouped 
into two types of information needs: (a)tiiose 
related to the inability to understand core 
status following the initiation of fuel melting, 
discussed above, and (b) those related to the 
inability to determine the location of flow by
pass or leaks firom the containment, such as 
the location of an interfacing system loss-of-
coolant accident. 

• There may be instrumentation or other means 
that can be used to provide information that is 
not currently available. For example, source 
range instruments and self-i)owaed neutron 
detectors may supply information on core 
status during relocation, but this infcsmation 
would require the capability for special iatst-
pretation, which does not currently exist. 
Computational aids that interpret or extend 
the use of existing instrumentation have the 
potential to provide additional needed 
information. 

To meet the third objective, a typical sewese accident 
sequence for a PWR with a laige, dry containment was 
used to (a) demonstrate the use of information-Hieeds 
methodology along with the results of its application, 
and (b) provide detailed information on possible 
limitations for the instrumentation during a specific, 
sevoTe accident sequence. An evaluation process was 

developed to fulfill the purposes described for this 
assessment. This process used the following steps: 

1. A detailed definition of the conditions and 
timing for the specific sequence for evalua
tion was developed, and the accident se-
qurace was divided into phases based on the 
timing of key events and the i^enom^ia that 
occur. 

2. The conditions under which the instrumenta
tion can reasonably be expected to fail or pro
vide faulty information v/a& identified. This 
information was obtained from the qualifica
tion reviews for the plant instruments as they 
potain to Regulatory Guide 1.97.* 

3. The availability of the instruments during 
each phase of the sequence was determined 
using the instrument failure conditions de
veloped in the previous step. The types of 
failures considered were: support system fail
ures, failures resulting from exceeding 
environmental qualification conditions or 
conditions determined by testing or analysis, 
and failures resulting from exceeding the in
strument range. Also, needed instnimentation 
that was not installed was identified. 

4. The safety objective trees and information 
needs developed fw a PWR with a large, dry 
containment were used along with the se
quence definition to identify, on the trees, 
which safety functions were challenged, the 
mechanisms that caused the challenges, the 
strategies used for prevention or mitigation, 
and the information and instrumentation 
needed to follow the severe accident se
quence as it progressed through each of the 
four phases. 

5. The information needs developed in Step 4 
were compared to the information available 
for each phase of the severe accident 
sequence, as identified in Step 3. This com
parison determined the avaiM)ility and limi
tations of plant instrumentation for accident 
management during each phase of the acci
dent sequence. 

The process above was applied to a risk-important 
sequence for a PWR. This sequence was a pump seal 
nq>ture loss-of-coolant accident with the loss of injec
tion and eventual loss of containment spray. In the 
evaluation of the sequence, it was conservatively 
assumed that all instruments failed when their 
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qualification conditions were exceeded. Important 
plant-specific findings were: 

• Sufficient information exists to manage the 
accident up to the time prior to the onset of 
fuel and cladding melt. 

• During the time paiod between the initiation 
of core melt and cere relocation into the reac
tor vessel lower head, there may be faulty in
dications or no information available on 
system parameters within the reactor vessel 
for accident management since the instru
ment qualification limits are exceeded. 

• There is no information available to accident 
management personnel to indicate an ap
proach to vessel lower head failure. 

• Following lower head failure, it is possible 
that faulty indications will exist or that no 
information will be available to monitor 
containment response, since all of the con
tainment instrumentation qualification limits 
would be exceeded. 

• The range of several instruments important to 
accident management were exceeded during 
the sequence, including the hot and cold leg 
resistance temperature detectors (RTDs) and 
core exit thermocouples. Therefore, these in

struments would not provide reliable infor
mation for the latter stages of the sequence 
evra if they continued to operate after their 
qualification conditions v/exc exceeded. For 
some PWRs, the containment pressure range 
may also be exceeded, although this was not 
the case for the plant used in this study. 

• To circumvent the faulty instrument indica
tions or their unavailability due to support 
system failures and severe environmental 
ccmditions, computational aids could be used 
to supply the missing information. 

This application did not identify any significant 
shortcranings in the use of information-needs method
ology. However, the assumption that all instruments 
failed when their qualification conditions were ex
ceeded may be too simplistic and conservative. If a 
more realistic assessment of this situation is desired, a 
detailed evaluation of measurement survivability 
would be needed for a range of possible sev&K acci
dents. This evaluation would need to consider the en
tire instrument system that is exposed to harsh 
conditions, including the transducer, cabling, electron
ics, etc. It is recommended that an environmental en
velope encompassing risk-important s&vetQ accident 
conditions be developed to provide insight for the 
range of conditions that would be needed for an evalu
ation of instruments. The development of this environ
mental envelope is planned for a PWR and boiling 
water reactor (BWR) in FY-1990. 
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ACCIDENT MANAGEMENT INFORMATION NEEDS 
VOLUME 1 - METHODOLOGY DEVELOPMENT 

AND APPLICATION TO A PRESSURIZED 
WATER REACTOR (PWR) WITH A 

LARGE, DRY CONTAINMENT 

1. INTRODUCTION 

Accident management is an essratial element of the 
NRC Integration Plan for the closure of severe acci
dent issues. This element will consolidate the results 
from other key elements such as Individual Plant Ex
amination QPE), Containment Performance Improve
ment (CPI), and Severe Accident Research Programs 
(S ARP) in a form that can be used to enhance the safe
ty programs for nuclear power plants. Accident man
agement will ensure that planned actions and 
preparatory measures are developed which will en
hance the ci^abUity of nuclear power plant personnel 
to effectively manage severe accidents. The NRC has 
identified five general areas in which the risks asso
ciated with severe accidents can be further reduced 
through accident management' These five areas are: 
(1) accident management strategies, (2) training, 
(3) guidance, (4) instrumentation, and (5) decision
making responsibility. 

Instrumentation was included as one of the five areas 
because of its impratance to the success of personnel in
volved in severe accident management Plant personnel 
(reactor operators, shift technical advisors, techiucal 
support c^t^* personnel, etc.) are responsible fa: diag
nosing the occurrence of an accident determining the 
extent of the challenge to plant safety, monitoring the 
performance of automatic systems, selecting strategies 
to Invent or mitigate tiie safety challenge, and imple
menting the strategies and monitoring their effective
ness. Without adequate plant status information and 
guidance to ensure its prop^ use, these operating per
sonnel cannot reliably identify and accomplish the ac-
ticHis necessary for accident management 

The safety-related instrumentation installed in nu
clear power plants is primarily designed and qualified 
for preventing and mitigating accidents that are less 
than or equal to the severity of a design basis accident 
The ability of the instrumentation to supply the infor
mation needed for management of severe accidents has 
not been investigated in a comprehensive manner for 
conditions typical of a broad range of severe accidents. 
Th»efore, tiie objective of the work presented in this 

report is to aid in determining the extent to which 
existing plant instiumentation is ce^able of supplying 
severe accident information by: 

1. Developing a methodology that will identify: 
(a) the information needed to understand the 
status of the plant during a broad range of se-
vcK accident ccxiditions including corrective 
actions, (b) the existing plant measurements 
which coidd be used to directiy or indirecdy 
supply these information needs, (c) the con
ditions in which information from the 
measurement systems could mislead plant 
pownnel, and (d) the potential limitations on 
the capability of these measurements to func
tion properiy under the conditions that will be 
present during a wide range of postulated se-
\ett accidents, 

2. Applying the developed methodology to a 
pressurized water reactor (PWR) with a large, 
dry containment to assess the capabilities and 
limitations of the methodology and to identi
fy, on a genoic basis, potential limitations in 
the instrumentation, 

3. Evaluating a typical severe accident sequence 
for a PWR witii a large, dry containment to 
test the capability of the methodology to 
assess the availability of information for 
sequences identified in probabilistic risk 
assessments. 

The remainda of this report describes how the three 
elements of the objective for this work were accom
plished, and it also shows the results. Section 2 de
scribes the methodology developed for identifying the 
information needs for management of severe accidents 
(element 1 above). Section 3 describes the results firom 
tiie applicaticHi of the methodology to a PWR with a 
large, dry containment (element 2 above). Section 4 
presents results fiom the application of the methodolo
gy to a specific severe accident sequence for a PWR 
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(element 3 above). The summary and conclusions are 
presented in Section 5, and references are listed in 
Section 6, Appendices are used for documenting the 
information developed during the application of the 

methodology to both a PWR and a specific severe 
accident sequence. Volume 2 of this document con
tains the appendices. 
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2. METHODOLOGY AND APPROACH 

The methodology developed to identify tiie infor
mation needed to manage a severe accident and to de
termine the ability of existing instrumentation systems 
to supply tiiese needs is described in tiiis section. This 
section also provides a description of the evaluation 
process used to assess the results from the application 
of the methodology for their applicability to a specific 
sevo^ accident sequence. An example application of 
tills metiiodology to a PWR with a large, dry contain
ment is presrated in Section 3, while use of tiie evalua
tion process for a PWR witii a large, dry containment is 
givra in Section 4, 

2.1 Information-Needs 
Methodology 

A four-step approach was developed for identifying 
nuclear powo- plant infcsmation needs during severe 
accidents and for determining the extent to which these 
needs will be met by information cunentiy in use at the 
plants. These steps and their relationship are illustrated 
in Figure 1. A brief description of tiie purpose and 
products for each step is presented, followed by a more 
detailed description of the methodology for tiie indi
vidual steps. 

The purpose of the first step in this approach is to 
identify the high level safety objectives for the plant 
and to provide a means to relate these safety objectives 
to accident management strategies tiiat have been iden
tified for accomplishing tiiese safety objectives. The 
relationships identified in this step can be displayed in 
tiie form of a hierarchical tree tiiat provides insists on 
the types of information that would be necessary to en
sure that the plant safety objectives for severe acci
dents are met. The product of tiie first stq) would be 
a set of safety objective trees that identify the relation
ships between safety objectives, challenges to these 
safety objectives, and strategies that would mitigate or 
prevent these challenges. 

The purpose of the second step is to consider each 
branch point in the ttees developed in Step 1 and 
determine what information would be needed to decide 
whetiier the plant is at a state that would correspond to 
each branch point Once the information needed to 
identify the positions on the tree have been deter
mined, the possible sources of this information 
(feedwater flow, reactor coolant temperature, contain
ment pressure, etc,) would be identified and assessed 
to see how well the information at the plant represents 

Develop safety 
objective trees 

Determine 
information needs 

and sources 
of information 

Identify 
available 

instruments 

Identify 
misleading 
information 
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Figure 1. Stq)s in methodology development 

the information needed. The product of this sbsp is the 
identified information needs and an assessment of the 
availability of this information at the plant 

The purpose of tiie third step is to identify whetiier 
tiie instnimentation tiiat exists at the plant will siqiply 
the needed information identified in Step 2, The jnod-
uct of this step would be a means of relating existing 
plant instiumentation to information needs and an 
identification of information needs that are not 
supplied by existing information. 

The purpose of tiie final step is to identify sibiations 
in which the operator may be misled based on tiie lack 
of information needed to clearly distinguish tiie differ
ence between individual branch points on the tree or 
the types of information that are available. The discus
sion below provides a more complete description of 
each of these steps. 

2.1.1 Develop Safety Objective Trees. The 
first step in the development of the methodology 
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utilizes a "top down" evaluatim that requires an iden
tification of tfie top-level objectives of severe accident 
management These objectives were based on tiie NRC 
definition of accident managemrat (see Refnence 1): 

Accident Management encompasses those 
actions taken during the course of an accident 
by tiie plant operating and technical staff to: 
(1) prevent core damage, (2) terminate tiie 
progress of core damage if it begins and 
retain the core within the reactor vessel, 
(3) maintain containment integrity as long as 
possible, and (4) minimize offsite releases. 

The four items listed in this definition are qipropri-
ate as statements of tiie safety objectives for accident 
management Use of tiie first objective in tiie develop
ment of a methodology for severe accidents was not 
considered to be appropriate since core damage would 
have already occurred in order for the accident to prog
ress to the stage where it would be considned to be se
vere. The remaining items victQ selected as the safety 
objectives for se\eK accident management and were 
restated as: (1) prevent core dispersal from the vessel, 
(2) prevent containment failure, and (3) mitigate fis
sion product release. 

These three top-level objectives for sev»e accident 
management can be related to actions, generally called 
strategies, that can be used to ensure tiiat the objectives 
are met if an accident occurs. In ord^ to ensure that 
these safety objectives are met cotain critical plant 
conditions, or safety functions, must be maintained 
within acceptable limits. An accident will present 
challenges to the safety functions which have the po
tential to cause the safefy functions to exceed the ac
ceptable limits. These challenges are caused by 
diffoent mechanisms that occur in the plant Finally, 
various strategies can be identified and implemented 
for preventing or nutigating the mechanisms that cause 
the safety function challenges. 

The categories described above—safety objectives, 
safety functions, challenges, mechanisms, and 
sbategies— f̂orm a natural hierarchy that defines the 
roles of po^nnel and equipment involved in accident 
management Identification of the various levels in the 
trees is a logic-driven iterative process that requires in
put firom experts in sevcK accident bdiavior and p^-
sonnel with plant operations experience. Figure 2 
presents an example that shows one branch of a safety 
objective tree for the second safety objective. Prevent 
Containment Failure, for a PWR with a large, dry 
containment 

The completed safety objective trees are used in tiie 
second stq) of tiie metiiodology as a tool to systemati
cally detomine the cqwrating staff's information and 
measurement needs. It is also possible to evaluate tiie 
tree structure for specific sevoe accident scenarios to 
determine the effects of tiie scenario on the safety ob
jectives, to identify challenges to tiie safety functions, 
to assess tiiose strategies that are disabled by the event, 
and to choose those remaining strategies that are ap
propriate to mitigate safety function challenges. The 
use of tiie trees for evaluation of a specific severe acci-
drat sequence is discussed in detail in Section 4. 

2.1.2 Determine Information Needs. The types 
of information needed for severe accident manage-
msai can be identified by considering the tasks that 
must be accomplished to support tiie severe accident 
management saifety objectives. These tasks or activi
ties include: 

1, Monitoring tiie status of tiie safety functions 

2, Detecting challenges to the safety functions 

3, Identifying, if possible, tiie specific mecha
nisms that could be causing the safety fiinc-
tion challenges 

4, Selecting and implementing strategies for 
maintaining or restoring challenged safety 
functions 

5, Monitoring the performance of the strategies 
to determine their effectiveness. 

Each of these activities can be related to a branch point 
on tiie safety objective trees discussed in Section 2,1.1 
above. 

To idoitify information needs, the branch points in 
tiiese trees are examined to decide what information is 
necessary to (a) determine the status of the safety func
tions in the plant, i.e,, whether the safety functions are 
being adequately maintained within predetermined 
limits, (b) identify plant behavior (mechanisms) or 
precursors to this behavior which indicate that a chal
lenge to plant safety is occurring or is imminent and 
(c) select strategies that will prevent or mitigate this 
plant behavior and mcxutor the implementation and ef
fectiveness of these strategies. The information needs 
for the challenges to the safety functions are not ex
amined since the summation of the information needs 
fat all mechanisms associated with a challenge com
prise the information needs for the challenge itself. 
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Figure 2. Example of one branch of a safety objective tree. 

To aid in tiie systematic identification and display of 
tiie accident manag^nent information needs, a table-
based fonnat was developed. Table 1 shows an exam
ple of tiie structiu^ of this table. The rows on tiie table 
correspond to the five levels of information listed pre
viously which were derived from the levels of the safe
ty objective trees. The first section (row) of tiie table 
contains tiie information needs that relate to the safety 
function. This section is used to describe tiie informa
ticm needed to determine whetho: tiie safety functi(Mi is 
being maintained within tiie accepted safety limits. 
The second section (row) of tiie table displays infor
mation to idratify a specUic mechanism that may be a 
challenge to a safety function. Two different categories 
of information are important for identifying mecha
nisms: indicators and precursors. The uidicatt)rs in
clude information that identifies when a mechanism is 
actually occurring and challenging a safety function. 

The precursor information identifies whether a mecha
nism would be expected to occur in die future based on 
currentiy available informaticni. 

The final fliree categories (rows) relate to strategy 
selection and evaluation. The Selection Criteria cate
gory identifies the information needed to determine 
which strategies should be selected for a given situa
tion, including consideration of the plant conditions 
under which the strategy can operate and be effective. 
The Strategy Initiation category gives the information 
needed for the opouting staff to determine whetiier a 
strategy has been implemented as intended. The Strat
egy Effectiveness row describes the information need
ed to determine whether the sUategy is having its 
intended effect; tiiat is, whether implementation of tiie 
strategy is having a beneficial effect on the status of the 
safety function tiiat is being chall^ged. 
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Table 1. Example structure of the informatioi needs table 

Direct Indirect 
Information Mormatiffli Available Potential 

Information Needs Source Source Instruments Instrumqits 

Safety 
Function 

Mechanism Indicator 

o Precursor 

Strategy Selection Critoia 

Strategy Initiation 

Strategy Effectiveness 



The respective columns in the table format include 
the identified information needs, the sources of the in
formation categorized as to how well they represent 
the information needs, and the existing measurements 
that could supply tiie needed information. The infor
mation sources are subdivided into those tiiat are con
sidered to be either direct or indirect, A direct 
infcnmation source is one that can be used to provide 
information that will positively determine the presence 
or absence of a specific condition on tiie safety objec
tive tree. For example, for tiie safety function address
ing pressure control, a pressure measurement is a 
direct infcarnation source for understanding challenges 
to the safety function. An indirect information source 
can be used to infer the needed information, but there 
may be conditions where the information source may 
provide ambiguous results. For example, core exit 
temperature may provide reasonable information for 
fuel cladding temperatures for some system conditions 
but would not provide accurate indication for other 
combinations of system fiow and fluid conditions. 

Development of the input to the rows and colunms 
requires the expertise of personnel witii diverse back
grounds. A team of po^nnel with operations, instru
mentation, and severe accident experience are needed 
to produce the needed information. 

2.1.3 Identify Available Information. Instru
ments that have the potential to supply information 
needs can be identified from the many instruments 
available at the plant by using various specific sources, 
such as piping and instrumentation diagrams, system 
instrument lists, and documentation showing com
pliance witii Regulatory Guide 1.97,̂  

For the severe accident conditions represented by 
the information needs, there may be some information 
needs that existing instrumentation will not have the 
capability to supply. In addition, there may be existing 
instrumratation that does not have the needed range or 
is not qualified for conditions typical of those that will 
occur for some severe accidents. To assess these plant 
instrument limitations for severe accidents, a compila
tion of plant conditions that correspond to tiie identi
fied information needs for a wide range of severe 
accidents would be required. This compilation would 
have to rely on the results of analyses performed with 
one or more severe accident computer codes. Ranges 
for existing measurements and results from their envi
ronmental qualifications could then be compared to 
parameters calculated during the analysis of severe ac
cidents. Then, judgements could be made regarding 
the capability of existing measurement equipment to 

survive harsh ravironments and supply accurate, un
ambiguous information. 

The selecticHi of representative plant conditions to 
judge the capabilities of existing instniments would be 
difficult because there are several differrat severe ac
cident computer codes that provide results that extend 
from conservative to what is considered "best esti
mate." Since the process of selecting rqiresentative 
conditions would be complex and time consuming, 
assessment of generic range and qualification condi
tions for instiuments is outside the scope of this study. 
However, a strategy-specific evaluation of ranges and 
qualification conditions was performed for a single se
vere accident sequence, which is reported in Section 4. 

2.1.4 Identify lUllsleading Information. There 
are sevoal ways in which the information supplied by 
the instrumentation could mislead po^nnel involved 
in accident management Examples include: 

1. Using information fiom instruments that in
clude large error components because they 
are operating outside of their specified oper
ating conditions 

2. Using information that is in error because the 
instiuments are either damaged or fEtiled 

3. Inferring information from an indirect source 
without consideration of implicit limitations. 

Alerting the personnel involved in accident manage
ment that instrumentation is outside its specified range 
of qualification conditions could be easily accom-
pli^ed if the environmental conditions for die instru
ments v/etQ measured or could be estimated based on 
the characteristics of the accident A determination of 
the amoimt of error in the information would be much 
more difficult but could be based on the type of instru
ment and the known or expected conditions. For the 
second example, identification of measurements that 
are failed or damaged could be determined through 
cross comparisons with similar or supporting instru
ments, which is a practice that could be used during the 
response to an accident 

The use of information from indirect sources could 
be misinterpreted in a way that would mislead accident 
management personnel. Misinterpretation of informa
tion may occur due to the lack of understanding of the 
limitations of the instruments. For example, use of the 
core exit temperatures to infer core cooling could 
mislead the operators if an injection path is restored to 
the hot leg. Tlie injection into the hot leg may signifi-
cantiy reduce the core exit temperature; however, for 
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low injection rates, portions of the bottom of the core 
may continue to heat up and melt In this situation, the 
information supplied by an instiiunent appears to ful
fill the information need for verification of core cool
ing: however, core degradation continues due to a 
misinterpretation of an indirect source of information. 

Results fiom the table-based format oa infonnation 
needs described in Section 2.1.2 can be used to identify 
the situations in which the greatest potential exists for 
misleading the operator. This identification is accom
plished by determining which information needs do 
not have direct information sources and must rely only 
on indirect sources. Direct infonnation sources would 
be difficult to misintopret, if properly displayed, since 
they correspond one-for-one with the information 
need. As an example, if the safety function of interest 
is containment pressure, then the information need is 
the containment pressure history and the direct infor
mation source is the containment pressure measure-
m&ai However, if the informaticxi need does not have 
a direct informaticxi source, tiien assessment of die sit
uation and determination of what action should be tak
en must rely on indirect information sources. The 
potential for misinterpreting tiie accident conditions 
and misleading the opoator increases with die use of 
indirect sources of information since there can be am
biguities in die infonnation tiiey provide. For example, 
interpretation of die core exit tiiermocouple readings 
as indicative of the fuel rod cladding temperature has 
the potential to mislead the personnel involved in acci
dent management for a wide range of potential severe 
accident conditions unless the limitations typical of 
those discussed above and tiie possibility for large un-
cotainties is included in the interpretation. Therefore, 
if the number of information needs that are being 
supplied by indirect sources is laige, die potential to 
mislead die operator is even greato'. 

2.2 Process for Evaluation of 
Information-Needs 
Methodology 

This section describes an evaluaticxi process diat can 
be used to assess results obtained from the application 
of die mediodology described in Section 2,1 for a spe
cific severe accident sequence. The purpose of diis 
assessm^t is to identify potential problems with the 
methodology and the results of its application to a 
PWR witii a large, dry containment The assessment 
will also provide specific information on possible 
limitations for die instrumentation during a specific se
vere accident sequence. 

The evaluation process that has been developed to 
fulfill tiie purposes described for this assessmoit is il
lustrated in Figure 3. A laief description of each indi
vidual step in this process follows. 

2.2.1 Define Sequence Conditions and 
Timing. The purpose of the first step, Define 
Sequence Conditions and Tuning, is to select an acci-
dsat sequence, or collection of sequences, for which 
the information-needs evaluation is to be performed 
and provide a detailed definition of the ccxiditions and 
timing for the sequence. In developing this definition, 
die following actions should be tsksa to obtain the in
formation: 

1, List die initial conditions for the sequoice. 

2, Identify the equipment and support system 
failures, 

3, Obtain key parameter plots of the pertinent 
reactor coolant system (RCS) and contain
ment, thermal-hydraulic responses. These 
plots should include RCS pressure, tempera
ture, and liquid level along with core exit 
temperatures and containment pressure and 
temperature. 

4, Tabulate the key sequence of events for the 
severe accident sequence, 

5, Divide the accident sequence into phases 
based on the timing of key events and the 
phenomena that are occurring. 

The information developed during tiie definition of 
sequence conditions and tinting will save as tiie basis 
for determining the instiumentation performance 
when exposed to differing levels of severe accident 
conditions. Examples of sequence phases would be 
(a) the time prior to core uncoveiy or (b) die time be
tween vessel failure and containmrat failure. 

2.2.2 Identify instrument Failure Conditions. 
The purpose of the second step is to identify the condi
tions imder which the instrumentation can reasonably 
be expected to fail. This information can be obtained 
from the qualification reviews for the plant instru
ments as tiiey pertain to Regulatory Guide 1,97 (see 
Reference 2), To accomplish diis, it is necessary b>: 

1. Id^tify the instrument qualification ranges. 
In other words, determine the maximum 
environmental temperature, pressure, hiunid-
ity, radiation, and seisnuc levels that can exist 
without the instruments showing inaccurate 
information to the operators during an event 
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Identify the key system ranges (pressure, 
temperature, radiation, etc.) experienced dur
ing each phase of die accident using the infor
mation developed in Step 1. 

3, Identify die failure conditions for the instru
ments. A bounding case would be to assume 
the instrumentation fails when its qualifica
tion conditions are exceeded. This case is 
known to be conservative based on the expe
rience gained during the Three Mile Island 
accident wh»^ some instnimentation contin
ued to operate under severe conditions. A 
more realistic identification of failure condi
tions could be obtained through testing or 
through analysis of individual instrument 
types. However, this assessment is beyond 
the scope of this study. 

Categorization of the instruments, based on 
dieir qualification conditicHis, could be used 
to readily identify the equipment available 
during the accident {biases. Since instruments 
have different qualification conditions im
posed for both (tesign basis accidents (DBA) 
and non-DBA-type events, with both harsh 
and non-harsh environmental conditions, 
these categories could be used. 

4. Identify odier equipment failures that would 
occur as a consequence of the accident 
conditions. 

The results from identifying instrument failure con
ditions will be used in future steps to assist in deter
mining what instrumentation is available during the 
identified phases of the accident sequence. 

2.2.3 Determine Instrument Availability for 
Sequence Phases. The purpose of die tiiird step is 
to determine tiie availability of die information needed 
from the instiuments during each phase of the se
quence. This determination is accomplished using the 
instrument failure conditions developed in Step 2. The 
types of failures that would restrict the information 
available during each phase, and should be considered 
in dus det^mination include: 

• Failures resulting from exceeding environ
mental qualification conditions or conditions 
determined by testing or analysis 

• Failures resulting from exceeding die instiii-
ment range 

• Failures resulting from the lack of instrumen-
tation available to provide the needed 
information. 

The matrix of sequence phases and failed instru
ments will be used for developing comparisons with 
the information needs for the sequence to detomine 
what necessary infonnation is not available as the se
quence progresses, 

2.2.4 Identify Information Needed During 
Sequence Phases. The purpose of die fourdistqi is 
to identify the information needed to maintain the 
plant safety fiinctions and to select and moiutor the ef
fectiveness of strategies. The infonnation needs could 
be identified by applying the methodology described 
in Section 2,1 to die plant as a whole, or diey could be 
identified for a specific sequence by slightiy modify
ing the methodology to consider challenges resulting 
from only diat sequence. To back the flow of informa
tion needs as diey develop tiuoughout die accident se
quence, information needs are identified by noting on 
the safety objective trees and the tables described in 
Section 2.1,2 the status of the safety functions, the 
mechanisms causing die challenges, and the relevant 
strategies for prevention or mitigation. This notation 
would be used for each phase of the sequence. 

For each safety function, the following classifica
tion system should be used to denote the status for each 
phase of die sequence: 

• The safety function is not challenged, so die 
status is okay 

• The safety function is challenged 

• The safety function has been lost, i.e., the 
core is not coolable inside die vessel 

• Information deficiencies exist 

For each mechanism, the following classification 
system should be used to denote the state for each 
phase of the sequence: 

• Failures due to suppon system failure (electri
cal power, instrument air, service water, etc.) 

The mechanism is present and the safety 
function is being ch^enged 
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• The mechanism is not preset, but die poten
tial exists for this mechanism to occur in the 
future 

• The mechanism is not present nor is it ex
pected to occur 

• Information deficiencies exist 

For each strategy, the following classification sys
tem should be used to denote tiie status for each phase 
of die sequence: 

• The strategy is available 

• The strategy is unavailable as a result of 
failed equipment 

• The strategy is active, i.e., it is being utilized 
during the sequence phase 

• There may be strategies identified on a set of 
generic safety objective trees that are not in
stalled at the particular plant being evaluated 

• There are information deficiencies for the 
strategy. 

This step will produce a set of safety objective trees 
and a set of information-need tables that will indicate 
which safety functions are being challenged, the mech
anisms causing tiie challenges and what strategies are 
available for use. Also, the information needs and 

instrumentation required to follow die severe accident 
sequence as it progresses dunugh each phase will be 
shown. This status information will be used in the next 
step for comparison to the instiumentation that is 
available, 

2.2.5 Compare Information Needs and Avail
ability. In die final step, a table is developed to com
pare the information needs to die information available 
for each phase of the severe accident sequence using 
die information developed in tiie preceding steps. The 
purpose of die table is to present the final product, 
which is an assessment of die availability of plant in
strumentation for accident management during each 
phase of the particular sequence in question. This table 
is referred to as an Accident Management Infonnation 
Assessment table. Information regarding the potential 
to mislead tiie operator or to add confusion of die acci
dent to management can also be obtained from this 
table by examining where the infonnation needs do not 
exist or are supplied by indirect information sources. 

An application of the assessment process described 
above is presented in the application to a specific se
vere accident sequence in Section 4, Howev^, before 
die application to die sequence is presented, die metii
odology is appUed to a PWR with a large, dry contain
ment, as explained in Section 3, Section 3 also 
identifies the needed instiumentation for accident 
management as established by the safety objective 
trees using the table-based format discussed eariio- for 
this plant type. This tabular information is then used to 
perform die assessment presented in Section 4. 
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3. APPLICATION OF INFORMATION-NEEDS METHODOLOGY TO A 
PWR WITH A LARGE, DRY CONTAINMENT 

The metiiodology described in Section 2,1 has been 
applied to a PWR widi a large, dry containment This 
application was based on a knowledge of the plant fea
tures and instruments that are typical of some PWR 
plants but may not be totally representative of a partic
ular plant The objective of diis application is to assess 
die metiiodology, demonstrate q)plication to a plant 
and provide an important evaluation of the status of ui-
formation needs for this general class of plants. The re
sults of this evaluation can also form the basis for 
additional studies or plant-specific studies to deter
mine the status of plant information needs. Section 3.1 
describes the development of safety objective trees for 
a PWR witii a laige, dry containment Section 3.2 pro
vides the information needs that are based on this safe
ty objective tree. Section 3.3 provides an identification 
of existing measurements from a specific plant to ful
fill die information needs at a representative plant, and 
Section 3.4 presents results which assess die potential 
to mislead the operator based on the results fix)m the 
previous three sections. 

3.1 Safety Objective Tree 
Development 

Tlffee safety objectives were identified for a PWR 
witii a large, (by containment in Section 2.1 based on 
NRC information concerning accident management 
Since this assessment and evaluation is being 
performed for severe accidents, inclusion of the Prevent 
Core Damage* safety objective is not appropriate. The 
current emergency operating procedures are intended to 
address this objective. The remaining safety objectives 
which are used in this development are: (a) Prevent 
Core Disposal from Vessel, (b) Prevent Containment 
Failure, and (c) Mitigate Fission Product Section 2.1, 
has been qiplied to a PWR with a large. Release from 
Contaiiunent The mediodology for developing safety 
objective trees, described in dry containment The de
velopment was not based on a specific plant but on in
formation that is generally typical of some Combustion 
Engineering and Westinghouse PWRs. Personnel with 
expotise in severe accidents and PWR operations were 
used to develop and review the trees. 

a. Core damage is considered to have occurred when 
tiie fuel rod cladding has ruptured and fission products 
have been released into the reactor coolant system 
(RCS), 

It should be noted diat the strategies shown on each 
safety objective tree are only examples and are not 
considered to be a complete set for the mechanisms 
and safety functions. Some strategies may not be prac
tical und^ certain circumstances but are included to il-
lusbBte that diere may be conflicting requirements for 
some plant safety fimctions. Most strategies presented 
are general in nature and would require fiulher evalua
tion to determine whether they would adequately 
maintain die appropriate safety functions for a specific 
plant configuration. A brief description of the safety 
objective tiees developed for the three safety objec
tives is discussed below, 

3.1.1 Safety Objective Tree: Prevent Core 
Dispersal from Vessel. The safety objective for 
preventing the core from being dispersed from the ves
sel into the containment is important for both short-
term and long-tom accident management because die 
strategies and actions associated widi mitigating tiie 
effects of a degraded core are less complicated when 
the core material is retained within the boundary of the 
reactor vessel. In addition, there are relatively large 
imcertainties in the response of the containment pa
rameters when molten core material exits the vessel 
and interacts with the containment structures. These 
uncertainties can be avoided if the core remains within 
die vessel. 

The structure of the Prevent Core Dispersal from 
Vessel safety objective tree is shown in Figure 4, Three 
safety fiinctions were identified that would support 
diis ^e ty objective. These safety functions were se
lected based on an understanding of the types of safety 
functions diat are important for the previous phase of 
accident management (prevent core damage), togedier 
with the recognition that the complexity of system be
havior and the extent of system failures during a sevoe 
accident limits the range of available actions. For the 
Prevent Core Damage phase, the safety functions tra
ditionally used for RCS-related accidents are 
(a) Maintain Core Heat Removal, (b) Maintain RCS 
Heat Removal, (c) Maintain Reactivity Control, 
(d) Maintain RCS Inventory Control, and (e) Maintain 
RCS Pressure Control, Once core damage has oc
curred, die focus of accident management shifts to em
phasize the prevention of frmher core degradation and 
to ultimately maintain the core within the vessel. In 
diis situation, maintaining core heat removal would be 
the highest priority. RCS heat removal would also be a 
high priority since it would be necessary to support 

12 



Safety 
objective 

Safety 
functions 

Challenges 

Mechanisms 

Strategies 

Inadequate 
secondary 
Inventory 

TOTf 

Secondary 
Inlectlon 
metliods 

Secondary 
Inventory 
sources 

Prevent 
core dispersal 

from vessel 

Maintain RCS 
heat removal 

Maintain core 
heat removal 

VI 

Inadeijuate 
secondary 

heat removal 

"VTX 

Inai lequat* 
primary 

heat removal 

Inadequate 
pressure 
cot)trol 

VIA2 

Secondary 
leed and 
Meed 

Secondary 
depressur-
Izatlon 

"Trt 

-72 

Maintain 
vessel 

boundary 

Power/ 
coolablllty 
mismatch 

Inadequate 
RCS energy 
transport 

TTTfJ 

- Restart RCS 
pumps 

- RCS Injection 
mettiods 

- RCS Inventory 
sources 

Restricted 
RCS 

bleed 
TTBt 

PORV teed 
and bleed 
restoration 

Alternate 
systems 

RHR 
systems 

Inoperable 
VTff? 

RHR How 
restoration 

Alternate 
lieat 
sinks 

SCRAM 
(allure 

TSTft 

Insertion 
methods 

ln|icllon 
methods 

Boratioo 
methods 

in 

Flow 
diversion/ 
blockage 

Recrltlcallty 

V2A2 

- RCS injection 
methods 

- Soration 
methods 

Circulation 
(allure 

- RCS pump 
restart 

Inadequate 
RCS 

Inventory 
— \ i l U 
- RCS Injection 

methods 

- RCS inventory 
sources 

~n6 

Vessel 
over-

temperature 

Change 
hi core 

geometry 

— r a s t 
- RCS Injection 

methods 

- RCS Inventory 
sources 

- RCS pump 
(low 

"73X 

Coolable 
relocation 

WTf 

RCS Injection 
methods 

RCS inventory 
sources 

Non-
coolable 

relocation 
•"73X? 

Flood 
cavity 

Figure 4. Safety objective tree: Prevent Core Dispersal fix)mVessd[. 

EC00178a 



long-term core cooling. These two safety functions are 
designated in Figure 4 as Maintain RCS Heat Removal 
and Maintain Core Heat Removal, Reactivity control 
and Inventory control then become mechanisms which 
would lead to challenges related to core cooling. Pres
sure control would be included in portions of certain 
sbBtegies for preventing or mitigating tiiose mecha
nisms associated widi an RCS energy imbalance. 

The diird safety function. Maintain Vessel Bound
ary, is intended to maintain a relocated core within the 
vessel lower plenum. 

For ease in relating die discussion to the various lev
els of the tiee, each level has been assigned a unique 
identifier diat is descriptive of its position on the tiee. 
Thus, the Maintain RCS Heat Removal safety function 
has an identifier called "VI," One of die mechanisms 
causing a challenge to diis safety function is identified 
as "VlAl," The letter "V" identifies tiiis safety func
tion as relating to the Prevent Core Dispersal from 
Vessel safety objective tree. Each of the safety func
tions, challenges, mechanisms, and strategies in this 
tree are explained below, 

3.1.1.1 Safety Function: Maintain RCS 
Heat Removal. The capability to remove energy 
from the RCS must be maintained in order to maintain 
long-term cooling of the core. There are two chal
lenges that influence the capability to maintain RCS 
cooling. The first challenge. Inadequate Secondary 
Heat Removal (VIA), would occur if the steam gener
ators could not remove all of the energy being pro
duced in die core. The second challenge. Inadequate 
Primary Heat Removal (VIB), would be expected if 
the steam generators were not available to remove heat 
directiy from die RCS, 

Challenge: Inadequate Secondary Heat Re
moval. The mechanisms that would contribute to diis 
challenge are Inadequate Secondary Inventory 
(VlAl), Inadequate Pressure Control (VIA2), and In
adequate RCS Energy Transport (V1A3), Inadequate 
Secondary Inventory would be expected to occur when 
the methods of delivering water to the secondary side 
of die steam generator had failed or when there was not 
sufficient water available for delivery. The potential 
sttategies diat have been identified to conttol or pre
vent this mechanism are Secondary Injection Methods 
and Secondary Inventory Sources. 

The second mechanism. Inadequate Pressure Con-
tiol (VIA2), would be required if the steam generator 
secondary side pressure was sufHcientiy high that the 
corresponding temperature exceeded the primary side 

temperature or if the secondary-side pressure needed 
to be reduced so alternate inventory addition systems 
could be used. A potential strategy for this mechanism 
includes opening valves diat could relieve steam, but 
which require manual initiation either locally or from 
the control room. 

The final mechanism for this challenge. Inadequate 
RCS Energy Transport (VI A3), would occur when die 
circulation of coolant between the reactor core and the 
steam generator was not sufficient to transport die nec
essary amounts of eneigy. Circulation failure could oc
cur when there is a relatively high eneigy generation 
rate in the core and when the reactor coolant pumps are 
not operating or when natural circulation is insufficient 
or has been interrupted. The buildup of noncondensable 
gases could influence this interruption through degra
dation of heat transfer or reduction of heat transfer area. 
Strategies for this mechanism are RestartReactor Cool
ant (RC) Pumps, RCS Injection Mediods, and RCS In
ventory Sources. The last two strategies would attempt 
to increase die inventory of die RCS to enhance natural 
or forced circulation. The effectiveness of any of these 
strategies would be stiongly dependant on the condi
tions in die RCS and would have to be examined care
fully prior to implementation. 

Challenge: Inadequate Primary Heat Re
moval. The mechanisms that would contribute to this 
challenge are Restricted RCS Bleed (VlBl) and Re
sidual Heat Removal (RHR) Systems Inoperable 
(V1B2). Feed and bleed of tiie RCS has been shown to 
be an effective method of removing energy if die steam 
generators are unable to remove sufficient energy. 
Therefore, the Maintain RCS Heat Removal safety 
function would not be challenged if die power-oper
ated relief valve (PORV) was fully operable. However, 
long-term RCS bleed may be restricted during a se
vere accident as a result of failures in the hardware or 
operation of the Pressurizer PORVs. The feed portion 
of die feed and bleed approach is considered part of in
ventory control for removal of heat from the core and 
is discussed as one of the mechanisms influencing the 
Maintain Core Heat Removal safety function. 

Potential sttategies for Restricted RCS Bleed are 
(a) the management of battery capabilities and re
charging to extend the time of availability of electrical 
power, (b) the use of gas cylinders or reservoirs to 
store sufficient gas supplies to allow long-term manip
ulation of pneumatic PORVs, and (c) protection of 
PORV contiols (solenoid valves, etc.) against over-
temperature failure. Use of alternate systems, such as 
the low-temperature, over-pressure protection 
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system, may also be possible under special circum
stances, but would require detailed evaluation. 

The RHR Systems Inoperable mechanism would 
likely result from the failure of pumps or the capability 
to remove energy through the residual heat removd 
system heat exchangers. This mechanism would be
come a concern only when plant conditions were ap
propriate for die use of die RHR system. The sttategies 
would be very plant-specific and could include finding 
alternate metiiods of pumping water from the RCS to 
the heat exchangers or alternate means of supplying 
cooling water to die secondary sides of heat exchang
ers by alternate pumping systems or by alternate water 
sources. 

3.1.1.2 Safety Function: Maintain Core 
Heat Removal. Energy removal from the core must 
be restored and maintained to halt the progression of 
core damage. There are two challenges that influence 
the capability to maintain adequate core heat removal. 
The first challenge, Power/Coolability Mismatch 
(V2A), would occur when there is excess energy being 
generated in the core compared to the capability of the 
injected coolant to remove this energy. The second 
challenge, Flow Diversion/Blockage (V2B), is a spe
cial case in which the coolant is restricted from enter
ing the core, or portions of the core, as a result of 
changes in die geometry of the core material. Exam
ples would be the formation of rubble beds upon col-
Uq)se of core material or die formation of subchannel 
blockages resulting from a melt relocation process. 

Challenge: Power/Coolablllty Mismatch. 
The four mechanisms that would conttibute to the 
Power/Coolability challenge are: SCRAM Failure 
(V2A1). Recriticality (V2A2), Circulation Failure 
(V2A3), and Inadequate RCS Inventory (V2A4). The 
SCRAM Failure mechanism would occur if die conttol 
rods did not insert sufficient negative reactivity into the 
core to enable shutdown to decay heat levels. The sttat
egies for this mechanism would be similar to those for 
an anticipated ttansient without scram (ATWS), For 
some plants, alternate methods of inserting die conttol 
rods or alternate methods of injecting and developing 
additional borated water sources may be needed. Con
sideration of the unavailability of electrical power or 
other plant resources such as plant air or service water 
would need to be considered. 

The Recriticality (V2A2) mechanism may occur if 
the core temperatures are suflicientiy high to allow the 
conttol rod material to melt and relocate followed by 
an addition of water that is insufficiently borated. 
Since water must be present to cause recriticality and 

increase the power levels, cooling would also take 
place, and this mechanism may not result in significant 
relocation of additional core material. However, recrit
icality is not considered to be an acceptable core condi
tion since adequate cooling could be difficult to ensure 
for some configurations of a damaged core. The initial 
strategy would be to identify alternate means of insot-
ing the control rods into the core. Additional strategies 
would include use of alternate injections mediods and 
sources similar to those described for die Inadequate 
RCS Inventory (V2A4) mechanism. The presence of 
the unborated water necessary to cause recriticality 
would be possible only if normal sources of injection 
water had been exhausted and an alternate unborated 
source was being used. A potential strategy for this 
mechanism would involve poviding a means of add
ing boron to water injected either at the source or di
rectiy into the injection lines. Sttategies that would 
inject highly borated water for long periods of time 
world require an evaluation of die potential for boric 
acid precipitation to disrupt long-term cooling. 

The Circulation Failure (V2A3) mechanism would 
result in a challenge if there was not sufficient flow to 
the core to remove the energy being generated. If pow
er levels were above the decay heat levels, forced cir
culation would likely be necessary. At decay heat 
levels, natural circulation of either single or two-phase 
fluids may be sufficient to remove the lower amounts 
of energy if the steam generator is available for energy 
removal. The sttategies would be similar to those 
described for the Inadequate RCS Energy Transport 
(V1A3) mechanism. 

The Inadequate RCS Inventory (V2A4) mechanism 
would result in a challenge to core heat removal if 
there was not sufficient flow to keep the core very 
nearly immersed in water. If the core heat generation is 
at or near decay heat levels with low fuel and cladding 
temperatures and die geometry of die core has not been 
seriously distorted, maintaining the core covered with 
water may provide sufficient cooling to stabilize the 
core and prevent further degradation. Research is cur
rentiy being sponsored by die NRC to define the limi
tations on coolability for a damaged core. Strategies 
for the Inadequate RCS Inventory mechanism that 
could provide the necessary inventory include alter
nate RCS Injection Methods and alternate RCS 
Inventory Sources. 

Challenge: Flow Diversion/Blockage. If 
there is insufficient cooling and if extensive core deg
radation and relocation begins, blockages could occur 
eidier in subchannels or on a broader scale diat would 
restrict cooling of some portions of the core and chal
lenge the capability to maintain core heat removal. The 
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mechanism causing this challenge has been designated 
Change in Core Geometry (V2B1). If a geometry 
change occurs, the core could transform into one or 
more configurations depending on the specific condi
tions of the material and the availability of cooling. 
The geometry could range from a rubble bed to a wide
spread crust of melted and refrozen core material that 
supports molten matmal. The capability to cool the 
various geometries could require different types of 
strategies. Unfortunately, there are not accurate means 
of determining the geometric configuration of the core 
as an accident progresses, so selection of geometry 
specific strategies would not be possible. Three gener
al strategies that have the potential to provide cooling 
for diffoent core geometries include alt^nate RCS In
jection Methods, alternate RCS Inventory Sources, 
and RCS Pump Flow. 

3.1.1.3 Safety Function: Maintain Vessel 
Boundary. If cooling of the core cannot be estab
lished sufGciently early in the accident, relocaticxi of 
portions of the core to the vessel lower plenum may oc
cur. At this stage of the accident, the safety function re
lated to maintaining the core heat removal has been 
ineffective, and accident management efforts should 
be directed toward preserving the integrity of the ves
sel lower head, shown as the Maintain Vessel 
Boundary (V3) safety function in Figure 4. 

The challenge that would influence the capability to 
maintain a relocated core within the vessel boundaiy is 
the Vessel Over-Temperature (V3A) challenge. Direct 
mechanical failure of the vessel at conditions other 
than high temperatures of the vessel wall has been ex
amined. For example, pressurized th^mal shock stu
dies are not considered to have sufficient likelihood to 
be included in this tree. Mechanisms that would con
tribute to the Vessel Over-Temperature challenge are 
Coolable Relocation (V3A1) and Non-Coolable Relo
cation (V3A2). These mechanisms are intended to re
flect the status of the core following relocation. If the 
core relocates in a coolable geometry, a challenge 
would occur if there was insufficient inventory and 
RCS heat removal to provide long-term cooling. If, 
upon relocation, the core material breaks into very fine 
particles and forms a mass that is relatively imperme
able to water or forms very large pieces that are too 
large to transfer all the energy generated within, or if 
the material forms a pool in which molten material is 
in contact with the vessel head, the core material may 
not be easily cooled. Unfortunately, there are no exist
ing measurements that have the capability to determine 
whether the core is, or is not, in a cool^le geometry. 
Therefore, although different strategies are identified 
for these two mechanisms, it is doubtful that there is 

sufficient information available to determine which 
strategies are needed. Fortunately, many of the strate
gies are identical to those used in maintaining core heat 
removal, so they would likely be in the process of be
ing implemented if the accident had progressed to the 
point of c(xe relocation. 

If the core relocates in a coolable geometry, the po
tential strategies should include a continuation of in
ventory addition to maintain water in the lower plenum 
and continuation of the Maintain RCS Heat Removal 
safety function. Since this mechanism would occur 
late in the course of a severe accident, the alternate 
RCS Injection Methods strategy and the alternate RCS 
Inventory Sources strategy would both be an extension 
of the Inadequate RCS Inventory (V2A4) strategies 
discussed previously. Since there would be a signifi
cant amount of time elapsed, tecovery of the normal 
injection modes would be more likely. Strategies for 
the Maintain RCS Heat Removal safety function 
would require assessment of the specific equipment 
available and the plant conditions. Since the RCS 
would be highly voided and large quantities of noncon-
densables would be present, the steam generators may 
not be capable of providing adequate heat removal. 
Feed and bleed of the RCS appears to be the most 
successful means to remove RCS energy that is being 
generated by the relocated core. 

If the core relocates in a non-coolable geometry, the 
only identified strategy that has the potential to prevent 
vessel failure would be to flood the cavity surrounding 
the vessel. 

3.1.2 Safety Objective Tree: Prevent Con
tainment Failure. The second accident management 
safety objective is designated as Prevent Containment 
Failure. This safety objective is important because the 
containment building is the final barrier that can pre
vent the release of fission products to the environment 
in the event of a severe accident. The tree for the Pre
vent Containment Failure safety objective is shown in 
Figure 5. Three safety functions were identified for 
this safety objective which would contribute to pre
venting containment failure and assuring containment 
integrity: (1) maintain over-pressure control to pre
vent structural damage and eventual rupture of the 
containment, (2) maintain over-temperature control to 
prevent failure of the containment structures from the 
effects of excessive temperature, and (3) maintain con
tainment integrity from leakage, bypass, or penetration 
by internally generated missiles. These safety func
tions are respectively designated Maintain I^ssure 
Control (CI), Maintain Temperature Control (C2), and 
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Maintain Integrity (C3). Each of these safety 
functions, along with their challenges, mechanisms, 
and strategies are explained below. 

3.1.2.1 Safety Function: Maintain Pressure 
Control. There are two challenges that influence the 
capability to maintain control of the pressure in the 
containment. These two challenges were identified 
based on the types of mechanisms that influence pres
surization, the potential information sources, and the 
effect of time available for implementation of potential 
strategies. In general, a Slow Pressurization (CIA) 
challenge would require little information to predict or 
confirm its occurrence, and there would be a signifi
cant amount of time to assess and implement strate
gies. A Rapid Pressurization (CIB) challenge would 
require a significant amount of information to diag
nose the mechanisms and, in most cases, would need 
preventative strategies to be implemented prior to the 
occurrence of the challenge. 

Challenge: Slow Pressurization. Two mecha
nisms were identified as contributing to the Slow Pres
surization challenge: (1) Insufficient Energy Removal 
(ClAl), which would occur when heat removal sys
tems fail to operate or could not operate at their re
quired capacity, and (2) Noncondensable Gas Buildup 
(C1A2) from gases such as hydrogen, carbon monox
ide and carbon dioxide. Under some accident condi
tions, these mechanisms would act together to 
over-pressurize the containment. 

Three potential strategies have been identified for 
the Insufficient Energy Removal (ClAl) mechanism: 
Fan Cooler Systems, Spray Systems, and Vent. Vent
ing has not been seriously considered for plants in the 
United States, but is being considered or used on 
PWRs with large, dry containments for plants in 
Europe. 

Two potential strategies have been identified for the 
Slow Pressurization challenge ttom the Noncondens
able Gas Buildup mechanism: Vent and use of 
Recombinersi/Igniters. It is recognized that cunent re-
combiners and igniters do not have sufficient capacity 
to mitigate the effects of severe accidents where large 
quantities of noncondensable gasses are produced over 
relatively short periods of time. 

Challenge: Rapid Pressurization. Prevention 
of containment failure during a Rapid Pressurization 
challenge (CIB) could, in most cases, be difficult since 
there may not be sufficient time for operations person
nel to implement mitigating strategies. For these cases, 
identification of precursor conditions would be needed 

to successfully invoke preventative strategies that 
would be effective prior to the beginning of a rapid 
pressurization. Four potential mechanisms have been 
identified that would cause rapid containment pressur
ization: (1) high pressure melt ejection with sufficient 
force to disperse the molten core material and cause di
rect containment heating (DCH), (2) the buildup and 
detonation of combustible gases, (3) steam explosions 
that may occur in the containment, and (4) energy ad
dition to the containment from steam and water that is 
expelled when the vessel boundary fails. These mecha
nisms are designated: DCH (CIB 1), Combustible Gas 
Detonation (C1B2), Steam Explosions (C1B3), and 
Energy Addition at Vessel Failure (C1B4). 

The DCH mechanism has the potential to cause con
tainment failure, particularly if the containment is at an 
elevated pressure when core melt ejection occurs. 
Strategies with the potential to mitigate the effects of 
DCH are: Depressurize RCS, Vent, Flood Cavity, and 
Add Barriers. 

The Combustible Gas Detonation mechanism can 
result in large pressure increases in a short period of 
time. Although the size of a large, dry containment 
makes the probability of containment failure due to the 
burning of combustible gases relatively low, two strat
egies for mitigating this mechanism have been identi
fied: Recombiners/Igniters and Vent. 

The likelihood is very small that the Steam 
Explosions (C1B3) mechanism in the containment 
would cause sufficient pressurizafion to rupture a 
large, dry containment Potential strategies that could 
be used to deal with this very low probability event are 
Eliminate Water from Cavity and Add Barriers in Cav
ity. It is recognized that the strategy to eliminate water 
from the cavity is not practical, but is included here to 
highlight the conflict between this strategy and strate
gies in which placement of water in the cavity would 
be desirable, such as those related to the Core Concrete 
Interaction mechanism, which is discussed on the fol
lowing page. 

The final mechanism for the Rapid Pressurization 
challenge is a rapid Energy Addition at Vessel Failure 
(C1B4). This energy addition would result from high-
pressure and high-temperature water entering the con
tainment from the RCS and would cHily cause failure if 
the large, dry containment was already near the failure 
limit. The most effective strategies would be those 
used to prevent failure of the vessel, shown on the 
Prevent Core Dispersal from Vessel safety objective 
tree and those associated with maintaining a low initial 
containment pressure for the Insufficient Energy 
Removal (ClAl) mechanism of the Prevent 
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Containment Failure tree. These strategies were 
discussed earlier. 

3.1.2.2 Safety Function: Maintain Tempera
ture Control. There are two challenges that have 
been identified as contributing to the Maintain Tem
perature Control (C2) safety function. These two chal
lenges represent diff^^nt ways in which a large, dry 
containment can fail from over-temperature. Over-
temperature would be expected to cause Failure of 
Penetration or Shell (C2A) and Basemat Melt-
Through (C2B). The possibility of contact of molten 
material with the containment wall during a high pres
sure melt ejection was considered, but rejected due to 
the very low likelihood of this occurrence in a large, 
dry containment. 

Challenge: Failure of Penetration or Shell. 
Penetration, seal, or shell failure resulting from local
ized strains in the liner could be induced by the combi
nation of high temperature conditions and containment 
pressure at levels higher than ambient. The mechanism 
of Temperature-Induced Degradation (C2A1) could 
affect a range of penetration and seal locations and 
types. The potential strategies would use alternate 
means for operating spray systems and fan cooler sys
tems and would be identical to the strategies described 
previously for Insufficient Energy Removal (ClAl). 

Challenge: Basemat Melt-Through. Basemat 
melt-through could occur if sufficient molten core ma
terial collected in the vessel cavity. The mechanism for 
melt-through is Core Concrete Interaction (C2B1). 
The strategies addressing the mitigation of the core 
concrete interaction are Flood Cavity and Add Barri
ers. The addition of barriers is a design change rather 
than a strategy; however, it is included as a strategy 
since strategies are to be envisioned to include all pre-
event measures to prevent or mitigate accidents. 

3.1.2.3 Safety Function: Maintain Integri
ty. The third safety function for the Prevent Contain
ment Failure safety objective is Maintain Integrity 
(C3). This safety function would be challenged if pip
ing, components, or equipment failed, which would 
prevent initiation or continuation of containment 
isolation. Three challenges have been identified: 
(1) isolation failures that result from the failure of 
systems to initially isolate the containment or failure of 
isolation systems after the initial isolation has been 
successful, (2) bypass of the containment resulting 
from a pipe or component failure outside the 
containment boundary, and (3) penetration or the con
tainment boundary by internally generated missiles. 

Challenge: Isolation Failure. Failure of the 
equipment in the containment isolation system (CIS) 
to initially isolate the containment or failure to main
tain isolation over the full period of the accident would 
comprise the mechanisms far this challenge. Both of 
these mechanisms. Failure to Isolate (C3 Al) and Fail
ure after Isolation (C3A2), would initially utilize strat
egies to establish reisolation, which would rely on 
hardware specific to the containment penetration line 
where failure occiured. Availability of valves that 
could isolate, divot, or diminish the flow would de
pend on the craiflguration of the system and the cura
bilities of the valves and their actuators. If isolation 
fails, other strategies have been identified for mitigat
ing the effect of fission product dispersal by reducing 
the driving force causing flow fmm the containment, 
or by flooding the leak location to reduce the inventory 
of fission products in the effluent leaving the 
containment. 

Challenge: Bypass Failure. Two mechanisms 
have been identified that could lead to fission products 
bypassing the containment: Steam Generator Tube 
Rupture (SGTR) and an Interfacing System Loss-of-
Coolant Accident (ISLOCA). Strategies identified to 
mitigate the SGTR (C3B1) mechanism are primarily 
focused on reducing fission product release based on 
the assumption that the RCS remains intact. These 
strategies are Depressurize RCS and Flood Steam 
Generator Secondary. 

The second mechanism that would contribute to 
containment bypass would be an unisolable pipe break 
or component failure outside of the containment 
boundary, which is referred to by an ISLOCA (C3B2). 
The strategies identified to mitigate this mechanism 
are nearly identical to those identified for the steam 
generator tube rupture and include dq)ressurization of 
the RCS and flooding of the break location. Fission 
product scrubbing could be accomplished for some 
ISLOC As if the location of the break could be covered 
with one to two meters of water. 

If either the SGTR or ISLOCA incidents progress to 
the point that the vessel is breached, previously dis
cussed strategies involving containment depressuriza-
tion may be effective in mitigating the release by 
reducing the driving potential for flow through the 
break and, in some cases, by reducing the fission prod
ucts in the containment atmosphere. Additional 
strategies that will be discussed in the next section for 
reducing the containment fission product inventory 
(Fl) could also be used. 
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Challenge: Internally Generated Missile. 
Two mechanisms identified for this challenge are 
Steam Explosion Missiles and Hydrogen Detonation 
Missiles. Both of these mechanisms are considned to 
have a very low probability of occurrence. Missiles 
from rotating machinery were not considered since 
they have been investig^ed extensively and their gen
eration is not considered to be a severe accident issue. 

The mechanism of in-vessel steam explosions 
(C3C1) could result in the graeration of missiles that 
would penetrate the containment This mechanism is 
generally refored to as an alpha-mode containment 
failure. Strategies to control this fonn of missile gener
ation are Add Barrios, Dry Vessel, and RCS at High 
Pressure. Dry vessel is not considered to be an effec
tive strategy, but is included to highlight the differ
ences in strategies for other mechanisms such as 
Inadequate RCS Inventory. 

Hydrogen detonation was identified as having die 
potential to generate missiles. This mechanism would 
have a low probability since tiiere should be a limited 
source of missiles that could be generated through hy
drogen detonation. The strategies include using barri
ers if potential missiles can be identified and 
eliminating the threat of combustible gas detonation 
using the same strategies discussed in the Combustible 
Gas Detonation (C1B2) mechanism for the Rapid 
Pressurization ch^enge. 

3.1.3 Safety Objective Tkee: iMitigate Fission 
Product Release from Containment. The tiiird 
accident management safety objective is Mitigate Fis
sion Product (FP) Release. This safety objective is im
portant since it is intended to minimize the quantity of 
fission products released and to delay the release as 
long as possible if there is a failure of the containment 
boundary. The strategies associated with tiiis safety 
objective would generally be implemented in conjunc
tion with the strategies for the other two safety func
tions and, in most situations, would enhance the 
effectiveness of these otiier strategies. The tree for the 
Mitigate Fission Product Release from Containment 
safety objective, shown in Figure 6, details the safety 
functions that must be maintained, the challenges to 
the safety functions, the mechanisms causing these 
challenges, and the strategies that could potentially be 
employed to respond to these mechanisms. 

Two safety functions were identified which would 
contribute to mitigating tiie release of fission products: 

(1) maintain control of the inventory of fissi(xi prod
ucts suspended in die containment atmosphere, and 
(2) maintain control of the release of fission products 
diat reside in the water inside of the containment. 
These safety functions are designated Maintain Con
trol of FP Inventory in Containment Atmosphere (Fl), 
and Maintain Control of FP Release From Contain
ment WatCT (F2), respectively. A brief description of 
each of the safety functions follows. 

3.1.3.1 Safety Function: Maintain Control 
of Fission Product Inventory In Containment 
Atmosphere. This safety function is concerned with 
controlling the concenbaticHi of fission products in the 
containment atmosphere. By reducing the quantity of 
fission products in the containment atmosphere, the 
amount available for release as a result of containment 
leakage or failure is also reduced. The challenge to this 
safety function is the presoice of fission products in 
the atmosphere within the cc»itainment IVo mecha
nisms were identified that represent the types of fission 
products tiiat could be dispersed within the contain
ment during a seva« accident. These mechanisms are 
Aerosol Dispersion (FlAl), and Gaseous Dispo^on 
(F1A2). 

The quantity of fission products suspended in the 
containment atmosphere in an aerosol form can be re
duced through several potential strategies that take ad
vantage of the physical structure and nature of aerosol 
particles. These strategies rely on both passive and 
active devices for the removal of aerosols and include 
Spray Additives, a Filter System, and Chemical 
Reactions. 

The second mechanism that influences the availabil
ity of fission products for release is Gaseous Disper
sion in the containment atmosphere. These gaseous 
fission products behave differentiy than aerosols and, 
therefore, require a different set of strategies. Potential 
strategies that could be used to reduce the concentra
tion of gaseous fission products in the atmosphere are 
Chemical Reactions and Cryogenic System. 

3.1.3.2 Safety Function: Maintain Control 
of Fission Products In Containment Water. 
This safety function deals with preventing the release 
of fission products present in the water inside the con
tainment If the fission products are held within the 
water, they are not available for release to the environ
ment through the containment atmosphere and would 
be less of a threat if the water was inadvertently 
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diverted to a location outside of the containment, e.g. 
the Auxiliary Building. The challenge to this safety 
function is the release of fission products from the 
water. 

There are three mechanisms identified that can 
cause the release of fission products from the 
containment water: (1) if the pH of the water is too 
low, the capability to retain fission products is reduced, 
(2) radiolysis can cause the release of fission products 
from water, and (3) excessive water temperature will 
reduce the retention capability of the water. These 
mechanisms are shown in the Mitigate Fission Product 
Release from Containment safety objective tree re
spectively as: pH Too Low (F2A1), Radiolysis 
(F2A2), and Excessive Water Temperature (F2A3). 

The sti-ategies that can be used to address the first 
mechanism, a low pH in the containment water, are 
Add Base and Dilution. 

The second mechanism that can result in the release 
of fission products from the containment water is ra
diolysis of the water in a high radiation field. The strat
egy identified as being capable of inhibiting radiolysis 
of the containment water is Dilution. 

The third mechanism that results in the release of 
fission products from the containment water is exces
sive water temperature. Excessive water temperature 
can result in the vaporization of fission products. For 
example, excessive water temperature could have a 
large influence on the effect of the containment spray 
systems if the containment atmosphere or sb'uctures 
were at a sufficientiy high temperature to cause some 
or all of the spray droplets to evaporate. Strategies that 
could be used to reduce the effects of excessive water 
temperative on this mechanism are Cooling System 
and Add Cooler Water. 

3.2 Information Needs For a 
PWR With a Large, Dry 
Containment 

The methodology for identifying information needs, 
described in Section 2.1.2, was applied to a PWR with 
a large, dry containment The safety objective trees de
scribed in the previous section were used as the basis 
for development of the table-based format. This devel
opment was accomplished by personnel with both se
vere accident and operations experience, while the 
infcsmation was reviewed by personnel that adminis
ter operator examinations for PWRs with large, dry 

containments. Information needs on plant hardware 
status were generally not listed since it is recognized 
that such needs as switch positions, valve alignments, 
etc. would be required prior to the use of plant systems. 

The information-needs tables that were developed 
for the PWR are extensive and, consequentiy, are pres
ented in Appendix A. The first two pages from these 
tables were obtained from the Prevent Core Dispersal 
from Vessel (V) safety objective tree and are displayed 
for discussion purposes in Table 2. Included are the in
formation needs for the Maintain RCS Heat Removal 
(VI) safety function, the Inadequate Secondary Inven
tory (VlAl) mechanism, and the Secondary frijection 
Metiiods strategy. The format of the table enables the 
reader to quickly scan the columns to determine the in
formation needs, identify the sources of information, 
and ascertain whether existing instruments are avail
able. The information need for the Maintain RCS Heat 
Removal safety function is the energy removal rate 
from the RCS. Since there are many ways that energy 
can be removed from the RCS and many of these are 
not measured with sufficient accuracy to derive an en
ergy removal rate, it was concluded diat a direct infor
mation source for energy removal rate does not exist 
There are, however, numerous indirect information 
sources. Some of these sources, such as steam flow 
rate, could provide a reasonable measurement of ener
gy removal rate. Others, such as PORV or atmospheric 
dump valve flow, are not measured but are indicated by 
such devices as acoustic monitors or temperature mea
surements downstream from the valves. 

An indicator supplying the information need for the 
Inadequate Secondary Mechanism (VlAl) would be 
the liquid inventory in the secondary sides of the steam 
generators. This is considered to be an indicator for the 
information need because there is an information 
source that would identify that there is inadequate in
ventory. There is a direct information source for Uiis 
information need, secondary side liquid level, which 
would indicate the inventory, and there is an instru
ment available to provide this information. An exam
ple of a precursor information need would be 
feedwater flow status. A sharp reduction in feedwater 
flow, under certain plant conditions, would provide 
early information that would alert the operator to the 
potential for an inadequate inventory situation to occur 
in the future. 

The second page of Table 2 provides the informa
tion needs for the Secondary Injection Methods strate
gy. These information needs are relatively stiraight 
forward because all have direct information sources 
and available instruments. 
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Table 2. Example information needs table 
[prevent core dispersal from vessel (v)— înadequate secondary inventory mechanism (vial)] 

Information Needs 

Direct 
Information 

Source 

Indirect 
Information 

Source 
Available 

Instruments 
Potoitial 

Instruments 

Maintain RCS 
Heat Removal 
Safety Function 
(VI) 

Energy removal rate None None 

to 

Inadequate 
Secondary 
Inventory 
Mechanism 
(VlAl) 

Indicator 

Secondary fluid 
inventory 

Precursor 

Feedwater 
flow status 

Secondary 
liquid 
level 

Feedwater 
flow rate 

RCS fluid 
temperature 

RCS pressure 

Steam generator 
steam flow 

PORV 
discharge pipe 
noise 

RHRheat 
removal 

Hot or cold 
legRTD 

PressurizCT 
pressure 

Steam flow 
indicators 

Acoustic 
monitor 

RHR flows, 
temperature 

Secondary 
liquid level 

Feedwater 
flow rate 

MFWflow 
AFWflow 



Table 2. (continue<0 

Injection 
Methods 
Strategy 

Information Needs 

Selection Criteria 

Invoitory 
availability 

Pumping 
capsbihty 

Alignment 
aqpability 

Stiiategy Initiation 

Feedwater 
flow status 

Injecticm water 
inventory 
(decreasing) 

Strategy Effectiveness 

RCS fluid 
temperature 

Secondary 
fluid 
inventory 

Direct 
Information 

Source 

Tank 
inventories 

Electrical 
power 
availability 

Steam 
availability 

Valve 
alignments 

Feedwater 
flow rate 

Tank 
inventory 

RCS fluid 
tcnxp&cstuiQ 

Secondary 
liquid 
level 

bidirect 
Infommion Available Potential 

Source Instrumrats Instruments 

Tank 
levds 

Valve 
position 
indicators 

Feedwatra- MFWflow 
flowiate AFWflow 

Tank level 
SI Tanks RWST 

notes'cold 
legRTDs 

Secondary 
liquid 
level 



The results presented in Table 2 and in the extrasive 
information-needs tables contained in Appendix A 
provide an indication of the redundancy and diversity 
of the plant instruments in supplying the infcnmation 
needs. An indication of the redundancy can be deta--
mined by evaluating the number of direct and indirect 
infmnation sources that are available for each infor
mation need. An indication of diversity can be 
obtained by comparing the number of different types 
of information sources. These comparisons would not 
account for such considerations as common cause fail
ures which could reduce the redundancy, or the ability 
of some diverse instruments to supply the needed 
information. 

Each of the seven information needs listed in Table 3 is 
discussed below. 

Table 3. Information needs with no direct or 
indirect measurements 

1. Core relocation status 
2. Lower plenum coolant inventory 
3. Lower head temp^ature and integrity 
4. Containment penetration integrity 
5. Basemat integrity (amount of concrete ablated) 
6. Cavity level 
7. Presence of missile in containment 

Since the information needs tables are lengthy and 
contain large quantities of data on information needs 
and available insbuments, several methods of extract
ing and summarizing the important findings were con-
sido'ed. There were two major types of findings that 
were considered to be important: 

1. Information needs for which neitiier direct 
nor indirect information sources exist 

2. Information needs with only indirect sources 
of information. 

These two types of findings are discussed in Sec
tions 3.3 and 3.4, respectively. 

3.3 Capability of Existing 
Instrumentation 

An evaluation was made to determine whether the 
existing instrumentation has the capability to supply 
all of the identified information needs. This evaluation 
was accomplished using the results from the informa
tion needs tables presented in Appendix A by search
ing for information needs that do not have 
instrumentation identified to supply either the direct or 
the indirect sources of information. The information 
needs identified during this evaluation are listed in 
Table 3 and represent those information needs that can
not currentiy be satisfied by existing measurements in 
a PWR with a large, dry containment 

The strategies were generally not considered in this 
evaluation since they are intended as an example and 
may not represent a complete listing of information 
needs. One exception consisted of the strategy of add
ing water to the vessel cavity, since this strategy has 
been discussed extensively for reducing the effects of 
the molten core material on the containment basemat 

1. Core Relocation Status - There are no instru
ments currentiy installed that provide reliable 
information on the location of die fuel rod 
cladding, fuel, control rod mat^ial, or sup
porting stiiicture once relocation begins. In
formation on the location of this material 
would provide personnel involved in accident 
management with die capability to concen
trate efforts on trying to maintain the core 
widiin die vessel or initiate those efforts nec
essary to maintain the integrity of the con
tainment This information is considered to 
be very important Some data on the response 
of the source range detectors and the self-
powered neutix>n detectors during the Three 
Mile Island incident and from tests at the 
Loss-of-Fluid Test Facility indicate that, 
with additional evaluations, these instru
ments could be adapted to provide this 
information. 

2. Lower Plenum Coolant Inventory - Informa
tion on the amount of wat^ in the lower ple
num during a severe accident would aid 
personnel involved in accident management 
by projecting the possible failure time of the 
vessel, which woiild aid in determining what 
repair and restoration strategies could be ef
fective and what containment sti^tegies could 
be appropriate. This information would be 
most useful when combined with a knowl
edge of the core relocation status. It is not 
considered to be as important as the core relo
cation status. 

3. Lower Head Temperature and Integrity - A 
knowledge of the temperature of the lower 
head could provide important information on 
whether substantial core debris has relocated 
into the lower head and could aid die operator 
in determining the likelihood of failure of the 
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lower head. This information is considered to 
be very important because it could provide a 
good indication of the timing of possible 
vessel failure. This timing information could 
be used in decisions concerning repair and 
restoration of equipment and die prioritizing 
of resources that may be required in both tiie 
RCS and die containment 

4. ContainmentPenetrationlntegrity-Although 
the integrity of the containment penetrations is 
important for preventing release of fission 
products, there is little that can be done if pos
sible failure was detected during a severe 
accident Flooding at the failure location is a 
possible strategy if the breach is located. 

5. Basemat Integrity (Amount of Concrete 
Ablated) - The escape of fission products into 
the soil and groundwater beneath die basemat 
could have s^ous long-t^m consequences. 
However, there are no ̂ parent strategies that 
would utilize this information to aid in miti
gating core-concrete int^actions. The infor
mation would, therefore, be useful only in the 
emergency response process, and the infor
mation is not considered to be important to 
accident management 

6. Cavity Level - In some PWR containments, 
the sump level is not a reliable indicator of the 
reactor vessel cavity water level. This lack of 
information would be detrimental for those 
plants that would select strategies that in
volve intentionally filling the cavity. An ex
ample sO"ategy that would involve water in 
die cavity consists of mitigating die effects of 
the core-concrete interactions. 

7. I*resence of Missile in Containment - Since 
there is nodiing that can be done if missiles 
are detected, supplying this information need 
is not considered to be important 

For those information needs diat are considered to 
be important, means of obtaining the information 
should be considered. These means could take several 
forms, such as adding protection from severe environ
mental conditions for die transducer, cabling, or elec
tronics; using computational aids; or adding 
instiwnentation. Determination of the optimum means 
for obtaining diis information was beyond the scope of 
this project 

3.4 Potential to Mislead 
Accident Management 
Personnel 

The potential for information needs with only indi
rect sources of information to mislead accident man
agement po-sonnel were discussed in Section 2.1.4. To 
determine die extent of this potential for a PWR widi a 
large, dry containment the tables in Appendix A were 
searched to identify those information needs in which 
direct sources of information are not measured and, 
dierefore, can be only inf^red from measurements of 
indirect information sources. Table 4 summarizes die 
findings of this search. For the purposes of discussion, 
the information needs have been categorized into those 
diat could be important in misleading personnel, iden
tified as Category 1, and those that would be much less 
important or Category 2. The categorization process 

Table 4. Information needs with only indirect 
information sources 

Category 1 - More Important 

1. Core damage status 
2. RCS inventory 
3. Fuel rod cladding temp^^ature 
4. Containment leak location 
5. Location of ISLOCA Containment Bypass 

Category 2 - Less Important 

1. Energy removal rate from RCS 
2. Steam generator atmospheric dump flow rate 
3. RCS energy transport 
4. Prcssurizer (RCS) PORV flow rate 
5. Core heat removal 
6. Insufficient enogy removal from containment 
7. Steam explosion mechanism in containment 
8. Containment leak rate 
9. Presence of ISLOCA containment bypass 
10. Containment shell temperature ' '• 
11. Presence of aerosols in containment 

atmosphere 
12. Presence of fission product gasses in 

containment 
13. Amount of contaminated water 
14. Presence of radiolytic products 
15. Inadequate energy removal from sump water 
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considered the type and diversity of indirect informa
tion available and the degree of ambiguity that would 
be expected from these sources. In addition, consider
ation was given to the importance of the information in 
making decisions on the progress of an accident or on 
the selection or monitoring of corrective strategies. For 
example, information on the fuel rod cladding temper
ature could be very important in making decisions con
cerning the time available to repair equipment. The 
following discussion presents a brief description of the 
Category 1 information needs and the rational for why 
Category 2 information needs were less important 

1. Core Damage Status - There are no direct 
measurements that would provide an unam
biguous indication of the status of the core 
during the period when core damage is occur
ring. Without diis information, personnel in
volved in accident management could have 
difficulties making proper decisions on the 
use of personnel and resources to accomplish 
effective accident management strategies. 
For example, there may not be sufQcient in
formation to decide if repair of failed equip
ment can be completed in sufficient time to be 
effective or whether to continue to attempt to 
add water to the RCS radier than to concen
trate efforts on maintaining the integrity of 
the containment For Uiese reasons, the lack 
of more direct measurements of core damage 
status could result in personnel being 
mislead. 

2. RCS Inventory - This information need could 
be considered as supporting the core damage 
status information need discussed above. 
There are several instruments installed in a 
PWR that provide an indication of die RCS 
inventory, such as the pressurizer level and 
reactor vessel level monitoring systems. To
gether, these two measurements would ade
quately indicate the RCS inventory to the 
time of core uncovery. Aldiough diere are sit
uations in which diese measurements would 
provide ambiguous indications, these situa
tions are now understood. Arguments have 
been made that a knowledge of die inventory 
of die core is not needed since the core exit 
diermocouples provide an indirect measure
ment of core inventory. There are situations 
in which these arguments may not be correct 
and include, for example, conditions when 
the reactor coolant pump is operating and 
during periods of injection to the vessel from 
die hot legs. For Uiese conditions, there is the 

potential for the operator to be mislead since 
the core exit thermocouples could be misin
terpreted to indicate a cooled core during 
these situations. A knowledge of the lower 
plenum inventory could also be important in 
making decisions on whedier to continue ef
forts on adding wat^ to the RCS or to con
centrate efforts on preparing the containmrat 
to receive molten core material. 

3. Fuel Rod Cladding Temperature - This infor
mation need could also be considered as sup
porting die core damage status information 
need, and similar reasons for its importance 
could be given. Aldiough it is doubtful diat a 
direct measurement of fuel rod cladding tem
perature would be developed and installed in 
a PWR, the absence of this information could 
make decisions on the management of acci
dents less certain. 

4. Containment Leak Location-)^thout direct 
information on the location of containment 
leakage, the personnel involved in accident 
management are not likely to be able to 
quickly effect isolation. 

5. Location of ISLOCA Containment Bypass -
The capability to terminate an ISLOCA by 
closing the containment isolation valves or to 
mitigate the consequences dirough such strat
egies as flooding the break location depends 
on the capability to determine where the 
break has occurred. Aldiough diere may not 
be a reasonable instrument to provide a good, 
direct measurement, the indirect measure
ment capabilities could be improved to allow 
accident management personnel to identify 
and diagnose the break location quickly. Ad
ditional use and display of die temperatures 
and pressures in lines that could be over-
pressurized would lessen the likelihood of 
misleading personnel. 

The information needs in Category 2 from Table 4 
were considered to be less important for several rea
sons. First some of die indirect measurements provide 
a good indication of the information that is needed. For 
example, although die energy removal rate from the 
RCS is not measured directiy (Item 1 in Category 2, 
Table 4), the RCS fluid temperature and pressure mea
surements provide a good indication that there is insuf
ficient energy removal. Second, in some cases, die lack 
of direct information would not alter the approach to 
accident management and would, therefore, not mis
lead personnel involved in accident management An 
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example would be die presence of eidier aoosols or 
fission product gases in die containment abnosphere 
(Items 11 and 12 in Category 2, Table 4). Current 
sbtitegies for mitigating die effects of fission products 
fai die containment are not sufficientiy sophisticated to 
motivate die need for different sbategies for aoosols 
and gases. In diese cases, a direct measurement would 
provide better information dian an indirect measure
ment, but it would not make accident management 
m(»e efifective. 

The results of this evaluation of die potential to mis
lead personnel involved in accident management has 
identified five information needs for which direct or 
improved indirect measurements would be beneficial. 
These information needs should be evaluated fiirdier to 

detennine die acc^table means of providing die need
ed information or to provide a clearer understanding of 
the limitations on accident management More de
tailed evaluations will take place as part of die asses
sment of accident management strategies being 
conducted by die NRC. 

Odio' conditions which could mislead the operators 
includes instrumoit failures as a result of severe envi
ronmental conditions and instrument range limita
tions. These additional insfrument failure modes are 
important but are pertinent to a specific plant and will 
be discussed in the following section, in which 
information-needs methodology is evaluated for a 
specific plant and severe accident sequence. 
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4. METHODOLOGY EVALUATION FOR A SPECIFIC SEVERE 
ACCIDENT SEQUENCE 

This section presents an application of die safety ob
jective models to a particular severe accident sequence 
to assess die information needs, die available insbu-
ments to supply these needs, and the potential strate
gies used to effectively manage the course of a specific 
severe accident sequence. The accident sequence is 
discussed first followed by a description of die safety 
objective models, information needs, and insownent 
availability during the selected severe accident 
sequence. 

4.1 Severe Accident Sequence 

The sequence consists of a small break loss-of-
coolant accident (LOCA) induced by a rupture of the 
reactor coolant pump (RCP) seals and which is also ac
companied by failure of the emergency core cooling 
(ECC) system high and low pressure injection pumps. 
The containment sprays fail due to an assumed failure 
to switch to die sump during recirculation. The con
tainment fan coolers are initially operable but also fail 
at the time of failure of the lower head of the reactor 
vessel. A slow, long-term pressurization of die con
tainment ensues through the later portion of die event 
as a result of the slow boil-off of the water which en
tered the reactor vessel cavity during the initial injec
tion phase of the event 

Table 5. Timing of key events 

The sequence parameters were selected from an 
analysis of the Zion Nuclear Power Plant which is a 
Westinghouse PWR widi a laige, dry containment^ 
The sequence was designated as S2DCr widi die key 
events summarized in Table S. 

The event begins widi the RCP seal failure. Widi no 
ECC injection pumps available, die primary system in
ventory decreases, producing uncovery of die core at 
about 65 minutes into die event The continued lack of 
injection produces a core melt at 108 minutes, fol
lowed by a core slump and collapse. Widi die core re
located in the lower plenum of the reactor vessel and 
further absence of ECC injection, the lower head fails 
at 133 minutes. The discharge of the molten core into 
the cavity dien initiates attack of the concrete struc
tures. The containment fan coolers are assumed to fail 
upon failure of the lower head. The containment sprays 
continue to operate and quickly reduce the pressure in
crease following the hydrogen bum at 162 minutes. 
The failure of containment sprays, upon die switch to 
the recirculation mode, results in the long-term pres
surization of the containment which eventually fails at 
1444 minutes into die event Also note that because the 
Reference 2 evaluation of this sequence did not in
clude the effects of direct containment heating, it is not 
included herein although lower head failure occurs at a 
high RCS pressure. 

Zion S2DC, 

Event 

Containment cooler "on" 
Core uncovery 
Start melt 
Core slump 
Core collapse 
Bottom head dryout 
Bottom head failure 
Containment cooler "off' 
Accumulators empty 
Start concrete attack 
Containment spray injection "on" 
Corium layers invert 
Hydrogen bum 
Containment spray injection 
"ofif'/recirculation failure 

Containment failure 
End of calculation 

Time in Minutes 

0.0 
64.9 
94.2 

108.4 
108.9 
125.3 
133.0 
133.0 
133.0 
133.1 
133.4 
161.1 
162.1 

184.1 
1444.0 
1633.1 
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This sequence is divided into four phases to conve-
nientiy separate the major phenomenological events. 
This division allows for an ideal separation of the in
formation needs, which differ throughout the event as 
die various challenges to die major safety functions de
velop. The specific phases include the initial blow-
down and loss of RCS inventory including the initial 
core uncovery, die complete uncovery of the core and 
core melt the core relocation and lower head failure, 
and finally, the slow pressurization and heatup of the 
containment The RCS and containment parameters 
pertinent to this accident sequence are presented in 
Figure 7. The phases are also indicated in Figure 7 and 
are summarized here: 

which is discussed in more detail in Section 4.4 below 
entitied "Insmiment Failure Conditions." 

Before the insbument failure conditions are defined, 
the remaining tabular information specific to a PWR 
with a large, dry containment are developed. The anal
ysis of information needs for accident management 
contained in diis section is, therefore, designed to iden
tify existing measurements diat could be used to pro
vide the previously identified information needs, to 
identify die depth and diversity of existing sources of 
information, and to identify potential additional mea
surements that could be used to satisfy these informa
tion needs. 

Phase 1 This phase represents die initial 80 min
utes of the transient. This portion of the 
transient includes die depletion of mass in 
the RCS and the initial uncovery of the 
core. This portion of die event is covered 
by the existing plant Emergency Operat
ing Procedures ^OPs). 

Phase 2 This phase includes the continuation of 
core uncovery and the subsequent fuel 
clad heatup. During this phase, the fuel 
heatup results in significant clad oxida
tion, clad distortion, and pellet/clad melt
ing with relocation of the molten core 
materials into the lower plenum. This 
phase represents the portion of the severe 
accident (i.e., 80 to 110 minutes) in which 
the existing plant EOPs end. 

Phase 3 Phase 3 begins widi die relocation of die 
core materials into the lower plenum and 
ends with the failure of the lower head. 
This phase includes the time frame from 
110 minutes to 133 minutes. 

Phase 4 This phase represents the long-term 
heatup and pressurization of the contain
ment (133 to 1444 minutes). A late con
tainment failure occurs due to the 
excessive pressurization at the end of the 
sequence caused by failure of the contain
ment fan cooler and sjn'ay systems. 

VAth the key parameters for the sequence defined in 
Figure 7, die pressure and temperature ranges describ
ing the environmental conditions in the RCS and con
tainment are identified and presented in Table 6. This 
table will be used to identify the failure conditions and 
instmments available during each phase of the event. 

Qualification requirements were also determined 
for the existing measurements, based on Regulatory 
Guide 1.97 (see Reference 2). This section, therefore, 
also builds upon the results of the steps presented in 
Section 2.1. In review. Step 1 included the develop
ment of safety objective trees to identify the safety 
functions that are required to support the safety objec
tives, to show the challenges to diese safety functions 
that may be encountered, and to present strategies that 
could potentially be employed to prevent or mitigate 
the safety function challenges. The safety objective 
frees are shown in Figures 4,5, and 6. Step 2 then iden
tified, for each component of the safety objective trees, 
die information needs for accident management The 
information needs are those diat are necessary to moni
tor the status of the safety functions, detect the mecha-
nisms of the safety function challenges, select a 
strategy for addressing the challenges, and monitor the 
implementation and effectiveness of the sbategy. The 
results of this analysis are presented in Tables Al, A2, 
and A3 of Appendix A. The tables include categories 
for description of the information needs and potential 
direct and indirect sources of the information. Col
umns are also included in the table for noting available 
measurements that could be employed to provide each 
information source and for noting potential measure
ments that could provide information sources that are 
not currentiy instrumented or measured in a PWR with 
a large, dry containment. For Step 2, a preliminary list 
of the available measurements was also included. 

The identification of applicable measurements for 
providing accident management information needs 
was accomplished by building upon the results of the 
previous steps. As such, new tables were developed to 
summarize the availability and qualification of mea
surements for accident management Figure 8 shows 
die work flow and identifies the new tables that have 
been developed to summarize information needs and 
measurements for accident management. First, 
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Table 6. Key paramet^ ranges 

Key RCS/ 
Containment 
Parameters 

(RCS) 

Pressure 

Core exit 
temperature 

Vessel level 

Containment 

Pressure 

Temperabu-e 

Phase 1: 
Blowdown/BoilofT/ 

Start of Core 
Uncovery 

(0-80 min) 

2250-1300 psia 

600-1000°F 

100%-Partial 
uncovery 

14.7-20 psia 

110-175<»F 

Phase 2: 
Continued 

CoreHeatop/ 
Damage/Slump 
(80-110 min) 

1300-700 psia 

100O-3500T 

Partial uncovery 
to total uncovCTy 

20-25 psia 

160-170°F 

Phase 3: 
Core Relocation/ 
Vessel Attack 
Head Failure 
(110-133 min) 

700-1250 psia 

3500°F-failure 

Water in lowCT 
plenum to 
complete voiding 

20-30 psia 

170-195T 

Hiase4: 
HeadFailur^Slow 

Containment 
Overpressurization 
(133-1444 min) 

1250-900 psia 

None 

20-150 psia 
Spike to 55 psia 
at 162 min 

195_344«F 
Spike to 86rF 
at 162 min 

Tables Al, A2, and A3 from Appendix A were com
pleted by filling in the columns for available and po
tential measurements that could be used to provide 
information needs. Available measurements are those 
that are typically available in the current generation of 
PWRs with large, dry containments. Potential mea
surements are those that could possibly be installed to 
provide sources of information but which are not cur
rentiy available. 

tion needs that do not have direct or indirect sources of 
information that are currently measured. Table 3, 
dierefore, represents those information needs diat can
not currentiy be satisfied by existing measurements in 
a PWR widi a large, dry containment Unless it can be 
demonstrated diat these information needs are not im
portant for accident management, it may be necessary 
to develop measurements so that the operating staff 
can access this information during a sevae accident 

Following the completion of Tables Al, A2, and A3, 
additional tables were developed to summarize the 
availability and qualification requirements for mea
surements needed for accident management These ad
ditional tables were developed to also highlight 
potential concems regarding the diversity and depth of 
information sources for the accident management in
formation needs. 

In order to illustiate these potential concems with 
the depth and diversity of accident management infor
mation sources, the remainder of this section discusses 
the additional tables that were developed. As discussed 
in Section 3.3, Table 3 listed those information needs 
for which no direct or indirect measurements are cur
rentiy available. The items in Table 3 were exbacted 
from Tables Al, A2, and A3 by searching for informa-

Table 4, from Section 3.4, listed the information 
needs which are curr^dy supplied by indirect infor
mation sources only. The items in Table 4 were ex
tracted from Tables Al, A2, and A3 by searching for 
those information needs that currentiy have no mea
sured direct sources of information. These information 
needs can only be infened by monitoring measure
ments of indirect information sources. There may be a 
substantial potential for operator error when attempt
ing to infer information from only indirect information 
sources. It may be necessary to develop additional 
measurements to provide direct indication of these 
conditions. Additional investigations will be required 
to assess the relative importance of these information 
needs and to assess the degree of ambiguity that results 
when using the indirect information sources to infer an 
information need. Table 4 contains information needs 
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Figure 8. Table development for identification of information needs, potential measurements, and qualification 
information. 
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regarding major groups of systems including fuel, ves
sel, reactor coolant system, containment water and ra
diation monitoring, and containment boundary. 

Tables Bl, B2, and B3 in Appendix B were devel
oped to summarize the availability of plant-specific 
measurements for accident management and the re
quirements for their qualification. Tables Bl, B2, and 
B3 list the existing measurements according to diose 
contained in Regulatory Guide 1.97 (see Reference 2). 
Regulatory Guide 1.97 specifies a method acceptable 
to the NRC staff for providing instrumentaticHi to mon
itor plant variables during and following an accident in 
a light-water-cooled nuclear power plant Regulatory 
Guide 1.97 specifies three different categories of 
qualification: 

Category 1 provides for full qualification, re
dundancy, and continuous r^-time display 
and requires onsite (standby) power. Catego
ry 2 provides for qualification but is less 
stringent in that it does not (of itself) include 
seismic qualification, redundancy, or contin
uous display and requires only a high reliabil
ity power source (not necessarily standby 
power). Category 3 is the least stringent It 
provides for high quality commercial-grade 
equipment diat requires only offsite power. 

Table Bl in Appendix B lists those existing mea
surements from Category 1 as specified in Regulatory 
Guide 1.97. Similarly, Table B2 lists existing measure
ments from Category 2 and Table B3 lists die existing 
measurements from Category 3. These tables repre
sent a Combustion Engineering 2700 MW(t) plant 
such as Calvert Cliffs Units 1 and 2 or Millstone Unit 
2. Columns are provided in these tables to list informa
tion regarding current requirements for environmental 
qualification for the specific measurement and the lo
cation of the sensor (reactor, auxiliary building, con
tainment turbine building, etc.). It is important to note 
that representative containment harsh environments 
include a maximum pressure of 60 psia and a maxi
mum temperature of 300°F and are generally asso
ciated with the design basis LOCA. Some instruments 
are required for odier design basis accidents (DBAs) 
which do not include harsh environments. To identify 
the two potential environments, these requirements are 
denoted as DBA Harsh and DBA Non-Harsh in the 
table. This information will be used to determine the 
survivability of the insbiiments in the environment 
that can be expected during a severe accident se
quence. This analysis will be performed as part of the 
effort discussed later in this section. 

Table C ia Appendix C lists those existing measure
ments that could be used for accident management that 
are not specified in Regulatory Guide 1.97. This table 
includes columns to list the current measurement range 
of the instmment, the severe accident measurement 
range, and die location of die sensor. 

Tables Dl, D2, and D3 in Appendix D present 
sequence-specific information needs for a PWR with a 
large, dry containment which will be discussed below 
in Section 4.5. 

Table El in Appendix E lists proposed or potratial 
measurements that could be used to supply informa
tion needs in cases where measuremoits are not cur
rently available. Table E2 lists measurements that 
would be required for existing systems diat could be 
used as part of a sbrategy for accident management 
The columns that are contained in this table are as 
follows: 

Potential Measurements Identified: the mea
surements identified from Tables Al through 
A3 diat may be required for existing systems 
to be used for particular accident manage
ment strategies 

IrformationNeed: die information needs diat 
would be provided by the potential 
measurement 

Potential Severe Accident Measurement 
Range: the range of conditions the insbrum^t 
might experience during a severe accident 

Location of the Instrument: the general loca
tion of die instrument sensor. 

Table E2 lists those measurements that could be 
used to monitor proposed systems diat would be need
ed for new sbategies for accident management This 
table has columns to list the potential measurement 
die information needs it would provide, die measure
ment range it would need to cover, and the location of 
the sensor. The last two columns will be completed 
during the analysis of a specific severe accident pres
ented later in ttds section. 

4.2 Use of Information-Need 
Tabular Information 

The purpose of this section is to determine the abil
ity of existing measurements to satisfy the information 
needs for a PWR with a large, dry containment This 
determination can be made by evaluating die results 
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contained in the Ibbles in Appendices B and E. Com
parison of Tables Bl, B2, and B3 widi Tables El and 
E2 shows the relative contribution of existing mea
surements to supply accident management information 
needs widi regard to additional measurements diat may 
be required. This evaluation determines the number of 
infcHmation needs that are currentiy measured. In or
der to fidly assess the ability of die existing measure
ments to satisfy the inftmnation needs, it is necessary 
to evaluate whether individual instruments are ex
pected to function during a severe accident This can 
be accomplished by comparing the qualification and 
range information contained in Appendix B with the 
conditions expected for a severe accident This will be 
performed for a specific accident sequence as part of 
the application of die mediod to a specific severe acci
dent sequence presented below. 

Another goal of this effort was to identify alternate 
means of supplying die information needs. Alternate 
means for identifying the information needs can be 
identified by evaluating the results in Tables Al, A2, 
and A3 of Appendix A to see where additional direct 
and indirect information sources can be used to supply 
the same information need. Also, Appendix E lists 
those measurements that could be implemented as 
additional means for satisfying those information 
needs that currently have no available sources of 
information. 

The final application of the results of this portion of 
the effort was to indicate the diversity and depth of 
measurements for each identified information need. 
This can be accomplished by reviewing Tables 3 and 4 
in Section 3. These tables highlight diose infcHmation 
needs in which insufficient diversity and depth of mea
surements may be a concern. Table 3 identifies infor
mation needs for which there are no existing sources of 
information. Table 4 lists the information needs that 
can be inferred only from indirect sources of infcHma
tion. There is always a substantial opportunity for error 
when an information need can be inferred only from an 
indirect information source rather than from a direct 
information source. 

4.3 Status of Instrument 
Qualification Information 

Development of qualification information for the 
measurements discussed m die previous sections was 
determined to be very complex for two reasons. First 
current qualification requirements are generally based 
on individual plant conditions for the design basis ac
cident (DBA). The qualification conditions, dierefore, 
vary somewhat from plant to plant depending on the 

calculated DBA conditions and die location of the in
strumentation. Second, the envelope of severe accident 
plant conditions for PWRs widi large, dry contain
ments was not found to be readily available. Develop
ing this envelope was determined to be a large 
undertaking since the performance of a uniform set of 
new calculational results would be bodi expensive and 
time consuming, and because the screening of existing 
severe accident calculations would require review of a 
large number of documents by a select group of people 
with an awareness of the adequacy of past and presoit 
analyses. For example, the Industry Degraded Core 
Rulemaking Program (IDCOR) examined a limited 
number of pieces of equipment from four reference 
plants to determine survivability when exposed to se-
voe accident conditions. While die conclusion of die 
EDCOR stody (Technical Report 17, "Equipment Sur
vivability in Degraded Core Environment") stated that 
the subject equipment could widistand the effects of 
most degraded core accident environments, die study 
investigated a limited number of sev^e accident se
quences and did not address complete instrument sys
tems including b-ansducer, cabling, terminal blocks, 
etc. Furthermore, the IDCOR report concluded that 
use of a bounding envelope of environmental condi
tions in the containment was useful only for general 
scoping and sensitivity studies but not for assessment 
of die survivability of specific equipment In light of 
these circumstances, development of an envelope is 
considered to be well beyond the scope of the current 
information needs program. 

4.4 Instrument Failure 
Conditions 

This section presents the application to a severe ac
cident sequence. In order to identify the insbuments 
that may fail during each phase of the sequence, plant-
specific instrument qualification information was 
used. It should be mentioned that plant-specific instm-
mentation from the Calvert Cliffs Plants were used. 
Although the severe accident sequence selected for 
diis application is not directiy applicable to the Calvert 
Cliffs insbnimentation qualification needs, use of die 
2Son accident sequence is considered appropriate since 
die purpose of diis task is to demonsbate use of die in
formation needs methodology and not to present an 
evaluation of a specific plant 

Since many instmments available in the plant are re
quired during the course of DBAs, the plant instru
ments can be subdivided into diose which are qualified 
to DBA environmental conditions and those which are 
not qualified, since some insbuments are not required 
for accident conditions. Since both types of 
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insbuments can experience harsh or non-harsh envi
ronments, four insbument qualification categories can 
be identified. These categories include insbuments qu
alified for 

1. DBAs widi harsh environments 

2. DBAs with non-harsh environments 

3. Non-DBAs with harsh environments 

4. Non-DBAs with non-harsh environments. 

The qualification of die plant instmmentation corre
sponding to diese categories can be readily obtained 
from documents presenting a review of the plant in
sbuments listed in Regulatory Guide 1.97. This infor
mation provides the measurement ranges and the 
qualification level of each instrument required for 
DBA events. This information can be used to establish 
the failure conditions for the various sensing and mon
itoring instmmentation in the reactor coolant system 
and containment building locations. The instruments 
to be used for die example sequence described herein 
are qualified to the following DBA harsh environmen
tal conditions: 

1. Insbuments within the RCS 

• Maximum temperabire = 2300°F 

• Maximum pressure = 2500 psia 

2. Instmments widiin die containment building 

• Maximum temperature = 300°F 

• Maximum pressure = 60 psia 

No odier limitations are placed on the instmmenta
tion for the purposes of this evaluation. 

From die RCS and containment pressure and tem
perature profiles given in Table 6 and die insbument 
environmental qualification information discussed 
above, die timing of die insbument failures due to the 
severe accident conditions are summarized below: 

1. All unqualified instruments fail in Phase 1 

2. All qualified RCS insbuments fail in Phase 2 

3. All qualified containment insbuments fail in 
Phase 4 

4. All insbuments located in the auxiliary and 
turbine building are available for all phases of 
the event since these locations do not expoi-
ence harsh environmental conditions. 

The list below summarizes which systems fail due 
to specific, assumed support system failures: 

1. All Regulatory Guide 1.97, Category 3 in
stmments fail upon loss of offsite power at 
the initiation of die event 

2. The high and low pressure ECC injection 
pumps are assumed to fail due to a support 
system failure 

3. The fan coolers fail due to failure of the reac-
tor vessel lower head 

4. The containment spray pumps fail due to a 
failure to switch to the recirculation mode. 

It is important to note diat a detailed analysis of the 
survivability of the instrumentation was not p^ormed 
to address equipment performance beyond the DBA 
qualification limits, ff such an analysis was performed, 
it may indicate that some instruments would survive 
well tteyond the time when the RCS or containment 
conditions exceed the DBA qualification conditions. 
As a consequence, die information available to the op
erating staff which results from this task can be consid
ered to represent a conservative lower limit 

4.5 Identification of Capability 
of Available Instruments for 
a Specific Plant Type 

This section presents the process by which the infor
mation needs, from die three safety objective bees, can 
be compared to the information available in each phase 
of the event so that die operating staff can effectively 
manage the course of a severe accident This process 
was previously discussed in Section 2.2 and is now 
demonstrated through application to the severe acci
dent sequence described earlier. 

Given the accident sequence and die insbument fail
ure conditions described above, the following steps 
from Section 2.2 are used to detennine die information 
needs and available insbuments. 

Step 1 Identify insbument availability during each 
phase of die accident using Table 6, given die 
insbument failure conditions of the previous 
section. The insb'ument availability is dien 
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indicated in Tables B1, B2, and B3 of Appen
dix B, where the status of each insbument for 
each phase of the sequence is denoted by the 
following acronyms: 

• FSS - failed due to support system 
failure 

• FEC - failure due to environmental 
conditions 

• OOR - out of range 

• AVI-available 

• NI-not installed. 

Step 2 Transfer the instrument availability deter
mined above in Step 1 to Tables Dl, D2, and 
D3 of Appendix D to identify the status of the 
information needs for each of the safety ob
jective trees. Information need status is indi
cated by die following acronyms: 

• ADI - available directiy or indirectiy 

• ADO-available directiy (»ily 

• AIO - available indirectiy only 

• NAV - not available. 

The status of the information needs is indicated in 
brackets in the information needs column in 
Tables Dl, D2, and D3 of Appendix D. 

Step 3 Identify information needs by using the safe
ty objective ttees (see Figures 9 duough 16) 
and finding die safety function status, the ex
istence of mechanisms for various chal
lenges, and die relevant sbrategies for each 
phase of die sequence. The status of the safety 
objective tree levels is indicated in brackets. 
The acronyms for the status of the safety 
functions, state of mechanisms causing the 
challenges, and status of the strategies are 
given below: 

Status of Safety Functions 

• OKA - status is okay 

• CAA-challenged 

• LOS-lost 

• lOF - information deficiencies exist 

State of Mechanisms 

• PRE-present 

• POT-potential 

• IDM - information deficiencies 

• NPE-not p-esent or not expected 

Status of Strategies 

• UFE - unavailable failed equipment 

• IDS - information deficiencies 

• AVS - available 

• ACT-active 

• NI-not installed. 

Step 4 The final step includes developing Tables Fl 
through F8 in Appendix F to compare the in
formation needs to the information available 
in each phase. This table is referred to as die 
"Accident Management Information Asses
sment" table and is discussed in detail in the 
following section. 

4.6 Accident Management 
Information Assessment 

The purpose of the Accident Management Informa
tion Assessment table (Table F of Appendix F) is to 
present the final product which is an assessment of the 
availability of plant insbumentation for accident man-
agetasai during each phase of the specific accident se
quence. The assessment was made by applying the 
plant conditions for each phase of the sequence to die 
Appendix D tables that were developed as part of die 
methodology to identify the information needs for 
management of an accident and which was summa
rized through the four-step process given in 
Section 4.5 above. 

The accident management information assessment 
discussed below was performed in die context of die 
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three safety objective trees (i.e., Prevent Core Dispers
al from Vessel, Prevent Containment Failure, and Miti
gate Fission Product Release). The safety functions on 
each of the three ttees were addressed in a left-to-right 
sequence and, therefore, the first assessment table ad
dresses the instrument information needs necessary to 
control the Maintain RCS Heat Removal safety func
tion, which supports the Prevent Core Dispersal from 
Vessel safety objective. 

The information assessment table addresses the in
formation needs and instruments available for each of 
the challenges and mechanisms under each safety 
function, starting with Inadequate Secondary Heat Re
moval for the Maintain RCS Heat Removal safety 
function. The strategies that may be available to com
bat a challenging mechanism are addressed immedi
ately after addressing the individual mechanisms. The 
safety objective tree was reviewed from top to bottom 
and from left to right for this assessment of informa
tion needs, and tiie results are tabulated accordingly 
throughout Table F in Appendix F. 

Tables Fl and F2, the information assessment tables 
for the Prevent Core Dispersal from Vessel safety ob
jective, includes the information needed to determine 
the status of the Maintain RCS Heat Removal safety 
function. The information needed is that which would 
detect the energy removal rate from the RCS. There 
are no direct sources of this information; however, 
there are several indirect sources of information re
lated to RCS heat removal and include RCS fluid tem
peratures and pressures, secondary steam flow, 
secondary safety valve discharge pipe temperature, 
and atmospheric dump valve position. If the plant is in 
a shutdown mode with RHR activated, information re
garding RCS heat removal can be obtained from RHR 
flow and temperature indications. 

For this severe accident sequence, the Maintain 
RCS Heat Removal safety function is not challenged 
by either inadequate secondary or inadequate primary 
heat removal during the initial stage of the event. The 
mechanisms causing the challenges to this safety func
tion are not present in Phase 1; however, they may pose 
challenges later in the sequence in Phases 2 and 3 
when noncondensable gases develop as a result of 
fuel-clad heatup and failure. However, since these 
challenges will not be present at the initial portion of 
this event, the challenges, associated mechanisms, and 
potential strategies will not be discussed here for this 
safety function, but will be addressed later in this sec
tion when Phase 3 is discussed. The status of the 
Maintain RCS Heat Removal safety function is impor
tant here only because the operator has sufficient infor

mation to confirm that this safety function is being 
maintained during the initial phase of the event 

Challenges to the Maintain Core Heat Removal 
safety function will develop during Phase 1 due to a 
power/coolability mismatch as a result of an inade
quate RCS inventory. The operator will have sufficient 
information from the pressurizer level and, more im-
portantiy, from the reactor vessel level indications that 
the Inadequate RCS Inventory precursor and mecha
nism is present The core exit thermocouples (CETs) 
and hot leg resistance temperature detectors ^TDs) 
will signal the initiation of core uncov^ at the end of 
Phase 1. The operators will be attempting to restore 
ECC injection or utilize an alternate source of injection 
water if the refueling water storage tank cannot be 
used. Certainly, the operators will also be attempting to 
depressurize the RCS if insufficient ECC flow exists to 
possibly activate die safety injection tanks or otiier 
available systems which would actuate at low RCS 
pressures and inject coolant During Phase 1, there is 
sufficient information available to the operators to 
identify challenges to the Maintain Core Heat 
Removal safety function and to attempt strategies to 
restore RCS inventory. 

If the loss of RCS inventory continues, core uncov-
ery will occur and the fuel will heat up, resulting in 
fuel rod clad deformation. If injection is not restored at 
this stage of the accident, major fiiel rod damage will 
ensue Avith the top third of the core experiencing rod 
ballooning and rupture. A significant release of the 
fuel rod fission gas will also occur, and the generation 
of large amounts of hydrogen will begin. These "be
yond" DBA conditions will maik the beginning of the 
next phase of the event, or Phase 2. The Change in 
Core Geometry mechanism at the beginning of Phase 2 
will pose a Flow Blockage/Flow Diversion challenge 
to the Maintain Core Heat Removal safety function. 
Mth die continued absence of ECC injection, die clad 
will continue to heat up and eventually melt. As dis
cussed earlier, there are no instruments for PWRs 
which could provide either direct information regard
ing changes in core geometry or information on the 
movement of fuel or cladding material within the core 
following melt. (For example, the Direct Instrument 
column contains die word "None.") There are, howev
er, two instruments which provide indirect indication 
on the movement of fuel from the core to the lower 
plenum. The source range nuclear instruments 
(SRNIs) and self-powered neutron detectors (SPNDs) 
are listed under "Indirect Instruments" since move
ment of large amounts of fuel-bearing material across 
die core boundary can cause significant variation in die 
readings from the SRNIs and the SPNDs. However, 
changes in the water density within the reactor vessel 
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can also cause changes in the signals from these instru
ments, as noted in the Phase 1 - Blow-down column. 
A plant-specific analysis would be required to deter
mine the possibility of using these instruments to mon
itor this safety function procedurally to allow the 
operators to distinguish between the two different re
sponses. These instruments and others widi detectors 
and cabling in die containment are assumed to fail dur
ing Phase 2, due to the adverse containment conditions 
because these instruments are not qualified for harsh 
environments. 

There is no direct indication available for detection 
of die Flow Div^on/Blockage challenge. Since flow 
blockage would occur initially as a result of fuel-clad 
ballooning and eventual rupture, manual sampling and 
analysis of RCS coolant activity should provide an in
direct indication from which inferences of flow block
age and clad rupture can be made. The indications 
provided by this instrument should remain available 
through all phases of this accident sequence, although 
sampling of RCS coolant af t^ a high level of activity 
will be difficult and hazardous. 

The CETs are another example of indirect instru
ments, and their responses are available in the control 
room. A temperature reading corresponding to super
heated steam is a strong, early indication of core un-
covery and incipient clad ballooning and blockage, 
while readings of die CETs in later stages of the acci
dent may be more directly related to fuel clad and 
pellet melting than they would to flow blockage. When 
thermocouple temperatures exceed 2300°F during 
Phase 2, diese instruments are assumed to fail. 

The first strategy listed for forestalling die Inade
quate RCS Inventory mechanism is injection into the 
RCS. The specific scenario for this study includes fail
ures of all high and low pressure ECC pumps. Howev
er, the control room staff would be concerned with the 
obvious need for RCS injection, and the infcsmation 
needs and availability of instruments is relevant and 
readily available to confirm injection if the equipment 
failures are corrected. 

As die accident progresses. Phase 3 is initiated as the 
core melt continues with a major relocation of core 
matoial into the lower plenum. As stated above, the 
SPNDs and SRNIs may provide an indirect indication 
of a core relocation, which will present a Vessel Over-
Temperabire challenge to the NMntain Vessel Bound
ary safety function. The mechanisms for the Vessel 
Over-Temperature challenge include a Cooiable or 
Noncoolable relocation. There is no information to the 

op^ators to distinguish between a cooiable versus a 
ncmcoolable relocation. The CETs px)vide an indirect 
indication to infer core damage status; however, this 
information will be lost due to die severe RCS environ
mental conditions that will develop during Phase 3. 
The operators will continue to attempt to add wato^ and 
depressurize the RCS during dus phase of die accident; 
however, with the presence of a significant amount of 
noncondensables in die RCS, the steam generators will 
become ineffective at this stage of die accident In fact, 
during Hiase 3, die ability of die steam generators to 
remove heat will degrade as the noncondnisable gases 
accumulate in die RCS and ento* the steam generator 
primaries. An Inadequate Primary Heat Removal chal
lenge to die Maintain RCS Heat Removal safety func
tion may develop with precursor indications late in 
Phase 2 and challenges to die Maintain RCS Heat Re
moval safety function in Phase 3. This challenge 
would be due to die Inadequate RCS Energy Transport 
mechanism caused by die nonccxidensable gases in die 
steam generator primaries. The degradation in conden
sation in the steam generator primaries will be indi-
recdy indicated by an increase in RCS pressure and 
would be most dramatic for the smaller break sizes in 
which RCS heat removal is a prerequisite for ensuring 
core coolability. Thus, die Maintain RCS Heat Remov
al safety function may be challenged during the later 
portion of Phase 2 or during Phase 3. These develop
ments may confuse the curators since adequate level, 
pressure, and secondary emergency feedwater flow is 
being maintained during this phase. In this situation, 
die operators may waste valu^le time addressing die 
increasing RCS pressure by checking secondary emer
gency feedwato: flow, inventory, and depressurization 
capability when the steam generators are in a state that 
will not enable RCS depressurization. It should be 
noted that there are no increases in RCS pressure late 
in Phase 2 nor in the first half of Phase 3 as shown in 
Figure 7. This potential situation is mentioned since 
smaller break sizes will show more sensitivity to steam 
genmitor heat removal than die small break illustrated 
in diis sequence. 

The eventual total core uncovery in Phase 3 will, 
however, result in faster RCS depressurization due to 
die large reduction in energy addition to die RCS from 
die presence of steam in die core. However, if injection 
is not restored during this phase, die cot& will relocate 
into the lower plenum widi eventual lower head fail
ure. Toward the end of Phase 3, the operatcn^ will have 
no direct inf ramation to determine if vessel integrity is 
challenged or if low» head failure will occur or when. 
If injection is restored at this stage, the operators will 
have no means of assessing whether the core can be 
cooled in the lower plenum, thus resulting in a possible 

48 



waste of a limited supply of injection water. No infor
mation is available to assess whether injection will ex
acerbate the accident if it is restcved at this time. 

ff die relocation has achieved a noncoolable state, 
the only available strategy is to flood the cavity in 
hopes of cooling the core in this region and thereby 
limit or prevrat basemat attack. As indicated in Table 
F, there are no means of flooding the cavity nor are 
there means of inventory indication in this region. 
Phase 4 begins with lower head failure and, without 
the restoration of containment heat removal, die con
tainment instrumentation will fail leaving the opera
tors widi neither direct nor indirect information, which 
could have alerted them to a challenge to containment 
integrity. 

The remainder of Table F (Tables F3 tittough F8) 
presents die remaining information pertinent to both 
the Prevent Contaiiunent Failure and die mitigate Fis
sion Product Release from containment safety objec
tive trees for all phases of the event and will not be 
discussed further in this report 

While the tables in Appendix F present a summary 
of die assessment of die information needs and avail
able instruments for the four phases of the event, it is 
instructional to also discuss some of die key informa
tion contained in die safety objective trees as the se
quence progresses through each phase. This discussion 
provides some of the thought processes and potential 
concerns of an operating staff during a severe accident 
and is presented below for each phase using the three 
safety objective trees. 

Phase 1 

During Phase 1, the first 80 minutes of die event, 
opening of the break causes a depressurization and 
mass depletion of the RCS, resulting in uncovery of 
the core at about 65 minutes into the event Referring 
to the Prevent Core Dispersal from Vessel safety ob
jective tree in Figure 9, sufficient instrumentation is 
available to supply the information needs for manage
ment of the initial portion of the event This is not sur
prising since the plant EOPs accommodate DBA 
sequences which represent Phase 1 of this accident 
The needed instrumentation is qualified to the condi
tions of Phase 1. 

Refening to Figure 9, die status of the Maintain 
Core Heat Removal safety function is being main
tained and is labeled "OK," as is the Maintain RCS 
Heat Removal safety function. There is, however, a 

precursor present to die Power/Coolability Mismatch 
challenge since inadequate RCS inventory will devel
op with a subsequent core uncov^ if ECC injection is 
not instituted, llie information indicating the {q)proach 
to core uncovery is available and includes: 

Instrument Trend 

RCS subcooling Decreasing or lost 

Pressurizer level Decreasing level 

Reactor vessel level 
monitoring system (RVLMS) Decreasing level 

Sump Level Increasing. 

The precursor to the change in core geometry will 
also develop during diis phase and will include an in
crease in steam super-heat due to the initial uncovery 
of the core. The instrumentation necessary to supply 
this precursor information is available and includes: 

Instrument Trend 

Hot leg RTD Increasing temperature (beyond T„^ 

CETs Increasing temperature (beyond T,^. 

The steam super-heat can be readily determined 
knowing die RCS saturation pressure obtained from 
the pressurizer pressure instrumentation. 

One of the strategies to mitigate the potential chal
lenge to die change in core geometry is restoration of 
injection into the RCS. Because die ECC high and low 
pressure injection pumps have failed, the operator's 
only recourse at diis time is to depressurize die RCS 
using die steam generators atmospheric dump system 
or primary system PORVs. Since core uncovoy will 
not occur im at least one hour into diis event the cur
ators will have initiated a cooldown at probably no lat
er than thirty minutes into the event. While the 
sequence does not include this operator action, it is 
mentioned here since use of the atmospheric dump 
valves or primary system PORVs will enable a 
cooldown to allow injection of die safety injection 
tanks, which would dien actuate and provide core cool
ing (see Reference 3). The accumulators will act only 
to delay the potential core meU, but because the level 
and pressure instrumentation for the accumulator tanks 
are not qualified, die operator will have to rely on die 
CET response to determine if the accumulators dis
charge. Once the accumulators empty, core uncovery 
will occur again, indicated by an increasing CET 
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temperature. With die increasing core exit tempera
tures, the next challenge on the tree. How Diversion/ 
Blockage, will develop. 

During Phase 1, neither the Prevent Containment 
Failure safety objective nor the Mitigate Fission Prod
uct Release From Containment safety objective is 
threatened by any challenges because containment 
sprays and heat removal fans are operating to conoxil 
containment pressure and temperature. 

Because there is at least one hour before core uncov
ery, sufficient time exists for the operator to attempt 
preventative actions to delay or mitigate uncovery of 
the core. 

Phase 2 

During Phase 2, the core experiences complete un
covery, widi die fuel pellet and cladding temperatures 
reaching melting conditions (approximately 3500 to 
4500°F). Referring to Figure 10, tiie Maintain Core 
Heat Removal safety function is challenged and is la
beled "CHA." During diis phase, challenges exist if 
the following potential mechanisms are present 

1. Clad ruptureAelocation 

2. Rubble bed formation 

3. Inadequate core cooling 

4. Non-coolable in-core geometry. 

The information necessary for die operators to iden
tify the above challenge mechanisms is available only 
indirecdy through the response of the CETs, SRNIs, 
and SPhflDs, which will fEiil in this phase because the 
qualification range will be exceeded. The hot leg RTDs 
are inadequate for diese information needs since these 
instruments will be "pegged" at dieir maximum tem
perature range of 700°F. The temperature of super
heat must be determined from knowledge of the RCS 
pressure from the pressurizer pressure instrument and 
CET response, which is available only during die early 
portion of this phase. 

At the end of Phase 2, die top portion of the core un
dergoes a gross melt with a slump and collapse occur
ring at about 108 minutes into the event During this 
phase, which lasts from 80 to 110 minutes, the opera
tors have about thirty minutes to institute ECC pumped 
injection to prevent a core relocation into the lower 
plenum for diis particular sequence. At this stage of the 
event the amount of available time to take action to 

depressurize the RCS, if not akeady attempted, would 
be too short in duration to prevent the partial core melt 
While the Maintain Vessel Boundary safety function is 
potentially challenged (and is labeled "CHA" in 
Figure 10), the precursors also exist for a possible ov
er-temperature failure of the lower head if the failed 
ECC pumps are not repaired quickly. The over-tem
perature challenge of the vessel lower head could re
sult from a relocation mechanism which is 
non-coolable. The excessive CET temperatures and 
SPND alarms that exist during Phase 2 provide indi
rect information that a major core heatup and melt is in 
progress. 

Although the containment spray pumps and fan 
cooling systems are operating to control pressure and 
temperature during Phase 2, the operators will have in
dication of potential challenges to the Maintain Pres
sure Control and Maintain Temperature Control safety 
functions, shown in the Prevent Containment Failure 
safety objective tree in Figure 11. The challenges will 
result from a buildup of non-condensable gases in die 
containment along with the increasing containment 
pressure and temperature due to the continued addition 
of RCS inventory duough the break. The containment 
pressure and temperature instrument will provide the 
information to monitor over-pressure control. The 
post-accident sampling system will provide indication 
of the increasing hydrogen in the containment and as 
required by current EOPs, the hydrogen recombiners 
will be placed in service at diis time. Because of rapid 
core-wide oxidation occurring at this time, the buildup 
of hydrogen will continue during this phase, both in 
die RCS and the containment 

As shown in the Mitigate Fission Product Release 
from Containment safety objective tree in Figure 12, 
the Maintain Control of FP Inventory in Containment 
Atmosphere safety function and the Maintain Control 
of FP Release from Containment Water safety function 
are both challenged and are labeled "CHA." The pres
ence of fission products in the atmosphere will be indi
cated by the containment radiation monitors; however, 
there will be no means of conttolling these challenges 
odier than the use of containment sprays currentiy in 
use to control containment pressure. At the end of 
Phase 2, the core begins relocation into the lower 
plenum. 

Phases 

Atthebeginningof Phase 3, which lasts from llOto 
133 minutes, the core begins relocating into the lower 
plenum. The Maintain Core Heat Removal safety 
function is lost and is labeled "LOS" in Figure 13. 
Meanwhile, the non-coolable relocation mechanism is 
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present to create a Vessel Over-Temperature challenge 
to the vessel lower head. Also, the Maintain Vessel 
Boundary safety function is labeled "CHA" in 
Figure 13. Because the SRNIs located in the reactor 
cavity are not qualified for the DBA LOCA environ-
moit these instruments are not available because they 
failed earlier in Phase 2. Because the entire core relo
cates into the vessel lower plenum, those remaining 
CETs and SPNDs diat may have survived Phase 2 are 
also lost during this phase. As a consequence, die oper
ators have litde or no means of meeting their informa
tion needs to follow or determine the behavior of the 
core during Phase 3. The RCS pressurization (indi
cated by die pressurizer pressure instrument response) 
that occurs during Phase 3 as a result of the molten 
core contacting the water in the lower plenum is the 
only indirect means of potentially indicating diat the 
core is relocating. The operator has no odier informa
tion to determine whedier die core has relocated into 
the lower plenum, whether it is cooiable if injection is 
restored at this time, or whether the lower head is in 
danger of failing and within how much time. 

At this time, the operator would still be attempting 
to reduce RCS pressure if he had not successfully re
duced it during prior phases. Because of the noncon
densable gases produced during Phase 2 and 3, it 
would probably be ineffective to use the steam genera
tor secondary system to depressurize the RCS (using 
the atmospheric dump system if power is unavailable 
or the bypass system if power is available) since the 
ability to effectively condense steam on the primary 
system would be severely inhibited by the gases pres
ent. If the steam generators are to be used in this 
situation, it would be necessary to relieve the noncon
densable gas from the system by using the hydrogen 
vents and by restarting die main coolant pumps to clear 
the gasses from die generators. Use of PORVs during 
Phase 3 may be a more effective way to depressurize; 
however, at this stage, if depressurization has not been 
initiated earlier. Phase 3 is probably too late for this 
surategy in this particular sequence. The acoustic flow 
monitoring system and PORV discharge pipe tempera
tures along with RCS pressure instrumentation may 
provide die verification that die PORVs were acttiated. 
Furthermore, depressurization widi PORVs could in
duce failure of the surgeline. While this failure would 
assist in depressurization, the pressurizer pressure in
strument would no longer provide reliable information 
on RCS pressure. If RCS pressure indication is needed 
to place the plant in a long-term cooling mode later 
during the event, loss of pressure instrumentation 
could make recovery operations more difficult since 
RHR systems require pressure/temperature informa
tion for operation. 

While successful depressurization of the RCS 
would actuate the accumulators during Phase 3, only a 
delay in the eventual failure of the lower head would 
be realized by this action. However, more time would 
be available which coidd be used to affect rq)air of die 
ECC pumps, ff ECC pumped injection cannot be rein
stated during this phase (if it is known to be beneficial 
at this time), failure of die lower head will result The 
operator will have no instrumentation to determine 
that head failure is about to occur. 

At this time in the event flooding of the cavity may 
be a strategy to prq)are for eventual head failure and 
ejection of the core materials into diis region. Howev
er, there is no instrumentation nor means for the opera
tors to verify this strategy nor is there special 
equipment to perform this action. If continued opoa-
tion of the containment sprays permits partial filling of 
the cavity, then continued operation of the sprays to 
conbx)l containment pressure may also allow wat^ to 
enter this region and permit cooling of core materials 
upon head failure. 

The challenges for the Prevent Containment Failure 
and the Mitigate Fission Product Release From Con
tainment safety objectives are the same as those dis
cussed for Phase 2 above, except the conditions are 
increasing in severity. 

Without the restoration of pumped ECC injection 
during Phase 3 (assuming the relocated core could be 
cooled at this time), lower head failure will occur. The 
duration of this phase is about 23 minutes, so there is 
littie or no time at this point in the event for the opera
tors to take action to prevent head failure. 

Phase 4 

This phase begins with failure of die lower head and 
includes injection of die molten core into die contain
ment. The Maintain Vessel Boundary safety function is 
lost and is labeled "LOS" in Figure 14. In addition. 
Figure 15 (die Prevent Containment Failure safety ob
jective tree) shows that both the Maintain Pressure 
Control and die Maintain Temperature Control safety 
functions continue to be challenged in this phase. Be
cause of die failure to switch to recirculation, contain
ment sprays are lost during Phase 4. The hydrogen 
bum that occurs at 162 minutes violates the qualifica
tion conditions of the insduments in the containment; 
therefore, all of the containment instruments are as
sumed to fail during Phase 4. Because the containment 
pressure and temperature conditions exceed the quali
fication of the instruments widiout the hydrogen bum, 
diese instruments would be lost early in Phase 4 any
way. As a consequence, if the operators were not 
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successful in restoring die containment sprays early in 
Phase 4, eventual loss of all remaining instruments, in 
addition to failure of die containment boundary, would 
occur. Because there is a long period of time before 
containment failure occurs at 1444 minutes, there 
should be sufficient time to restore containmrat spray, 
or as a last option, vent die containment to prevent con
tainment failure if equipment to vent die containment 
was installed. In any event, die loss of instrumentation 
for containment pressure and temperature would se
verely inhibit the operator's ability to determine 
whedier any strategies are effective to control contain
ment pressure and temperature during Phase 4. If some 
containment pressure instrument indications were lim
ited in range to die design pressure, diere would be no 
information available to die operators to indicate con
tainment failure or to verify strategy effectiveness dur
ing dus phase. 

Figure 16 shows that bodi safety functions in die 
Mitigate Fission Product Release From Craitainment 
safety objective tree also continue to be challenged. 
With the exception of containment sprays, there is 
little or no equipment affording strategies to mitigate 
diese challenges. 

4.7 Evaluation of Instrument 
Shortcomings 

This section discusses the instrumentation short
comings identified in Tables 4 and S of Section 3, 
which also idratified the information needs for which 
dioe are no associated available instruments and infor
mation which can only be supplied indirecdy. It is im
portant to note again that the instruments were 
assumed to fail once their qualification limits were ex
ceeded. The instrument availability, thoefore, repre
sents a conservative lower limit liible 7 shows, for 
each phase of the event, information needs and die in
strumentation for the accident sequence in which 
shortcomings exist because the instrument does not ex
ist or information is supplied only by indirect means 
and could mislead or confuse die operating staff. 

As stated earlier in dus section, diere is sufficient in
formation to effectively manage the accident duough 
Phase 1 since die environmental conditions do not ex
ceed die instrument qualification limits. This portion 
of the event does not pose any shotcomings and is in
cluded hoc for completoiess. Should ECC injection 
be restored during diis phase, the consequences of the 
accident will be terminated. 

Phase 2 begins with continued core uncovery and 
heatup. Major fuel damage will tiegin with core melt 

also occurring during this phase. The only sources of 
information regarding core damage status are the CEl^ 
and SPNDs. which have not been proven to supply re
liable information for this purpose. Since die SI^fDs 
are not qualified for harsh environments, they are not 
expected to function for dus portion of diis accident 
Failure of die SH>Q)s and CETs will accompany gross 
core melt, while die indicatirai of die passage of core 
material into the lower plenum is provided by the 
SRNIs. Howevo'. with the harsh containmoit environ
ment at this time, the SRNI indications may be erro
neous with eventual failure occurring during diis jriiase 
since diese instnimoits are not qualified for harsh en
vironmental conditions. This relocation may also be 
indicated by a step-like increase in die RCS pressure 
and hot/cdd leg KTD respoises. but only if the reloca
tion has occurred with a refilled RCS. Odierwise. die 
hot/coM leg RTDs are of no use because dieir instra-
ment range is limited to maximum temperatures of 
about 750^F. These instrumoits are enpected to fail at 
die end of Phase 2 due to the severe environmental 
conditions in the RCS and reactor vessel cavity. 

Of particular importance to severe accident manage
ment is die need to know if die core has relocated into 
die tower plenum and whedia it poses a dueat to ves
sel integrity. Such information is important even if die 
opa'ating staff has refilled die RCS widi ECC v/itet 
because of die potential to establish an upper crust lay-
a that will insulate molten matoial in the lower head 
from die RCS coolant Because there are no indica
tions of lower head temperature or the status of the 
core, whetho- in die core boundary or in the lower ple
num, it may not be possible with present plant infor
mation and current support staff capabilities to 
effectively manage diis type of sevore accident bdiav-
ior following a noncool^le relocation of die core into 
die lower plenum. 

Some of die information needed to detect core relo
cation could be inferred from indirect information 
sources, but because some of diese sources are not qu
alified to DBA environmental conditions, dioe may be 
accident conditions and instrument responses which 
could mislead the opoBtors. For example, the passage 
of core material into the lower plenum can be infored 
only from the SRNIs. The source range monitors are 
not qualified for DBA adverse environmental condi
tions and, therefore, could be subject to large errors 
and failure. In addition, because die passage of core 
material into the lowo* plenum could also result in an 
increase in energy addition to the coolant an increase 
in RCS pressure and temperature may also occur. Fur
thermore, should the large amount of hydrogen present 
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Table 7. Instrument limitations for event phases 

Phase Event Instrument Limitation 

Core uncovery, fiiel rod heatup, 
fiiel rod swell, and rupture 

Core melt, core damage status, 
coolableAioncoolable core 
geometry 

RCS subcooling, CETs, 
hot/cold RTDs, pressurizer 
Pzr, level, RVLMS 

SRNIs, SP]^s,Pzr 
pressure, and hot/cold 
leg RTDs 

None, fuel clad swell and 
ropuire/failure indirecdy 
indicated by CETs and 
coolant activity. Approach 
to core uncovery indicated 
by RVLMS. 

SRNIs are not qualified 
for harsh environs. 
Failure or enor will 
eliminate possible 
detection of relocation 
of core. No direct 
information available on 
coolability status. 

Relocation of core materials 
to lower head, cooiable/ 
noncoolable geometry, 
vessel integrity 

SRNIs, Pzr pressure, 
and ho^cold leg RTDs 

Vessel head failure, 
containment integrity, 
hydrogen accumulation and 
detonation 

Containment P,T 
instrumentation, 
radiation monitors 

SRNIs will fail. No odio-
information available RCS 
pressure, temperature (P,T) 
increase may be confused 
with noncondensable gases 
entering steam generator 
primaries. No information 
on approach to head failure. 

Containment P,T 
instrumentation may fail 
due to sevCTe P,T environs. 
Inframation on H2 may not 
be timely or possible from 
sampling system since range 
is limited to 10%. No 
information on basemat 
attack/failure. 

in the RCS enter the steam generators during the se
quence, die degradation in heat removal c^^abiUty in 
the steam generators would also cause an increase in 
RCS pressure and temperature. If it took place over a 
relatively short period of time, diis event could be con
fused with a relocation of core material into the lower 
plenum and mislead die operators, diverting dieir at-
tration to actions associated with mitigating a core re
location when they should be addressing a loss of die 
heat capability to remove. If the source range monitors 
incurred large errors as a result of a harsh containment 
environment the response of these installments could 
confuse die operators. The potential for conflicting in
formation is high for these two similar RCS responses. 

If injection is restored before the lower head has 
failed and if single phase natural circulation has also 
been recoveted, the ECC injection pumps will cause an 
increase in RCS pressure for die small breaks sizes in
dicative of this sequence. For these small break sizes, 
die RCS pressure will stabilize at a pressure where die 
break flow equals the injection flow. Because high-
pressure injection pumps have high-shut-off heads, 
the RCS could be pressurized to pressures above 
1500 psia. Since there is no information available to 
determine die ̂ proach to lower head failure, the oper
ators could be mislead to believe that the core material 
has been recooled. Wiih the RCS at elevated pressures, 
diere is die potential diat a challenge which could lead 
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to direct containmrat heating is in progress with no in
formation to identify these conditions. 

Should vessel failure occur, no information will be 
available to die operators to monitor the attack of the 
molten material on the vessel cavity, including the 
basemat. Operation of the containment sprays are the 
only means of adding inventory to die cavity; howevor, 
present containment instrumentation generally does 
not provide operators with sufficient information to 
know if die cavity has been flooded, should diis strate
gy prove to be effective. Furdiermore, die use of per
manent pool seals could further inhibit cavity flooding 
in some designs. 

To address the mentioned instrumoit shortconungs, 
in lieu of adding additional instrumentation, plant 
organizations could consider development of 
computational aids, where appropriate, to fill the 
information needs which are not currentiy supplied by 
instrumentation. For example, the lack of information 
on lower head integrity could be supplied by a compu
tational aid. Technical support teams could perform 
calculations initialized with information from the reac
tor vessel level indications and CETs. Information 
from these instruments could provide an input for die 

vessel failure ccHUputation based on the trend of these 
data prior to failure. Valuable information such as an 
estimate of the earliest time at which head failure could 
occur would be provided, ff repair of equipmrat could 
be facilitated prior to lower head failure, an estimate of 
the head failure time could be used to prioritize which 
equipment, such as pumps and inventory supplies, 
should be repaired first Such computational aids could 
provide a backup to the indirect information supplied 
to identify a core relocation and would currentiy pro
vide the only source of information for head failure, 
since no instrumentation is now available to provide 
such information. 

Because the containment environmental conditicxis 
can exceed the containment insuument qualification 
limits, analysis or computational aids could be used to 
back up the loss of vital instruments, such as contain
ment isessure and hydrogen concentration. However, 
use of computational aids should not replace the need 
for assessing and understanding instrument behaviors 
during a severe accident At a minimum, computation
al aids could supply key information which is not 
supplied directiy by existing instrumentation, but 
which is essential to the operating staff for effective 
accidrat management 
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5. CONCLUSIONS AND RECOMMENDATIONS 

The importance of diis evaluation is diat it demon
strates the {^plicability of safety objective models for 
accident management, including information needs, 
instrument availability, and environmental qualifica
tion through application of the methodology to a se
vere accident sequence for a PWR with a large, dry 
containment Functional models were exercised using 
data from an existing accident phenomenological cal
culation to further determine whedier the required in
formation will be available for effective accident 
management while also accounting for the effects of 
environmental conditions on equipment and instru
ment availability. 

In summary, this work demonstrates diat: 

1. The mediods developed herein can be used to 
identify the information needed by plant p^-
sonnel for management of severe accidents. 
The methods will also identify areas in which 
information needs will not be met and where 
difficulties may occur in understanding plant 
status, evaluating strategy selection, and de
termining strategy effectiveness for severe 
accident sequences. 

2. The i^proach in this work would be useful in 
providing the means to incorporate new in
formation, as it becomes available from the 
Severe Accident and Accident Management 
Research Programs, into utility accident man
agement iBX)grams. 

3. The safety objective trees display plant se
vere accident information in a manner that 
promotes understanding of plant information 
needs. Aldiough the severe accident condi
tions presented on the trees are not new or 
unique, die structure of the trees allows easy 
visualization of what is important for a broad 
specdiim of severe accidents. This broad per
spective can also be used to provide insights 
to the manner in which challenges to plant 
safety can be identified and what alternate 
means may be available to prevent or mitigate 
a severe accident 

4. The assessment of information needs for a 
PWR with a large, dry containment indicates 
that diere is not sufficient instrumentation to 
understand the status of the core, such as tem
peratures and general location of core materi
al, once core melting has begun. There is also 

insufficient information to determine wheth
er the vessel low^ head is being attacked and 
whether failure should be expected. The lack 
of information in these two areas increases 
the difficulty in making a decision of whedier 
to use resources for strategies relating to pre
serving vessel integrity or to use strategies 
dealing widi the presovation of containment 
integrity. 

5. There are about twenty information needs in 
which personnel involved in accident man
agement have the potential to be mislead be
cause they must rely on interpretation of 
instruments that do not directiy supply the 
needed informatirai. Five of these were jiKlged 
to be important and could be grouped into two 
types of information needs: (a) diose related to 
d^ inability to understand core status follow
ing die initiation of meU, discussed above, and 
(b) those related to an inability to detramine 
the location of a bypass to or leaks from the 
contaiiunent such as the location of an inter
facing system loss-of-coolant accident 

6. There may be instrumentation or other means 
that can be used to supply infomation that is 
not currentiy available. For example, raurce 
range instruments and self-^wered neutron 
detectors may provide information on core 
status during relocation, but this information 
would require the capability for special inter
pretation which does not exist for this pur
pose. Computational aids that interpret or 
extend the use of instrumentation have the 
potential to provide the additional needed 
information. 

From the application of methods to a specific se
quence, some observations and reconunendations can 
be summarized regarding management of a selected, 
severe accident in light of existing instruments in 
PWRs widi a laige, dry containment It should be men
tioned diat instrument availability is considered to be a 
conservative lower limit since instruments were as
sumed to be unavailable during the sequence once its 
qualification limits were exceeded. Tte obse^ations 
and rec(»nmendations include: 

1. There is sufficient information to manage die 
selected, severe accident up to the time just 
prior to die onset of fuel/cladding melt The 
measurement range of existing instruments 
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up to tills time appear adequate. Following 
die onset of fuel/cladding melt, measurement 
ranges for some instraments would be ex
ceeded, such as containment hydrogen con
centration, CETs, and cold and hot leg RTDs. 
Should die CEI^ fail, tiie cold and hot leg 
RTDs could provide important information 
regarding core coolability if die upper ranges 
of these instmments were not limited from 
600to750°F. 

2. Assuming all instruments fail immediately 
after their qualification conditions are ex
ceeded, that is no direct information avail
able to die op^ntors to follow the relocation 
of the core diiring die time period between the 
initiation of core melt and core relocation into 
the reactor vessel lower head. The source 
range nuclear instruments may provide indi
rect information, but are not qualified for 
harsh containment environments and can de
velop large errors which could mislead die 
operators prior to failure. There is also no in
formation to detect the approach to lower 
head failure. 

3. In the containment littie or no information 
would be available following lower head 
failure because all of the measurement quali
fication limits would be exceeded. Some in
strumentation may survive; however, the 
effects of the harsh environmental conditions 
on instrument inaccuracy has not been eva
luated. Should the containment pressure/ 
temperature instruments fail, there are no 
backup sources of information. 

4. A more detailed evaluation of measurement 
error and survivability for severe accidents is 
needed. This is not to suggest that a more ex
tensive environmental qualification program 
is required; rather, it is important to under
stand how die instmments will behave so diat 
die operating staff will know what infcnma-
tion is reliable for use in understanding plant 
status and managing the accident effectively. 

5. A more detailed evaluation of die capability 
of certain instmments to provide information 
on severe accident behaviors is needed. For 
example, use of source range nuclear instm
ments to indirecdy indicate that a core reloca
tion is occurring needs evaluation. 

6. Computational aids could be developed to 
provide the needed information, which is un
available during a severe accident sequence 
due to support system failures, instrument in
accuracy, or instrument unavailability. These 
analysis or computational aids could include: 
lower head failure, containment hydrogen 
buildup and combustion/detonation, basemat 
attack and failure, and containment failure. 
These sources of informaticHi should be made 
available to die operating staff since this in
formation (a) is not provided by present plant 
instmmentation, (b) is supplied by unquali
fied instruments which are only indirect 
indicators, and (c) are qualified but are sus
ceptible to failure due to die severe environ
mental conditions with no backup sources 
available. 

7. The development of analysis and computa
tional aids should not replace the need to 
evaluate and understand plant instrumenta
tion response during severe accident condi
tions. Rather, they should be used in 
conjunction with a thorough understanding of 
plant instrument limitations and shortcom
ings to enable the operating staff to effective
ly manage severe accidents. 

It is conservative to assume diat all instruments will 
fail when their qualification conditions are exceeded. 
If a more realistic assessment of this situation is de
sired, it is recommended diat a detailed evaluation of 
measurement survivability for severe accidents be per
formed to determine the conditions for which the in
struments will function beyond their qualification 
linuts. This evaluation would need to consider the en
tire instmment system that is exposed to the harsh con
ditions, including the U'ansducer, cabling, electronics, 
etc. Also, based on the recommendations of this study, 
an environmental envelope encompassing risk-impor
tant severe accident conditions will be developed in 
FY-1990 for a PWR and BWR to provide insight for 
die conditions that would be needed for die qualifica
tion of instmments for severe accidents. 

Each utility is now addressing the severe accident 
issue for its plants, which wiU include (a) completion 
of individual plant examinations (IPEs) and (b) even
tual development and implementation of a severe 
accident management plan. Use of the methodology 
described and demonstrated in this document will pro
vide tools to assist in the development implementa
tion, and evaluation of effective accident management 
programs. 
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