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ABSTRACT 1 

Over the past decade, modern fire probabilistic risk assessments (FPRAs) have been 2 
developed using NUREG/CR-6850 (EPRI 1011989), EPRI/NRC-RES Fire PRA Methodology for 3 
Nuclear Power Facilities. The results show that fire can be a significant portion of the overall site 4 
risk profile; however, the methodology was never fully piloted before implementation. As a 5 
result, additional research and development in the methods and data has been performed over 6 
the past decade to refine the estimates of risk and to close technical gaps in the methodology. 7 
One aspect of the FPRA methods and data that has not been explicitly re-analyzed is the fire 8 
growth profile and plant personnel suppression response for electrical cabinets. A simplified 9 
model of the average time to peak, steady state, and decay is used to model the ignition 10 
source’s heat release rate (HRR) profile. For manual suppression credit, a dense collection of 11 
electrical ignition sources spanning three decades is used to represent the fire brigade and plant 12 
suppression response. 13 

Recent research efforts focused on obtaining more detailed information regarding the fire 14 
incidents at nuclear power plants (NPPs). This data collection has enabled researchers to 15 
obtain more details on the fire attributes, timeline, and plant impact. This report specifically 16 
reviewed the available electrical cabinet fire incident data in an effort to update the methodology 17 
to better reflect the observed operating experience. Insights from the data review served as the 18 
basis for amending portions of the fire modeling and suppression response to more accurately 19 
align with operating experience.  20 

The outcome of this work is a revised set of parameters that address both the fire growth and 21 
the suppression response in the context of fire scenario modeling. The set of electrical cabinet fire 22 
events was classified into either a growing or interruptible fire categorization. Interruptible fires are 23 
those that have observed ignition but no significant growth for a period of time. Growing fires, on 24 
the other hand, experience growth immediately after ignition. Furthermore, the detection-25 
suppression event tree has been updated to better allow for early plant personnel suppression 26 
actions. Additional manual non-suppression bins have been added to better reflect the scenario 27 
characteristics. The results of this research might be implemented in new and existing FPRAs for 28 
a more realistic representation of the scenario progression and suppression end states.  29 

 30 

Keywords 31 

Fire events 32 
Fire growth profile 33 
Fire ignition frequency 34 
Fire probabilistic risk assessment (FPRA) 35 
Manual suppression 36 
Non-suppression probability (NSP) 37 

 38 
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EXECUTIVE SUMMARY 1 

 2 
PRIMARY AUDIENCE: Fire probabilistic risk assessment (FPRA) engineers and fire protection engineers 3 
supporting the development and/or maintenance of FPRAs 4 

SECONDARY AUDIENCE: Engineers, probabilistic risk assessment (PRA) managers, and other stakeholders 5 
who review FPRAs and who interface with FPRA methods 6 

KEY RESEARCH QUESTION 7 

Fire event data in the United States have been collected for many decades. These data have been used to 8 
calculate fire ignition frequencies and manual non-suppression probabilities (NSPs) in FPRA. In 2013, the 9 
Electric Power Research Institute (EPRI) published The Updated Fire Events Database: Description of 10 
Content and Fire Event Classification Guidance (EPRI 1025284). The updated fire events database captured 11 
recent fire operating experience through 2009, expanded and improved data fields, and provided more 12 
detailed incident data and better data source reference traceability. After the publication of the 2013 study, 13 
EPRI and the NRC jointly published updated fire ignition frequencies and manual NSPs, but no additional 14 
research was conducted to better use the fire event data to inform FPRA methods. This report aims to narrow 15 
the gap through the review and analysis of the fire event operating experience and revision to the FPRA 16 
methods and data to better reflect the operating experience observed.  17 

RESEARCH OVERVIEW 18 

The electrical cabinet (NUREG/CR-6850 (EPRI 1011989), EPRI/NRC-RES Fire PRA Methodology for 19 
Nuclear Power Facilities, Bin 15) fire event data from 2000–2014 were reviewed for insights. These include 20 
the operating experience cataloged in the study, The Updated Fire Events Database: Description of Content 21 
and Fire Event Classification Guidance (EPRI 1025284), from 2000–2009, and the study, Fire Events 22 
Database Update for the Period 2010–2014: Revision 1 (EPRI 3002005302) to capture the most recent 23 
operating experience. The review of fire event data specifically looked at four fire attributes, including 24 
detection, fire duration, fire size, and suppression effort. These attributes were used to categorize each fire 25 
event as either interruptible or growing. After this categorization, the fire heat release rate (HRR) timing 26 
profiles were re-examined using the available experimental data.  27 

After the data review, the structure of the detection-suppression event tree was updated to better reflect 28 
insights gained during the event review, for example, (1) numerous reports of operators responding to 29 
equipment alarms in the main control room (MCR) and discovering a fire, and (2) numerous events describing 30 
plant personnel discovering a fire in the early stages followed by suppression with minimal effort. The fire 31 
ignition frequency for Bin 15 (electrical cabinets) is now characterized with a split fraction for interruptible and 32 
growing fires, and NSP values for interruptible fires, growing fires, and the MCR are calculated.  33 

  34 
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KEY FINDINGS 1 
• Of the 47 events reviewed, 34 (72.3%) fire events are classified as interruptible, and 13 (27.7%) fire 2 

events are classified as growing fires (see Section 3.4). 3 
• The fire ignition frequency for Bin 15 (electrical cabinets) for the time period 2000–2014 is 3.43E-02 4 

(see Section 3.6). 5 
• The typical HRR profile for interruptible fires is a pre-growth period with a negligible HRR for up to 8 6 

minutes, 12-minute time to peak, 8 minutes at steady state, and a 19-minute decay period (see Section 7 
4.1.1). 8 

• The HRR profile for growing fires is a 12-minute time to peak, 8 minutes at steady state, and a 19-9 
minute decay period (see Section 4.1.2). 10 

• Three new suppression curves are developed to better represent the manual suppression response 11 
to electrical cabinet fires. The mean suppression rates are interruptible (0.139) and growth (0.099). 12 
The existing MCR suppression curve was also updated to 0.385. 13 

• The structure of the detection-suppression event trees is revised to better reflect the suppression 14 
outcomes observed in operating experience. These include new branches for early plant personnel 15 
suppression and response to main control board alarms.  16 

WHY THIS MATTERS 17 

Fire risk can be an important contributor to the overall site risk profile at nuclear power plants. A review of 18 
nearly 30 U.S. FPRAs yielded that electrical cabinets dominate the FPRA results. This research provides a 19 
more detailed and refined methodology to more realistically analyze electrical cabinet fire risk.  20 

HOW TO APPLY RESULTS 21 

The results of this research are intended to be applied to FPRAs to obtain a more realistic estimate of plant 22 
risk. The methodology and data presented in this report are intended to be incorporated into new FPRAs but 23 
also specifically designed to fit within the framework of existing FPRA analyses. Section 3 summarizes the 24 
data updates to ignition frequency, interruptible/growing split fraction, and NSP estimates. Section 4 and 25 
Section 5 present the structural changes and data for the detection-suppression event tree. Section 7 26 
summarizes the findings, including revised ignition frequencies, interruptible/growing split fraction, HRR timing 27 
profiles, and updates to the detection-suppression event tree structure and data.  28 

LEARNING AND ENGAGEMENT OPPORTUNITIES 29 

Users of this report might be interested in Fire Analysis, Module III, of FPRA training, which is sponsored 30 
jointly between EPRI and the U.S. NRC-RES. The Fire Analysis module is geared toward PRA practitioners 31 
responsible for treating those aspects related to fire growth and damage assessment. The Fire Analysis 32 
module discusses the basics of plant partitioning, fire frequency analysis, and the development and analysis 33 
of fire scenarios from fire ignition to target impact and fire suppression.  34 

EPRI CONTACT: Ashley Lindeman, Senior Technical Leader, 704-595-2538, alindeman@epri.com  35 

NRC CONTACT: Nick Melly, Fire Protection Engineer, 301-415-2392, nicholas.melly@nrc.gov 36 

PROGRAM: Risk and Safety Management, Program 41.07.01 37 

IMPLEMENTATION CATEGORY: Plant Optimization 38 
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1-1 

1  1 

INTRODUCTION 2 

Over the last decade, there has been significant experience applying the fire probabilistic risk 3 
assessment (FPRA) methodology published in NUREG/CR-6850 (EPRI 1011989), EPRI/NRC-4 
RES Fire PRA Methodology for Nuclear Power Facilities [1]. Through this experience, certain 5 
aspects of the methodology were identified as candidates for additional research and 6 
development. One aspect of the FPRA methodology that has not undergone revision is the fire 7 
scenario progression and interaction between the fire ignition, growth, and suppression models.  8 

NUREG/CR-6850 provided a simplified framework for calculating fire ignition frequency, the fire 9 
hazard, and the suppression effectiveness. This model captures actual U.S. nuclear power plant 10 
(NPP) experience to develop the fire ignition frequencies and manual non-suppression rates. The 11 
fire hazard, on the other hand, is derived from experimental fire tests to predict a distribution of 12 
heat release rates (HRRs). In addition to the HRR, fire testing informs the timing of the fire, 13 
specifically the rate at which the fire grows to its peak HRR, steady-state burning, and decay 14 
phases. When applied, the combination of operating experience (OPEX) and experimental 15 
testing has resulted in a high percentage of electrical cabinet fire scenarios damaging external 16 
targets. This does not align with the insights in the Electric Power Research Institute (EPRI) Fire 17 
Events Database (FEDB), which suggest that most fires are contained and limited to the ignition 18 
source [2]. 19 

Around 2010, the EPRI FEDB underwent an extensive upgrade to improve the data quality 20 
(including timing, event descriptions, and so on) and source document traceability, and added 21 
more recent U.S. NPP OPEX. This update marked a significant improvement over previous 22 
versions that provided minimal details. This version of the FEDB allowed for the revision of 23 
ignition frequencies and non-suppression probabilities (NSPs) through 2009 [3]. Although 24 
NUREG-2169 (EPRI 3002002936), Nuclear Power Plant Fire Ignition Frequency and Non-25 
Suppression Probability Estimation Using the Updated Fire Events Database: United States Fire 26 
Event Experience Through 2009 updated the data [3], it was recognized that further research 27 
would be needed to more realistically model the fire progressions observed in actual 28 
experience.  29 

This report provides an updated framework for treatment of the fire scenario progression 30 
starting from ignition through suppression. The detection-suppression event tree described in 31 
Appendix P of NUREG/CR-6850 (EPRI 1011989) is revised to include additional fire sequences 32 
commonly observed in NPP fire events. 33 

1.1 Purpose 34 

The purpose of this report is to provide an approach that more closely models the types of fire 35 
progressions and response activities (for example, detection and suppression) observed in 36 
OPEX. Specifically, the methodology described in this report provides the following:  37 

• An updated Bin 15 fire frequency that makes use of the most recent fire event data 38 
classified in the study, Fire Events Database Update for the Period 2010–2014: Revision 39 
1 (EPRI 3002005302) [4] 40 

DRAFT 

for
 Pub

lic 
Com

men
t



 
 
Introduction 

 

1-2 

• Split fractions for interruptible and growing fires for use in the revised detection-1 
suppression event tree 2 

• A conceptual fire event tree progression model developed through an event review of 3 
insights from the FEDB (Subsequent to the review, a procedure and rule set were 4 
developed to allow for consistent classification of fire events into two different growth 5 
profiles, interruptible and growing.) 6 

• A revised electrical cabinet HRR profile developed for use in the detailed fire modeling of 7 
interruptible fires (This revised profile includes a pre-growth period of up to 8 minutes of 8 
negligible HRR. The treatment for the HRR profile for growing fires was not updated in 9 
this research.) 10 

• Revisions to the detection-suppression event tree to include paths for crediting early 11 
intervention by plant personnel, as well as developing new parameters to facilitate these 12 
revisions (These new parameters include an opportunity to credit detection by general 13 
plant personnel.) 14 

• An opportunity for main control room (MCR) indications as a means for fire detection 15 
when applicable in the detection-suppression event tree 16 

• The fires observed in electrical cabinets do not always produce conditions significant 17 
enough to actuate fixed detection systems, therefore introducing the probability of 18 
automatic smoke detection effectiveness parameter to characterize the ability of spot 19 
type smoke detection devices to operate in a range of geometric conditions and HRRs  20 

• New suppression curves for electrical cabinets (Bin 15) applicable to interruptible and 21 
growing electrical cabinet fire scenarios 22 

• New suppression curve for MCR fires  23 

• A new electrical fires suppression curve also generated for use with other non-cabinet 24 
electrical ignition sources (for example, motors, pumps, transformers) 25 

1.2 Scope 26 

The scope of the methodology described in this report is limited to electrical cabinet sources 27 
(Bin 15, electrical cabinets). It is noted, however, that due to the legacy treatment of manual 28 
suppression curves, the research described in this report also produced new manual 29 
suppression curves for the MCR and electrical equipment other than electrical cabinets (that is, 30 
motors and dry transformers). 31 

 32 
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2  1 

BACKGROUND  2 

The fire ignition frequencies and manual non-suppression rates used in fire probabilistic risk 3 
assessments (FPRAs) are developed using evidence from actual U.S. nuclear power plant 4 
(NPP) experience. This experience is consolidated in the Electric Power Research Institute 5 
(EPRI) Fire Events Database (FEDB) [2]. During the development period of NUREG/CR-6850, 6 
the challenges of inconsistent recordkeeping and reporting practices associated with gathering 7 
fire event evidence were known and documented. Inconsistencies related to the quality of the 8 
data in terms of content, the amount and accuracy of the information in the records provided by 9 
the data sources and fires that were potentially unreported and therefore not included in the 10 
database, resulted in acknowledgement of incomplete or possibly inaccurate data to develop 11 
the fire ignition frequency and the manual non-suppression rates.  12 

The concept of the potentially challenging fire, a fire that either did or had the potential to 13 
challenge plant nuclear safety, was also introduced in NUREG/CR-6850. The combination of 14 
limitations in event descriptions and limited data to develop the fire hazard associated with 15 
ignition resulted in relatively higher frequency of fire scenarios damaging targets external to the 16 
ignition source.  17 

Since the publication of NUREG/CR-6850, the fire ignition frequencies, the fire hazard, and the 18 
manual suppression data were reviewed and updated in an attempt to bring the modeling of the 19 
risks associated with fires in NPPs into better agreement with actual NPP experience. In 2010, 20 
an extensive update of the FEDB was performed, which significantly improved the quality (event 21 
timing, descriptions, source document traceability, and so on) of the events recorded. A review 22 
of fixed ignition sources in the FEDB concluded that, “The majority of fires were confined to the 23 
ignition source at the time they were extinguished” [2]. The updated FEDB was used to revise 24 
the fire ignition frequency and the manual suppression effectiveness estimations as 25 
documented in NUREG-2169. Similarly, in 2015, NUREG/CR-7197 documented an 26 
experimental study of 112 full-scale electrical cabinet fires. A review of these fires resulted in 27 
updated heat release rate (HRR) profile distributions and peak values as documented in 28 
NUREG-2178 (EPRI 3002005578), Refining and Characterizing Heat Release Rates from 29 
Electrical Enclosures During Fire (RACHELLE-FIRE), Volume 1: Peak Heat Release Rates and 30 
Effect of Obstructed Plume [5].  31 

Despite these revisions, it was recognized that further research was necessary to achieve more 32 
realistic modeling of fire risk from electrical cabinets at NPPs. Since the publication of 33 
NUREG/CR-6850, FPRA results have been compared against OPEX. This comparison 34 
suggested a number of differences in terms of fire severity, fire detection, and fire suppression. 35 

The insights presented in this section are extracted from a review of the fire event data from the 36 
15-year period from 2000 to 2014. This includes the latest time period of data in NUREG-2169 37 
(2000–2009), supplemented by additional data reviewed and coded by both EPRI and the U.S. 38 
Nuclear Regulatory Commission (NRC) in the study Fire Events Database Update for the Period 39 
2010–2014: Revision 1 (EPRI 3002005302). During this 2000–2014-time period, 47 electrical 40 
fire cabinet events were classified as potentially challenging or greater in the EPRI FEDB.  41 

  42 
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Fire Severity 1 

• Only 1 of 47 events was classified as undetermined fire severity (half-count event). This 2 
is a marked improvement from both NUREG/CR-6850 (which has 24 undetermined 3 
events in the 1990–2000 period) and NUREG-2169 (which had 21 undetermined events 4 
in the 1990s and 3 in the 2000s). The definitive severity classification is the result of a 5 
higher pedigree of data along with better source reference traceability. Additionally, as 6 
part of this project, additional event details were requested as needed to clarify event 7 
details. In two fire events, this helped classify the fire severity. 8 

• Seven of the 47 events were of a challenging fire classification. The challenging 9 
classification is used to denote fires “that had an observable and substantive effect on 10 
the environment outside the initiating source, regardless of where in the plant the fire 11 
occurred, what was potentially under threat, or what was actually been damaged by the 12 
fire” [2]. The challenging classification is intended to capture fires that damage adjacent 13 
objects (cables, components, or secondary combustibles) and capture significant 14 
suppression actions (such as use of hose stream or automatic/manual activation of fixed 15 
suppression). Three of the challenging fires actuated fixed automatic fire suppression 16 
systems (events 588, 50912, and 51304). The four other events were classified as 17 
challenging due to heavy smoke, delays in suppression, and extensive damage within 18 
the cabinet. In all four events, damage was limited to the ignition source. For event 175, 19 
grounding devices were left in three balance-of-plant incoming breaker cubicles. When 20 
the main transformer was energized, the grounding devices provided a direct short to 21 
ground, which induced fires in three cubicles. The damage was limited to the breaker 22 
cubicles with grounding devices.  23 

• The remaining 39 events were classified as potentially challenging. The potentially 24 
challenging classification is used to denote fire events “that were not judged to be CH 25 
(challenging) events, but that could, under foreseeable alternate circumstances, have 26 
reached a CH state” [2].  27 

The fire severity classifications are summarized in Figure 2-1. The predominant insight is that 28 
most fire events are potentially challenging, indicating the presence of small fires and 29 
intervention prior to the fire reaching a challenging state. Additionally, there are several 30 
instances where manual fire suppression occurred around the 15-minute mark or later and the 31 
fire was described as small and limited to the ignition source. This suggests that not all fires 32 
grow and develop as postulated in Table G-2 of NUREG/CR-6850. 33 
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 1 

Figure 2-1 2 
Fire severity 3 

Fire Detection 4 

The event review looked at the different ways the fires of interest were detected (Figure 2-2). 5 
There are several instances where multiple forms of fire detection alarmed in close proximity, 6 
but for simplicity the first indication is noted in this summary.  7 

 8 

  9 

Figure 2-2 10 
Fire detection 11 

 12 
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The suppression model in NUREG/CR-6850 Appendix P is entered as soon as automatic 1 
detection occurs. Therefore, to credit the manual response and any automatic suppression 2 
systems, a calculation is performed for detector actuation. When detected, the fire suppression 3 
system or plant personnel can respond (for example, the manual suppression curve is 4 
applicable). For rooms without automatic detection, manual detection is presumed to occur 5 
within 15 minutes. Using the fire growth profiles in NUREG/CR-6850, this detection would occur 6 
during the peak heat release rate (HRR). In limited instances, prompt detection may be credited. 7 
Prompt detection is implicitly credited in the main control room (MCR) (which is continuously 8 
occupied) and for hot work (where a fire watch is procedurally required). In these cases, there is 9 
no additional time for detection.  10 

Automatic detection was observed as only the first indication in 13% of events (either automatic 11 
suppression actuation alarm [2%] or fixed automatic detection [11%]). This suggests that some 12 
of the fire events are detected in the early stages of the fire development and/or may smolder 13 
for some period of time prior to having any potential of catching other nearby combustibles on 14 
fire. There is also a chance that the fire may self-extinguish or fail to spread to nearby 15 
secondary combustibles, thereby limiting fire growth.  16 

The most common method of detection is plant personnel at 55%. The second most common 17 
method of detection is an alarm or indication in the main control board (that is, a signal that 18 
initiates the process of discovering the presence of fire and/or suppression activities when 19 
appropriate). In this instance, an operator may send plant personnel to investigate an abnormal 20 
condition.  21 

Given the insights described previously, the detection-suppression event tree was modified to 22 
account for detection by either plant personnel, main control board indication, or automatic 23 
detection. The concept of a pre-growth time was also investigated.  24 

Fire Suppression 25 

The fire event review also focused on characterizing the suppression response. As outlined in 26 
Figure 2-3, plant personnel play a strong role in the suppression of electrical cabinet fire events. 27 
Approximately 33% of these fires are suppressed by the full fire brigade, whereas 57% are 28 
suppressed by personnel discovering the fire, staff conducting testing and maintenance (T/M) 29 
on equipment, or other general plant personnel. (Note: If the first responding personnel are 30 
members of the fire brigade, they are still counted as plant personnel and not as the full fire 31 
brigade in Figure 2-3.) This is not captured in the guidance described in Appendix P of 32 
NUREG/CR-6850, which only credits plant personnel for prompt suppression in hot work and 33 
MCR fire scenarios. The event review determined that 3% of the electrical cabinet fires were 34 
suppressed by automatic systems. 35 

   36 
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 1 

Figure 2-3 2 
Fire suppression response 3 

As discussed in Section 3.3.1.4, a criterion important to the review of fire growth profiles was 4 
analyzing the suppression response, specifically characterizing whether the suppression 5 
response was simple. Examples of simple responses include de-energizing or removing power 6 
(30%) to the ignition source and the use of a single portable extinguisher (30%) or a 7 
combination of the two (11 %). Figure 2-4 shows that 71% of the fire events were suppressed 8 
using simple suppression actions. 9 
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   1 

Figure 2-4 2 
Means of fire suppression 3 

Fire Attributes 4 

There is limited information in the EPRI FEDB associated with fire size (HRR) and rate of fire 5 
growth. The variability in fire event reporting can range from no description, simple descriptions 6 
of fire size (for example, small or limited to ignition source), reports of flame size in inches, to 7 
pictures of the damage. A review of the fire events in the EPRI FEDB associated with electrical 8 
cabinets shows that a significant fraction, 85%, was limited to the ignition source; no fire 9 
damage was found to have occurred to anything other than the ignition source (Figure 2-5). In 10 
this context, the ignition source was defined as the electrical cabinet of origin. Additionally, there 11 
was no evidence that electrical cabinets were found to cause ignition of secondary targets, 12 
including adjacent cabinets or cable trays.  13 
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  1 

Figure 2-5 2 
Fire damage 3 

The fire events reviewed suggest a rate of fire growth and intensity that allows for detection, 4 
suppression, and control that limits damage to the ignition source in the majority of the events.  5 
Therefore, there is an additional time period that allows plant personnel to respond prior to 6 
external target damage. 7 

The guidance outlined in this report provides an approach that more closely models these types 8 
of fire progressions observed in OPEX.  9 

 10 
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METHODOLOGY FOR INTERRUPTIBLE FIRE 2 

DETERMINATION 3 

3.1 Introduction 4 

Experience with fire events at nuclear power plants (NPPs), as captured in the Fire Events 5 
Database (FEDB), indicates that a majority of electrical cabinet fires are extinguished by plant 6 
personnel, with minimal suppression efforts, prior to developing into a challenging state. Eighty-7 
three percent (83%) of fires that ignite within electrical cabinets are classified as potentially 8 
challenging, 15% are classified as challenging, and the remaining 2% are undetermined. These 9 
are fires that do not reach a challenging state. In other words, the fire was not fully involved, did 10 
not impact surrounding equipment, or did not damage cable trays or conduit nearby. Following 11 
the approach described in NUREG/CR-6850 [1], all fires, regardless of fire severity classification 12 
(potentially challenging, challenging, and undetermined), are modeled with an assumed growth 13 
time of 12 minutes. The insights from a review of the FEDB data suggest that a significant 14 
fraction of fires grow in a manner that allows for plant personnel to respond. To capture this 15 
experience, events will be classified into two growth profile groups: (1) Interruptible Fire: events 16 
in which plant personnel could detect and perform early suppression activities; these are fires 17 
that progress at a rate so that plant personnel may discover and suppress prior to experiencing 18 
external target damage; and (2) Growing Fire: events in which the fire may grow in a manner of 19 
which plant personnel may not be able to provide suppression in the early stages of the fire 20 
development.  21 

Each classification, Interruptible Fire and Growing Fire, will be assigned a unique fire growth 22 
profile for use in conjunction with the heat release rates (HRRs) found in NUREG/CR-6850 23 
(EPRI 1011989), EPRI/NRC-RES Fire PRA Methodology for Nuclear Power Facilities or 24 
NUREG-2178 (EPRI 3002005578), Refining and Characterizing Heat Release Rates from 25 
Electrical Enclosures During Fire (RACHELLE-FIRE), Volume 1: Peak Heat Release Rates and 26 
Effect of Obstructed Plume. In addition, each classification will be assigned a unique non-27 
suppression rate corresponding to the operating experience (OPEX) for each respective 28 
classification. The fractions of fires characterized as interruptible fire and growing fire serve as 29 
inputs to the detection-suppression event tree. 30 
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3.2 Assumptions 1 

The following assumptions apply to the event review and determination of interruptible versus 2 
growing fires. 3 

• The documentation provided by the NPP utility, describing each fire event in the FEDB, is an 4 
accurate representation of the fire event and contained sufficient information to support the 5 
event review and fire data classification. The pedigree of the source data contained in the 6 
current FEDB has significantly improved in recent years. This improvement has allowed for 7 
advancements in methodologies that agree with OPEX.  8 

• A fire found by an operator while on a roving fire watch, routine walkdown, and so on, has 9 
ignited prior to the discovery of the fire (that is, some time has passed prior to the discovery 10 
of the fire and it has had enough time to grow). Similarly, it is assumed that a fire discovered 11 
by an operator or other plant personnel, working in the same fire compartment in which the 12 
ignition source is located, had an opportunity to grow in the time it takes for the operator to 13 
discern the location of the fire/ignition source.  14 

• A fire may be controlled even if it has not been fully extinguished by the initial suppression 15 
attempt (manual), unless otherwise stated in the fire event described in the FEDB. 16 

• When in place, event reviews assumed that detection and suppression systems were 17 
installed and maintained following code requirements and evaluated to be adequate for the 18 
fire hazard and assumed to have the capability to perform effectively.  19 

• Equipment trouble alarms in the main control room (MCR) due to fire will occur in the early 20 
stages of the fire development.  21 

3.3 Interruptible Fire Criteria 22 

An interruptible fire is a fire that grew at a rate that is slow enough to allow for plant personnel to 23 
be notified of the event, locate the source, and suppress the fire with minimal effort. Such fires 24 
are limited to the ignition source and typically suppressed using portable fire extinguishers or by 25 
de-energizing the ignition source. To determine whether an event is an interruptible fire, there 26 
are two criteria that need to be met. These criteria are (1) the event describes or provides 27 
evidence that some time has passed (from the beginning of the fire to detection and start of 28 
suppression actions against the fire) and the fire has not grown beyond the criteria for a small 29 
fire (see Section 3.3.1.3), and (2) the event indicates that minimal suppression effort was 30 
required to extinguish the fire.  31 

The intent of the first criteria is to ensure the fire had the opportunity to grow (time has passed) 32 
but has not grown to a point that prevents responding personnel from attempting a suppression 33 
response prior to damage of other targets or damage outside of the ignition source.  34 

The intent of the second criteria is to ensure the fire event could be suppressed by plant 35 
personnel with minimal effort. Only events describing fires that were suppressed with minimal 36 
effort are counted as interruptible. A full explanation of the interruptible fire conditions available 37 
in the OPEX supporting these criteria is provided in Section 3.3.1.  38 

3.3.1 Interruptible Fire Conditions 39 

In review of the events classified as electrical cabinets (that is, Bin 15 fire events), a number of 40 
conditions have been consistently observed for fires that did not show appreciable fire growth 41 
and may be used to determine whether the criteria for interruptible fire have been met. These 42 
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conditions can be generally classified based on the detection and personnel response to a cue 1 
and the fire size and burning characteristics. Specifically evaluated conditions include the 2 
following:    3 

1. Notification of an event  4 

2. Indication of the passage of time, often recorded or logged as the following:  5 

− Time for personnel traveling to the ignition source  6 

− Time for confirmation of fire detection  7 

− Time for notification to MCR (for both fire and non-fire related initial notifications) 8 

− Time for the dispatch and arrival of the appropriate suppression capabilities 9 

3. Fire size (that is, small fire observed) 10 

4. Suppression of the fire with minimal effort 11 

Figure 3-1 depicts a conceptual timeline of the conditions described in detail so that an 12 
interruptible fire may be classified. 13 

 14 

Figure 3-1 15 
Conceptual interruptible fire timeline, not to scale 16 

Although these conditions may be used to help clarify whether the fire described meets the two 17 
interruptible fire criteria described previously, observing these conditions should be used to 18 
justify the interruptible fire criteria, and not to directly classify an event as an interruptible fire.  19 

3.3.1.1 Notification 20 

For interruptible fire events, notification means an indication or alarm of a possible fire. 21 
Notification could come from a wide range of detection methods, including the following: 22 

• Automatic notification to the MCR. This notification occurs in the form of an alarm or 23 
signal of the loss or malfunctioning of equipment, such as a pump, switchgear, motor 24 
control center (MCC), and so on, at the main control board. Given an indication that a 25 
component/equipment is no longer functioning as intended, personnel are often 26 
dispatched to locate the source and/or cause for this notification signal. 27 
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• Automatic notification to the fire alarm control panel (FACP). This notification or 1 
alarm at the MCR would represent the actuation of an automatic fire detection system. 2 
Unlike the MCR notification described previously, which not always signals a fire event, 3 
this type of alarm indicates a potential fire event is taking place.  4 

• Notification by plant personnel. Many of the events recorded in the FEDB describe 5 
that the first indication of a fire comes from a call or report to the MCR by plant 6 
personnel. These are events where a fire watch, a roving fire watch, staff conducting 7 
testing and maintenance (T/M), or other plant personnel who happened to be in the 8 
vicinity of the ignition source, see smoke, smell smoke, or hear a loud noise and notify 9 
the MCR of the situation.  10 

Due to the way the events in the FEDB are recorded, some indication of notification will occur 11 
and this condition will be met. After all, the plant staff can only respond to events that are 12 
known. Even if the fire is discovered by an operator on a roving fire watch and immediately 13 
suppressed, the event will be recorded that the fire was “detected” by plant personnel. The 14 
observed detection methods for Bin 15, electrical cabinet, events recorded in the FEDB are 15 
presented in Figure 3-2. As shown in Figure 3-2, there are many ways that plant staff can be 16 
notified of fires beyond traditional fixed fire detection systems. The event review concluded that 17 
most Bin 15 fire events are discovered by plant personnel.  18 

 19 

 20 

Figure 3-2 21 
Detection method of reported Bin 15 fire events  22 

Although the notification condition will occur, it is tied to the overall aspect of the criteria to help 23 
judge that some time has taken place to allow the fire to grow, but that this growth did not 24 
happen at a rate that precludes the ability for plant personnel to respond and suppress the fire 25 
with minimal effort.  26 

In order to classify an event as Interruptible Fire and meet the notification condition, one of the 27 
following mechanisms should be present in the event description: 28 

• MCR staff receiving a notification of a potential fire by control/instrumentation failures or 29 
indications (for example, a failed equipment alarm such as a tripped pump) 30 
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• Fire watch 1 

• General plant personnel (in vicinity, or a passerby) 2 

• Security personnel (in vicinity, or a passerby) 3 

• Fixed automatic detection system (smoke) 4 

Potential notification mechanisms that should not be used as evidence of an Interruptible Fire 5 
type are the following: 6 

• Automatic suppression system actuation alarms (sprinkler or water flow alarms, halon or 7 
CO2 discharge alarms) 8 

• Plant personnel conducting T/M on the equipment of fire origin (Fires caught and 9 
extinguished during T/M conditions would violate the passage of time criteria. These 10 
fires may have developed into growing fires if personnel were not present at the onset of 11 
the fire, that is, had the fire occurred at the next demand during normal operation.) 12 

• Fixed automatic detection system (thermal) 13 

After the fire has been detected, the second condition evaluates whether time passed from 14 
detection. The passage of time condition, if observed, provides confidence that the fire had an 15 
opportunity to grow. 16 

3.3.1.2 Passage of Time 17 

The passage of time condition is presented as a way to capture the intent of the interruptible fire 18 
criteria that some time has passed allowing the fire an opportunity to grow. By noting that the 19 
first responding personnel had to travel to the fire location provides evidence that the fire 20 
described in the event had an opportunity to grow. This condition may be identified in the 21 
description by one or more of the following: 22 

• Time for plant personnel to travel to the location of the fire 23 

• Time for confirmation of fire after detection 24 

• Time for notification to the MCR 25 

• Time to dispatch operators or plant personnel in response to the detection signal 26 

In most cases, travel (passage of) time will be included in an event description as an indication 27 
that an operator was dispatched to a location following a notification or alarm at or to the MCR.   28 

In addition, if a fire is discovered while on roving fire watch or routine walkdown, it is assumed 29 
that the fire started prior to the discovery and had an opportunity to grow. In this case, the 30 
notification and passage of time conditions would be considered met simultaneously. 31 

An event where plant personnel discover a fire while working in the same vicinity as the ignition 32 
source should not be immediately excluded. Although there may not be clear indication of travel, 33 
the passage of time may still take place because, in these cases, personnel would likely have to 34 
search for this fire. These fire events are most likely to occur within the MCR, activities requiring 35 
a continuous fire watch, or in areas where T/M is in progress. Examples of the passage of time 36 
would include an indication of an odor of smoke or a noise (notification) and words and phrases 37 
in the event description like investigated, determined, discovered, or looking for indication of a 38 
fire. Again, this ensures that the fire had an opportunity to grow but was not found to do so.  39 
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The passage of time condition evaluates the time that has passed between detection and 1 
suppression. This criterion would not be met for fires that occur where personnel are directly 2 
adjacent to the source or directly involved with the equipment when the fire begins (for example, 3 
personnel performing T/M) and are therefore able to suppress the fire immediately, with no clear 4 
indication of the fire growth rate. For example, if the fire is discovered in equipment during T/M, 5 
the notification condition is met when the fire is discovered; however, the passage of time 6 
condition is not met given that personnel are already located at the fire source.  7 

Next, the small fire condition is used to confirm the second half of the criteria, that the fire has 8 
not grown quickly.  9 

3.3.1.3 Small Fire 10 

The small fire condition of an interruptible fire event means the fire has not grown larger than 11 
could be suppressed by the initial responding plant personnel. In many cases, an event report 12 
will include descriptions of small flame lengths, small flame heights, or even simply as a small 13 
fire. This qualitative description does not mean that this condition has been met. Although the 14 
qualifier small is often observed for events that should be classified as an interruptible fire, it 15 
must be judged against the context of the entire event description. That is, a propagating or fully 16 
involved fire discovered late in the progression does not constitute a small fire. 17 

Because sometimes the only indication provided in an event is that the fire is small, one 18 
indication of a small fire is that it was suppressed with minimal effort (such as the use of a single 19 
portable fire extinguisher).  20 

In order to meet the small fire condition, one of the following indications should be present in the 21 
event description: 22 

• Plant personnel or an operator describes the fire as “small.” 23 

• The fire is limited to a subcomponent within the ignition source when discovered. 24 

• The fire is suppressed with minimal effort.  25 

Potential indications that should not be used as evidence of a small fire that fit the criteria of an 26 
interruptible fire event are a (1) fully involved fire and (2) fire not limited to the ignition source, 27 
damaging targets other than the ignition source 28 

Observing these conditions, notification, passage of time, and a small fire allows for confidence 29 
that the first criteria for classifying an event as an interruptible fire have been met. Recall that 30 
these conditions are presented as a means of determining whether the criteria are met, not as 31 
substitutions for the criteria. These conditions have been consistently observed for events 32 
classified as interruptible fires but should be used to support the interruptible criteria only—a fire 33 
that had the opportunity to, but has not grown quickly, and suppressed with minimal effort.  34 

3.3.1.4 Minimal Suppression Effort 35 

The minimal suppression effort condition includes the method(s): de-energization of the ignition 36 
source and/or discharge of a single portable extinguisher (or parts of multiple extinguishers, as 37 
long as there is an indication that the fire was successfully controlled by the initial attempt). This 38 
condition also requires the suppression actions to be performed by the first responding 39 
personnel (may be either plant personnel or fire brigade).  40 

In the case of multiple, back-to-back, attempts to suppress the fire or an automatic suppression 41 
system was activated, more than a minimal effort was required and the event should not be 42 
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counted as an interruptible fire. Examples of multiple attempts included more than one full fire 1 
extinguisher (for example, multiple extinguishers in quick succession) was required for 2 
suppression or observing the fire was not under control after each suppression attempt.  3 

Recall that the intent of the conditions described previously is to provide a means of easily 4 
determining whether the fire event described is one that suggests that plant personnel had an 5 
opportunity to respond. However, lacking clear indication of notification, passage of time, and a 6 
small fire that can be suppressed with minimal effort does not necessarily mean the fire 7 
described was not a fire that grew at a rate that plant personnel had an opportunity to respond.  8 

Potential indication of suppression efforts that should not be used as evidence of an interruptible 9 
fire type are the following: 10 

• A fire suppressed by a fixed automatic suppression system 11 

• Use of multiple extinguishers in quick succession 12 

• Suppression by hose stream 13 

• Suppression by off-site assistance 14 

There are a number of instances where the conditions described previously overlap. For 15 
example, the small fire condition may be met if it was suppressed with minimal effort or the 16 
notification and passage of time conditions may be met simultaneously when the fire is 17 
discovered by a roving fire watch. These conditions, notification, passage of time, and small fire 18 
observed are provided because they have been consistently observed in the event descriptions 19 
for fires that did not grow at a rate exceeding the ability of plant personnel to respond and 20 
successfully extinguish the fire with minimal effort.  21 

3.3.1.5 Special Case—Arc Flash 22 

The term arc flash has been used in fire event records to characterize the observed fire 23 
phenomena. These events are often associated with power distribution equipment, including 24 
MCCs and switchgears. These events have been classified as electrical cabinet (that is, Bin 15) 25 
events because they differ from the high-energy arcing fault (HEAF) events, which are included 26 
in Bin 16 [1]. Due to the relatively small intensity of the arc flash event, these events may be 27 
counted and used in the determination of the fire ignition frequency and NSPs even if they did 28 
not damage anything other than the ignition source.  29 

There are two subpopulations of this type of event that may be classified as Interruptible Fire 30 
events: (1) events for which any flaming fire, sparks, and smoldering are limited to the cubicle of 31 
origin, and (2) events that trip an upstream breaker and self-extinguish prior to developing into a 32 
fire that requires more than a minimal effort to suppress.  33 

Although these events may have immediately reached their “peak” intensity, they do not 34 
continue to growth prior to the arrival of plant personnel and are suppressed with minimal efforts 35 
including de-energizing the cabinet and/or the use a single portable fire extinguisher.  36 

  37 
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3.3.2 Summary of Interruptible Fire Conditions 1 

Table 3-1 summarizes the conditions described in a fire event that provide evidence of an 2 
interruptible fire. Conditions from each of the four interruptible fire attributes in the table should 3 
be used to support the criteria identified in Section 3.3 for a fire to be classified as an 4 
interruptible fire.   5 

Table 3-1 
Conditions for an interruptible fire event determination 

Interruptible 
Fire Attribute Condition Met Condition Not Met 

Notification 

Plant staff communicating an 
observation to the MCR  

Fixed suppression system actuation 
alarm in FACP 

Equipment alarm in MCR or 
malfunctioning/trouble signal 
Fixed automatic detection reported on 
FACP 
Discovery by plant personnel: general 
plant personnel 

Fire starting in equipment while 
performing T/M when paired with 
immediate suppression 

Discovery by plant personnel: fire 
watch (roving or stationary)  

Discovery by plant security personnel 

Passage of 
Time 

Plant personnel dispatched to an event Fire starting in equipment while 
performing T/M 

Plant personnel on roving fire watch or 
walkdown who notice the fire 

 

Words and phrases like investigated, 
determined, discovered, or looking for 
indication of a fire 

 

Small Fire 

Plant personnel describe a small fire, 
small flame lengths 

Plant personnel describing a room full of 
smoke (challenging conditions requiring 
use of a self-contained breathing 
apparatus) 

Fire limited to the ignition source only 
or subcomponent within the ignition 
source 

Fire not limited to ignition source—fire 
propagating to cable trays above or other 
equipment 

Fire suppressed with minimal effort Fire not suppressed with minimal effort 

Minimal 
Suppression 

Effort 

Use of one (1) or more portable 
extinguishers at the same time 

Fixed (automatic or manual fixed) 
suppression system activated 

Initial attack successful Use of multiple extinguishers in quick 
succession 

Fire extinguished by de-energizing 
equipment Suppression by hose stream 

Self-extinguished Suppression requiring off-site assistance 
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3.4 Interruptible Fire Split Fraction  1 

Table 3-2 summarizes the classification of Bin 15 events against the criteria described in 2 
Section 3.3. Specific details of the event review and fire growth classifications are documented 3 
in Appendix A.  4 

Table 3-2 
Interruptible and growing split fractions 

Growth Profile Count Split Fraction 
Interruptible 34 0.723 
Growing 13 0.277 

This split fraction is used in the detection-suppression event tree described in Section 5. These 5 
split fractions are presented as generic values to be used with an FPRA.  6 

3.5 Interruptible, Growing, Main Control Room, and Electrical Fires 7 
Suppression Rate  8 

3.5.1 Interruptible and Growing Fire Suppression Rate 9 

In addition to the split between the fraction of interruptible and growing profile fires, the 10 
suppression rate for each growth profile was investigated. A unique suppression rate associated 11 
with the MCR already exists. This suppression rate includes the manual suppression rates 12 
associated with ignition events within the MCR. Following the review of events, additional 13 
suppression rates were developed, including rates for interruptible fires and growing fires. 14 
Therefore, a total of three suppression rates were developed for fires in electrical cabinets: 15 
Interruptible, Growing, and MCR. The review for developing these suppression rates used the 16 
period of 1990–2014 to allow for the inclusion of additional suppression data.  17 

Just as in NUREG/CR-6850 Supplement 1 and NUREG-2169, the suppression time is defined 18 
as the time the fire was extinguished or the time the fire was reported to have been brought 19 
under control by responding plant personnel, personnel discovering the fire, or the fire brigade. 20 
As part of the event review, careful attention and additional details were sought out to best 21 
determine the appropriate time of detection and suppression actions. The details of the 22 
suppression binning are provided in Appendix A. A summary of the number of events, durations, 23 
and suppression rates is provided in Table 3-3 and shown graphically in Figure 3-3. 24 

  25 
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Table 3-3 
Electrical ignition source probability distribution for rate of fires suppressed per unit 
time (1990–2014†) 

Suppression 
Curve 

Number of 
Events 

Total 
Duration 

Rate of Fire Suppressed (λ) 

Mean 5th Percent 50th Percent 95th Percent 

Interruptible 43 310 0.139 0.106 0.138 0.175 
Growing 19 191 0.099 0.065 0.098 0.140 
Electrical fires*  74 653 0.113 0.093 0.113 0.136 
Main control 
room (MCR)† 10 26 0.385 0.209 0.372 0.604 

*Electrical fires include non-cabinet electrical sources, such as electrical motors, indoor dry transformers, and junction boxes among 1 
other electrical equipment.  2 
†Due to the limited number of events in the MCR, the development of the suppression rate includes data from the 1980s. For 3 
detailed information on the control room suppression rate, see NUREG-2178, Volume 2, EPRI 3002016052. 4 

Similar to NUREG-2169, the 5th, 50th, and 95th percentiles for the suppression rate, λ, 5 
presented in Table 3-3 are calculated using the chi-square distribution in the following Equation 6 
3-1: 7 

𝑃𝑃(𝑥𝑥, 𝜐𝜐) 𝑡𝑡𝐷𝐷 2⁄⁄  (3-1) 

where 𝑃𝑃(𝑥𝑥, 𝜐𝜐) is the lower cumulative distribution function of the chi-square distribution, x is the 8 
desired percentile, 𝜐𝜐 is the number of degrees of freedom (equal to the number of events used 9 
in the suppression curve), and tD is the total duration suppression time for the suppression 10 
curve.  11 DRAFT 
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 1 

Figure 3-3 2 
Non-suppression curve plot showing probability versus time to suppression 3 

Note that the total number of events for interruptible, growing, electrical fires, and MCR, in Table 4 
3-3, does not add up to the total number of events listed in NUREG-2169 for electrical fires. The 5 
suppression rate to be used with electrical cabinets (electrical fires in NUREG-2169) includes 6 
electrical cabinets, electric motors, indoor dry transformers, and junction boxes, among other 7 
electrical equipment. The interruptible and growing fire suppression rates developed as part of 8 
this methodology are limited to electrical cabinets counted under Bin 15, as described in 9 
NUREG/CR-6850 for the period 1990–2014. Fourteen of Bin 15 electrical cabinet events in this 10 
period did not contain enough information to categorize them as interruptible or growing fires. 11 
To capture these events, half of the count and suppression time was split evenly between the 12 
two classifications. Due to the limited event information, the data from the 1980s period were 13 
excluded from the suppression rate analysis. Similarly, for the electrical fires suppression rate 14 
category, the 1980s suppression data were excluded. This was done primarily to keep the data 15 
period between the interruptible, growing, and electrical fires categories the same. Assuming 16 
that any error in the data is normally distributed, an analysis of variance (ANOVA)—a method 17 
used to analyze and determine whether the differences between the sample means for groups 18 
of information are statistically significant—was performed on the electrical fires (without Bin 15 19 
electrical cabinets) suppression data with and without the 1980s data. The results presented in 20 
Table 3-4 found no significant difference for the two data sets (P-value>0.05, F-statistic less 21 
than the critical F-statistic.)  22 
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Table 3-4 
ANOVA of electrical fire suppression data with and without events during the 1980–
1989 period 

Source of 
Variation SS df MS F P-value F crit 

Between 
groups 153.5 1 153.5 1.13 0.29 3.89 

Within 
groups 24012.6 177 135.7    

Total 24166.06 178     

3.5.2 NSP Floor for the MCR 1 

Appendix P of NUREG/CR-6850 recommended a floor value of 1E-03 for the manual NSP 2 
estimates. The objective of the floor value was to limit the use of the manual suppression 3 
probability model (that is, EXP[-λt]) to values close to the range of fire durations available in 4 
OPEX. That is, the floor value was intended to bound the probability of manual suppression for 5 
potential fires larger than those included in the operational experience. In practice, this floor 6 
value has affected achieving realistic results for the faster manual suppression rates, such as 7 
the MCR manual suppression curve as the value of 1.0E-3 is reached in a relatively short period 8 
of time.  9 

In practice, the floor value is interpreted as the best possible manual NSP that can be credited in 10 
the analysis. Therefore, the NSP floor should consider (1) the probability of having a fire at some 11 
point, and (2) the failure to manually suppress the fire within the time frame of the fire event. Under 12 
this formulation, the floor value would set a lower limit on the exponential manual suppression 13 
probability model that is governed not only by the ability to suppress a fire before target damage, 14 
but also by the probability of observing a fire within the FPRA mission time.    15 

To estimate the floor value, a Monte Carlo sampling process was performed to approximate the 16 
best possible manual NSP for a fire in the MCR.   17 

Probability of Fire in the MCR Within the Mission Time 18 

In the MCR, typical ignition sources include the main control board (Bin 4), electrical cabinets 19 
(Bin 15), transient fires (Bin 7), and transient fires due to welding and cutting (Bin 6). The 20 
likelihood of fires associated with these sources is quantitatively characterized by their 21 
corresponding generic frequencies. For the purposes of establishing a floor value, the generic 22 
frequencies are treated (that is, apportioned to the MCR) as follows: 23 

• The main control board frequency is fully apportioned to the MCR because there is only one 24 
main control board per unit. The generic frequency value is 2.05E-3/yr (NUREG-2178, 25 
Volume 2). The full frequency is included because the entire main control board is located 26 
within the MCR.  27 

• The electrical cabinet frequency is based on the number of cabinets counted in the MCR in 28 
the FPRA. This count can vary widely from NPP to NPP. The generic frequency value is 29 
3.43E-2/yr (NUREG-2230), which applies to a single NPP. To generalize the analysis, it is 30 
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assumed that the apportioning factor is a random variable sampled following a uniform 1 
distribution with a range between 1/300 and 1/700. The practical implication of this 2 
assumption is that there are on average 500 cabinets counted as ignition sources in a single 3 
unit NPP and align with experience performing FPRAs.   4 

• The transient frequency is apportioned to the MCR because it is a generic value that covers 5 
the control building, auxiliary building for pressurized water reactors and reactor building for 6 
boiling water reactors. The generic frequency values are 3.33E-3/yr for general transient 7 
fires and 4.44E-3 for transient fires due to welding and cutting (NUREG-2169). To 8 
generalize the analysis, it is assumed that the apportioning factor is a random variable 9 
sampled following a uniform distribution with a range between 10% and 30%. The practical 10 
implication of this assumption is that, on average, 20% of the transient frequency is in the 11 
MCR. This conservatively assumes that the MCR represents 20% of the combined control, 12 
auxiliary, reactor building floor area.  13 

The average of the Monte Carlo sampling results in a total ignition frequency of 3.7E-3/yr. This 14 
is interpreted as an approximation of the ignition frequency for a fire in the MCR. It should be 15 
noted that this value does not take credit for fire severity (severity level of the fire needed to 16 
cause damage) and assumes that any fire is significant enough to cause damage outside of the 17 
ignition source. This approximation of the MCR ignition frequency is for 1 year. In practice, the 18 
FPRA estimates the probability of an event occurring over a 24-hour mission time. This results 19 
in an ignition frequency for fires in the MCR of approximately (2.05E-03/365 + 3.43E-02/365 + 20 
3.33E-03/365 + 4.44E-03/365 = 1.21E-04/day). Assuming a constant frequency, the exponential 21 
distribution can be used for determining the probability of observing a fire in the MCR for a 22 
mission time of 24 hours as follows (Equation 3-2): 23 

                                               𝑃𝑃𝑃𝑃(𝑡𝑡 ≤ 24) = 1.0E − 5                                                    {3-2) 24 

This is the average probability (following the Monte Carlo runs) of a fire occurring in the MCR 25 
per day including the weights discussed in the preceding bullets (cabinet counts and transient 26 
floor area). 27 

Probability of Failing to Manually Suppress a Fire in the MCR 28 

The manual NSP for the MCR can be calculated using the manual suppression curve assuming 29 
a characteristic fire scenario duration treated as a random variable. For the MCR, it is practical 30 
to define the duration as the time available before abandoning due to fire. This provides a time 31 
frame for operators or the fire brigade to control the fire before having to evacuate the MCR. In 32 
this formulation, this period is treated as a uniform distribution ranging between 5 (occurs before 33 
a half of the growing fire growth period has passed which is used as an indication that the fire is 34 
relatively small for abandonment) and 20 minutes (reaches the NUREG/CR-6850, Appendix P 35 
floor value which is used as an indication that the limiting probability of non-suppression would 36 
have been reached). This range of times for evacuating the MCR for environmental conditions is 37 
conservative because it assigns equal probabilities to relatively short abandonment times and 38 
ignores fire scenarios where abandonment may not be necessary. The suppression rate 39 
constant for the MCR is 0.385. On average, these values calculate an NSP of 2.5E-2. 40 

Floor Value 41 

The resulting floor value is then the probability of a fire occurring during the FPRA mission time 42 
of 1 day (24 hours) multiplied by the average probability of non-suppression: 1.0E-05 x 2.5E-2 = 43 
2.4E-7. This value is specific to the MCR because it was developed using location-specific 44 
ignition frequencies and the MCR manual suppression curve. As mentioned earlier, this floor 45 
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represents a bounding probability of an unsuppressed fire within the mission time of an FPRA.  1 
The non-suppression floor value for a dual unit MCR is 3.5E-07. 2 

Sensitivity to Input Parameters 3 

The parameters used in this analysis are selected to provide a conservative analysis. The 4 
sensitivity of the proposed floor value to the input parameters chosen is reviewed in Table 3-5. 5 

Table 3-5 
Probability of non-suppression floor sensitivity analysis 

Sensitivity Case NSP Floor Discussion 
Base case, single unit 2.4E-07 N/A 

Two-unit NPP 3.5E-07 
This sensitivity captures a shared (two unit) 
control room configuration. The result is an 

approximate 44% increase to the floor value.  

All fires suppression rate: 
0.067/yr (NUREG-2169) 4.3E-06 

This sensitivity captures the effect of assuming a 
more challenging fire like those experienced in 
other areas of the plant occurs in the MCR. The 
result is an order of magnitude reduction in the 

approximated floor value. 

Time to abandonment 
distribution reduced to 1 to 5 

minutes 
3.3E-06 

This sensitivity highlights the effect of assuming 
times more representative of those associated 
with target damage. The result is an order of 

magnitude reduction in the approximated floor 
value. 

Number of cabinets: 
uniform distribution from 100-

300 
2.5E-07 

This sensitivity highlights that the analysis is 
driven by the main control board frequency. The 
NSP floor is not sensitive to a reduction in the 
number of Bin 15 cabinets counted as ignition 

sources.  
All cases: 

all fires suppression rate, 
1 to 5 minute abandonment 

times, 
100-300 cabinets 

8.5E-06 

In this sensitivity, each of the previously reviewed 
changes is all applied. The result is an order of 
magnitude reduction in the approximated floor 

value. 

Even with this estimated floor, the MCR still presents a unique case. The MCR suppression 6 
rate is developed using 10 fire events with a total combined suppression duration of 26 minutes 7 
(see Table 3-3), the longest of which is only 9 minutes in duration. Therefore, the fires capable 8 
of reaching the revised Pns floor of 2.4E-07 would need to last for 39 minutes without being 9 
suppressed. By 39 minutes, it would be reasonable to expect that MCR personnel would have 10 
exhausted any readily available extinguishers and that further suppression efforts would 11 
require resources from outside of the MCR. To capture the possibility of such events, a two-12 
step calculation process is suggested for fires in the MCR.  13 

The first step uses the MCR suppression rate in Table 3-3  for calculations of the Pns with a 14 
floor value of 1E-03. This results in fires that are suppressed prior to approximately 18 15 
minutes using a suppression rate of 0.385. The second step captures all remaining MCR fire 16 
durations up to the proposed floor of 2.4E-07 by making use of the ignition source bin 17 
specific suppression rate. For example, a fire in a cabinet located within the MCR will use the 18 
interruptible and growing suppression rates presented in Section 3.5 for fire durations in 19 
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excess of 18 minutes. This is expressed graphically in Figure 3-4. In essence, this treats 1 
longer duration fires in the MCR as if they were fires elsewhere in the plant where personnel 2 
and equipment for suppression may not be immediately available.  3 

 4 

Figure 3-4 5 
Non-suppression curve plot showing log(probability) versus time to suppression for 6 
MCR scenarios 7 
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3.5.3 NSP Numerical Results 1 

The numerical results for interruptible, growing, the MCR, and the revised electrical fires 2 
suppression curves are presented in Table 3-6. 3 

Table 3-6 4 
Updated numerical results for electrical cabinet suppression curves 5 

Time (min) Interruptible Growing Main Control Room Electrical Fires 
0 1.00E+00 1.00E+00 1.00E+00 1.00E+00 
5 5.00E-01 6.08E-01 1.46E-01 5.67E-01 
10 2.50E-01 3.70E-01 2.14E-02 3.22E-01 
15 1.25E-01 2.25E-01 3.12E-03 1.83E-01 
20 6.24E-02 1.37E-01 6.40E-04/7.54E-04† 1.04E-01 
25 3.12E-02 8.32E-02 2.16E-04/3.86E-04† 5.88E-02 
30 1.56E-02 5.06E-02 7.31E-05/1.97E-04† 3.34E-02 
35 7.79E-03 3.08E-02 2.47E-05/1.01E-04† 1.89E-02 
40 3.89E-03 1.87E-02 8.34E-06/5.17E-05† 1.07E-02 
45 1.95E-03 1.14E-02 2.82E-06/2.65E-05† 6.10E-03 
50 * 6.92E-03 9.53E-07/1.35E-05† 3.46E-03 
55 * 4.21E-03 3.22E-07/6.93-06† 1.96E-03 
60 * 2.56E-03 §/3.55E-06† 1.11E-03 
65 * 1.56E-03 §/1.18E-06† * 
70 * * §/9.28E-07† * 
75 * * §/4.753E-07† * 
80 * * §/2.43E-07† * 
85 * * § * 
90 * * § * 
95 * * § * 

100 * * § * 
*A value 1.0E-3 should be used. 6 
§A value 2.4.0E-7 should be used.  7 
†Designates split for interruptible/growing fires in electrical cabinets in the MCR. A similar split would be required for other HRR bins, 8 
such as transients. Note that the growing fire split is bounding for electrical cabinets and transients in the MCR.  9 

3.6 Updated Bin 15 Fire Ignition Frequency  10 

After the publication of NUREG-2169, EPRI cataloged and classified the fire event data 11 
available in the Institute of Nuclear Power Operations (INPO) Consolidated Event System 12 
(ICES) database. The fire severity review is documented in EPRI study, Fire Events Database 13 
Update for the Period 2010–2014: Revision 1 (3002005302) [4]. This research makes use of the 14 
latest fire event data that were classified for fire severity. The counts for Bin 15 are shown in 15 
Table 3-7.  16 
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Table 3-7 
FPRA counts per time period 

Bin Location Ignition Source Power 
Modes 

FPRA Counts 
1968–
1989 

1990–
1999 

2000–
2009 

2010–
2014 

15 Plant-wide 
components 

Electrical 
cabinets (non-

HEAF) 
AA 64.5 29.5 23.5 23 

The time period 2000–2009 includes the 84 NPPs that completed the full data collection 1 
protocol and plant review for the EPRI FEDB update. This is consistent with fire frequency 2 
calculations performed in NUREG-2169. Fire event data for events occurring in 2010 or later are 3 
collected and managed through INPO. This process is industry-wide, and, as a result, all 4 
operating plants were included in the 2010–2014 time period. The reactor years for both at-5 
power and shutdown are presented in Table 3-8. 6 

Table 3-8 
Reactor years for fire ignition frequency update 

 1968–1989 1990–1999 2000–2009 2010–2014 
At-power reactor years 899 848 771 467.7 
Shutdown reactor years 383 233 78.8 45.7 

 7 

The updated fire ignition frequency distribution for Bin 15 is presented in Table 3-9. 8 

Table 3-9 
Fire ignition frequency distribution for Bin 15 

Bin Location Ignition 
Source 

Power 
Modes 

PRA 
Type 

Time 
Period Mean Median 5th 

Percent 
95th 

Percent 

15 Plant-wide 
components 

Electrical 
cabinets 

(non-HEAF) 
AA FPIE 2000–

2014 3.43E-02 3.19E-02 1.13E-02 6.60E-02 

Note: If a plant-specific Bayesian update of the fire ignition frequency is warranted, a revision of 9 
the interruptible and growing fires split fraction is not necessary.  10 

 11 
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INTERRUPTIBLE AND GROWING FIRE HRR PROFILES 2 

4.1 Bin 15 Fire HRR Profiles 3 

As discussed in Section 3, the Interruptible and Growing fire event classifications resulted in an 4 
application of different manual suppression rates. However, when applied to the detection-5 
suppression event tree analysis, what is not captured in the revision of these suppression rates 6 
is the lack of growth observed and reported in the fire events prior to plant personnel having a 7 
chance to respond. As described in Section 3, interruptible fires are fires that do not damage 8 
items outside of the ignition source prior to there being an opportunity for plant personnel to 9 
respond. When modeled in the detection-suppression event tree, with the traditionally developed 10 
12-minute growth-to-peak period, targets located near the ignition source would see little to no 11 
change in the time to damage with just a revised suppression rate. Therefore, in addition to a 12 
revised suppression rate, the heat release rate (HRR) profile associated with Bin 15 fires is 13 
investigated for both the Interruptible and Growing fire classifications.  14 

The NUREG/CR-6850 growth profile associated with electrical cabinets is as follows [1]: 15 

• The fire grows to its peak HRR in approximately 12 minutes. 16 

• The fire burns at its peak HRR for approximately 8 additional minutes.  17 

• The average time to decay is approximately 19 minutes. 18 

To determine the appropriate HRR profiles for use in this methodology, additional experimental 19 
data were reviewed. The data reviewed included the test series considered in NUREG/CR-6850 20 
and presented in NUREG/CR-4527 [6], as well as other test series focused on electrical 21 
cabinets, such as those performed by Valtion Teknillinen Tutkimuskeskus (VTT) [7-10] of 22 
Finland and the National Institute of Standards and Technology (NIST)/NRC presented in 23 
NUREG/CR-7197 [11]. 24 

4.1.1 Interruptible Fire HRR Profile 25 

A key parameter of an interruptible fire is the time that separates ignition and the possibility of 26 
growth by the fire. A review of the experimental data shows that a number of experiments 27 
include a period where, following ignition, no discernible increase in the HRR is observed for a 28 
period of time—a pre-growth period (Figure 4-1).  29 

DRAFT 

for
 Pub

lic 
Com

men
t



 
 
Interruptible and Growing Fire HRR Profiles 

 

4-2 

 1 

Figure 4-1 2 
HELEN-FIRE experimental tests with pre-growth period [11] 3 

This observation is similar to the delayed growth reported in many fire events [2] and observed 4 
in experiments performed by Sandia National Laboratories (SNL), VTT, and NIST/NRC which 5 
were performed in a manner to represent a challenging condition for an electrical cabinet. These 6 
tests included various cable loadings and a range of ignition sources, such as propane burners 7 
and liquid fuel pan fires [11]. 8 

Similar to the development of the HRR profile in NUREG/CR-6850, experimental data were 9 
used to determine the HRR profile for an interruptible fire. This profile includes four stages: pre-10 
growth, growth, steady, and a decay period. A number of experiments were excluded from the 11 
analysis: If the experimental fire never grew (Figure 4-2, A) or did not include a pre-growth 12 
period (Figure 4-2, B), it was not included in the estimation of the interruptible HRR profile. 13 
Additionally, specific to the experiments performed as part of NUREG/CR-7197, portions of the 14 
tests with personnel intervening (for example, opening a cabinet door or jostling cables) during 15 
the experiment are excluded from the analysis.   16 

 17 

Figure 4-2 18 
HELEN-FIRE experimental tests without a pre-growth period of (A) no growth and (B) no 19 
pre-growth 20 
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The resulting HRR profile for interruptible electrical cabinets, presented in Figure 4-3, is as 1 
follows: 2 

• A period of up to 8 minutes with no measurable HRR may be included prior to the period 3 
of fire growth. If included, this pre-growth phase must be reflected in any calculations of 4 
the time to damage, time to detection, and time to suppression. 5 

• The fire will grow to its peak HRR in approximately 7 minutes. 6 

• The fire burns at its peak HRR for approximately 5 additional minutes. 7 

• The fire decays linearly over a period of approximately 13 minutes.  8 

A t2 function should be used for representing the growth phase of the fire.  9 

 10 

Figure 4-3 11 
Interruptible HRR Profile 12 

This profile results in a fire with a shorter duration than the profile presented in NUREG/CR-13 
6850. The fire reaches its peak approximately 15 minutes from the time of ignition, begins its 14 
decay period at 20 minutes, and is out after 33 minutes. The traditional HRR profile followed a 15 
12-minute peak, 20-minute start of decay, and was out after 39 minutes.  16 

The Interruptible profile was obtained by averaging the pre-growth, growth, steady burning, and 17 
decay durations of the experiments conducted as part of NUREG/CR-4527 (SNL) [6], 18 
NUREG/CR-7197 Chesapeake Bay Detachment (CBD) [11], and by VTT [7-10]. These times 19 
are listed in Table 4-1. 20 
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Table 4-1 
HRR timing for interruptible electrical cabinet fires  

Test 
Units in Minutes 

Pre-Growth Period Time to Peak Steady Burning Time to Decay 
SNL-ST7 6 10 11 34 
SNL-PCT5 20 12 0 22 
SNL-Test24 20 7 0 6 
SNL-Test25 17 5 3 25 
VTT186-Exp2 10 4 2 29 
CBD-23 8 4 11 9 
CBD-25 9 12 11 4 
CBD-31 2 10 6 11 
CBD-42 4 13 0 14 
CBD-43 2 4 15 2 
CBD-44 2 16 0 13 
CBD-45 12 2 12 5 
CBD-51 2 3 0 15 
CBD-54 5 11 2 12 
CBD-56 4 2 28 2 
CBD-59_A 10 7 4 N/A 
CBD-60 19 5 5 19 
CBD-62 21 6 0 13 
CBD-63 10 14 5 23 
CBD-68 2 5 5 11 
CBD-71 2 12 2 11 
CBD-79_A 5 2 2 3 
CBD-83 9 4 0 16 
CBD-84 6 13 3 10 
CBD-87 7 5 0 13 
CBD-88 4 2 0 13 
CBD-89 10 6 0 12 
CBD-97_A 7 3 6 N/A 
CBD-107 3 9 2 8 
CBD-108 1 6 0 13 
CBD-109 4 7 3 18 
CBD-111_A 5 6 9 N/A 
Average 8 7 5 13 
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4.1.2 Growing Fire HRR Profile 1 

Valid experiments not counted in the development of the interruptible fire profile are used to 2 
develop a profile for growing fires. The resulting HRR profile for growing fires, presented in 3 
Figure 4-4, is as follows: 4 

• The fire will grow to its peak HRR in approximately 12 minutes. 5 

• The fire burns at its peak HRR for approximately 9 additional minutes. 6 

• The fire decays linearly over a period of approximately 26 minutes. 7 

A t2 function should be used for representing the growth phase of the fire.  8 

 9 

Figure 4-4 10 
HRR profile for a growing fire 11 

This profile results in a fire with a longer duration than the profile presented in NUREG/CR-12 
6850. The fire reaches its peak approximately 12 minutes from the time of ignition, begins its 13 
decay period at 21 minutes, and is out after 47 minutes. The traditional HRR profile followed a 14 
12-minute peak, 20-minute start of decay, and was out after 39 minutes.  15 

This profile was obtained by averaging the growth, steady burning, and decay durations of the 16 
experiments conducted as part of NUREG/CR-4527 (SNL) [6], NUREG/CR-7197 (CBD) [11], 17 
and by VTT [7-10]. These times are listed in Table 4-2. 18 
  19 
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Table 4-2 
HRR timing for growing electrical cabinet fires 

Test Units in Minutes 
Time to Peak Steady Burning Time to Decay 

SNL-ST3 10 0 22 
SNL-ST4 4 14 11 
SNL-ST5 9 0 22 
SNL-ST6 8 18 34 
SNL-ST8 11 20 28 
SNL-ST9 10 14 16 
SNL-ST10 11 20 30 
SNL-ST11 19 0 41 
SNL-PCT1 8 27 25 
SNL-PCT2 11 3 28 
SNL-PCT3 9 16 26 
SNL-PCT6 15 0 41 
VTT186-Exp1 41 0 64 
VTT186-Exp3-2 14 26 90 
VTT269-Exp1 40 20 46 
VTT269-Exp2C 33 6 71 
VTT269-Exp3 13 0 122 
VTT521-Exp7 3 20 22 
VTT521-Exp8 5 26 14 
VTT521-Exp9 9 9 17 
VTT521-Exp10 6 24 16 
CBD-7 8 10 7 
CBD-20 39 21 N/A 
CBD-52 3 13 9 
CBD-53_A 5 0 25 
CBD-58 5 2 24 
CBD-66_A 17 0 6 
CBD-67_A 9 0 4 
CBD-69 10 11 6 
CBD-75 8 30 0 
CBD-77_A 10 7 N/A 
CBD-78_A 11 0 N/A 
CBD-90 20 1 19 
CBD-92 6 0 29 
CBD-93 9 1 13 
CBD-94 12 2 12 
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Table 4-2 
HRR timing for growing electrical cabinet fires 

Test Units in Minutes 
Time to Peak Steady Burning Time to Decay 

CBD-95 13 4 19 
CBD-96 9 0 18 
CBD-100 26 4 17 
CBD-102 5 10 10 
CBD-103 10 12 19 
CBD-105 7 0 6 
CBD-106_A 8 2 N/A 
CBD-112 9 2 8 
Average 12 9 26 

4.2 Fire Modeling of Interruptible and Growing Fires 1 

As presented in Section 4.1.1 and 4.1.2, the HRR profiles are developed using the average 2 
times generated from the experimental evidence. For the Growing fires, the fire grows to a peak 3 
value in an average of 12 minutes, which is similar to the recommended duration of the growth 4 
phase in Appendix G of NUREG/CR-6850. However, the steady burning and decay phases 5 
have longer durations than the ones recommended in Appendix G of NUREG/CR-6850.  6 

The increase in the decay stage is primarily due to the durations of five tests performed by VTT 7 
[7, 8]. The decay stages for experiments VTT186-Exp1, VTT186-Exp3-2, VTT269-Exp1, VTT269-8 
Exp2C, and VTT269-Exp3 all have durations that are longer than 89% of other durations included 9 
in the development of the average. Together, these five tests increase the average decay period 10 
by approximately 8 minutes. Although appropriate for estimating peak HRRs, these long 11 
duration fires with relatively low intensity in the later stages of the experiments do not 12 
necessarily represent the observed experience as described in Section 2. Therefore, the growth 13 
profile described in NUREG/CR-6850 is recommended for modeling growing fires.  14 

For Interruptible fires, operational experience highlights the following: (1) The fire started 15 
sometime prior to the detection of the event, and (2) the fire did not grow prior to being 16 
suppressed with a minimal effort. In the experimental evidence, this would be represented by 17 
the “pre-growth period” column in Table 4-1. From these experimental results, the pre-growth 18 
period is, on average, approximately 8 minutes long. At the same time, fire events describing 19 
interruptible fires do not provide much insight into the time separating the start of the fire and the 20 
time that the fire was detected.  21 

To reflect the operational and experimental evidence in the analysis, it is recommended that a 22 
period of up to 8 minutes of a pre-growth be included in the growth profile for interruptible fires. 23 
The fraction of the 8 minutes included in the fire modeling should be determined, considering the 24 
uncertainty in the unknown time separating the time between ignition and detection of the fire 25 
being modeled.  26 
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For the examples presented in Section 6, half of the average experimental pre-growth period, 4 1 
minutes, is included as the pre-growth phase in the HRR profile for interruptible fires. The 2 
inclusion of half of the average experimentally observed pre-growth period allows for the (1) 3 
uncertainty in the time separating the ignition (start) of the fire and the detection (notification) of 4 
the fire in the recorded fire events, and (2) time between ignition (start) of the fire and observed 5 
appreciable growth known in experimental results.  6 

To reconcile these two observations (the unknown duration in operating experience (OPEX) and 7 
the known experimental times), an average value of 4 minutes is used.  8 

 9 
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5  1 

REVISED DETECTION–SUPPRESSION EVENT TREE 2 

FOR CREDITING PERSONNEL SUPPRESSION  3 

5.1 Detection–Suppression Event Tree Introduction 4 

This section describes the detection-suppression event tree model for characterizing fire detection 5 
and suppression activities in response to a fire event. The event tree is a modification of the 6 
model described in Appendix P of NUREG/CR-6850 [1] and Chapter 14 of Supplement 1 of 7 
NUREG/CR-6850 [12]. This modification is intended to capture the potential for plant personnel 8 
suppression during the early stages of a fire.  9 

Numerous fire event records maintained in the EPRI Fire Event Database (FEDB) [2, 4] 10 
describe early suppression attempts by plant personnel, such as (1) suppression by operators 11 
responding to an equipment trouble alarm in the main control room (MCR) and discovering a fire 12 
in the alarming equipment, and (2) plant personnel discovering a fire in its early stages prior to 13 
the activation of any automatic detection or suppression systems and suppression using 14 
portable fire extinguishers.  15 

This capability is not explicitly included in the detection-suppression event tree models 16 
described in NUREG/CR-6850 or Supplement 1 to NUREG/CR-6850. These models only credit 17 
prompt suppression for fires in the MCR or for fire scenarios associated with hot work activities. 18 
In order to expand plant personnel capability for early detection and suppression, a number of 19 
new parameters are developed to incorporate this capability (that is, plant personnel capability 20 
for suppression actions prior to the arrival of the plant fire brigade) in the detection-suppression 21 
event tree described in NUREG/CR-6850 [1].  22 

5.2 Detection–Suppression Event Tree 23 

To capture early intervention and suppression by plant personnel, the event tree in NUREG/CR-24 
6850 [1] (for scenarios without incipient detection) is revised and split into two identical branch 25 
groups: one for capturing the non-suppression probability (NSP) for Interruptible Fire and one 26 
for Growing Fire. The revised event tree format is presented in Figure 5-1. The outcomes of 27 
each possible sequence in the revised event tree are listed in Table 5-1. 28 
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 1 

Figure 5-1 2 
Interruptible and growing fire detection and suppression event tree 3 

Table 5-1 
Revised Pns event tree sequences 

Sequence Detection Suppression 
A-IF/GF 

First detection 
(zero time of detection)  

Fire suppression by an automatically actuated fixed system 
B-IF/GF Fire suppression by a manually actuated fixed system 
C-IF/GF Fire suppression by the fire brigade 
D-IF/GF Fire damage to target items 
E-IF/GF Second detection 

(modeled time to detection)  
Fire suppression by an automatically actuated fixed system 

F-IF/GF Fire suppression by a manually actuated fixed system 

FI

Total

L-IF/GF NS

J-IF/GF OK

K-IF/GF OK

H-IF/GF NS

I-IF/GF OK

F-IF/GF OK

G-IF/GF OK

D-IF/GF NS

E-IF/GF OK

B-IF/GF OK

C-IF/GF OK

DET AS MF FB A-IF/GF OK

Fire First Detection Second 
Detection

Automatic 
Suppression Manual Fixed Fire Brigade

Seq
ue

nc
e End 

State
Pr (Non-

Suppression)
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Table 5-1 
Revised Pns event tree sequences 

Sequence Detection Suppression 
G-IF/GF Fire suppression by the fire brigade 
H-IF/GF Fire damage to target items 
I-IF/GF 

Manual/delayed detection 

Fire suppression by an automatically actuated fixed system 
J-IF/GF Fire suppression by a manually actuated fixed system 
K-IF/GF Fire suppression by the fire brigade 
L-IF/GF Fire damage to target items 

Sequences A to L in Table 5-1 conclude with the identifiers -IF and -GF. This represents the two 1 
possible growth profiles: Interruptible Fire and Growing Fire. These two profiles are described in 2 
detail in Section 4. In this methodology, each profile is calculated using the same event tree 3 
sequences with the exception, as follows: 4 

For the Interruptible portion of the scenario, the event tree dictates that the fire has not grown 5 
quickly prior to being discovered. Therefore, for sequences A to H, the time of detection will be 6 
set to t=0 for Interruptible Fire. Different suppression rates are used to calculate the probability 7 
of non-suppression for the Interruptible Fire and Growing Fire profiles (see Section 3.5). The Pns 8 
for each profile is summed together to determine the total scenario specific NSP.  9 

The revised Interruptible and Growing sequences (A-L, see Table 5-1) are conceptually similarly 10 
to sequences A-N in NUREG/CR-6850 [1]. With respect to calculating the NSP for a scenario, 11 
required changes are as follows: 12 

• The probability of detection is no longer split between branches representing the failure 13 
of prompt and automatic. Detection is now split between the first detection opportunity 14 
(zero time of detection) and the second detection opportunity (modeled time of 15 
detection). Prompt detection, associated with a continuously occupied space or 16 
continuous fire watch, would be captured through the use of the section on plant 17 
personnel presence probabilities (see Section 5.3.3.5). For scenarios with incipient 18 
detection, see the guidance provided in NUREG-2180 [13].  19 

• A unique sequence singling out prompt suppression is no longer included. The 20 
development of the Interruptible and Growing suppression rates makes use of zero and 21 
short suppression times.  22 

• The sequence of events associated with delayed detection is retained in this 23 
methodology. In NUREG/CR-6850, these sequences were associated with detection by 24 
non-automatic means, such as a roving fire watch. NUREG/CR-6850 also associates 25 
what would be described as an example of MCR indication with delayed detection. 26 
Given a review of operating experience (OPEX), this means detection is no longer 27 
associated with a delay. See Sections 5.3.3.2 and 5.3.4 for a detailed discussion.  28 

• It is assumed that a fire will always be detected, so what was formerly sequence N in the 29 
detection-suppression event tree in NUREG/CR-6850 no longer exists individually in the 30 
revised detection-suppression event tree and would be captured in the results of 31 
sequence L. The probability of failing to detect the fire in time is determined, as 32 
described in Section 5.3.5 for the entire scenario.  33 

• The time to detection is assumed to be zero for the following: 34 
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− Detection by a non-fire trouble alarm in the MCR, plant personnel, and automatic 1 
smoke detection for an interruptible fire 2 

− Detection by a non-fire trouble alarm in the MCR and plant personnel for a 3 
growing fire  4 

For more discussion, see Section 5.3.4. 5 

• The time to automatic detection for a growing fire may be modeled using the 6 
NUREG/CR-6850 growth profile. As described in Section 4.1.3, the NUREG/CR-6850 7 
profile grows to a peak HRR in 12 minutes following a t-squared profile.  8 

• Special consideration of successful automatic suppression should be taken when 9 
included in the interruptible fire path. The interruptible fire introduces the concept of a fire 10 
that is not expected to grow to a point that would be capable of activating an automatic 11 
suppression system. However, the fire probabilistic risk assessment (FPRA) must 12 
account for the possibility that the fire could grow and be capable of not only damaging 13 
targets, but also activating an automatic suppression system. Similar to a growing fire, 14 
the interruptible fire HRR profile, as described in Section 4.1.3, should be used when 15 
estimating the activation time of an automatic heat detection or thermally activated 16 
automatic suppression system for an interruptible fire.  17 

When the NSP for both interruptible and growing fire paths is calculated, the split fraction is 18 
applied (see Section 3.4) and the two probabilities are summed to determine the scenario Pns. 19 

5.3 New Parameters for Estimating the NSP   20 

Early detection and suppression by plant personnel is included in the detection-suppression 21 
event tree model using the following parameters, which are described in detail in the following 22 
sections:  23 

• Interruptible fire/growing fire split fraction 24 

• Electrical cabinets HRR profiles 25 

• Automatic (smoke) detection effectiveness 26 

• MCR indication 27 

• MCR operator response 28 

• Plant personnel response 29 

• Plant personnel presence 30 

5.3.1 Interruptible Fire Split Fraction 31 

Fire event records in the FEDB include evidence that a majority of fires are extinguished by 32 
plant personnel with a minimal suppression effort. This suggests that a significant fraction of 33 
fires grow in a manner that allows for plant personnel to respond prior to significant growth and 34 
potential propagation. To capture this experience, events are classified into two growth profile 35 
groups: (1) interruptible fire: events in which plant personnel could detect and perform early 36 
suppression activities. These are fires that progress in a manner that is at a rate so that plant 37 
personnel may discover and suppress prior to experiencing external target damage; and (2) 38 
growing fire: events where the fire may grow in a manner where plant personnel may not be 39 
able to provide suppression in the early stages of the fire development.  40 
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These events have been classified based on the guidance provided in Section 3. 1 

5.3.2 Fire HRR Profiles 2 

Revised HRR profiles for both interruptible and growing fires are described in Section 4. The 3 
profiles used for detailed fire modeling—for the times to damage, automatic detection, and 4 
activation of automatic suppression systems—are described in Section 4.2. 5 

5.3.3 Probability of Detection of Electrical Cabinet Fires 6 

In the NUREG/CR-6850 detection-suppression event tree, detection (excluding prompt detection) 7 
is split into two events: automatic and manual (delayed). The automatic detection branch 8 
traditionally captures both the unreliability and unavailability of an automatic detection system 9 
included in the analysis (for more, see Section 5.3.5). As reviewed in Section 2, a significant 10 
fraction of Bin 15 electrical cabinet fires are detected by other means: plant personnel and non-fire 11 
trouble alarms in the MCR. Given the prevalence of these means of detection over the 12 
occurrence of automatic detection systems, the likelihood of successful detection by these 13 
means is included in the general detection step of the detection-suppression event tree 14 
described in this report.  15 

5.3.3.1 Probability of Automatic Smoke Detection of Electrical Cabinet Fires 16 

In the NSP calculations in NUREG/CR-6850, the probability of failure associated with automatic 17 
detection is characterized with the unreliability and unavailability of the detection system. 18 
Following that approach, it is assumed that any fire that occurs is capable of producing a 19 
detection signal at some point in time based on a system effectiveness review consistent with 20 
Section P.1.2 in NUREG/CR-6850. Given the revised treatment for detection described in this 21 
report, an effectiveness parameter is added to explicitly capture fires that are too small to 22 
activate an automatic smoke detection system. To capture the potential for smoke detectors 23 
failing to activate due to fire size, a Monte Carlo sampling process was performed to calculate 24 
the average probability of detection for both interruptible and growing fires. The effectiveness 25 
term refers to the probability that a fire will be large enough to be detectable. 26 

Using a randomized sample size of 20,000 occurrences for each electrical enclosure 27 
classification and fuel type, the probability of detection was averaged. The parameters, the 28 
distribution of the parameters, and the other defining statistical properties used in the variation 29 
are provided in Table C-1. The results of the Monte Carlo analysis are provided for each 30 
electrical enclosure classification, fuel load, and cable type included in NUREG-2178, and the 31 
results are summarized in Table 5-2.  32 

  33 
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Table 5-2 
Automatic smoke detection probability of no detection 

Enclosure Class/ 
Function Group 

Enclosure 
Ventilation Fuel Type 

Default Fuel 
Loading 

Probability of 
Detection 

Low Fuel 
Loading 

Probability of 
Detection 

Very Low 
Fuel Loading 
Probability of 

Detection 
1 – Switchgears 
and load centers Closed TS/QTP/SIS 0.6 N/A N/A 

1 – Switchgears 
and load centers Closed TP 0.32 N/A N/A 

2 – Motor control 
centers and 
battery chargers 

Closed TS/QTP/SIS 0.62 N/A N/A 

2 – Motor control 
centers and 
battery chargers 

Closed TP 0.33 N/A N/A 

3 – Power 
inverters Closed TS/QTP/SIS 0.64 N/A N/A 

3 – Power 
inverters Closed TP 0.45 N/A N/A 

4a - Large 
enclosures Closed TS/QTP/SIS 0.56 0.65 0.69 

4a - Large 
enclosures Closed TP 0.34 0.45 0.53 

4a - Large 
enclosures Open TS/QTP/SIS 0.47 0.55 0.69 

4a - Large 
enclosures Open TP 0.31 0.4 0.53 

4b - Medium 
enclosures Closed TS/QTP/SIS 0.65 0.7 0.64 

4b - Medium 
enclosures Closed TP 0.45 0.58 0.64 

4b - Medium 
enclosures Open TS/QTP/SIS 0.6 0.72 0.64 

4b - Medium 
enclosures Open TP 0.37 0.63 0.64 

4c – Small 
enclosures N/A All 0.65 N/A N/A 

These values include variations in ceiling heights, horizontal separation distances, and HRR 1 
percentiles. For more details, see Appendix B. 2 

The probabilities presented in Table 5-2 should be used for scenarios of fires limited to single 3 
electrical cabinets where relatively small fires may not activate automatic systems. The results 4 
of the Monte Carlo analysis highlight that a significant fraction of the HRRs not detected are of 5 
50 kW or less. An HRR in excess of 50 kW results in approximately 95% of the simulated cases 6 
covering all enclosure class/function groups being detected. Of the simulated fire sizes that are 7 
not detected, an increase of 120 kW would result in the detection of approximately 98% of all 8 
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the simulated fires sampled. In the FPRA, some of the most challenging and risk significant 1 
scenarios come from the involvement of secondary combustibles. When the contribution of the 2 
HRR associated with propagation to secondary combustibles is considered characterized by 3 
150 kW/m2 or 250 kW/m2 (see NUREG/CR-7010, Volume 1) for thermoset and thermoplastic 4 
cables, respectively, it is safe to assume that the fire is large enough to be detected. Therefore, 5 
the resulting probability of failure would be determined only by the unreliability and unavailability 6 
of the automatic smoke detection system only. 7 

5.3.3.2 MCR Indication   8 

Fifteen of the Bin 15 events recorded in the FEDB describe notification of an event by trouble 9 
alarms or indications in the MCR, such as a loss of power, reduced output alarms, and so on. 10 
This suggests that indication of a fire event does not always come from an automatic fire 11 
detection alarm or a phone call to the MCR.  12 

To capture this in the revised detection-suppression event tree model, a new branch is included 13 
in the MCR Indication Response group. This event is a simple True/False option. The branch 14 
should be set to True when the ignition source involves equipment or components that are 15 
specifically monitored in the MCR (that is, there is both a trouble alarm and annunciation 16 
associated with the equipment that will provide indication or alarm in the event of a loss or 17 
degradation of function). The value of this event when it is set to True is developed from a 18 
review of industry average component failure data.  19 

NUREG/CR-6928 [14] presents industry average component performance results, including 20 
those for sensor and transmitter components. Table 5-3 presents the sensor/transmitter 21 
unreliability data for various parameters (level, pressure, and temperature).  22 

Table 5-3 
Sensor and transmitter unreliability data [11] 

Component  Failure Mode Failures Demands 
Sensor/transmitter: 

level 
Failure to operate 5 6750 

Sensor/transmitter: 
pressure 

Failure to operate 2.3 23960 

Sensor/transmitter: 
temperature 

Failure to operate 17.1 40759 

 23 

Summing the unreliability data for each component results in a value of approximately 5/6750 + 24 
2.3/23690 + 17.1/40759 = 1.26E-03 failures per demand. While not directly representing the 25 
unreliability of trouble alarms, the general function of these sensors/transmitters is to convey an 26 
“out of spec” condition for key parameters associated with plant equipment that will then be 27 
annunciated in the MCR through a trouble alarm. Depending on the equipment, an operator 28 
may be sent to locally verify the equipment status. For this reason, the sensor/transmitter 29 
unreliability data are used to suggest an appropriate value for use with this methodology. 30 
Therefore, when set to True, the probability of the branch representing the success of a trouble 31 
alarm in the MCR is set to 0.99 to represent a bounding probability of alarm success. This value 32 
represents a 1-0.99 = 0.01 failure probability, which bounds the value of 1.26E-03 to account for 33 
other failure modes or indication systems not included in the unreliability data.   34 

This function of MCR indication should only be used for ignition sources that are specifically 35 
monitored, and any trouble with the equipment must be annunciated in the MCR. If the ignition 36 
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source is not monitored in the MCR (upon a failure or degradation, there is no equipment or 1 
component specific indication in the MCR), the probability of failure for this event must be set to 2 
1. In some cases, monitoring may be limited to a component, or components, located within a 3 
piece of equipment—a relay located within a cabinet, for example. In these cases, the MCR 4 
indication should only be credited when modeling is performed at the component level and 5 
should not be applied at the level of the cabinet.  6 

5.3.3.3 MCR Operator Response 7 

When an alarm (for example, automatic fire detection or equipment trouble) occurs, operators 8 
must react and appropriately perform different actions to ensure a timely response to a potential 9 
fire. The parameters discussed in this section capture the human error probability (HEP) of an 10 
operator responding to a non-automatic fire alarm or equipment trouble indication in the MCR.  11 

The human reliability analysis (HRA) presented here is a screening-type of generic analysis. If 12 
plant-specific details do not match the qualitative elements given here, credit for this analysis 13 
may not be possible. On the other hand, if plant-specific elements are somehow better than 14 
described in the following list, increased credit may be possible, if supported by a plant-specific 15 
detailed HRA. 16 

Qualitative Analysis 17 

Key features of the MCR operator response include the following: 18 
• The scope of analysis includes only electrical cabinets and relates to fire NSPs. 19 
• The alarm occurs before (and without) a reactor trip (or other problems that could 20 

immediately lead to a reactor trip). 21 
• Alarms are located on front panels in the MCR (which means that alarm panels and 22 

associated annunciators are designed in accordance with NUREG-0700 [15] and other 23 
human factors requirements).  24 

• Alarm response is trained on and is part of normal operations. 25 
• Alarm response is guided by the Alarm Response Procedures (ARPs), which are part of 26 

the Emergency Response Procedures (ERPs). As such, ARPs are written following the 27 
human factors guidance required for ERPs (for example, there is a required procedure 28 
format, attention paid to logic, such as limited use of "AND" and "NOT"). 29 

• Formal, three-way communications are used within the MCR and with plant personnel 30 
(by phone or radio) per conduct of operations, training, and so on. 31 

• Peer checking within the MCR is performed per conduct of operations, training, and so 32 
on. 33 

• There is adequate staff in the MCR per NRC requirements. 34 
• There is no specific time urgency for alarm response, except for operational "good 35 

practice" (perhaps stated in the plant-specific conduct of operations). 36 
• The key MCR operator tasks include the following: 37 

− Detect alarm 38 
− Select the appropriate ARP 39 
− Follow ARP guidance1 40 
− Call and dispatch field operator (including communications regarding specific 41 

alarm and associated equipment, location of equipment, and so on) 42 
 43 

                                                           
1 In the rare cases where the ARP guidance does not include a verification step, this approach cannot be used because it presumes 
there is a documented, compelling reason to allow credit for field operator verification. 
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These qualitative elements are very similar to those stated in NUREG-2180 [13]. The key 1 
differences include the following: 2 

• Alarms for incipient fire detectors are few and unique (for example, they may have only a 3 
handful of incipient fire alarms, may have separate panels, or have unique markings). 4 

• MCR operators are expected to have specialized training for response to alarms for 5 
incipient fire detectors. 6 

• As part of MCR operator training on incipient fire detectors, operators are trained on the 7 
need for immediate and urgent response (for example, "drop everything"), making 8 
response to these alarms very similar to alarm response following a reactor trip. 9 

• MCR operators are trained on the need for quick response to incipient fire detectors. 10 

Quantitative Analysis 11 

A comparative quantification using various methods available in the EPRI HRA calculator was 12 
performed to evaluate an HEP for this action. The methods used were the following: 13 

• Standardized plant analysis risk human reliability analysis (SPAR-H) [16, 17] 14 

• Cause-based decision tree method (CBDTM) from the EPRI HRA approach [18] 15 

• Technique for human error rate prediction (THERP) [19] Annunciator Response Model2 16 

Standardized Plant Analysis Risk Human Reliability Analysis (SPAR-H) 17 
 18 
As discussed in NUREG/CR-6883 [16], The SPAR-H method produces a simple best estimate 19 
HEP for use in plant risk models. Based on review of first- and second-generation HRA 20 
methods, the SPAR-H method assigns human activity to one of two general task categories: 21 
action or diagnosis. Eight categories of performance shaping factors (PSFs) capable of 22 
influencing human performance are accounted for in the SPAR-H quantification process by 23 
addressing not only the negative effects, but also the potential beneficial influence of these 24 
factors. The application of PSF multipliers in the SPAR-H method follows a “threshold 25 
approach,” wherein discrete multipliers are used that are associated with various PSF levels.  26 
 27 
HRA for a context similar to that modeled in this report was performed in NUREG-2180 [13] for 28 
response to incipient fire detectors. In NUREG-2180, only the diagnosis contribution of the 29 
SPAR-H quantification guidance was used and was considered to include the potential failure to 30 
properly communicate the equipment location to the field operator. Because of the parallels 31 
between the context addressed by the HRA in NUREG-2180 and the context addressed in this 32 
report, the same approach is used here (that is, the HEP assignment is based on diagnosis for 33 
cognition only).  34 
 35 
  36 

                                                           
2 This method was used for comparison purposes, but it should be noted that NUREG-2180 did not recommend its use for a similar 
MCR operator alarm diagnosis action based on incipient detection of a fire condition. 
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Taking into account the similarities and differences between this case of general alarms versus 1 
incipient fire detector alarms, SPAR-H PSF assessments and the associated multipliers are 2 
summarized in the following: 3 
 4 

• Available time is nominal (multiplier = 1). 5 
• Stress is nominal (multiplier = 1). 6 
• Complexity is nominal (that is, there is little ambiguity) (multiplier = 1). 7 
• Experience/training is nominal (multiplier = 1). 8 
• Procedures are diagnostic/symptom-oriented (multiplier = 0.5). 9 
• Ergonomics is nominal (multiplier = 1). 10 
• Fitness for duty is nominal (multiplier = 1). 11 
• Work processes are nominal (multiplier = 1). 12 

 13 
In the SPAR-H PSF assessments for this scenario versus those used in NUREG-2180 for 14 
incipient fire detectors, analysts should note the following differences: 15 

• "Obvious diagnosis" is used for the incipient fire detector case. 16 
• Ergonomics for the incipient fire detector case are judged to be "good" (that is, better 17 

than nominal) because such installations also typically involve an additional computer 18 
station for the incipient detectors.  19 

• Work processes for the incipient fire detector case are judged to be "good" (that is, 20 
better than nominal) because of the importance that nuclear power plant (NPP) 21 
organizations place on such installations. 22 

 23 
Using the multipliers noted along with the SPAR-H base HEP for diagnosis of 1E-2, the 24 
resultant HEP is 5.0E-3. An argument that the complexity assessment be an "obvious 25 
diagnosis" (that is, multiplier of 0.1) instead of nominal could be made, changing the resultant 26 
HEP to 5.0E-4.  27 
 28 

Cause-Based Decision Tree Method (CBDTM) 29 

The EPRI HRA approach [17] includes two quantification methods that address cognitive 30 
failures. These methods have been applied to both internal events and fire HRA, the latter of 31 
which is discussed in Appendix B of NUREG-1921 [20].  32 
 33 
The EPRI human cognitive reliability/operator reliability experiment (HCR/ORE) method is a 34 
time reliability correlation and typically used when available time is relatively short. However, the 35 
HCR/ORE method is not appropriate for operator actions that are extremely well-practiced or 36 
skill-based, such as manual reactor trip after trip signals and alarms are received. For this 37 
reason, and because the HCR/ORE method provides little insight on the potential causes of 38 
operator failure, EPRI's CBDTM is considered more appropriate for assessing the cognitive 39 
contribution to operator failure for skill- or rule-based operator response actions that do not 40 
involve a time constraint.    41 
 42 
EPRI’s CBDTM consists of eight decision trees (Figure 5-2 through Figure 5-9), four of which 43 
address failures in the plant information-operator interface and another four that address failures 44 
in operator-procedure interface. Both sets of these decision trees match well with the MCR 45 
operator action modeled in this analysis. 46 
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Using the qualitative analysis inputs discussed at the beginning of this section, the CBDTM 1 
decision tree selections for the cognitive MCR operator action to notice the alarm and 2 
communicate with the field operator were assessed as follows:  3 

Pca: Availability of Information (Figure 5-2) 4 

Notes/assumptions include the following:  5 

• Nominal initial conditions in plant 6 
• Indication available and accurate in MCR 7 
• Training in classroom and simulator on use of ARPs to respond to MCR equipment 8 

trouble alarms 9 

 10 

Figure 5-2 11 
Pca: availability of information  12 

 13 
 14 
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Pcb: Failure of Attention (Figure 5-3) 1 

Notes/assumptions include the following:  2 

• Workload presumed to be low for a nominal condition in the plant 3 
• Operator "checking" the alarm (not presumed to be monitoring a condition or status 4 

when the anomalous condition occurs) 5 
• Equipment trouble alarm located on MCR overhead or front panel 6 

 7 

Figure 5-3 8 
Pcb: failure of attention 9 
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Pcc: Misread/Miscommunicate Data (Figure 5-4) 1 

Notes/assumptions include the following:  2 

• Equipment trouble alarm easy to see on front panel or overhead panels in MCR 3 
• Human-machine interface of annunciator considered to be optimal or familiar to the 4 

operator so that it is considered "good" 5 
• Formal communication protocol used in transmitting information to field operator 6 

regarding equipment trouble and location 7 

 8 

 9 

Figure 5-4 10 
Pcc: misread/miscommunicate data 11 

 12 
Pcd: Information Misleading (Figure 5-5) 13 

Notes/assumptions include the following:  14 

• Plant nominal initial condition therefore all cues are as stated (in other words, no 15 
potential for spurious or erroneous alarms due to fire impacts) 16 

 17 

Figure 5-5 18 
Pcd: information misleading 19 

 20 
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Pce: Skip a Step in Procedure (Figure 5-6) 1 

Notes/assumptions include the following:  2 

• ARP steps are written to be brief, clear, and direct. 3 
• Single ARP is used for response to annunciator. 4 
• ARP steps are distinct. 5 
• Presume that placekeeping aids are included in ARP. 6 

 7 

Figure 5-6 8 
Pce: skip a step in procedure 9 

 10 
Pcf: Misinterpret Instructions (Figure 5-7) 11 

Notes/assumptions include the following:  12 

• ARPs are written using standard procedural language. 13 
• All information is included to direct operator to verify condition and dispatch a field 14 

operator to investigate. 15 

 16 

Figure 5-7 17 
Pcf: misinterpret instructions 18 

 19 
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Pcg: Misinterpret Decision Logic (Figure 5-8) 1 
Notes/assumptions include the following:  2 

• ARP language is clear and direct and does not include NOT, AND, or statements 3 
requiring significant diagnosis 4 

• Response to an equipment trouble annunciator is well-practiced in simulator and 5 
classroom training. 6 

 7 

 8 

Figure 5-8 9 
Pcg: misinterpret decision logic  10 

 11 
Pch: Deliberate Violation (Figure 5-9) 12 

Notes/assumptions include the following:  13 

• Operators believe the appropriateness and efficacy of the ARPs. 14 

 15 

Figure 5-9 16 
Pch: deliberate violation 17 

EPRI’s CBDTM assigns as negligible the contribution from all of the data decision trees, and all 18 
but one of the procedure decision trees. The results also show that the contribution from 19 
procedures for this human failure event (HFE) is the lowest possible HEP (that is, ~1E-3 in 20 
decision tree pce).  21 

CBDTM gives analysts the opportunity to model peer checking through the Cognitive Recovered 22 
module, which was addressed by crediting extra crew, as shown in Table 5-4. 23 

 24 
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Table 5-4 1 
MCR operator response as calculated using CBDTM 2 

Cognitive Recovery 
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Pca N/A - - - - - 1.0E+00 0.0 
Pcb N/A - - - - - 1.0E+00 0.0 
Pcc N/A - - - - - 1.0E+00 0.0 
Pcd N/A - - - - - 1.0E+00 0.0 
Pce 9.9E-04 - 5.0E-01 - - - 1.0E+00 5.0E-04 
Pcf N/A - - - - - 1.0E+00 0.0 
Pcg N/A - - - - - 1.0E+00 0.0 
Pch N/A - - - - - 1.0E+00 0.0 

Final Pc (with recovery credited) 5.0E-04 

 3 

The total estimated CBDTM HEP including peer checking is therefore 5.0E-04. 4 

THERP Annunciator Response Model 5 

As discussed in NUREG-2180 [13], technique for human error rate predication (THERP) was 6 
developed before the Three Mile Island 2 accident [21] and the ensuing upgrades to NPP 7 
control room designs, operating procedures, operator licensing, and training programs. In 8 
addition, the THERP Annunciator Response Model does not explicitly address cognition or 9 
diagnosis, as most modern HRA methods do, and does not appropriately take into account the 10 
pattern-matching of annunciator tiles that modern NPP operators do when responding to an 11 
event. HEPs for the Annunciator Response Model (shown in Table 20-23 of NUREG/CR-1278 12 
[19]) range from 1E-4 to 2.5E-1. 13 
 14 
A comparative quantification using the Annunciator Response Model is included here because 15 
industry has still found the model useful for specific instances, such as response to a single 16 
annunciator in the MCR. 17 

The MCR operator response HEP is considered to be the sum of (1) the failure of the operator 18 
to notice the occurrence of the trouble alarm (annunciator), and (2) the failure to correctly 19 
interpret the trouble alarm on the MCR panel or above-panel display and dispatch the operators 20 
to the right location.  21 

The Annunciator Response Model of the HRA calculator is applied to the failure of the operator 22 
to notice the annunciator occurrence. For one annunciator, the mean failure probability is 2.7E-23 
04 (Figure 5-10).  24 
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 1 

Figure 5-10 2 
Annunciator Response Model of the HRA calculator 3 

For the interpretation portion of the HFE, standard THERP Table 20-10, Item 6, provides a 4 
value for an error of commission in reading and recording quantitative information using values 5 
from indicator lamps that are used as quantitative displays. This reflects the operator reading 6 
the information from the indicator and relaying it to the field operator. This results in an HEP of 7 
1.3E-03. Crediting peer checking for this action with a conditional HEP of 5.0E-01 reduces the 8 
HEP to 6.5E-04. 9 

Summing these two values: 2.7E-04+6.5E-04 results in an HEP of 9.2E-04 for the MCR 10 
operator response.  11 

Conclusions 12 

Based on the assumptions and task analysis in the qualitative analysis and the comparison of 13 
methods in the quantitative analysis, it is recommended that the analyst use a screening HEP of 14 
1E-3 for the MCR operator response. 15 

It should be noted that in NUREG-2180 [13], two HEPs are developed: MCR operator response 16 
and a field operator response. This methodology does not include the development or use of a 17 
field operator response HEP because the time required for and probability of success is already 18 
included in the development of the suppression rate. For more on the development of the 19 
suppression rate, see Section 3.5. An HEP for general plant personnel discovering a fire and 20 
responding appropriately is developed in Section 5.3.3.4.  21 

5.3.3.4 Detection by Plant Personnel 22 

As discussed in Section 2, almost half of the fires that have occurred in Bin 15 (electrical 23 
cabinets) are detected by plant personnel. Examples of detection by plant personnel for both 24 
interruptible and growing fires are listed as follows:  25 

• Event 131 describes that technicians were working in the area, heard a loud bang, and 26 
upon investigating the source of the noise observed smoke and sparks coming from an 27 
electrical panel.  28 

• Event 411 describes another event where personnel heard a loud noise while working 29 
and detected a fire.  30 

• Event 10394 describes that personnel investigating an odor of something burning 31 
discovered a small fire.  32 

The basic event of detection by plant personnel in the fault tree must be defined to be consistent 33 
with the operation experience underlying the NSPs discussed in Section 3.5. Because these 34 
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underlying data represent only those fires that are detected and suppressed by plant personnel, 1 
there are only two things that must be represented through detection by plant personnel: (1) 2 
plant personnel must be at or near where the fire is located (see Section 5.3.3.5 that addresses 3 
the presence of personnel), and (2) plant personnel must be trained to respond to sensing a fire 4 
(for example, smelling smoke) in the same way that plant personnel behaved in the operational 5 
experience (for example, personnel both reported the fire to the MCR and suppressed the fire). 6 

Consequently, the “detection by plant personnel” event is essentially a “go/no-go” feasibility test, 7 
allowing only those NPPs that provide the appropriate training to take credit for this approach.  8 
Note that, given what the data underlying the NSPs represent, this approach assumes that 9 
appropriately trained plant personnel will detect the fire.3 10 

In turn, the definition of appropriate training includes a key requirement related to fire detection 11 
and suppression—all plant personnel who encounter any indications of fire should identify the 12 
fire location, then report the fire to the MCR. Personnel should be trained to perform these 13 
actions, and these actions should be a part of plant policy and expected conduct. 14 

This requirement must be met for all plant personnel who are expected to occupy the area being 15 
assessed (that is, each space must be evaluated separately, based on the personnel expected 16 
to occupy that space). 17 

This training requirement may be satisfied by general plant training that is required for all 18 
badged plant personnel who are permitted to move around the NPP unescorted. Such training 19 
may include specific requirements that all suspected occurrences of fire (such as smell or sight 20 
of smoke and/or sight of flames) be reported to the MCR (including the location of the fire, 21 
extent of the fire, type of material involved). Such training may be reinforced by plant policies 22 
and/or conduct of operations. 23 

Fire suppression training would be satisfied by fire brigade training. However, because fire 24 
brigade training is not typically provided to all plant personnel, other plant-specific training on 25 
fire suppression, including who is trained, when they are authorized to suppress a fire, and so 26 
on, must be documented. 27 

5.3.3.5 Probability of Presence of Personnel 28 

Twenty-two events in the FEDB identify occasions where a fire was discovered by plant 29 
personnel prior to, concurrent with, or independent of an automatic detection, suppression, or a 30 
trouble alarm. The FPRA ranks personnel presence in the vicinity using the transient influence 31 
factors. These factors, specifically those associated with occupancy and maintenance, are used 32 
to develop a determination of the probability of plant personnel being present in a fire 33 
compartment. The events listed in Section 5.3.3.4 describe the detection of fires by personnel 34 
occupying or performing maintenance in a compartment.  35 

  36 

                                                           
3 Note that the fire being detected should not include an incipient fire. For detection of incipient fires, see NUREG-2180 [3]. 
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NUREG/CR-6850 describes occupancy and maintenance influencing factors as the following: 1 

• Occupancy: occupancy level, which includes traffic, of a compartment.  2 

• Maintenance: frequency and nature of maintenance activities (preventive and/or 3 
corrective) in a compartment.  4 

− FAQ 12-0064 [22] adds a hot work influencing factor. The rating levels 5 
associated with hot work weighted similarly to those of maintenance. For this 6 
analysis, the maximum of the ratings associated with maintenance and hot work 7 
should be selected to represent the contribution of personnel performing work for 8 
the detection of a fire. 9 

The rating levels in FAQ 12-0064 [22] are assigned to each transient influencing factor, as 10 
follows:    11 

• No: 0 – For compartments where transients are precluded by design or entrance is not 12 
possible during plant operation 13 

• Very low: 0.5 – Compartment is subject to controls and procedures that result in a factor 14 
less than a low rating level 15 

• Low: 1 – Reflects minimal level of the factor 16 

• Medium: 3 – Reflects average level of the factor 17 

• High: 10 – Reflects the higher-than-average level of the factor 18 

• Very high: 50 – Specific to maintenance, reflects a significantly higher-than-average 19 
level of the factor 20 

These rating levels are used to make an estimation of the probability that personnel would be 21 
present in a compartment and therefore capable of detecting a fire. Note that the changes 22 
described later apply only to estimating the numerical probability that personnel are expected to 23 
be in a compartment. The influencing factors assigned for the purposes of apportioning the 24 
transient ignition frequency should be maintained for estimating the probability of personnel 25 
detection. No changes may be made to the use of the influencing factor values as applied to the 26 
transient ranking scheme, as described in NUREG/CR-6850 and FAQ 12-0064. 27 

Following some modifications, personnel presence rating levels for both the occupancy and 28 
maintenance influencing factors are presented in Table 5-5. These modifications are the only 29 
exceptions that may be made and are done so for the purposes of estimating personnel 30 
detection.  31 

 32 
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For occupancy, the rating level associated with medium was revised from 3 to 5. This change 1 
was made to better correlate the rating values with the rating description as being 2 
representative of the average level of the factor. With a maximum value of 10 (high), a value of 3 
5 also better correlates to the OPEX experience showing that 55% (see Figure 2-2) of the fire 4 
events have been detected by plant personnel.  5 

For maintenance, two modifications were made. The same modification to rating associated 6 
with the medium factor was applied. In addition, understanding that maintenance activities are 7 
not as strong an indication of personnel presence as the occupancy factor, all maintenance 8 
rating levels were reduced by 50%.  9 

Because the occupancy and maintenance ratings may not necessarily be mutually exclusive, 10 
the probability that personnel may be present is determined by estimating the amount of 11 
personnel expected to be in (occupancy) a compartment or an adjacent compartment, 12 
calculated as (Equation 5-1): 13 

𝑃𝑃𝑃𝑃(𝑛𝑛𝑂𝑂  𝑜𝑜𝑜𝑜 𝑛𝑛𝑀𝑀) = 𝑃𝑃𝑃𝑃(𝑛𝑛𝑂𝑂  ⋃ 𝑛𝑛𝑀𝑀) = 𝑃𝑃𝑃𝑃(𝑛𝑛𝑂𝑂) + 𝑃𝑃𝑃𝑃(𝑛𝑛𝑀𝑀) − 𝑃𝑃𝑃𝑃(𝑛𝑛𝑂𝑂) × 𝑃𝑃𝑃𝑃(𝑛𝑛𝑀𝑀) (5-1) 

Where, nO is the occupancy personnel influence factor rating for the compartment with the 14 
ignition source and nM is the maintenance personnel influence factor.  15 

Note that this method describes the development of probabilities for use in determining whether 16 
personnel are present in a compartment and do not require any normalizing factors of 17 
conservation of frequency.  18 

In Section 3.3.1.2, it is noted that just because personnel discovering a fire are in the same 19 
vicinity or room as the fire, it should not immediately be discounted as lacking the passage of 20 
time condition used to support an Interruptible Fire classification. Although this note was 21 
included to call out the possibility of time passing as personnel locate a fire even if they are in 22 
the same compartment during ignition, many events simply state that personnel performed 23 
some investigation, determination, discovery, or search for indication of (a) fire and may not 24 
necessarily be in the same compartment as the fire when they begin any notification and 25 
passage of time (or lack thereof). Given this experience, the occupancy and maintenance 26 
ratings for adjacent rooms may also be considered when estimating the probability that 27 
personnel would be present to detect a fire. Therefore, credit for personnel may be taken when 28 
an adjacent room has an occupancy and maintenance rating factor equal to or higher than the 29 
source compartment. Recognizing that personnel in an adjacent compartment would not 30 
immediately experience the same conditions as personnel in the source compartment, a 31 
reduction of 50% will be applied to credit for an adjacent compartment, calculated as (Equation 32 
5-2): 33 

𝑃𝑃𝑃𝑃 �𝑛𝑛𝑂𝑂 +
𝑛𝑛𝑂𝑂
2

 𝑜𝑜𝑜𝑜 𝑛𝑛𝑀𝑀 +
𝑛𝑛𝑀𝑀
2
� = 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑂𝑂 +

𝑛𝑛𝑂𝑂
2
⋃ 𝑛𝑛𝑀𝑀 +

𝑛𝑛𝑀𝑀
2
�

= 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑂𝑂 +
𝑛𝑛𝑂𝑂
2
� + 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑀𝑀 +

𝑛𝑛𝑀𝑀
2
� − 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑂𝑂 +

𝑛𝑛𝑂𝑂
2
� × 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑀𝑀 +

𝑛𝑛𝑀𝑀
2
� 

(5-2) 

The identifiers nO and nM are not changed to specify the rating of the adjacent room because 34 
credit may only be taken for ratings equal to those of the source compartment. As an example, 35 
the probability personnel are present to detect a fire in a compartment with the following: 36 

• A medium occupancy and maintenance rating in the ignition source compartment  37 

• A medium occupancy in an adjacent compartment 38 
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• A high maintenance in an adjacent compartment, determined as (Equation 5-3):  1 

𝑃𝑃𝑃𝑃 �𝑛𝑛𝑂𝑂 +
𝑛𝑛𝑂𝑂
2
� + 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑀𝑀 +

𝑛𝑛𝑀𝑀
2
� − 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑂𝑂 +

𝑛𝑛𝑂𝑂
2
� × 𝑃𝑃𝑃𝑃 �𝑛𝑛𝑀𝑀 +

𝑛𝑛𝑀𝑀
2
� = 

�
5 + 5/2

10
� + �

5/2 + (5/2)/2
50

� − �
5 + 5/2

10
� × �

5/2 + (5/2)/2
50

� = 0.769 
(5-3) 

The denominator in Equation 5-3 comes from the maximum rating level value for the respective 2 
influencing factor.   3 

Recalling Figure 2-2, almost 50% of the fires that have occurred in electrical cabinets have been 4 
detected by plant personnel. In Figure 5-11, the probabilities of having personnel present to 5 
detect a fire for the different possible occupancy and maintenance rating factors are presented 6 
graphically. The results for scenarios with and without taking credit for adjacent spaces are 7 
presented in Figure 5-11. One interesting point to note is that when credit is taken for personnel 8 
in an adjacent space, the average probability of having personnel present across all cases is 9 
approximately 46%, very similar to the 49% observed in OPEX. When only the ratings of the 10 
source compartment are considered, the average probability drops to 38%. 11 

 12 

  13 

Figure 5-11 14 
Probability of personnel present for detection, with and without crediting adjacent 15 
spaces 16 
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The rules applied independently of the personnel probability calculation are as follows: 1 

• A high occupancy in the source compartment results in a 100% chance of personnel 2 
being present, regardless of maintenance and adjacent compartment ratings  3 

• A no-occupancy in the source compartment results in a 0% chance of personnel being 4 
present, regardless of maintenance and adjacent compartment ratings  5 

• Credit for maintenance is reduced by 50% to recognize that maintenance activities are 6 
not as strong an indication of personnel presence as the occupancy factor 7 

• Credit for adjacent spaces may only be taken for adjacent spaces, as follows: 8 

− With an influencing factor rating equal to or greater than that of the source 9 
compartment 10 

− Within the same building 11 

− Located on the same floor/elevation as the compartment containing the ignition 12 
source  13 

− Allowance may be taken for adjacent compartments with documented open 14 
barriers to allow the smoke and other products of combustion to be shared 15 
between compartments. Examples include the following: 16 

− Open stairways between floors 17 
− Unsealed barrier penetrations  18 
− Doors or dampers 19 

• Credit for adjacent spaces may only be taken for a maximum of half of the rating of the 20 
source compartment.  21 

• Rooms with controlled ventilation and designated airflow directionality should be 22 
considered when determining adjacent space influencing factors. 23 

Example: A control room with a high occupancy may not necessarily be credited as the adjacent 24 
room with a higher influencing factor rating, given that the differences in pressure will limit the 25 
ability for occupants to detect a fire outside of the control room. The probability that plant 26 
personnel would not be present in a compartment—calculated as 1 − 𝑃𝑃𝑃𝑃(𝑛𝑛𝑂𝑂 𝑜𝑜𝑜𝑜 𝑛𝑛𝑀𝑀)—without 27 
considering adjacent spaces is presented in Table 5-6. When adjacent spaces may be credited, 28 
the probability that plant personnel would not be present is shown in Table 5-7. 29 

 30 
  31 
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Table 5-6 
Plant personnel presence probabilities 

Case 
Occupancy 

Contributing 
Probability 

Maintenance 
Contributing 
Probability 

Probability of No Personnel Present 

1 High All 0 
2 High Very low  0 
3 High Low 0 
4 High Medium 0 
5 High High 0 
6 High Very high 0 
7 Medium: 0.5 No: 0 1 − (0.5 + 0 − 0.5 × 0) = 0.5 
8 Medium: 0.5 Very low:  0.005 1 − (0.5 + 0.005 − 0.5 × 0.005) = 0.498 
9 Medium: 0.5 Low: 0.01 1 − (0.5 + 0.01 − 0.5 × 0.01) = 0.495 
10 Medium: 0.5 Medium: 0.05 1 − (0.5 + 0.05 − 0.5 × 0.05) = 0.475 
11 Medium: 0.5 High: 0.1 1 − (0.5 + 0.1 − 0.5 × 0.1) = 0.45 
12 Medium: 0.5 Very high: 0.5 1 − (0.5 + 0.5 − 0.5 × 0.5) = 0.25 
13 Low: 0.1 No 0 1 − (0.1 + 0 − 0.1 × 0) = 0.9 
14 Low: 0.1 Very low  0.005 1 − (0.1 + 0.005 − 0.1 × 0.005) = 0.896 
15 Low: 0.1 Low 0.01 1 − (0.1 + 0.01 − 0.1 × 0.01) = 0.891 
16 Low: 0.1 Medium 0.05 1 − (0.1 + 0.05 − 0.1 × 0.05) = 0.855 
17 Low: 0.1 High 0.1 1 − (0.1 + 0.1 − 0.1 × 0.1) = 0.81 
18 Low: 0.1 Very high 0.5 1 − (0.05 + 0 − 0.05 × 0.5) = 0.45 
19 Very low: 0.05 No 0 1 − (0.05 + 0 − 0.05 × 0) = 0.95 
20 Very low: 0.05 Very low  0.005 1 − (0.05 + 0.005 − 0.05 × 0.005) = 0.945 
21 Very low: 0.05 Low 0.01 1 − (0.05 + 0.01 − 0.05 × 0.01) = 0.941 
22 Very low: 0.05 Medium 0.05 1 − (0.05 + 0.05 − 0.05 × 0.05) = 0.903 
23 Very low: 0.05 High 0.1 1 − (0.05 + 0.1 − 0.05 × 0.1) = 0.855 
24 Very low: 0.05 Very high 0.5 1 − (0.05 + 0.5 − 0.05 × 0.5) = 0.475 
25 No No 1.0 
26 No Very low 1.0 
27 No Low 1.0 
28 No Medium 1.0 
29 No High 1.0 
30 No  Very high 1.0 
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Table 5-7 
Plant personnel presence probabilities considering adjacent compartments 

Case 

Occupancy 
Contributing 
Probability 

Including Adjacent 
Spaces 

Maintenance 
Contributing 

Probability Including 
Adjacent Spaces 

Probability of No Personnel Present Including Adjacent 
Spaces 

1 High No 0 

2 High Very low 0 

3 High Low 0 

4 High Medium 0 

5 High High 0 

6 High Very high 0 

7 Medium: 0.750 No: 0.000 1 − (0.75 + 0 − 0.75 × 0.0) = 0.250 

8 Medium: 0.750 Very low:  0.008 1 − (0.75 + 0.008 − 0.75 × 0.0008) = 0.248 

9 Medium: 0.750 Low: 0.015 1 − (0.75 + 0.015 − 0.75 × 0.015) = 0.246 

10 Medium: 0.750 Medium: 0.075 1 − (0.75 + 0.075 − 0.75 × 0.075) = 0.231 

11 Medium: 0.750 High: 0.150 1 − (0.75 + 0.15 − 0.75 × 0.15) = 0.213 

12 Medium: 0.750 Very high: 0.750 1 − (0.75 + 0.75 − 0.75 × 0.75) = 0.063 

13 Low: 0.150 No 0.000 1 − (0.15 + 0.0 − 0.75 × 0.0) = 0.850 

14 Low: 0.150 Very low  0.008 1 − (0.15 + 0.008 − 0.15 × 0.008) = 0.844 

15 Low: 0.150 Low 0.015 1 − (0.15 + 0.015 − 0.15 × 0.015) = 0.837 

16 Low: 0.150 Medium 0.075 1 − (0.15 + 0.075 − 0.15 × 0.075) = 0.786 

17 Low: 0.150 High 0.150 1 − (0.15 + 0.15 − 0.15 × 0.15) = 0.723 

18 Low: 0.150 Very high 0.750 1 − (0.15 + 0.75 − 0.5 × 0.75) = 0.213 

19 Very low: 0.075 No 0.000 1 − (0.075 + 0 − 0.075 × 0.0) = 0.925 

20 Very low: 0.075 Very low  0.008 1 − (0.075 + 0.008 − 0.075 × 0.008) = 0.918 

21 Very low: 0.075 Low 0.015 1 − (0.075 + 0.015 − 0.075 × 0.015) = 0.911 

22 Very low: 0.075 Medium 0.075 1 − (0.075 + 0.075 − 0.075 × 0.075) = 0.856 

23 Very low: 0.075 High 0.150 1 − (0.075 + 0.15 − 0.075 × 0.15) = 0.786 

24 Very low: 0.075 Very high 0.750 1 − (0.075 + 0.75 − 0.075 × 0.75) = 0.231 

25 No No 1.0 

26 No Very low 1.0 

27 No Low 1.0 

28 No Medium 1.0 

29 No High 1.0 

30 No  Very high 1.0 

 1 
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5.3.4 Time of Detection for Electrical Cabinets 1 

This section describes the approach for determining the time to detection in interruptible and 2 
growing fire scenarios.  3 

5.3.4.1 Interruptible Fire Time of Detection  4 

The time of detection is included in the calculation of the manual NSP as a reduction in the time 5 
available to suppress a fire prior to reaching the damage state of the scenario. As stated in 6 
NUREG/CR-6850 and then revised in NUREG-2169, the time available for manual suppression 7 
is shown in Equation 5-4. 8 

tms = tdam – tdet, (5-4) 

where, tms is the time available for manual suppression, tdam is the time to target damage, and 9 
tdet is the time to detection.  10 

Given the changes in the electrical cabinet growth profiles described in Section 4.2, specifically 11 
the period of negligible HRR associated with an interruptible fire, any fire modeling calculation 12 
used to determine the time of detection would be similarly delayed. A delay in detection, equal 13 
to that of any calculated damage, would negate the operational experience that interruptible 14 
fires are fires that are not only detected, but also suppressed, prior to growing and damaging 15 
targets.  16 

The development of the suppression rates (see Section 3.5) uses the times recorded in fire 17 
events in the FEDB. Therefore, the earliest time that can be recorded in an event is the time that 18 
the fire was detected. Because interruptible fires are by definition fires that have not grown 19 
significantly, it is assumed for modeling purposes that the timeline for the fire scenario starts at 20 
detection. Therefore, for the interruptible path, time-dependent calculations of the NSP are 21 
calculated using only the time to damage of the scenario. Stated differently, tdet, for the purposes 22 
of determining the time to automatic smoke detection, detection by a non-fire trouble alarm in 23 
the MCR, or detection by plant personnel is set to zero for the interruptible fires to represent the 24 
start of activities following detection.  25 

For interruptible fires, the delayed growth profile must be used when estimating the time of 26 
detection (or suppression) with heat detectors (or wet-pipe and pre-action sprinklers for 27 
suppression) just as it is used for the estimation of other temperature-related criteria, such as 28 
the time to damage.  29 

For a scenario where the time to target damage is calculated to occur following the inclusion of 30 
a secondary combustible cable tray, the interruptible fires event tree may take credit for 31 
automatic smoke detection using the detailed fire modeling calculated time to automatic smoke 32 
detection in the second detection step. A second assessment of the probability of failing to 33 
detect a fire using the same automatic smoke detection system is appropriate because with the 34 
inclusion of the secondary combustible cable tray, the fire being modeled (with a non-zero time 35 
of detection) is essentially a different fire. Recall from Section 5.3.3.1 that results presented in 36 
Table 5-2 account for fires limited to the ignition source that may not create an atmosphere 37 
sufficient to activate an automatic smoke detection system. Results from the Monte Carlo 38 
analysis showed that the contribution of the HRR associated with propagation to secondary 39 
combustibles is sufficient to assume the fire is large enough to be detected by an available and 40 
reliable automatic system.  41 
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5.3.4.2 Growing Fire Time of Detection 1 

For growing fire scenarios that include MCR indication, the time to MCR indication should be 2 
considered as prior to the damage of zone of influence targets, which is consistent with 3 
operational experience. For modeling purposes, this would result in a time of detection of 0 4 
minutes.  5 

Similarly, for growing fire scenarios, the time of detection for plant personnel should be modeled 6 
as zero. The detection time of t = 0 is representative of prompt detection associated with 7 
personnel being present in the location of a fire. 8 

For growing fires, the time to detection for automatic detection systems should be determined 9 
using detailed fire modeling in conjunction with the traditional electrical cabinet HRR profile as 10 
described in NUREG/CR-6850.  11 

5.3.5 Probability of Failure—Detection 12 

NUREG/CR-6850 provides values for the probability of random failure of smoke detection 13 
systems (0.05) using the estimated unreliability values presented in NSAC-179L [23]. The FPRA 14 
should also consider plant-specific unavailability of detection (and suppression) systems to 15 
account for maintenance activities or impairments. Often, in the FPRA, these two values are 16 
simply added together. This addition comes from the simplification of a type of fault tree analysis 17 
where the probability of failure in the detection system comes from the failure of the detection 18 
(or suppression) system due to the system being unreliable or unavailable.  19 

Mathematically, assuming the reliability and availability of the detection (or suppression) 20 
systems are mutually exclusive, the probability of failure of the automatic detection system is 21 
represented in Equation 5-5. 22 

𝑃𝑃𝑃𝑃(𝐹𝐹 𝑜𝑜𝑜𝑜 𝑈𝑈) = 𝑃𝑃𝑃𝑃(𝐹𝐹 ⋃ 𝑈𝑈) = 𝑃𝑃𝑃𝑃(𝐹𝐹) + 𝑃𝑃𝑃𝑃(𝑈𝑈) (5-5) 

where, F represents the unreliability of the system, and U represents the unavailability of the 23 
system.  24 

The screening probability of detection by plant personnel and average probability of smoke 25 
detection, like the unavailability, may lead to the failure of the automatic smoke detection 26 
system. Therefore, just as with the plant-specific unavailability and reliability, these should be 27 
considered in estimating the probability of detecting a fire. Figure 5-12 represents an example 28 
determination of the probability of failure for detection for an interruptible fire. In this example, an 29 
motor control center (MCC), monitored in the MCR, is located in a fire compartment that has 30 
been determined to have an occupancy rating level of low and a maintenance rating level of 31 
medium and no contribution of adjacent spaces.  32 
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 1 

 2 

Figure 5-12 3 
Probability of a detection fault tree for an interruptible fire with MCR indication and 4 
automatic smoke detection 5 

In Figure 5-12, the top event representing the probability for failure of detection for a fire, 6 
DETECTION_IF, is estimated using the following basic events:  7 

• MCR_IND_PRF. The probability of failure associated with non-fire trouble alarms in the 8 
MCR (Section 5.3.3.2). 9 

• MCR-HEP. The failure of an MCR operator to appropriately respond to a trouble 10 
indication (Section 5.3.3.3). 11 

• PP_PSNC_16. The failure of plant personnel to be present in a compartment for low 12 
occupancy and medium maintenance ratings and no credit for adjacent spaces (see 13 
Section 5.3.3.5). 14 

• EFF_SMK_MCC_DEF. The default fuel loading MCC does not reach a detectable 15 
smoke optical density (OD) and is not detected (see Section 5.3.3.1). 16 

• IGNT_SRC_ONLY. A flag set to True (1) or False (0) used to include or exclude the 17 
detection effectiveness term when secondary combustibles are involved or not. 18 

• UNRELI_SMK. The unreliability of a smoke detection system (NUREG/CR-6850, 19 
Appendix P). 20 

• UNAVAIL_SMK. The plant-specific unavailability of a smoke detection system (assumed 21 
for this example).  22 
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Assuming the events are mutually exclusive, the cut-sets for estimating this probability of 1 
detection would be the following (Equations 5-6 to 5-11):  2 

𝑀𝑀𝑀𝑀𝑀𝑀_𝐼𝐼𝐼𝐼𝐼𝐼_𝑃𝑃𝑃𝑃𝑃𝑃 × 𝐸𝐸𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆_𝑀𝑀𝑀𝑀𝑀𝑀_𝐷𝐷𝐷𝐷𝐷𝐷 × 𝑃𝑃𝑃𝑃_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_16 → 0.01 × 0.33 × 0.855 

 

(5-6) 

𝑀𝑀𝑀𝑀𝑀𝑀_𝐻𝐻𝐻𝐻𝐻𝐻 × 𝐸𝐸𝐸𝐸𝐸𝐸_𝑆𝑆𝑆𝑆𝑆𝑆_𝑀𝑀𝑀𝑀𝑀𝑀_𝐷𝐷𝐷𝐷𝐷𝐷 × 𝑃𝑃𝑃𝑃_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_16 → 0.001 × 0.33 × 0.855 

 

(5-7) 

𝑀𝑀𝑀𝑀𝑀𝑀_𝐼𝐼𝐼𝐼𝐼𝐼_𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈_𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑃𝑃𝑃𝑃_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_16 → 0.01 × 0.05 × 0.855 

 

(5-8) 

𝑀𝑀𝑀𝑀𝑀𝑀_𝐼𝐼𝐼𝐼𝐼𝐼_𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈_𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑃𝑃𝑃𝑃_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_16 → 0.01 × 0.01 × 0.855 

 

(5-9) 

𝑀𝑀𝑀𝑀𝑀𝑀_𝐻𝐻𝐻𝐻𝐻𝐻 × 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈_𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑃𝑃𝑃𝑃_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_16 → 0.001 × 0.05 × 0.855 

 

(5-10) 

𝑀𝑀𝑀𝑀𝑀𝑀_𝐻𝐻𝐻𝐻𝐻𝐻 × 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈_𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑃𝑃𝑃𝑃_𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_16 → 0.001 × 0.01 × 0.855 

 

(5-11) 

Adding these cut-sets, the detection probability of failure is approximately 3.67E-03. 3 

Appendix C presents the probability of detection for a scenario with the following:  4 

• An automatic smoke detection system having an assumed unavailability of 0.01  5 

• With and without MCR indication  6 

• For all occupancy and maintenance influencing factor rating levels 7 

• For all electrical enclosure classification groups described in NUREG-2178 8 

 9 
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6  1 

EXAMPLES 2 

A number of examples are presented to show the application of the methodology to different 3 
scenarios.  4 

6.1 Example 1, NUREG/CR-6850 5 

The example presented in Appendix P of NUREG/CR-6850 [1] is assessed using the 6 
methodology presented in this report. Information provided in the NUREG/CR-6850 example 7 
includes the following: 8 

• Room is equipped with a smoke detection system. There is no very early warning fire 9 
detection system (VEWFDS), sometimes referred to as an incipient detection system, 10 
located in the compartment or monitoring the ignition source. The time to automatic 11 
smoke detection is 1 minute. 12 

• Room is not equipped with an automatic fixed suppression system. 13 

• Room is equipped with a manually activated fixed gaseous suppression system.  14 

• The ignition source is an motor control center (MCC). It is assumed that the ignition 15 
source is limited to a single vertical section of the MCC.  16 

• The target is a cable tray located away from the ignition source with a time to damage of 17 
approximately 15 minutes.  18 

• The brigade response time is 7 minutes. As described in NUREG-2169 [3], the brigade 19 
response time is already included in the estimated suppression rate so this time is no 20 
longer included in the analysis.  21 

Additional information is required to apply the revised methodology, as follows: 22 

• The MCC is not monitored in the main control room (MCR), and there would be no 23 
special indication of a fault in the MCC prior to or concurrent with the automatic fire 24 
detection.  25 

• The effectiveness of the automatic smoke detection system is 0.33, as described in 26 
Section 5.3.3.1. 27 

• A pre-growth period of 4 minutes is included in the detailed fire modeling of the 28 
interruptible fraction of fires. For details, see Section 4.1.3. 29 

• The MCC is located in a room that has been determined to have medium occupancy and 30 
medium maintenance rating levels. An adjacent space has also been classified with 31 
medium occupancy and maintenance ratings. This results in a probability that personnel 32 
are not present to detect the fire of 0.231. For details, see Section 5.3.3.5. 33 

• The interruptible fire and growth fire suppression rates are 0.139 and 0.099, 34 
respectively, as described in Section 3.5. 35 

DRAFT 

for
 Pub

lic 
Com

men
t



 
 
Examples 

 

6-2 

• The split between interruptible and growing fire profiles is 0.72/0.28, respectively, as 1 
described in Section 3.4. 2 

Figure 6-1 illustrates the solution of the Pns event tree following the NUREG/CR-6850 [1] 3 
approach. 4 

 5 

Figure 6-1 6 
Solution for the NUREG/CR-6850 detection-suppression event tree  7 

The first credited system for sequences F to I is automatic detection, which has a failure 8 
probability of 0.05 as identified in NUREG/CR-6850. The probability of failure to activate the 9 
gaseous suppression system in time is the summation of the human error activating the system 10 
(assumed to be 0.1 in NUREG/CR-6850 for this example) and the unreliability of the system 11 
(0.05 in NUREG/CR-6850 for this example).The probability of failure for the fire brigade is 12 
calculated using the electrical suppression curve provided in NUREG-2169 [3] (lambda of 13 
0.098). The resulting timing is 15-1=14 minutes and the Pns becomes as shown in Equation 6-1. 14 

FI
1.000 0.95 0.00

1.00 0.85

0.15 0.75

0.25

0.05 0.00

1.00 1.00 0.00

1.00 0.00

1.00

0.00

Total 8.61E-02

5.00E-02

0.00E+00

0.00E+00

0.00E+00

0.00E+00

M

N

NS

NS

K

L

OK

OK

J

OK

Fire

Automatic Manual

0.00E+00AD AS MD MF FB F OK

S
eq

ue
nc

e

End 
State

Pr (Non-
Suppression)

Detection Suppression Detection Fixed Fire Brigade

NS 3.61E-02I

H OK 1.06E-01

OK 8.08E-01G
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𝑒𝑒−𝜆𝜆𝜆𝜆 → 𝑒𝑒−0.098∙14 = 0.25 (6-1) 

If the automatic detection fails, delayed detection is credited. Sequences J to N refer to this 1 
situation. Assuming a delayed detection time of 15 minutes [1], the fire brigade has no time to 2 
suppress the fire before target damage, and the probability of non-suppression becomes 1.0.  3 

The sum of sequences I, M, and N provides to total scenario Pns , which is 3.61E-02 + 5.0E-02 + 4 
0.0 = 0.0861. Because the MCC is not monitored in the MCR (there would be no indication of 5 
trouble with the equipment), the detection branches would be calculated, as shown in Figure 6-2 6 
and Figure 6-3. 7 

 8 

Figure 6-2 9 
First detection for the interruptible path, NUREG/CR-6850 Appendix P example 10 

Because there is no thermally activated detection system in this example, there is no second 11 
detection option for the interruptible fire path. The first detection step for the growing path would 12 
simply be the probability of no personnel present in the compartment, or 0.231 from Table 5-7. 13 
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 1 

Figure 6-3 2 
Second detection for the growing path, NUREG/CR-6850 Appendix P example 3 

The resulting detection failure probabilities are the following: 4 

• First interruptible: 8.41E-02 5 

• Second interruptible: 1.0 6 

• First growing: 2.31E-01 7 

• Second growing: 3.64E-01 8 

For the interruptible path, credit can be taken for the manual fixed system (no credit is taken for 9 
an automatic suppression system because there is not one present in the space). The non-10 
suppression probability (NSP) for the fire brigade branch (D-IF) is calculated and shown in 11 
Equation 6-2. 12 

𝑒𝑒−𝜆𝜆𝜆𝜆 → 𝑒𝑒−0.139∙(15+4) = 0.07 (6-2) 

Note that 4 minutes is added to the time to damage to represent the pre-growth time associated 13 
with an interruptible fire. For more details, see Section 4.1.3. 14 

Following a failure in the first detection branch, because there is no second detection (and 15 
therefore no probability of reaching sequences E to H), the next calculations are associated with 16 
the delayed detection (Equation 6-3):  17 

𝑒𝑒−𝜆𝜆𝜆𝜆 → 𝑒𝑒−0.139∙(15+4−15) = 0.57 (6-3) 
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The growing path follows similarly to the interruptible path with a few small differences. The 1 
NSP for the fire brigade branch (D-GF) following the first detection path is calculated and shown 2 
in Equation 6-4. 3 

𝑒𝑒−𝜆𝜆𝜆𝜆 → 𝑒𝑒−0.099∙(15−0) = 0.23 (6-4) 

For the growing fire, there is a second detection success opportunity (represented by the 4 
automatic smoke detection system). The NSP for the fire brigade branch (H-GF) is calculated 5 
and shown in Equation 6-5. 6 

𝑒𝑒−𝜆𝜆𝜆𝜆 → 𝑒𝑒−0.099∙(15−1) = 0.25 (6-5) 

For the growing fire, there is not enough time to credit delayed detection because the time to 7 
damage equals the 15 minutes of time associated with detection.  8 

The scenario probability of non-suppression is calculated as (1) 9.79E-03 + 0.00 + 7.23E-03 = 9 
1.70E-02 for interruptible fire, and (2) 2.61E-02 + 5.51E-03 + 8.43E-02 = 1.16E-01 for growing 10 
fire. Considering the split fraction for interruptible and growing fire profiles, the total NSP 11 
becomes 0.045. The result is a reduction in the NSP of 0.041. 12 

Figure 6-4 through Figure 6-6 illustrate the solution of the NSP event tree following the updated 13 
approach described previously.  14 

  15 
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 1 

   2 

Figure 6-4 3 
Solution for the detection-suppression event tree for NUREG/CR-6850 Example 1: 4 
interruptible fire path 5 

FI
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  1 

Figure 6-5 2 
Solution for the detection-suppression event tree for NUREG/CR-6850 Example 1: 3 
growing path 4 

FI
1.000

Total

Fire
First Detection
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   1 

Figure 6-6 2 
Solution for the detection-suppression event tree for NUREG/CR-6850 Example 1: total 3 
Pns  4 

6.2 Example 2, Revised NUREG/CR-6850, Personnel Detection Sensitivities 5 

The scenario described in Example 1 is repeated; however, occupancy and maintenance 6 
ratings of the compartment where the MCC is located are varied. The results of these changes 7 
are presented in Table 6-1. 8 

Table 6-1 
Example 2: occupancy and maintenance rating sensitivities 

Sensitivity Case Rating Levels 

Personnel Presence 
Probability 

and Pns 

Example 1 Source compartment: 

Occupancy: medium 

Maintenance: medium 

Adjacent compartment: 

Occupancy: medium 

Maintenance: medium 

0.231, Table 5-6 

 

Pns = 0.045 

 

Results in a reduction of the Pns 
of a 0.041. 

No credit for adjacent spaces  Source compartment: 

Occupancy: medium 

0.475, Table 5-5 

 

FI

Fire Interruptible Fire Event Tree

Pr
 (N

on
-S

up
pr

es
si

on
)

Yes Interruptible 1.23E-02
0.72 0.017

No Growing 0.0324581
0.28 0.116

Total 0.04472
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Table 6-1 
Example 2: occupancy and maintenance rating sensitivities 

Sensitivity Case Rating Levels 

Personnel Presence 
Probability 

and Pns 
Maintenance: medium 

Adjacent compartment: 

Occupancy: N/A 

Maintenance: N/A 

Pns = 0.074 

 

Results in a reduction of the Pns 
of a 0.012. 

Lower occupancy and 
maintenance ratings in adjacent 
spaces 

 

No credit may be taken for an 
adjacent space with lower 
ratings 

Source compartment: 

Occupancy: medium 

Maintenance: medium 

Adjacent compartment: 

Occupancy: low 

Maintenance: low 

0.475, Table 5-5 

 

Pns = 0.074 

 

Results in a reduction of the Pns 
of a 0.012. 

Lower occupancy and higher 
maintenance ratings in adjacent 
spaces 

 

(Note: No additional credit is 
given for the higher 
maintenance rating. Additionally, 
no credit may be taken for an 
adjacent occupancy with a lower 
rating.) 

Source compartment: 

Occupancy: medium 

Maintenance: medium 

Adjacent compartment: 

Occupancy: low 

Maintenance: high 

(5+0/2)/10+(5+5/2)/50= 

0.0575 

 

Pns = 0.085 

 

Results in a reduction of the Pns 
of a 0.001. 

Higher occupancy and 
maintenance ratings in adjacent 
spaces 

Source compartment: 

Occupancy: medium 

Maintenance: medium 

Adjacent compartment: 

Occupancy: high 

Maintenance: high 

0.231, Table 5-6 

 

Pns = 0.045 

 

Results in a reduction of the Pns 
of a 0.041. 

Low occupancy and 
maintenance ratings 

Source compartment: 

Occupancy: low 

Maintenance: low 

Adjacent compartment: 

Occupancy: low 

0.837, Table 5-6 

 

Pns = 0.117 
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Table 6-1 
Example 2: occupancy and maintenance rating sensitivities 

Sensitivity Case Rating Levels 

Personnel Presence 
Probability 

and Pns 
Maintenance: low Results in an increase of the Pns 

of a 0.03. 

6.3 Example 3, Revised NUREG/CR-6850, Enclosure Class/Function Group 1 
Sensitivities 2 

The scenario described in Example 1 is repeated; however, the electrical cabinet source 3 
enclosure class/function group is varied. The results of these changes are presented in Table 4 
6-2. 5 

Table 6-2 
Example 2: enclosure class/function group sensitivities 

Sensitivity Case Enclosure Group/Function 
Class 

Automatic Smoke Detection 
Failure Probability and 

Pns 

Example 1 Enclosure class/function group: 
0.33, Table 5-2 

 

Unreliability: 0.05 

 

Unavailability: N/A 

0.3635 

 

0.045 

 

Results in a reduction of the Pns 
of a 0.041. 

Open, large enclosure Enclosure class/function group: 
0.31, Table 5-2 

 

Unreliability: 0.05 

 

Unavailability: N/A 

0.3445 

 

0.043 

 

Results in a reduction of the Pns 
of a 0.043 

Small enclosure 

 

Enclosure class/function group: 
0.65, Table 5-2 

 

Unreliability: 0.05 

 

Unavailability: N/A 

0.6675 

 

0.067 

 

Results in a reduction of the Pns 
of a 0.019. 
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Table 6-2 
Example 2: enclosure class/function group sensitivities 

Sensitivity Case Enclosure Group/Function 
Class 

Automatic Smoke Detection 
Failure Probability and 

Pns 

Include unavailability of smoke 
detection 

Enclosure class/function group: 
0.33, Table 5-2 

 

Unreliability: 0.05 

 

Unavailability: 0.01 

0.37 

 

0.045 

 

Results in a reduction of the Pns 
of a 0.041. 

6.4 Example 4, Revised NUREG/CR-6850 (MCR Indication) 1 

The scenario described in Example 1 is repeated; however, now the MCC is monitored in the 2 
MCR, and there would be a special indication of a fault in the MCC prior to or concurrent with 3 
the automatic detection.  4 

Because the ignition source is now monitored by the MCR, the probability of detection includes 5 
the main control board indication (see Section 5.3.3.2) and the MCR operator response (see 6 
Section 5.3.3.3). These two changes result in a new Pns of 0.018, a decrease of 0.068.  7 

6.5 Example 5, Revised NUREG/CR-6850 (Automatic Suppression) 8 

The scenario described in Example 1 is repeated; however, now the room is equipped with a 9 
wet pipe automatic suppression system. For this example, the initial fire modeling results show 10 
that the automatic suppression system activates 10 minutes into the scenario. Including the 4-11 
minute pre-growth period for the interruptible fraction of fires results in an automatic suppression 12 
activation time of 14 minutes.  13 

Because the activation of the automatic suppression system occurs prior to damage in both the 14 
interruptible and growing paths, the unreliability (0.02, NUREG/CR-6850) and unavailability 15 
(0.01, assumed for this example) is included in the calculation of the Pns. These changes result 16 
in a new Pns of 0.024, a reduction of 0.062.  17 

6.6 Example 6, 1-Minute Time to Damage 18 

In many instances, the first target damaged by an ignition source is located very close to the 19 
ignition source, and the time to damage may be only 1 minute. This example will compare the 20 
change in the Pns between the methodology in this report and the value that would be reached 21 
following the NUREG/CR-6850 approach.  22 

This scenario is provided with the following information: 23 

• The target is a cable tray located close to the ignition source with a time to damage of 1 24 
minute. 25 

• The ignition source is an MCC. It is assumed that the ignition source is limited to a single 26 
vertical section of the MCC.  27 
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• The room is equipped with a smoke detection system. There is no VEWFDS (sometimes 1 
referred to as an incipient detection system) located in the compartment or monitoring 2 
the ignition source. The time to automatic smoke detection is 1 minute. The 3 
effectiveness of the automatic smoke detection system is 0.33, as described in Section 4 
5.3.3.1. 5 

• The smoke detection system has an unavailability of 0.01.  6 

• The room is not equipped with a fixed automatic or manually activated suppression 7 
system.  8 

• The ignition source is monitored in the MCR, and there would be an indication of a fault 9 
prior to or concurrent with the automatic detection.  10 

• The interruptible fire and growing fire suppression rates are 0.139 and 0.099, 11 
respectively, as described in Section 3.5. 12 

• The split between interruptible and growing fire profiles is 0.72/0.28, respectively, as 13 
described in Section 3.4. 14 

• A pre-growth period of 4 minutes is included in the detailed modeling of the interruptible 15 
fraction of fires. For details, see Section 4.1.3. 16 

• MCR indication unreliability is 0.01 as described in Section 5.3.3.2. 17 

• The MCR operator human error probability (HEP) is 1.0E-03 as described in Section 18 
5.3.3.3. 19 

• The MCC is located in a room that has been determined to have medium occupancy and 20 
medium maintenance rating levels. An adjacent space has also been classified with 21 
medium occupancy and maintenance ratings. This results in a probability that personnel 22 
are not present to detect the fire of 0.231. For details, see Section 5.3.3.5. 23 

The Pns following the approach presented in NUREG/CR-6850 is equal to 1.0. The Pns following 24 
the methodology presented in this report is equal to 0.61, a reduction of 0.39. 25 

 26 
DRAFT 

for
 Pub

lic 
Com

men
t



 

7-1 

7  1 

SUMMARY 2 

This report provides an updated framework for treatment of the fire scenario progression 3 
starting from ignition, through fire growth, and suppression. The framework described in 4 
Appendix P of NUREG/CR-6850 is expanded to allow for additional fire progressions commonly 5 
observed in plant fire events.  6 

7.1 Bin 15 Fire Ignition Frequency 7 

The addition of events from the period of 2010–2014 (from EPRI study, Fire Events Database 8 
Update for the Period 2010–2014: Revision 1 [3002005302]) requires the fire ignition frequency 9 
to be updated. Following the methods outlined in NUREG-2169, the updated fire ignition 10 
frequency distribution for Bin 15 is presented in Table 7-1. 11 

Table 7-1 
Fire ignition frequency distribution for Bin 15 

Bin Location 
Ignition 
Source 

Power 
Modes 

PRA 
Type Period Mean Median 

5th 
Percent 

95th 
Percent 

15 Plant-wide 
components 

Electrical 
cabinets (non-

HEAF) 
AA FPIE 2000–

2014 3.43E-02 3.19E-02 1.13E-02 6.60E-02 

7.2 Interruptible/Growing Fire Split Fraction 12 

Section 3 discussed the event review process to determine the fraction of fires that exhibit 13 
interruptible fire behavior. Forty-seven fire events were reviewed, resulting in (1) 34 out of 47 14 
events (or 0.723) for interruptible, and (2) 13 out of 47 events (or 0.277) for growing. 15 

A summary of the classification and event review is found in Appendix A, Table A-1.  16 

7.3 Interruptible/Growing Fire HRR Profiles 17 

For the purposes of fire modeling, the NUREG/CR-6850 growth profile may be used with a 18 
suggested consideration for interruptible fires. For interruptible fires, a period of up to 8 minutes 19 
with no measurable heat release rate (HRR) may be included prior to the period of fire growth. If 20 
included, this pre-growth phase must be reflected in any calculations of the time to damage, 21 
time to detection, and time to suppression. For more detail, see Section 4. 22 

7.4 New Pns Event Tree Parameters 23 

To support the revised event tree structure, additional parameters in the event tree are 24 
developed, including the following:  25 

• Interruptible and growing fire split fractions: 0.723/0.277 (see Section 3.4/5.3.1) 26 

• Probability of automatic smoke detection: Table 5-2 (see Section 5.3.3.1) 27 
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• Success of main control room (MCR) indication: 0.99 (see Section 5.3.3.2) 1 

• MCR operator response human error probability (HEP): 1.0E-03 (see Section 5.3.3.3) 2 

• Probability of plant personnel present: Table 5-6 and Table 5-7 (see Section 5.3.3.5) 3 

• Time of detection, as follows:  4 

− Detection by a non-fire trouble alarm in the MCR room, plant personnel, and 5 
automatic smoke detection for an interruptible fire modeled as t = 0 (see Section 6 
5.3.4.1) 7 

− Detection by an automatic heat detection system determined using the 8 
Interruptible HRR profile for interruptible fires  9 

− Detection by a non-fire trouble alarm in the MCR room and plant personnel for a 10 
growing fire modeled as t = 0 (see Section 5.3.4.2) 11 

− Detection by any automatic detection system determined using the NUREG/CR-12 
6850 HRR profile for growing fires  13 

The new event tree parameters are summarized in Table 7-2. 14 

Table 7-2 
Summary of non-suppression event tree parameters 

Parameter Interruptible Fire Growing Fire 
Split fraction 0.723 0.277 
Automatic smoke detection 
effectiveness 

Developed for each NUREG-2178 case 
(see Table 5-2) 

Time to automatic smoke detection t = 0 for effective  
No credit for (1-effective) 

t = calculated time for effective 
No credit for (1-effective) 

Main control room indication 

MCR (non-fire alarm) indication reliability:  
0.99 (see Section 5.3.3.2) 

MCR operator HEP: 
1.0E-03 (see Section 5.3.3.3) 

Time to MCR indication t = 0 for ignition sources monitored in the MCR 
(see Section 5.3.4) 

Personnel detection credit Personnel presence estimation 
(see Table 5-6) 

Personnel presence estimation 
(see Table 5-6) 

Time to personnel detection t = 0 for personnel present 
(see Section 5.3.4) 

Heat release rate profile 

Interruptible fire profile 
(see Section 4.1.1) 

 
OR 

 
NUREG/CR-6850 profile 

+ 
Up to 8 minutes pre-growth  

(see Section 4.2) 

NUREG/CR-6850 profile 
(see Section 4.2) 
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7.5 NSP Estimation Update 1 

As a result of this research, two new suppression curves were generated. For electrical cabinet, 2 
Interruptible, the data set contains events involving only electrical cabinets that were classified 3 
as interruptible. Fire events in the control room are excluded from this curve, as well as high 4 
energy arc faults (HEAFs). For electrical cabinet, Growing, this data set contains events 5 
involving only electrical cabinets that were classified as growing. Fire events in the MCR are 6 
excluded from this curve, as well as HEAFs. 7 

The existing MCR suppression curve was updated. Events in this bin include fires occurring 8 
within the MCR, regardless of ignition source (electrical cabinets, main control board, transients, 9 
and so on).  10 

The existing electrical fires suppression curve was updated. Events include non-cabinet 11 
electrical sources, such as electric motors, indoor dry transformers, and junction boxes, among 12 
other electrical equipment. 13 

The numerical values of the Pns curve probabilities are provided in Table 7-3.  14 

 15 

 16 
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A  1 

INSIGHTS FROM THE EPRI FIRE EVENTS DATABASE 2 

Appendix A contains data extracted from the EPRI fire events database. The supporting 3 
information contained in the fire events database serves as the basis for revision of several fire 4 
modeling parameters. A description of the tables in Appendix A include the following: 5 

• Table A-1. This table documents the overall results from the review of the Bin 15 fire 6 
events from 2000–2014. The data fields updated as part of this project include the fire 7 
growth classification, Pns category, and suppression time.  8 

• Table A-2. This table documents the review of the 1990–1999 electrical cabinet fire 9 
events that were used to supplement the manual non-suppression probability curves.  10 

• Table A-3. This table documents the important attributes of the fire event review that led 11 
to the classification of growth profiles. During the review of fire events, the attributes 12 
most important to fire growth were documented, including notification, passage of time, 13 
fire size, and suppression effort. 14 

• Table A-4. This table includes fire events that were originally classified as potentially 15 
challenging or greater in either NUREG-2169 (EPRI 3002002936) [3] or EPRI 16 
3002005302 [4]. Upon further review and/or additional supporting information, these 17 
events are no longer applicable. This table contains a description and disposition for the 18 
seven events that were dispositioned as part of this project.  19 
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B  1 

INTERRUPTIBLE AND GROWING FIRE MONTE CARLO 2 

SAMPLING 3 

B.1 Monte Carlo Simulation for Characterizing the Time and Probability of 4 
Automatic Smoke Detection  5 

The Monte Carlo sampling technique to approximate the probability of automatic smoke 6 
detection is calculated given the possible range of determining factors.  7 

The Monte Carlo simulation consists of four parts, as follows: 8 

1. Generate a fire heat release rate profile over time (randomized peak heat release rate 9 
[HRR]). See Section 4.2. 10 

2. Calculate the time-dependent smoke concentration at a randomized radial distance and 11 
ceiling height above the fuel source. See Section B.2. 12 

3. Calculate the time response of the simulated smoke detector given randomized 13 
activation optical density (OD) values. See Section B.2. 14 

4. Average all smoke detection results over 20,000 occurrences. See Section 5.3.3.1. 15 

The specifics of this process are described in further detail in the following sections with an 16 
overall summary of the input parameters provided in Table B-1. 17 

Table B-1 
Summary of Monte Carlo parameters for modeling automatic smoke detection 

Parameter 
Distribution 

Type Values Notes 
Peak heat release rate Gamma Varies See NUREG-2178, Tables 4-1 and 4-2 

Duration of the pre-growth 
and growth phases of the 

HRR profile 
Constant 12 Total of pre- and growth phase 

(see Section 4.1) 

Duration of the steady state 
heat release rate profile stage Constant 8  Steady burning duration 

(see Section 4.1) 
Duration of the decay state 

heat release rate profile stage Constant 19 Decay burning duration 
(see Section 4.1) 

Ceiling height above fuel 
source Uniform 1.5 - 6.1 m 

(5 - 20 ft) 

Random value independently sampled 
assuming a uniform distribution. 

The range of values is assumed to 
capture likely ceiling heights in nuclear 

power plants 
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Table B-1 
Summary of Monte Carlo parameters for modeling automatic smoke detection 

Parameter 
Distribution 

Type Values Notes 

Radial distance to detector Uniform 0 to 6.5 m  
(0 – 21.2 ft) 

Random value independently sampled 
assuming a uniform distribution. 

The range of values are assumed to be 
within acceptable code compliance 

distances. 

Activation OD Gamma α: 4.62, β: 0.07 Average OD Thresholds  
(see Section C.2) 

Soot yield Uniform 0.076 – 0.175 g/g 

Random value independently sampled 
assuming a uniform distribution.  

Minimum and Maximum values for 
electrical cables. (see Section C.2) 

HRR radiant fraction Constant 0.3 Typical fire radiant fraction 
Ambient temperature Constant 25 °C Typical ambient temperature in an NNP 

Ambient pressure Constant 101325 Pa Typical ambient pressure in an NPP 

Obstructed plume bias Constant 0.62 
Plume calculated conservatively 

assuming an obstructed plume. See 
NUREG-2178. 

B.2 Automatic Smoke Detection 1 

To determine the detection system activation, several parameters must be calculated assuming 2 
that the smoke detector is located within the ceiling jet produced by the fire. These include the 3 
following: 4 

• Ceiling jet temperature 5 

• Ceiling jet density 6 

• Average ceiling jet velocity 7 

• Dilution factor 8 

• Soot density 9 

• OD 10 

Ceiling Jet Temperature 11 

As presented in NUREG-1805, Chapter 11, Section 5.1 [24], the Alpert ceiling jet temperature 12 
correlations [25] of a fire plume can be calculated using Equations B-1 and B-2.  13 

𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 = 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐵𝐵 ∙ 16.9� 𝑄𝑄
2
3

�𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝�
5
3
� for 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑/𝐻𝐻 ≤ 0.18, (B-1) 

 14 
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𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 = 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐵𝐵 ∙ 5.38

⎝

⎜
⎛

𝑄𝑄
2
3

𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝
5
3

� 𝑟𝑟 
𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝

�
2
3

⎠

⎟
⎞

 for 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑/𝐻𝐻 > 0.18 (B-2) 

where Tjet is the ceiling jet temperature in °C, Tamb is the ambient temperature in °C, Q is the 1 
total heat release rate (HRR) in kW, Hpau is the height of the ceiling above the fuel source in 2 
meters, rdet is the radial distance from the plume center line to the detector in meters, and 3 
B=0.62 is the obstructed plume bias from NUREG-2178. In this formulation, the reduction in the 4 
ceiling jet temperatures is assumed to be equivalently proportional to the obstructed plume 5 
correction when applied.  6 

Due to the direct association with the thermal plume, the obstructed plume bias is 7 
conservatively included in the estimation of the ceiling jet temperature. The inclusion of this bias 8 
results in an increased heat release rate required to reach a detectable OD.  9 

Ceiling Jet Density 10 

The ceiling jet density is the density of the ceiling jet at the radial distance of the smoke 11 
detector. This can be computed using the Alpert ceiling jet temperature equations presented 12 
previously and the ideal gas law [26] (Equation B-3).  13 

𝜌𝜌𝑗𝑗𝑗𝑗𝑗𝑗 =  
𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎  𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎

�𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 + 273.15�𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔
 (B-3) 

where ρjet is the density of the ceiling jet in kg/m3, mwair is the molecular weight of air equal to 14 
0.0288 kg/mol, Patm is atmospheric pressure equal to 101325 Pa, and Rgas is the gas constant 15 
equal to 8.314 J/mol·K. 16 

Dilution Factor 17 

The conservation of energy and the first law of thermodynamics [27] can be applied to 18 
determine how much entrainment has occurred into the fire plume and ceiling jet in order to 19 
achieve the final gas temperature at the detector. A unit mass of fuel can be considered to have 20 
an enthalpy equal to its heat of combustion. Post-combustion, the convective fraction of that 21 
enthalpy results in a hot fire plume and ceiling jet. Ignoring convective heat loss to the ceiling, at 22 
any radial distance in the ceiling jet, the total energy flux at that distance is equal to the 23 
convective heat release of the fire. Because smoke detection is expected to occur when the 24 
temperature is relatively small, the specific heat of air can be considered a constant, cp=1 25 
kJ/(kg∙K) [24] (Equation B-4). 26 

∆𝐻𝐻𝑐𝑐  (1 − 𝑋𝑋𝑟𝑟) = 𝑚𝑚𝑗𝑗𝑗𝑗𝑗𝑗𝑐𝑐𝑝𝑝�𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎� (B-4) 

where ΔHc is the heat of combustion in kJ/kg, 1-Xr is the convective fraction equal to 0.7, and 27 
mjet is the mass flux of the ceiling jet normalized to 1 kg/s of fuel; this includes both the mass of 28 
fuel and the air that has diluted the fuel. A value of 16,000 kJ/kg is assumed for the heat of 29 
combustion as suggested by NUREG-7010 [28]. 30 

The mass flux of fuel products of combustion in the ceiling jet is very small compared to the total 31 
mass flux and can be ignored. This means one can compute a dilution factor, 𝐷𝐷𝐷𝐷, as shown in 32 
Equation B-5. 33 
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𝐷𝐷𝐷𝐷 = ∆𝐻𝐻𝑐𝑐  
(1 − 𝑋𝑋𝑟𝑟)

𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 0.001
 (B-5) 

The 0.001 is included in the numerical computation to avoid dividing by zero for cases where 1 
the fire size is near zero and the ceiling jet temperature is approximately the same as the 2 
ambient temperature. 3 

Soot Density 4 

The dilution factor applies on a per kg of fuel basis. For each kg of fuel consumed, 𝑦𝑦𝑠𝑠 kg of soot 5 
are produced. Within the ceiling jet that soot is diluted by the dilution factor, 𝐷𝐷𝐷𝐷; therefore, the 6 
overall soot density at the detector, 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, can be computed as shown in Equation B-6. 7 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑦𝑦𝑠𝑠
𝐷𝐷𝐷𝐷

𝜌𝜌𝑗𝑗𝑗𝑗𝑗𝑗 (B-6) 

Where ys is the soot yield of the fuel in kg/kg and all other parameters have been identified. The 8 
soot yield values used in the Monte Carlo sampling process are taken from the values for 9 
electric cables in the SFPE handbook [29; Table A.39]. The soot yield is a random value 10 
independently sampled assuming a uniform distribution between the values of 0.076 and 0.175 11 
kg/kg selected as approximate lower and upper bounds for electric cables from the Society of 12 
Fire Protection Engineers (SFPE) handbook [29; Table A.39]. 13 

Optical Density 14 

The OD measurement quantifies the exponential decay of light passing through a path length of 15 
smoke [24]. For smoke detection activation, once the calculated OD exceeds the activation OD, 16 
the detector will activate. Equation B-7 is used to calculate OD of the smoke in the ceiling jet at 17 
the detector. 18 

𝑂𝑂𝑂𝑂 =
(𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)(𝐾𝐾𝑚𝑚)

ln (10)
 (B-7) 

where Km is the specific light extinction coefficient in m2/kg. A value of 8700 m2/kg is suggested 19 
by Mulholland and Croarkin [30]. This value is then compared against a detector threshold to 20 
determine whether a given scenario will activate the detector.  21 

The activation OD values used in the Monte Carlo sampling process were developed from the 22 
average OD alarm thresholds for ionization and photoelectric smoke detectors [31]. The values, 23 
presented in Table B-2 (and graphically in Figure B-1), are used to fit a gamma distribution. The 24 
alpha and beta parameters from this best fit gamma distribution are used in the Monte Carlo 25 
sampling process to provide a randomized activation OD for the smoke detection calculation.  26 

  27 
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 1 

Table B-2 
Smoke detection OD thresholds 

OD Alarm Threshold 
(%) 

Ionization 
(OD/m) Photoelectric (OD/m) Average 

Best Fit 
(Gamma) 

0% 0 0 0 0 
20% 0.091 0.116 0.103 0.187 
50% 0.256 0.319 0.287 0.287 
80% 0.390 0.450 0.420 0.420 

 Alpha = 4.62 Beta = 0.067 
 2 

 3 

Figure B-1  4 
Alarm threshold OD gamma distribution fit 5 

B.3 OD Smoke Detection Validation 6 

Validation of the OD smoke detection method was performed using results from home smoke 7 
alarm performance test results summarized in NIST Technical Note 1455-1 [32]. NIST Technical 8 
Note 1455-1 contains data from a series of smoke alarm tests that were used to estimate the 9 
performance of smoke detectors in residences. Tests were performed in a manufactured home 10 
using various ignition sources (upholstered chair and mattress) and detector locations. For this 11 
validation, only the results from detectors located within the same room were used as the 12 
ignition source. The results of the Fire Dynamics Tools (FDTs) (temperature rise) smoke 13 
detector activation times were a bias of +7% (slower time to detection) and a standard deviation 14 
of 58%.  15 

The activation times for three detectors (ionization and photoelectric) over eight of the NIST 16 
home smoke alarm test series [32] are used in this validation study. These test series are also 17 
used in the validation of smoke detector activation times summarized in Supplement 1 to 18 
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NUREG-1824 [33]. The inputs used to perform the OD smoke detector validation results are 1 
presented in Table B-3. 2 

Table B-3 
Optical smoke detection validation parameters 

Parameter Value(s) Notes 

Heat release rate profile (FDTs 
validation) 

𝑄̇𝑄 = 𝛼𝛼𝑡𝑡2 

α range: 0.00309 to 0.0104580 

As noted in Special Publication 
1169 [34], the fire growth was 
specified by the t-squared 
growth rate up to a cutoff time of 
300 seconds.  

Heat release rate profile (FDS 
validation) 𝑄̇𝑄 = 𝑄̇𝑄0 �

𝑡𝑡
𝜏𝜏
�
2
 

𝑄̇𝑄0:  range from 100-350 kW 

𝜏𝜏 : 180 seconds 

Time offset: range from 10-40 
seconds 

As noted in the Fire Dynamics 
Simulator (FDS) Validation 
Guide [35], the HRR was 
determined by approximating 
the fire growth using a t-squared 
ramp calibrated using the 
temperature measured in the 
highest thermocouple in the tree 
during the experiment.  

Vertical separation 2.0 to 2.1 m Heights specified for applicable 
tests as presented in Special 
Publication 1169 [34]. 

Horizontal separation 1.3 to 1.8 m Distances specified for 
applicable tests as presented in 
Special Publication 1169 [34]. 

Activation OD 0.42 OD/m Average OD for an approximate 
80% cumulative activation for 
ionization and photoelectric 
smoke detectors [31] 

Soot yield 0.0975 g/g Average, unweighted, soot yield 
for polyurethane (flexible 
foams), polyester, and wood 
[29] 

Ambient temperature 21 to 26 °C Ambient temperatures specified 
for applicable tests as presented 
in Special Publication 1169 [34]. 

Heat of combustion 30,000 kJ/g Approximate, unweighted, soot 
yield for polyurethane (flexible 
foams) and polyester [29] 

Ambient pressure 101325 Pa Constant [36] 

Gravity 9.81 m/s2 Constant [36] 

Radiative fraction 0.3 The radiant fraction for the fire 
was set to 0.3, which is at the 
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Table B-3 
Optical smoke detection validation parameters 

Parameter Value(s) Notes 

lower end of the suggested 
range of 0.3 – 0.4 [37]. 

Molecular weight of air 0.029 Constant [36] 

Molar gas constant, R 8.31 J/mol·K NIST reference on constant, 
units and uncertainty, 
physics.nist.gov 

 1 

Results are shown in Figure B-2. The bias in the OD smoke detector activation model are +12% 2 
assuming the FDTs validation HRR profile and +24% assuming the FDS validation HRR profiles. 3 
The standard deviation is slightly reduced, 50% and 46% for the FDTs and FDS validation 4 
HRRs, respectively. These validation results demonstrate that the OD smoke detection method 5 
results in an average over-prediction for modeling the activation times for smoke detectors. 6 
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 1 

Figure B-2 2 
Results comparing NIST home smoke detector activation times with OD modeled 3 
activation times  4 
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C PROBABILITY OF DETECTION TABLES 1 

The probability of detection for a scenario in an electrical cabinet with and without MCR 2 
indication and an assumed automatic smoke detection system unavailability of 0.01 for all fuel 3 
loading conditions are presented in the following tables. 4 

 5 
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D  1 

SENSITIVITY AND UNCERTAINTY 2 

The input parameters developed as part of the methodology described in this report are studied 3 
to determine their sensitivity on the calculation of the probability of non-suppression. These 4 
sensitivities are developed based on uncertainty ranges of the different input parameters. In this 5 
Appendix D, parameter sensitivity cases and results are presented in Table D-1. Sensitivities on 6 
the function (for example, personnel detection, MCR indication, and probability of no detection 7 
by a reliable and available automatic smoke detection system) are presented in Table D-2. 8 
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The results of these sensitivity cases highlight that greatest impact in the calculation of the Pns 1 
results from the inclusion or exclusion of the following: 2 

• The MCR Indication means of detection3 

• The interruptible and growing fires suppression rates4 

• The interruptible and growing fires split fraction5 

Sensitivity in the calculation of the Pns to the suppression rate is not an unexpected result. 6 
Increasing or decreasing the rate at which fires are estimated to be suppressed should impact 7 
the probability of failing to suppress a fire. The sensitivity to the split fraction highlights the 8 
difference between the Pns modeled as interruptible fires, with a greater suppression rate and a 9 
zero time of detection. 10 

The sensitivity to the MCR Indication means of detection likely results from the magnitude of the 11 
parameters associated with this means of detection. As presented in Figure 5-12, when 12 
included, this means of detection multiplies a factor of 0.011 (0.01+0.001- 0.01×0.001) to the 13 
estimated probability of detection failure. Outside of occupancy spaces with high and no ratings, 14 
the probabilities associated with personnel detection range from 0.25 to 0.925 and are less 15 
influential to the successful detection of a fire. 16 

17 
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