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ABSTRACT

This report presents a general evaluation of the current methodology used
by industry for the probabilistic assessment of fire events in nuclear power
plants. The basis for this evaluation, in which the strengths and weaknesses
of the methods are identified, stem from reviews of several, industry-
sponsored, full-scope Probabilistic Risk Assessments (PRAs) and various
deterministic/probabilistic approaches used by industry to judge their com-
pliance with or used to seek exemptions from the fire-protection requirements
enumerated in Appendix R to 10 CFR 50.

In performing this evaluation of the current methodologies, state-of-the-
art literature on the modeling of fire propagation/detection/suppression, in-
put parameters, and modeling uncertainties are utilized. Areas are identified
where recently-developed, more accurate and complete techniques can be imple-
mented to reduce the state-of-knowledge uncertainties that presently exist.
Recommendations are also made which could be the basis for a more suitable and
v-)mplvt«’- fire-risk methodology.
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EXECUTIVE SUMMARY

In general, Probabilistic Risk Assessment (PRA) models and techniques are
tools which can be used to investigate a variety of aspects of nuclear power
plant safety. Like any tool (or a set of tools) PRA has certain inherent
strengths and limitations which make it very useful for some applications
while perhaps being poorly suited for others. Thus, although a PRA is inher-
ently incomplete it does provide an investigative tool that is logical and
systematic. Also, although it lacks extensive experimental data, it does pro-
vide the means for developing an integrated plant model.

For example, PRAs which evaluate fire and fire-fighting activities have
the potential to provide valuable insight into several aspects of plant fire
vulnerability and the relative merits of alternative fire protection configu-
rations. PRAs can be structured to assess and quantify the reliability and
independence of various alternate shutdown capability schemes; it can be em
ployed to rank fire vulnerable areas within a plant so as to identify critical
areas requiring greater fire protection emphasis or to assess the relative
merits of various fire protection strategies.

Thus, although current PRA state-of-the-art is not sufficiently developed
to be a basis for licensing decisions, future refinements may permit PRAs to
be used as justification for or against the implementation of certain aspects
of fire protection requirements and guidelines put forth by the NRC.

However, a number of significant problems exist with fire-related PRA
methodology which limit its utility in this regard. These include: the poor
quality of the data base related to the comprehensiveness in fire incident re-
ports; the lack of sufficient knowledge of fire/accident sequences and opera-
tor recovery actions; the validity of fire modeling techniques for nuclear
plant environments; and the limited knowledge of the reliability of certain
fire protection systems.

This report documents a study which has evaluated the current industry
methodology used for the probabilistic assessment of fire events. This study
makes no attempt to evaluate a "risk curve" in which the probability (or ex-
pected frequency) of exceeding a certain consequence level is plotted against
that consequence but rather it attempts to identify the strengths and weak-
nesses of the approach and methods employed therein for eventual "engineering
application” use. That is those applications which would emphasize the logi-
cal, systematic and investigative strong points of the methodology.

In performing this evaluation, state-of-the-art literature on the model-
ing of fire propagation, suppression and detection, input parameter and model-
ing uncertainties are addressed. In those areas where recently-developed,
more accurate and complete techniques can be utilized to reduce the uncertain-
ties in the current methodology, recommendations are made which, if implement-
ed, would put the probabilistic assessment of fire events on a firmer analyti-
cal foundation.
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This study has shown that with the current state-of-the-art some of these
problem areas still prevail while others can be reduced. The physical model-
ing of fire propagation has advanced somewhat to provide greater assurance of
the validity of these latest techniques in nuclear plant environments. The
latest treatment of dependent failures or fire-induced spatial interactions
has enhanced our knowledge of fire-induced accident sequences.

Additional information, as the report indicates, is required before the
aforenoted shortcomings can be alleviated. These include, but are not limited
to, the following:

. The frequency/magnitude of fires in power plants.

. Exceedance frequency distribution of fires by combustible
classification.

. The distribution of time-to-fire detection as it relates to the lo-
cation and magnitude of fires.

. Component responses and their damageability to fires of differing
magnitudes.

. Failure rate data on fire protection systems.

. Interzone propagation of fire stressors.

. Instrumentation response and recovery actions.
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1.0 INTRODUCTION

Not until recently has there been much attention devoted by the nuclear
industry in investigating the occurrence of fires and their effects on nuclear
plant safety. Indeed the issues associated with the assessment of fire risk
are highly complex. The methodologies developed are fraught with uncertain-
ties; approximations and engineering judgment are often required to arrive at
the needed results. Essentially, the approaches that have been employed in
so-called, full-scope Probabilistic Risk Assessments (PRAs) employ a hybrid of
models: physical models, point probability models and probabilistic models.
These models exhibit uncertainties as a result of schematization (model uncer-
tainties). The influence variahles accounted for in the models for investiga-
ting the many aspects of fire (e.g., fire ignition, propagation, detection and
suppression the characteristics of materials under fire conditions, etc.) also
exhibit uncertainties with respect to their numerical values (stochastic vari-
ables). This situation is compounded since the performance of the plant-safe-
ty functions under fire-induced accident and upset conditions is the primary
objective of such studies. Thus, uncertainties can arise from different
sources, viz., (1) intrinsic randomness, (2) uncertainties with respect to the
mathematical/physical models and (3) uncertainties with respect to the sto-
chastic models. The first source refers to the real scatter of the natural
phenomena, i.e., fire; the other two refer to our lack of knowledge when at-
tempting to translate the various phenomenological aspects of a fire incident
into physical and statistical models.

Model uncertainties are as equally if not more important as the intrinsic
randomness., Actual data are very limited, incomplete or not available at all.
Plant models and systems performance assignments, given a fire, that have been
utilized in these fire-risk studies have been questioned with regard to com-
pleteness in the sense that dependent failures due to system interactions re-
sulting from a spatially connected intersystem dependency (spatial interac-
tions) have not been fully addressed.

Complex issues notwithstanding, probabilistic approaches produce a logic
and rational framework for dealing with problems of safety. In our judgment
however, numerical values should not be regarded as true representation of
reality, but as operational values, supported by engineering judgment.

The purpose of this study is to review the current industry methodology
used for the probabilistic assessment of fire events to identify their
stiengths and weaknesses. In this context, state-of-the-art literature on the
modeling of fire propagation, input parameter and modeling uncertainties, and
the modeling of detection/suppression are used to evaluate the current method-
ology. For those areas where recently-developed, more accurate techniques can
be utilized recommendations are proffered.
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2.0 LOGICAL STRUCTURE OF PRA MODEL - A BRIEF OVERVIEW

To set the stage for subsequent discussion, this section is provided to
present a brief overview of the basic elements currently employed in a full-
scope risk analysis. 1Its intent is only informative and is largely taken from
existing safety studies.

The complete, logical structure of a PRA model is shown in Figure 1. The
first step in the model is to identiry "initiating events” which may lead to
core damage. An initiating event is defined as any event that initiates a
plant transient or otherwise perturbs the operation of the plant in such a way
that, depending on the response of systems and human operators, a sequence of
events involving undesirable consequences (core-melt) could result. 1In this
study of the impact of fire on plant performance, investigation of common
cause initiating events produced by physical interactions is crucial. Fire
can therefore cause a plant to trip and can cause failure or degradation of
one or more systems needed to respond to the plant trip. Fire-manifested
dependent failures arise as a result of the initiating fire, the subsequent
propagation and advection of the energy released and other fire-induced strre-
sors such as smoke and toxic gases, and other spatial interactions brought
about by fire-suppression activities.

These initiating events are identified using several independent ap-
proaches including a fault tree analysis of the plant energy balance, failure
modes and effects analysis of plant systems, and cross-checks against reactor
operating experience.

Scenarios or accident sequences that could result are then identified
using "plant event trees.” The top events of the tree represents the func-
tioning of various systems so that each path through the tree represents an
accident sequence. At the end of each sequence, the plant is either in a
stable recovered condition, or has suffered some core damage. To analyze
fire-induced spatial interactions an adjunct study should be used to establish
a cross-reference between critical components and physical spaces so that sys-
tem failure cutsets in the trees can be replaced with critical component loca-
tion cutsets.

Given that the plant is in some core-damage upset state, the subsequent
events are represented by the "containment event tree.” The methodology nor-
mally used is analogous to the plant model. The entry statés to the contain-
ment event tree are the plant event trees, and the top events of the tree rep-
resent the occurrences of various containment phenomena. At the end of each
sequence, the core damage has either been contained or resulted in some re-
lease categorized by type, quantity and timing.

The consequences of these various radioactive releases are then analyzed
using site-specific atmospheric dispersion models. 1In the figure where sup-
porting analysis is indicated, those that specifically deal with external
events, dependent failures, human actions, and spatial interactions, implicit-
ly relate, in part, the need for fire analysis.
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3.0 OUTLINE OF FIRE-RISK METHODOLOGY - SALIENT LIMITING FACTORS

In this section the basic steps employed within full-scope PRAs for eval-
uating plant risk from fire are summarized. Basically, the methodology em-
ploved in most of the PRAs documented thus far are largely based upon the ef-
forts of Apostolakis and his associates at UCLA. The methods devised through
these efforts and used for the analysis of potential accident sequences in-
volving fires consists of the following steps:

1. Identification of critical locations where fires can cause an initi-
ating event and, at the same time, fail redundant engineered safety
functions, or disable several redundant and diverse safety related

equipment.
2. Calculation of the frequency of fires in these identified areas.

3. Calculation of fire propagation and the effects of detection and
suppression activities.

4., Assessment of the effects of initiating fires and subsequent growing
fires on the initiating events, i.e., various categories of Loss-0f-
Coolant Accidents (LOCA) and transients (see Figure 1).

5. Assessment of the effects of these fire scenarios on accident se-
qgences as defined by the event trees (Figure 1) corresponding to the
identified, fire-induced initiating events.

6. Estimation of the frequencies of the various fire-initiated plant
damage states (e.g., core-melt frequency).

Indicative in the execution of these six major steps, required to quanti-
fy fire-induced plant damage state frequencies, are considerations related to
a) the occurrence of fires, b) the physical effects of fires, and c) the re-
sponse of the plant. Crucial is the fact that the plant response is affected
not only by components damaged by the fire, but also by comonents being un-
availabile due to other causes (e.g., random failures, maintenance and fire-
fighting activities). Further section shall expand on this approach.

In most studies employing this methodological framework limitations on
its implementation have been noted by both the PRA practitioner and the PRA
reviewer. The following lists some of these limiting factors which are indi-
cations that (i) the fire analysis was carried out under resource limitations
that limited the scope of the analysis activities, and (ii) that fire and its
effects on plant safety have not received as much attention as other parts of
risk assessment. Thus, major assumptions had to be made in order to perform
the analysis. These salient limiting factors are noted below:




" IMITING FACTOR

Probability of Specific
Location of Fire

Cable Routings

Failure Models

Fire Growth

Fire Sup) "ession

Operations Staff Effects

COMMENT

The frequency of fires were derived from the ex-
perience of all U.S. nuclear power plants. The ex-
tent to which these data reflect plant specific
data is not entirely certain. Possibly the use of
non-nuclear data as a surrogate to nuclear data
would alleviate this concern.

The analyses are usually based on the location of
important cables and equipment that is usually pro-
vided in Fire Hazards Analyses Reports (FHAR) and
Appendix R submittals. In some cases the informa-
tion extracted is adequate, in others a great deal
of uncertainty exists since detailed information is
not available.

Hot-short calculations used to identify probability
of spurious actuation are heavily influenced by
analysts' judgment. Detailed data do not exist.
Recent, more in-depth fire risk studies have inves-
tigated the possibility of hot shorts in control
cables. However, their impact on the plant are ex-
plicitly considered only for a limited number of
components and fire zones.

Fire propagation is based upon physical fire growth
models with detection/suppression activities decou-
pled from the analyses. Large uncertainties exist
in the data employed in these physical fire-growth
models and their mathematical representations.

Fire suppression is based upon industry-wide data
and is not necessarily directly representative of
actual characteristics of the fire areas of con-
cern. Suppression activities do not address the
potential for damage by suppression agents to other
equipment not directly involved in the fire.

Errors of commission by control-room operators as
instigated by failures in the instrumentation cir-
cuit are usually not analyzed explicitly. Recently
concluded PRAs have investigated to some extent the
impact of fires on instrumentation, notably cable
spreading room and control room fires. These later
studies note that whenever a fire is postulated in
an area where it can affect instrumentation, the
question of completeness becomes very important.
Understandably, it is very difficult to know what
information reaches the operators, how they re-
spond, and how they should coordinate their activi-
ties with manual fire-fighting activities.



LIMITING FACTOR COMMENT

Smoke Propagation The effects of smoke on the operations staff is not
analyzed explicitly. The effects of smoke and tox-
ic gases on electronic components is usually not
appraised. However, recent studies that included
spatial interactions on a more formal basis have
investigated the impact of smoke on a limited
basis.

Fire-Initiated Accident The analysis of fire-initiated accident sequences

Sequences is usually not detailed. A more detailed analysis
should explicitly include the timing of events, the
onset of other initiating events, ihe possibility
of restoring lost functions, the possibility of er-
rors of commission, and a detailed analysis of
local actions outside the control room.

Flooding From Fire The effects of flooding from fire-fighting activi-
Suppression Activities ties have not been analyzed explicitly.

The above discussion tends to emphasize that the ability to estimate the
fire risk of potential reactor accidents should largely be determined by plant
models having the capability to analyze statistically dependent multiple fail-
ures, Granted, the importance of dependent failures, for all aspects of nu-
clear risk, has been indicated in recent PRA studies as well as in documented
reactor experience.

Other assumptions and limitations are usually noted throughout fire-risk
analyses. These additional assumptions pertain to the analysis of specific
fire areas, enclosure geometry, and equipment contained therein and phenomeno-
logical model uncertainties. The following details further these and other
items of concern and where appropriate recommendations are provided. It also
provides an in-depth review oir fire-risk analysis methods and approaches.
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4.0 FIRE-HAZARD ANALYSIS

4.1 SCREENING ANALYSIS

Theoretically, a fire-risk analysis should include the potential contri-
butions to risk of fires anywhere in the nuclear power plant. By screening
out unimportant locations, however, the amount of work required can be greatly
reduced without sacrificing significant confidence in the results. The pur-
pose of the screening analysis is to identify the locations that are important
to the fire-risk analysis.

To protect against the effects of a single fire, redundant components and
systems in a nuclear power plant are typically separated from each other by a
combination of empty space and barriers. For the purpose of initial fire-risk
analysis, fire locations are usually considered to be coincident with the fire
zones defined by the utility in its fire hazard analysis and Appendix R re-
view.

The “"importance” of a fire location is measured by its potential contri-
bution to the frequency and the nature of a release of radioactive material
resulting from damage to equipment located therein. Since this cannot be de-
termined until at least the first iteration of the fire-risk analysis has been
completed, more approximate measures are employed. The primary measures are
the type and the quantity of fire-vulnerable safety equipment at the location
of interest. Several levels of screening analysis are usually employed.

4,1.1 Engineering Judgment

The simplest type of screening analysis employs only engineering judg-
ment. The analyst surveys the entire plant and decides in which areas a fire
may have safety significance; usually if it contains enough safety equipment
so that a severe fire could fail one or more safety systems. Although this
method usually identifies the critical areas, it is clearly not guaranteed to
identify all since dependent failures and spatial interactions, and the possi-
bility of zone-to-zone propagation are not fully addressed.

The fire protection reviews and a study by Gallucci! employs such a
screening approach. Because there are many rooms that contain some safety
equipment, that study considered fire occurrences in many locations. However,
only a small number of locations contribute significantly to the fire risk in
most power plants; the rooms that contains many divisions of safety equipment.
The less critical locations can be screened out by performing a failure modes
and effects analysis.

4,1.2 Plant Model

A somewhat more systematic method for screening combines the use of engi-
neering judgment with an explicit plant model. Use is made of a simplified
representation of a power plant's behavior using either event tree or fault
tree logic. Using either form with knowledge of the locations of important
equipment within the plant, the analyst may then directly observe how a fire
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in a given area can initiate or contribute to important accident scenarios.
The reduced role of judgment in this type of analysis is an incentive for
using this approach. However, increased complexity is indicated.

This form of screening was employed in the fire-risk portions of the
Zion? and Indian Point’® studies. At each location considered, the loss of all
the equipment in the zone is postulated regardless of the size or position of
the fire in the zone. If by use of a plant model it is found that an initiat-
ing event (LOCA or transient) will not occur, the location is eliminated from
consideration. Given the potential for a fire-induced ".UCA or a transient
(including a reactor trip), a number of safety funct‘uns are required for safe
shutdown. 1If the loss of all equipment in the zor. of interest prohibits the
performance of any or all required functions, t*e zone is further considered
using more detailed fire growth and fire suppression analyses.

4.1.3 Fire Induced Sequence Frequencies

One disadvantage for terminating the screening process at this stage is
the potential for omitting fire sequences leading part-way to core meltdown
but requiring additional component failures to result in the top event. For
example, a sequence initiated by a fire in one location, plus a dependent
failure of components in other locations, would be screened out by this
method.

This weakness can be removed and additional screening of the critical
areas accomplished by roughly estimating the frequency of the scenarios in
which they are involved. For example, the fire-risk analysis for the Limerick
Generating Station® included such a systematic ranking of each fire zone by
it= contribution to the fire-induced core-melt frequency. After establishing
which zones could contain a significant fire that both causes an initiating
event and adversely affects the performance of mitigating systems, the fre-
quency of such fires was quantified.

pata®~? for fire incidents were used to estimate the frequency of fires
in general plant locations such as the reactor enclosure and the control
structure. Then the frequencies of fires for the individual fire zones were
calculated by partitioning the frequency of fires for the appropriate general
location based on the ratio of the weight of combustible material contained
within a zone to the total weight of combustible material in the general loca-
tion. Although there is no justification for using this combustible weight
ratio for estimating specific zone fire frequency, the procedure should pro-
vide a rough estimate for screening analysis.

The frequencies of fire-induced accident sequences due to a combination
of fire damage and random equipment faults was determined by first selecting
the appropriate initiating event for each fire zone and evaluating the condi-
tional sequence probabilities, given a fire, taking credit only for the avail-
ability of systems not affected by a fire in that zone. The various system
fault trees were requantified, with the failure probability of all the equip-
ment in the fire zone set at 1.0, Next these conditional sequence probabili-
ties were multiplied by the significant-fire frequencies of the appropriate
fire zones and the results for all sequences in each zone screened to obtain
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the overall fire-induced core-melt frequencies for each zone. The screening
analysis was concluded by selecting, for a detailed fire growth analysis, all
fire zones for which the screening analysis predicted effects of fire in the
zone resulting in a contribution to accident-class or core-melt frequencies
exceeding 1 percent of the corresponding value for internal initiating events.
However, this screening analysis only addressed the impact of fire in the area
it had originated.

4.1.4 Multiple Fire Locations - Spatial Interactions

One weakness of this type of screening methodology is that sets of fire
locations are not considered for evaluation. For instance, if in two adjacent
fire areas each containing one train of safety equipment, fires that poten-
tially can spread from one room to the other and disable both trains are not
studied. In the past it was felt that a very large and long-burning fire is
needed to penetrate most power-plant compartment walls. Since these scenarios
are usually considered as low-frequency events, their contributions to risk
were insignificant when compared with fire scenarios in areas that contain
both trains. However, newer planto9 and updated plant designs which comply
with current fire-safety standards and which are, perceptibly, more fire safe
(on a relative basis) when compared with older plant designs, may not have the
more "obvious” fire hazards and potential fire propagation scenarios that have
been identified in previous fire risk studies. Therefore, for one to assure a
reasonable degree of completeness as to how fires contribute to risk-based
measures, other aspects such zone-to-zone fire propagation have to be included

in the screening analysis.

A means for studying intra-zone comnunicat&on in full scope PRAs exists
in the form of a spatial interaction analysls.l This methodology provides a
cross-reference between critical plant components and spaces. This reference
is achieved by the listing of key equipment, piping, and power and control
cable runs by safety and support systems and identifying the rooms and spaces
in which they are located or pass through. This location information 1s codi-
fied and input along with a plant model into a location-dependent common cause
computer code. The code identifies which locations or combination of loca-
tions must be involved in an accident scenario for serious consequences to
occur. In this way an assessment is accomplished of the ranked importance of
these locations as a function of the potential initiation of accident scenar-
fos, damage to safety equipment located there, the possible system interac-
tions, and the probability of thcse events in that space. Use of this pro-
cedure in the screening analysis will help assure a reasonable degree of com-
pleteness in identifying important spatial interactions, i.e., those that are
significant risk contributions.

RECOMMENDATION: 1IN OUR JUDGMENTd THE SPATIAL INTERACTION
ANALYSIS DESCRIBED BY KAZARIANS'® AND IMPLEMENTED IN THE
SEABROOK PRA'! REPRESENTS A SIGNIFICANT ADVANCE IN THE
FORMAT AND STRUCTURE NEEDED IN OVERALL FIRE-RISK ANALYSIS.
THE DEPENDENT FAILURE ANALYSIS, MODELED THEREIN, AND METH-
ODOLOGY REDUCES SOMEWHAT THE ISSUE ON COMPLETENESS THAT
ARISES FROM QUESTIONS WHICH DEAL WITH FIRE~INDUCED PHYSI-
CAL AND SPATIA'. INTERACTIONS.
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4.,1.5 Uncertainties in Current Screening Methodology

One assumption in the current screening analysis methodology reviewed to
date that leads to overconservativism is that all cables and components in the
area containing the fire are assumed damaged. Because many fire areas within
a nuclear power plant are large and contain few combustibles, a single, small
fire in an area often cannot damage all safety equipment in that area. The
process of critical area identification can therefore be extended to define
those “critical locations” within the selected area where a fire may cause
significant damage. In addition to including the fraction of fires in a crit-
ical area which occur in critical locations in the screening analysis, the
screening process can be furthe: narrowed by determining the fraction of fires
occurring in the critical locations which are large enough to damage the
equipment present.

The distributions for internal area fire locations and fire size must be
developed from judgment. Factors entering into this judgment include fuel
loading, fuel type, equipment location, area usage by plant personnel, and ad-
ministrative procedures. Clearly, these further screening procedures require
more information and analysis than presently employed. However, it is worth-
while to consider the merits of these additional complexities. The selection
of a method and its implementation should be based on the objective of mini-
mizing the chances that important fire-source locations will be overlooked in
balance with the objective of minimizing the expenditure of effort on detailed
analysis of unimportant locations.

A weakness inherent in some screening procedures wvhich leads to overcon-
servativism is the lack of detailed knowledge of control-cable and power-cable
routings. Fires that engulf control cables or electric power cables are of
great potential concern because the cables from a variety of components can be
routed very close to one another, As a result, a single fire can cause mal-
functions in all of the associated components. When cable routings are not
known explicitly, it is necessary to assume that cablirg for all critical com—
ponents pass through all possible cable routing areas. This may lead to the
conclusion that a system is damaged by a fire in the cable routing area, when
in fact the cables for that system may not pass through the area, This may
lead to the inclusion of unnecessary fire areas in the detailed fire-risk
analysis.

A criticism of most screening methodologies, which may become important
in nuclear power plants of advanced fire-safety design, is that they do not
account for the possibility that fire-caused simultaneous failures of many in-
struments and/or non-safety systems that may further initiate other accident
sequences., This may not be important for power plants having single rooms
containing redundant safety trains where fires would dominate the risk. But
for plants where the more obvious fire-risk sequences are designed out, initi-
ating events due to non-safety system failure due to fire may become signifi-
cant risk contributors.

Another subject concerning the completeness of screening analysis is the
effect of a fire on the integrity of the containment building. Even if the
core-melt frequency determined by a screening analysis is small relative to
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the total from other external or internal events, it might dominate a plant

damage state. Therefore, a screening analysis should also estimate the fre-
quency of selected plant damage states and include scenarios which have the

potential to threaten the integrity of the containment in the more detailed

fire-risk analysis.

RECOMMENDATION: THE EFFORT SHOULD BE TAKEN TO ADEQUATELY
IDENTIFY ELECTRICAL CABLE ROUTINGS REMOVING UNCERTAINTIES
OVER WHICH SYSTEMS ARE DISABLED BY FIRES IN SPECIFIC LOCA-
TIONS. CONSIDERATION SHOULD BE GIVEN TO FIRE-CAUSED SIM-
ULTANEOUS FAILURES OF MULTIPLE INSTRUMENTS AND/OR NON-
SAFETY SYSTEMS THAT MAY FURTHER INITIATE OTHER ACCIDENT
SEQUENCES. THE FREQUENCY OF SELECTED PLANT DAMAGE STATES
SHOULD BE INCLUDED IN THE EVALUATION OF WHICH SCENARIOS
HAVE THE POTENTIAL TO THREATEN CONTAINMENT INTEGRITY.

4.2 FIRE OCCURRENCE FREQUENCY

Once the screening analysis has identified the critical locations, likely
fire scenarios, and thelr potential impact on the plant, these are then sub~-
ject to a more detailed fire-risk analysis to quantify the core-melt frequency
and plant damage states. The first step in this more in-depth analysis is the
quantification of the frequency of initiating fires associated with each like-
ly scenario.

4.,2.1 Specialization of Fire Scenario Frequency

The quantiflca%ion of the initiating fire frequency can be considered as
a stepwise process. At each step the estimate of frequency becomes less
conservative; however, the level of effort required also increases in a step-
wise manner. Additionally, it is important to note that as the fire scenario
frequency is further specialized (as discussed below), less data are available
for the specific fire class of interest, and the uncertainty in the frequen-
cies increases. For example, while the occurrence frequency of fires in a
plant building may be established from actuarial data, the frequency of fires
in a particular room in that building is known to a lesser degree. This un-
certainty is reflected in a wider spread of the distribution as the fire inci-
dent frequency is further specialized from general area to particular
location.

The steps in quantifying t?g fire occurrence frequency can be listed in
increasing levels of detail as:

+ annual frequency of fire in the plant,

+ fraction of plant fires that occur in a specific building,

« fraction of fires in a building that occur in a sper fic fire zone or
room,

« fraction of fire zone fires that occur in a specific location,

« fraction of fires at a location that are large enough to damage the
equipment required in the scenario, and

« fraction of those large fires in the specific location that are not
suppressed before equipment damage.
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4.2.2 Uncertainties in Frequency Data

The current industry methodology evaluates the frequency of fires in gen-
eric plant buildings either by direct use of dgcunented historical operating
experience at U.S. light water reactor plantsl or by estimating frequencies
related to different mechanisms of fire initiation.® These mechanisms are
based on the type of combustibles present in the building type and consist of:
self-ignited cable, transient combustible, and distribution panel.

Large uncertainties occur in the interpretation of historical data due to
discrepancies Eetween the actual number of fire occurrences and the number of
reported fires  and the validity of applying industry-wide fire data to a par-
ticular power plant. Related to this second point is the use of weighting
factors to reduce fire frequencies due to increased awareness of the danger of
fires in a particular plant. For example in the Limerick atudy,“ a five-fold
reduction of self-ignited cable raceway fire frequencies was assumed based on
Limerick protection measures and the use of flame retardant cables. This was
based on a claim that all historical self-ignited cable raceway fires were at-
tributable to bad cable splices and underrated cables. However, it is unclear
that all such fires were caused by these factors, leading instead to a sug-
gested three-fold reduction factor based upon use of newer cable/jacket fire-

damage indices.

Thus, because of the rarity of fire occurrence, there is need for models
that utilize to the maximum degree possible the available evidence from the
plants and, at the same time, provide results that can be used directly in
PRAs. Models used to account for plant-to-plant variability have been devel-
oped.13 The use of these models, and the very nature of fire-incident data
analysis is however highly subjective. Important information that is usually
needed, but not adequately provided by actuarial data or data-analyses model-
ing is the precise location of the fire and its initiating stage and final
stage magnitude, exemplified possibly by data on energy release rate and fire
size. Until these particular data needs are fully addressed, viz., distribu-
tions of particular classes of fuels in a fire area, distributions of particu-
lar quantities of transient combustibles, distributions on spill sizes, and
distributions on initiating frequency, the use of actuarial data and accompa-
nying data analysis remain highly suspect,

RECOMMENDATION: TO ALLEVIATE, SOMEWHAT, THE DATA NEEDS
CONCERN, EFFORTS SHOULD BE MADE IN THE POTENTIAL USE OF
NON-NUCLEAR FIRE~INCIDENT DATA AS A SURROGATE OR ADJUNCT

TO NUCLEAR DATA.

4,2.3 Fire Zones

In order to estimate the fraction of building fires that occur in an in-
dividual zone, factors including the number of zones in the building, the rel-
ative weight of combustibles in the rooms, and the relative projected area of
the combustibles in the room have been used. The logic behind these fraction-
al weight factors 1s understandable but the rationale is unclear. In fact
other factors such as the types of equipment, number of cable conductors and
splices, voltage/power-ratings, geometric factors, etc., may be more suitable
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for weighting the frequency of each fire zone. This matter of concern indi-
cates that large uncertainties are present in the fire frequency estimates of
various zones.

RECOMMENDATION: AS INDICATED ABOVE, ZONE SPECIFIC, NON-
NUCLEAR ACTUARIAL DATA MAY PROVIDE THE ADDED INFORMATION RE-
QUIRED TO PLACE FIRE-INCIDENT DATA ON A FIRMER FOUNDATION.
SIMILAR CRITICAL LOCATIONS, SUCH AS CONTROL ROOMS, CABLE
SPREADING ROOMS, DIESEL GENERATOR BUILDINGS, ETC., IN NON-
NUCLEAR FACILITIES SHOULD BE QUERIED AS TO THE NUMBER OF RE-
PORTABLE FIRE INCIDENTS, PARTICULAR LOCATIONS AND FIRE SIZE.

In fire scenarios where the initiating fire source is a transient combus-
tible, the current methodology usually considers fixed fuel quantities and
fire areas. However, with the present state of the art in fire risk analysis
further consideration on the various quantities of transient combustibles or
various spill areas, each with an assigned probability distribution should be
made. Hence, the effective damageability area and the critical propagation
time for transient combustible fires are expected to be in the form of distri-
bution functions. The core-melt frequencies for transient combustible fire
scenarios can be made more realistic by the consideration of various size
fires and their corresponding frequencies much in the same fashion as proba-
bility of exceedance distribution functions are utilized in seismic risk
analysis.,

4,2.4 Fire Size
|
\
|
|
|

RECOMMENDATION: FOR EACH CLASS OF TRANSIENT COMBUSTIBLE
NORMALLY FOUND IN NUCLEAR POWER PLANTS, METHODS SHOULD BE
INVESTIGATED FOR GENERATING EXCEEDANCE FREQUENCY DISTRIBU-
TIONS, E.G., PROBABILITY OF EXCEEDING A LIQUID POOL AND
SPILL OF A GIVEN SIZE.
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5. FIRE PROPAGATION ANALYSIS

The preceding section discussed the steps taken in various screening
analyses for identifying specific equipment items that are critical from
either or both of two standpoints.:

1. Fire-induced failures or malfunctions that can cause LOCAs or tran-
sients to occur.

2. Fire-induced failures or malfunctions that can severely hinder the
plant's ability to properly respond to these upset conditions.

Having identified critical equipment, the next logical step, as indicated in
the previous section, is to continue the screening analysis to identify fire
locations in the plant that could be critical from the standpoint of adversely
affecting most of that critical equipment. It is these critical locations
upon which detailed quantitative analysis of frequencies of fire initiation,
propagation, suppression are focused, together with the attendant effects on
equipment functionability.

Continuing analysis emphasizes fires that can engulf control cables or
electric power cables. These types of fires are deemed more important than
those which can individually engulf mechanical equipment because the cables
from a variety of components can be routed very close to one another. As a
result, a single fire can cause malfunctions in all of the associated compo-
nents. Fires in critical cable areas therefore form the focal point for more
detailed analysis that requires use of physical fire growth models and sup-
pression models. A crucial limitation of the physical analysis presently em-
ployed however, is the fact that fire propagation models are explicitly decou-
pled from physical modeling which can account for suppression effectiveness.
The following provides a broad overview of these models employed for further
analysis of the identified critical locations.

5.1 FIRE GROWTH MODELING

Essentially, three different approaches to fire propagation have been
used to date., The first employs a statistical model ?nsed on past experi-
ence,” the second uses a uultigsa?g event-tree model,” and the third employs
deterministic physical models." ™~ Because the behavior and effects of fire
propagation are dependent on the geometry of the fuel and the surroundings,
the physical modeling approach has been most used for modeling fire propaga-
tion in recent fire-risk analyses. The deterministic model contains the meth-
odology which explicitly incorporates the physics of enclosure fire deve%op—
ment, Most current fire risk analyses employ the computer code COMPBRN'® as

the deterministic fire growth model.

Three primary assumptions underlie the methodology employed to develop
these models:
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« The large size of nuclear power plant enclosures and the relatively
small amounts of readily ignitable fuel in those enclosures make rapid
flashover unlikely; the fire analysis therefore concentrates on the
fire growth phase.

+ The growth of fires in realistic scenarios is treated with simple
models.

+ Fire growth and suppression are considered to be independent processes
and are treated separately.

The simple physical models in the COMPBRN code are essentially used to
calculate the heat transferred from a fire to its surroundings, the time to
ignition or damage for affected materials, and the subsequent rate of fire
growth, Its predictions are subject to uncertainties, due to statistical un-
certainties in the behavior of fires, uncertainties caused by basic modeling,
and uncertainties in the numerical values of the input parameters. The latter
source of uncertainty is propagated through the model by response-surface
techniques, and the statistical uncertainties are often left unquantified,
since they are generally dominated by the state-of-knowledge uncertainties.

To treat the basic modeling uncertainties, which are large and conservative,
the output of the model is treated as an expert's opinion, and a probability
distribution for the accuracy of the model is constructed based on available
data and the judgement of the analyst. Since the deterministic physical
models are known to be overconservative, this accuracy distribution is usually
used to remove some of the conservatism, i.e., for example, to lengthen the
fire growth times.

5.1.1 Deterministic Fire Growth Modeling

Briefly, the deterministic modeling in the COMPBRN code is a synthesis of
simplified, quasi-steady unit models resulting in what is souTonly called a
zone approach model. There are many other computer codes!’?! to analyze
fires in encloaureg which use the unit-model approach, Of particular interest
is the DACFIR Code®? developed at the University of Dayton Research Institute,
which models the fire growth in an aircraft cabin as it progresses from seat
to seat, This may then be analogous to the problem of fire spreading from
cable tray to cable tray as analyzed in COMPBRN.

Generally speaking, these codes/models are limited by the modeler's abil-
ity to incorporate other features of the fire phenomena while still maintain-
ing a simplified physical "picture” of how enclosure fires develop. What
therefore drives the modeler is the tractability of the mathematical analysis
at the expense of incorporating these additional features hopefully providing
a requisite compromise between reality and practicality of implementation.

Basic limitations of zone-model approaches are that (1) complex enclosure
geometries cannot be addressed, (2) forced ventilation cannot be realistically
modeled using simple unit models, (3) subsequent burning of excess pyrolozates
remote from its initiating source are not modeled, and finally (4) to account
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for suppression activities in a concomitant fashion would breakdown the entire
philosophy of the utility of zone approaches.

Indeed, state-of-the-art numerical/physical techniques can handle these
additional aspects but at the expense of tractability. However, in suggesting
further modeling improvements one must not lose sight of the overall methodcl-
ogy employed in safety analysis including both internal- and external-event
analysis. One must not be tempted to overly improve one aspect of a complex
analyses without attempting equivalent improvements in other areas of the
overall study. Thus, further modeling effort must be appropriate and consis-
tent both in terms of their accuracy and their economy of effort as seen in
the context of the safety analysis as a whole. It is particularly important
to avoid unnecessary use of very complicated and time consuming methods when
the basic data used is of low accuracy.

Thus, in lieu of large-scale computer codes to assess the fire hazard in
an enclosure, the unit-problem approach (as used in COMPBRN) is about the best
that can be taken at the present time. The issue is essentially one of weigh-
ing practicality, with regard to complexity, vs an acceptable degree of
accuracy.

However, because fire modeling is still in a developmental stage, many
judgmental assumptions must be made in both modeling and physical data in or-
der to model fire development in the complex enclosures existing in nuclear
power plants. Additional complexity is introduced when one considers electri-
cal cable insulation as the fuel rather than the more commonly considered
fuels such as plastic slabs, which may have a more uniform composition than
cable insulation.

In fact, as discussed later, some of the sub-models used in COMPBRN are
highly suspect. That is, although these models usually lead to highly conser-
vative results, they do not adequately reflect the dependence on the physical
parameters which are evidenced in experimental data. Other models, assump-
tions, and omissions in the application of COMPBRN generate results that can
be either conservative or nonconservative. Steps have been underway however
to improve this basic modeling approach.

This combination of nonphysical models and conservative as well as non-
conservative assumptions leads to very large uncertainties in the determinis-
tic modeling process. It is therefore also difficult to quantify the effects
of these uncertainties on the probabilistic analysis, since the latter uses
the results of the deterministic analysis as input. In any case, an evalua-
tion of the modeling and assumptions of the COMPBRN code and its application
is summarized below. A more detailed discussion of each item of concern fol-
lows in Section 5.1.3 along with some suggestions in Section 5.1.4 for possib-
ly reducing the uncertainties.
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5.1.2 Summary Evaluation of Deterministic Fire Growth Modeling*

The deterministic methodology contained in the computer code COMPBRN has
been used to evaluate the thermal hazards of postulated fires in terms of heat
flux, temperature, and fire growth. This code employs a unit-model approach
which is relatively acceptable given the current state of the art in enclosure
fire modeling as discussed above. However, some of the submodels contained in
the code can be improved without undo complexity and some assumptions are
overconservative, while other assumptions and applications can yield noncon-
servative results. The uncertainties arising from the combination of these
counterbalancing models and assumptions are difficult to quantify, but judg-
mentally, the deterministic analysis is generally biased on the conservative
side. However, to reiterate, the state-of-the-art in fire modeling is such
that less uncertain results can be attained with improvements in the existing
model.

The burning rate model is probably the most important source of uncer-
tainty in the COMPBRN code. The methodology employed is oversimplistic since
it implies that the burning rate should be constant for a specific cable sam-
ple with a constant externally imposed heat flux. Instead, the fuel burning
rate should be dependent on the instantaneous size of the fire. Data show
variations of a factor of three or more in burning rate during one test.
Also, use has not been made of existing cable flammability data.?’-%* 1t is
difficult to determine if the cable insulation burning rates obtained by the
COMPBRN methodology are conservative or nonconservative,

It is important to distinguish between the burning rate of already igni-
ted cable and flame spread over virgin cable. The COMPBRN discretization of
fuel elements (cables) leads to problems and potential error in the determina-
tion of flame spread. The flame spread velocity in COMPBRN is dependent on
the second power of the time-averaged external heat flux, which is inconsis-
tent with the first power dependence of the fundamental equation of
Williams.2® Also, for very small fuel element size, the flame spread rate ap-
proaches zero.

RECOMMENDATION: EMPLOY MORE REALISTIC FLAME SPREAD MODELS2%-28
DESCRIBED IN THE OPEN LITERATURE WITH RECENT CABLE FLAMMABILITY
DATA.

Another example of inappropriate modeling is the fuel element ignition
time relationship. This model yields a finite value for fuel ignition time
even if the incident heat flux is considerably below that critical value (%9
kW/m“) found necessary to initiate cable insulation damage in experiments.

The model assumes a constant input heat flux even when cables in a convective
plume are considered. Convective heat flux must be a function of the differ~
ence between the plume and target temperatures, and must therefore decrease as

* During the preparation of this report, the authors became aware of a revised
and {improved COMPBRN code which was not available during the course of this
study. This improved version eliminates some of the fire-modeling concerns
specifically addressed herein.
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the target fuel heats up. Cable damageability criteria based on a critical
heat flux and an accumulated energy, as discussed later and in Ref. 27, would
be more appropriate. The model used in COMPBRN leads to rather small cable
ignition times. Considering this factor above, keeping in mind the dynamics
of fire growth and plant operational times, this could lead to overly conser-
vative estimates on fire risk.

The model also neglects the partial reflection of the impinging radiative
heat flux to a target fuel element, as well as reradiation, convection, and
other losses. Therefore, COMPBRN may erroneously predict damage when it is
physically impossible or where damage is possible, damage times much smaller
than actual values may be predicted. This results from not accounting for
these losses causing the fuel elements to continuously gain sensible heat un-
til its temperature surpasses a specified level, usually classified as the
ignition temperature.

The application of the model used to calculate the radiative heat trans-
fer from the flame to a target object is also overly conservative. The radia-
tive heat flux obtained from this application is much greater than that ob-
tained from a classical Stefan-Boltzmann model, wherein the heat flux is a
function of the flame gas temperature to the fourth power. The COMPBRN model
also neglects the attenuation of the heat flux with distance due to inter-
vening hot gas or smoke.

Another area of uncertainty concerns the quantity and size of the assumed
transient-combustible fires. As mentioned in the discussion of fire occur-
rence frequencies, the quantity and area of transient combustibles are usually
considered to be fixed. No rationale is given for the selection of these fix-
ed values. It is certainly possible for larger quantities or combinations of
these fuels to exist in nuclear power plants. For example, given 1 gallon of
oil, it is not clear whether a pool spill l-foot in diameter pool represents
a relatively more severe hazard than the same fuel quantity occupying a lar-
ger diameter pool. A larger diameter pool will give a larger heat release,
although for a shorter duration. Damage sustained by the target cable is
implicitly related to this combination of heat flux level and burn duration.

A distribution of varying quantities would therefore be more appropriate.

Other factors not considered in the application of the model would tend to
make the analysis nonconservative. These include the effects that enclosure
walls and corners (in close proximity to the initiating fire) have on the con-
vected heat flux and the possibility of cable damage due to convection in a
stratified ceiling layer.

RECOMMENDATION: EMPLOY DISTRIBUTION FUNCTIONS OF FUEL QUAN-
TITY AND SPILL AREA IN THE ANALYSIS. ENHANCE MODELING CAPA-
BILITY TO ACCOUNT FOR WALL/CORNER EFFECTS. STATE-OF-THE-ART
CORRELATIONS EXIST FOR THIS ENHANCEMENT WITHOUT ADDING UNDO
COMPLEXITY.
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5.1.3 Detailed Evaluation of Deterministic Fire Growth Modeling

5.1.3.1 Fuel Burning Rate and Flame Spread

The COMPBRN code'® models the specific burning rate, ;", of the fuel,
which, for complete combustion, is equivalent to the mass loss rate, for fuel
surface controlled fires as

" =m" +C q" . (5.1)

The term ;; is defined as a specific burning rate comstant, and the
second term represents the effects of external radiation on that burning rate.
The specific burning rate constant is assumed to represent the effects of

flame radiative heat flux to the surface, a“fl’r, and surface re-radiation,

-; = (q" WL (5.2)

fl,r ~ 9 1088

where L is the heat energy required to generate a unit mass of vapor.

Note that if the externally applied heat flux, a“ext- is zero, the ob~-
ject will burn at a constant rate given by ;”-;5. The consideration of

m; as a constant for an element of fuel burning during the early growth sta-
ges of a fire is questionable. For non-charring combustibles, such as PMMA

or Plexiglas, experimental data indicate that ;; is indeed a constant, How-
ever, for complex solid fuels such as electrical cables, this may not be the
case. Also, the burning rate is a function of the size of the fire through

a"fl’r and a“lo,.. The mass loss rates of a small sample of PE/PVC cable,
subjected to a constant external heat flux, are shown in Ref. 24 to be time
dependent even at constant applied external heat fluxes. Thus, interpreting

;3 and Cg as characteristic constants for a given later%gl is highly
questionable., Use of large scale cable tray fire tests”” could reduce some of
this uncertainty.

In COMPBRN, Eq. (5.1) is applied to each small square "fuel element” into
which the individual cable trays (super modules) have been discretized. The
fire is assumed to initiate in one element and spread to adjacent elements
when their ignition criteria is reached due to the incident radiation from the
initial fire.

Appllcution of Eq. (5.1) requires an algorithm to determine the ignition

times, ty, of the various discretized cable elements. The COMPBRN ignition
time computational algorithm is reviewed later in this report. The ignition
of successive contiguous elements produces a cvuwulative flame spread rate,
vg, of:



Ril

v -

f t "

and an average flame velocity, ;f, of:
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where L is the length (typically 0.5 - 1 ft) of each element in the direction
of flame spread.

The COMPBRN discretization of cable trays leads to problems and potential
errors in the flame spread calculation. As is evident from Eq. (5.3), the
effective flame spread rate between adjacent cable elements is equal to the
ratio t/t*, where the ignition time, tj, is given by (Eq. 4.19 of Ref. 14):

2

* * Ty
tj = (v/4a) [k (Tj - To)/qojl . (5.4)

*
For a given material, the value of ty is determined by the time-averaged ex-

ternal heat flux, aa , impinging on the jth cable element. Thus, the effec-
tive flame spread veiocity. vg varies as the product:

This relationship is not consistent with Williams' fundamental equation of
fire spread””:

ve = ;%K i (5.5)

where &“ is the heat flux to the fuel element at the "surface of fire incep-
tion;" p is the fuel density; and Ah is the enthalpy increase required for

ignition. Thus, Eq. (5.5) indicates that v¢ is much less sensitive to a"
than is given by the second power variation in the COMPBRN formulation.

Another limitation of the COMPBRN flame spread algorithm is that it pro-
duces a flame spread rate of zero in the limit of vanishingly small values of

£. This can be shown by ascertaining that the heat flux, aj becomes a fi-
nite value (determined by the radiation view factor) as £ goes to zero. Thus,
erroneously small flame spread rates will result if the size of the discrete
cable elements is too small. However, it is not clear how small is "too
small” without comparing calculated flame spread rates with experimental data.
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A comparison of COMPBRN-calculated-versus-measured cable flame spread
rates for nylon/PVC cables is presented in Section 4.4.3 of Ref. 14. The con-
figuration involved upward flame spread for vertical cable tray fire tests
conducted by Underwriters Laboratories. Although COMPBRN provided a reason-
able simulation of the measured heat flux distribution along the cable, the
vertical flame spread rates were grossly overestimated. Measured flame speeds
were in the range 0.08 to 0.36 cm/s, whereas calculated flame speeds obtained

with various values of m} and Cg were in the range 0.58 to 1.27 cm/s.
Moreover, the experimental flames often stopped short of the cable top, where-
as the calculated flame spread encompassed the entire cable. Siu attributed
the overestimated flame spread to the neglect of cable insulation melting and
dripping in the ignition algorithm. Without a more detailed and comprehensive
ignition/flame spread model, it is uncertain that these factors would lead to
better agreement. In fact, melting and dripping, would increase the buraing
rate since fuel surface area increases.

RECOMMENDATION: A MORE ACCURATE BURNING RATE MODEL IS RE-
QUIRED TO AVOID USE OF CHARACTERISTIC "CONSTANTS" WHICH ARE
INDEED REPLACEMENTS FOR PARAMETERS WHICH ARE IMPLICITLY RE-
LATED TO GROWTH AND FEEDBACK PROCESSES. THESE BURNING RATE
:gg!*?_ggULD POSSIBLY BE EXTRACTED FROM MODELS DEVELOPED BY

5.1.3.2 Fuel Element Ignition

In the COMPBRN code, a fuel element is considered ignited if its surface
temperature exceeds a critical ignition temperature, T*., Additionally, the
fuel elements are modeled as semi-infinite slabs and the losses from the fuel
to the environment due to reradiation and convection are neglected.

In reference to the latter point, COMPBRN may erroneously predict damage
when in some cases it is physically impossible to attain ignition for the par-
ticular fire scenario under investigation. In those cases where damage is
possible, COMPBRN may predict a damage time much smaller than the actual val-
ue. These predictions occur because COMPBRN does not model the mechanisms for
heat losses from the fuel element mentioned above; the fuel element, there-
fore, continuously gains sensible heat, according to Eq. (5.4), until its tem-
perature surpasses any specified level. Thus, all fuel elements are eventual-
ly damaged given that the exposure fire continues to burn,

The primary mechanisms of heat loss from the fuel surface to the environ-
ment prior to damage are radiation and convection. Heat losses due to phase
changes and fuel movement are negligible prior to melting or ignition and do
not contribute to the thermal behavior of the fuel element during most of the
period of interest, i.e., the period prior to damage and ignition,

'During the preparation of this report, the authors became aware of a

revised and improved COMPBRN code which was not available during the course of
this study. This improved version eliminates some of the fire-modeling
concerns specifically addressed herein.
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This expression for the ignition time, t*, Eq. (5.4) is obtained by solv-
ing the heat conduction equation, (Ref. 28, page 75) for the condition of a

constant imposed surface heat flux, aa. Its usage in this context is incor-
rect since it implies that an ignition time is achievable no n,;ter how small
a value of heat flux is applied. Cable flammability test data®’ show that
cables are gcnernlll not damaged unless the heat flux is above a critical val-
ue of about 20 kW/m“ owing to heat losses at the surface.

Alsc, the assumption of constant imposed heat flux is overly comservative
since the heat flux received by an object is a function of the object surface
temperature, Tg, which increases with time as the object is exposed to the
external flux.

For instance, in the case of an oil fire beneath a cable tray the convec-
tive heat flux at the cable surface is described through:

Qo = BT, =T (5.6)

where Tpl is the plume temperature at the cable height, Tg s the cable
surface temperature, and h is the surface heat transfer coefficient. There-
fore, the surface heat flux will decrease substantially as the temperature of
the cable surface approaches the plume temperature. The COMPBRN code conser-
vatively assumes that the surface temperature remains at its initial value for
the duration of the fire.

For example, for a l-ft-diameter oil pool fire the estimated plume temper-
ature at 10 ft above the fire using three methods ranged between 370°K agg
450°K. These include two correlations of convective heat flux by Alpert, -39
[one of which is used in COMPBRN “] and a more recent plume correlation by
Stavrinnidio." These low values indicate that cables, within the convective
plume and located 10 ft above this particular fire, would never reach their
designated critical ignition temperature of 840°K which COMPBRN predicts is
reached in 4 min.

0f course, one must also consider the radiative heat transfer from the
flame to the target (the electrical cables) in order to predict the time re-
quired for the cables to achieve this critical ignition temperature. In this
regard, audit calculations, using the method described in Ref. 32, yield a

radiative heat flux, a”r, of 0,42 kH/-z. This is based upon use of the fol-
lowing equation:

i, = (orfl“/-) (Ap/lz)t i (5.7)

where o g, the Stefan-Boltzmann constant; Tg) is the flame temperature
(1255°K)°'; ¢ 1s the distance of the target from the radiating body (with a
flame height of 5 £ft3° and a cable height of 10 ft: & is equal to 5 ft; and
Ap {s the flames projected surface area, The emissivity, €, is assumed to
be 0.3 (the sum of a gaseous value of 0.2 and a luminous soot value of 0.1).




'his value of radiative heat flux, when added to the previously calculated
convective heat flux, then yields a value of ignition time, t*, (via Eq. 5.4)
markedly higher than the 4 min obtained with COMPBRN.,

Even the radiative heat flux model, as described in COMPBRN, vields a
value of radiative heat flux lower than that required to achieve the critical
ignition temperature of 840°K within 4 min. In COMPBRN, the radiative flux is
given by

= F Q /A
P«»’fl T K

where F,.¢1 1s the shape factor between the object and the flame, Ag) 1s

the flame surface area, and Q, is the heat radiated by the fire which is ex-
pressed as

In the above expression, y reflects the radiant output fraction (y

sumed in Ref., 14) and ( represents the total heat release rate of fire. To
reconcile this wide disparity between ignition times reported and those cal-
culated by the methods described above, "back" calculations were made using

L
Eqs 2.4 which indicated that an imposed surface heat flux, q",, of =12
kW/m® 18 required to achieve an "ignition time” of roughly 4 min. This value
ls obtainable using the COMPBRN model, if Af¢y; in Eq. 5.8 represents the pro-

ected flame area (or pool area in this case) and not the flame surface area.
is clearly inconsistent with the methodology used to derive Ea 5.8

o Je

'his

These audit calculations clearly point out that the results of the

OMPBRN code yield an overconservative estimate of critical times to reach
cable ignition.

Even in the event that the radiative heat flux dominates the convective
heat flux, the target will not absorb the total flux since significant amounts
will be convected away. Lf a proper model for convective heat transfer, Eq.
(5.6), 18 used, once the surface temperature increases above the plume temper
iture, heat will be convected away from the target reducing the effects of
radiation.

Actually, as stated by Siu,'’ the ncept of a threshold ignition temper-
iture {s somewhat imprecise,. Experimental data generally exhibit significant
variations with further uncertainties arising if {ll-defined c: insulation
compositions are involved. The crucial issue is not whether the fuel surface
reaches a certain temperature level, but whether the heat gains by the pyroly
zing gases are great enough to overcome the losses and trigger the combustion
reactions, and the resulting heat ymbustion | sufficlient t sustain the

reaction,
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Stratified Ceiling Layer

The application of the COMPBRN code in the fire risk analysis have failed
to consider the stratified hot gas laver near the ceiling of enclosures even
though such a model is included in the code. This assumption that enclosure
effects are minimal may be valid since the fires considered are small with re-
spect to the size 0f the enclosure. However, in small fire zones the hot gas
laver near the cetling could pireheat the nonburning fuel elements and reduce
their time to ignition., Some substantiation of the neglect of this effect
should be included in the analyses.

[he ceiling gas layer model in COMPBRN is based on a simplified steady
gross heat balance, A uniform gas temperature is assumed throughout the upper
hot layer. Alpurtx' indicates that the ceiling gas temperature decreases with
distance from the ceiling, as well as with radial distance from the plume
axis. More recently, Newman and H111%° have developed a transient correlation
for the heat flux below the ceiling of an enclosure containing a pool fire,
which includes the effects of forced ventilation. This correlation shows a
decrease in heat flux with distance below the ceiling, but contrary to Alpert,
it indicates very little dependence on lateral separation. This evidence in-
dicates that the assumption of a uniform upper layer gas temperature is an
oversimplification, which neglects the effects of horizontal separation.
Additionally, audit calculations using COMPBRN have shown that the upper gas
layer model in the code cannot predict the layer temperature or boundary loca-
tion if the enclosure does not have openings or there is no forced ventila-
tion. This is a severe limitation of the codes usefulness.

2.1.4 Recommendations for Improving Fire Growth Modeling

The previous sections have detailed some of our concerns regarding the
sometimes nonphysical, usually overconservative, deterministic fire growth
modeling in the COMPBRN code. There are five major areas where we feel the
modeling can be made more realistic:* the cable burning rate model, the flame
spread model, the fuel element ignition time algorithm, the flame radiant heat
transfer model, and the surface temperature dependence of the convective heat
transfer model.

Incorporation of recent test data“
determination of the burning rate of the EPR/Hypalon cables should give a more
realistic representation of fire growth.

on cable flammability into the

One option to improve the flame spread algorithm would be to use an em-
pirical relationship petween the flame spread rate and the external heat flux

*During the preparation of this report, the authors became aware of a revised
and improved COMPBRN code which was not available during the course of this
study. This improved version eliminates some of the fire-modeling concerns
specifically addressed herein.




as utilized in the Harvard'’ and DACFIR?? codes. This option has the diffi-
culty that there are very little quantitative flame spread data available. An
alternative approach would be to use the wultams/g fire spread equation
(5.5), which would require experimental verification.

The use of cable ignition/damageability crlteria,27 based on a critical
heat flux and an accumulated energy, would yield cable ignition times more
consistent with test data. Improvement of the model for calculating the
radiated heat flux received by a fuel element, by using an appropriate flame
area and by considering attenuation due to hot gases ard soot, will result in
more realistic fire growth scenarios and establish a more accurate proportion-
ality between convective and radiative heating. Finally, the convective heat
transfer model should take into account the instantaneous temperature of the
surface of the object being heated. This will reduce the convective heat ab-
sorbed as the object heats up and will allow for convective cooling if its
temperature exceeds that of the local fire plume,

el oS Uncertainties Associated with Fire Risk Analysis

In general, a PRA should be a realistic appraisal of the consequences
that could potentially result from nuclear reactor accidents and should pro-
vide a quantitative assessment of the likelihood of such occurrences., It is
particularly in the latter aspect that PRA differs from the traditional 1li-
censing approach to safety analysis in which "worst-case” scenarios and as-
sumptions are stressed. Indeed, such an approach has some merit because it
builds in a margin of safety, however, for risk impact assessment it is more
relevant to make a best estimate of what the potential risks are. Where re-
sults depend on a chain of calculations, worst-case assumptions for each in-
dependent source of uncertainty would yield a final result which will be quite
inappropriately pessimistic.

When performing a PRA, realistic analyses should be applied uniformly.
This, therefore, leads to questions concerning the relative "sophistication”
of the various models employed and uniform validity of the attendant, inde-
pendent sub-models.

The science of fire protection has progressed more slowly than other as-
pects of combustion science. This state of affairs is due partially to the
complexity of uncontrolled combustion, i.e., fire and partially to the fact
that relatively large technological payoffs are not anticipated to be obtained
from scientific investigations of fires. The ever-present fire problems have
attracted fluctuating interest with relatively low average level of concern.

In the attempts to perform a fire risk analysis, this prevailing, but in
our opinion improving, condition leads to results that are fraught with large
uncertainties. These uncertainties, in general, arise from those associated
with the physical modeling of fire and in the modeling of the impact of fire
on plant systems.

In our judgment, the analysis of those statistically dependent multiple
failures, i.e., those which can arise due to the physical interaction of fires




on plant systems, must achieve a level of sophisticaticen, structure, and for-
malism comparable to existing dependent multiple failure models before fire~
impact uncertainties and questions on plant model completeness can be fully
addressed.

Methodologies addressing such physical interactions (as well as seismic,
flood, etc.) are being developed. In the more recent risk assessment
studies,l‘ location-dependent fault trees have been used in this regard. Ac-
cordingly, a more formal structure for dealing with the physical interactions
of plant systems, as a result of fire, has been developed which would allay
some of the concerns and issues dealing with system impact completeness. With
this improvement in plant system analysis, as it pertains to completeness, it
then places increased importance on reducing the uncertainties in the physical
fire models that accompany this analysis.

As indicated earlier, these uncertainties are those connected with the
statistical uncertainties due to the random nature of fire and state-of-
knowledge uncertainties in the modeling of fire. Basically, these uncertain-
ties encompass both the uncertainty of not knowing and the uncertainty of not
being sure. From the standpoint of not knowing, risk methods and approaches
discussed herein purport to bias the conservative side; from the standpoint of
not being sure, the recommendations proffered for improving these methods and
approaches should provide some added realism. Recommendations notwithstand-
ing, a great deal of further study in fire model research and experimentation
is required before our state-of-knowledge uncertainties can be reduced.

However, this additional study should be structured to further strive for
a compromise between accuracy in real fire simulation and practicality of
implementation. In particular, the fire growth model described herein, which
is basically a synthesis of various independent sub-models that are available
in the open literature, should be improved through proper implementation of
boundary conditions, burning rates, and flame spread rates sub-rodels as
identified in the previous section.

5.1.6 Fire Growth and Suppression Interaction

Before discussing the modeling of fire suppression, it is appropriate to
discuss further one of the inherent assumptions used in the application of
fire growth modeling as mentioned earlier in this section. More specifically,
we would like to discuss the interacting nature between fire growth and sup-
pression activities. 1In the application of the fire growth model, it was as-
sumed that a fire can progress regardless of suppression initiation, but will
terminate with some probability after an expected time which is required for
successful suppression. The lack of physical modeling for the suppression
phase of a fire scenario appears to be one of the weakest links in fire-risk
analysis. This deficiency seems to be a conventional practice, usually re-

sulting in very conservative estimates for fire impact on equipment and
cabling,




5.2 FIRE SUPPRESSION MODEL

As discussed in the previous sections the deterministic fire growth model
is used to obtain the time available for fire suppression before the defined
extent of damage is sustained. The current methodology uses a probabilistic
fire suppression model to predict the probability of failing to extinguish the
fire within the time interval available before damage. The suppregsion proba-
bility distribution is based on information presented by Pleming.2

There are uncertainties arising out of the interpretation of this cumula-
tive suppression/detection data. For instance in some analyses“ self-extin-
guished cabinet fire incidents were included in the estimate of the suppres-—
sion success probability for cable raceway fires. In our opinion this credit
should not be taken for self-extinguishment when only cable raceways are con-
sidered. In other analysesz‘3 substantial judgment is utilized in assessing
the dependence of the distribution on the size of the fire.

More basic is the fact mentioned earlier that the lack of physical model-
ing of detection and suppression is one of the weakest links in the fire-risk
analyses reviewed to date. In the analysis of a fire scenario, initiation
time for detection and suppression is of great importance. Detec’ ion and sup-
pression can be achieved either manually or automatically. In a detailed fire
PRA, both detection time and suppression initiation time should be expressed
in the form of probability distribution function (pdf). For the automatic
suppression and detection response, some design charts are available which
graphically, or through some equations, determine the response time vs. the
spacing, ceiling height, and heat release rate. "=3% If detailed fire growth
modeling, with the associated uncertainties of various fire parameters, is
available for a specific scenario, the detection and suppression response may
be directly estimated in the form of pdfs. If detailed fire growth modeling
is not available, a generic response can be considered by assuming the two ex-
treme fire growths (slow, fast) as defined in Ref. 36. In this case, the
lower and upper bounds for response time may be determined assuming rast or
slow fire growth, respectively. These bounds may be used to define a pdf for
response. The response time for the initiation of the manual suppression may
be estimated by means of available data on response time during fire drills
and some engineering judgment. The modeling of fire growth during the sup-
pression phase can be very complicated depending on the governing mechanism of
the process (heat removal, chemical reaction, oxygen removal). However, for
the purpose of fire PRAs, a combination of simplistic models, coupled with em—
pirical correlations, may be used. For example, the effect of sprinkler sys-
tems on g%re growth may simply be modeled in the form of global energy

balance.

In conclusion, the time in which fire can reach various stages of growth
+8 dependent on suppression initiation time. There is a strong belief that
fire cannot grow significantly once the suppression has begun. It has been
conservatively assumed that probabilities of various stages of growth can be
determined using the time period for the completion of successful suppression,
rather than the initiation of suppression. This is a very conservative as-
sumption, and at present the effect of this conservatism on the final results

cannot be evaluated.
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RECOMMENDATION: INVESTIGATE USE OF NONNUCLEAR DETECTION AND
SUPPRESSION TIME DATA AS POTENTIAL SURROGATE DATA FOR PUR-
POSES OF DISTRIBUTION GENERATION . REEXAMINE NONNUCLEAR
DATA BY COMPARING SPECIFIC AREAS IN THE NONNUCLEAR ENVIRON-
MENT TO CRITICAL AREAS IN NUCLEAR FACILITIES \ND USE ENGI-
NEERING JULGMENT PERTAINING TO EXPECTED DIFFERENCES AND
SIMILARITIES FOR DETECTION TIMES, SUPPRESSION TIMES AND FIRE
AREAS.
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6.0 PLANT SYSTEM ANALYSIS

The objective of the plant-system analysis is to estimate the frequency
of fire-initiated accident sequences leading to core damage once the frequency
of fire-induced component losses are assessed. Usually modifications are made
tc the front end of existing event trees for other initiating events to spec-
ialize them for fires. The conditional branching probabilities are altered to
reflect the dependence on the fire. In cases where fires are treated as a
separate event, care must be exercised that data from which basic component-
failure rates are determined do not double-count these failures from fires.

6.1 OPERATOR ACTIONS

Inclusion of operator actions is a subject leading to large uncertainties
in fire risk analysis. Operators can substantially influence accident scen-
arios by extinguishing fires, manually operating equipment, repairing or tem—
porarily replacing equipment and negatively by taking actions which may worsen
the situation based on faulty information or otherwise. Analysis reviewed to
date have included a variety of operator actions. However, extremely crude
models have been used leading to large uncertainties.

RECOMMENDATION: DETERMINE WHAT OPERATOR ACTIONS ARE RE-
QUIRED FOR RESPONSE AND RECOVERY GIVEN LOSS OF INSTRUMENTA-
TION. DETERMINE IF HABITABILITY CONSIDERATIONS ARE IMPOR-
TANT, ESPECIALLY FOR CONTROL ROOM AND ALTERNATE SHUTDOWN
PANEL LOCATIONS.

6.2 DEPENDENT FAILURES

The quantification of accident sequences involving fires follows the gen-
eral methodology of developing event trees and fault trees based on fire in-
duced initiating events. However special attention must be paid to inter-
system dependencies introduced by fire. While early analysis based on simple
system reliability models indicated low values of accident probability, more
recent estimates employing more sophisticated plant and system level models
have yielded much higher numerical values than the earlier estimates. These
more recent estimates tend to be dominated by the effects of physical and
human interactions. These interactions tend to increase the probability of
each successive failure in an accident chain as compared to a chain of in-
dependent, random events. These various physical and human interactions re-
sult ir dependent failures in the accident sequence which must be taken into
account to achieve a realistic perspective of accident probabilities.

Reactor operating experience also indicates that a succession of multiple
failures is more likely to occur in a dependent fashion as a result of some
human or physical interaction, as opposed to the case of an unfortuitous con-
currence of independent events. Reliability and risk analysis have also made
it clear that dependent failures are major contributors to accident likeli-
hood. This is a result of accident likelihood being small to start with, and
that multiple independent failures have been made to be exceedingly remote
events through the use of highly reliable equipment.
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It is unclear whether previously published fire risk analyses have ade-
quately treated dependent failures or systems interactions in the respective
plant and system models. There are examples of either experienced or postula-
ted system interactions that have been missing in current risk analysis.

These include unconnected systems that share common locations and the atten-
dant spatially related physical interactions arising from fire. Incomplete
enumeration of causes of failure at the lowest levels of a fault tree and the
abusive application of the assumption that the component failure modes are in-
dependent can lead to underestimation of accident frequencies by many orders
of magnitude.

The objective of the analysis of dependent failures is to be able to dis-
tinguish between important dependent failures that make a contribution to risk
and those that can be postulated but make little or no contribution to risk.
It is also necessary to assure a reasonable degree of completeness in identi-
fying important systems interactions that are significant risk contributors.

6.3 CATEGORIZATION AND METHODS OF ANALYSIS OF DEPENDENT FAILURES

The Seabrook risk model!! from which most of the above discussion was
summarized contains a description of the categorization of dependent failures
and a number of different techniques for analyzing them in PRA studies. The
first level of categorization depends on the level of impact of the dependent
failure. This leads to three basic types of dependent failure: common cause
initiating events, intersystem dependencies, and intercomponent dependencies.
External events such as fire are mostly common cause, but in some cases they
can be intersystem or intercomponent, depending on the degree of damage due to
fire and whether an initiating event occurs as a result.

The second level of categorization depends on the fact that some types of
physical or human interactions that result in dependent failures are inten-
tionally designed into the plant system. These include plant designed func-
tional dependencies and shared equipment dependencies. These two types of de-
pendency, together with physical interactions and human interactions, make up
the four subtypes of dependent failures.

Because of the existence of such diverse classes of dependent failures,
there is no one method of analysis which can be applied to all classes. Basi-
cally there are three methods of dependent failure analysis: explicit, para-
metric, and computer-aided. Explicit methods involve the identification of
specific causes of multiple failures. Among the dependent failures that are
explicitly modeled are external events such as fire. External events comprise
a major segment of the possible causes of physical interactions leading to
multiple failures.

Parametric methods such as the B-factor model are used to estimate the
reliability characteristics of systems subject to common cause failure. In
this method the specific failure causes are not directly identified. 1Instead,
parameters are used to model the effects of the failure dependence. No single
method of analysis can cover all the important aspects of dependent failures.
Explicit modeling of dependent failure interactions in event tree and fault
tree logic models can only be done to a reasonable degree of completeness for
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those dependent failures that are readily identifiable from plant documenta-
tions and inspections. These tend to be the functional and shared equipment
dependencies, and tend not to include many subtle physical and human inter-
actions. When used appropriately, the parametric methods will pick up many
causes of dependent failures that cannot be modeled explicitly in a practical
way.

The systems analysis task of a risk assessment considers all types of de-
pendent failures, principally because thie task conceptually disassembles and
reconstructs the plant to facilitafe risk quantification. The methodology
suggested by the Seabrook analysis ! includes explicit mcdeling and an
advanced version of the B-factor, parametric method which provides a means of
incorporating all relevant experience with common cause failures into the
analysis.

The third method of analysis relies on general purpose reliability analy-
sis computer codes. This approach was discussed in the screening analysis
section where spatial interaction analyses were considered. Spatial interac-
tions are a class of dependent failures.

RECOMMENDATION: DEPENDENT FAILURE ANALYSIS SHOULD BE INCOR-
PORATED INTO THE PRA METHODOLOGY TO ADEQUATELY TREAT THE
VARIOUS PHYSICAL AND HUMAN INTERACTIONS MAKING IMPORTANT
CONTRIBUTION TO FIRE RISK. INCLUSION OF DEPENDENT FAILURES
IMPROVES THE DEGREE OF COMPLETENESS IN IDENTIFYING IMPORTANT
SYSTEMS INTERACTIONS THAT ARE SIGNIFICANT RISK CONTRIBUTORS.
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7.0 CONCLUSIONS

The objective of probabilistic risk assessment studies of fires in nucle-
ar power plants is to evaluate the performance of plant-safety functions under
fire-induced accident and upset conditions. Probabilistic approaches produce
a logic and rational framework for assessing problems of safety. However,
numerical values should not be regarded as a true representation of reality,
but as comparative values, used to assess relative levels of risk when suppor-
ted by engineering judgment.

The issues associated with the assessment of fire risk are highly complex
and the methodologies employed contain many sources of uncertainty due to the
extensive use of approximations and engineering judgment. Although probabil-
istic risk assessment is an invaluable tool in assessing the effects of fire
on plant safety system performance, the effectiveness of the methodology is
weakened by these uncertainties and a lack of completeness usually resulting
from resource limitations and the lack of attention fire and its effects on
plant safety have received until recently. In some areas recently developed,
more accurate and complete techniques can be used to reduce the uncertainties
and lack of completeness in the current methodology.

Major limitations of the presently employed probabilistic methodological
framework which have the possibility of being improved include the identifica-
tion of critical fire areas. Analysis are usually limited to the most obvious
areas of fire damage. A complete analysis should include many more plant
areas as well as the possibility of fire spread across zone boundaries.
Spatial interaction analysis represents a significant advance in the format
and structure needed in overall fire-risk analysis. Its employment has the
potential of reducing somewhat the issue of completeness that arises from
questions which deal with fire-induced physical and spatial interactions.

The frequency of fires occurring at a specific location are currently de-
rived from the experience of all U.S. nuclear power plants. Until sufficient
data, i.e., distributions, on the precise location of the fire, its initiating
stage and final stage magnitude become availa.ie, the use of actuarial data
and accompanying data analysis remain highly suspect. To alleviate this data
concern, efforts should be made in the potential use of nonnuclear fire inci-
dent data as a surrogate or adjunct to nuclear data. To enhance the possibil-
ities of nonnuclear data being surrogate to nuclear data, zone specific parti-
tioning of data should be attempted.

In some analysis detailed information on the routing of electrical cables
is lacking. These uncertainties lead to overconservativism in that equipment
must be assumed inoperable if there is any possibility of the cables passing
through an area damaged by fire. 1In developing a full-scope PRA the effort
should be taken to ascertain the detailed cable routings to preclude the in-
clusion of unnecessary fire areas in the detailed fire-risk analysis.

Fire propagation is presently based upon physical fire growth models with
detection/suppression activities decoupled. Large uncertainties exist in both
the mathematical models themselves and the data employed. State-of-the-art
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correlations exist for enhancing these models without adding undo complexity.
These include more realistic flame spread models, more accurate burning rate
models, employment of distribution functions of transient fuel quantities and
spill areas, more realistic ignition/damage criteria modeling and inclusion of
wall/corner effect correlations. Additionally, recent cable flammability data
is available to further enhance the fire growth unit models.

Fire suppression analysis is currently based upon industry wide data and
is not a reflection of the true characteristics of the fire areas of concern.
Nonnuclear detection and suppression time data have the potential to act as
surrogate data for purposes of distribution generation if partitioned by com-
paring specific areas in both the nuclear and nonnuclear environments.

The importance of operator actions upon loss of instrumentation and the
effects of fire on habitability deserve further consideration. Dependent
failure analysis should be incorporated into fire PRAs to assure a reasonable
degree of completeness.

To conclude, probabilistic approaches to fire risk assessment represent a
powerful methodology for dealing with problems of safety in a logical and ra-
tional manner. Major weaknesses are present in the form of large uncertain-
ties due to the many assumptions necessitated by the complexity of the problem
and a lack of completeness due to resource limitations and the lack of atten-
tion fire risk has received in the past. However, many of these weaknesses
can be eliminated or improved upon without adding undo complexity to the
analysis.
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