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PRODUCT DESCRIPTION

In 2005, EPRI/NRC-RES Fire PRA Methodology for Nuclear Power Facilities (published jointly
as Electric Power Research Institute [EPRI] 1011989 and NUREG/CR-6850) described a set of
methods and data for performing a modern fire probabilistic risk assessment (PRA). Since the
publication of that report, research has been underway continuously to improve the methods and
to assemble and analyze additional data to better characterize nuclear power plant (NPP) risk due
to fire. This report addresses three areas in which technical refinements of existing guidance or
new methods have been developed:

e The development of guidance for accounting for the impacts of fires that originate near walls
or in corners of rooms. In such cases, the characteristics of the fires (that is, the manner in
which they grow and the heat transfer to targets in the room) are different from those for fires
that originate in the middle of a room. These impacts are reflected by applying a fire location
factor for the ignition source.

e The characterization of transient fire ignition frequency to account for the probability of a
transient ignition source that could be located near a secondary transient combustible material.

e The characterization of heat release rate (HRR) profiles and durations for liquid spills.

The guidance included in this report is intended to promote consistency in the manner in which
these conditions are treated and to increase the degree of realism associated with characterizing
the fire risk for the resulting fire scenarios.

Background

Internal fires may threaten the safe shutdown of a NPP, especially as the initial fire progresses

and involves secondary combustibles such as electrical cables. EPRI 1011989 (NUREG/CR-6850)
provides a framework and data for the calculation of fire frequency and size; however, some of
these elements may lead to over-estimating the aggregate fire risk. Since the publication of EPRI
1011989 in 2005, additional research in many areas has led to an increased understanding of the
risk contributors from fire. This report provides the results of some of that research; additional
research relating to the frequency and size of fires is ongoing.

Objectives

The objective of this report is to provide the ability to address specific elements of the fire
modeling process in a more realistic manner in order to better understand the contributions to
plant fire risk.



Approach
Three specific areas for refinement are identified in this technical report. The approach for each
method is described individually in more detail below.

Fire Location Factor. Currently, literature and experimental data are associated with the fire
location factor phenomenon in fire protection engineering. However, no guidance is available for
the treatment of an ignition source located near wall or corner surfaces. Such configurations are
found commonly in NPPs; therefore, more explicit guidance for addressing fire scenarios
associated with these locations is needed for NPP fire PRAs. In order to explore the impacts for
such fires, the Fire Dynamics Simulator (FDS) software tool was used to simulate fire conditions
in the open, near walls, and in corner configurations. FDS served as a tool for understanding how
parameters such as HRR and distance to wall or corner influence the fire behavior and for
developing the guidance for modeling such fires.

Transient Fires. A review of the EPRI Updated Fire Events Database (1025284) was performed
to develop insights from transient fire events occurring either at power or during low-power or
shutdown operating modes. The review revealed that many of the ignition sources associated
with actual fires did not have the potential to develop into larger fires due to lack of nearby
combustibles or minimal combustible material within the ignition source itself. Based on these
insights, a factor, Wp, has been developed based on the event data to represent the likelihood of
having a transient ignition source integral or near to a secondary combustible.

Liquid Spill Heat Release Rate and Duration. Recent experimental data for a large number of
liquid fuel fire tests conducted for the U.S. National Institute of Justice were used to improve an
empirical model to more realistically characterize the HRR and duration of liquid spill fires.

Results
The results of the research documented in this report include:

1. New guidance defining the treatment of fire scenarios postulated near wall and corner
surfaces. Specific conditions are described for applying the wall and corner location factor
in fire plume temperature calculations.

2. A new quantification factor has been defined for characterizing the probability of transient
fire scenarios. This factor improves the realism of the risk equation by incorporating the
probability of transient ignition sources within or near transient combustible packages.

3. A set of equations used for characterizing the HRR profile and duration for liquid spill fires.

This research is documented such that it facilitates its implementation in fire PRAs developed
over the past 10 years, using the framework described in EPRI 1011989/NUREG/CR-6850.

Applications, Value, and Use

The results of this report can be incorporated into fire PRAs. It is expected that these methods
will provide a more realistic characterization of the fire hazards for selected ignition sources or
scenarios that is commensurate with operating experience. Improving the realism of these fire
PRAs will allow more meaningful identification of risk contributors and more effective
evaluation of potential plant improvements to reduce fire risk further.

Keywords
Fire probabilistic risk assessment (FPRA) Fire hazard Fire location factor
Oil fires Transient fires
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AFFF
ASTM
CFD
CFAST
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heat release rate

heat release rate per unit area

hot gas layer

kilowatts
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megawatt

National Fire Protection Association
National Institute of Justice

National Institute of Standards and Technology
nuclear power plant

Nuclear Regulatory Commission

operator manual action
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SDP
SFPE
THIEF
TP

TS
TIS

U.S.

V&V
701

viil

probabilistic risk assessment
significance determination process
Society of Fire Protection Engineers
thermally induced electrical failure
thermoplastic

thermoset

transient ignition source

transient propagation factor

United States
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NOMENCLATURE

Nomenclature for Sections 5 and 6
Roman

Area (m?)

Empirical coefficient (-)
Diameter (m)

Energy (kJ)

Empirical constant for pool fire burning rate model (m-1)
Mass (kg)

Mass (kg)

Power law constant

Heat (kW)

Heat (kW)

©oe v zs3 ~ T O AO»

Radial coordinate (m)
Radius (m)
Time (s)

—

- ®

T Temperature (°C)
\ Velocity (m/s)
\Y Volume (m?)

Subscript

00 Limiting or maximum value; ambient value
o Relating to the fuel depth

act Actual value

b Relating to the burning duration at a fixed point in a liquid pool
C Relating to combustion
cr Critical value

1X



d Duration

e Equivalent

lag  Relating to the lag or heat release rate development time
0 Outer

p Peak value

pred Predicted value

v Relating to the velocity spread time

Superscript

Per unit time (1/s)

13

Per unit area (1/m?)

Greek

B Empirical constant for pool fire burning rate model (-)
o Fuel depth (m)

A Change operator

0 Angular coordinate (radians)

p Density (kg/m?)

o Surface tension (mN/m)
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1

INTRODUCTION

In 2005, the Electric Power Research Institute (EPRI) and the U.S. Nuclear Regulatory
Commission (NRC) jointly published a framework and methodology to support the development
of modern fire probabilistic risk assessment (PRA) known as EPRI 1011989/NUREG/CR-6850
(referred to here as NUREG/CR-6850). Since publication, this methodology has been widely
implemented in support of risk-informed applications such as National Fire Protection Association
(NFPA) 805. Since that time, technical areas have been identified where the current methods,
assumptions, and data may produce conservative results. This has resulted in the need to further
examine these areas and understand how prior simplifications, assumptions, or conservatisms
could affect insights and decision making.

This report examines a more detailed treatment of three technical areas: fire location factor
(Sections 2 and 3), transient fire frequency (Section 4), and liquid spill fire heat release rate
(HRR) treatment (Sections 5 and 6). For each method, the scope, technical basis, and revised
treatment are discussed.

1.1 Fire Location Factor

The fire location factor is a parameter used to modify the plume equation for fires that are
located near a wall or corner to reflect the effects of air entrainment in the plume temperature.
This modifier produces higher plume temperatures above the ignition source and, consequently,
a larger vertical zone of influence when compared to fires postulated in the open (that is, away
from wall or corner surfaces).

Section 2 of the report is structured to provide the background, literature review, and scoping of
Fire Dynamics Simulator (FDS) software simulations that were used to investigate the assignment
of fire location factors. A literature review of existing studies, including a comparison of FDS
results to earlier experimental data, was performed. Influencing parameters, such as HRR, fire
diameter and distance from the wall, are discussed, and a simulation matrix details the FDS
simulations performed in support of this effort.

Section 3 of this report presents the results of the FDS simulations. Over 50 simulations were
performed to explore the behavior of fire near walls and corners. Sensitivities to wall parameters
and a treatment of uncertainty are provided. Also, fire PRA implementation guidance and
examples are discussed.

1-1



Introduction

1.2 Transient Fire Frequency

Transient fire propagation is the next method addressed in this report. Available fire event data
from the U.S. commercial nuclear industry capture general transient ignition events. A review of
the data suggests that many of the ignition sources do not contain sufficient combustibles to grow
into larger fires and thus may need to be within close proximity to secondary combustibles to
become challenging fires. Therefore, the current transient fire frequency may be overestimated.

Section 4 of this report presents the concept of the propagation factor, Wp, that accounts for the
likelihood of having a transient ignition source integral or nearby to secondary combustibles. The
parameter, Wp, has been developed to modify the ignition frequency of transient fires during all
modes, at-power, and low-power shutdown (LPSD) operating modes.

1.3 Liquid Spill Fire Heat Release Rate Treatment

The characterization of the HRR profile and duration associated with liquid spill fires is the
final method explored in this report. This research is based on fire tests conducted for the U.S.
National Institute of Justice, which provided a wealth of data to enhance existing methods for
characterizing liquid spill fires.

Section 5 of this report discusses the current methods available for determining the fire hazard
and duration for liquid spill fires. Additionally, a discussion of the assumptions and limitations of
the methods are discussed. Finally, experimental results for confined and unconfined liquid spills
are presented.

Section 6 of the report reviews the experimental data. The data have been classified to provide
a more realistic method to characterize the HRR profiles. Updated implementation guidance is
provided in Section 6.2 along with common pre-solved HRR profiles and durations in Appendix C.
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2

GUIDANCE ON THE IMPLEMENTATION OF FIRE
LOCATION FACTORS NEAR WALLS AND IN
CORNERS FOR THERMAL PLUMES

2.1 Introduction

Fire plume temperatures are routinely calculated in fire modeling and fire PRAs in the
commercial nuclear power industry. This is because numerous fire scenario configurations
consist of risk-contributing equipment above potential fire sources. The latest guidance available
for determining fire plume temperatures includes the use of fire location factors when the fire is
postulated near corners or along walls to account for the increased thermal exposure in those
configurations [1]. This report provides detailed guidance on the appropriate use and selection of
fire location factors suitable for fire plume temperature predictions in fire PRA. The guidance
provided in this report is intended for field application, and the results are ultimately presented in
a simplified manner for ease of use.

Fires that are located near a wall or a corner may experience reduced air entrainment and a force
imbalance on the plume that tends to push the flames against the boundary [2]. The offset
distance between a fire and a wall or a corner boundary at which the boundary influences the
entrainment likely varies with the fire size and other parameters. In practice, distances from walls
and corners used in fire modeling analyses range from as little as a few inches to several feet as
documented in the Technical Basis for Fire Protection Significance Determination Process [5].

When a fire is considered to be influenced by a wall or a corner boundary, the “image” method is
used to quantify the effect on the entrainment. The image method treats a fire adjacent to a wall
as one-half of a virtual fire with a symmetry plane coincident with the wall boundary. This is
accomplished by application of fire location factors when the fire is postulated in corners or
along walls to account for the potentially increased thermal plume temperatures in those
configurations [4, 5]. The term fire location factor refers to a variable, which is typically
expressed in equations by the symbol kg, used in calculating fire plume temperatures in wall and
corner configurations. The location factor can be equated to the number of reflections of the
analyzed configuration required to equate it with an open fire plume configuration. The location
factor has the effect of increasing the resulting plume temperature to account for two conditions
that may be related to each other:

e Less entrainment of fresh air into the fire plume is due to the wall surfaces surrounding the
fire. That is, fire away from wall surfaces is able to entrain ambient air into the fire plume
around its entire circumference. The concept of air entrainment refers to the fire-induced
movement of fresh air into the fire plume due to density differences in the ambient air and
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the warmer fire plume gases. In contrast, a fire in a corner or along a wall would be able
to entrain air only along the portions of its circumference that are not blocked by the wall
surfaces. Less entrainment of fresh air into the fire plume produces higher plume
temperatures.

e Fires in contact with wall and corner surfaces tend to produce longer flames, which in turn
may produce higher plume temperatures. The longer flames are due to flames being forced
toward the wall surfaces by the momentum of the air entrainment on the open side,
effectively “pushing” the flames against surfaces and potentially stretching the reaction zone
over a greater height. The longer flames can also be due to the reduced rate of entrainment
relative to the open burning configuration, and the fuel requires more entrainment height in
order to draw in sufficient oxygen to complete the combustion reaction.

The location factor application does not currently account for the potential that the wall surfaces
may reduce the thermal plume temperatures by convective heat transfer losses. Limited guidance
is currently available in the method for how to apply the fire location factor in commercial
nuclear power plant (NPP) applications. Two specific clarifications are necessary for plume
temperature exposure analysis: 1) when to use the fire location factor, and 2) what value of the
location factor to use.

The first clarification refers to how far the fire needs to be from the wall surfaces for the location
factor to be applicable. There is no clear guidance on what the distance should be. Current
guidance in the fire protection engineering literature recommends values ranging from “zero”
distance (that is, the fire should be flush with the wall surfaces [3], to conservative applications
for fires 0.6 m from the surfaces [5].

The second clarification refers to the numerical value assigned to the fire location factor. Current
guidance suggests a value of 4 for fires in a corner and a value of 2 for fires along a single wall
surface [4, 5, 7].

In commercial NPP applications, the concept of fire location factors is most relevant for
calculating the zone of influence (ZOI). A ZOlI is the region surrounding a fire where a cable or
component can be damaged by fire-generated conditions [4]. For the same HRR, the ZOI will be
different for fires in corners or along walls if the fire location factor is applied. Since the fire
plume temperature is expected to increase for fires near walls or corners, the corresponding ZOI
associated with these fires is expected to be larger.

Given the relative importance of fire location factors in the analysis of NPP fire scenarios, and
the need to maintain the fire modeling calculations that are part of fire protection programs, the
clarifications described above are necessary. This report documents research developed with the
objective of understanding fire plume temperatures near wall surfaces (that is, corners and walls)
so that specific guidance can be provided on applying fire location factors to plume temperature
calculations. The research and guidance described in this report is intended to clarify the
question of when to apply location factors and what value to use when analyzing commercial
NPP fire scenarios. It is anticipated that this guidance can also be applied to other types of
analyses such as hot gas layer types of exposures.
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2.2 Purpose and Scope

2.2.1 Purpose
Consistent with the two main clarifications listed earlier, the purpose of this study is twofold:

1. Describe the research, providing the technical basis for the application of fire location factors
in plume temperature exposure calculations.

2. Describe the recommended methodology for applying fire location factors in typical
commercial NPP fire scenarios. Specifically, this report provides guidance on when to apply
the fire location factor and which values to use.

2.2.2 Scope

The scope of the research includes the investigation of fire plume temperatures near wall
surfaces using the National Institute of Standards and Technology (NIST) Fire Dynamics
Simulator (FDS), Version 6.01. In addition, existing experimental data available in fire
protection engineering literature have been considered. It should be noted that the guidance
described in this report is limited to thermal plume ZOI applications without hot gas layer
conditions. That is, the analysis does not cover room heat-up effects associated with a ceiling
obstruction on the plume temperature. As such, it is intended to be used in plume temperature
calculations supporting the characterization of the ZOI in the early stages of the fire (that is,
before significant room temperature increases). Additionally, the presence of an obstruction,
such as a fire located in a cabinet, forced ventilation, and changes in fire source elevation are
not explored in this investigation.

Understanding the thermal plume behavior in the presence of wall surfaces is a necessary first
step to understanding the effects on hot gas layer types of exposures. It is anticipated that the
plume temperature guidance can also be applied to other types of analyses such as hot gas layer
types of exposures; however, this effort does not attempt to encompass such effects. This study
will establish the framework for analyzing fire modeling data that will allow future studies to
build upon the knowledge of fire behavior related to NPP fire scenarios.

2.3 Assumptions and Limitations

The assumptions and limitations that follow are applicable to this research.

2.3.1 Heskestad's Fire Plume Correlation

A mathematical model for characterizing fire plume flows based on the conservation of mass,
energy, and momentum has not been developed in this research to address restricted flows by
walls and corners. Instead, the Heskestad fire plume correlation is used as a surrogate for
characterizing axi-symetric fire plumes. The following considerations influenced this decision:

e The Heskestad correlation is a widely used model for calculating fire plume temperatures
as identified in fire PRA methodology [4] and validation of fire models for NPP applications
[1, 12].

e The Heskestad correlation has been verified and validated for commercial nuclear
applications [1, 12].
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e As an algebraic mathematical model, the Heskestad correlation can be easily evaluated and
applied for the purposes of this research and for fire PRA applications.

e A review of a multitude of thermal plume correlations [21] concluded that several reported
correlations use a nearly identical approach to that used by Heskestad.

Note that the Heskestad correlation assumes axi-symetric plumes with the source of energy
concentrated at a point in space near the base of the fire (that is, the virtual source, see Heskestad
[13]). Consequently, the research documented in this report includes fires modeled as axi-
symetric plumes, and the results are compared with FDS simulations with similar fire sources.

The application of the guidance documented in this report to other plume configurations such as
“line fires” has not been investigated. The existing guidance has allowed the application of
location factors to other types of analyses. These applications are typically justified by the fire
modeler for the specific configuration being explored. This document does not seek to limit
those applications, but rather to begin the process of improving the guidance for future
applications.

2.3.2 Fire Dynamics Simulator

The Fire Dynamics Simulator (FDS), Version 6.0.1 [8], was used to develop simulations of wall
and corner effects. FDS is a computational fluid dynamics (CFD) model of fire-driven fluid flow.
FDS solves numerically a form of the Navier-Stokes equations appropriate for low-speed, thermally
driven flow with an emphasis on smoke and heat transport from fires. The formulation of the
equations and the numerical algorithm are contained in the FDS Technical Reference Guide [9].
Verification and validation (V&V) of the FDS are discussed in the FDS V&V guides [10, 11].

Although FDS is routinely used for solving practical fire problems in fire protection engineering,
including fire reconstruction investigations, sprinkler design, smoke management, and so on, it is
also useful as a tool to study fundamental fire dynamics and combustion [9], including low-speed
transport of heat and combustion products from fire. This latter purpose serves as motivation for
using FDS 6.0.1 as the source of the “virtual fire experiments” developed in this research.

The following reasons justify the use of FDS 6.0.1:

e FDS provides the flexibility to model the scenarios with the selected influencing factors
required for supporting the study of fire location factors.

e FDS has been verified and validated for commercial nuclear applications in Verification and
Validation of Selected Fire Models for Nuclear Power Plant Applications [12]. Additionally,
NIST updates the FDS V&V study with each new release.

e There is precedent in the commercial nuclear industry in using FDS for fire PRA
applications. For example:

e An FDS simulation provides the technical basis in the approach described in Fire PRA FAQ
13-0004 dealing with “sensitive electronics” inside electrical cabinets.

e A number of fire PRAs have used FDS in support of the fire modeling calculations for
estimating time to control room abandonment due to fire generated conditions.
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e In comparison to an experimental program, FDS models can be revised and reproduced at
very little cost or time delay.

e FDS base case simulations for fire plumes (that is, plume applications away from wall
surfaces) have been compared with fire plume temperature correlations as a benchmark.

2.3.3 Zone of Influence Applications

The information developed here applies to determining the fire plume component (that is, the
vertical ZOI distance of the plume) generated in the initial stages of the fire.

The guidance provided in this report does not consider room heat-up effects (that is,
development of a hot gas layer). The practical implication of this limitation is that the guidance
is focused on the “early stages” of a fire where substantial smoke accumulation and room heat-
up has not occurred. This limitation also prevents any direct evaluation of the potential effects of
a wall surface on the smoke visibility reduction in a compartment. Existing guidance on smoke
visibility reduction is still applicable and should be used without modification.

This analysis also does not provide any justification for altering the treatment of the thermal
radiation horizontal ZOI. Thermal radiation effects are often used to determine the horizontal
ZOIl. The existing guidance should be used to determine the thermal radiation horizontal ZOI.

2.3.4 Flame Height

The guidance provided in this report covers only the non-combusting region of the fire plume
(that is, the smoke rising above the fire source). The combusting region of the fire plume (that is,
the flames) is not addressed. Specifically, the effects that proximity to a wall or corners may
have on flame heights have not been investigated. The maximum extent of the ZOI described in
this report is not directly affected by the flame interaction with the boundary as this has been
implicitly captured in the results of the FDS simulations. The outcome of this study will have no
impact on the damage predictions for targets exposed to direct flame impingement.

2.3.5 Ceiling Jet

As stated previously, the guidance provided in this report is limited to the “early stages” of a fire
where substantial smoke accumulation and the development of a hot gas layer has not occurred.
Consequently, the guidance provided does not consider the development of a ceiling jet. The
authors have no evidence to support applying the results of this investigation to ceiling jets and
are reluctant to speculate.

2.3.6 Other Limits of Applicability

The research and guidance documented in this report are based on typical commercial NPP fire
scenarios, such as the following:

e The simulations that were developed in FDS consist of wall boundaries with concrete
thermo-physical properties. Concrete walls are common in NPP scenarios for which this
guidance is provided. Additional simulations are performed to show in Section 3.1.4 that the
results presented in this analysis are no different for gypsum and steel wall surfaces.
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e Temperature measurements above the fire are made up to 6 m above the fire source, which is
the typical elevation of room heights in NPPs.

e Evaluated HRRs were up to 1 MW, which is approximately equal to the 98" percentile HRR
value recommended for ignition sources in Appendix G of NUREG/CR-6850. The current
investigation does not consider the effects of secondary combustibles, such as cable trays
ignited above the initiating fire source.

e The current analysis applies to relevant temperature exposures for thermoplastic and
thermoset cable targets. Lower temperatures are not considered to be relevant to risk, and the
existing guidance for exposure to flame temperatures is appropriate.

e The current investigation does not consider the effect of forced or augmented ventilation.

e The effect of obstructions, such as cabinet walls and ceiling around a fire source, on fire
plume flows is not considered in this investigation. This topic is being studied independently
of the wall and corner effects on thermal plumes in NUREG-2178/EPRI 3002005578 [28].

e FDS simulations performed in this investigation do not vary the elevation of the fire (vent)
above the floor. Variation in the fire source elevation is not considered to be a substantial
factor without the presence of a ceiling to allow the accumulation of heat.

e The current investigation applies to defining the thermal plume exposure and extent of the
Z0lI, assuming relevant temperature exposures for thermoplastic (TP) and thermoset (TS)
cable targets. The range of relevant temperatures includes 130°C to 800°C as defined in
Section 2.4.6.4.

e Since FDS has the inherent capability to predict plume temperatures under the influence of
wall surfaces, FDS results should never be adjusted in post-processing calculations to account
for the presence of a wall surface. The bias correction developed in this analysis does not
apply to results obtained directly from FDS and is intended for use with the Heskestad fire
plume temperature correlation only. A qualified user of FDS should develop an appropriate
set of inputs to address the effects of wall surfaces directly and not by adjusting the output
data with a bias correction.

2.4 Technical Approach (Methodology)

The fire location factor, kg, is a variable that has the effect of increasing the resulting plume
temperature used in calculating fire plume temperatures when fires are located in corners or
along walls.

To improve upon the limited guidance provided in how to apply the fire location factor and to
address the previously identified specific clarifications necessary for plume temperature
exposure analysis, the Heskestad plume correlation is modified to include a fire location factor.
This factor is estimated through a comparison of the correlation results to those of a fire model
simulation.

In the following information, the historical development of the fire location factor, the
modification of the Heskestad fire plume correlation, and the simulations used in this
investigation are reviewed.
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2.4.1 Background

A number of studies have explored the effects of wall and corner effects on fire plumes. Works
by Zukoski [15]; Hasemi and Tokunaga [16, 17]; Alpert and Ward [7]; Takahashi et al. [18]; and
Poreh and Garrad [19] note that corner and wall configurations restrict entrainment of air into the
fire plume. The phenomenon of air entrainment refers to the fire-induced movement of fresh air
into the fire plume due to density differences in the ambient air and the warmer fire plume gases.
Fires away from wall surfaces are able to entrain air into the fire plume around its entire
circumference. In contrast, a fire in a corner or along a wall would be able to entrain air only
along the portions of its circumference that are not blocked by the wall surfaces. Less
entrainment of fresh air into the fire plume produces higher plume temperatures.

The effect of this, often referred to as the image or mirror method, can be treated as shown in
Figures 2-1 and 2-2. For a corner geometry, a pseudo HRR of four times the actual HRR is used
to represent the effect of the corner on the entrainment. Following this representation, the actual
entrainment is only one-quarter of the perimeter of the pseudo fire.

Figure 2-1
Corner pseudo-fire representation

A similar representation of a fire located next to a wall can be made, with a pseudo fire two times
as large as the actual fire.
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Figure 2-2
Wall pseudo fire representation

A considerable amount of the research performed on the effects of walls and corners on fire
plumes focused on the mass flux and flame height. However, observations on the plume
temperatures are available. Results from Hasemi and Tokunaga [17] showed that doubling the
HRR as outlined in the image method resulted in an overestimation of the flame height on the
order of 30%. Similar differences are expected for applying a factor of four with fires located in
corners as the mirror method does not consider wall drag and suppression of large-scale flame
structures by the wall surface [21].

The same results from Hasemi and Tokunaga showed that the excess plume temperatures are
inversely proportional to the entrainment of fresh air and that the measured plume temperature
increase is greater than what would be predicted using the image method described in the journal
article, “Some experimental aspects of turbulent diffusion flames and buoyant plumes from fire
sources against a wall and in a corner of walls” [17].

This investigation will consider the conclusions presented by Hasemi and Tokunaga, using the
recommended corner treatment. Plume temperature measurements subject to wall and corner
effects for a single HRR are presented; however, this evidence is not sufficient to develop
detailed recommendations on the application of fire location factors and is, at best, a single point
of comparison. Other studies provide normalized data that are not easily tailored for comparison
with the results of this investigation. These results will be reviewed and compared with results
from this investigation.

Experiments performed by Takahashi et al. [18] showed an excess temperature increase, when
compared to the model presented by McCaffrey [22], as the fire source moved closer to a corner
or wall surface. Additionally, a decrease in the plume mass flux was observed when compared to
the correlation provided by Zukoski et al. [15]. Following observations that air entrainment mass
flux is almost constant along upward velocity for a fire located along walls and near corners,
results from Takahashi et al. [18] showed that mixing of air is restricted and laminarization of the
plume flow occurs along vertical walls. These results suggest a dependence on turbulence for
plume flows. It should be noted that the HRRs used in this study were below values of 25 kW.
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Experiments performed by Poreh and Garrad [19] follow earlier observations that adjacent walls
decrease mass flux and increase flame height. These results also showed that the dimensionless
span of the flame height fluctuations in confined fires is larger than that of free fires, so that the
increase of the peak values due to walls is larger than the increase on their mean values [19].

Experiments performed by Mowrer and Williamson [20] explored the effects of walls and
corners on hot gas layer (HGL) temperatures. This investigation does not consider room heat-up
effects, such as the development of an HGL. However, some of the observations made by
Mowrer and Williamson are comparable to this investigation. One experimental observation
made was that moving the fire source only 0.05 m away from a wall surface decreased the HGL
temperatures measured when compared with a fire located directly adjacent to a wall surface
[20]. A similar decrease in plume temperatures was observed as the fire source moves away from
wall and corner surfaces from the FDS simulations. Additionally, Mowrer and Williamson [20]
concluded that a fire located in a corner was equivalent to having a fire approximately twice as
large located in the open. The factor increase was around 1.5 for a fire located along a single wall
surface. These factors are lower than the values of 4 and 2 postulated by the mirror method to
modify an HRR for a fire located near wall and corner surfaces.

Alpert and Ward [7] developed relations to estimate the increase in plume temperature at heights
above a fuel source. Within these equations, to account for the decreased entrainment and its
effect on the plume temperature, a fire location factor, kr, was proposed. The relation proposed
by Alpert and Ward [7] is:

0.22(kpQ)%/3
45/3

AT = Eq. 2-1

Where:
AT is the temperature increase above ambient in degrees centigrade.
kr is the fire location factor, 2 for near walls and 4 for corners.
Q is the HRR in watts.

z 1s the height above the fuel source in meters.

However, values of ky greater than 1 have been applied in fire scenarios where the postulated
fire is flush against the wall to distances of 0.6—-0.9 m [5], independent of the fuel source width
or diameter.

While providing considerable insight into the effects of walls and corners on fire plume
temperatures, the Alpert and Ward research does not provide sufficient evidence to develop
detailed guidance on the application of fire location factors.

2.4.2 Plume Theory

The point source solution of turbulent plume flow has shown a remarkable ability to correlate
velocities, temperatures, and mass flow rates above the flame tip [21, 26]. This solution assumes
the fire to be a single point source of heat. The details of the point source become less observable
as the distance from the point increases until only the total output becomes relevant. This
investigation will focus on the near field plume behavior, where the temperatures of interest are
comparable to the damage thresholds of cables used in NPPs.
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2.4.2.1 Plume Scaling

As identified in the references presented above, significant effort has been undertaken in the
study of plume theory. Relations developed by Zukoski et al. [15] are capable of estimating
plume temperatures and velocities for fires uninfluenced by wall surfaces. Using these
relationships, the following simplified proportionality allows for an estimation of the plume
centerline temperatures at different elevations above a fire source [21]:

AT, ~Q?/3275/3 Eq. 2-2
Where:
AT, is the rise in plume temperature above ambient in kelvin.

0 is the HRR in kW.
z 1s the height above the fire source in meters.

Constants of proportionality have been determined by a number of investigators. The constant of
proportionality, 4, modified to include the virtual origin, zy, can be estimated as:

ATy,

A® Rz

Eq. 2-3
When comparing these constants of proportionality determined by various investigators, a value
of 26 is suggested for use when the convective HRR is known [21]. This value is consistently
reported among the several studies reviewed by Beyler [21]. One of the relations that follows the
above proportionality is the Heskestad fire plume correlation.

2.4.2.2 Heskestad Plume Temperature

The objective of this study is to develop a modification to the Heskestad fire plume correlation
using the results from fire model simulations and provide guidance for the use of the fire location
given these results.

In this investigation, the correlation used to predict the changing fire plume temperature was
developed by Heskestad [13, 26]:

Y3 2
_ To 3530, _ . \75/ .
AT =9.1 [(gcépg)] Q. °(z—2z) /3 Eqg. 2-4

Where:
AT is the change in temperature above ambient (K).
g is the acceleration due to gravity (m/s%).
¢, 1s the specific heat of air (kJ/kg-K).
p is the density of air (kg/m’).
Q. is the convective HRR (kW).
z is the height above the top of the combustible (m).
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zy is the height of the virtual source (m) calculated as:

2o = —1.02D + 0.0830°/s Eq. 2-5
Where:

D is the diameter of the fire source (m).

Q is the HRR (kW).

This correlation is valid only above the mean flame height 7. The mean flame height can be
calculated as:

F, = —1.02D + 0.230Q°/s Eq. 2-6

The Heskestad fire plume correlation was chosen for this study because it is identified as the
correlation for use in calculating the damage temperature in vertical plume ZOI applications.
However, unlike the correlation developed by Alpert and Ward, this correlation does not include
a location factor to account for the fire source being located in a corner or near a wall.

In this investigation the Heskestad correlation is modified to account for the effects of a fire
located in a corner or near a wall. The purpose of this modification is to expand the Heskestad
fire plume correlation so that it better captures the effects of more complicated geometries such
as when located near wall or corner surfaces.

2.4.2.3 Modified Heskestad Plume Equation

Following the approach used by Alpert and Ward [7], the modified Heskestad equation becomes:

1 .2 _
Ty =To+9.1 [(gci;,—opg)] ’ (kFQc) /3(Z — Zp) */3 Eq. 2-7

Where:
T, is the plume temperature (K).
Ty is the ambient temperature (K).
g is the acceleration due to gravity (m/s?).
¢, 1s the specific heat of air (kJ/kg-K).
p is the density of air (kg/m?).
kr is the fire location factor identified in Table 3-3.
Q. is the convective HRR (kW).
z is the distance above the fuel source (m).

zy1s the virtual origin (m).
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Since the virtual origin, zy, makes use of the HRR as well, it too must be modified:

L2
zo = —1.02Dg + 0.083(k;Q) /s Eq. 2-8

The effective diameter used in Equation 2-8 also includes the fire location factor and is
determined as:

DF=D kF= w'i Eq2'9

Q" m
where ¢" is the HRRPUA (kW/m?), for the fuel source.

In this study, kr was estimated by comparing the temperatures predicted by the Heskestad fire
plume correlation to those predicted by FDS. The fire location factor was determined such that
the modified Heskestad fire plume correlation estimations matched the temperature
measurements from the FDS simulations. To achieve this, Ty used in the modified Heskestad
fire plume correlation is taken from the FDS simulations, and the value of kg is estimated such
that the correlation prediction matches the FDS simulation result. The values of ky estimated in
this approach not only captured the effect of walls and corners located near fires, but also the
differences between the FDS simulations and the Heskestad fire plume correlation.

The inclusion of kg in the virtual origin means that a numerical solution must be used to
determine kr. This was accomplished using the Newton-Raphson method of approximation.
For more on the Newton-Raphson method, see Ypma [24].

2.4.3 Configuration Definitions

No clear description of what constitutes a wall or corner configuration is presented in the

literature. As discussed above, a primary reason that fires located next to wall surfaces produce
higher fire plume temperatures results from a reduced entrainment of fresh air. Therefore, for a
fire to be subject to the guidance outlined in this report, the following definitions are provided:

A wall configuration consists of a single wall surface at least 1 m (3.2 ft.) in length that extends
past the fire source in both directions parallel to the closest edge of the fire source (as shown in
Figure 2-3).

Figure 2-3
Wall configuration geometry
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A corner configuration consists of two adjoining wall surfaces at least I m (3.2 ft.) in length
with an angle between 45° and 135° and that extends past the fire source in both directions
(as shown in Figure 2-4).

90"
im Dy gase

45

| im im

Figure 2-4
Corner configuration geometry

For both wall and corner configurations, the wall surface(s) must extend to the full height from
the source to the target.

Configurations not meeting the wall or corner definitions in Figures 2-3 and 2-4 should be
treated as an open configuration. These definitions are based on observations of plume behavior
made with this investigation.

2.4.4 FDS 6.0.1 Validation

FDS 6.0.1 has undergone a significant V&V exercise [11]. In this section, FDS simulations will
be compared with experimental evidence to develop confidence that the simulations used in this
analysis are capable of representing actual experimental evidence.

2.4.41 Factory Mutual/Sandia National Laboratories Data

Of particular interest to this investigation are the validation exercises conducted in which plume
temperatures for fires located in corners and near walls were studied. The series of experiments
conducted by Factory Mutual under the direction of Sandia National Laboratories (FM/SNL)
were done in a manner to simulate typical power plant conditions [23]. Of these experiments,
seven were conducted with a fuel source located adjacent to a wall, and two were conducted with
the fuel source located in a corner. The general layout of the test series is shown in Figure 2-5.

Results from this test series were used to determine the capability at which FDS 6.0.1 could
accurately simulate fire plume temperatures. FDS 6.0.1 does a reasonable job estimating the
plume temperature with little bias (1.18) and uncertainty (0.20) [11]. In Figure 2-5, the locations
of both the fire source and the temperature measurements (taken at stations and expanded
stations) were identified for the experiments, and FDS simulations were taken at 5 and 10 second
intervals, respectively.

As noted with the assumptions outlined in Section 2.3, this investigation does not consider
substantial smoke accumulation and room heat-up effects that are present in the FM/SNL
experimental measurements and FDS simulated results through the development of an HGL.
Since the values for kr estimated for the FDS results are consistently larger than the experimental
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results, the potential effects of the model bias and the smoke accumulation need to be considered
in the design and evaluation of the FDS simulations. The FM/SNL test series was designed to
simulate typical NPP conditions. The test series provides results for fires located near wall
surfaces and within corners and is included in the FDS V&V for fire plume temperature rise.
This test series provides the best available experimental data for comparison with this
investigation. However, the results are not directly applicable to the goal of this investigation due
to the smoke and heat accumulation effects; the results are used more as proof of concept to
show that FDS is capable of predicting fire plume temperature rise and is appropriate for this
investigation.
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(@) ] 50
I 140 13@ 40 ft
N 120 119
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3 ® >® 1®
\/
® Expanded Stations I Exhaust Port
O Stations B Ventlnlet Ports

O Fire Source Locations

Figure 2-5
FM/SNL compartment layout (modified from Reference 23)

Data from these validation exercises have been reviewed to compare the fire location factors
estimated using the FM/SNL experimental data to those estimated using the FDS simulation
data. As shown in Figure 2-5, for the fire sources located near a single wall surface and within a
corner, the temperature measurements are not taken directly over the fire source (temperatures
are taken at expanded stations 8 and 9). Therefore, the temperature data used in this analysis are
more representative of the ceiling jet next to the plume, not within the plume.

In Figure 2-6, the estimated values of kr as a function of time for two experiments with fire
sources located near a single wall surface are presented. These values of ky were determined
using the experimentally measured temperatures and the temperatures simulated by FDS. The
values of kr estimated using the FDS simulations are presented as solid lines. The estimated
values of kr using the experimentally measured data are presented as dashed lines. In each case,
it appears that the values of kr estimated using the temperatures from the FDS simulations are
greater than those using the experimentally measured temperatures. The estimated values for kg
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from FM/SNL Experiment 14, determined using the FDS simulated temperatures as well as the
experimentally measured temperatures are similar and greater than the historical value of 2. The
values for kr using data from FM/SNL Experiment 15 show less agreement with the FDS
temperature, determined values of ky are greater.

FM/SNL Experiment 14 & 15 (Wall)

FDS Simulation - Experiment 14 FDS Simulation - Experiment 15
= = = Measured - Experiment 14 Measured - Experiment 15

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Figure 2-6

ke vs. time — FM/SNL wall configuration experiments

A similar comparison for the experiments using fires located in the corner are presented in
Figure 2-7. For the fires located in the corners, once again the estimated values for kr are greater
for the FDS simulations than for those values estimated using the experimentally measured
temperatures. For both experiments, the estimated values of kr do not reach the historical value
of 4. The results presented for ky in Figures 2-6 and 2-7 are shown as a function of time over the
course of different experiments from the FM/SNL test series. These results show that while FDS
on average over-predicts temperatures by about 18% [11], the impact of this variation on kg is
considerably larger and can be up to a factor of two in this case. However, the location factor in
this case is also being affected by the accumulation of heat within the room, so it is difficult to
isolate all of the potential effects.

2-15



Guidance on the Implementation of Fire Location Factors Near Walls and in Corners for Thermal Plumes

FM/SNL Experiment 16 & 17 (Corner)

FDS Simulation - Experiment 16

FDS Simulation - Experiment 17
= = = Measured - Experiment 16 = = = Measured - Experiment 17

RPN ¥ N X R X

0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)
Figure 2-7
ke vs. time — FM/SNL corner configuration experiments

In Table 2-1, a comparison between the maximum values of kr estimated using the temperature
data reported during different FM/SNL experiments are compared to those estimated using
plume temperatures from FDS simulations of the FM/SNL test series [23] for fires located in
corners and near walls. This is achieved by taking the largest temperature data from the
experiment or FDS, regardless of time, and mathematically determining the appropriate value
of kr required to match the data to the modified Heskestad correlation.

Table 2-1
Fire location factors FM/SNL test series
Experiment Geometry kF: Exp* kF: FDS HRR (kW)

6 Wall 1.40 2.56 500
10 Wall 2.06 2.34 1000
11 Wall 1.49 1.47 500
12 Wall 1.72 2.50 2000
13 Wall 1.52 2.31 2000
14 Wall 2.56 2.70 500
15 Wall 0.94 1.94 1000
16 Corner 1.74 3.64 500
17 Corner 1.22 2.46 500

*As presented in Figure 2-5, measurements were not taken directly in the plume. For a discussion, see
Section 2.4.4.1.
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The results in Table 2-1 show that the FDS simulations result in slightly larger estimations of kg
than those estimated using the experimental data. The values for kr estimated by FDS range from
1-3 for wall geometries and are larger, ranging from 2—4, for corner geometries. These values
are close to those expected from the literature; however, the values for kr estimated using the
experimental data are, in most cases, slightly lower. This is consistent with the observed bias
reported for FDS for predicting plume gas temperatures such that FDS has a tendency to predict
higher temperatures relative to the reported experimental validation data [11].

This may also be a result of the difference in how the temperatures are measured between the
experiment and FDS. The temperatures are measured in the FM/SNL experiments using
aspirated and bare-bead thermocouples. In the FDS simulations, temperatures were measured
using device parameters that report the gas temperature directly and do not account for the
thermal mass and other physical characteristics associated with thermocouples.

While potential differences between the experimental results and FDS simulations used in this
analysis may affect the observed results, the differences are not significant enough to invalidate
the outlined approach. These differences are observed and discussed in order to carefully
consider their impact on the conclusions generated in this work. While this experimental study
and model comparison adds value to this work, it offers no conclusive answer to the application
of location factors.

2.4.42 Hasemi and Tokunaga Data

Experimentally measured plume temperatures for a fire with a 60 kW HRR located within a
corner and along a single wall surface are provided by Hasemi and Tokunaga [17]. These results
are comparable to the lower HRRs used in this investigation and are reviewed below.

In Figure 2-8, plume temperatures at different elevations from Hasemi and Tokunaga [17] for a
60 kW fire are compared with plume temperatures predicted by FDS for fires with two of the
closest HRRs used in this investigation, 40 kW and 78 kW for a corner configuration. For
consistency, the data selected from the Hasemi and Tokunaga report are the highest
measurements at any given height. The results show that the plume temperatures measured by
Hasemi and Tokunaga are almost completely bounded by the temperatures predicted by FDS.
The temperatures measured by Hasemi and Tokunaga in the 60 kW experiment are closer to
those predicted by FDS for the 40 kW HRR. The flame height, estimated using Equation 2-6,
for the 60 kW fire used by Hasemi and Tokunaga is estimated to be 0.86 m. Therefore, the
Figure 2-8, may be within the flame.

2-17



Guidance on the Implementation of Fire Location Factors Near Walls and in Corners for Thermal Plumes
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Figure 2-8

Plume temperatures at different elevations, corner configuration — Hasemi and Tokunaga
and FDS simulations

A similar comparison can be made with the results presented for a fire located near a single wall
surface. These results are presented in Figure 2-9. For the wall configuration results, the plume
temperatures measured by Hasemi and Tokunaga for a 60 kW fire are very close to the
temperatures estimated by FDS for a fire with an HRR of 78 kW. For consistency, the data
selected from Hasemi and Tokunaga report are the highest measurements at any given elevation.
Once again, with an estimated flame height of 0.86 m, the highest temperature plotted in

Figure 2-9 using the Hasemi and Tokunaga [17] results may be within the flame.

—&—FDS - 40 kW —€=—Hasemiand Tokunana - 60 kW ——FDS - 78 kW
—

Within the Flame

Temperature (C)

0 0.5 1 1.5 2 2.5 3
Height Above Surface (m)

Figure 2-9

Plume temperatures at different elevations: wall configuration — Hasemi and Tokunaga and
FDS simulations
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Estimated values of ky at different elevations using the plume temperatures measured by Hasemi
and Tokunaga are compared with estimated values of kr from the 40 kW and 78 kW FDS
simulations in Figure 2-10. The results in Figure 2-10 show that the estimated values for kr are
comparable between the measured and simulated results.

In Figures 2-10 and 2-11, the low values of kg estimated are likely within the flame region. It
was observed that near the flame, the estimated values of kr are lower than those estimated at
higher elevations where plume temperatures decrease. The larger estimated values of ky plotted
in Figure 2-11 correspond to temperatures lower than cable damage thresholds and are not
considered to be significant to this application.

—a&—FDS - 40 kW === Hasemi and Tokunaga - 60 kW == FDS 78 kW

Within the Flame

2 3 4 5
Height Above Surface (m)

Figure 2-10
Estimated values of kg at different elevations: corner configuration — Hasemi and
Tokunaga and FDS simulations

The estimated values of kg for a wall configuration are presented in Figure 2-11. For the wall
configuration, the estimated values of kg for the experimental data presented by Hasemi and
Tokunaga are larger than those estimated using the FDS simulations. This differs from the results
seen for the fires located within corners, which were in agreement with the current results.
Differences in experimental conditions and assumptions made for modeling purposes between
the experiments performed by Hasemi and Tokunaga when compared with the FDS simulations
used in this investigation may provide a possible explanation:

e The walls used by Hasemi and Tokunaga were constructed of calcium silicate, which is more
insulating than the concrete boundaries used with the FDS simulations performed as part of
this investigation.

e Fire location factors for the experimental measurements were calculated using a radiative
fraction of 0.27 [27] to account for the use of propane [17]. The FDS simulations use fuel
properties for the polyethylene-jacketed electrical cables, which have a notably higher soot
yield and an assumed radiative fraction of 0.3.
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e The HRR per unit area (HRRPUA) for the burner used in the experiments performed by
Hasemi and Tokunaga is lower than the HRRPUA used in the corresponding FDS simulations
(see Section 2.4.5.2). Results of this investigation show that lower HRRPUAS are often
associated with higher estimates of kg. This is thought to be tied to differences in turbulence
and will be discussed later in this report.

—a— FDS - 40 kW =—=&=—Hasemi and Tokunaga - 60 kW —=—FDS - 78 kW

2.5
2
1.5
-
0.5 Within the Flame
0
0 0.5 1 1.5 2 2.5 3

Height Above Surface (m)

Figure 2-11
Estimated values of kg at different elevations: wall configuration — Hasemi and Tokunaga
and FDS simulations

2.45 The FDS Simulations

Fifty-one simulations using the Fire Dynamic Simulator (FDS) software were used to develop
the simulation data for this study. Four influencing factors were identified in order to define a
“test matrix”:

e HRR

e Fire diameter

e Elevation above the fire where the plume temperature is measured
e Distance of the fuel package from wall surfaces

These factors are based on the study of fire plume flows currently available in the fire protection
engineering literature and the specific needs of this research. The influencing factors are
described in the information that follows.

2.4.5.1 Heat Release Rate

The HRR is perhaps the most important influencing factor in all fire modeling applications. In
the specific case of axi-symetric fire plumes, it represents the energy released at a point in space
near the base of a fire, generating the upward movement of flows. HRR values selected for this
study range from approximately 40 kW—1000 kW. This range is based on the range of 98"
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percentile HRR recommendations for ignition sources in commercial NPP applications in
Appendix G of NUREG/CR-6850 [4]. This range of HRRs covers the most applicable variations
for which the thermal plume exposure is used for detailed fire modeling in support of fire PRA
development.

2.45.2 Fire Diameter

The fire diameter characterizes the size of the fire base. It has been identified as an important
parameter governing fire plume temperatures, velocities, and flame heights. Consequently, it is
included as an influencing factor to evaluate its impact on fire plume temperatures near wall
surfaces. Fire diameters are varied based on the interactions between the HRR and the
HHRPUA. The width of the fuel source used in the simulations is determined by taking the
square root of the HRR divided by the HRRPUA. HRRPUAS used in this investigation were
500 kW/m?, 1000 kW/m? and 2000 kW/m®. The majority of cases were evaluated at 1000 kW/m®
and a few cases at lower and higher values to approximate the sensitivity to this parameter. The
resulting range of fire diameters selected for this study was 0.23 m (0.75 ft.) to 1.13 m (3.7 ft.).
These values were also appropriate for the validation range of the Fire Froude Number (Q*) as
reported in EPRI 1011999 and NUREG-1824 [12].

2.45.3 Elevation Above the Fire

The elevation above the fire refers to distance from the base of the fire where the plume
temperature is measured. Typical fire plume flow behavior in terms of velocity and temperature
is characterized by decreasing magnitudes as the elevation increases. The elevation ranges from
0 m (0 ft.), representing measurements at the base of the fire, to approximately 6 m (20 ft.) above
the fire. The upper limit of 6 m was selected because that is the maximum height of many rooms
in commercial NPPs. This is a relatively large distance at which the fires usually modeled would
not generate damaging temperatures. Fire plume temperatures were measured in the FDS
simulations at 0.3 m (1 ft.) intervals. At each elevation, three temperature measurements were
recorded at different locations within the fire plume in order to capture the plume centerline
temperature while accounting for plume shifting to the corners and walls.

2.4.5.4 Distance from Wall Surfaces

The distance from wall surfaces refers to how far the fire source is from a wall or a corner. This
was a necessary factor for the specific application addressed in this report. As the distance from
the wall surfaces to the fire source was varied in the different FDS simulations, the temperature
in the plume was measured for evaluating the impact of boundary effects on the fire plume
temperature. The range of variation for this factor is from 0 m, representing fires flush with

the wall surfaces, to 1.5 m, representing fires in the open (that is away from walls or corners).
Distances used in this investigation were 0 m, 0.24 m, 0.48 m, 0.76 m, 1.0 m, and 1.48 m,
commensurate with the numerical grid resolution.

2-21



Guidance on the Implementation of Fire Location Factors Near Walls and in Corners for Thermal Plumes

Test matrices of simulations performed in this investigation are presented in Tables 2-2 and 2-3.

Table 2-2
FDS corner configuration simulation test matrix
Heat Release Rate Fire Source Separation Distance from Corner, L (m)
(kw) 0 0.24 0.48 0.76 1 1.48
40 X X X X X X
78 X X X X X X
250* X X X X X X
500 X X X X X X
1000* X X X X X X

x — FDS simulation was performed.
* — Additional simulations were performed to vary the fire source diameter.

Table 2-3
FDS wall configuration simulation test matrix
Heat Release Fire Source Separation Distance from Wall, L (m)
Rate (kW) 0 0.24 0.48 0.76 1 1.48
40 X X X X X X
78 X X X X X X
250* X X X X X X
500 X X X X X X
1000 X X X X X X

x — FDS simulation was performed.
* — Additional simulations were performed to vary the fire source diameter.

2.4.5.5 Simulation Compartment

The compartment used in this investigation measures 6 m x 6 m x 6 m. The compartment is
bounded on two sides by concrete walls and includes a concrete floor. In this investigation room,
heat-up effects are not included. Therefore, the other three surfaces, including the ceiling, are
modeled as open (see Figure 2-12). A mesh of 150 x 150 x 150 was used for each simulation
resulting in a grid resolution of 4 cm. The values of D*/0x ranged from 6.6 to 24.0, which falls
within or exceeds the values of D*/0x used in the validation study of FDS sponsored by the

U.S. NRC and EPRI [12].
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Smokeview 58 - Oct 29 2010

4
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Figure 2-12
Simulation compartment

In Figure 2-13, the different configurations used in the investigation are presented. The different
configurations include a base configuration of a fire located sufficiently away from wall surfaces.
The other configurations presented are of fires located near a single wall surface and fires located
in corners. The configurations presented in Figure 2-13 for fires located near a wall surface and in
a corner are of those with a distance away from the surface equal to zero. In Figure 2-14, the
change in distance as the fuel source moves away from the wall surfaces in a corner configuration
is presented. In Figure 2-14, a fire with an HRR of 40 kW is shown located flush against the wall
at a distance of 0 m and at two additional distances, 0.76 m and 1.48 m, from the corner.
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Figure 2-13

Simulation compartment configurations (open, wall, corner)
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Figure 2-14
Fuel source locations — distance from corner,0 m, 0.76 m, 1.48 m
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Data gathered from these simulations are used to estimate the value for kg from fires at different
locations, of various HRRs, and with different fuel source diameters.

2.4.5.6 Temperature Measurement Plane

Above the fuel source, temperature predictions are obtained using slice files in FDS every

0.03 seconds. Slice files save horizontal planar slices of data at user-specified locations (see
Figure 2-15). This is the equivalent of experimentally placing thermocouple devices at 4 cm

(1.6 in) spacing in the horizontal plane at each elevation. Temperatures used in this investigation
were averaged over a period of 10 seconds in order to determine averaged plume centerline data
in a manner similar to that used to develop plume correlations by Heskestad. Each simulation
predicts a total time of 30 seconds which, as discussed in Section 2.4.6.1, is longer than
necessary to achieve steady-state plume conditions. The slice files are included at elevations
spaced every 0.3 m (1 ft.) from the floor to the top of the 6 m tall compartment. Using the slice
file to record temperature measurements ensures that the maximum plume temperature can be
recorded for analysis, regardless of the location, within the compartment. The maximum plume
temperature at elevations above the fire source is used to determine the effect of wall surfaces on
plume temperatures and develop information for any resulting change in the ZOI.

Figure 2-15
Slice file simulation temperature measurements

As outlined above, data gathered from these simulations were used to estimate the value for kg
from fires at different locations, of various HRRs, and with different fuel source diameters for
fires located near walls or corners.
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2.4.6 Preliminary FDS Simulations

In the following sections, the results for simulations with fuel sources located in corners and near
walls are reviewed and analyzed to ensure proper implementation of the model and to confirm

that the results provided appropriate data. First, results for open configurations, fires unaffected

by corners and walls, will be reviewed. Second, four example simulations used in this investigation
are reviewed. The simulations reviewed are for 40 kW and 1000 kW fires in corner and wall
configurations.

2.4.6.1 Open Configuration — Control

Simulations with the fire source subject to no wall or corner effects for each of five HRRs used
in this investigation were performed. In Figure 2-16, fires with HRRs for 40 kW and 1000 kW

located in the open are shown. The 40 kW and 1000 kW fire represent the smallest and largest

HRRs simulated in this investigation.

Frame 432 [Frame: 437
o n 3 [Time: 14.01 mesh 1

Figure 2-16
40 kW and 1000 kW — open configuration

Figures 2-17 and 2-18 show the HRR vs. time for the two open configuration simulations
presented in Figure 2-16. The HRRs shown are the FDS default described by:

. . t

Q(t) = Qo tanh (;) Eq. 2-10
Where:

Q, is the user-specified HRR in kW.

¢ 1s time in seconds.

7 is the time for the HRR to ramp up to its prescribed value in seconds.
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The default value (1) for T in FDS was not modified in this investigation. This fire growth rate
was considerably faster than that recommended by NUREG/CR-6850 [4], and was applied here
to achieve a fast steady-state performance and limit simulation time. The HRR for the two
simulations quickly reached the user-specified values of 40 kW and 1000 kW and varied
throughout the remainder of the simulation due to turbulent fluctuations simulated by FDS. In
Figures 2-17 and 2-18, the 1 second time-averaged HRR is presented along with the resulting
HRR described by Equation 2-10 directly to verify that the HRR has been implemented correctly.

—40 kW — 40 kW (Time average, 1 sec) —FDS Q(t)
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Figure 2-17
HRR vs. time, open configuration — 40 kW
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Figure 2-18
HRR vs. time, open configuration — 1000 kW
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In Figure 2-19, the temperature at different elevations (Ht.) in meters vs. time for the 1000 kW
fire is presented. These results show that the temperature became sufficiently steady after

15 seconds and within the 30 second duration of the simulations used in this investigation.
Additional simulations using 40 kW, 250 kW, and 1000 kW HRRs showed no significant
increase or decrease in plume temperatures over a period of 180 seconds. The up and down
variations in the data were associated with the 5 second data interval and will be addressed by
averaging over a 10 second interval (with slice data) that improves the statistics.
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Figure 2-19

Temperature vs. time, open configuration — 1000 kW, different elevations above the fuel
source

In Figure 2-20, the fire plume temperatures predicted by FDS and the Heskestad fire plume
correlation are presented. For the 40 kW fire, the Heskestad fire plume correlation appears to be
slightly conservative with respect to the FDS simulated plume temperatures. For the 1000 kW
fire, the FDS simulated plume temperatures are greater than the temperatures predicted by the
Heskestad fire plume correlation.
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Figure 2-20
Temperature vs. elevation above floor, open configuration — 40 kW and 1000 kW

Also shown in Figure 2-20 is the different elevations at which data are taken for the two HRRs.
The Heskestad fire plume correlation is applied only above the mean flame height as described
by Equation 2-6. Temperatures within the flame region of the fire have been reported to produce
consistent temperatures that are not likely to be affected in a meaningful way by the wall or
corner. A typical NPP fire PRA application would treat all targets within the flame height of the
source fire to fail very quickly, and additional specificity for the temperature in this region is
unnecessary. For this investigation, the flame height was predicted by the Heskestad flame
height equation. Any simulation data from elevations below the predicted flame height were
excluded from this investigation. For the 40 kW HRR simulation, a height of 0.9 m above the
floor was predicted. That height increases to 2.7 m for the 1000 kW size fire as a result of the
higher predicted flame height.

The following sections will compare outputs between Heskestad and FDS for fires located in
corners and adjacent to walls.
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2.4.6.2 Corner Configuration

\/

Figure 2-21
40 kW and 1000 kW — corner configuration

In Figure 2-21, fires with HRRs of 40 kW and 1000 kW located in corners are shown.
The HRRs for the simulations are similar to those presented in Figures 2-17 and 2-18.

In Figure 2-22, the temperature profiles for the 40 kW and 1000 kW HRRs in corners are
presented. Also included are the unmodified Heskestad (Equation 2-4) fire plume correlation
temperatures. A comparison between the results suggests that a modification to the Heskestad
plume temperature equation is required when the fire source is located in a corner. The
simulations for fires in corners show a clear underestimation of the plume temperature predicted
by the unmodified Heskestad fire plume correlation when compared to the plume temperatures
simulated by FDS.
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Figure 2-22
Temperature vs. elevation above floor, corner configuration — 40 kW and 1000 kW

2.4.6.3 Wall Configuration

Stokeview 6.1.8 - Mar 52014

Frame: 457

(a) (b)

Figure 2-23
40 kW and 1000 kW — wall configuration

Figure 2-23 shows simulations of a 40 kW and 1000 kW fire against a wall surface. The HRR
trends observed are similar to those seen in Figures 2-17 and 2-18 for open configuration
simulations.

Temperature profiles for the two simulations are presented in Figure 2-24.
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Figure 2-24
Temperature vs. elevation above floor —wall configuration, 40 kW and 1000 kW

Figure 2-24 presents the unmodified Heskestad equation for plume temperatures. For the 40 kW
fire size, it appears that only a small modification, if any, to the Heskestad fire plume correlation
is needed. However, the difference between the simulation results and Heskestad fire plume
correlation are a little more significant for the 1000 kW fire. Here, the Heskestad fire plume
correlation is over-estimating relative to the simulated FDS temperatures, suggesting that, in this
example, the Heskestad fire plume correlation is conservative.

From these plots, we can begin to determine what parameters may be influential in the estimation
of the fire location factor k.

2.4.6.4 Data Selection

Review of the preliminary simulations reported above indicated the necessity to define valid
limits on the selection of temperature data for this analysis. As discussed above, temperatures
within the flame region were filtered out of the analysis. Temperatures within the flame height
are typically not applied in NPP fire PRA in favor of more conservative treatments of damage.
This effectively limits the data used in this analysis to temperatures less than approximately
800°C.

Additionally, temperatures below 130°C are lower than temperatures that are used for target
damage in NPP applications (that is, 205°C and 330°C for TP and TS cables, respectively [4]).
The temperature of 130°C was chosen because it results in a negligible probability of causing
damage for the 205°C limit using the bias (1.18) and normalized standard deviation (0.20)
calculated for FDS 6.0.1 [11]. A simple means of assessing the probability that a given
prediction will exceed a threshold value due to model uncertainty is provided in Nuclear
Power Plant Fire Modeling Analysis Guidelines [1]. This probability may be determined

from the following equation:

P(x > x,) = ~erfo ("gg) Eq. 2-11

2-31



Guidance on the Implementation of Fire Location Factors Near Walls and in Corners for Thermal Plumes

Where:
P is the probability.
x is a parameter value.
X, 1s a threshold parameter value.
W is mean “true” predicted mean value of the parameter.

o is the standard deviation of the model prediction for the parameter of interest.

The mean value is determined from the model bias [1] as follows:

u=M/s Eq. 2-12
Where:

M is the model prediction.

J is the model bias.

The standard deviation is computed from the normalized standard deviation as follows:
o=ady(M/6) Eq. 2-13
Where 6, is the normalized standard deviation.

The model bias and normalized standard deviation for the FDS Version 6.0.1 model are as
follows [11]:

e Plume temperature (model bias): 1.18

e Plume temperature (normalized standard deviation): 0.20

Following the procedures above, temperatures of 130°C would result in a 0.00006% chance of
causing damage to a target with a 205°C critical temperature.

Simulations similar to those reviewed above were used to estimate the value of kg for different
configurations. In this investigation, no values for temperatures lower than 130°C were used to
estimate kg, based on the low probability that damage might occur at this temperature. It was
observed that as the elevation above the fuel source increased and the plume temperatures
decreased, the values for ky also increased. Examples of this trend are shown in Figure 2-25.

Values approaching 8 were estimated for kr using the 40 kW fire, but these values were
predicted for very low plume temperatures that are typically below the damage thresholds
considered in targets of interest for NPP applications. As the estimation of kr includes not only
the effects of fires located in corners and near walls, but also the difference between the
Heskestad fire plume correlation and the FDS simulated temperatures, it was believed that these
larger values of kr were not appropriately capturing the effect of the wall or corner on the plume
temperature. This indicated that the difference between the fire plume correlation and the CFD
simulation may be caused by application of the plume correlation beyond the appropriate limits
of its applicability.
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Lower temperature predictions were thought to be associated with reduced levels of turbulence
caused by the viscous influence of the wall surfaces and the reduced entrainment. Since
turbulence strongly influences entrainment, and it is inherently built into the plume correlations,
these elevated location factors were likely caused by the suppression of turbulence by the corner
or wall. These lower temperatures were also statistically irrelevant to NPP damage analysis;
therefore, they were filtered out of the calculations.

It was also observed during this investigation that simulations with lower HRRs and larger fuel
source diameters often resulted in unexpectedly large estimated values of kr when the fire was
located in the corner. A functional relationship between the observed values of kr and changes in
the HRR and the fuel source diameter has not been determined. It is suspected that this relationship
may also be related to different regimes of turbulence in the plume, and, in this case, the reduced
turbulence is defined by the buoyancy of the source fire and the presence of the corner.

Turbulence is very important for entrainment (one of the primary drivers of plume temperature),
and a plume with less turbulence will remain hotter than one that is fully turbulent. It is
important to note that the Heskestad plume correlation was developed to match the observed
behavior of turbulent fire plumes. Any effects that noticeably reduce the level of turbulence
below that which was originally assumed in the Heskestad correlation will result in higher
temperatures.

In this case, the absolute difference in temperature is relatively small, but the overall impact on
the fire location factor is noticeable. It is unclear if this effect should be filtered out of the
analysis; therefore, no data limits were defined to filter out the effects of reduced turbulence.
Further research into this matter may indicate if a valid limit can be applied, although no specific
recommendation has been defined here.
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Figure 2-25
ke vs. temperature
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2.4.7 Important Parameters — Corner Configurations

A number of different parameters have been identified as important to the modeling of the fire
location factor, kg:

e HRR,Q

e Distance from the corner/wall surface, L
e Fuel source diameter, D

e Height above the fuel source, H

In the following sections, changes made in these different parameters are explored for their effect
on the value of kg. Following a discussion of the experimentally observed important parameters,
a more detailed analysis will be provided for the determination of wall surface effects.

In Figure 2-28, the largest estimated values of kr for each simulation are presented. This
artificially distorts the results as only the highest estimated values of ky are presented. As
discussed in Section 2.4.6.4, it was observed that as the elevation above the fuel source increased
and the plume temperatures decreased, the values for kr also increased. The temperatures
associated with the higher values of kg are typically much less than the damage criteria for
electrical cables and therefore are not directly applicable to damage estimates. Ultimately, the
entirety of valid data as established in Section 2.4.6.4 is used to develop recommendations for
the use of the fire location factor in Section 3.

2.4.7.1 Distance from Surfaces, L

Current guidance for NPP applications is that kg should be applied from distances of flush
against wall surfaces up to 0.6—0.9 m from the wall or corner [5]. A major part of this
investigation is to determine at what distances from a corner the fire location factor should be
applied. In Figure 2-26, the largest estimations of kg for all the different HRRs used in this
investigation are shown at different distances from the corner normalized by D*, which is a
characteristic fire diameter or length scale. The parameter D* is used to incorporate the HRR into
the length scaling presented. The equation for D* is:

0 2/5
D* = ( ) Eqg. 2-14
pcpToVg q
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Figure 2-26
k: vs. distance from corner/D*

Figure 2-26 shows that the distance from the corner is an influencing factor for the estimation of kg.

2.4.7.2 Fuel Source Diameter, D

In the simulations used for this investigation, the HRR was used with the HRRPUA to determine
the fuel source diameter. For many of the simulations, an HRRPUA of 1000 kW/m? was used.
Therefore, the fuel source diameters are different for each HRR. A number of simulations were
completed in which the HRR was kept constant, but the HRRPUA was prescribed as either 500,
1000, or 2000 kW/m?. As a result, the diameter for the fuel source was varied for the same HRR.
These results are presented in Figure 2-27, showing the largest estimated values of kr for each case.
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Figure 2-27
Effect of fuel source diameter on kg
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Figure 2-27 shows that the diameter is an influencing factor for the estimation of k. Following
a similar trend seen in Figure 2-26, the most variation is observed near the corner; whereas, at a
greater normalized distance, the effect of variation in the fuel source diameter becomes
insignificant.

2.4.7.3 Height Above Fuel Source, H

For each simulation, the maximum plume temperature at multiple elevations was used to
estimate k. Examples of different values of kg at various heights, normalized by D*, are
presented in Figure 2-28. As observed in Figure 2-20, the 40 kW fire data cannot be taken at
lower heights because of the lower estimated mean flame height. As discussed with Figure 2-25,
at lower temperatures the values of kr estimated become less meaningful for NPP fire PRA. This
becomes more apparent when plotting the estimated values of kr against the temperatures
measured at different heights (see Figure 2-25). As the temperature is measured at increasing
height above the 40 kW fire, the location factor continually increases.
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Figure 2-28
ke vs. height above surface

The results presented in Figure 2-28 show that the kr values increase as the distance above the fuel
source increases. This trend is clear for the 40 kW fire. For the 1000 kW fire, it appears that the
difference in temperatures between FDS and the Heskestad equation does not vary significantly,
and the resulting values are close to the historically accepted value of 4 for corner configurations.
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3

FIRE LOCATION FACTOR — RESULTS AND FIRE PRA
IMPLEMENTATION

3.1 Results

Section 3 presents the results from the 51 FDS simulations exploring the wall and corner effects
on fire plumes. The simulations explored a range of influencing factors from HRR, fire diameter,
and distance from the wall. As discussed in Section 2.4.4, the FDS simulation results have been
compared with the past FM/SNL experiments on wall and corner effects and show good
agreement. The results are presented for both the wall and corner configurations. Table 3-3
presents the results that can be used in the support of fire PRAs. This investigation supports a
realistic enhancement to current fire PRA methodology, including the treatment of uncertainty
on the fire location factor parameter.

3.1.1 Corner Configuration Results

Results from multiple simulations of fire scenarios (identified in Table 2-2 and Table 2-3)
located in and near a corner are presented in Figure 3-1, showing the largest estimated value
of kg for each simulation:
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Figure 3-1
Corner configuration results
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Figure 3-1 presents the results from multiple simulations for fires located in and near corners. .
From the different simulations of fires located in and near corners, a single value of kg, the largest
estimated value at any height (excluding points in the flame as filtered per Section 2.4.6.4), was
taken to represent that simulation. This shows the most conservative value of kg that can contribute
to the analysis, while demonstrating the overall trend of the data.

From these results, a number of the trends discussed in reviewing the previous figures can be
observed. The fire location factor is clearly a function of the distance from corner surfaces
normalized by D* and varies with the HRR. Included in Figure 3-1 are lines identifying fire
location factors of 4 (the historical value of kg for corners) and 1 (for fires located away from
surfaces). With values of kg for fires directly adjacent to the corner ranging from 4.5-7.5, it
appears that the historical fire location factor value of 4 for corners is not conservative, but this
figure does not include all of the data that will be used in defining the recommended fire location
factor through statistical analysis.

3.1.2 Wall Configuration Results

Similar to the corner configuration, different parameters were reviewed to determine how they
affect the estimation of kr in wall configurations. Figure 3-2 shows the largest estimated kg for
wall configurations and the effect of different HRRs, distances from the wall, and changes in fuel
source diameter.
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Figure 3-2
ke vs. distance from wall — varied HRRs

The wall configuration estimates of kr show different trends from those observed for the corner
configuration. The estimated values of kg are all lower than the historical value of 2 used for fires
located near walls [1]. This suggests that the value of fire location factor of 2 for walls is
conservative when used with the Heskestad fire plume correlation. Another difference from the
corner results is the observation that the values do not appear to have a consistent trend to lower
values as the distance from the wall increases. In fact, the scatter in the results appears to remain
relatively constant as the fuel source moves away from the wall.
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3.1.3 Summary of Results

The results reported for the wall and corner configurations can be used to develop guidance for
the use of the fire location factor for ZOI development. Furthermore, they can be useful as an
expansive study of wall and corner effects, suitable for expanding applications in fundamental
fire science.

Recall that in the discussion of plume scaling theory in Section 2.4.2.1, a proportionality
constant, A, was defined as characterizing the ratio of plume temperature rise to a functional
group made up of the HRR and the distance from the fire’s virtual origin:

AT,
4?/3(z-20)75/3

A=~ Eq. 3-1

In Figure 3-3, results from the simulations conducted in this investigation are plotted to
determine the proportionality constant (Equation 3-1) as the distance between the fire source and
wall surfaces decreases.

For fires uninfluenced by any wall surface, the base configuration, an average proportionality
constant of 25 is estimated. This is similar to the average value of 26 found in previous
investigations for fires with a known convective HRR [2]. Trends for the corner and wall
configurations can also be seen using the results presented in Figure 3-3. For the corner
configuration, the proportionality increases as the distance between the fire source and the wall
surfaces decrease. The average value for the corner configuration at a distance of zero, directly
adjacent to the wall surfaces, is 61.7. This is approximately 2.7 times larger than the average
value for the base configuration without any influence from wall surfaces. For fires directly next
to a single wall surface, the average value is 24.7. This suggests that a single wall surface does
not significantly increase the plume temperature.
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Figure 3-3
Wall surface effect on plume proportionality constant
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A considerable amount of data is generated in this investigation. In previous figures, only the
single largest estimated value of ky from each simulation was used in the analysis presented. This
was done to demonstrate trends in the data without over-complication. As a result, multiple
estimations of ky at different elevations were excluded. The full complement of kr estimates,
with data filtering as described in Section 2.4.6.4, from simulations of fires located in corners

are presented in Figure 3-4.
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Full corner configuration kg results

The results in Figure 3-4 show the large variation in kg for fires directly adjacent to the corner
that decrease as the normalized distance between the fire and the corner increases.

From these results, assuming a normal distribution, the mean estimate of kg for fires located
directly adjacent to a corner is 4.03, which matches the value of 4 used in current guidance. The
estimated values of kg for fires located in and near corners used in this investigation and
presented in Figure 3-4 are reported in Appendix A.

Assuming normally distributed results, the mean, 2.5%, and 97.5% estimations of ky for each
distance from the corner are presented in Table 3-1. Note that some values less than 1 are reported,
but this should not be treated as a recommendation to use values less than 1 in any evaluation.
There are a number of possible reasons for an estimated value lower than 1 for k. The normal
variation in the plume temperatures predicted by the FDS simulations will result in some
temperatures being greater and some temperatures being less than those predicted by the Heskestad
fire plume correlation. This will result in estimated values of kg greater and less than one.

In Figure 3-5, temperature vectors obtained using slice files are used to visualize and compare
the differences between an open and corner configuration. Temperatures shown are taken at an
elevation of 3 m above the floor and at the end of the 30 second simulations. Both figures show
results from simulations using 500 kW fires. Figure 3-5a shows the temperature profile for a fire
located in the open away from any wall surfaces. In Figure 3-5b, the fire is located 1.48 m away
from the corner. Figure 3-5b shows that the presence of the wall surfaces creates additional
turbulence (identified by black arrows). This increased turbulence may increase entrainment of

3-4



Fire Location Factor — Results and Fire PRA Implementation

air into the plume and result in lower predicted temperatures when compared to an open
configuration. Lower predicted temperatures would also result in a lower estimated values of kg
determined by the comparison to Heskestad’s fire plume correlation used in this investigation.
As previously stated, values of kg less than 1 are not recommended for use with any evaluation.

Figure 3-5
a) Open configuration, 500 kW; b) corner configuration, L =1.48 m, 500 kW

The results from the open (control) configurations, simulations with no wall or corner effects, are
included in Table 3-1 and are identified with the ‘o0’ symbol. The results in Tables 3-1and 3-2
show that sufficiently far from wall and corner surfaces, a mean value for kr close to 1 is estimated.

Table 3-1
Percentiles of kF using FDS simulations — corner configurations

Distance (m) 2.50% Mean 97.50%
0.00 1.96 4.03 6.12
0.24 0.88 2.24 3.61
0.48 0.19 1.23 2.29
0.76 0.43 0.88 1.33
1.00 0.39 0.87 1.33
1.48 0.48 0.89 1.31

o0 0.44 0.99 1.56
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In Figure 3-6, all the estimated values of kg for the wall configuration simulations are presented.
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Figure 3-6
Full wall configuration kg results

The results for FDS simulations of fires located in wall configurations are presented in Figure 3-6.
The estimated values of kr for fires located near a single wall surface used in this investigation

and presented in Figure 3-6 are reported in Appendix A. Table 3-2 presents the mean, 2.5%, and
97.5% estimations of kg for fires located near walls.

Table 3-2
Percentiles of kF using FDS simulations —wall configurations
Distance (m) 2.50% Mean 97.50%
0.00 0.65 0.95 1.26
0.24 0.52 0.87 1.22
0.48 0.40 0.71 1.03
0.76 0.52 0.70 0.89
1.00 0.38 0.72 1.06
1.48 0.43 0.75 1.08
oo 0.44 0.99 1.56

This information has been used to develop implementation guidance, and it can be used in future
statistical analyses of the data to expand the application of location factors.

In Figure 3-7, the temperature predicted using the Heskestad fire plume correlation with a
location factor of 4 is compared with a temperature predicted by FDS for a 40 kW fire located
directly adjacent to a wall surface.
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Figure 3-7
Temperature vs. elevation above floor, corner configuration — 40 kW

The results for the 1000 kW fire are similar to those seen with the 40 kW fire in Figure 3-8.
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Figure 3-8
Temperature vs. elevation above floor, corner configuration — 1000 kW

In Figure 3-9, the Modified Heskestad fire plume correlation with a kr of 4 for a fire with a

60 kW HRR is compared with the measured plume temperatures provided by Hasemi and
Tokunaga [3] for a fire located in a corner. The modified correlation results match closely with
the measured data and start to deviate as the height above the surface approaches the flame
height of 0.86 m predicted by Equation 2-6.
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Figure 3-9
Plume temperatures at different elevations, corner configuration — Hasemi and Tokunaga
and modified Heskestad correlation

A similar comparison can be made for a fire located near a single wall surface. This comparison
is made in Figure 3-10. For the single wall surface configuration, the plume temperatures predicted
by the modified Heskestad fire plume correlation are always greater than the experimentally
measured plume temperatures provided by Hasemi and Tokunaga [3]. The results presented in
Figure 3-10 continue to suggest that the current guidance for fires located near a single wall
surface is conservative. These results coincide with the results observed as part of this investigation
that the fire location factor value of 2 for wall configurations is conservative.
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Plume temperatures at different elevations, wall configuration — Hasemi and Tokunaga and
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In Section 3.2, the results of this investigation are used to modify the Heskestad fire plume

correlation and provide guidance for the use of location factors for fires located near wall
surfaces.

3.1.4 Sensitivity to Wall Surface Properties

A number of simulations were completed using different wall surface characteristics. Different
characteristics simulating gypsum, steel, and “cold” or inert wall surfaces were used to determine if
the type of wall surface influences the guidance presented in this investigation. The results for these
simulations are presented in Figure 3-11. The gypsum wall surface, assuming the paper has burned
off, represents a ceramic fiber insulating surface. The steel surface is simulated to account for the
thin steel coverings commonly seen in NPPs. A “cold” wall, in which the wall surface stays at a
constant ambient temperature, is simulated using the inert property in the FDS simulations. An
additional set of simulations using ambient wall surfaces was also completed. For the simulations
with adiabatic walls, the plume temperatures did not decrease with increases in elevation at rates
observed in the simulations with alternative wall properties. As a result, the location factor values
are larger than those observed with concrete, steel, gypsum, and “inert” wall surface properties.

® INERT ® Steel ® Gypsum = Perfect Match Line

1000
900
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400
300
200
100

Plume Temperatures, Alternative Wall
Surfaces (C)

0 200 400 600 800 1000
Plume Temperature Rise, Concrete Surfaces (C)

Figure 3-11
Comparison of plume temperature rise with alternative wall surfaces — corner
configuration

In Figure 3-11, a comparison of the plume temperatures from simulations using alternative wall
surfaces is presented. Simulations used to make this comparison were modeled with fires located
directly adjacent to a corner surface. The results presented in Figure 3-11 suggest that the type of
wall surface is not an influential characteristic in the determination of the location factor given
the similarity of the simulated plume temperature rise. The biases calculated for each of the
surfaces when compared to the results for the concrete walls used to develop the guidance in this
investigation are all below 6%.
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3.2 Fire PRA Implementation

Using the results of the FDS simulations, the kg values presented in Table 3-3 are suggested for
fires located near corners or walls at various distances. The results have been presented in
absolute distances since the L/D* scaling would be difficult to apply directly in the field.

Table 3-3
Fire location factors
Location Factor Location Factor Location Factor
Configuration 0m-0.3m (1 ft.) 0.3 m (1 ft.)-0.6 m (2 ft.) > 0.6 m (2 ft.)
Corner 4 2 1
Wall 1 1 1

For ignition sources located along walls or within corners, the following guidance is provided for
the determination of plume temperatures with ZOI analyses.

Equation 3-2, a modified version of Heskestad’s fire plume correlation (also shown in Equation 2-7),
should be used with the values of kg presented in Table 3-3:

1. 2 _
Ty =Ty +9.1 [(gf)—p)] (ks 00) 32— 2) s Eq. 32

Where:
T is the plume temperature (K).
Ty is the ambient temperature (K).
g is the acceleration due to gravity (m/s?).
¢, 1s the specific heat of air (kJ/kg-K).
p is the density of air (kg/m?).
kr 1s the fire location factor identified in Table 3-3.
Q. is the convective HRR (kW).
z 1s the distance above the fuel source (m).
zyp1s the virtual origin (m).

Equation 3-3, the virtual origin, zy, (also shown as Equation 2-8) makes use of the HRR and must
be modified as:

L2
zo = —1.02Dg + 0.083(k;Q) /s Eq. 3-3

The effective diameter used in Equation 3-3 (also shown as Equation 2-9) includes the fire
location factor and is determined as:

- _ [keQ 4 ;
D = D[k = ks Eq. 3-4
Where ¢" is the HRRPUA (kW/m?) for the fuel source.
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When a fire ignition source is identified during walkdowns, the location is noted. Part of that
identification is to determine the distance between the ignition source and walls or corners.

A value of 1 may be used at all distances for fires located near a single wall surface. For practical
application in the commercial nuclear industry, the higher values of location factors observed are
associated with low fire plume temperatures that are well below the damage threshold for cables.
Therefore, the recommended guidance is appropriate for representing the hazards to cables due
to fire plume temperatures.

In a case where two wall surfaces are located within a distance of 0.3 m (1 ft.), the corner
configuration should be assumed, and a value of 4 should be used. If two wall surfaces are located
within the range of 0.3—0.6 m (1-2 ft.) of the ignition source, it should be considered a transitional
corner configuration, and a value of 2 may be used for kr. A value of 1 should be used in all other
cases where the separation distance from wall surfaces is greater than 0.6 m (2 ft.).

In the event that the location factors of kr shown in Table 3-3 do not provide the level of detail
required for the analysis, the values in Tables 3-1 and 3-2 (percentiles of kr using FDS
simulations—corner or wall configurations, respectively) may be used. In such cases, a
functional relationship between each distance may be proposed and a value of kg interpolated.
However, values less than 1.0 should not be used for k.

In Figures 3-12 and 3-13, a comparison between the location factors identified in Table 3-3, the
upper and lower percentiles, and the mean values for the results presented in Tables 3-1 and 3-2,
respectively, are shown for comparison. These figures illustrate the level of confidence that can
be expected for the recommended values of kg

- @ = Mean - & =250% - & —=97.50%

= Location Factor, kg - 4 } Location Factor, kg - 2 ! = Location Factor, kfr - 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Distance from Corner (m)

Figure 3-12
Comparison of proposed kg location factors and percentile estimates — corner
configuration
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Figure 3-13
Comparison of proposed kg location factor and percentile estimates —wall configuration

The results presented in Figures 3-12 and 3-13 can be used to determine when the location
factors are conservative with respect to the upper percentile estimates for kg. It is also shown that
the location factors proposed always encompass the mean estimates for kg at different distances
from the wall and corner surfaces. The location factors in Table 3-3 are to be used with the
modified Heskestad fire plume correlation and compared with FDS temperature predictions for
fires located in corners and along walls.

FDS Temperature - 40 kW — - Heskestad Temperature, ke = 4 —40 kW

FDS Temperature - 1000 kW = « Heskestad Temperature, k¢ = 4 — 1000 kW
900 \

Temperature (C)

0 1 2 4 5 6 7

3
Height Above Surface (m)

Figure 3-14
Temperature vs. elevation above floor, direct corner configuration — 40 kW and 1000 kW
with FDS and modified Heskestad results
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In Figure 3-14, FDS plume temperature predictions are shown for fires located directly in a
corner with 40 kW and 1000 kW HRRs. Also shown are the temperature predictions made by the
modified Heskestad fire plume correlation using a kr of 4. For both fires, the plume temperatures
predicted by the modified Heskestad fire plume correlation are greater than those predicted by
FDS. Recalling Figure 3-12, the value of 4 used for fires located up to 1 ft. from corners is
conservative with respect to the mean estimates of ky for fires located near corners.

FDS Temperature - 40 kW = = = Hesketad Temperature, k. =1 - 40 kW

FDS Temperature - 1000 kW = = = Hesketad Temperature, k.= 1- 1000 kW
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Figure 3-15

Temperature vs. elevation above floor, wall configuration — 40 kW and 1000 kW with FDS
and modified Heskestad results

In Figure 3-15, FDS temperatures are compared with the unmodified Heskestad fire plume
correlation (kg = 1) for fires located adjacent to a single wall surface. The results of this
investigation show that a single wall surface does not contribute significantly to an increased
fire plume temperature and a fire location factor of 1 is conservative.
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3.2.1 Evaluating Uncertainty of Recommended Fire Location Factors

The model bias and uncertainty statistics for the plume temperature rise are shown in Table 3-4.
The statistics provided were determined following the methods outlined in the FDS Technical
Reference Guide [4].

Table 3-4
Bias and uncertainty of modified Heskestad fire plume correlation for wall and corner
configurations

Configuration Bias Model Uncertainty Experimental Uncertainty
Corner 1.25 0.18 0.20
Wall 1.12 0.13 0.20

The bias for the model to consistently over-predict is made clear by comparing the plotted results
to the Perfect Match Line in Figure 3-16. This line signifies where the temperatures predicted by
FDS and the modified Heskestad fire plume correlation were equal, and any values above it
represent instances where the modified Heskestad fire plume correlation predicted temperatures
greater than the temperatures predicted by FDS and is conservative when applied.

) Corner Results e Perfect Match Line

Bias = = |ower Model Uncertainty
e= = Upper Model Uncertainty
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0 100 200 300 400 500 600 700 800 900
FDS Plume Temperature Rise (C)

Figure 3-16
Summary of plume temperature prediction for fires in corners
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The unmodified Heskestad fire plume correlation can be used for fires located near a single wall
surface because the guidance provided by this investigation suggests that a fire location factor of 1
be used at all distances near a single wall surface. The value of 1 is still shown to be conservative
(see Figure 3-13); therefore, the bias is still apparent when the FDS and Heskestad fire plume
correlation temperatures are compared in Figure 3-17.

® Wall Results e Perfrect Match Line

Bias = «= |ower Model Uncertainty
= == Upper Model Uncertainty
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0 100 200 300 400 500
FDS Plume Temperature Rise (C)

Figure 3-17
Summary of plume temperature predictions for fires near walls

3.2.2 Prediction of Temperature Correction

3.2.2.1 Fire Plume Temperature Rise (Example 1)

Using the values presented in Figure F-3 of NUREG/CR-6850 [5] (Appendix F, Page F-6), the
exposure temperature for a fire located near a single wall surface and in a corner will be predicted
using the guidance outlined above.

The required inputs from Figure F-3 of NUREG/CR-6850 are an HRR of 211 kW, fire diameter
of 0.6 m, radiative fraction of 0.4, and assumed ambient temperature of 20°C. Equation 3-5 was
used to predict the plume centerline temperature for a fire located in the open as specified in
Figure F-3.

1
/ _
Tpl=T0+9.1[ To ] 3(QC)2/3(Z—ZO) 33 Eq. 3-5

(gcip?)
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Equations 3-2. 3-3, and 3-4 (shown again below) were used to predict the plume centerline
temperature for a case where the fire source was located directly adjacent to a single wall surface.

1
T, 3 Y -5
Tpr =To +9.1 [(gcg—opg)] (kpQc) 3(z—20)" /3 Eq. 3-6
L2
7o = —1.02Dg + 0.083(k0) /s Eq.3-7
_ — |keQ 4 .
D = D\[kp = ks Eq. 3-8

As presented in Table 3-3, the ky for a fire located near a single wall surface is equal to 1;
therefore, the results for both predictions would be the same. However, if the fire were postulated
to be located directly in a corner between two wall surfaces, the predictions would differ.

The results plotted with temperature predictions for a fire located in the open and in a corner
versus the height above the fire base are illustrated in Figure 3-18, demonstrating the increase in
plume temperature centerline temperature predictions for the fire located in the corner relative to
the open case.
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Figure 3-18
Open and corner temperature predictions
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3.2.2.2 Zone of Influence (Example 2)

Once again, the values presented in Figure F-3 of NUREG/CR-6850 (Appendix F, page F-6), are
used to predict the maximum thermal plume ZOI height for a fire using the existing information

for a fire located in the open and the updated information for a fire located near wall surfaces. If

Equation 3-2 is modified, the elevation at which a certain temperature is predicted to be reached

can be determined as:

3/5
T, 1/3 2 /
9.1[—(“%"’)%)] (ko) /3

zZ= AT + z, Eq. 3-9

The required inputs from F-3 of NUREG/CR-6850 (Appendix F, Page F-6) are an HRR of 211
kW, fire diameter of 0.6 m, radiative fraction of 0.4, and assumed ambient temperature of 20°C.
No information is provided for the target failure properties; therefore, both TS (330°C) and TP
(205°C) cables are evaluated.

Once again, for a single wall surface, no change will result in the predicted ZOI as a value of 1
is used with fires located near a single wall surface. However, for a fire located in a corner, the
results will differ.

Use Equation 3-6 with a kg of 4 for a fire located in a corner to evaluate the vertical plume ZOI
elevation. Use the same HRR, fire diameter, radiative fraction, and assumed ambient temperature
to evaluate the vertical plume ZOI elevation for a corner fire. The results of this analysis are
provided in Table 3-5, demonstrating the increase in the plume centerline temperature predictions.
Visual representations of the changes in the vertical ZOI for corner fires are presented in

Figure 3-19.

Table 3-5
Example 2, ZOl calculations
Heat Fire I Ambient .
Target Type |Configuration| kF Release | Diameter 'T:?gé?itgvne Temperature \ﬁerflchil (fno)l
Rate (kW) | (m) °C) 9
Thermoplastic Open/Wall 1 211 0.6 0.4 20 2.2
(205°C) Corner 4 211 0.6 0.4 20 3.6
Thermoset Open/Wall 1 211 0.6 0.4 20 1.6
(330°C) Corner 4 211 0.6 0.4 20 2.7
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Vertical plume ZOI

3.2.2.3 Fire Protection SDP (Example 3)

During an inspection, it was noted that a section of cable tray fire-wrap was not properly
maintained. This section of cable tray was noted to be within the plume ZOI of an electrical
cabinet that was previously screened from the fire PRA.

The electrical cabinet had a height of 2.3 m and width (diameter) of 0.9 m (3 ft), and the fire base
height was specified as 2.0 m. The electrical cabinet was located 0.46 m (1.5 ft.) from a corner.
The cabinet was located in a compartment with a very high ceiling, and the development of an
HGL was screened based on detailed fire modeling of the worst configuration in the compartment.
The cabinet contained non-qualified, TP cables and was assigned an HRR of 464 kW. The ambient
temperature in the compartment was 20°C, and a radiative fraction of 0.3 was used. The cable tray
contained TP cables and was located at an elevation of 7 m above the floor. The separation
between the fire base and the cable tray was 5 m. A diagram of the configuration evaluated is in
Figure 3-20.

Since the electrical cabinet was located 0.46 m (1.5 ft.) away from the corner, the analysis was
performed using the values in Table 3-3. Using Equation 3-6 and with a kg of 2, the total vertical
ZOl was reduced to 4.6 m from the fire base height. Therefore, the cable tray was outside the
ZOl, and only the cabinet would fail. This configuration is identical to the original analysis
included in the PRA.
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If the historical route had been taken for the application of the fire location factor and if a value
of kr=4 were used because the electrical cabinet was located within 2 ft. of a corner, then the
total vertical ZOI would have been estimated as 9.3 m from the floor, and the cable tray would
have been damaged.

Historicai {k-=4)
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Figure 3-20
Example 3, Reduction in vertical ZOl due to location factor reduction

3.2.2.4 Fire PRA Application (Example 4)

Fire PRA targets are located in a simple 3 x 3 m square compartment (See Figure 3-21).
Consideration of transient ignition sources (TISs) must be made to determine the risk associated
with targets in this room. Some TISs may be located near wall and corner surfaces. A
determination of the fraction of floor area for the appropriate location factor that should be

used with a TIS can be determined as follows.

From the results presented in Table 3-3, no special consideration must be made for a TIS located
near single wall surfaces; however, that is not the case for a TIS postulated near a corner.
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Figure 3-21

Transient area associated with corner fire location factors

To estimate fraction of area, F,, for which a TIS would be required to use a ki of 4, the area
associated with a radius of 0.3 m (1 ft.) from all corners must be estimated. The area of a circle is
calculated as:

A = mR? Eq. 3-10

A kr of 4 is associated with an ignition source located a radius between 0 and 0.3 m (1 ft.) away
from the nexus of a corner. Therefore, for this compartment, the area, 4, associated with the kr of
4 would be calculated as one-fourth the area of a circle, for four corners as:

2 . 2
Apgma =2 =2 ("(2'3) ) ~ 0.28 m? Eq. 3-11

where n. is the number of corners of approximately 90° in a compartment.

And the fraction of area can be calculated as:

_ Akp=4

Fapes = =228~ 0.03 - 3% Eq. 3-12

Ar 9.0

where A7 is the total floor area.
The area associated with a kr of 2 would be estimated using Equations 3-8 and 3-9 as:

4+ (r(0.6)%) — (1(0.3)%)

Akp=2 = 2 = 0.85 m?,
And an area fraction of:
Akp=2 0.85
_ — — 0,
FAkF=2 = A, =30 — 0.09 — 9%,
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For English units, if all corners are approximately 90°, then the area fraction, F,, for each
value of ki can be calculated as:

V3

_ Mg
AkF=4' - Ar Eq. 3-13
3T
F s Eq. 3-14
AkF=2 - AT g. o-
__ Ar—mng
FAkF=1 " Eq. 3-15

where n. is the number of corners of approximately 90° in a compartment.

Special care must be taken when calculating the fraction of area associated with various fire
location factors, especially when the room has a unique geometry.

3.2.3 Plume Temperature Calculations

In the FDS simulations, an area of limited information for estimating the vertical damage ZOI
for fire plumes near wall surfaces was explored. Data for exploration into this phenomenon were
developed using FDS Version 6.0.1 to produce a series of simulations in support of this analysis.
Results of these simulations were used to justify correction to the Heskestad fire plume
correlation to estimate the change in the fire plume temperatures. A number of different
parameters, including the HRR, the fire source diameter and HRRPUA are varied to determine
their influence on the fire plume temperature rise.

The information provided for estimating the prescribed fire location factor for use with the
Heskestad fire plume correlation is observed to be independent of and applicable over varying
ranges of HRR, fire source diameter, and HRRPUA. Therefore, the provided information is
appropriate for representing the hazards to cables due to fire plume temperatures for practical
applications in the commercial nuclear power industry.

Results suggest that, for wall configurations, a kr value of 1 may be used at all distance
separations between the fire source and a wall. Where two wall surfaces are located within a
distance of 0.3 m (1 ft.), the corner configuration should be assumed, and a conservative value

of 4 should be used. If two wall surfaces are located within the range of 0.3—-0.6 m (1-2 ft.) of the
ignition source, it should be considered a transitional corner configuration, and a value of 2 may
be used for kg. A value of 1 should be used in all other cases where the separation distance from
wall surfaces is greater than 0.6 m (2 ft.).
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3.2.4 Application of the Fire Location Factor

The fire location factor analysis was subjected to a limited peer review. Through analysis of the
results and the assumptions and limitations stated in Section 2.3, the following limits are
provided for implementation of the fire location factor:

Fire location factors of less than 1 should not be used.

The new fire location factors should be used for fire sources located near wall surfaces in
which the wall surface extends horizontally past the fire source for a distance of at least two
source diameters and vertically for the entire distance between the source and target as
described in Section 2.4.3.

The new fire location factor may be used with all wall types of wall surfaces. As presented in
Section 3.1.4, concrete, gypsum, steel, and inert wall surface properties were studied as part
of this investigation, and no significant differences were observed in the estimated fire
location factors.

The new fire location factor does not apply to configurations that include burning of
secondary combustible materials. The modified Heskestad fire plume correlation, however,
may be used to establish the likelihood that secondary combustibles may be ignited through
the definition of the primary ignition source ZOI. The modified Heskestad fire plume
correlation is limited to the ignition source only. That is, in the case of secondary
combustible ignition (that is, cable trays), the subsequent analysis should follow existing
information and modeling techniques.

The new fire location factor does not apply to analysis that determines the HGL damage.
The plume correlation may be used only for the duration of time in which thermal plume
exposure is postulated but the HGL temperature has not yet reached the damage criteria.
Existing information and modeling techniques should be used to evaluate the likelihood and
timing of HGL damage. Modeling technique exits can combine the effects of a thermal
plume immersed in an HGL, although these techniques may be applied only to exposures
within the thermal plume prior to the HGL damage state.

The new fire location factor does not apply to analyses that determine the visibility reduction
due to smoke accumulation. Smoke accumulation has not been evaluated directly in this
report, and the findings of this report do not invalidate existing guidelines for the evaluation
of visibility.

The new fire location factor does not apply to the evaluation of the ceiling jet damage ZOI.
The ceiling jet has not been evaluated in this report, and the findings of this report do not
invalidate existing guidelines for the evaluation of the ceiling jet.

The new fire location factor does not apply to the evaluation of the horizontal thermal flame
radiation ZOI. Existing information and modeling techniques should be used to evaluate the
extent of the horizontal ZOI.
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e The new location factor values prescribed in this report are not be applied to FDS predictions
of fire plume temperatures. The new location factor does not apply to FDS results and is
intended for use only with the Heskestad fire plume correlation. A qualified user of FDS
should develop an appropriate set of inputs to address the effects of wall surfaces but not by
adjusting the output data with a bias correction.

e The new fire location factor has not been studied in conjunction with forced or augmented
ventilation. In the presence of non-ambient air flow conditions, a historically acceptable means
of estimating fire plume temperatures should be used in lieu of this new fire location factor.

3.3 Conclusions

In this investigation, two specific areas of guidance for use of fire location factors with fire
plume temperature analysis of ZOI applications in NPPs were explored. These two areas are
identified as:

e When to use the fire location factor

e What value of the location factor to use

Evidence for this investigation was developed using FDS Version 6.0.1. Results from these
simulations were used in a modified version of the Heskestad fire plume correlation to estimate
values of the fire location factor, kg, for fires located in wall and corner configurations. A
number of different parameters, including HRR, distance from the wall surfaces, fire source
diameter, the elevation above the fire source were varied to determine their influence on the
estimation of kr.

Using these estimated values of kr, recommendations for the implementation of the fire location
factor based on varying distances from wall surfaces are presented. Guidance on what values of
the location factor to use is provided in the form of location factors for fires located at various
distances away from wall and corner surfaces. The results of this investigation were compared
with observations from previous studies showing that the wall surfaces influence fire plume
temperatures.

While other researchers have reported that the mirror method is not always conservative, this
investigation developed an implementation and showed that the implementation is, on average,
conservative. For practical application in the commercial nuclear industry, the higher values of
location factors observed are associated with low fire plume temperatures that are well below
the damage threshold for cables. Therefore, the recommended guidance is appropriate for
representing the hazards to cables due to fire plume temperatures.

Guidance provided from this investigation was developed using industry-accepted tools and
statistical practices in a manner that combined aspects of a fire PRA and fire hazard analysis.
Implementation of the guidance provided was done with an understanding and presentation of
the bias and uncertainty of the results obtained during this investigation while applying
fundamental fire science.
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Evidence suggests that for fires located adjacent to corners, the current guidance to use a ky of 4
may be overestimated. At distances greater than 0.3 m (1 ft.), the current guidance for a kp of 4 is
overly conservative and may be reduced for fires with greater than a 0.3 m (1 ft.) separation from
the corner. For fires located along a single wall surface, the current guidance to use a kr of 2 has
been shown to be more conservative than necessary, and a value of 1 is appropriate for all wall
configurations, particularly when the plume temperature is greater than the cable damage
threshold.
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A

PROBABILITY OF PROPAGATION FOR TRANSIENT
FIRES

4.1 Introduction

Risk analysts in the commercial nuclear industry have been modeling transient combustible fires
in fire PRAs for a number of years. A review of the latest transient fire event data strongly
suggests that the current transient fire scenario frequency calculations are missing an opportunity
to reduce conservatism by accounting for the probability that a transient combustible package is
present near the ignition source. Typically, the scenario frequency considers only the likelihood
of an ignition source (for example, temporary electrical wiring, portable equipment, pinched
extension cords, and so on), but does not consider the probability that the ignition source

(1) would contain sufficient combustible material on its own to sustain a significant fire, or

(2) would be close enough to a transient combustible package to ignite a significant transient fire.
To capture the propagation probability, a term to represent the probability of a transient fire
propagating from an ignition source to a significant transient combustible package may be
introduced into the equation for the ignition source frequency for general transient fire scenarios.

4.2 Purpose and Scope

The purpose of this chapter is to refine the current approach for calculating the ignition
frequency for general transients presented in NUREG/CR-6850 to include a term representing
the probability that a transient fire develops into a significant fire event.

The scope of this effort includes general transients. This includes fire ignition frequency bins 7
(control/aux/reactor building), 25 (plant-wide), and 37 (turbine building). Fire event data are
collected for all operating modes; however, the calculation of ignition frequencies is dependent
on operating mode. Likewise, this review differentiates between at power and LPSD transient
fire events.

4.3 Assumptions and Limitations
The following assumptions were used in the calculation:

e Ignition source characteristics. For a transient combustible fire that consists of an ignition
source that is separate from a transient combustible package, the ignition source is described
by a gamma distribution with a 98" percentile of 317 kW, as specified for general transient
fires in NUREG/CR-6850. To further characterize the ignition source, a representative
radiative fraction of 0.4 is used in the calculations to model combustible packages. The value
of x, typically lies between 0.3 and 0.4 for natural materials (paper and wood) and between
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0.2 and 0.6 for synthetic materials and electrical cables as published in Generation of Heat
and Gaseous Liquid, and Solid Products in Fires, Table 3-4.16, p. 3-143 and p. 3-145,

Xr = VH..q/VHg, [10]. This assumption conservatively represents the ability of the ignition
source to propagate to the combustible package.

Distance range for correlated ignition source and combustible. For a transient
combustible fire in which the location of the ignition source is separate from the location of
the transient combustible package, but for which the locations of the two are correlated (that
is, located close together due to being a part of the same work activity), the distance from the
center of the ignition source to the edge of the transient combustible package for propagation
purposes is assumed to be 1 m or less. A distance of 1 m or less is chosen as a reasonable
distance for keeping material nearby for a work activity.

Critical heat flux distribution. The critical heat flux to ignite the combustible package
is probabilistically represented in the calculation as a uniform distribution between 6 and
20 kW/m®. The lower and upper limits are justified in Section 4.5.5, based on literature
values of critical heat flux for typical transient materials.

Precision of the Monte Carlo results. The precision of the Monte Carlo results is
determined by the number of realizations. With 100,000 realizations, the estimated standard
error (or standard deviation of the average) is s/4/100,000 = 0.003s, where s is the sample
standard deviation of the 100,000 probability realizations as published in Equations 5A and
40 [2]. As the footnote to Table 4-3 shows, the standard deviation of the average probability
of fire propagation was calculated to be less than about 2%. The statistical fluctuations can be
made arbitrarily small by increasing the number of realizations at the cost of increased
computing time. The choice of 100,000 realizations reduces the statistical fluctuations to
below the precision of the reported results.

4.4 Methodology

4.4.1 Calculating Transient Ignition Frequency

NUREG/CR-6850 (Section 6.3.1) [7] describes the process for calculating the scenario
frequency for the general transient fire scenario, A7, as follows:

AGT:A‘Q'WL'VVIS'VVQ Eq4-1

Where:

4-2

Ag 18 a plant-level fire frequency for general transient combustibles from EPRI
3002002936 / NUREG-2169 (for example, Bins 7, 25, or 37) [11].

W, is the location weighting factor.
Wi 1s the weighting factor for the general transient ignition source.

Wj is the floor area ratio for the general transient fire.
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The generic frequency, A4, for general transients was calculated using EPRI’s updated fire
events database, including potentially challenging events (a fire event that either did or could
have presented a threat to nuclear safety) and undetermined events (an event with insufficient
information to determine the classification). Fire frequencies for both at-power and LPSD
conditions are published in EPRI 3002002936 and NUREG-2169 [11]. Included events were
those that occurred during power operations or low-power operations, such as plant startup.
Non-challenging fires and fires that occurred off site or on site in areas that are not associated
with either the nuclear or power generation blocks of the plant were screened out (NUREG/
CR-6850, App. C).

The location weighting factor, W, adjusts the frequencies for those situations where a common
location is shared between multiple units. For example, if one turbine building serves two units,
then 2.0 will be used for the location weighting factor (NUREG/CR-6850, Section 6.3.1) [7].

The term W is a weighting factor that distributes the generic frequency for general transient
fires among the compartments within the particular general transient bin. The weighting factor is
based on relative values of influence factors for maintenance, occupancy, and storage attributed
to each fire compartment.

The floor area ratio for general transient scenario, W,, is the floor area considered in the

scenario, divided by the floor area of the fire compartment. The ratio apportions the frequency
within the fire zone to a specific portion of the floor area.

Review of the latest transient fire events data strongly suggests that the current transient fire
scenario frequency calculations are missing an opportunity to reduce conservatism by accounting
for the probability that a transient combustible package is present near the ignition source. In
order to capture the probability, a term, Wp, is added to the equation for the ignition source
frequency for a general transient fire scenario as follows:

AGTZAQ'WL'VVIS'%'WP Eq4'2

Where, Wp is the probability of a transient fire propagating from the ignition source to a transient
combustible package capable of causing a significant fire event.

4.4.2 Definition of Probability of Propagation: W,

A general transient fire is defined with a gamma distribution with the 98" percentile of 317 kW
[7]. One way for a significant transient fire to occur is for an ignition source to contain sufficient
combustible material on its own to sustain the transient fire; in other words, the combustible
material is integral to the ignition source. Another way is for an ignition source to be in close
proximity to a transient combustible package so that the radiant heat flux from the ignition
source ignites the combustible package. If an ignition source and a combustible package are
brought into a fire compartment during a work activity, it is likely that they are placed near each
other on the floor, and the relative locations of the ignition source and the combustible package
can be described as correlated. If an ignition source and a combustible package are brought into a
fire compartment at different times, as a part of different activities, the location of the ignition
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source is not considered dependent on the placement of the combustible package. In this case,
the relative locations of the ignition source and the combustible package are described as
uncorrelated. Therefore, three types of transient fires, which are used in the development of W,
are defined as follows:

e Integral. The ignition source contains sufficient combustible material integral to the source
(that is, combined ignition source and combustible material) to cause a significant fire event.

e Correlated. The ignition source does not contain sufficient combustible material to cause a
significant fire event by itself, but the location of a separate transient combustible package is
likely to be correlated to the location of the ignition source, since the placement of both is
associated with a single work activity.

e Uncorrelated. The ignition source does not contain sufficient combustible material to cause
a significant fire event by itself, and the location of a separate transient combustible package
is likely to be uncorrelated to the location of the ignition source, since the placement of both
is not associated with a single work activity.

Considering these three types of transient fires, the average probability of propagation for a
transient fire, W), can be defined as

Wp = xinth,int + xcorrVVp,corr + xuncorrVVp,uncorr Eqg. 4-3
Where:

Xine 18 the fraction of transient fires characterized as integral.

Xcorr 1S the fraction of transient fires characterized as correlated.

Xuncorr 18 the fraction of transient fires characterized as uncorrelated.

W,

»,int 18 the probability of fire propagation for an integral source.

W, corr 18 the probability of fire propagation for a correlated source.

W,

vuncorr 18 the probability of fire propagation for an uncorrelated source.

The values of Xj¢, Xcorr> a0d Xypcorr» are determined by analyzing the transient combustible
fires in the EPRI Updated Fire Events Database [3], as described in Section 4.4.3. Note that:

Xint + Xcorr T Xuncorr = 1 Eq. 4-4

The value of W, i, is 1, by definition, since the combustible material is integral to the ignition
source.

The values of W), corr and W, yncorr are calculated in Section 4.4.4, based on the following
premises:

e The ignition source is separate from the transient combustible package.

e The transient combustible package will ignite when the ignition source produces a critical
heat flux on the surface of the combustible package, as described in Section 4.4.5.
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The ignition source is described by a gamma distribution with a 98" percentile of 317 kW
(Assumption 1). This is a conservative input, since the bulk of the combustible material is
separate from the ignition source for a non-integral ignition source.

The ignition source can be located anywhere within the floor area under consideration for a
transient fire.

For the correlated case, the transient combustible package is assumed to be located at a
maximum distance of 1 m from the ignition source (Assumption 2).

For the uncorrelated case, the transient combustible package can be located anywhere within
the floor area under consideration for a transient fire.

4.4.3 Characterizing Transient Fires in EPRI Updated Fire Events Database

A detailed review of the transient fires (~50 events) in the EPRI Updated Fire Events Database
[3] from the 1990s and 2000s results in the following characterization of transient fires for three
groupings based on the plant power levels at the time of the transient fire—all power levels, at
power, and low power:

4.4.3.1 All Power Levels (54 Events)

19% of ignition sources can be described as integral (x;,; = 0.19), for which the ignition
sources contain significant combustibles (integral to the source), any of which can cause a
significant fire by itself.

— Example: A vacuum cleaner with a bag containing combustible material.

47% of ignition sources can be described as correlated (x .o =0.47), for which the ignition
sources do not contain significant combustibles and the location of the separate transient
combustible package is likely to be correlated to the location of the ignition source.

— Example: Ignition of extension cord during maintenance; other combustibles could be
nearby due to same activity.

34% of ignition sources can be described as uncorrelated (xypcor =0.34), for which the
ignition sources do not contain significant combustibles and the location of the separate
transient combustible package is likely to be uncorrelated to the location of the ignition

source.

— Example: Electrical outlet for freeze protection overheated and caught fire; this would not
involve a collection of significant combustible materials

4.4.3.2 At Power (23 out of 54 Events)

24% of ignition sources can be described as integral (x;,; = 0.24).
50% of ignition sources can be described as correlated (X, =0.50).

26% of ignition sources can be described as uncorrelated (X, corr =0.26).
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4.4.3.3 Low Power (31 out of 54 Events)

e 15% of ignition sources can be described as integral (x;,; = 0.15).
e 45% of ignition sources can be described as correlated (x .y =0.45).

e 40% of ignition sources can be described as uncorrelated (X corr =0.40).

Appendix B contains a list of all the transient fires and the categorization details.

4.4.4 Calculation of Probability of Propagation for Transient Combustible
Packages That Are Separate from Ignition Sources: Wp, ;o and W ncorr

Consider a typical fire compartment depicted in Figure 4-1 with a transient fire postulated on the
floor area marked as “Transient Zone.” The distance, r, represents the distance between the
transient ignition source (red box) and the transient combustible package (yellow box). The
probability of propagation for a transient fire is dependent on r, since a significant fire will occur
only if the transient combustible package is close enough to the ignition source to receive a
critical heat flux to cause ignition, as explained in Section 4.4.5.

B 'enition Source

Combustible Package V

Fire Compartment
._T |
7 ]
P s
w
- L
Transient
Zone
H Bus Bus Panels

Figure 4-1
Location of transient combustible package in relation to separate ignition source
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The HRR for the transient ignition source is characterized by a gamma probability distribution as
defined in Appendix G of NUREG/CR-6850 (Assumption 1). The probability density function
can be written as follows:

-Q
. ya—1, B
f(Q) = Qﬁal—v(ea) Eqg. 4-5

Where:
Q is the random variable for the HRR.

o and f are the scale and shape parameters for the gamma distribution, respectively.

From Appendix G of NUREG/CR-6850 [7], the values for o and 3 are 1.8 and 57.4,
respectively.

The incident heat flux generated by the ignition source can be estimated using the point source
flame radiation model (See Chapter 5 of Reference 6). The point source flame radiation model
has the following mathematical structure:

e XrQ

= amr? Eq. 4-6

Where:
" is the radiant heat flux in units of kW/m®.
Xr 1s the radiative fraction.

7 1s the distance from the centerline of the fire to the surface of the transient combustible
package receiving the flame radiation.

A representative value of 0.4 is used in the calculations to model combustible packages
(Assumption 1).

Since the HRR parameter @ is a random variable governed by a gamma distribution, the
parameter uncertainty can be propagated to the heat flux term q" using the transformation
method as follows:

f(@

@) =5 Eq. 4-7

The left side of the equation is the probability distribution for ¢", the numerator is the probability
distribution for Q (which is the gamma distribution for the transient HRR), and the denominator
is the absolute value of the derivative for the equation for ¢" (that is, the point source flame
radiation model) described earlier. The derivative is:

aq’ _ Xr

— = Eq. 4-8
aQ 4mrr? q
The point source flame radiation equation is solved for Q, resulting in:
. 42
—xanr Eq. 4-9
Xr
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The last three equations are joined to produce the resulting probability distribution:

_<4Q"7tr2)
- Xr
2 4q"nr2 4q"nr2 R LA
f(C'[" r) — anr f( Xr ) — 471'7'2( Xr ) € B

’ Xr Xr BoT(a)

The probability distribution is a function of 7.

Eq. 4-10

The probability distribution f(g", ) can be integrated for a given value of r to determine the
probability of a heat flux exceeding the critical value assumed for ignition. Mathematically, this
is expressed as:

W,(r) =1- fo"mt f(@",rdq Eq. 4-11

Given a value of gcrit and a value of r, the result is the probability of ignition of the combustible
package.

4.4.5 Critical Heat Flux for Typical Transient Combustibles

For this analysis, the fire starts in an ignition source and potentially generates enough radiant
heat flux to ignite a separate transient combustible package. The critical heat flux is defined as
the heat flux below which ignition under practical conditions (in bench-scale test or a real fire)
cannot occur. Therefore, for fire initiation, a material must be heated above its critical heat flux
value. Literature values of critical heat flux for typical transient materials are presented in
Table 4-1.

Based on NUREG/CR-6850 (Tables G-7 and G-8), typical transient combustibles are composed
of paper, cardboard, plastics (such as polyethylene, polypropylene, polyurethane, polyvinyl
chloride, and polystyrene), natural and synthetic fibers, wood, and yard waste [7]. The values of
critical heat flux in Table 4-1 were measured using the ASTM E2058 fire propagation apparatus
(FPA) designed by the Factory Mutual Research Corporation. In this method, the horizontal
sample (approximately 100 mm % 100 mm square and up to about 25 mm in thickness) is exposed
to a small pilot flame and various external heat flux values until a value is found at which there is
no ignition for about 15 m [1]. This scenario represents what is called “piloted ignition,” which is
when a material is heated in the presence of an ignition source, that is, a small flame, electric arc,
burning ember, and so on. As the transient combustible material is heated, the solid transforms
into gas-phase fuel, which is called pyrolysis. Once pyrolysis starts, gas emerges from the fuel
surface, mixes with the ambient oxygen, and produces a flammable mixture. This flammable
mixture is assumed to ignite immediately upon formation, due to the nearby ignition source.

The Society of Fire Protection Engineers (SFPE) Engineering Guide—Piloted Ignition of Solids
Materials Under Radiant Exposure indicates that the values measured using the ASTM E2058
FPA method are conservative because the surface is blackened to maximize the surface
absorptivity, thus minimizing the ignition temperature and minimizing the heat flux for ignition
[9]. A further conservatism applies to this analysis due to the use of data from piloted ignition
tests to represent unpiloted scenarios (spatial separation of the ignition source and combustible
package).
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Based on the critical heat flux values listed in Table 4-1, the range of 620 kW/m2 for typical
transients was chosen as a conservative input for the analysis.

Table 4-1
Critical heat flux values for potential transient combustible materials
Material gﬂzc(ék‘w;azt) Source
Thermoplastic cables 6 NUREG/CR-6850, Section H.1.1
Thermoset cables 11 NUREG/CR-6850, Section H.1.1
Tissue paper, newspaper, corrugated paper 10-15 Tewarson 2008
Wood 10 Tewarson 2008
Plywood 16 SFPE 2002 (Table 4)
Polystyrene 13 Tewarson 2008
Polypropylene 8-15 Tewarson 2008
Polyethylene 15 Tewarson 2008
Polystyrene foams 10-15 Tewarson 2008
Polyurethane foams 13-40 Tewarson 2008
Polyester 8-18 Tewarson 2008
Rayon 14-17 Tewarson 2008
Wool-nylon 15 Tewarson 2008
Yard waste (pine needles, oak leaves) 12-18 Mindykowski et al. 2011 [4]
13 SFPE 2002 (Table 2)

45 Results

The computer software MATLAB was used to calculate the value of W, (r) in Equation 4-11. As
an example, the equation for W, (1) was solved numerically for values of » =0 to » = 1.5 m, in
increments of 0.05 m (Appendix B.2, MATLAB file: Trans_q r_set.m) and a gcrit of 6, 10, and
20 kW/m?. The plot of W, () versus 1 is shown in Figure 4-2. In this example, if a transient
combustible has a critical heat flux of 10 kW/m?® and is located 0.6 m away from the ignition
source, the probability of propagation is about 0.4.
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1.2
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r, Distance from Center of Ignition Source to Combustible
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Figure 4-2
Probability of propagation W, (r) versus distance

The results in Figure 4-2 do not take into account the size of the transient zone area where the fire
can occur, which is important for uncorrelated transient fires where the location of the ignition
source is independent of the location of the transient combustible package. Fire PRAs typically
assume that the ignition source can be located anywhere in the transient zone with dimensions

T x Tw, as shown in Figure 4-1. This research aims to generate an average probability value,

W, (L), resulting from averaging the function W,,(r) over a range of achievable distances between
the ignition source and combustible and over a range of gcrit from 6 to 20 kW/m®. The value of
Wp(L) as a function of transient zone size is calculated using a Monte Carlo simulation using
MATLAB (Appendix B.2) as follows:

1. For a range of transient zone sizes, with characteristic length defined as, L = /T;, X Ty,

choose a value of L, starting with 0.1 m and increasing by 0.1 m each time this step is
repeated.

2. Calculate a randomly generated value of x; and y; between 0 and L to represent the location
of the ignition source within the transient zone.

3. Calculate a randomly generated value of x, and y, between 0 and L to represent the location
of the combustible package within the transient zone.

4. Calculate the distance between the ignition source and the combustible package:

r =y — 1)+ (x; — x1)? Eq. 4-12
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Choose a randomly generated gcrit between 6 and 20 kW/m?, assuming a uniform
distribution (Assumption 3).

Calculate W, using Equation 4-11 for the calculated value of  and gcrit.
Repeat steps 2 through 6 for 100,000 samples
Calculate WP(L) for the chosen value of L

Repeat steps 1 through 8, each time increasing the value of L until L =8 m.

The results of WP(L) versus L are plotted in Figure 4-3. This plot applies to an uncorrelated
transient fire in which the location of the ignition source is independent of the location of the
transient combustible package and can be located anywhere within the transient area; therefore
the value of WP(L) in Figure 4-3 is equivalent to W), ,,;,cor from Equation 4-3. This shows that,
for example, in a transient area equal to 9 m?, with L = 3, when an ignition source and
combustible package are separate from each other and not part of the same activity (that is,
locations are uncorrelated), the probability that the transient combustible package is close enough
to the ignition source to be ignited due to radiant heat flux, ranging from 6 to 20 kW/m?, is 8%.

1.00 \
0.90 \
0.80 \
0.70 \
5'—;_ 0.60
: \
[J]
& 050 |
\
0.40 \
0.30 \
0.20 <
0.10 \\
\\
0.00
0 1 2 3 4 5 6 7 8
L, Length of Floor Area (m)
Figure 4-3

Average probability of propagation for uncorrelated transient types
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For correlated transient fires, the distance between the center of the ignition source and the edge
of the transient combustible package is limited to 1 m or less (Assumption 2). This is equivalent
to restricting the transient zone size to L = 1 m. This assumes that a worker entering a work area
will place the ignition source and transient combustible package within 1 m or less of each other.
Using a value of L = 1, from Figure 4-3, the value of W}, ., = 0.46 is obtained. In other words,
when an ignition source and combustible package are separate from each other and both are part
of the same activity (that is, locations are correlated), the probability that the transient
combustible package is close enough to the ignition source to be ignited due to radiant heat flux,
ranging from 6 to 20 kW/m?, is 46%.

For transient combustibles in which the combustible material is integral to the ignition source,
the distance between the ignition source and the combustible package, by definition is 0, L = 0.
From Figure 4-3, the value of W), ;. is 1. In other words, for integral transient combustibles,
probability of propagation by the ignition source to the combustible material is 100%, and a
Monte Carlo calculation is not required.

All of the terms for calculating Wp in Equation 4-3 have been defined and calculated and are
presented in Tables 4-2 and 4-3 for all power levels, at power, and low power. Table 4-3 contains
the probability of propagation for a transient fire. These values are intended to be used in
calculating scenario frequencies for transient fires. The results are plotted in Figure 4-4.

Table 4-2
Inputs for calculating the probability of propagation for transient fires

Fraction of Ignition Sources
P w Equivalentto W. at
L%v\\//eelr Integral | Correlated | Uncorrelated | Wpint pcorr (EQ L=1m) puncorr
Xint Xcorr Xuncorr
All levels 0.19 0.47 0.34
At power 0.24 0.50 0.26 1 0.461
Low power 0.15 0.45 0.40
Table 4-3
Probability of propagation for transient fires
N Wp = xinth,int + xcorer,corr + xuncorrwp,uncorr
L (m) | Wy uncorr (EQuivalent to W,(L)*
All Power Levels At Power Low Power
1.0 0.461 0.56 0.59 0.54
1.1 0.407 0.54 0.58 0.52
1.2 0.359 0.53 0.56 0.50
1.3 0.322 0.52 0.55 0.49
1.4 0.287 0.50 0.54 0.47
1.5 0.259 0.49 0.54 0.46
1.6 0.237 0.49 0.53 0.45
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Table 4-3 (continued)
Probability of propagation for transient fires

L (M) | Wy ncorr (Equivalent to WLy Wy, = XineWp int + XcorrWp corr + XuncorrWpuncorr
All Power Levels At Power Low Power
1.7 0.213 0.48 0.53 0.44
1.8 0.196 0.47 0.52 0.44
1.9 0.177 0.47 0.52 0.43
2.0 0.165 0.46 0.51 0.42
2.1 0.153 0.46 0.51 0.42
2.2 0.139 0.45 0.51 0.41
23 0.130 0.45 0.50 0.41
24 0.121 0.45 0.50 0.41
25 0.112 0.44 0.50 0.40
2.6 0.105 0.44 0.50 0.40
2.7 0.0988 0.44 0.50 0.40
2.8 0.0922 0.44 0.49 0.39
29 0.0876 0.44 0.49 0.39
3.0 0.0821 0.43 0.49 0.39
3.1 0.0766 0.43 0.49 0.39
3.2 0.0716 0.43 0.49 0.39
3.3 0.0698 0.43 0.49 0.39
34 0.0640 0.43 0.49 0.38
35 0.0616 0.43 0.49 0.38
3.6 0.0577 0.43 0.49 0.38
3.7 0.0543 0.43 0.48 0.38
3.8 0.0536 0.42 0.48 0.38
3.9 0.0497 0.42 0.48 0.38
4.0 0.0478 0.42 0.48 0.38
4.1 0.0459 0.42 0.48 0.38
4.2 0.0437 0.42 0.48 0.37
43 0.0420 0.42 0.48 0.37
44 0.0397 0.42 0.48 0.37
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Table 4-3 (continued)
Probability of propagation for transient fires

Wp = xintwp,int + xcorrwp,corr + xuncorrwp,uncorr

L (M) | Wy auncorr (Equivalent to W,(L)*
All Power Levels At Power Low Power
45 0.0394 0.42 0.48 0.37
46 0.0372 0.42 0.48 0.37
47 0.0364 0.42 0.48 0.37
4.8 0.0352 0.42 0.48 0.37
49 0.0329 0.42 0.48 0.37
5.0 0.0322 0.42 0.48 0.37
5.1 0.0307 0.42 0.48 0.37
5.2 0.0294 0.42 0.48 0.37
5.3 0.0276 0.42 0.48 0.37
5.4 0.0271 0.42 0.48 0.37
5.5 0.0259 0.42 0.48 0.37
5.6 0.0257 0.42 0.48 0.37
5.7 0.0241 0.41 0.48 0.37
5.8 0.0241 0.41 0.48 0.37
5.9 0.0231 0.41 0.48 0.37
6.0 0.0229 0.41 0.48 0.37
6.1 0.0215 0.41 0.48 0.37
6.2 0.0208 0.41 0.48 0.37
6.3 0.0206 0.41 0.48 0.37
6.4 0.0197 0.41 0.48 0.37
6.5 0.0196 0.41 0.48 0.37
6.6 0.0188 0.41 0.48 0.36
6.7 0.0181 0.41 0.48 0.36
6.8 0.0177 0.41 0.47 0.36
6.9 0.0173 0.41 0.47 0.36
7.0 0.0170 0.41 0.47 0.36
7.1 0.0163 0.41 0.47 0.36
7.2 0.0162 0.41 0.47 0.36
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Table 4-3 (continued)
Probability of propagation for transient fires

L (M) | Wyncorr (Equivalent to WLy Wy, = XineWp int + XcorrWp corr + XuncorrWpuncorr
All Power Levels At Power Low Power
7.3 0.0158 0.41 0.47 0.36
7.4 0.0149 0.41 0.47 0.36
75 0.0146 0.41 0.47 0.36
7.6 0.0143 0.41 0.47 0.36
7.7 0.0139 0.41 0.47 0.36
7.8 0.0136 0.41 0.47 0.36
7.9 0.0133 0.41 0.47 0.36

*Note: The standard deviation of W, ypcorr ranges from <0.001% at L=0.1 m to 2.1% at L=7.9 m (Reference 2,
Equations 5A and 40).
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Figure 4-4
Average probability of propagation for a transient fire for scenario frequency calculations
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The value of Wp for transient zone lengths larger than 7 m is 0.47 for at power and 0.36 for

LPSD. The difference is due to the higher fraction of uncorrelated transient fires for low power
(0.40) compared to the at power level (0.26), as shown in Tables B-3 and B-4 and discussed in
Appendix B.

46 Conclusions and Recommendations

The average probability of propagation of a transient fire, Wp, has been calculated using a Monte
Carlo analysis and is plotted in Figure 4-4 and tabulated in Table 4-3. The value Wp is intended

for use in calculating the scenario frequency for a general transient fire, when a transient fire is
postulated in a subsection of a fire compartment, referred to as a transient zone, as follows:

Aor = Ag - Wy, - Wig - Wy - W, Eq. 4-13

The calculated values of Wp include the characteristics of three types of transient fires, based on
observations in EPRI’s Updated Fire Events Database:

e Integral (combustible material is integral to the ignition source)
e (Correlated (combustible material is located within 1 m of the ignition source)

e Uncorrelated (combustible material is located more than 1 m from the ignition source)

The results are based on literature values of critical heat flux for common transient materials,
ranging from 6 to 20 kW/m? (Section 4.4.5). The heat flux for the transient ignition source is
characterized by a gamma probability distribution, based on the HRR probability distribution for
general transients, as defined in Appendix G of NUREG/CR-6850, rewritten in terms of heat flux
rather than HRR, using the point source radiation model. The characteristic length, L, of the
transient zone (the square root of the floor area of the transient zone) is the only input necessary
to calculate Wp from the results presented. The recommended values of Wp range from 0.59 for
small transient zones (L =1 m) to 0.47 for large transient zones (L > 8 m) for full power conditions
and range from 0.54 (L =1 m) to 0.36 (L > 8 m) for low power conditions.

Fire PRA Implementation
To implement this method in a fire PRA, the following steps should be taken:

1. Identify the location of a transient fire area, such as the area marked as “Transient Zone”
in Figure 4-1.

2. Calculate the characteristic length of the transient zone from L = /T, X Ty,.

3. Determine the average probability of propagation, Wp, for the value of L at the applicable
power level, using Figure 4-4 or Table 4-3.

4. Use Equation 4-13, along with the value of Wp, to calculate the scenario frequency for the
general transient fire.

For example, if a transient zone has dimensions T;, X Ty, =7 x 4 m. The characteristic length is
L =+7 x4 = 5.3 m. From Table 4-3, for all power levels, Wp = 0.42. Once multiplied in
Equation 4-13, the result is a scenario frequency that is reduced by a factor of 0.42.
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5

DETERMINATION OF LIQUID SPILL FIRE HEAT
RELEASE RATES

Combustible and flammable liquid spill fire scenarios are an important class of fires considered at
NPPs due to their potential to generate high HRRs over a short time interval, which can result in a
severe fire hazard to critical components, raceways, and structural elements. Combustible and
flammable liquids are present in many types of equipment at nuclear facilities, including
transformers, chillers, pumps, motors, and diesel generators. The fuels may be contained within
equipment, stored in tanks, or contained in drums and are often in close proximity to an ignition
source, which may include the equipment containing the combustible or flammable liquids.

Current methods of predicting the HRR profiles in combustible and flammable liquid spill fires
are based on a mix of data applicable to fires involving deep liquid pools and thin spills. The
failure to consider the HRR data selectively, accounting for the depth of the liquid, results in
significant over-predictions of the HRR and significant under-predictions of the fire durations for
thin spills. The resulting errors in many cases may exceed a factor of 5.

It is natural to assume that an over-prediction of the HRR will universally yield a conservative result
when considering the effects of a fire; however, several examples are identified in which the
reverse is true. In these cases, fire duration plays a key role in the determination of the fire hazard
associated with the liquid fuel fire, and a significant under-prediction of the fire duration results in a
non-conservative assessment of the particular fire effect.

A large number of liquid fuel fire tests conducted in support of the United States National
Institute of Justice (N1J) [1] provide a unique opportunity to assess and improve existing HRR
models for liquid fuel fires. The overall goal of this effort was to incorporate the spill fire test data
developed in Fire Dynamics and Forensic Analysis of Liquid Fuel Fires [1] into an empirical
model that can be applied to liquid fuel spills at commercial NPPs when predicting the HRR
profile. Overall, the expectation is that an improved empirical treatment of liquid pool fires will
produce more realistic HRR profiles. This will be especially useful for modeling the response of a
target to fire exposure. Improved empirical treatment will also reduce conservatism in predicting
HRR for thin-spill fire scenarios that had previously been treated using deep pool data. Useful
applications of the improved empirical treatment include determining a ZOI and using an HRR as
an input into a zone or field-based fire model.

Four liquid fuel fire empirical HRR models are considered in this report:

e Method 1 is based on guidance published in NUREG/CR-6850 [2]. This method is a very
simplified model that is useful for predicting the maximum possible HRR of a liquid fuel fire.
It does not account for fire growth or decay, or for reduced mass loss rates in thin and/or small
diameter pools, resulting in the shortest burning durations and highest HRRs of all the
methods considered in this report.
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e Method 2 is described and implemented in NUREG-1805 [7]. This method is also a simplified
model that is useful for predicting peak HRRs for pool fires where pool diameter is taken into
account as an influence on the burning rate. It does not account for fire growth or decay or for

reduced mass loss rates in thin pools, resulting in very short burning durations with very high
HRRs.

e Method 3 is described by Gottuk and White [3]. This method is a simplified model that
improves upon Method 2 by adding the effect of fuel depth and substrate cooling on reducing
the burning rate of the spill fire. It does not account for fire growth or decay, resulting in short
burning durations with high HRRs, although the accuracy is improved for thin pool fires as
compared to Methods 1 and 2.

e Method 4, which is developed in this report, is an updated model that addresses the
growth stage of the HRR in liquid fuel fires using observations of the behavior reported in
Reference 1. A simple decay stage is included that is directly related to the surface flame
spread rate on the liquid fuel and the localized mass burning rate. This method is shown to
produce good agreement with the simple methods based on previous pool fire and spill fire
data for deep pool data, but is significantly improved for liquid spill fires, in which the growth
phase is a significant fraction of the overall HRR profile.

An analysis procedure was developed for implementing the empirical HRR models. The
procedure is applicable to liquid fuel spills involving kerosene, gasoline, heptane, ethanol, or
lubricating oils when substrate (that is, floor) temperatures are less than 40°C. Fuels that have burning
characteristics similar to those listed above may be evaluated using this approach provided the
empirical constants for the fuels are known or are bound by the selected values. Additionally, the
analysis is not applicable to continuously fed spill fires. For applications that do not meet the
applicability requirements, an alternative approach is recommended for determining the HRR
profiles, with deference to the existing conservative guidance for deep pool fires. Appendix C
provides graphical and tabular solutions to the updated or integral model presented in this report for
different volumes of common flammable and combustible liquids. The data in the appendix may
be used for applicable fuels and fuel volumes in place of solving the integral model.

Because the proposed updated model (Method 4) contains several variable input parameters that
may be uncertain, the model sensitivity to variations in these parameters is evaluated and
quantified. The uncertainty of the results may be quantitatively addressed through known
uncertainty ranges for empirical parameters associated with each method. In particular, uncertainty
ranges for the spill depth, the maximum mass burning rate, the depth coefficient, and the fire
diameter empirical constant are provided in this report with guidance for the types of scenarios to
which they apply and their general effect on the predicted HRR and burning duration.

The empirical HRR models considered in this report can readily be incorporated into an analytical
model for ease of implementation. They are well suited for inclusion in spreadsheet-type
calculations.

The empirical model described in this report accomplishes the primary goals for an improved
method, namely improving the prediction of the peak HRR, fire duration, and growth stage of
the fire.

5-2



Determination of Liquid Spill Fire Heat Release Rates

5.1 Introduction

The overall goal of this effort is to incorporate the spill fire test data developed in Reference 1 into
an empirical model that can be applied to liquid fuel spills at commercial NPPs when determining
the HRR profile. Overall, the expectation is that an improved empirical treatment of liquid pool
fires will produce more realistic HRR profiles. Improved empirical treatment will also reduce
conservatism in predicting HRRs for thin-spill fire scenarios that had previously been treated using
deep pool data. Useful applications of the improved empirical treatment include determining a ZOI
and using a HRR as an input into a zone- or field-based computer fire model.

Fire scenarios involving combustible or flammable liquid spills can be categorized based on the
presence or absence of confining structures (curbs, berms, or physical obstructions) and on the
type of spill (fixed quantity or continuously fed) [1]. There are four categories of spill fire
scenarios when grouped using the aforementioned parameters [1]:

e Fixed quantity, confined area

e Fixed quantity, unconfined area

e Continuously fed, confined area

e Continuously fed, unconfined area

Fixed quantity spill fire scenarios are most commonly postulated in commercial NPPs because the
fire compartment and HRR tend to be greater than they would be for continuously fed scenarios,
which in turn produces a conservative input for evaluating the effects on critical targets.
Continuously fed spill fire scenarios ultimately involve a fixed quantity of flammable or
combustible liquids; however, the fixed quantity is released during the combustion process at a
known or assumed rate. This tends to produce a lower-hazard fire scenario as compared to one in
which the entire volume is assumed to spill prior to ignition, although the duration of burning may
be extended.

The HRR as a function of time from a combustible or flammable liquid fuel spill fire is the
primary determinant of the fire hazard of a fuel spill fire. The recommended method for
determining the HRR for spill fires, provided in EPRI 1011989 and NUREG/CR-6850 [2], is
largely based on data applicable to confined-area deep pool fires coupled with the spill depth data
recommended for unconfined spills in Chapter 2-15 of the SFPE Handbook of Fire Protection
Engineering [3]. A deep pool is one in which the substrate effects are not significant, and the
burning rate is essentially independent of the pool depth. The treatment provides a reasonable
assessment of fixed quantity, confined area spill fires, provided that the liquid is sufficiently deep,
but significantly over-predicts the HRR and under-predicts the fire duration for thin spills,
whether unconfined or confined [1]. Although it is usually conservative to over-predict the HRR
of a source fire when determining the damage potential to critical targets, brief fire durations
coupled with a detailed evaluation of the target response can yield non-conservative results.

The use of confined-area deep pool fire data to determine the HRR from a thin spill fire in
NUREG/CR-6850 [2] was reflective of the general lack of full-scale test data applicable to thin
spill fires. Spill fires were investigated by Gottuk et al. [4, 5] and Putori et al. [6] and some
guidelines for computing the HRR from spill fires were presented in Chapter 2-15 of the
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SFPE Handbook of Fire Protection Engineering [3]. Both Gottuk et al. [4, 5] and Putori et al. [6]
noted that the HRRPUA for thin liquid spills is significantly lower than the HRRPUA for the
same fuel confined in a deep pool with the same area, which implies that the predicted fire
duration is significantly under-predicted when applying deep pool HRR data to thin pools.

Recent work performed under Grant No. 2008-DN-BX-K 168 for the National Institute of Justice
(N1J) has greatly expanded the available test data applicable to liquid spill fires [1]. These data
consist of over 500 individual tests involving six liquid fuels and two nonfuel liquid surrogates.
Tests included variations in the spill substrate, liquid volume, spill rate, ignition delay, substrate
temperature, and type of confinement. The data developed in Reference 1 support the
observations by Gottuk et al. [4, 5] and Putori et al. [6] that the HRR is significantly reduced for
thin pools. Mealy et al. [1] also observed other aspects of spill fires that were not previously
identified and present framework for an empirical analysis that addresses the fire development in
spill fires. The data provide a means to substantially improve the current empirical treatments of
liquid spill fires by incorporating the effects of the liquid depth as well as other key factors
identified in Reference 1.

5.2 Purpose and Scope

5.2.1 Purpose

This study provides an improved empirical model for predicting the HRR for a combustible or
flammable liquid spill fire as a function of time. The empirical model developed is based on the
spill fire test data provided in Reference 1. The two element study includes:

e A description of recent research providing a technical basis for the determination of liquid
spill fire HRRs.

e A description of the recommended methodology for determining the HRRs of liquid spill fires
in typical commercial NPP fire scenarios. Specifically, this report provides an empirical
calculation methodology for determining the HRR profile for liquid spill fires using available
spill fire test data.

5.2.2 Scope

The scope of the research includes a description of the spill fire test data provided in Reference 1
that are applicable to NPP applications, including an assessment of the key parameters that affect
HRR development and a recommended empirical methodology that incorporates the findings
presented in Reference 1 regarding spill fires.

The focus of this analysis is on thin unconfined spill fires; however, some assessment of the limits
of the recommended calculation as the depth increases is presented. Continuously fed spill fires
are not considered in this evaluation, given that they are rarely postulated in NPPs. Nevertheless,
the methods presented in this research are readily extended to continuously fed spill fire
scenarios. Finally, a sample application of the recommended methodology is developed and
discussed.
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5.3 Assumptions and Limitations

The assumptions and limitations applicable to this research are described in this section. Several
of the listed assumptions and limitations will be used to define limits on the implementation of the
spill fire models as described in Section 6.2.

5.3.1 Fixed Quantity Liquid Spill Fires

This analysis considers fixed quantity liquid spill fires, with a particular focus on determining the
HRR profile in a thin, unconfined liquid pool of combustible or flammable liquids. The
evaluation of deep pool liquid spill HRRs is well established (see References 2 and 7, for
example) and does not require refinement. Deep pool liquid spill fires will be considered to the
extent that they represent a limit of the thin pool model approach.

Continuously fed spill fire scenarios are not considered in this report largely because they are not
frequently postulated in NPP applications. Continuously fed spill fire scenarios ultimately involve
a fixed quantity of flammable or combustible liquid, and it is conservative to evaluate a known
fixed quantity of flammable or combustible liquid as a complete spill. Nevertheless, the methods
presented in this research are readily extended to continuously fed spill fire scenarios.

5.3.2 Concrete Substrate

The substrate is assumed to be flat, level, thermally thick concrete at approximately normal
ambient temperature. This is by far the most common substrate surface at commercial NPPs and
is, therefore, of particular interest. Consideration of a single substrate reduces the complexity of
an empirical approach, especially for substrates that may themselves contribute to the HRR of the
source fire. The data provided in Reference 1 for recommended spill thickness are averaged over
multiple substrate types, and standard deviations are provided. These data are used directly in this
report owing to the uncertainty in the substrate finish characteristics and permeability.

The substrate must also be flat and level such that the spill location can be easily defined. Graded
floors and floor drains are not considered in this analysis, and any scenario that credits these
features must be accompanied with a defensible engineering analysis.

The normal substrate temperature for the spill fire tests in Reference 1 is between 20°C and 25°C;
thus, the results and subsequent model development are limited to applications with a substrate
temperature in this range for low flashpoint fuels. A safety factor of 25%—-50% may

be applied by increasing the HRR of the fire to substrate temperatures up to about 40°C for low
flashpoint fuels. This limitation does not apply to high flashpoint fuels such as lubricating oil,
although a limiting temperature of 40°C is reasonable to ensure that the substrate temperature
remains significantly below the fuel flashpoint temperature. Similarly, a cold substrate may be
considered to have an opposite effect; however, it is not recommended to credit a cold substrate
for reducing the HRR of the fire.
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5.3.3 Applicable Fuels

The empirical approach is limited to the fuels considered in Reference 1:
e Gasoline

e Kerosene

e Diesel fuel

e Lubricating oil

e Denatured alcohol (ethanol)

e Heptane

HRR data are primarily reported for gasoline, kerosene, diesel, and denatured alcohol. Heptane is
used to confirm the deep pool calculations, and lubricating oil is used primarily for determining
spill depths for high viscosity fluids. Because lubricating oil is a common combustible liquid at
NPPs, the methodology is extended to this fuel using insights obtained in Reference 1 and mass
burning rate data provided in References 7, 8, 9, and 10, for example.

5.3.4 Fire Effects

Fire effects from the spill fires are not modified in this analysis. Fire effects include the thermal
plume temperature, the radiant heat flux to targets adjacent to the spill fire, the compartment
temperature within an enclosure in which a spill fire is postulated, and the thermal response of a
target to a heat flux exposure. Calculations of fire effects are provided to illustrate key points,
namely, to demonstrate the potential effects of over-predicting the HRR and under-predicting the
fire duration. However, the general application of the HRR to determine the fire effect on a target is
case specific and could involve the use of any number of fire modeling tools available to the analyst.
EPRI 1023259/NUREG-1934 [11] provides a description of the use of the HRR parameter to
determine the effect of a fire on NPP targets. This analysis will provide guidance only on the
definition of the spill fire HRR, and all other tools for evaluating fire effects will remain unchanged.

5.3.5 Enclosure Effects

Enclosure effects consist primarily of the development of a hot gas layer that can radiate a
sufficient amount of energy to the pool fire so that the mass burning rate is affected. Given that
the radiant heat flux from the fire to the fuel surface is on the order of 30—77 kW/m? [14] for
liquid fuels and that the burning rate is nominally a linear function of the incident heat flux, a
reasonable heat flux threshold for identifying a significant enclosure effect would be 4.5 kW/m?,
which is about 15% of the source fire heat flux. This is within the experimental uncertainty of
calorimeter HRR measurements according to Reference 15. A simple black body radiation
calculation indicates that a temperature of 257°C produces a heat flux of 4.5 kW/m? and is thus an
upper limit for the applicability of the pool fire HRR methods considered in this calculation.
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This report provides a recommended methodology for computing the HRR of a combustible or
flammable liquid spill fire. The computations are suitable for use in a spreadsheet tool, such as
Microsoft Excel. However, a spreadsheet tool was not specifically developed as part of this
report. It is expected that the methodologies presented in this report can be incorporated into an
existing suite of spreadsheets, such as the Fire Induced Vulnerability Evaluation (FIVE) [12] or

the NUREG-1805, Fire Dynamics Tools, FDT® [13].

5.3.7 Summary of Limitations

Table 5-1 contains a summary of the primary limitations of use for the selected spill fire models.

Table 5-1

Summary of liquid fuel fire HRR model limitations

Limitation
Parameter
Method 1 Method 2 Method 3 Method 4
Fuels identified | Fuels identified | G350line Kerosene, | Gasoline, Kerosene,
i . Diesel Fuel, Diesel Fuel,
Fuel in Table G-4 of in Table 3-4 of o . SO .
Ref. 2 Ref. 7 Lubricating Oil, Lubricating Oil,
n Y Ethanol, Heptane Ethanol, Heptane
Substrate <40°C <40°C <40°C <40°C
temperature
Fuel <40°C <40°C <40°C <40°C
temperature
Fuel volume No limit No limit No limit No limit
Maximum depth No limit No limit No limit No limit
Substrate type Solid, flat Solid, flat Solid, flat Solid, flat
Pool type Deep Deep Deep or thin Deep or thin
Maximum
enclosure <257°C <257°C <257°C <257°C
temperature

Liquid fuel fire

Fixed quantity,

Fixed quantity,

Fixed quantity,
confined or

Fixed quantity,

. Lt Ut confined or
scenario(s) confined confined S S
unconfined unconfined
Pressurized fuel
No No No No

spills
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Table 5-1 (continued)
Summary of liquid fuel fire HRR model limitations

Limitation
Parameter
Method 1 Method 2 Method 3 Method 4
Fuels identified | Fuels identified | G250line Kerosene, | Gasoline, Kerosene,
i . Diesel Fuel, Diesel Fuel,
Fuel in Table G-4 of in Table 3-4 of T . SO .
Ref. 2 Ref. 7 Lubricating Oil, Lubricating Oil,
n Y Ethanol, Heptane Ethanol, Heptane
Acceptable, Acceptable, : .
provided provided Acceptable, provided | Acceptable, provided

Obstructions in
pool area

obstruction area
removed from

obstruction area
removed from

obstruction area
removed from
calculations*

obstruction area
removed from
calculations*

calculations* calculations*

tThese methods are applicable to continuously fed liquid fuel fires; however, the modifications to the input
parameters to account for this effect are not described in this document.

tAlthough it is acceptable to determine the HRR with obstructions in the pool area (for example, pedestals,
equipment, and so on), caution is necessary when using the HRR to determine flame heights, radiant heat fluxes, and
thermal plume temperatures. It is generally conservative to consolidate the pool into an equivalent circular plan area
and to apply the results at the pool boundary.

5.4 Summary of Experimental Results

This section presents the spill fire test data obtained under Grant No. 2008-DN-BX-K 168 for the
NIJ [1]. The focus of this summary is on unconfined spill fires since this is an area where an
improved treatment can lead to tangible benefits in fire effects calculations. However, because
confined and deep pool burning behaviors are coupled with the unconfined spill fire empirical
model, data for such fires are presented, and elements of the empirical models that apply to deep
pool scenarios are assessed in this context. Continuously fed spill fires, whether confined or
unconfined, are not addressed in this effort because they are not frequently postulated in
commercial NPP fire scenarios. This simplifies the overall analysis methodology, which is a
desirable attribute for the empirical model approach. Nevertheless, the continuously fed spill fires
are an extension of the methods presented in this section and could readily be developed using the
empirical models.

5.4.1 Liquid Fuel Fire Test Results

5.4.1.1 Liquid Spill Dynamics

Liquid spill dynamic tests were performed to determine the spill growth (spread) and maximum
spill area over various substrates. A total of 98 spill dynamics tests were performed in the N1J test
series [ 1] with three liquids. Twenty-one of the tests were performed using impermeable
substrates and are of most interest in this effort. Two of the liquids were noncombustible
surrogates with surface tensions that bracketed (higher and lower) surface tensions compared to
the combustible fuels considered in the spill fire tests. The third liquid was lubricating oil, which
has a higher viscosity and surface tension than the combustible and flammable liquids considered
in the spill fire tests. The use of a surrogate liquid is based on an assessment of spill models and
the identification of the surface tension as the governing parameter for characterizing the spill
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behavior of different liquids [1, 3]. Overall, the two surrogate liquids have similar fluid properties
when compared to the combustible fuels and were considered to produce representative spill
characteristics without the safety issues associated with testing combustible fuels. The specific
liquids used in the spill dynamics tests were as follows [1]:

1. Buckey BFC-3.1 3% aqueous film forming foam (AFFF) concentrate
2. Ansul 3% fluoroprotein (FP) foam concentrate
3. BP Turbinol Select AS lubricating oil

A summary of the liquid properties for the liquids used in the spill dynamics tests is provided in
Table 5-2. Table 5-2 also shows the relevant properties for the fuels used in the spill fire tests for
comparison [1]. Table 5-2 indicates that the surface tension of the surrogate liquids brackets the
surface tension of the spill fire fuels. The viscosity of the lubricating oil is also seen to be an order
of magnitude greater than any of the surrogate liquids or the spill fire fuels.

Table 5-2
Summary of liquid properties used in spill dynamics tests and spill fire tests [1]
Liquid Test Purpose Surface Tension Viscosity (cp) Density (kg/m?3)
(mN/m)
AFFF Spill dynamics 17.2 1.2 990
FP Spill dynamics 27.0 1.1 1,000
Lube oil Spill dynamics 29.2 43.0 844
Gasoline Spill fire 21.9 0.6 742
Kerosene Spill fire 26.1 24 798
Diesel Spill fire 27.2 2.8 823
Ethanol Spill fire 22.3 1.1 790
Heptane Spill fire 19.9 0.4 671

5.4.1.1.1 Liquid Spill Testing Results

The liquid spill testing involved the determination of the maximum spill area and minimum spill
depths for the various liquids considered. The maximum spill area and minimum spill depth
results for the 21 tests on impermeable surfaces are summarized in Table 5-3. Note that the data
for repeat tests are averaged. The spill area and depth generally correspond to a spread time of
300 seconds, although some tests were permitted to spread for longer durations to verify that the
spill area and spill depths had achieved their limiting values [1].

59




Determination of Liquid Spill Fire Heat Release Rates

Table 5-3
Summary of spill dynamics results for impermeable substrates [1]
Test Liquid Substrate Spill E/Lc;lume Mazirrggr(nmf)pill Mér;igr:ﬁTerﬁ)ill

o | | Sm | os | o | o
SDOS4I,D§6DO5, FP Vinyl 0.25 0.35 0.71
SDO;%()%DOZ’ AFFF Vinyl 0.1 0.42 0.25
SDO7, SD08, Lube oil Vinyl 0.5 0.35 1.42
Sbey, epez, AFFF Vinyl 0.5 1.71 0.30

The results in Table 5-3 and additional testing reported in Reference 2 indicate that the
recommended spill depth of 0.7 mm for spills involving liquid volumes under 95 L [2, 3] is
reasonable for liquids having characteristics similar to fluoroprotein (for example, kerosene
and diesel), but it may be high by a factor of 2-3 for liquids with lower surface tensions (for
example, gasoline and ethanol) and low by a factor of 2—3 for lubricating oils.

Transient spill area data were obtained from the spill tests to determine the time frame over which
the liquids spread and are used as a basis for establishing the ignition-delay times in the spill fire
tests. These results are shown in Figures 5-1 through 5-4 for the impermeable liquid substrates.
The parameter o is the surface tension of the liquid (mN/m). The spill areas are averaged among
repeat tests as well as among different spill volumes. Also shown in these figures are the temporal
spill area data for the corresponding gasoline and kerosene spill fire tests.

Figures 5-1 through 5-4 show that the spill area rapidly increased over the first 30 seconds and
reached about 50%—70% of the maximum spread area over this time. A transition to a slower
spread regime occurs over the next several hundred seconds, and the spill areas reached 90% of
the maximum value by 300 seconds [1]. According to Reference 1, this is consistent with the
underlying theory of liquid spreads on impermeable substrates and represents a transition from a
flow dominated by gravity and inertia forces to one that is dominated by viscous and surface
tension forces. The lubricating oil spills exhibit somewhat different spreading behavior—in the
first 30 seconds, the spill areas reach approximately 75%—-90% of the maximum value, and after
300 seconds, the liquid areas are near their maximum values. Figures 5-1, 5-2, and 5-4 also show
that the surrogate liquids provide good representation of the spill behavior of kerosene, gasoline,
and ethanol fuels, suggesting that the surface tension is a governing parameter for the spill
behavior of these liquids. The behavior of the lubricating oil is clearly dominated by the high
viscosity of the liquid.
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Normalized Spill Area

3% AFFF (G = 17.2 mN/m)

3% FP (G = 27.0 mN/m)

Lube (il {6 = 29.2 mN/m)

Gasoline {¢ = 21.9 mN/m)
Denatured Alcohol (¢ = 22.3 mN/m)

Figure 5-1
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Liquid spill area on a coated concrete substrate as a function of time for various liquid
fuels and liquid fuel surrogate spill volumes [1]
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Liquid spill area on a smooth (uncoated) concrete substrate as a function of time for
various liquid fuels and liquid fuel surrogate spill volume [1]



Determination of Liquid Spill Fire Heat Release Rates

1-0-IIII|IIII| 1 1 | T T | -I_I-l 1 I-LI-_l_I'_I-I
E ._-;"A—'—-—-_
0.9; /-—-—-—"'-- -
] r/ —
0.8 1 — r
] I//
g 07 I F
< 1 1
= 06 - ’ =
a7
= 0.5 1 =
2]
B 04 o
E ]
ZO 0.3 ] o
' ] 3% AFFF (¢ =17.2 mN/m)
0.2 9 — — — 3%FP(cg=27.0mN/m) F
01 ] = = === Tube Oil (¢ = 29.2 mN/m)
0.0:..|.|....|.|.......||...|.............||..-||....
0 30 60 90 120 150 180 210 240 270 300

Figure 5-3

Liquid spill area on a brushed (rough) concrete substrate as a function of time for various
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Figure 5-5 depicts the minimum spill thickness for all liquids considered over all substrates. The
data include thickness measurements for spill fire tests and provide an indication of the average
and range of values for a particular liquid. The figure shows that the liquid fuels considered in the
spill fire tests and the AFFF liquid surrogate have spill thicknesses between 0.5 and 1.0 mm and
have a relatively consistent range. The FP fuel surrogate also has a value between 0.5 and

1 mm, but the range is over 1 mm. The lubricating oil has an average value close to 1.5 mm and a
range somewhat larger than 1 mm.

3.0

2.5 A

2.0 A1

Spill Thickness (mm)
o

0.5 E

0.0

& IS ‘3 (3 >
fb%e\‘ Y}@Q égez‘ \ § n§\° 5
¢ & A S v
>
&
P
Liquid Spilled

Figure 5-5
Minimum liquid spill depths as a function of liquid — all liquid volumes and all substrates [1]

A simple statistical assessment of the minimum spill depth of all liquids on all substrates was
performed in Reference 1 and is summarized in Table 5-4. The table indicates that the average
spill depth for all liquids, except the lubricating oil, is 0.72 mm. This is nearly equal to the value
of 0.7 mm recommended in NUREG/CR-6850 [2], but the range is 0.22—2.4 mm, and the
standard deviation is 0.34 mm. Gasoline and kerosene are closest to the overall average for all
liquids, the fuels, and the surrogate liquids, whereas the lubricating oil deviates the most.

5-13



Determination of Liquid Spill Fire Heat Release Rates

Table 5-4
Summary of spill dynamics results for impermeable substrates [1]
Gquid | subswate | pAverage | Mimmum | Maximum S’t(m‘:t_l)d
Allt All 0.72 0.22 24 0.34
Fuels All 0.74 0.45 1.2 0.19
Surrogates All 0.69 0.22 24 0.49
Gasoline All 0.71 0.48 1.1 0.15
Ethanol All 0.79 0.56 1.1 0.17
Kerosene All 1.01 0.91 1.2 0.10
AFFF All 0.43 0.22 0.7 0.15
FP All 0.97 0.37 24 0.53
Lubricant oil All 1.54 0.86 24 0.55

"Except lubricant oil

5.4.1.1.2 Discussion

The spill dynamics tests provide an indication of the rate at which a liquid fuel spills over a
substrate surface, which provides a basis for the ignition-delay times used in the spill fire tests. It
is shown that after 30 seconds, most combustible and flammable liquid fuels will spread to about
50%—75% of the maximum spill area, and lubricating oils will spread to about 75%—-90% of the
maximum spill area. After 300 seconds, most combustible and flammable liquid fuels will spread
to about 90% of the maximum spill area, and lubricating oils will spread to nearly 100% of the
maximum spread area.

The spill dynamics tests indicate that the overall average spill depth for flammable and
combustible liquids is about 0.72 mm, with a standard deviation of 0.34 mm. The average spill
depth is nearly equal to the value recommended in NUREG/CR-6850 [2] and provides a
verification of this value. However, the range of spill depths is large (0.2-2.4 mm), indicating the
need to consider the uncertainty in this parameter when calculating the fire effects of a spill fire.
Detailed information was obtained for specific fuels, including gasoline, kerosene, ethanol, and
lubricating oil. This information includes the average spill depth and the standard deviation and
can be used to predict the spill areas for spills involving these specific liquids.
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54.1.2 Confined Liquid Spill Fires

Confined liquid spill fire tests were performed to determine the influence of the liquid depth on
the HRR and to provide validation of the burning rate model for small diameter pool fires [1]. The
confined liquid spill fires were conducted in square steel pans with length dimensions of

0.3 m, 0.6 m, and 1.2 m [1]. Confined liquid spill fires were also evaluated in curbed areas over
coated concrete and vinyl substrates and on water substrates within the steel pans. Initial fuel spill
depths ranging from 1 mm to 20 mm were evaluated for kerosene, gasoline, heptane, and
denatured alcohol.

5.4.1.2.1 Fire Diameter Effects on the Mass Burning Rate

The burning mode of a liquid fuel fire is a function of diameter and is generally characterized
as follows [1, 17]:

e Convectively dominated heat transfer with laminar flames: diameter less than 0.05 m

e Convectively dominated heat transfer, turbulent flames: diameter between 0.05-0.2 m

e Thermal radiation dominated heat transfer, optically thin flames: diameter between 0.2—1.0 m
e Thermal radiation dominated heat transfer, optically thick flames: diameter greater than 1.0 m

Fires dominated by thermal radiation heat transfer are of most interest because the pool diameters
associated with this burning regime can produce challenging fires for NPP targets. The burning
rate model for the thermal radiation dominated liquid fuel fires is described using the following
equation [1, 7, 8]:

m" = 1., (1 — exp(—kBD,)) Eq. 5-1
Where:

n

1, is the ideal or maximum mass burning rate per unit area of the combustible or
flammable liquid (kg/s-m?).

k and [ are empirical parameters that are normally treated as a single entity having units
of 1/m [7, 8, 10].

D, is the effective fire diameter (m).

The maximum burning rate, Moo, corresponds to the mass burning rate for spill fires in which
thermal radiation is the dominant heat transfer mode and the flames are optically thick. The
exponential diameter function modifies the maximum burning rate for optically thin flames. The
maximum burning rate and the empirical parameters are experimentally determined. The average
value and the uncertainty range for these values are reported in Reference 8 for various fuels
including those considered in this analysis. They are summarized in Table 5-5. It is noted in
Reference 8 that the burning behavior of alcohols does not follow the same form as other
hydrocarbon liquids due to the low radiative heat fluxes produced by the flames. As such, a
burning rate is provided for diameter ranges that nominally correlate with an increasing radiant
heat flux from the flames to the fuel [8].
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Table 5-5

Liquid fuel fire mass burning rate model parameter [8]

Maximum Mass Burning Rate Empirical Constant
Fuel -1 '
(kg/m2-s) kB (m™)
Gasoline 0.055 £ 0.002 21+03
Kerosene 0.039 £ 0.003 3.5+0.8
Heptane 0.101 £ 0.009 1.1+0.3
0.015 (Diameter less than 0.6 m)
Ethanol 0.022 (Diameter between 0.6-3.0 m) ol
0.029 (Diameter greater than 3.0 m)
Fuel oil 0.035 +£0.003 1.7+0.6
Transformer oll 0.039 0.7

"No diameter dependence noted.

The NIJ test results confirm the functionality of the diameter on the mass burning rate and the
empirical constants provided in Reference 8. This is shown in Figures 5-6 through 5-8 for
heptane, gasoline, and kerosene.
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Figure 5-6 indicates that the measured burning rate for the heptane fuel is nearly equal to the
average value as determined using Equation 5-1. Figures 5-7 and 5-8 indicate that the measured
values for gasoline and kerosene are generally within the uncertainty range as determined using
Equation 5-1 and the data provided in Table 5-6; although the results for gasoline are on the lower
end of the range, and the values for kerosene range from the lower end for small diameter fires to
the upper end for larger diameter fires. Reference 1 suggests that the variations in the gasoline
kerosene formulations are a likely cause for the differences in the predicted and measured results.
The NIJ tests, therefore, confirm the functionality of the burning rate on the fire diameter and
indicate that the recommended parameters provided by Babrauskas [8] provide a reasonable
prediction of the mass burning rate of deep liquid pools in terms when applied to Equation 5-1.
In addition, the uncertainty range provided by Babrauskas [8] for the recommended parameters
provides a reasonable approximation of the mass burning rate range for a given fire diameter.

5.4.1.2.2 Fuel Depth Effects on the Mass Burning Rate

The fuel depth is known to affect the mass burning rate as reported by Gottuk [3] and Putori [6].
The original hypothesis developed to explain this effect was that thermal losses to the substrate
reduced the available energy for pyrolysis, thereby resulting in a lower mass loss rate. Recent
work provided by Reference 1 indicates that reduced burning rates for thin liquid fuel fires is
partially attributed to thermal losses to the substrate, but that other factors may play an equal or
greater role in reducing the burning rate. These factors include a threshold fuel depth for fire
growth and a finite time over which the burning rate becomes established and taken together can
result in a reduced burning rate as the fuel regresses. Essentially, the fuel is consumed before the
maximum burning rate can be achieved. This conclusion was based in part on continuously fed
fuel fires with very thin depths. In these situations, the peak HRR corresponded to a deeper pool
and indicates that the heat losses to the substrate were not always the dominant factor in limiting
the burning rate of the liquid fuel fires [1].

The HRRPUA data for gasoline and kerosene pan fire tests are shown in Figures 5-9 and 5-10 for
initial spill depths ranging from 1 to 20 mm on various substrate materials for the 0.3 m and 0.6 m
pan fire tests (refer to Appendix C.1 for a description of the NIJ test naming convention). The
corresponding peak mass burning rate is summarized in Tables 5-6 and 5-7 for gasoline and
kerosene. Figures 5-11 and 5-12 show the HRRPUA for initial spill depths ranging from 1 to

18 mm for gasoline and ethanol in 1.2 m pans. These tests include additional depth increments
between 1 and 5 mm to determine the transition from thin pool burning to deep pool burning. The
corresponding peak mass loss rate data are summarized in Table 5-8.
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substrate [1], (d) HRRPUA for 0.6 m kerosene pan fires on steel substrate [1]

5-20



Determination of Liquid Spill Fire Heat Release Rates

Table 5-6
Peak mass burning rate for liquid fuels as a function of the initial fuel depth — 0.3 m pan fire
tests [1]

. Peak Mass Burning
Fuel Substrate Fuel Thickness (mm) Rate (kg/s-m?2)

1 0.0129

5 0.0205
Water

10 0.0205

20 0.0215

Gasoline

1 0.0135

5 0.0221
Steel

10 0.0227

20 0.0220

1 0.0072

5 0.0139
Water

10 0.0154

20 0.0144

Kerosene

1 0.0094

5 0.0165
Steel

10 0.0177

20 0.0174
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Table 5-7
Peak mass burning rate for liquid fuels as a function of the initial fuel depth — 0.6 m pan fire
tests [1]
. Peak Mass Burning
Fuel Type Substrate Fuel Thickness (mm) Rate (kg/s-m?)
1 0.01168
5 0.01941
Water
10 0.02147
20 0.02699
Gasoline
1 0.01047
5 0.02000
Steel
10 0.02213
20 0.02685
1 0.00537
5 0.01371
Water
10 0.01677
20 0.02572
Kerosene
1 0.00647
5 0.01673
Steel
10 0.01818
20 0.02334
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HRRPUA for 1.2 m gasoline pan fires on water substrate [1]
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Table 5-8

Peak mass burning rate for liquid fuels as a function of the initial fuel depth — 0.6 m pan fire
tests [1]

. Peak Mass Burning
Fuel Type Substrate Fuel Thickness (mm) Rate (kg/s-m?)
1 0.00844
Steel
5 0.03020
1 0.01098
2 0.01435
Gasoline
3 0.03312
Water
4 0.03518
5 0.03177
18 0.03245
1 0.00567
2 0.00815
Ethanol Steel 3 0.00927
4 0.01013
5 0.01111

5-23




Determination of Liquid Spill Fire Heat Release Rates

Figures 5-9 through 5-12 and Tables 5-6 through 5-8 show that the HRR growth is independent of
the liquid depth but that the peak burning rate is clearly a function of the liquid depth up to spill
depths of about 5 mm. The burning rate and HRRPUA do not significantly change with
increasing liquid depths above 5 mm, which suggests a 5 mm spill depth is a reasonable spill
depth above which deep pool burning rate data are applicable [1].

An empirical model that accounts for the liquid depth having the following form is presented in
Reference 1:

m"(D,8) = Cs(1 — e *BP ), Eq. 5-2
Where:

m"(D, §) is the mass burning rate (kg/s-m?) as a function of the pool diameter, D (m), and
the pool depth, § (m).

Cs 1s an empirical constant that is a function of the fuel and the fuel depth.

k and f are empirical constants that are treated as a single entity with units of 1/m and
account for different burning regimes (see Section 5.4.1.2).

1., is the deep pool burning rate (kg/s-m?) (see Table 5-5).
The empirical constant is given as follows for gasoline and kerosene [1]:
Cs = 0.95(1 — e=%71%) (Gasoline) Eq. 5-3a

Cs = 0.91(1 — e7058%) (Kerosene) Eq. 5-3b

where § is the liquid depth (mm) and all other terms have been defined.

The predicted burning rate for gasoline and kerosene fires as computed using Equations 5-2

and 5-3a are compared against the measured data in Figures 5-13 and 5-14. The empirical
constant determined by Equations 5-3a and 5-3b are based on an average fit of the available data.
Figures 5-13 and 5-14 also depict upper- and lower-bound correlations for the same data set. As
will be shown in Section 5.4.2, Equation 5-3a provides a reasonable assessment of the burning rate
for ethanol and heptane and is thus recommended in this analysis for use with ethanol and heptane.
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Figure 5-13

Measured and predicted mass burning rate for gasoline pan and spill fires — predicted
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A value of 0.2 is recommended in Reference 1 for the fuel depth empirical constant for spilled
fuel depths less than 5 mm for fuels other than gasoline and kerosene; however, based on the
results presented in Figures 5-11 and 5-12, a value of 1.0 would be reasonable for spill fire depths
greater than 2 mm, and a value of 0.2 would be applicable to spill depths of 1 mm or less.
Intermediate spill depths for fuels other than gasoline and kerosene, such as lubricating oil, would
need to postulate constants of 0.2 and 1.0 to determine the most adverse scenario.

5.4.1.3 Unconfined Liquid Spill Fires

Unconfined liquid spill fires, or spill fire dynamics fire tests, were conducted to determine the
HRR profile in liquid spill fires on various substrates. Two parameters were initially considered in
addition to the fuel and the substrate—the fuel volume and the ignition delay. The fuel volume
clearly correlates to the HRR profile. However, as was determined in the spill thickness
evaluations, the ignition delay can also influence the HRR profile. The ignition delay is simply
the time difference between the initiation of the liquid spill time and the time the fuel surface is
ignited [1].

The ignition delay can affect the HRR profile of a liquid fuel fire in two ways. First, the liquid
will spread further from the spill point when provided with a longer ignition delay. This, in turn,
results in a pool with a larger surface area and a thinner depth when compared to one provided
with a shorter ignition delay. Spill thickness results indicate that most fuels achieve
approximately 75% of the maximum spill area after 30 seconds and 90% of the maximum spill
area after 300 seconds. Lubricating oil is an exception and was found to achieve about 90% of the
maximum spill area after 30 seconds [1].

The second way in which the ignition delay can affect the HRR profile is via an alteration in the
fuel mass and composition. Fuels such as gasoline consist of a mix of low- and high-volatility
components. Longer ignition delays allows for a greater fraction of the highly volatile
constituents to evaporate from the fuel pool, thereby changing the composition of the fuel that
remains. If the fuel spreads over a permeable surface such as wood, a longer ignition delay allows
for a greater fraction of the fuel to become absorbed by the substrate, which further reduces the
fuel spill thickness. Permeable substrates are not considered in this evaluation since they are not a
commonly encountered substrate at commercial NPPs.

During the initial spill fire testing, the substrate temperature was allowed to vary over a 10°C—
19°C range. Essentially, the average substrate temperature tended to increase with each additional
test. Because up to four tests were conducted for a single spill configuration as defined by a fuel
type, spill volume, substrate, and ignition delay, it became apparent that the substrate temperature
was having an effect on the HRR development [1]. Because this was not a parameter that was
considered when the test plan was developed, spill fire tests were not conducted to quantify the
impact of the substrate temperature on the HRR development. However, subsequent testing was
performed with a substrate temperature maintained at about 20°C to eliminate the effect of this
parameter on the test results.

The substrate temperature is expected to have a greater effect on the burning behavior of highly
volatile fuels with a low flashpoint temperature such as gasoline and ethanol and a minimal effect
on the low volatility fuels with a high flashpoint temperature such as lubricating oil. An
approximate effect may be estimated from the initial tests in which the substrate temperature
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varied. This is because the high volatility fuels are closer to their flashpoint and will thus be more
sensitive to smaller temperature variations. These variations affect the mass flow of highly volatile
fuel components and the localized fuel-air concentration above the liquid pool. An approximate
effect can be estimated from the initial tests in which the substrate temperature varied.

The spill fire test results presented in this section are as reported in Reference 1. They are grouped
by substrate; only the non-permeable substrate data are shown. The results for permeable surfaces
are not used in the development of the HRR model for spill fires in this report because
consideration of these types of surfaces would add unnecessary complexity to the model since
they are not frequently encountered in commercial NPPs. Note that the spill fire tests were
performed with three fuels: gasoline, heptane, and ethanol. Kerosene was found to be difficult to
ignite as a spill fire and generally did not sustain a fire with the ignition process used [1]. There
were no spill fire tests on non-permeable substrates performed with the lubricating oil; however,
based on the flashpoint of the lubricating oil, it is reasonable to conclude it would be at least as
difficult to ignite as the kerosene.

5.4.1.3.1 Coated Concrete

The coated concrete substrate is fully cured and smoothed, and has an epoxy coating. This type of
surface is typical of finished concrete floors at commercial NPPs. Figures 5-15 through 5-23
depict the spill fire HRR test data on coated concrete (refer to Appendix C.1 for a description of
the NIJ test naming convention). Three fuels were evaluated on the coated concrete substrate:
gasoline, heptane, and ethanol.

Figures 5-15 and 5-16 depict the results for 0.5 L gasoline spill fires with 30 second and

300 second ignition delays, respectively. Each figure consists of four identical tests. The tests
shown in Figure 5-15 were performed with a roughly constant substrate temperature (22°C-24°C)
and show that the tests are highly repeatable. The tests shown in Figure 5-16 were performed at
variable substrate temperatures, ranging from 22°C-28°C. The tests with the warmest substrates
(SFD21 and SFD21A) resulted in a peak HRR that was 50% larger than the cooler substrate tests
and a significantly shorter fire duration. The effect of the ignition delay is also evident through
comparison of Figures 5-15 and 5-16. For comparable substrate temperatures, a 300 second
ignition delay results in a peak HRR that is about one-half that of the 30 second ignition-delay
fire tests. The fire durations are approximately the same, which suggests that fuel loss during the
ignition delay is a significant mitigating factor.
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Figure 5-15
Heat release rate (HRR) profiles for 0.5 L gasoline spill fires on coated concrete —
30 second ignition delay [1]
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Figure 5-16
HRR profiles for 0.5 L gasoline spill fires on coated concrete — 300 second ignition delay [1]

Figures 5-17 and 5-18 depict the results for 1.0 L gasoline spill fires with 30 second and
150-300 second ignition delays, respectively. Each figure consists of four identical tests. The
tests shown in Figures 5-17 and 5-18 were performed with a roughly constant substrate
temperature (19°C-22°C) and show that the tests are highly repeatable. The peak HRR for the
300 second ignition delay is about one-half the peak HRR of the 30 second ignition-delay fire
tests, although the fire durations are comparable. This is consistent with the 0.5 L fire test data
shown in Figures 5-15 and 5-16.
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Figure 5-17
HRR profiles for 1.0 L gasoline spill fires on coated concrete — 30 second ignition delay [1]
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Figure 5-18
HRR profiles for 1.0 L gasoline spill fires on coated concrete — 150 to 300 second ignition
delay [1]

Figures 5-19 through 5-21 depict the results for 0.5 and 1.0 L ethanol spill fires with 30 second
and 300 second ignition delays. The trends are similar to those noted for the gasoline spill fires,
though the reduction in the heat peak HRR is about 30% rather than 50% for 300 second ignition
delays as compared to the 30 second ignition delays. The fire duration and the peak HRR is
significantly smaller for the 300 second ignition delay, 1.0 L fire scenarios (see Figure 5-21)
suggesting that a substantial fuel mass is lost during the delay period.
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HRR profiles for 0.5 L ethanol spill fires on coated concrete —30 second ignition delay [1]
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Figure 5-20
HRR profiles for 0.5 L ethanol spill fires on coated concrete — 300 second ignition delay [1]
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Figure 5-21
HRR profiles for 1.0 L ethanol spill fires on coated concrete — 30 and 300 second ignition
delays [1]

Figures 5-22 and 5-23 depict the results for 0.5 and 1.0 L heptane spill fires with 30 second and
300 second ignition delays. The 0.5 L spill fire tests were conducted on substrates with an initial
temperature ranging from 19°C to 38°C, whereas the 1.0 L heptane spill fire tests were conducted
on substrates that were relatively constant, ranging from 19°C to 1°C. The trends are similar to
those noted for the gasoline spill fires, although the effect of the substrate temperature on the HRR
is not as strong for heptanes relative to gasoline. There is also a larger variation in the HRR
profiles for constant substrate temperatures and constant ignition delays than was observed for

the gasoline and ethanol spill fire scenarios.
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Figure 5-22
HRR profiles for 0.5 L heptane spill fires on coated concrete — 30 and 300 second ignition
delays [1]
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Figure 5-23
HRR profiles for 1.0 L heptane spill fires on coated concrete — 30 and 300 second ignition
delays [1]
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5.4.1.3.2 Smooth Concrete

The smooth concrete substrate is fully cured and smoothed, but lacks the epoxy coating. This type
of substrate is typically seen on concrete pedestals and unfinished concrete surfaces. Figures 5-24
and 5-25 depict the spill fire HRR test data on smooth concrete (refer to Appendix C.1 for a
description of the NIJ test naming convention). Only gasoline fuel spills were evaluated on the
smooth concrete substrate. The substrate temperature for these tests was maintained at about
20°C-25°C.

Figures 5-24 and 5-25 indicate that the trends are similar to those noted for the gasoline spill
fires (see Figures 5-15 through 5-18). The peak HRRs and fire durations are approximately the
same as those observed for coated concrete. In addition, the peak HRR for fire scenarios with a
300 second ignition delay is about one-half the peak HRR of the 30 second ignition-delay fire
scenarios.
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Figure 5-24
HRR profiles for 0.5 L gasoline spill fires on smooth concrete — 30 and 300 second ignition
delays [1]
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Figure 5-25
HRR profiles for 1.0 L gasoline spill fires on smooth concrete — 30 and 300 second ignition
delays [1]

5.4.1.3.3 Brushed Concrete

The brushed concrete substrate is fully cured and smoothed, but it is roughened with a wire brush.
The brushed concrete surface has a greater variation in the surface elevation relative to a fixed
datum and, therefore, provides a greater flow resistance when compared to smooth concrete and
coated concrete substrates. This type of substrate may be representative of weathered concrete
surfaces located outside or roughly finished concrete pedestals.

Figures 5-26 and 5-27 depict the spill fire HRR test data on brushed concrete (refer to
Appendix C.1 for a description of the NIJ test naming convention). Only gasoline fuel spills
were evaluated on the brushed concrete substrate. The substrate temperature for these tests was
maintained at about 20°C-25°C.

Figures 5-26 and 5-27 indicate that the trends are similar to those noted for the gasoline spill fires
(see Figures 5-15 through 5-18 and Figures 5-24 and 5-25), though the HRRs are somewhat lower
for brushed concrete. In addition, the peak HRR for fire scenarios with a 300 second ignition
delay is about one-third the peak HRR of the 30 second ignition-delay fire scenarios rather than
one-half.
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Figure 5-26
HRR profiles for 0.5 L gasoline spill fires on brushed concrete — 30 and 300 second ignition
delays [1]
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Figure 5-27
HRR profiles for 1.0 L gasoline spill fires on brushed concrete — 30 and 300 second ignition
delays [1]
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5.4.1.4 Discussion of Liquid Spill Fire Testing Results

The spill fire tests described in Reference 1 reveal a number of features that may be addressed in
an improved HRR model. The most notable feature that is common to all spill fire tests is that
there is a finite ramping stage that ranges from 15 to 20 seconds over which the fire size grows
from zero to its peak value. After the peak value is reached, a decay stage follows that persists for
about 30—60 seconds. Most of the tests indicate a decay stage that is similar to the growth stage
but reversed and extended by a factor of about 2-3. There was no steady-state period observed for
the spill fires considered.

The spill dynamics tests in Reference 1 provide an indication of the rate at which a liquid

fuel spills over a substrate surface and their ultimate spill depths. It is shown that after about

30 seconds, a liquid fuel will spread to 50%—75% of the maximum spill area, and lubricating oils
will spread to about 75%—-90% of their maximum spill area. After 300 seconds, most combustible
and flammable liquid fuels will spread to about 90% of the maximum spill area, and lubricating
oils will spread to nearly 100% of the maximum spread area. However, it is also shown in the
spill fire HRR tests that the fuels with a 30 second ignition delay achieve a higher peak HRR and
have a similar burning duration as a comparable scenario with a 300 second ignition delay. This is
applicable to highly volatile fuels such as gasoline, heptane, and ethanol, and, as such, it is always
conservative to assume a 30 second ignition delay.

It may be concluded that a 30 second ignition delay will always bound a 300 second ignition
delay when evaluating the effects of a fire in an enclosure or the response of a target to a fire
exposure boundary condition. Nevertheless, it is expected that the ignition-delay effects would

be less significant for low volatility fuels such as lubricating oil since it has been shown that the
lubricating oil spills achieve approximately 90% of their maximum spread area within 30 seconds,
and the mass of fuel that would evaporate over a longer ignition delay would be minimal as
compared to a high volatility fuel.

The spill dynamics tests indicate that the overall average spill depth for flammable and
combustible liquids is about 0.72 mm, with a standard deviation of 0.34 mm. The average spill
depth is nearly equal to the value recommended in NUREG/CR-6850 [2] and provides a
verification of this value. However, the range of spill depths is large (0.2—2.4 mm) indicating the
need to consider the uncertainty in this parameter when calculating the fire effects of a spill fire.
Detailed information was obtained for specific fuels, including gasoline, kerosene, ethanol, and
lubricating oil. This information includes the average spill depth and the standard deviation and
may be used to predict the spill areas for spills involving these specific liquids

The pan fire tests, which were conducted with a known initial fuel depth and a fixed fuel surface
area, demonstrate that the fire diameter empirical constant provides an accurate description of the
deep pool burning behavior for small diameter fires. In addition, the pan fire data was used to
develop depth coefficients that correlate the burning rate of the fuel to the liquid depth. Depth
coefficients were developed for gasoline and kerosene, but they are shown in Section 6.2.3 to

be applicable to heptane and ethanol as well. Depth coefficients for other fuels, including
lubricating oil are recommended to be 0.2 for thin spills (1 mm or less) and 1.0 for deep pools

(2 mm or greater).
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The spill fire tests were initially conducted on a variable temperature substrate, which revealed a
significant sensitivity of the HRR profile to the substrate temperature. The effect of this parameter
was not initially considered, and a systematic assessment of its effect was not performed in
Reference 1. However, for temperature variations up to about 20°C, the peak HRR can increase
by 25%—-50% with a proportionate decrease in the fire duration. The effect is expected to be
significant for high volatility fuels that are relatively close to their flashpoint and less so for low
volatility fuels with a high flashpoint. The target substrate temperature for the spill fire tests is
between 20°C and 25°C; therefore, the results and subsequent model development are limited to
applications with a substrate temperature in this range for low flashpoint fuels. A safety factor of
25%-50% may be applied to substrate temperatures up to about 40°C. This limitation does not
apply to high flashpoint fuels such as lubricating oil, although a limiting temperature of 40°C is
reasonable to ensure that the fuel temperature remains significantly below the flashpoint
temperature. The spill fire tests were conducted on various non-permeable substrates indicating
that the peak HRR and fire duration are not overly sensitive to the substrate itself and that
individual tests are highly repeatable when the initial substrate temperature is maintained within
a narrow range.

The growth stage of the HRR profiles is an important feature and may be considered to consist of
two factors. The first factor involves the physical spread of the fire from the ignition point, which
is generally rapid, but not instantaneous. The range of fire diameters for the 0.5 L and 1 L spill
fires is 0.8—1.5 m, and the surface flame spread speed for low flashpoint liquids is on the order of
10 cm/s [3]. This suggests that the flames require between 8 and 15 seconds to spread across the
liquid surface. This does not fully account for the growth stage duration and, therefore, suggests
that there is also a localized HRR development function on the liquid surface as the pyrolysis
mass rate increases from zero to its peak value. This is analogous to the localized HRR
development stage postulated for cable fires in the Flame Spread over Horizontal Cable Trays
(FLASH-CAT) calculation method described in NUREG/CR-7010, Volume 1 [16], although the
ramping stage is much shorter for liquid fuel fires. Based on the time to reach the peak HRR
shown in Figures 5-15 through 5-27, the localized HRR ramping time is on the order of

10-30 seconds.

The spill fire tests described in Reference 1 reveal a number of features that may be addressed in
an improved HRR. Most of the tests indicate a decay stage that is similar to the growth stage, but
reversed and extended by a factor of about 2-3. There was no steady-state period observed for the
spill fires considered. An assessment of the fuel depth at the time the peak HRR was reached is
provided in Reference 1. It is estimated that the decay stage occurs when the fuel depth is between
0.2 mm and 0.85 mm, with an average value of 0.55 mm.
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6

RESULTS AND IMPLEMENTATION GUIDANCE FOR
LIQUID SPILL HEAT RELEASE RATES

6.1 Technical Approach

There are several situations in fire modeling work performed at NPPs when the HRR for a spill
fire is over-predicted and the fire duration is under-predicted. Such situations are often found in
the following types of fire modeling computations:

e The determination of a ZOI around an ignition source
e The determination of the target response to an input boundary condition

e The determination of the HGL temperature and HGL descent time (for target immersion and
exposure)

The following sections discuss the impacts of different spill fire HRR models on the above-listed
computations and the resulting impacts on typical risk evaluations.

6.1.1 Background
Four liquid fuel fire empirical HRR models are considered in this report.

Method 1 is based on guidance published in NUREG/CR-6850 [2]. It is a very simplified model
that is useful for predicting the maximum possible HRR of a liquid fuel fire. It does not account for
fire growth or decay or for reduced mass loss rates in thin and/or small diameter pools, resulting in
the shortest burning durations and highest HRRs of all the methods considered in this report.

Method 2 is described and implemented in NUREG-1805 [7]. It is also a simplified model that is
useful for predicting peak HRRs for pool fires where pool diameter is taken into account as an
influence on the burning rate. It does not account for fire growth or decay or for reduced mass
loss rates in thin pools, resulting in very short burning durations with very high HRRs.

Method 3 is described by Gottuk et al. [3]. It is a simplified model that improves upon Method 2
by adding the effect of fuel depth and substrate cooling on reducing the burning rate of the spill
fire. It does not account for fire growth or decay, resulting in short burning durations with high
HRRs, although the accuracy is improved for thin pool fires when compared to Methods 1 and 2.

Method 4, which is developed in this report, addresses the growth stage of the HRR in liquid fuel
fires using observations of the behavior reported in Reference 1. A simple decay stage is
included that is directly related to the surface flame spread rate on the liquid fuel and the
localized mass burning rate. This method is shown to produce good agreement with the simple
methods based on previous pool fire and spill fire data for deep pool data, but it is significantly
improved for liquid spill fires in which the growth phase is a significant fraction of the overall
HRR profile.
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6.1.1.1 Method 1 - NUREG/CR-6850

The currently recommended method for calculating the HRR profile of a combustible or
flammable liquid spill fire in a commercial NPP is described in Section G.4 of NUREG/CR-6850
[2]. The approach uses pool fire mass loss rate data associated with optically thick, deep pool
fires and liquid spread data for unconfined, thin liquid pools to determine a constant peak HRR.
The peak HRR is determined using the following equation [2]:

Q, = MeAH A Eq. 6-1
Where:
Qp is the peak HRR of the liquid spill fire (kW).

1., is the ideal or maximum burning rate per unit area of the combustible or flammable
liquid (kg/s-m2).

AH, is the fuel heat of combustion (kJ/kg).
A is the area of the liquid spill (m2).

The maximum burning rate is based on data provided in NUREG-1805 [7], which is derived
from deep pool fire data [9, 10].

The area for a confined liquid spill is equal to the area of confinement; a typical example is the
area enclosed by curbing less the area occupied by solid obstructions such as a concrete pedestal.
The area for unconfined liquid spills is determined using guidance provided in Reference 3 and
is a function of the volume of liquid involved. Specifically, for fuel volumes of 95 L or less, the
liquid depth is assumed to be 0.7 mm, which is equivalent to a spill area of 1.4 m#/L. For fuel
volumes greater than 95 L, the liquid depth is assumed to be 2.8 mm, which is equivalent to a
spill area of 0.36 m2/L [2, 3]. It is significant to note that the peak HRR computed using
Equation 6-1 is independent of both the fire diameter and the fuel depth, both of which have
been shown to have a significant effect on the HRR of a liquid spill fire [1, 3, 8].

The HRR in liquid spill fires, whether constrained or unconstrained, is postulated to reach its
peak value nearly instantly and remain at the peak HRR until all fuel is consumed [2, 3, 7, 8].
The fire duration is determined using the fixed spill volume, the fuel density, and the mass
burning rate [2, 3, 7, 8]:

__Vp

—_vr Eq. 6-2
Aty .

ta
Where:

tq 1s the spill fire duration (S).

7 is the volume of liquid fuel involved in the spill (m3).

p is the liquid fuel density (kg/m3).

All other terms have been defined.
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The ratio of the fuel volume to the spill area in Equation 6-2 is constant and fuel independent,
although it does take on one of two values depending on the volume of fuel involved.
Accordingly, the fire duration is essentially a function only of the fuel density and the burning
rate. Table 6-1 lists the fire durations for liquid spill fires for the fuels listed in Table G-4 of
NUREG/CR-6850 [2]. The range of fire durations for fuel spills involving 95 L or less is from
about 5-37 seconds. The range of durations for fuel spills involving more than 95 L differs from
the lower volume spills by the ratio of the assumed spill depth (4) and is from 19-148 seconds.

Table 6-1
Spill fire duration for common liquid fuels as calculated using the method and data
provided in Appendix G of NUREG/CR-6850 [2]

Mass Density Heat of D_uration f_or Duratio_n for Spill
Fuel Loss Rate (kg/m?) Combustion Spill Involving Involving More
(kg/m2-s) (kJ/kg) 95 L or Less (s) than 95 L (s)
Acetone 0.041 791 25,800 13.5 54.0
Benzene 0.085 874 40,100 7.2 28.7
Ethanol 0.015" 794 26,800 37.1 148.2
Fuel oil, heavy 0.035 940 — 1,000 39,700 18.8 -20.0 75.2 -80.0

Gasoline 0.055 740 43,700 9.4 37.7
Heptane 0.101 675 44,600 4.7 18.7
Hexane 0.074 650 44,700 6.1 24.6
JP-4 0.051 760 43,500 10.4 41.7
JP-5 0.054 810 43,000 10.5 42.0
Kerosene 0.039 820 32,200 14.7 58.9
Methanol 0.017 796 20,000 32.8 131.1
Transformer oil 0.039 760 46,400 13.6 54.6
Xylene 0.09 870 40,800 6.8 271

"These data have been updated to 0.015 kg/s-m? for fire diameters less than 0.6 m; 0.022 kg/s-m? for fire diameters
between 0.6 m and 3.0 m; 0.029 for fire diameters greater than 3.0 m kg/s-m? per Reference 3. This distinction is not
made in NUREG/CR-6850 [2].

6-3




Results and Implementation Guidance for Liquid Spill Heat Release Rates

Scenarios involving kerosene, which is often used as a surrogate for diesel fuel, and transformer
oil are of particular interest in commercial NPP applications. Table 6-1 indicates that for spill
volumes with less than 95 L, the fire duration is on the order of 14 seconds. This is far shorter
than the fire durations of 1-2 minutes for diesel fuel and kerosene as reported in Reference 1 and
suggest that the method significantly under-predicts the fire duration for a spill fire. This is
directly attributed to the use of the deep pool mass loss rate data for thin spill fires as may be
seen by combining Equations 6-1 and 6-2:

__ VpAH,

t; = —— Eqg. 6-3
a= 5 q

where all terms have been previously defined.

Thus, for a given fuel, if the peak HRR 1is over-predicted, the fire duration will be
proportionately under-predicted. Note that the fire durations for the larger volumes are closer to
the observed fire durations of 1-2 minutes as reported in Reference 1. The assumed spill depth
of 2.8 mm is closer to the pool depth of 5 mm at which deep pool burning behavior is observed
according to Reference 1.

6.1.1.2 Method 2 - NUREG-1805

NUREG-1805 [7] provides a slight modification to the pool fire HRR calculation described by
Equations 6-1 and 6-2 using the methods originally presented in Blinov et al. [10]. The
modification adjusts the mass burning rate for small diameter pools using the following equation:

Qp = Moo (1 — exp(—kBD,))AH A Eq. 6-4
Where:

k and f are empirical parameters, the product of which is normally treated as a single
entity having units of 1/m [7, 8, 10].

D, is the effective fire diameter (m).

The exponential term in Equation 6-4 accounts for the reduced mass loss rate per unit area
observed for small diameter fires due to the transition between convective and radiant burning
regimes [8]. The exponential term typically vanishes for diameters greater than 1-2 m, although
the diameter at which the transition is made to turbulent radiant burning is fuel specific.

Including the diameter dependence in the HRR computation provides some improvement in the
predicted peak HRR relative to the measured data; however, Equation 6-4 uses deep pool mass
loss rate data and tends to over-predict the HRR and under-predict the fire duration for flammable
or combustible liquid spill fires. This is illustrated in Figures 6-1a through 6-3b, which compare
the measured HRR from the NIJ tests to the predicted HRR for spill fires using the NUREG/CR-
6850 [2] approach described in Section 6.1.1.1 and the NUREG-1805 [7] approach for three fuels
(gasoline, heptane, and denatured alcohol) and two fuel volumes (0.5 L and 1 L) on coated
concrete. Note that the test naming convention describes the fuel, the substrate, the type of test,
and the fuel volume. Appendix C.1 provides a description of the NIJ test nomenclature [1].
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A more detailed description of the test result is provided in Section 5.4 of this report. The data
shown in Figures 6-1a through 6-3b are provided to illustrate the effect of inaccurate predictions
of the HRRs. Note that the heats of combustion, the mass loss rates, and the densities for the
three fuels used to compute the HRRs with Equations 6-1 through 6-4 are as shown in Table 6-1.
The product of the empirical constants k and f8 for each of the three fuels are as listed in
NUREG-1805 [7] and are as follows:

e Gasoline: 2.1 m™
e Heptane: 1.1 m’”

e Denatured alcohol (ethanol): 100 m™
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Figure 6-1

(a) Measured and calculated HRRs for a 0.5 L gasoline spill fire on coated concrete —
30 second ignition delay, (b) Measured and calculated HRRs for a 1.0 L gasoline spill fire
on coated concrete — 30 second ignition delay
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(a) Measured and calculated HRRs for a 0.5 L heptane spill fire on coated concrete —
30 second ignition delay, (b) Measured and calculated HRRs for a 1.0 L heptane spill fire
on coated concrete — 30 second ignition delay
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(a) Measured and calculated HRRs for a 0.5 L ethanol spill fire on coated concrete —
30 second ignition delay, (b) Measured and calculated HRRs for a 1.0 L ethanol spill fire
on coated concrete — 30 second ignition delay

Figures 6-1 and 6-2 indicate that both the NUREG/CR-6850 [2] and NUREG-1805 [7]
calculation approaches over-predict the peak HRR by a factor of 3—5 and under-predict the fire
duration by a comparable factor for low volatility hydrocarbon fuels. Figure 6-3 shows that the
NUREG/CR-6850 [2] and NUREG-1805 [7] calculation approaches are identical and over-
predict the peak HRR by a factor of 2 and under-predict the fire duration by a comparable factor.
Figures 6-1 through 6-3 use spill data from Reference 1 for coated concrete with an ignition
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delay of 30 seconds. Spill fires involving low volatility fuels have a lower HRR and a comparable
burning duration when the ignition delay is increased due to evaporation losses [1] and would
thus diverge further from the HRR models described in NUREG/CR-6850 [2] and NUREG-1805
[7] than shown in Figures 6-1a through 6-3b.

6.1.1.3 Method 3 — Gottuk et al.

Method 3 [1, 3] is an extension of the deep pool model that is applicable to thin liquid spills. The
HRR is constant and is determined using the following equation [1, 3]:

Q, = Csmie,(1 — exp(—kBD,))AH, A Eq. 65
Where:

Qp is the HRR of the spill fire.

Cs 1s an empirical constant that is a function of the spill depth.

T, is the ideal or deep pool mass burning rate (kg/s-m?).

k and S are empirical constants whose product is treated as a single entity with units of
I/m.

D, is the effective fire diameter (m).
H_ is the fuel heat of combustion (kJ/kg).
A is the spill area (m?).

The deep pool mass burning rate and the product of k and  are empirical parameters and are
tabulated in Table 5-5 for the fuels of interest in this report. The depth coefficient for gasoline
and kerosene is an empirical constant or function. The functions for gasoline and kerosene have
been correlated to the data in Reference 1 and are provided by Equations 5-3a and 5-3b,
respectively. The spill constant is equal to 0.2 for other fuels when the spill depth is less than 1
mm and 1.0 when the spill depth is greater than 2 mm. A spill constant of 0.2 or 1.0 should be
considered for spill depths between 1 and 2 mm (see Section 5.4.1.2.2). The recommended spill
depth is 0.72 mm for gasoline, kerosene, ethanol, and heptane and 1.54 mm for lubricating oil
according to Reference 1 (see Table 5-4). Table 6-3 provides the standard deviation for the spill
depth for use in parameter uncertainty evaluations.

The spill fire diameter is related to the spill area via the following equation [1, 3]:

4A
D, = [— Eq. 6-6

A

where all terms have been defined. The spill area is related to the initial fuel volume and the spill
depth [1, 3]:

v
A=< Eq. 6-7
Where:

V is the fuel spill volume (m?).

6 is the spill depth (m).
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The fire duration is computed using total available energy and the HRR as follows [1, 3]:

VpAH
ty =% Eq. 6-8

Where:
tq is the fire duration (s).
p is the fuel density (kg/m?).
All other terms have been defined.

The fuel density and heat of combustion are documented for a large number of fuels. Table 6-1,
for example, provides values for these parameters for the fuels considered in this analysis. The
method recommended by Gottuk et al. [3] produces a constant HRR profile with a duration equal
to t4. Typical HRR profiles are shown in Figure 6-4 for 0.5 L and 1 L gasoline spill fires with a
spill depth of 0.72 mm. The model parameters listed in Table 6-1 and Table 5-5 in combination
with Equations 6-5 through 6-8 are used to generate the HRR data.

1L Gasoline
0.5 L Gasoline
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Figure 6-4
Typical HRR profiles generated using Method 3 [3]
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6.1.1.4 Method 4 — Updated NIJ

Method 4 is an updated method that incorporates several features observed in the NIJ spill fire
tests. Specifically, an improved prediction of the HRR profile is possible if a finite flame spread
rate is modeled over the liquid surface and a finite HRR development time is modeled at each
location. In this treatment, the flame front is postulated to travel across the burning liquid as
shown in Figure 6-5.

Figure 6-5
Flame propagation over a generalized liquid spill surface [1]

It is postulated that the burning behavior at any fixed location within the liquid pool is
independent of other areas during the HRR development stage (that is, the flow of liquid away
from a point due to fuel consumption elsewhere in the pool is slow enough that the time required
to achieve the peak burning rate at that point is not affected). Therefore, the burning rate at any
point may be represented using a time-lag growth rate parameter:

m"(t) = <ti) Cs(1 — e ), t < ty,, Eq. 6-9a
lag
m"(t) = Cs(1 — e ¥FPe )i, t >ty Eq. 6-9b
Where:
m"(t) is the burning rate at a particular location within the liquid pool (kg/s-m?).

t is the time from ignition at the particular point (s).

tiag 1s the HRR development time at a fixed location (s).
Cs 1s the depth coefficient or function.

1., is the ideal or deep pool mass burning rate (kg/s-m>).

k and f are empirical constants whose product is treated as a single entity with units
of 1/m.

D, is the effective fire diameter (m).
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It is conservatively postulated that the ignition point is at the center of the spill fire. Therefore,
the total mass consumed per unit area is given by the following equation [1]:

M" = [C"(t) dt t <t Eq. 6-10a

M" = fotlag m"(t)dt + fttlag Cs(1— e *BPe )y, dt t >ty Eq. 6-10b

Where:
M" is the mass consumption rate at a fixed location in the liquid pool (kg/m?).
All other terms have been defined.

The HRR is then determined by integrating Equation 6-10 over the burning surface of the fuel:

0= MdA=["[ Mrdrdf t <ty Eq. 6-11
The fire duration at any fixed location may then be determined using the following equation:

b = AC5(1—eIiiBD6)Th;o * tl;g =q. 012
Where:

tp is the fire burning duration at a particular location.

All other terms have been defined.
The time at which the flame has spread to the edge of the pool is determined as:

v = % Eg. 6-13

Where:
v is the flame spread rate over the surface of the liquid pool (m/s).
t, 1s the time required for fire to propagate to reach the outer edge of the liquid pool (s).
All other terms have been defined.

The characteristic times in Equations 6-12 and 6-13 plus the lag time (t;44), and the total time
required to consume all the fuel (t;, + ;) can be used to define the integral solutions.

The closed form solutions to the integral are provided in Table 6-2 where all the characteristic
times are provided between the ignition time (t = 0) and the total time required to consume all
the fuel (t, +t,) [1].

6-10



Results and Implementation Guidance for Liquid Spill Heat Release Rates

The cases indicated in Table 6-2 correspond to different overall pool burn evolutions. The
character of a burn evolution depends on the relative sizes of input parameters as noted in the
Case column and the Case Description column. A diagrammatic representation of the relative
timescales is provided in Figure 6-6, corresponding to the Case 3 closed form solution. The Note
column provides a description of the burning behavior during each time period. The following
simplified algorithm roughly illustrates a calculation of the HRR as a function of time for a thin
pool fire based on Table 6-2:

1. Test the timescale parameters listed in the case descriptions to decide which case applies.

2. Define a time increment (step) for the simulation that is adequate to resolve the relevant
timescale parameters.

3. Begin a program loop for cases and the time periods, beginning with the first time period.

a. For a given time step during the current time period, calculate the HRR using the
equation applicable to the selected case and time period as provided in the HRR equation
column. Increase the simulation time by adding one time increment, and repeat the HRR
calculation for the next time step.

b. When the simulation time reaches the end of the current time period, increment the time
period, and repeat Step 3a until all of the time periods for the selected case have been
covered.

4. Display the HRR as a function of time.

Figure 6-6
Flame spread geometry over a liquid fuel surface (Case 3)
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Table 6-2
HRR solutions for Method 4 from Equation 6-11
Case Time Period HRR Equation, Q(t) (kW) Note Case Description
21C (1 _ e—kﬁDe)m" 02 [¢3 Combined flame | Because the lag time
t<t, H, 8 s [—] spread and lag exceeds the burn duration,
tiag 6 growth the fire never reaches a
Case 1 . steady-state burn rate
Pt b ct<t o 21Cs(1 — e *PPe )i, v 2t —ty)? N (t—tp)? Flame spread locally. Because the time
( bA_N D’a9> b=t =ty c tiag 6 2 3 growth required for flames to
reach the edge exceeds
th Sty . the burn duration, the fuel
t, <t . 21Cs(1 — e *FPe )i, v tt; t° t(t—tp)? 4 t—1t)? Deca is consumed at the center
Sttt ¢ tiag 2 3 2 3 y of the pool before the
flames spread to the edge.
21Cs(1 — e~ *BPe )i v [t3 Combined flame | Because the lag time
t<t, H, i 5( © )m e [—] spread and lag exceeds the burn duration,
tiag 6 growth the fire never reaches a
Case 2 \ steady-state burn rate
2nCs(1 — e *PPe)img,v? [et2 3 locally. Because the burn
(tbASNg“9> bh<t=ty AH, tiag 273 Lag growth duration exceeds the time
required for flames to
ty >ty ) reach the edge, the center
ty <t u 2nCs(1 — e PPy v? [ty 6] t(t —t,)? N (t—t,)° Deca of the pool continues to
Sttt ¢ tiag 2 3 2 3 y burn after the entire

surface is on fire.
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Case Time Period HRR Equation, Q(t) (kW) Note Case Description
ZnC,;(l _ e—kﬁDe)m;’mvz £3 Combined flame
t=<ty H — spread and lag
g c t 6
lag growth
21Cs(1 — e ¥BP )i’ v2 [£3  t(t —t1e)  (t—tis) |
H, 6( " ) i ( Zlag) + ( 3lag) Because the burn duration
tag <t =1ty lag i Lag growth exceeds the lag time, the
+AH Cs(1 — e *BPe )i v2(t — ¢ 2 burn rate reaches steady
mCs(1 e itV (£~ tiag) state locally before the
o —KkBDo Ny 2 [43 _ 2 _ 37 fuel is consumed there.
Case 3 AH, 2nCs(1 — e 7)1 £* £t = tiag) + (€ = tigg) F g Because the time to reach
ty > tiag t, <t<t, tiag | 6 2 3 grzwtehsprea the edge exceeds the burn
AND _ L 2 duration, the fuel is
t, <t, +AHmCs(1 — e™FPe Jring,v? [(t ~ tigg) — (t - tv)z] consumed at the center of
AND 5 the pool before the flames
tiag <t 2nCs(1 — e7*PPe ) v? [tt2 ¢35  t(t — tiy) reach the edge. Because
He tia o 3 2 the time to reach the edge
t <t g 3 exceeds the lag time, the
< £t n (t- tlag) ] Lag decay local burn rate continues
= v g 3 to grow after the fire
spreads to the edge.
- o 2
+AH Cs(1 — e *BPe )i, v? [(t — tigg) — (t— t,,)z]
t, +tg, <t _ .
Svt,, +a‘tqb AH mCs(1 — e *FPe )iy, v2[t2 — (t — t,)?] Decay
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Table 6-2 (continued)
HRR solutions for Method 4 from Equation 6-11

Case Time Period HRR Equation, Q(t) (kW) Note Case Description
f<t 21Cs(1 — e~ *BP )i v? [£3 Comb(ijneddﬂlame
< tiag H, < spread and lag
tiag growth
_ » 2 3
. 21Cs(1 — e FPeYrigv? [£3 t(t — tiay) + (t — tiay) Because the burn duration
tig <t <ty ¢ tiag 6 2 3 Flame spread exceeds the lag time, the
. , growth burn rate reaches steady
+AHCs (1 — e *FPe )i, v (t — t1q) state locally before the
fuel is consumed there.
Case 4 u 21Cs(1 — e7*BPe )i, v? [ﬁ (- tlag)z tI?]ecachlse the tirr:je tt?] relach
c t 2 3 2 e edge exceeds the lag
ty > tiag lag L time, the local burn rate
/ AND L, <t + M] Lag growth continues to grow until
tp <ty + g 3 after the fire spreads to
g
AND the edge. Because the
ty >ty +AHmCs(1 — e~*BP )il 12 (¢ — tlag)z burn duration is not
AND greater than the time to
tigg <t L —kBDo\oi" 1,2 [442 3 _ 2 reach the edge plus the
tag = H, 2nCs(1-e Jriveov? (8] t5  t(t — tiag)” lag time, the fuel is
tiag 2 3 2 consumed at the center of
tp <t (t—t, )3 the pool before the flames
Sty t g + Tag Lag decay reach their maximum burn
rate at the edge of the
. 2 pool.
+AH mCs(1 — e *FPe )i, v? [(t —tigg) — (- tb)z]
tp + tigg <t B .
<t +afb AH mCs(1 — e *BPe )iy, v2[t2 — (t — t,)?] Decay
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Case

Time Period

HRR Equation, Q(t) (kW)

Note

Case Description

Case 5

tp > tigg
AND

ty <ty + tigg

AND

t, > t,
AND

tlag >ty

t<t,

¢ J—

u 2nCs(1 — e *BPe )iy, v? [t3]
6

tlag

Combined flame
spread and lag
growth

ty <t <ty

u 21Cs(1 — e *PPe )i, v? [tt,% tg]

¢ tiag 2 3

Lag growth

tiag <t < tp

2 3 2

+ (t- ;lag)3 ]

c
tlag

+AHCs(1 — e *FPe )i, v2 (£ — tig,)”

u 21Cs(1 — e *PPe i, 12 [tt§ £ t(t—tiag)”

Transition

t, <t
<ty +tig,

2 3 2

c
tlag

+ (t- ;lag)3 ]

+AH Cs(1 — e *PPe )i, 12 [(t - tlag)2 - (t— tb)z]

u 21Cs(1 — e *PPe i, v? [tt3 2 t(t—tigg)

Lag decay

ty+tigy <t
<t,+t,

AH mCs(1 — e *BPe i, v2[t2 — (t — t,)?]

Decay

Because the burn duration
exceeds the lag time, the
burn rate reaches steady
state locally before the
fuel is consumed there.
Because the time to reach
the edge exceeds the lag
time, the local burn rate
continues to grow until
after the fire spreads to
the edge. Because the
burn duration is not
greater than the time to
reach the edge plus the
lag time, the fuel is
consumed at the center of
the pool before the flames
reach their maximum burn
rate at the edge of the
pool. Because the lag time
exceeds the time to reach
the edge, the fire reaches
its maximum burn rate at
the center before the
flames reach the edge.
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Table 6-2 (continued)
HRR solutions for Method 4 from Equation 6-11

Case

Time Period

HRR Equation, Q(t) (kW)

Note

Case Description

Case 6

tp > tigg
AND

ty >ty + tigg

AND

tp, > t,
AND

tlag 2t

t < tigg

¢ J—

u 2nCs(1 — e *BPe )iy, v? [t3]
6

tlag

Combined flame
spread and lag
growth

tiag <t <ty

c

6 2

1 27Ca(1= ey v? [5 = tg) (£~ tigg)” l
3

tlag

+AHmCs(1 — e KPP )i, w2 (t — tq,)"

Flame spread
growth

t, <t
<ty +tig,

c

2 3 2

+ (t- ;lag)3 ]

u 21Cs(1 — e *PPe i, 12 [tt§ £ t(t—tiag)”

tlag

+AHmCs(1 — e KPPl w2 (t — tq,)°

Transition

ty+tigy <t
<tb

AH mCs(1 — e *FPe )i, v2(¢2)

Steady burning

t, <t
<t,+t,

AH.mCs(1 — e *FPe )iy, v2[t2 — (t — t,)?]

Decay

Because the burn duration
exceeds the lag time, the
burn rate reaches steady
state locally before the
fuel is consumed there.
Because the time to reach
the edge exceeds the lag
time, the local burn rate
continues to grow until
after the fire spreads to
the edge. Because the
burn duration is greater
than the time to reach the
edge plus the lag time, the
fuel is consumed at the
center of the pool before
the maximum burn rate
occurs at the edge of the
pool. Because the lag time
exceeds the time to reach
the edge, the fire does not
reach its maximum burn
rate at the center before
the flames reach the edge.
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Case

Time Period

HRR Equation, Q(t) (kW)

Note

Case Description

Case 7

tp > tigg
AND

ty >ty + tigg

AND

tp, > t,
AND

tlag <t

t<t,

¢ J—

u 2nCs(1 — e *BPe )iy, v? [t3]
6

tlag

Combined flame

spread and lag
growth

ty <t <ty

2nCs(1 — e *PPe )i, v? [tt2  t3
He 273

tlag

Lag growth

tigg <t
<ty + tigg

c

2 3 2

+ (t- ;lag)3 ]

u 21Cs(1 — e *PPe i, 12 [tt§ £ t(t—tiag)”

tlag

+AHCs(1 — e *FPe )i, v2 (£ — tig,)”

Transition

ty+tigy <t
<t,

AH mCs(1 — e *FPe )i, v2(¢2)

Steady burning

t, <t
<t,+t,

AH Cs(1 — e *FPe )i v2[t2 — (t — t,)?]

Decay

Because the burn duration
exceeds the lag time, the
burn rate reaches steady
state locally before the
fuel is consumed there.
Because the time to reach
the edge exceeds the lag
time, the local burn rate
continues to grow until
after the fire spreads to
the edge. Because the
burn duration is greater
than the time to reach the
edge plus the lag time,
there is a period of time
after the flames reach the
edge that the entire
surface of the pool is
burning steadily at its
maximum rate. Because
the time to reach the edge
exceeds the lag time, the
fire reaches its maximum
burn rate at the center
before the flames reach
the edge.
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The parameters in Equations 6-10 through 6-13 are the same as those used by Method 3 [3],
except for the surface flame spread rate and the HRR development time or the lag time. The
surface flame spread rate for combustible and flammable liquids is typically between 5 and

10 cm/s, with the faster spread rates associated with the lower flashpoint fuels [3]. Flame spread
rates can approach 100 cm/s for flammable liquids that are heated to nearly the flashpoint
temperature [3]. In the cases considered in this report, which are typical of those postulated in
NPPs, the flame spread rates are expected to be within the 5-10 cm/s range. As noted in

Section 5.4.1.4, the HRR development time is on the order of 10-30 seconds.

Method 4 produces a HRR profile that varies with time, with a pronounced growth stage and a
short, but finite, decay stage. Typical HRR profiles are shown in Figure 6-7 for 0.5 Land 1 L
gasoline spill fires having a spill depth of 0.72 mm. The model parameters listed in Tables 6-1
and 5-5 in combination with Equation 5-3a and 5-3b are used to generate the HRR data. The
flame spread rate is assumed to be 10 cm/s, and the HRR development time is assumed to be
10 seconds in this example.
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Figure 6-7

Typical HRR profiles generated using Method 4
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6.1.2 Spill Fire Heat Release Rate Applications

6.1.2.1 ZOI Calculations

Z0Is are regions around a fire inside which all susceptible targets are postulated to be damaged
by the fire. ZOls are normally determined using a fixed exposure temperature or heat flux
threshold for target damage and the peak HRR of the postulated fire. The ZOI evaluation
requires a heat flux calculation and a thermal plume temperature calculation. Over-prediction
of the peak fire HRR of a spill fire will, therefore, result in a conservative ZOI that does not
accurately reflect the effects of the spill fire scenario.

An approximate method of evaluating the effect of an over-predicted HRR on the ZOI is
provided in NUREG-1934 [11]. The approach uses differentials to extrapolate the variation in
an output parameter quantity given a variation in an input parameter. In this case, the input
parameter is the HRR, and the output parameter is the heat flux or the plume temperature. The
variation is performed using the power dependence of the output parameter on the input
parameter. According to Table 6-1 in NUREG-1934 [11], the power dependence of the heat
flux on the HRR is 4/3, and the power dependence of the plume temperature on the HRR is 2/3.

The heat flux damage threshold implied in a model in which an over-predicted HRR is used may
be computed using the power dependence of the heat flux on the HRR as follows [11]:

@51+P(.Q“—“—1> Eq. 6-14
er Qpred

Where:
q;’wt is the actual heat flux used to define the ZOI dimension (kW/m?).
{.r is the target damage heat flux threshold (kW/m?).
Qpred is the predicted peak HRR for the spill fire (kW).

Q et is the actual peak HRR for the spill fire (kW).
P is the power dependence of the heat flux on the HRR.

Given a Q@;“ ratio that ranges from approximately 0.2 to 0.5 (see Figures 6-1a through 6-3b) and
pred
a power dependence of 4/3 for a heat flux calculation [11], the ratio (Z‘?.“ ranges from

approximately 0.0 to 0.33.

The actual heat flux at the ZOI boundary would thus be approximately ~0 — 0.33 X 5.7, or

0.0 to 1.88 kW/m?. This means that the ZOI for TP cable targets would be based on a heat flux
of approximately 0.0—1.88 kW/m? rather than 5.7 kW/m? if the HRR for a spill fire is computed
using the methods described in NUREG/CR-6850 [2] or NUREG-1805 [7]. A similar result is
observed for ZOIs determined using heat flux calculations for TS cable targets.
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The temperature damage threshold implied in a model in which an over-predicted HRR is used
may be computed using the power dependence of the thermal plume temperature on the HRR as
follows [11]:

Ter = Tger = P(Tcr —To) (M - 1) Eq. 6-15

Qpred
Where:
T, is the predicted temperature at the target in the thermal plume (°C).
T,c¢ 1s the actual temperature at the target in the thermal plume (°C).
T, is the ambient temperature (°C).
All other terms have been defined.

Assuming an ambient temperature of 20 (°C) and given a % ratio that ranges from 0.2 to 0.5

act

based on Figures 6-1a through 6-3b, and given a power dependence of 2/3 for a plume
temperature calculation, the temperature differential T,., — T, ranges from about 62°C to
98°C at the ZOI boundary for TP cables with a critical temperature of 205°C according to
Equation 6-15. This means that the ZOI for TP cable targets would be based on a critical
temperature of approximately 107°C-143°C rather than 205°C if the HRR for a spill fire is
computed using the methods described in NUREG/CR-6850 [2] or NUREG-1805 [7]. A similar
result is observed for ZOls determined using thermal plume calculations for TS cable targets.

6.1.2.2 Target Response to the Predicted Thermal Exposures

The target response to a calculated boundary condition determined with an HRR profile with a
significantly larger peak HRR and significantly shorter fire duration will not be correct and may
potentially be non-conservative. A simple illustration of this is provided by noting the predicted
and observed fire durations for the ethanol spill fires shown in Figures 6-3a and 6-3b. The
predicted fire duration using Methods 1 or 2 for the spill fire is approximately 40 seconds,
whereas the observed fire durations are on the order of 1.5 minutes. Tables H-5 through H-8 in
Appendix H of NUREG/CR-6850 [2] indicate that cable target damage times would not be
predicted for exposures that are shorter than 1 minute. This means that for a target within the
ZOl, it could be concluded that damage would not occur if the HRR profile is predicted to have
a duration less than 1 minute as computed using the methods of NUREG/CR-6850 [2] or
NUREG-1805 [7]. Conversely, if the actual fire duration of 1.5 minutes is assumed, then the same
target could be exposed to a temperature or a heat flux boundary condition that leads to damage,
following the guidance in Tables H-5 through H-8 of NUREG/CR-6850, Appendix H [2].

A more complex example may be generated using the Thermally Induced Electrical Failure
(THIEF) model as contained in NUREG-1805, Supplement 1 [13] to illustrate the same point.

A TS cable that is 22.13 mm in diameter, has a jacket thickness of 2.03 mm, and has a mass per
unit length of 1.22 kg/m is assumed to be exposed to a 0.5 L gasoline spill fire plume (see

Figure 6-1a). The cable target is positioned 1 m above the base of the fire, and the exposure heat
flux is determined using the “Within Fire Plume’ sub-calculation in NUREG-1805, Supplement 1
[13] 19 THIEF_of Cables_Calculations_Supl_Sl.xls spreadsheet.
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The temperature exposure for the spill fire is shown in Figure 6-8 for spill fire HRR profiles
calculated using the NUREG/CR-6850 [2] and NUREG-1805 [7] methods as well as the
temperature exposure that would result from the measured HRR profile for a 0.5 L gasoline

spill fire (see Figure 6-1a). The resulting cable temperatures for each exposure are shown in
Figure 6-9. Figure 6-9 shows that the maximum predicted cable temperature is between 60°C
and 65°C for spill fire exposures characterized using the methods described in NUREG/CR-6850
[2] and NUREG-1805 [7] but that the maximum cable temperature is about 100°C for a spill fire
exposure characterized using the HRR profile measured in the NIJ tests [1]. Although the cable
is not predicted to fail for any of the three exposures, Figure 6-9 demonstrates that the actual
target temperature response could be much greater than that predicted using a short-duration,
high-HRR characterization of a spill fire. There will clearly be target types and target elevations
that would result in a different conclusion regarding its failure, depending on the method used to
characterize the spill fire HRR.

A related application involving target response modeling involves the determination of an
acceptable fuel load threshold. Based on the results shown in Figure 6-9, it is apparent that an
incorrect and non-conservative fuel load limitation could be derived if the spill fire is
characterized using either the methods described in NUREG/CR-6850 [2] or NUREG-1805 [7].
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Figure 6-8

Exposure temperatures to a generic TS cable target as calculated using NUREG-1805,
Supplement 1 [13] for a 0.5 L gasoline spill fire

6-21



Results and Implementation Guidance for Liquid Spill Heat Release Rates

120""I""I""I""I""I""I""
Heat Release Rate Characterization
—_ NUREG/CR-6850 method
O 100 | NUREG-1805 method .
~ Calculated using DOJ test data | |
o
: L
T 80r .
L L
(]
o
c L -
o 60r i
|_ o 4
Q
I
O 40_- [ .
20 I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I I
0 50 100 150 200 250 300 350
Time (seconds)
Figure 6-9

Generic TS cable target temperature exposed to liquid spill fires as calculated using
NUREG-1805, Supplement 1 [13]

6.1.2.3 Hot Gas Layer Calculations

HGL calculations involve the solution of equations describing coupled fire effects, including the
HRR, the air entrainment rate in a thermal plume, the mass flows across enclosure boundaries,
and the thermal losses to the boundaries. If the HRR profile for a spill fire is characterized with a
significantly over-predicted peak value and a significantly under-predicted duration, the thermal
losses to the boundary would tend to be under-predicted and the temperature and hot gas layer
temperature over-predicted, leading to an initially conservative result. However, over a longer
time scale, the results may be less conservative, especially if the HGL temperatures are used as
input into a target thermal response model such as THIEF [13, 14].

An illustration of the effect of an incorrect characterization of a spill fire HRR profile may be
generated using the zone computer model Consolidated Fire and Smoke Transport (CFAST),
Version 6.1.1 [15, 16]. A simple concrete enclosure that is 6.1 m tall and has plan dimensions
of 6.1 x 6.1 m is assumed. A single door is included to provide pressure relief and ventilation for
the fire. Figure 6-10 depicts the geometry used for this illustration. Three separate 1 L gasoline
spill fire scenarios are postulated in the center of the test enclosure: one with an HRR profile
characterized using the NUREG/CR-6850 [2] method, one with an HRR profile characterized
using the NUREG-1805 [7] method, and one that uses the HRR profile measured for NIJ Test
SFD96-U-CC-G-1.0-30 [1] (see Figure 6-1b). The results for typical CFAST output parameter
used to assess target damage or habitability are shown in Figures 6-11 through 6-13. Figure 6-11
depicts the temperature of the HGL as a function of time and shows that the NUREG/CR-6850
[2] method and the NUREG-1805 [7] method of characterizing the spill fire HRR produce
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significantly higher enclosure temperatures than the actual test data. The most conservative result
is achieved by the NUREG-1805 [7] HRR characterization. If the enclosure contained TP cable
targets with a damage threshold of 205°C, three different conclusions could be reached for each
spill fire HRR characterization method:

e Method 1 — NUREG/CR-6850 [2] method: a damaging HGL would not be predicted, but
there would be no safety margin.

e Method 2 — NUREG-1805 [7] method: a damaging HGL would be predicted.

e Direct application of NIJ Test SFD96-U-CC-G-1.0-30 data [1]: a damaging HGL would not be
predicted, and the safety margin would be approximately 2, based on peak temperature rise.

Figure 6-12 depicts the HGL elevation as a function of time in the enclosure predicted for each

of the three spill fire HRR characterizations. The NUREG/CR-6850 [2] and NUREG-1805 [7]
methods for characterizing the spill fire HRR produce the fastest developing hot gas layers, but
the NIJ Test SFD96-U-CC-G-1.0-30 data [1] result in the lowest HGL position. When habitability
calculations are performed for assessing the feasibility of an operator manual action (OMA), for
example, one of the thresholds for causing control room abandonment is the position of the HGL.

Figure 6-12 therefore suggests that the use of actual test data (or a method that characterizes the
HRR comparable to the test results) could generate a more conservative result than the
NUREG/CR-6850 [2] and NUREG-1805 [7] methods. Due to the different performance metrics
(HGL position versus HGL temperature), the selected HRR profile can produce dramatic
differences in modeling conclusions.

Figure 6-13 depicts the HGL optical density, a measure of the smoke visibility, as a function of
time in the enclosure predicted for each of the three spill fire HRR characterizations. The
NUREG/CR-6850 [2] and NUREG-1805 [7] methods for characterizing the spill fire HRR
produce the most adverse visibility conditions and exceed the visibility predicted using the N1J
Test SFD96-U-CC-G-1.0-30 data by a factor of 2. The visibility parameter is related to the fuel
mass burning rate by the rate of production of smoke by the fire and does not have a decay factor
in CFAST [15, 16] other than through mass loss across the door opening.

Accordingly, Figure 6-13 suggests that the fuel mass burning rate in the NUREG/CR-6850 [2]
and NUREG-1805 [7] burning rate characterizations exceed the burning rate observed in NIJ
Test SFD96-U-CC-G-1.0-30 [1]. The result is that more optically dense smoke remains within
the room, and the use of actual test data (or a method that characterizes the HRR comparable to
the test results) could generate a less conservative result than the NUREG/CR-6850 [2] and
NUREG-1805 [7] methods.
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CFAST geometry used to compare the effect of the spill fire HRR characterization
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Figure 6-11

HGL temperature in CFAST geometry for different spill fire HRR Characterizations — 1 L
gasoline on coated concrete
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Figure 6-12
HGL elevation in CFAST geometry for different spill fire HRR characterizations — 1 L
gasoline on coated concrete
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HGL visibility in CFAST geometry for different spill fire HRR characterizations — 1 L
gasoline on coated concrete
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6.1.2.4 Summary

The consequences of using a spill fire HRR model that significantly over-predicts the peak HRR
and significantly under-predicts the fire duration suggests the need for an improved treatment.
The improved treatment developed in this report provides a more realistic assessment of the fire
effects and could eliminate potentially non-conservative conclusions regarding the response of a
target to a thermal boundary condition or the position of an HGL in an enclosure fire model. The
improved treatment predicts the peak HRRs more accurately and provides better predictions of
fire durations. Improved treatment of HRR growth and decay stages provides further refinement
on the HRR characterization and leads to further improvements in predictions made by
calculations that use the HRR as an input parameter.

The recent work performed under Grant No. 2008-DN-BX-K168 for the NI1J has greatly
expanded the available test data applicable to liquid spill fires [1]. These data consist of over 500
individual tests involving six liquid fuels and two nonfuel liquid surrogates. The tests evaluated a
number of aspects of liquid spill fires, many of which are relevant to the goals of this analysis.
These include [1]:

e Evaluation of the spill depth for various fuels and fuel volumes on different substrates
e Evaluation of the HRR profile for confined liquid spill fires with different initial depths

e Evaluation of the HRR profile for unconfined liquid spill fires over different substrates for
different fuels and fuel volumes

Several secondary parameters are evaluated that are postulated to have an effect on the fire
development in liquid fuel fires. These include [1]:

e Evaluation of the ignition-delay time
e The evaluation of the substrate temperature

The ignition-delay time affects the development of an unconfined spill fire in two general ways.
First, a longer ignition-delay time permits the fuel to spread out further and approach its
asymptotic limit. Second, a longer ignition-delay time permits the high-volatility components of
a fuel to evaporate, which affects the fuel composition and, thus, its combustion properties.

Given the comprehensive nature of the NIJ test series, they provide a unique opportunity to
refine the empirical methods used to calculate the HRR profile in an unconfined spill fire and to
provide verification for the methods used to calculate the deep pool burning behavior.

6.1.3 Updated Spill Fire Heat Release Rate Calculation Approach

Two empirical models will be presented that improve the HRR predictive capability for spill
fires. The first model (Method 3) is a simple enhancement to the NUREG-1805 approach that
accounts for liquid fuels burning in thin layers. This model is currently reported in Section 3-10
of the 4™ Edition of the SFPE Handbook of Fire Protection Engineering [3]. A second model
(Method 4) will be presented that expands on Method 3 to incorporate the growth and decay
stages of liquid pool fires. These models will be compared against applicable data for spill fires
as reported in Reference 1. The comparison will include confined spills to demonstrate the
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prediction as the pools transition to deep pool burning rates. In addition, aspects of the deep pool
burning rate model will be compared with test data obtained in the NIJ test series to verify the
input parameters and the diameter based sub-model used in the NUREG-1805 method and the
two enhanced methods presented in this report.

A simple analysis methodology will be presented that guides the user through the necessary steps
for evaluating spill fires and confined liquid fuel fires. The methodology will provide decision
points and identify the equations and parameter data that should be used for the particular
analysis path selected. The methodology will be demonstrated using several examples.

Model uncertainty will be discussed and uncertainty bands or standard deviations will be provided
for key model input parameters. The uncertainty bands and standard deviations may be used to
assess the model uncertainty when they are applied in support of probabilistic risk assessments.

Finally, a discussion on the development of a spreadsheet tool will be provided.

6.1.3.1 Application for Deep Pools

The HRR predictive capability of Method 3 [3] and Method 4 is compared against the measured
pan fire HRR data provided in Section 5.4.1.2. Given the similarity of the test results for the
water and steel substrates, only the steel substrate data are used in this validation study where
data for both substrates is available. The following tests are selected for comparison against the
HRR models:

e 0.3 m pan fires with gasoline (steel substrate)
e 0.6 m pan fires with gasoline (steel substrate)
e 0.3 m pan fires with kerosene (steel substrate)
e 0.6 m pan fires with kerosene (steel substrate)
e 1.2 m pan fires with gasoline (water substrate)

e 1.2 m pan fires with ethanol (water substrate)

The validation results for each model using these tests are shown in Figures 6-14 through 6-19.
The model parameters listed in Tables 6-1 and 5-5 in combination with Equations 6-5 through
6-12 and are used to generate the HRR data. The flame spread rate over the liquid surface is
assumed to be 10 cm/s for gasoline and ethanol and 5 cm/s for kerosene due to the higher
flashpoint. The HRR development time is assumed to be ten seconds for gasoline and ethanol
and fifteen seconds for kerosene, consistent with the data and observations provided in

Section 5.4. Note that Equation 5-3a is used to determine the depth coefficient for the ethanol
pan fires shown in Figures 6-19a and 6-19b.
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(b) 0.3 m pan fire with gasoline — comparison of test data with Method 4 (steel substrate)
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(a) 0.6 m pan fire with gasoline — comparison of test data with Method 3 (steel substrate),
(b) 0.6 m pan fire with gasoline — comparison of test data with Method 4 (steel substrate)
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(a) 0.3 m pan fire with kerosene — comparison of test data with Method 3 (steel substrate),
(b) 0.3 m pan fire with kerosene — comparison of test data with Method 4 (steel substrate)
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(a) 0.6 m pan fire with kerosene — comparison of test data with Method 3 (steel substrate),
(b) 0.6 m pan fire with kerosene — comparison of test data with Method 4 (steel substrate)
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Figures 6-14 through 6-19 indicate that both Methods 3 and 4 produce similar results for pool
depths of 2 mm or greater. This confirms that Method 4 transitions to a deep pool model as the
fuel depth increases.

The results for gasoline pan fires are presented in Figures 6-14, 6-15, and 6-18. The figures
indicate that both models systematically over-predict the HRR by about 30%—-50% and under-
predict the fire duration by a similar factor. The maximum burning rate parameter assumed for
gasoline is based on data provided by Babrauskas [8], which is based on data collected by Blinov
et al. [10] over 50 years ago. Because the formulation of gasoline has changed over time, it is
likely that the data is not representative of the gasoline used in the NIJ tests. A comparison of the
measured and predicted burning rate for gasoline using the empirical parameters provided by
Babrauskas [8] in Reference 1 indicates that the maximum burning rate for the gasoline
formation used in the NI1J tests may be about 20%—-30% lower than the gasoline formulation on
which the empirical constants are based. Nevertheless, the HRR profiles generated for the
gasoline pan fires using Method 3 or 4 represent a significant improvement over Methods 1 and
2, and are expected to provide a conservative prediction of the effects of deep pool gasoline fires.

The results for kerosene pan fires are presented in Figures 6-16 and 6-17. Both methods provide
goods predictions of the peak burning rate but under-predict the burning duration by about 20%.
This is primarily due to the manner in which the predicted HRR profiles treat the decay stage of
the fire. Method 3 has no decay stage and the HRR abruptly terminates when all fuel is
consumed. Method 4 has a short decay stage that is related to the flame spread rate over the
surface of the liquid spill. As described in Section 5.4.1.4, spill fires tend to begin the decay
stage when the depth reaches 0.55 mm and exhibit a more gradual decrease in the HRR than
either method predicts. This is one area of improvement for the methods presented in this report,
but it is considered conservative to over-predict the HRR during the decay stage given the
exposure boundary conditions to a target are decreasing during this stage of the fire.

Figure 6-19 presents the results for the ethanol pan fire tests. The predicted results apply the
depth coefficient function generated for gasoline fires and are shown to over-predict the HRR for
thin pools by about 50%, with a comparable under-prediction of the burning duration.
Nevertheless, if a coefficient of 0.2 is assumed for the 1 mm spill fires as recommended in Ref.
1, the HRR would be under-predicted by about 30% and the burning duration would be over-
predicted by a factor of about 30%. Similar to the gasoline fires, an over-prediction of the HRR
for deep pool fire is generally a conservative attribute provided the burning duration is predicted
reasonably well. In this case, the under-predicted portion of the burning rate is in the decay stage.

The model predictions and experimental results provided in Figures 6-14 through 6-19 can be
compared following the statistical guidance provided in NUREG-1934 [11]. Using this approach,
the model bias indicates the ratio that the model will over or under-predict the observed
experimental result (See Appendix C.3). The model bias for each of the four models discussed in
the beginning of Section 5 is provided in Figure 6-20. A model bias of 1.0 would indicate perfect
agreement between the model and the experiment on average as indicated by the solid black line
in Figure 6-20. Note that Methods 1 and 2 demonstrate considerable over-prediction of the peak
HRR (by a factor of approximately two on average), and commensurate under-prediction of the
burning duration, as previously discussed. Methods 3 and 4 produce improved predictions, where
the peak HRR is approximately 31% over-predicted, and the burning duration predictions are
improved, with Method 3 producing the closest prediction to the perfect match line. The results
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of the evaluation are provided in Table 6-3, which also demonstrate that the model relative
standard deviation for Method 3 to be the lowest. This indicates that Method 3 will provide the
most accurate and reliable prediction of the fire behavior for the deep pools, followed by
Method 4, which demonstrates very good performance.
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(a) Model bias evaluation of the predicted peak HRR for confined spill fires in Figures 6-14
through 6-19, (b) Model bias evaluation of the predicted burning duration for confined spill
fires in Figures 6-14 through 6-19

Table 6-3

Model bias and uncertainty for confined spill fires in Figures 6-14 through 6-19 evaluated
using guidance in NUREG-1934 [11]

Model Output Statistic Method 1 Method 2 Method 3 Method 4
Model bias, 6§ 2.352 1.942 1.310 1.312
Peak HRR Model relative
standard 0.517 0.566 0.263 0.264
deviation, &),
Model bias, & 0.388 0.490 0.517 0.588
Burni_ng Model relative
duration standard 0.663 0.686 0.197 0.292
deviation, 6,
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6.1.3.2 Spill Fires

The HRR predictive capability of Methods 3 and 4 are compared against the measured spill fire
HRR data provided in Section 5.4.1.3. Given the similarity of the test results for the coated
concrete, smooth concrete, and brushed concrete results, only the coated concrete data are used in
this validation study where data for both substrates is available. In addition, as noted in Section
5.4.1.3, a 30 second ignition delay produces a more conservative result than a 300 second ignition
delay given the fire durations are approximately equal, but the HRR of the 30 second ignition-
delay tests is greater. As such, only the 30 second ignition-delay tests are considered in this
section. The following tests are selected for comparison against the HRR models:

e 0.5 L gasoline spill fire tests with a 30 second delay (coated concrete substrate)
e 1.0 L gasoline spill fire tests with a 30 second delay (coated concrete substrate)
e 0.5 L ethanol spill fire tests with a 30 second delay (coated concrete substrate)
e 1.0 L ethanol spill fire tests with a 30 second delay (coated concrete substrate)
e 0.5 L heptane spill fire tests with a 30 second delay (coated concrete substrate)

e 1.0 L heptane spill fire tests with a 30 second delay (coated concrete substrate)

The validation results for each model using these tests are shown in Figures 6-21 through 6-26.
The model parameters listed in Tables 6-1 and 5-5 in combination with Equations 6-5 through
6-12 and are used to generate the HRR data. The flame spread rate over the liquid surface is
assumed to be 10 cm/s and the HRR development time is assumed to be ten seconds, consistent
with the data and observations provided in Section 5.4.1.3. Note that Equation 5-3a is used to
determine the depth coefficient for the ethanol pan fires shown in Figures 6-23 and 6-24 and the
heptane pan fires shown in Figures 6-25 and 6-26.
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0.5 L gasoline spill fires with a 30 second ignition delay — comparison of test data with the
HRR prediction methods 3 and 4 (coated concrete substrate)
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1.0 L gasoline spill fires with a 30 second ignition delay — comparison of test data with the
HRR Prediction Methods 3 and 4 (coated concrete substrate)
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Figure 6-23
0.5 L ethanol spill fires with a 30 second ignition delay — comparison of test data with the
HRR prediction Methods 3 and 4 (coated concrete substrate)
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1.0 L ethanol spill fires with a 30 second ignition delay — comparison of test data with the
HRR prediction Methods 3 and 4 (coated concrete substrate)
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0.5 L heptane spill fires with a 30 second ignition delay — comparison of test data with the
HRR prediction Methods 3 and 4 (coated concrete substrate)
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1.0 L heptane spill fires with a 30 second ignition delay — comparison of test data with the
HRR prediction Methods 3 and 4 (coated concrete substrate)
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Figures 6-21 through 6-26 indicate that the predicted peak HRR is similar for both Methods 3
and 4. However, the updated HRR model is shown to predict the growth stage of the fire
accurately for the three fuels considered. The predicted peak HRRs are within 20% of the
measured values for all tests except the 1 L heptane spill fires, which indicate the predicted
values are about 35% greater than the measure values. Although the predicted peak HRR for
the 0.5 L heptane spill fires is within 10% of the measured value, one of the tests presented in
Figure 6-24 for the heptane had a warm substrate (see Figure 5-22). The test with the cool
substrate data in Figure 6-25 shows a similar over-predicted HRR percentage as the 1.0 L spill
fire comparisons shown in Figure 6-26.

It is clear, however, that under-predicted portions of the fire duration are at the end of the decay
stage in all cases, indicating that the method as applied to these fuels will yield a conservative
result when applied to a target thermal response or an enclosure temperature model. In addition,
in situations where the HRR growth stage is an integral aspect of the analysis, the updated model
will yield an accurate representation of HRR development on the spill fire.

The model predictions and experimental results provided in Figures 6-21 through 6-26 can be
compared following the statistical guidance provided in NUREG-1934 [11]. Using this approach,
the model bias indicates the ratio that the model will over- or under-predict the observed
experimental result (see Appendix C.3) [11]. The model bias for each of the four models is
provided in Figure 6-27. A model bias of 1.0 would indicate perfect agreement between the
model and the experiment on average as indicated by the solid black line in Figure 6-27.

Note that Methods 1 and 2 demonstrate considerable over-prediction of the peak HRR (by a
factor of approximately 3 on average) and considerable under-prediction of the burning duration,
as previously discussed. Methods 3 and 4 produce improved predictions, where the peak HRR is
approximately 7% over-predicted, and the burning duration predictions are considerably
improved, with Method 4 producing the best predictions. The results of the evaluation are
provided in Table 6-4, which also demonstrate that the model relative standard deviation for
Method 4 to be the lowest. This indicates that Method 4 will provide the most accurate and
reliable prediction of the thin spill fire behavior, followed by Method 3, which demonstrates
very good performance.
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(a) Model bias evaluation of the predicted peak HRR for liquid spill fires in Figures 6-21
through 6-26, (b) Model bias evaluation of the predicted burning duration for liquid spill
fires in Figures 6-21 through 6-26

Table 6-4
Model bias and uncertainty for liquid spill fires in Figures 6-21 through 6-26 evaluated
using guidance in NUREG-1934 [11]

Model Output Statistic Method 1 Method 2 Method 3 Method 4
Model bias, § 3.232 2.717 1.068 1.068
Peak HRR Model relative
standard 0.377 0.264 0.095 0.095
deviation, 6y,
Model bias, & 0.219 0.246 0.556 0.746

Burning Model relative
duration standard 0.528 0.392 0.255 0.158
deviation, ),
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6.1.3.3 Model Parameter Uncertainty

The input parameter uncertainty associated with Methods 3 and 4 may be quantified using the
observed experimental uncertainty for the liquid spill depth, the mass burning rate, the depth
empirical constant (Cg), and the fire diameter empirical constant (kf3). The parameter uncertainty
will be evaluated using the techniques described in NUREG-1934 (Reference 11 and

Appendix C.3) for the impact on the model bias and standard deviation. A baseline input
parameter is selected as the recommended values reported in Reference 1, and the minimum

and maximum observed parameters will be evaluated to quantify the model uncertainty.

6.1.3.3.1 Spill Depth Uncertainty
The uncertainty in the spill depth of a particular fuel is provided in Table 5-4. In particular:

e A generic fuel has a spill depth of 0.72 mm with a standard deviation of 0.34 mm and an
absolute range of 0.22-2.4 mm.

e Lubricating oil has a spill depth of 1.54 mm with a standard deviation of 0.55 mm and an
absolute range of 0.86-2.4 mm.

The distribution of the spill depths is expected to be somewhat asymmetric about the average
value, indicating that the standard deviation based on a normal distribution is not the ideal
statistical metric. This is apparent when considering the 97" percentile range of spill fires (that
is, two standard deviations) for the generic fuel, which yields a value of 0.04—1.4 mm. When
considering more than one standard deviation, it is most practical to consider the entire range
measured, or 0.22—2.4 mm. This produces a family of HRR profiles: one for the minimum depth,
one for the average depth, and one for the maximum depth.

A smaller spill thickness produces a large fire surface area, which tends to increase the HRR and
decrease the fire duration. However, for thin spills, decreasing the spill thickness results in a
smaller depth coefficient, which has the opposite effect. As such, the overall effect on the HRR
and fire duration is not obvious. In addition, the most adverse or limiting case is not necessarily
the scenario that generates the highest peak HRR. As shown in Section 6.1.2, lower HRR fires
with a longer duration may be more severe. As such, the fire effects will need to be explicitly
computed in order to determine which scenario is limiting.

Since this parameter uncertainty is the spill depth directly, it will be evaluated against the spill
fires from Section 5.4.1.3 only. The model predictions and experimental results provided in
Figures 6-21 through 6-26 can be compared following the statistical guidance provided in
NUREG-1934 [11]. Using this approach, the model bias indicates the ratio that the model will
over- or under-predict the observed experimental result, on average (see Appendix C.3). The
model bias for the baseline parameter, and the two bounding sensitivity parameters is provided in
Figures 6-28 and 6-29. A model bias of 1.0 would indicate perfect agreement between the model
and the experiment on average as indicated by the solid black line in the figures.

Figure 6-28 evaluates the sensitivity for Method 3, which shows that the baseline assumption
produces the most accurate peak HRR prediction, but increased spill depth may improve the results
for both HRR and duration. Figure 6-29 evaluates the sensitivity for Method 4, which also shows
that the baseline assumption produces the most accurate peak HRR prediction, but increased spill
depth may improve the results for both HRR and duration. The results of the evaluation are
provided in Table 6-5.
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Note that these results show that there is significant overlap between the confidence interval of
the baseline evaluation and the two extreme sensitivity cases. This indicates that the selected
input parameter is appropriate, although increasing the assumed spill depth may marginally
improve the result. Given that the baseline parameter selection is slightly conservative, it is likely

the most appropriate choice.
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Table 6-5
Model bias and uncertainty for spill depth evaluated using guidance in NUREG-1934 [11]
Model Output Statistic Method 3 Method 4
Model bias, & 1.068 1.068
Peak HRR .
(0.72 mm baseline) Model rel_atl_ve st~andard 0.095 0.095
deviation, 6,
Peak HRR .
(0.22 mm thin) Model bias, & 1.417 1.389
Peak HRR .
(2.4 mm thick) Model bias, 6 0.533 0.533
Model bias, 6§ 0.556 0.746

Burning duration
(0.72 mm baseline) Model relative standard

ban A 0.255 0.158
deviation, 6y,
Burning duration .
(0.22 mm thin) Model bias, & 0.435 0.707
Burning duration Model bias, & 1086 1 229

(2.4 mm thick)

6.1.3.3.2 Depth Coefficient Uncertainty

The depth coefficient for gasoline, kerosene, heptane, and ethanol given by Equations 5-3a and b
are based on an empirical curve fit that captures the average burning rate. Maximum and minimum
bound correlations are provided in Figures 5-13 and 5-14 of this report and are as follows for
gasoline, heptane, and ethanol [1]:

o C5=0.85(1— e %) (minimum)

e Cs=0.95(1— e %7%) (average or baseline)

e C;=1.07(1— e 5%) (maximum)

where all terms have been defined.

Similarly, the correlation range for kerosene is given as follows [1]:
e C;=0.76(1— e %2%) (minimum)

o C;=0.91(1— e 58%) (average or baseline)

o C;=11(1— e 1*%) (maximum)

where all terms have been defined.

The depth coefficient primarily affects the predicted burning behavior of thin spill fires, that is,
spill depths less than about 2 mm. When the depth coefficient is increased, both the predicted
HRR and the fire duration decrease and vice versa. Because the correlations span the test data
range, they may be viewed as providing 98" percentile limits on this parameter.
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The parameter uncertainty will be evaluated against the pan fires from Section 5.4.1.2 and the
spill fires from Section 5.4.1.3. The model predictions and experimental results provided in
Figures 6-14 through 6-26 can be compared following the statistical guidance provided in
NUREG-1934 [11]. Using this approach, the model bias indicates the ratio that the model will
over- or under-predict the observed experimental result (See Appendix C.3). The model bias for
the baseline parameter and the two bounding sensitivity parameters is provided in Figures 6-30
and 6-31. A model bias of 1.0 would indicate perfect agreement between the model and the
experiment on average as indicated by the solid black line in the figures.

Figure 6-30 evaluates the sensitivity for Method 3, which shows that the minimum depth
coefficient assumption produces the most accurate peak HRR prediction; however, the line is
still within the scatter of the baseline evaluation. Figure 6-31 evaluates the sensitivity for
Method 4, which also shows that the minimum depth coefficient assumption produces the most
accurate peak HRR prediction, but also within the scatter of the baseline evaluation. The results
of the evaluation are provided in Table 6-6.

Note that these results show that there is significant overlap between the confidence interval of
the baseline evaluation and the two extreme sensitivity cases. This indicates that the selected
input parameter is appropriate, although selecting the minimum depth coefficient may marginally
improve the result. Given that the baseline parameter selection is slightly conservative, it is likely
the most appropriate choice.
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(a) Model depth coefficient uncertainty evaluation of the predicted peak HRR for liquid spill
fires in Figures 6-14 through 6-26 (Method 3), (b) Model depth coefficient uncertainty
evaluation of the predicted burning duration for liquid spill fires in Figures 6-14 through 6-
26 (Method 3)
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Table 6-6
Model bias and uncertainty for depth coefficient evaluated using guidance in NUREG-1934 [11]
Model Output Statistic Method 3 Method 4
Model bias, &§ 1.214 1.215
Peak HRR )
(Cs baseline) Model re!at[ve st~andard 0.214 0.215
deviation, 6,
Peak HRR Model bias, & 1.031 0.870
(Cs minimum)
Peak HRR Model bias, & 1.853 1.844
(Cs maximum)
Model bias, § 0.556 0.746
Burning duration )
(Cs baseline) Model re!at[ve st~andard 0.255 0.158
deviation, 6,
Burning duration Model bias, & 0.687 0.857
(Cs Minimum)
Burning duration Model bias, & 0.360 0.459
(Cs Maximum)
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6.1.3.3.3 Maximum Mass Burning Rate Uncertainty

The maximum mass burning rate, 7, is based on an average value among various test data. The
range for this parameter is provided in Table 5-5 for the fuels considered in this report. They are
summarized as follows:

e Gasoline (baseline 0.055 kg/m?-s): 0.053—0.057 kg/m?-s (£3.6%)

e Kerosene (baseline 0.039 kg/m?-s): 0.036—-0.042 kg/m?-s (£7.7%)

e Heptane (baseline 0.101 kg/m?-s): 0.092—-0.119 kg/m?-s (-8.9%—17.8%)

e Fuel oil (lubricating oil) (baseline 0.035 kg/m?-s): 0.032—0.038 kg/m?-s (£8.6%)

When the maximum mass burning rate is increased, the predicted HRR increases and the burning
duration decreases. The reverse is true when the maximum mass burning rate is decreased.
Because the value range represents the observed test data range, it may be viewed as a 98"
percentile range for the parameter. Note that the relative change of the burning rate parameter,
relative to the baseline, is only approximately +5%—10%, with the exception of heptane.
Changing this parameter in the HRR models will have an equivalent and proportional effect of
approximately £5%—10%. Given the existing model standard deviation of 10%—15% for HRR
and burning duration, it is clear that the variation in the maximum burning rate parameter is well
within the existing uncertainty of the model. This indicates that the selected input parameter is
appropriate, and no further analysis of the model sensitivity is required.

6.1.3.3.4 Fire Diameter Empirical Constant Uncertainty

The fire diameter empirical constant, kf3, is based on an average value among various test data.
The range for this parameter is provided in Table 5-5 for the fuels considered in this report. They
are summarized as follows:

e Gasoline (baseline 2.1 m™): 1.8-2.4 m™

e Kerosene (baseline 3.5 m™): 2.7-43 m™

e Heptane (baseline 1.1 m™): 0.8-1.4 m™

e Fuel oil (lubricating oil) (baseline 1.7 m™): 1.1-2.3 m™

When the fire diameter depth constant is increased, the mass burning rate increases. The effect is
most pronounced for small diameter fires and diminishes to nearly zero for liquid fuel fires with
diameters greater than 1-3 m. The reverse is true when the fire diameter depth constant is
increased. Because the value range represents the observed test data range, it may be viewed as a
98"™ percentile range for the parameter.

The parameter uncertainty will be evaluated against the pan fires from Section 5.4.1.2 and the
spill fires from Section 5.4.1.3, although the ethanol results have been excluded because there is
no observed diameter dependence on the mass burning rate. The model predictions and
experimental results provided in Figures 6-14 through 6-26 can be compared following the
statistical guidance provided in NUREG-1934 [11]. Using this approach, the model bias indicates
the ratio that the model will over- or under-predict on average the observed experimental result
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(see Appendix C.3). The model bias for the baseline parameter and the two bounding sensitivity
parameters is provided in Figures 6-32 and 6-33. A model bias of 1.0 would indicate perfect
agreement between the model and the experiment on average as indicated by the solid black line
in the figures.

Figure 6-32 evaluates the sensitivity for Method 3, which shows that the minimum diameter
empirical constant assumption produces the most accurate peak HRR prediction; however, the
line is still within the scatter of the baseline evaluation. Figure 6-33 evaluates the sensitivity for
Method 4, which also shows that the minimum depth coefficient assumption produces the most
accurate peak HRR prediction, but also within the scatter of the baseline evaluation. The results
of the evaluation are provided in Table 6-7.

Note that these results show that there is significant overlap between the confidence interval of
the baseline evaluation and the two extreme sensitivity cases. This indicates that the selected
input parameter is appropriate, although selecting the minimum diameter empirical constant may
marginally improve the result. Given that the baseline parameter selection is slightly
conservative, it is likely the most appropriate choice.
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Figure 6-32

(a) Model diameter empirical constant uncertainty evaluation of the predicted peak HRR
for liquid spill fires in Figures 6-14 through 6-26 (Method 3), (b) Model diameter empirical
constant uncertainty evaluation of the predicted burning duration for liquid spill fires in

Figures 6-14 through 6-26 (Method 3)
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(a) Model diameter empirical constant uncertainty evaluation of the predicted peak HRR

for liquid spill fires in Figures 6-14 through 6-26 (Method 4), (b) Model diameter empirical

constant uncertainty evaluation of the predicted burning duration for liquid spill fires in
Figures 6-14 through 6-26 (Method 4)

Table 6-7

Model bias and uncertainty for diameter empirical constant evaluated using guidance in

NUREG-1934 [11]

200

Model Output Statistic Method 3 Method 4
Model bias, § 1.214 1.215
Peak HRR .
(kB baseline) Model re!at!ve st~andard 0.214 0.215
deviation, &),
( kpﬁe;‘i‘erEu'fn) Model bias, & 1.109 1110
(k;erﬁngnTuRm) Model bias, & 1.272 1.273
Model bias, § 0.531 0.642
Burning duration )
(kp baseline) Model re!at!ve st~andard 0217 0.248
deviation, &),
B(“,:E”rﬁn‘?;rjx” Model bias, & 0.543 0.646
Burning duration Model bias, & 0.471 0.574

(kB maximum)
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6.1.3.3.5 Flame Spread Velocity

The flame spread velocity, v, is based on a characteristic value observed among various test data.
The range for this parameter is discussed in Section 6.1.1.4 for the fuels considered in this report.
The surface flame spread rate for combustible and flammable liquids is typically between 5 and
10 cm/s, with the faster spread rates associated with the lower flashpoint fuels [3]. Flame spread
rates can approach 100 cm/s for flammable liquids that are heated to nearly the flashpoint
temperature [3]. In the cases considered in this report, which are typical of those postulated in
NPPs, the flame spread rates are expected to be within the 5-10 cm/s range. The recommended
values and sensitivity range are summarized as follows:

e QGasoline (baseline 10 cm/s): 5-100 cm/s

e Ethanol (baseline 10 cm/s): 5-100 cm/s

e Kerosene (baseline 5 cm/s): 5-100 cm/s

e Heptane (baseline 10 cm/s): 5—-100 cm/s

e Fuel oil (lubricating oil) (baseline 5 cm/s): 5-100 cm/s

When the flame spread velocity is increased, the fire growth rate increases. The result is that the
fire will reach its peak burning rate quickly and consume the fuel faster. When the flame spread
velocity is decreased, the opposite may be true, depending on the relative timescales discussed in
Section 6.1.1.4. In many cases, the peak HRR of the fire will be unchanged by this parameter,
and only the burning duration will be affected by this sensitivity.

This parameter uncertainty applies only to Method 4. The model predictions and experimental
results provided in Figures 6-14 through 6-26 can be compared following the statistical guidance
provided in NUREG-1934 [11]. Using this approach, the model bias indicates the ratio that the
model will over- or under-predict the observed experimental result. The model bias for the
baseline parameter and the two bounding sensitivity parameters is provided in Figure 6-34. A
model bias of 1.0 would indicate perfect agreement between the model and the experiment on
average as indicated by the solid black line in the figures (see Appendix C.3).

Figure 6-34 evaluates the sensitivity for Method 4, which shows that the peak HRR prediction is
very insensitive to the assumed flame spread velocity. The burning duration is similarly
insensitive to the flame spread velocity, but the slower flame speed produces marginally better
predictions. The results of the evaluation are provided in Table 6-8. Note that these results show
that there is significant overlap between the confidence interval of the baseline evaluation and
the two extreme sensitivity cases. This indicates that the selected input parameter is appropriate,
although selecting the minimum flame spread velocity may marginally improve the result. Given
that the baseline parameter was selected to accurately match the observed fire growth behavior, it
is considered the most appropriate input value. However, a default value of 10 cm/s is an
appropriate starting point for fuels with unknown characteristics because the model is largely
insensitive to this input parameter.
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Figure 6-34

(a) Model flame spread velocity uncertainty evaluation of the predicted peak HRR for liquid
spill fires in Figures 6-14 through 6-26 (Method 4), (b) Model flame spread velocity uncertainty
evaluation of the predicted burning duration for liquid spill fires in Figures 6-14 through 6-26
(Method 4)

Table 6-8
Model bias and uncertainty for flame spread velocity evaluated using guidance in
NUREG-1934 [11]

Model Output Statistic Method 4
Model bias, § 1.215
Peak HRR (v baseline) Model relative standard
N 0.215
deviation, 6y,
Peak HRR (v minimum) Model bias, 6§ 1.207
Peak HRR (v maximum) Model bias, 6 1.207
Model bias, § 0.642
Burning duration
(v baseline) Model relative standard 0.248
deviation, 6, ’
Burning duration Model bias, & 0.681
(v minimum)
Burning duration Model bias, & 0.583
(v maximum)
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6.1.3.3.6 Fire Growth Lag Time

The fire growth lag time, t;44, is based on a characteristic value observed among various test
data. The range for this parameter is discussed in Section 6.1.1.4 for the fuels considered in this
report. Based on the time to reach the peak HRR shown in Figures 5-15 through 5-27, the
localized HRR ramping time is on the order of 10-30 seconds. The recommended values and
sensitivity range are summarized as follows:

e (Gasoline (baseline 10 s): 5-30 s

e FEthanol (baseline 10 s): 5-30 s

e Kerosene (baseline 10 s): 5-30's

e Heptane (baseline 10 s): 5-30's

e Fuel oil (lubricating oil) (baseline 10 s): 5-30 s

Note that a 5 second minimum is assumed in order to capture a faster ramp up time than observed.
When the fire growth lag time is decreased, the fire growth rate increases. The result is that the
fire will reach its peak burning rate quickly and consume the fuel faster. When the fire growth lag
time is increased, the opposite may be true, depending on the relative timescales discussed in
Section 6.1.1.1. In many cases, the peak HRR of the fire will be unchanged by this parameter, and
only the burning duration will be affected by this sensitivity. Because the value range represents
the observed test data range, it may be viewed as a 9g™h percentile range for the parameter.

This parameter uncertainty applies only to Method 4. The model predictions and experimental
results provided in Figures 6-14 through 6-26 can be compared following the statistical guidance
provided in NUREG-1934 [11]. Using this approach, the model bias indicates the ratio that the
model will over- or under-predict the observed experimental result. The model bias for the
baseline parameter and the two bounding sensitivity parameters is provided in Figure 6-35. A
model bias of 1.0 would indicate perfect agreement between the model and the experiment on
average as indicated by the solid black line in the figures (see Appendix C.3).

Figure 6-35 evaluates the sensitivity for Method 4, which shows that the peak HRR prediction is
very insensitive to the assumed fire growth lag time. The burning duration is similarly insensitive
to the fire growth lag time, but the longer fire growth lag time produces marginally better
predictions. The results of the evaluation are provided in Table 6-9. Note that these results show
that there is significant overlap between the confidence interval of the baseline evaluation and
the two extreme sensitivity cases. This indicates that the selected baseline input parameter is
appropriate, although selecting the longest fire growth lag time may marginally improve the
result. However, the baseline default value of 10 seconds is an appropriate starting point for fuels
with unknown characteristics because the model is largely insensitive to this input parameter.
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(a) Model fire growth lag time uncertainty evaluation of the predicted peak HRR for liquid
spill fires in figures 6-14 through 6-26 (Method 4), (b) Model fire growth lag time uncertainty
evaluation of the predicted burning duration for liquid spill fires in Figures 6-14 through 6-26

(Method 4)

Table 6-9

Model bias and uncertainty for fire growth lag time evaluated using guidance in

NUREG-1934 [11]

Model Output Statistic Method 4
Model bias, & 1.215
Peak HRR (¢, baseline) Model relative standard
SRS 0.215
deviation, 6,
Peak HRR (t;q, minimum) Model bias, & 1.207
Peak HRR (t;q, maximum) Model bias, § 1.201
Model bias, & 0.642
Burning duration .
(tiag baseline) Model rel_at|_ve st~andard 0248
deviation, 6,
Burning duration .
(t1ag Minimum) Model bias, & 0.606
Burning duration .
(tiag Maximum) Model bias, 6§ 0.725

6-50




Results and Implementation Guidance for Liquid Spill Heat Release Rates

6.1.3.3.7 Experimental Uncertainty

The uncertainty associated with HRR measurements obtained using calorimeters is on the order
of 7%—12% with a total uncertainty in the HRR measurement of up to 23% according to
Reference 19. When viewed as a random variable, the general impact of this uncertainty should
be reflected in the repeated tests with the same spill or pool configuration. The experimental
uncertainty is considered in the NUREG-1934 approach detailed above, by assuming that the
normalized experimental standard deviation is 10 %.

6.1.3.3.8 Overall Treatment of Uncertainty

The overall treatment of the uncertainty involves the variation of several parameters in order to

identify the uncertainty range of the predicted HRR profile. The effort is further complicated by
the fact that increasing the peak fire size decreases the fire duration, which means that the most

conservative case is not intuitively obvious unless a maximum exposure time or HRR is known
to be the limiting factor.

There are simplifications that may be made to the process of identifying a limiting HRR profile
within the range of uncertainty. For example, a deep liquid pool fire that is confined and has a
diameter greater than 3 m needs to consider only the uncertainty in the mass burning rate.

Table 6-10 summarizes the uncertainty parameters that affect various liquid fuel fire scenarios.
Table 6-11 summarizes the effect of the uncertainty variation in the parameters. Tables 6-10 and
6-11 may be used to identify the uncertainty parameters and the uncertainty direction that should
be postulated to maximize or minimize the HRR and fire duration.

Table 6-10
Uncertainty parameters applicable to various liquid fuel fire scenarios

Scenario Type

Spill Depth

Fire Diameter

Applicable Uncertainty
Parameters

Confined

Deep (over ~2 mm)

Large (Over ~3 m)

Mass burning rate

Deep (over ~2 mm)

Small (Under ~3 m)

Mass burning rate, fire
diameter empirical
constant

Thin (under ~2 mm)

Large (Over ~3 m)

Mass burning rate
Depth constant

Thin (Under ~2 mm)

Small (Under ~3 m)

Mass burning rate

Depth constant, fire
diameter empirical
constant

Unconfined

Deep (over ~2 mm)

Large (Over ~3 m)

Spill depth, mass
burning rate

Deep (over ~2 mm)

Small (Under ~3 m)

Spill depth, mass
burning rate, fire
diameter empirical
constant
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Table 6-10 (continued)
Uncertainty parameters applicable to various liquid fuel fire scenarios

Scenario Type Spill Depth Fire Diameter Applicable Uncertainty
Parameters

Spill depth, mass
Thin (under ~2 mm) Large (Over ~3 m) burning rate
Depth constant

Unco'nfln%d Spill depth, mass
(continued) burning rate
Thin (Under ~2 mm) Small (Under ~3 m) Depth constant, fire
diameter empirical
constant
Table 6-11
Uncertainty parameters applicable to various liquid fuel fire scenarios
Uncertainty Parameter Parameter Variation Effect on Peak HRR Effect on Fire Duration
Increase Indeterminate’ Indeterminate’
Spill depth
Decrease Indeterminate’ Indeterminate’
Increase Increase Decrease
Mass burning rate
Decrease Decrease Increase
Fire diameter empirical Increase Increase Decrease
constant Decrease Decrease Increase
Increase Increase Decrease
Depth constant
Decrease Decrease Increase

"Increasing the spill depth decreases the surface area, which tends to decrease the HRR of the fire and decrease the
fire duration, but it may also increase the value of the depth constant, which has the opposite effect.

The overall uncertainty of Methods 3 and 4 can be quantified using the method of addition of
variances. This analysis assumes that any covariance is negligible; that is, the output quantity can
be expressed as a system of independent variables. Following this assumption, a quantity Q is
expressed as a function of independent variables, w;, written as:

Q = Qwy,wy, ...,wy) Eq. 6-16

The overall change in Q associated with a change in all w; is expressed as a function of
uncertainties, Aw;, resulting in:

0Qi 2
AQtor = \/Z?zl (6wi AWi) Eq. 6-17
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or approximated using the bias predictions as:

2
AQ¢ot n (Aai AWi)
—<tot _ noo (Lt Eq. 6-18
Q \/Zl—l S w q

where the functional changes of the output parameters have been evaluated in Sections 6.1.3.3.1
through 6.1.3.3.7. Using this approach, the cumulative uncertainty of the predicted quantity can
be approximated from the piecewise uncertainty of each input parameter. The result for the
predicted peak HRR is that Method 3 is approximately £57% and Method 4 is approximately
+57%. While these may seem high, they are comparable to the 98% confidence interval of 246,
from Tables 6-3 and 6-4. This can be interpreted as the model input parameter uncertainty being
approximately equivalent to the observed experimental uncertainty.

The result for the predicted burning duration is considerably higher, since all models
systematically under-predict the quantity, thus producing high uncertainty on the order of 88%
for Method 3 and 62% for Method 4. This is due to the extended burning decay period observed
experimentally that is not modeled in favor of a longer peak burning duration. Since this is
conservatively bounding, the uncertainty in burning duration is considered acceptable.

6.1.3.4  Solution Results and Spreadsheet Development

The empirical HRR models described in Sections 6.1.1.3 and 6.1.1.4 may readily be incorporated
into an analytical model for ease of implementation. They are well suited for inclusion in
spreadsheet-type calculations, such as the FIVE calculation suite [12]. A spreadsheet-type model
has not specifically been developed with this report, but it is expected that subsequent efforts
with this approach will lead to a model that will be available for general use within the
commercial nuclear industry.

The calculation of the HRR profile using Method 3 presented in Section 6.1.1.3 is
straightforward and, thus, may be implemented in any spreadsheet as the calculation need arises.
This is not the case with Method 4 presented in Section 6.1.1.4. The solution of the integral
equation is best implemented in a spreadsheet using a macro construct involving various Visual
Basic subroutines. Alternatively, the solution may be calculated using a computer language such
as FORTRAN with a text input file to provide the empirical constants and initial conditions such
as the fuel volume and spill depth. Because of the difficultly in solving the integral model,

Appendix C.2 of this report provides the full HRR profiles for different volumes of liquid fuels
commonly found in commercial NPPs. The HRR profiles in Appendix C.2 are expected to
encompass a significant portion of unconfined liquid fuel fire scenarios that may be postulated in
commercial NPPs.

6.1.3.5 Summary

The pan fire HRR data and the spill fire HRR data provided in Reference 1 have been used to
provide a validation basis for predicting the HRR profiles in liquid fuel fires using both the
method of Gottuk et al. [1, 3] (Method 3) and the updated method that accounts for flame spread
and fire growth (Method 4). The pan fire HRR data primarily consist of deep pool fires and are
used to test the heat limiting behavior of the empirical HRR models. The characteristic
dimension of the pans considered ranges from 0.3-1.2 m and the peak HRRs range from about
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60-2,000 kW. It is shown that both methods predict similar results for deep pool burning, which
is expected given that the transient growth stage is a short fraction of the overall fire scenario
duration. The methods tend to over-predict the HRR for gasoline and ethanol fires and provide
good predictions of the peak HRR for kerosene fires. The accuracy of the predictions in these
cases is a function of the quality of the empirical burning rate parameters. The uncertainty range
for these parameters is expected to account for a significant fraction of the over-predicted HRRs
(see Table 5-5). Both models tend to under-predict the burning duration, in particular during the
decay stage of the fire. Neither model was developed to accurately capture the decay stage of the
fires and under-predict the duration of this stage of the fire. Nevertheless, for deep pool burning,
it is considered conservative to slightly over-predict the HRR and under-predict the burning
duration, especially during the decay stage of the fire. Because Method 3 [1, 3] is simpler and
has fewer parameters, it is an adequate model for evaluating the HRR profile in deep pools,
which are defined as those with a spill depth greater than 2 mm.

The spill fire HRR data consists of heptane, ethanol, and gasoline spill fires involving 0.5-1.0 L
of fuel. The HRRs range from about 150 — 1,300 kW, and the fire durations are between
40-120 seconds. It is shown that both methods predict similar peak HRRs but that Method 4
accurately predicts the growth stage of the HRR profile, whereas Method 3 [1, 3] assumes an
instantaneous growth stage. Both models under-predict the fire duration; however, Method 4 is
significantly closer to the observed duration and misses only a small portion of the decay stage.
The predictions of the peak HRR are within 20% of the measured values for all fuels considered,
except heptane. In this case, the methods over-predict the peak HRR of heptane by about 35%.
Because Method 4 accurately captures the growth stage of the fire and misses only a small
portion of the decay stage, it is a conservative method to apply for spill fires. Spill fires are
defined in this analysis as those with a depth less than 2 mm. Overall, both methods represent a
significant improvement over the methods currently used in NUREG-1805 [7] and NUREG/
CR-6850 [2] for thin liquid spill fires.

6.2 Implementation Guidance

6.2.1 Detailed Analysis Procedure

Method 3 [1, 3] and Method 4 presented in this report may be used to determine the HRR profile
in both deep pools and spill fires involving flammable liquids. The recommended approach for
applying these methods is described using a number of simple steps:

Step 1. Determine the applicability of the analysis. The analysis is applicable to liquid fuel spills
involving kerosene (diesel), gasoline, heptane, ethanol, and lubricating oils and substrate (that is,
floor) temperatures less than 40°C. Fuels that have burning characteristics similar to those
identified above may be evaluated using this approach provided the empirical constants for the
fuels are known or are bound by the selected values. Additionally, the analysis is not applicable
to continuously fed spill fires. If the application does not meet the applicability requirements, an
alternative approach is recommended for determining the HRR profiles.

Step 2. Determine whether the fire is confined or unconfined. A confined spill fire is one that is
postulated to occur within a curbed region around the spill source or within a well-defined cavity
in a floor or the ground.
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Step 3a. Determine the liquid spill depth.

If the liquid is confined, the spill depth is given using the following equation:
_v -
§=- Eq. 6-19
Where:
6 is the spill depth (m).
V7 is the liquid volume (m3).

A is the area in which the liquid is confined (m?).

Note that the confined area is equal to the area into which the fuel may accumulate. If fuel is
spilled into a curbed region, this is equal to the area within the curbs minus the volume of
obstructions such as a pedestal.

If the liquid is unconfined, the spill depth is 0.72 mm for kerosene, gasoline, heptane, and
ethanol and 1.54 mm for lubricating oils. Note that the spill depth associated with a particular
fuel may be selected in lieu of the generic value. Fuel-specific values are provided in Table 5-4
of this report.

Step 3b. Determine the liquid surface area.
If the liquid is confined, the spill area is equal to the confined area defined in Equation 6-19.

If the liquid spill is unconfined, the spill area is determined using the following equation:

A= % Eq. 6-20

where all terms have been defined.

Step 4. Determine the effective fire diameter. The fire diameter is determined using the
following equation:

4A
D,= |—= Eq. 6-21

Where:

D, is the effective fire diameter (m).

A is the liquid fuel surface area (m?2) as defined in Steps 3a and 3b.
Step 5. Select empirical model.

If the spill depth is greater than 2 mm, select Method 3 [1, 3], as defined using Equations 6-5
through 6-8.

If the spill depth is less than 2 mm, select Method 4 using Equations 6-9 through 6-13, with
specific solutions provided in Table 6-2.
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Step 6. Determine the number of HRR scenarios to consider.

If the fuel is gasoline, kerosene, heptane, or ethanol of any spill depth, then a single HRR
scenario is required.

If the fuel is lubricating oil with a depth less than 1 mm or a depth greater than 2 mm, then a
single HRR scenario is required.

If the fuel is lubricating oil with a depth between 1 mm and 2 mm, two HRR scenarios are
suggested for analysis. Two HRR scenarios for lubricating oil spill fires with a depth between 1
and 2 mm are recommended because there is insufficient data to quantify the effect of the depth
on the HRR. The two HRR scenarios, therefore, correspond to the minimum HRR as determined
using a depth coefficient of 0.2 and to the maximum HRR as determined using a depth
coefficient of 1.0 (see Step 8).

Step 7. Select the empirical parameters. The applicable empirical parameters are the heat of
combustion, the maximum mass burning rate, the diameter constant, and the fuel density. These
parameters are provided in Tables 6-1 and 5-5 for the fuels considered in this analysis.

Step 8. Determine the depth coefficient.
If the fuel is gasoline, heptane, or ethanol, the depth coefficient is determined using Equation 5-3a.
If the fuel is kerosene or diesel, the depth coefficient is determined using Equation 5-3b.

If the fuel is lubricating oil, the depth coefficient is 0.2 for spill depths less than 1 mm and 1.0
for depths greater than 2 mm.

If the lubricating oil spill depth is between 1 and 2 mm, one scenario should be postulated with a
depth coefficient of 0.2, and one should be postulated with a depth coefficient of 1.0 as specified
in Step 5.

Step 9. Determine the HRR profile for the single HRR scenario or both HRR scenarios,
depending on the number required. If two HRR scenarios are defined, the most adverse scenario
should be determined based on the evaluation of each scenario relative to the performance
criteria of interest and selected as the basis for the particular application. If the empirical model
selected is Method 3, then the peak HRR is constant and is determined using Equation 6-5. The
fire duration is determined using Equation 6-8. If Method 4 is selected, the HRR and mass
burning rate are time dependent and are determined through the solution of Equations 6-9
through 6-13 (see Table 6-2). Because this is not a simple model to implement, solutions for
different volumes of common combustible and flammable liquids are provided in Appendix C.2

6.2.2 Example Calculations

Two example applications are provided to illustrate the implementation of the analysis
procedure steps. The examples involve both confined and unconfined spill fire scenarios using
Methods 3 and 4.
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6.2.2.1 Example 1

Example 1 provides a simple illustration of the HRR determination using Method 3.

6.2.2.1.1 Scenario Background

An evaluation is required to postulate a potential diesel spill fire to generate an HGL in a diesel
generator room. As part of this evaluation, the HRR profile for a diesel spill fire, as characterized
using kerosene, is a required input parameter.

The diesel generator room contains a single source of non-pressurized diesel fuel associated with
a standby diesel generator. The maximum volume of diesel fuel that could spill is contained in a
day tank having a capacity of 756 L. There is a curbed region surrounding the diesel generator
that is capable of containing the maximum quantity of diesel fuel that could spill. The curbed
area is approximately 6 x 4 m. The diesel generator is located in the center of the curbed area on
a concrete pedestal that is approximately 2 x 1.5 m. The floor is flat and is constructed of
concrete with an epoxy coating (that is, coated concrete). The ambient temperature in the area is
30°C, and the maximum temperature of the diesel fuel is expected to be less than 30°C. There
are no floor drains in the general area, and the lubricating oil is unpressurized.

6.2.2.1.2 Analysis

Step 1. (Determine the analysis applicability.) The analysis is applicable because the floor
temperature, assumed to be equal to the ambient temperature of the enclosure, and the diesel fuel
temperature are both less than 40°C. In addition, the fuel is characterized as kerosene, which is
one of the fuels for which this report provides data. Finally, a continuously fed spill fire is not
postulated because a complete fuel spill is bounding.

Step 2. (Determine the type of liquid fuel fire.) A confined spill fire is postulated.

Step 3a. (Determine the spill depth.) The spill depth for the confined kerosene spill fire is
determined using Equation 6-19. In this case, the spill area is equal to the area enclosed by the
curbing (6 x 4 m or 24 m?) minus the area of the diesel generator pedestal (2 X 1.5 m or 3 m?),
which is equal to 21 m?. The fuel volume is 756 L or 0.756 m?, and the resulting spill depth for
the confined kerosene fuel is 0.036 m or 36 mm.

Step 3b. (Determine the fuel surface area.) The fuel surface area of the confined kerosene spill is
as determined in Step 3a, or 21 m?.

Step 4. (Determine the effective fire diameter.) The effective fire diameter is determined using
Equation 6-21 with the fire areas as determined in Step 3b. The liquid fuel surface area for the
confined kerosene spill is 21 m? so that the effective fire diameter is 5.17 m.

Step 5. (Select the empirical model.) The spill depth for the confined kerosene spill fire is 36
mm, which is greater than 2 mm. As such, Method 3 is the applicable model for determining the
HRR of the confined kerosene spill fire.

Step 6. (Determine the number of HRR scenarios.) The confined kerosene spill depth is 36 mm,
which is greater than 2 mm. Only a single HRR scenario is needed to characterize the confined
kerosene spill fire.
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Step 7. (Select the empirical parameters.) The empirical diameter constant for kerosene fuel is
3.5m’ for fuel oil as shown in Table 5-5. The maximum mass burning rate is 0.039 kg/m?-s as
shown in Table 6-1. The fuel density is 820 kg/m? as shown in Table 6-1, which is the average
value of the reported range, and the fuel heat of combustion is 32,200 kJ/kg from Table 6-1.

Step 8. (Select the depth coefficients.) The depth coefficient for the confined kerosene spill fire
HRR scenario is 1.0 (maximum value) since the depth is greater than 2 mm (see Section 5.4.1.2.2).

Step 9. (Determine the HRR profile.) The HRR profile for the confined kerosene spill fire is
determined using Method 3 as described in Section 6.1.1.3, with a surface area as determined in
Step 3b, the fire diameter as determined in Step 4, the empirical parameters selected in Step 7,
and the depth coefficient set to 1.0 as shown in Step 8. The HRR profile for the confined
kerosene spill fire is shown in Figure 6-36. The peak HRR is 26,400 kW, and the fire duration
is about 757 seconds or 12.6 minutes.
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Figure 6-36
HRR profiles for confined kerosene spill fires involving 756 L of fuel (Example 1)

6.2.2.2 Example 2

Example 2 provides a more complex illustration of the HRR determination of an unconfined fuel
spill and the potential mitigating effect provided by curbing. This represents a typical fuel spill
fire analysis for a NPP application and involves the use of both Methods 3 and 4.

6.2.2.2.1 Scenario Background

An evaluation of the combustible inventory of a plant area identified a pump containing 37.8 L
of lubricating oil. The area around the pump is not curbed and is free of obstructions, with the
exception of a 0.6 x 0.9 m concrete pedestal beneath the pump. The floor is flat concrete and is
constructed of concrete with an epoxy coating (that is, coated concrete). The ambient temperature
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in the area is 25°C, and the maximum temperature of the lubricating oil is expected to be less
than 30°C. There are no floor drains in the general area, and the lubricating oil is unpressurized.
Several risk-significant raceway targets have been identified in the general area of the pump.

In order to quantify the contribution to plant risk posed by the lubricating oil, a pump fire
scenario is required for analysis in the fire PRA. A preliminary assessment suggests that the risk
contribution is likely to be significant; as such, a potential risk mitigating strategy has been
proposed that involves providing a curb system around the pump to limit the spread of a
lubricating oil fire and the total HRR that could be achieved. The proposed curb system fully
encloses the pump and the pedestal and the dimensions are 1.83 x 1.83 m. Based on the
preliminary assessment, the HRR profiles for an unconfined lubricant spill around the pump and
a confined lubricant fire in the curbed area are needed to quantify the effects of a lubricant fire
on plant risk as well as to determine the potential benefits of the proposed curb modification.

6.2.2.2.2 Analysis

Step 1. (Determine the analysis applicability.) The analysis is applicable because the floor
temperature, assumed to be equal to the ambient temperature of the enclosure, and the oil
temperature are both less than 40°C. In addition, the fuel is lubricating oil, which is one of the
fuels for which this report provides data. Finally, a continuously fed spill fire is not postulated
because a complete fuel spill is bounding.

Step 2. (Determine the type of liquid fuel fire.) Both unconfined and confined spill fires are
postulated.

Step 3a. (Determine the spill depth.) The spill depth for the unconfined lubricating oil fire

is 1.54 mm. The spill depth for the confined lubricating spill fire is determined using
Equation 6-19. In this case, the spill area is equal to the area enclosed by the curbing (1.83 X
1.83 m or 3.35 m?) minus the area of the pedestal (0.6 x 0.9 m or 0.54 m?), which is equal to
2.81 m?2. The fuel volume is 37.8 L or 0.0378 m?, and the resulting spill depth for the confined
lubricating fuel is 0.0135 m or 13.5 mm.

Step 3b. (Determine the fuel surface area.) The fuel surface area of the confined fuel spill is as
determined in Step 3a, or 2.81 m?. The fuel surface area of the unconfined fuel spill is
determined using Equation 6-20. In this case, the spill depth is 1.54 mm, or 0.00154 m, and the
fuel volume is 37.8 L or 0.0378 m*. The resulting fuel surface area of the unconfined lubricant
spill is, thus, 24.5 m?.

Step 4. (Determine the effective fire diameter.) The effective fire diameter is determined using
Equation 6-21 with the fire area as determined in Step 3b. The liquid fuel surface area for the
unconfined lubricant spill is 24.5 m? so that the effective fire diameter is 5.6 m. The liquid fuel
surface area for the confined lubricant spill is 2.81 m? so that the effective fire diameter is 1.89 m.

Step 5. (Select the empirical model.) The spill depth for the unconfined lubricant spill is 1.54
mm, which is less than 2 mm. As such, Method 4 is the applicable HRR model. The spill depth
for the confined lubricant spill fire is 13.5 mm, which is greater than 2 mm. As such, Method 3 is
the applicable model for determining the HRR of the confined lubricant spill fire.
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Step 6. (Determine the number of HRR scenarios.) The unconfined lubricant spill depth is

1.54 mm, which is between 1 and 2 mm. As such, two HRR scenarios are needed to characterize
the HRR profile. One corresponds to the minimum depth coefficient, and one corresponds to the
maximum depth coefficient.

The confined lubricant spill depth is 13.5 mm, which is greater than 2 mm. Only a single HRR
scenario is needed to characterize the confined lubricant spill fire.

Step 7. (Select the empirical parameters.) The empirical diameter constant for lubricating oil is
1.7 m™ for fuel oil as shown in Table 5-5. The maximum mass burning rate is 0.035 kg/m?-s as
shown in Table 6-1. The fuel density is 970 kg/m? as shown in Table 6-1, which is the average
value of the reported range, and the fuel heat of combustion is 39,700 kJ/kg as shown in Table 6-1.

Step 8. (Select the depth coefficients.) As shown in Section 5.4.1.2.2, the depth coefficient for
lubricating oil is 1.0 for spill depths greater than 2 mm, 0.2 for spill depths less than 1 mm, and
either 0.2 or 1.0 for spill depths between 1 and 2 mm.

Accordingly, the depth coefficient for the confined lubricant spill fire scenario is 1.0 based
on the calculated confined spill depth of 13.5 mm from Step 3a. The unconfined spill depth is
1.54 mm, and the depth coefficient for the first unconfined spill fire HRR scenario is 1.0
(maximum value) and 0.2 for the second HRR scenario (minimum value).

Step 9. (Determine the HRR profile.) The HRR profile for the unconfined lubricant spill fire is
determined using the integral model described in Section 6.1.1.4 with a surface area as
determined in Step 3b, the fire diameter as determined in Step 4, the empirical parameters
selected in Step 7, and the depth coefficients selected in Step 8.

Appendix C.2 provides solutions to the integral model for different volumes of common
combustible and flammable liquids. The solution provided in Figure C-45 for 37.8 L of
lubricating oil with a spill depth of 1.54 mm and a depth coefficient of 1.0 is directly applicable
to this example and is the solution for the maximum HRR scenario.

The solution provided in Figure C-34 for 37.8 L of lubricating oil with a spill depth of 1.54 mm
and a depth coefficient of 0.2 is directly applicable to this example and is the solution for the
minimum HRR scenario. The two HRR profiles are shown in Figure 6-37.

The fire PRA must consider the effects of each scenario separately to determine the limiting
HRR scenario. The peak HRR for the larger HRR scenario is 30.4 MW, and the fire duration is
about 106 seconds. Similarly, the peak HRR for the smaller HRR scenario is 6,830 kW, and the
fire duration is about 277 seconds. Because the scenario with the maximum depth coefficient has
a significantly higher HRR and has a burning duration longer than 1 minute, it is likely that this
will be the limiting scenario.

The HRR profile for the confined lubricant spill fire is determined using Method 3 as described
in Section 6.1.1.3 with a surface area as determined in Step 3b, the fire diameter as determined in
Step 4, the empirical parameters selected in Step 7, and the depth coefficient set to unity per

Step 8. The HRR profile for the confined lubricant spill fire is shown in Figure 6-37 alongside the
two HRR profiles for the unconfined lubricant spill fire HRR scenarios. The peak HRR is

3,747 kW, and the fire duration is about 304 seconds. The figure indicates that the curbing
provides a significant reduction in the HRR, but that the fire duration is extended proportionately.
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Figure 6-37

HRR profiles for confined and unconfined lubricant spill fires involving 37.8 L of fuel

(Example 2)

6.2.3 Limitations on Model Implementation

Table 6-12 contains a summary of the primary limitations of use for the selected spill fire
models. Any condition that falls outside the listed limitations should be evaluated for
appropriateness by carefully considering the assumptions listed in Section 5.3 of this report.

Table 6-12
Summary of liquid fuel fire HRR model limitations
Limitation
Parameter
Method 1 Method 2 Method 3 Method 4
Gasoline, Gasoline,
Fuels identified Fuels identified kerosene, diesel kerosene, diesel
Fuel in Table G-4 of in Table 3-4 of fuel, lubricating fuel, lubricating
Ref. 2. Ref. 7. oil, ethanol, oil, ethanol,
heptane heptane
Substrate < 40°C < 40°C < 40°C <40°C
temperature
Fuel temperature <40°C <40°C <40°C <40°C
Fuel volume No limit No limit No limit No limit
Maximum depth No limit No limit No limit No limit
Substrate type Solid, flat Solid, Flat Solid, flat Solid, flat

6-61




Results and Implementation Guidance for Liquid Spill Heat Release Rates

Table 6-12 (continued)
Summary of liquid fuel fire HRR model limitations

Limitation
Parameter
Method 1 Method 2 Method 3 Method 4
Gasoline, Gasoline,
Fuels identified Fuels identified kerosene, diesel kerosene, diesel
Fuel in Table G-4 of in Table 3-4 of fuel, lubricating fuel, lubricating
Ref. 2. Ref. 7. oil, ethanol, oil, ethanol,
heptane heptane
Pool type Deep Deep Deep or thin Deep or thin
Maximum
enclosure <257°C <257°C <257°C <257°C
temperature

Liquid fuel fire

Fixed quantity,

Fixed quantity,

Fixed quantity,
confined or

Fixed quantity,
confined or

i et oadt
scenario(s) confined confined unconfined’ unconfined
Pressurl_zed fuel No No No No
spills
Acceptable, Acceptable, Acceptable, Acceptable,

Obstructions in
pool area

provided the
obstruction area is

removed from

calculations*

provided the
obstruction area is

removed from

calculations*

provided the
obstruction area is

removed from

calculations*

provided the
obstruction area is

removed from

calculations*

"The methods are applicable to continuously fed liquid fuel fires; however, the modifications to the input parameters
to account for this effect are not described in this document.
*Although it is acceptable to determine the HRR with obstructions in the pool area (for example, pedestals,
equipment, and so on), caution is necessary when using the HRR to determine flame heights, radiant heat fluxes, and
thermal plume temperatures. It is generally conservative to consolidate the pool into an equivalent circular plan area

and to apply the results at the pool boundary.

6.3

Conclusions and Recommendations

Combustible and flammable liquid spill fire scenarios are an important class of fires considered
at NPPs due to their potential to generate high HRRs over a short time, which can result in a
severe fire hazard to critical components, raceways, and structural elements. Current treatments
for determining the HRR profiles in combustible and flammable liquid spill fires are based on a
mix of data applicable to deep liquid pools and spill fires. This results in a significant over-
prediction of the HRR and a significant under-prediction of the fire duration, in many cases by a
factor of 5 or greater. It is natural to assume that an over-prediction of the HRR will universally
yield a conservative result when considering the effects of a fire; however, several examples are
identified in Section 6.1.1.4 in which the reverse is true. In these cases, the fire duration plays a
key role in the determination of the fire hazard associated with the liquid fuel fire, and a
significant under-prediction of the fire duration results in a non-conservative assessment of the
particular fire effect.
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A large number of liquid fuel fire tests conducted in support of the N1J [1] provide a unique
opportunity to assess and improve existing HRR prediction models for liquid fuel fires. Overall,
the expectation is that an improved empirical treatment of liquid pool fires will produce a more
realistic HRR profile. This will be especially useful for input into an analysis of a target response
to a source fire exposure. It will also reduce conservatism in predicting the HRR for thin spill fire
scenarios that are treated using deep pool data, which will be particularly useful when
determining a ZOI or when using the HRR as an input into a zone or field computer fire model.

Two liquid fuel fire empirical HRR models are considered in this report. The first is a simple
method described in Gottuk et al. [3] and updated with empirical data obtained in Reference 1.
This method does not attempt to simulate the growth or decay stages and is shown to provide
reasonable HRR predictions for deep pools with large or small diameters. The second method is
an updated model that addresses the growth stage of the HRR in liquid fuel fires using
observations of the behavior reported in Reference 1. A simple decay stage is included that is
directly related to the surface flame spread rate on the liquid fuel and the localized mass burning
rate. This method is shown to produce good agreement with Method 3 [1, 3] for deep pool data,
but is significantly improved for liquid spill fires in which the growth phase is a significant
fraction of the overall HRR profile.

An analysis procedure for implementing the empirical HRR prediction models is provided in
Section 6.2.1. The procedure is applicable to liquid fuel spills involving kerosene, gasoline,
heptane, ethanol, and lubricating oils and substrate (that is, floor) temperatures less than 40°C.
Fuels that have burning characteristics similar to those identified above may be evaluated using
this approach if the empirical constants for the fuels are known or are bound by the selected
values. Additionally, the analysis is not applicable to continuously fed spill fires. If the
application does not meet the applicability requirements, an alternative approach is
recommended for determining the HRR profiles. Appendix C.2 provides graphical and tabular
solutions to the updated or integral model presented in Section 6.2.2 for different volumes of
common flammable and combustible liquids. The data in the appendix may be used for
applicable fuels and fuel volumes in place of solving the integral model.

The uncertainty of the methods may be quantitatively addressed through known uncertainty
ranges for empirical parameters associated with each method. In particular, uncertainty ranges
for the spill depth, the maximum mass burning rate, the depth coefficient, and the fire diameter
empirical constant are provided in Section 6.1.3.3 along with guidance for the types of scenarios
for which they apply and their general effect on the predicted HRR and burning duration.

The empirical HRR models described in Section 6.1.1 may readily be incorporated into an
analytical model for ease of implementation. They are well suited for inclusion in spreadsheet-
type calculations such as the FIVE calculation suite [12]. A spreadsheet-type model has not
specifically been developed with this report, but it is expected that subsequent efforts with this
approach will lead to a model that will be available for general use within the commercial
nuclear industry.
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There are several features or improvements to the updated model that may be considered and
assessed against the test data provided in Reference 1. These additional features include:

Inclusion of an empirical treatment for the decay stage. Data provided in Reference 1
provide a framework for imposing a decay stage, that is, a fuel depth at which the HRR
begins to decay.

Inclusion of the empirical diameter function within the integral may provide a more explicit
treatment of the burning rate development time and reduce the need for including this as a
parameter.

Because the models considered accomplished the primary goals for an improved prediction
method, namely, improving the prediction of the peak HRR, fire duration, and the growth stage
of the fire, these features are not considered essential for most method applications.
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A

FIRE LOCATION FACTOR — WALL AND CORNER
CONFIGURATION RESULTS

This appendix presents the results of the FDS simulations for fires postulated in or near corner
configurations. The contents of each table are summarized below:

Table A-1 contains results for simulations with a corner configuration used in this
investigation. It includes the simulation Test ID, the distance of the fire source from the
corner, the HRR used in the simulation, the Fire Froude number for the simulation, the
HRRPUA of the source used in the simulation, the fire source diameter, the characteristic fire
diameter for each simulation, the elevation of the temperature prediction, the maximum time
averaged plume temperature rise, and the estimated value of kg for the simulation.

Table A-2 contains results for simulations with a wall configuration used in this
investigation. It includes the simulation Test ID, the distance of the fire source from the
corner, the HRR used in the simulation, the Fire Froude number for the simulation, the
HRRPUA of the source used in the simulation, the fire source diameter, the characteristic fire
diameter for each simulation, the elevation of the temperature prediction, the maximum time
averaged plume temperature rise, and the estimated value of kr for the simulation.

Table A-3 contains results for simulations with an open configuration used in this
investigation. It includes the simulation Test ID, the distance of the fire source from the
corner, the HRR used in the simulation, the Fire Froude number for the simulation, the
HRRPUA of the source used in the simulation, the fire source diameter, the characteristic fire
diameter for each simulation, the elevation of the temperature prediction, the maximum time
averaged plume temperature rise, and the estimated value of kg for the simulation.

Table A-4 contains results for simulations with a corner configuration used to determine the
sensitivity of the wall surface properties. It includes the simulation Test ID, the distance of
the fire source from the corner, the HRR used in the simulation, the Fire Froude number for
the simulation, the HRRPUA of the source used in the simulation, the fire source diameter,
the characteristic fire diameter for each simulation, the elevation of the temperature
prediction, the maximum time averaged plume temperature rise, the estimated value of kg
for the simulation, and the wall surface properties used in the simulation.
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Table A-1

FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_100 0 40 1.43 1000 0.23 0.27 0.9 636.61 2.04
CORNER_100 0 40 1.43 1000 0.23 0.27 1.2 492.93 3.1
CORNER_100 0 40 1.43 1000 0.23 0.27 1.5 368.16 3.68
CORNER_100 0 40 1.43 1000 0.23 0.27 1.8 294.93 4.27
CORNER_100 0 40 1.43 1000 0.23 0.27 21 232.25 4.42
CORNER_100 0 40 1.43 1000 0.23 0.27 24 195.86 4.78
CORNER_100 0 40 1.43 1000 0.23 0.27 2.7 164.02 4.86
CORNER_100 0 40 1.43 1000 0.23 0.27 3 141.82 5.00
CORNER_101 0.25 40 1.50 1000 0.23 0.27 0.9 221.21 0.44
CORNER_101 0.25 40 1.50 1000 0.23 0.27 1.2 171.3 0.63
CORNER_101 0.25 40 1.50 1000 0.23 0.27 1.5 139.38 0.80
CORNER_102 0.5 40 1.50 1000 0.23 0.27 0.9 248.87 0.53
CORNER_102 0.5 40 1.50 1000 0.23 0.27 1.2 181.15 0.69
CORNER_102 0.5 40 1.50 1000 0.23 0.27 1.5 135.29 0.76
CORNER_103 0.75 40 1.50 1000 0.23 0.27 0.9 224.65 0.45
CORNER_103 0.75 40 1.50 1000 0.23 0.27 1.2 163.67 0.58
CORNER_104 1 40 1.50 1000 0.23 0.27 0.9 214.43 0.42
CORNER_104 1 40 1.50 1000 0.23 0.27 1.2 151.15 0.51
CORNER_105 1.5 40 1.50 1000 0.23 0.27 0.9 241.94 0.51
CORNER_105 1.5 40 1.50 1000 0.23 0.27 1.2 165.81 0.60
CORNER_106 0 78 1.26 1000 0.32 0.35 1.2 660 2.45
CORNER_106 0 78 1.26 1000 0.32 0.35 1.5 513.79 3.13
CORNER_106 0 78 1.26 1000 0.32 0.35 1.8 425.27 3.87
CORNER_106 0 78 1.26 1000 0.32 0.35 21 338.99 413
CORNER_106 0 78 1.26 1000 0.32 0.35 24 279.72 4.36
CORNER_106 0 78 1.26 1000 0.32 0.35 2.7 2194 4.03
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Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_106 0 78 1.26 1000 0.32 0.35 3 182.69 3.94
CORNER_106 0 78 1.26 1000 0.32 0.35 3.3 155.27 3.84
CORNER_106 0 78 1.26 1000 0.32 0.35 3.6 137.1 3.90
CORNER_107 0.24 78 1.26 1000 0.32 0.35 1.2 295.86 0.75
CORNER_107 0.24 78 1.26 1000 0.32 0.35 1.5 241.45 0.99
CORNER_107 0.24 78 1.26 1000 0.32 0.35 1.8 207.81 1.26
CORNER_107 0.24 78 1.26 1000 0.32 0.35 2.1 183.09 1.55
CORNER_107 0.24 78 1.26 1000 0.32 0.35 24 163.45 1.82
CORNER_107 0.24 78 1.26 1000 0.32 0.35 27 148.08 2.10
CORNER_107 0.24 78 1.26 1000 0.32 0.35 3 134.98 2.36
CORNER_108 0.48 78 1.26 1000 0.32 0.35 1.2 244.33 0.56
CORNER_108 0.48 78 1.26 1000 0.32 0.35 1.5 169.08 0.56
CORNER_108 0.48 78 1.26 1000 0.32 0.35 1.8 132.17 0.60
CORNER_109 0.76 78 1.26 1000 0.32 0.35 1.2 245.29 0.56
CORNER_109 0.76 78 1.26 1000 0.32 0.35 1.5 170.99 0.57
CORNER_109 0.76 78 1.26 1000 0.32 0.35 1.8 135.76 0.63
CORNER_110 1 78 1.26 1000 0.32 0.35 1.2 216.15 0.46
CORNER_110 1 78 1.26 1000 0.32 0.35 1.5 158.15 0.51
CORNER_110 1 78 1.26 1000 0.32 0.35 1.8 130.72 0.59
CORNER_111 1.48 78 1.26 1000 0.32 0.35 1.2 252.78 0.59
CORNER_111 1.48 78 1.26 1000 0.32 0.35 1.5 179.05 0.62
CORNER_111 1.48 78 1.26 1000 0.32 0.35 1.8 147.74 0.73
CORNER_112 0 250 0.95 1000 0.56 0.55 1.8 769.2 3.06
CORNER_112 0 250 0.95 1000 0.56 0.55 2.1 693.73 4.05
CORNER_112 0 250 0.95 1000 0.56 0.55 24 608.99 4.80
CORNER_112 0 250 0.95 1000 0.56 0.55 2.7 507.81 4.96
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_112 0 250 0.95 1000 0.56 0.55 3 430.3 5.06
CORNER_112 0 250 0.95 1000 0.56 0.55 3.3 350.58 4.68
CORNER_112 0 250 0.95 1000 0.56 0.55 3.6 304.47 4.69
CORNER_112 0 250 0.95 1000 0.56 0.55 3.9 258.72 4.43
CORNER_112 0 250 0.95 1000 0.56 0.55 4.2 226.97 4.34
CORNER_112 0 250 0.95 1000 0.56 0.55 4.5 203.29 4.32
CORNER_112 0 250 0.95 1000 0.56 0.55 4.8 185.49 4.39
CORNER_112 0 250 0.95 1000 0.56 0.55 5.1 169.54 4.41
CORNER_112 0 250 0.95 1000 0.56 0.55 5.4 154.03 4.33
CORNER_112 0 250 0.95 1000 0.56 0.55 5.7 142.63 4.36
CORNER_112 0 250 0.95 1000 0.56 0.55 6 134.8 4.51
CORNER_113 0.24 250 0.95 1000 0.56 0.55 1.8 446.41 1.30
CORNER_113 0.24 250 0.95 1000 0.56 0.55 21 379.67 1.54
CORNER_113 0.24 250 0.95 1000 0.56 0.55 24 331.41 1.78
CORNER_113 0.24 250 0.95 1000 0.56 0.55 2.7 281.3 1.88
CORNER_113 0.24 250 0.95 1000 0.56 0.55 3 250.26 2.07
CORNER_113 0.24 250 0.95 1000 0.56 0.55 3.3 223.86 2.22
CORNER_113 0.24 250 0.95 1000 0.56 0.55 3.6 203.09 2.38
CORNER_113 0.24 250 0.95 1000 0.56 0.55 3.9 181.7 2.44
CORNER_113 0.24 250 0.95 1000 0.56 0.55 4.2 165.26 2.52
CORNER_113 0.24 250 0.95 1000 0.56 0.55 4.5 151.07 2.59
CORNER_113 0.24 250 0.95 1000 0.56 0.55 4.8 141.05 272
CORNER_113 0.24 250 0.95 1000 0.56 0.55 5.1 132.39 2.85
CORNER_114 0.48 250 0.95 1000 0.56 0.55 1.8 296.69 0.69
CORNER_114 0.48 250 0.95 1000 0.56 0.55 21 220.3 0.65
CORNER_114 0.48 250 0.95 1000 0.56 0.55 24 188.89 0.72
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_114 0.48 250 0.95 1000 0.56 0.55 27 168.25 0.81
CORNER_114 0.48 250 0.95 1000 0.56 0.55 3 149.71 0.88
CORNER_114 0.48 250 0.95 1000 0.56 0.55 3.3 140.26 1.01
CORNER_114 0.48 250 0.95 1000 0.56 0.55 3.6 134.55 1.18
CORNER_115 0.76 250 0.95 1000 0.56 0.55 1.8 310.56 0.74
CORNER_115 0.76 250 0.95 1000 0.56 0.55 21 234.94 0.72
CORNER_115 0.76 250 0.95 1000 0.56 0.55 24 189.74 0.73
CORNER_115 0.76 250 0.95 1000 0.56 0.55 2.7 160.31 0.75
CORNER_115 0.76 250 0.95 1000 0.56 0.55 3 140.31 0.79
CORNER_116 1 250 0.95 1000 0.56 0.55 1.8 293.83 0.68
CORNER_116 1 250 0.95 1000 0.56 0.55 21 227.7 0.69
CORNER_116 1 250 0.95 1000 0.56 0.55 24 188.88 0.72
CORNER_116 1 250 0.95 1000 0.56 0.55 2.7 160.08 0.75
CORNER_116 1 250 0.95 1000 0.56 0.55 3 134.63 0.73
CORNER_117 1.48 250 0.95 1000 0.56 0.55 1.8 303.79 0.72
CORNER_117 1.48 250 0.95 1000 0.56 0.55 21 229.94 0.70
CORNER_117 1.48 250 0.95 1000 0.56 0.55 24 183.38 0.69
CORNER_117 1.48 250 0.95 1000 0.56 0.55 2.7 154.43 0.70
CORNER_117 1.48 250 0.95 1000 0.56 0.55 3 133.69 0.72
CORNER_118 0 500 0.80 1000 0.80 0.73 21 744.18 2.27
CORNER_118 0 500 0.80 1000 0.80 0.73 24 707.9 3.09
CORNER_118 0 500 0.80 1000 0.80 0.73 27 653 3.80
CORNER_118 0 500 0.80 1000 0.80 0.73 3 599.26 4.45
CORNER_118 0 500 0.80 1000 0.80 0.73 3.3 534.12 4.80
CORNER_118 0 500 0.80 1000 0.80 0.73 3.6 470.5 4.93
CORNER_118 0 500 0.80 1000 0.80 0.73 3.9 397.32 4.61
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_118 0 500 0.80 1000 0.80 0.73 4.2 347.12 4.49
CORNER_118 0 500 0.80 1000 0.80 0.73 4.5 296.23 4.13
CORNER_118 0 500 0.80 1000 0.80 0.73 4.8 259.88 3.93
CORNER_118 0 500 0.80 1000 0.80 0.73 5.1 234.29 3.87
CORNER_118 0 500 0.80 1000 0.80 0.73 5.4 209.93 3.73
CORNER_118 0 500 0.80 1000 0.80 0.73 5.7 190.47 3.64
CORNER_118 0 500 0.80 1000 0.80 0.73 6 179.06 3.74
CORNER_119 0.25 500 0.80 1000 0.80 0.73 21 531.2 1.31
CORNER_119 0.25 500 0.80 1000 0.80 0.73 24 468.36 1.56
CORNER_119 0.25 500 0.80 1000 0.80 0.73 2.7 405.68 1.71
CORNER_119 0.25 500 0.80 1000 0.80 0.73 3 360.53 1.88
CORNER_119 0.25 500 0.80 1000 0.80 0.73 3.3 319.78 2.01
CORNER_119 0.25 500 0.80 1000 0.80 0.73 3.6 290.68 217
CORNER_119 0.25 500 0.80 1000 0.80 0.73 3.9 258.56 2.21
CORNER_119 0.25 500 0.80 1000 0.80 0.73 4.2 235.46 2.31
CORNER_119 0.25 500 0.80 1000 0.80 0.73 4.5 212.73 2.34
CORNER_119 0.25 500 0.80 1000 0.80 0.73 4.8 198.07 2.46
CORNER_119 0.25 500 0.80 1000 0.80 0.73 5.1 183.09 2.52
CORNER_119 0.25 500 0.80 1000 0.80 0.73 5.4 168.48 2.54
CORNER_119 0.25 500 0.80 1000 0.80 0.73 5.7 157.21 2.59
CORNER_119 0.25 500 0.80 1000 0.80 0.73 6 150.43 2.74
CORNER_120 0.5 500 0.80 1000 0.80 0.73 21 424.75 0.92
CORNER_120 0.5 500 0.80 1000 0.80 0.73 24 341.98 0.94
CORNER_120 0.5 500 0.80 1000 0.80 0.73 2.7 283.34 0.95
CORNER_120 0.5 500 0.80 1000 0.80 0.73 3 248.73 1.02
CORNER_120 0.5 500 0.80 1000 0.80 0.73 3.3 220.27 1.08
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Table A-1 (continued)
FDS corner results

Fire Location Factor — Wall and Corner Configuration Results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_120 0.5 500 0.80 1000 0.80 0.73 3.6 204.05 1.20
CORNER_120 0.5 500 0.80 1000 0.80 0.73 3.9 188.88 1.30
CORNER_120 0.5 500 0.80 1000 0.80 0.73 4.2 179.78 1.46
CORNER_120 0.5 500 0.80 1000 0.80 0.73 4.5 170.47 1.60
CORNER_120 0.5 500 0.80 1000 0.80 0.73 4.8 163.91 1.77
CORNER_120 0.5 500 0.80 1000 0.80 0.73 5.1 157.48 1.94
CORNER_120 0.5 500 0.80 1000 0.80 0.73 54 149.17 2.05
CORNER_120 0.5 500 0.80 1000 0.80 0.73 5.7 1431 219
CORNER_120 0.5 500 0.80 1000 0.80 0.73 6 138.95 2.38
CORNER_121 0.75 500 0.80 1000 0.80 0.73 2.1 400.09 0.84
CORNER_121 0.75 500 0.80 1000 0.80 0.73 24 322.05 0.85
CORNER_121 0.75 500 0.80 1000 0.80 0.73 27 257.06 0.81
CORNER_121 0.75 500 0.80 1000 0.80 0.73 3 222.63 0.85
CORNER_121 0.75 500 0.80 1000 0.80 0.73 3.3 194.84 0.88
CORNER_121 0.75 500 0.80 1000 0.80 0.73 3.6 173.87 0.91
CORNER_121 0.75 500 0.80 1000 0.80 0.73 3.9 154.34 0.92
CORNER_121 0.75 500 0.80 1000 0.80 0.73 4.2 143.76 0.99
CORNER_121 0.75 500 0.80 1000 0.80 0.73 4.5 132.28 1.02
CORNER_122 1 500 0.80 1000 0.80 0.73 21 442.36 0.98
CORNER_122 1 500 0.80 1000 0.80 0.73 24 340.28 0.93
CORNER_122 1 500 0.80 1000 0.80 0.73 2.7 264.34 0.85
CORNER_122 1 500 0.80 1000 0.80 0.73 3 224.45 0.86
CORNER_122 1 500 0.80 1000 0.80 0.73 3.3 190.46 0.85
CORNER_122 1 500 0.80 1000 0.80 0.73 3.6 168.89 0.87
CORNER_122 1 500 0.80 1000 0.80 0.73 3.9 148.47 0.86
CORNER_122 1 500 0.80 1000 0.80 0.73 4.2 133.09 0.86
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_123 1.48 500 0.80 1000 0.80 0.73 21 437.87 0.96
CORNER_123 1.48 500 0.80 1000 0.80 0.73 24 353.31 0.99
CORNER_123 1.48 500 0.80 1000 0.80 0.73 27 280.05 0.94
CORNER_123 1.48 500 0.80 1000 0.80 0.73 3 228.28 0.89
CORNER_123 1.48 500 0.80 1000 0.80 0.73 3.3 198.63 0.91
CORNER_123 1.48 500 0.80 1000 0.80 0.73 3.6 179.95 0.97
CORNER_123 1.48 500 0.80 1000 0.80 0.73 3.9 155.66 0.93
CORNER_123 1.48 500 0.80 1000 0.80 0.73 4.2 135.99 0.90
CORNER_124 0 1000 0.67 1000 1.13 0.96 27 760.97 2.49
CORNER_124 0 1000 0.67 1000 1.13 0.96 3 712.65 3.03
CORNER_124 0 1000 0.67 1000 1.13 0.96 3.3 643.88 3.35
CORNER_124 0 1000 0.67 1000 1.13 0.96 3.6 586.73 3.66
CORNER_124 0 1000 0.67 1000 1.13 0.96 3.9 524.28 3.77
CORNER_124 0 1000 0.67 1000 1.13 0.96 4.2 474.03 3.89
CORNER_124 0 1000 0.67 1000 1.13 0.96 4.5 41711 3.77
CORNER_124 0 1000 0.67 1000 1.13 0.96 4.8 381.34 3.85
CORNER_124 0 1000 0.67 1000 1.13 0.96 5.1 346.42 3.85
CORNER_124 0 1000 0.67 1000 1.13 0.96 5.4 313.75 3.79
CORNER_124 0 1000 0.67 1000 1.13 0.96 5.7 290.33 3.83
CORNER_124 0 1000 0.67 1000 1.13 0.96 6 2755 4.02
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 2.7 648.5 1.88
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 3 580.06 2.10
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 3.3 504.27 217
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 3.6 449.15 2.28
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 3.9 402.7 2.36
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 4.2 363.35 2.43
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Table A-1 (continued)
FDS corner results

Fire Location Factor — Wall and Corner Configuration Results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 4.5 327.15 2.45
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 4.8 298.76 2.50
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 5.1 276.91 2.59
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 5.4 256.41 2.65
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 5.7 239.96 2.73
CORNER_125 0.24 1000 0.67 1000 1.13 0.96 6 227.81 2.87
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 2.7 455.34 1.03
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 3 397.06 1.1
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 3.3 334.15 1.08
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 3.6 307.01 1.19
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 3.9 285.48 1.31
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 4.2 265.72 1.42
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 4.5 24475 1.49
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 4.8 230.15 1.59
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 5.1 219.39 1.73
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 5.4 207.35 1.83
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 5.7 194.42 1.89
CORNER_127 0.48 1000 0.67 1000 1.13 0.96 6 181.96 1.93
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 27 416.01 0.89
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 3 365.87 0.97
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 3.3 311.89 0.96
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 3.6 274.28 0.98
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 3.9 235.33 0.94
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 4.2 212.9 0.97
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 4.5 199.42 1.05
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 4.8 189.85 1.14
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 5.1 175.8 1.17
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 54 163.9 1.21
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 5.7 154.07 1.25
CORNER_128 0.76 1000 0.67 1000 1.13 0.96 6 149.28 1.35
CORNER_129 1 1000 0.67 1000 1.13 0.96 2.7 481.18 1.13
CORNER_129 1 1000 0.67 1000 1.13 0.96 3 415.2 1.19
CORNER_129 1 1000 0.67 1000 1.13 0.96 3.3 342.64 1.13
CORNER_129 1 1000 0.67 1000 1.13 0.96 3.6 286.48 1.06
CORNER_129 1 1000 0.67 1000 1.13 0.96 3.9 246.11 1.02
CORNER_129 1 1000 0.67 1000 1.13 0.96 4.2 22217 1.05
CORNER_129 1 1000 0.67 1000 1.13 0.96 4.5 196.53 1.02
CORNER_129 1 1000 0.67 1000 1.13 0.96 4.8 178.86 1.03
CORNER_129 1 1000 0.67 1000 1.13 0.96 5.1 165.09 1.05
CORNER_129 1 1000 0.67 1000 1.13 0.96 5.4 153.9 1.08
CORNER_129 1 1000 0.67 1000 1.13 0.96 5.7 140.25 1.06
CORNER_129 1 1000 0.67 1000 1.13 0.96 6 133.94 1.1
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 27 474.65 1.1
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 3 406.26 1.15
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 3.3 339.41 1.1
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 3.6 296.31 1.12
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 3.9 251.66 1.06
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 4.2 2271 1.09
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 4.5 206.18 1.1
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 4.8 190.53 1.15
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 5.1 173.27 1.14
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 54 155.46 1.10

A-10




Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 5.7 143.9 1.1
CORNER_130 1.48 1000 0.67 1000 1.13 0.96 6 135.58 1.14
CORNER_131 0 250 2.26 2000 0.40 0.55 1.8 765.03 2.01
CORNER_131 0 250 2.26 2000 0.40 0.55 21 677.98 2.61
CORNER_131 0 250 2.26 2000 0.40 0.55 24 592.2 3.13
CORNER_131 0 250 2.26 2000 0.40 0.55 27 505.73 3.47
CORNER_131 0 250 2.26 2000 0.40 0.55 3 444 .57 3.85
CORNER_131 0 250 2.26 2000 0.40 0.55 3.3 381.34 4.00
CORNER_131 0 250 2.26 2000 0.40 0.55 3.6 323.54 3.97
CORNER_131 0 250 2.26 2000 0.40 0.55 3.9 272.55 3.81
CORNER_131 0 250 2.26 2000 0.40 0.55 4.2 240.22 3.83
CORNER_131 0 250 2.26 2000 0.40 0.55 4.5 215.87 3.90
CORNER_131 0 250 2.26 2000 0.40 0.55 4.8 199.16 4.08
CORNER_131 0 250 2.26 2000 0.40 0.55 5.1 180.6 4.09
CORNER_131 0 250 2.26 2000 0.40 0.55 54 164.03 4.07
CORNER_131 0 250 2.26 2000 0.40 0.55 5.7 1521 4.15
CORNER_131 0 250 2.26 2000 0.40 0.55 6 142.13 4.24
CORNER_132 0.24 250 2.26 2000 0.40 0.55 1.8 508.97 1.18
CORNER_132 0.24 250 2.26 2000 0.40 0.55 21 407.84 1.32
CORNER_132 0.24 250 2.26 2000 0.40 0.55 24 341.37 1.47
CORNER_132 0.24 250 2.26 2000 0.40 0.55 2.7 292.08 1.60
CORNER_132 0.24 250 2.26 2000 0.40 0.55 3 260.96 1.79
CORNER_132 0.24 250 2.26 2000 0.40 0.55 3.3 236.56 1.99
CORNER_132 0.24 250 2.26 2000 0.40 0.55 3.6 214.86 2.16
CORNER_132 0.24 250 2.26 2000 0.40 0.55 3.9 195.38 2.30
CORNER_132 0.24 250 2.26 2000 0.40 0.55 4.2 179.85 2.45
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_132 0.24 250 2.26 2000 0.40 0.55 4.5 163.23 2.52
CORNER_132 0.24 250 2.26 2000 0.40 0.55 4.8 150.56 2.61
CORNER_132 0.24 250 2.26 2000 0.40 0.55 5.1 139.16 2.69
CORNER_133 1.48 250 2.26 2000 0.40 0.55 1.8 282.31 0.53
CORNER_133 1.48 250 2.26 2000 0.40 0.55 21 211.52 0.52
CORNER_133 1.48 250 2.26 2000 0.40 0.55 24 176.58 0.56
CORNER_133 1.48 250 2.26 2000 0.40 0.55 2.7 149.22 0.58
CORNER_134 0 1000 1.60 2000 0.80 0.96 3 823.43 2.26
CORNER_134 0 1000 1.60 2000 0.80 0.96 3.3 784.59 2.75
CORNER_134 0 1000 1.60 2000 0.80 0.96 3.6 732.6 3.19
CORNER_134 0 1000 1.60 2000 0.80 0.96 3.9 673 3.53
CORNER_134 0 1000 1.60 2000 0.80 0.96 4.2 620.31 3.85
CORNER_134 0 1000 1.60 2000 0.80 0.96 4.5 559 4.01
CORNER_134 0 1000 1.60 2000 0.80 0.96 4.8 507.91 4.16
CORNER_134 0 1000 1.60 2000 0.80 0.96 5.1 464.96 4.30
CORNER_134 0 1000 1.60 2000 0.80 0.96 5.4 409.16 4.16
CORNER_134 0 1000 1.60 2000 0.80 0.96 5.7 357.3 3.92
CORNER_134 0 1000 1.60 2000 0.80 0.96 6 327.07 3.94
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 3 717.88 1.87
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 3.3 644.03 2.09
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 3.6 582.71 2.31
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 3.9 504.7 2.34
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 4.2 454.8 2.46
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 4.5 407.82 2.53
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 4.8 371.4 2.62
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 5.1 341.76 272
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 5.4 314.13 2.79
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 5.7 285.12 2.78
CORNER_135 0.24 1000 1.60 2000 0.80 0.96 6 267.73 2.90
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 3 421.26 0.89
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 3.3 345.48 0.87
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 3.6 299.21 0.89
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 3.9 256.08 0.87
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 4.2 228.42 0.89
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 4.5 199.33 0.86
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 4.8 178.27 0.86
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 5.1 162.39 0.86
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 5.4 144.69 0.83
CORNER_136 1.48 1000 1.60 2000 0.80 0.96 5.7 133.02 0.83
CORNER_137 0.24 250 0.17 250 1.13 0.55 1.2 371.85 0.90
CORNER_137 0.24 250 0.17 250 1.13 0.55 1.5 285.62 0.92
CORNER_137 0.24 250 0.17 250 1.13 0.55 1.8 245.62 1.1
CORNER_137 0.24 250 0.17 250 1.13 0.55 21 221.57 1.37
CORNER_137 0.24 250 0.17 250 1.13 0.55 24 207.76 1.75
CORNER_137 0.24 250 0.17 250 1.13 0.55 27 193.17 2.07
CORNER_137 0.24 250 0.17 250 1.13 0.55 3 184.28 2.52
CORNER_137 0.24 250 0.17 250 1.13 0.55 3.3 171.92 2.81
CORNER_137 0.24 250 0.17 250 1.13 0.55 3.6 161.54 3.10
CORNER_137 0.24 250 0.17 250 1.13 0.55 3.9 152.29 3.39
CORNER_137 0.24 250 0.17 250 1.13 0.55 4.2 144.7 3.70
CORNER_137 0.24 250 0.17 250 1.13 0.55 4.5 135.81 3.86
CORNER_138 1.48 250 0.17 250 1.13 0.55 1.2 437.98 1.45
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_138 1.48 250 0.17 250 1.13 0.55 1.5 317.89 1.21
CORNER_138 1.48 250 0.17 250 1.13 0.55 1.8 240.22 1.05
CORNER_138 1.48 250 0.17 250 1.13 0.55 21 194.58 1.01
CORNER_138 1.48 250 0.17 250 1.13 0.55 24 163.11 0.99
CORNER_138 1.48 250 0.17 250 1.13 0.55 2.7 140.23 0.98
CORNER_140 0 250 0.40 500 0.80 0.55 1.5 736.61 3.62
CORNER_140 0 250 0.40 500 0.80 0.55 1.8 665.48 5.19
CORNER_140 0 250 0.40 500 0.80 0.55 2.1 572.97 5.95
CORNER_140 0 250 0.40 500 0.80 0.55 24 494.37 6.41
CORNER_140 0 250 0.40 500 0.80 0.55 2.7 423.18 6.45
CORNER_140 0 250 0.40 500 0.80 0.55 3 365.62 6.41
CORNER_140 0 250 0.40 500 0.80 0.55 3.3 313.16 6.07
CORNER_140 0 250 0.40 500 0.80 0.55 3.6 277.55 6.06
CORNER_140 0 250 0.40 500 0.80 0.55 3.9 246.42 5.95
CORNER_140 0 250 0.40 500 0.80 0.55 4.2 222.82 5.96
CORNER_140 0 250 0.40 500 0.80 0.55 4.5 199.23 5.75
CORNER_140 0 250 0.40 500 0.80 0.55 4.8 182.86 5.78
CORNER_140 0 250 0.40 500 0.80 0.55 5.1 168.14 5.76
CORNER_140 0 250 0.40 500 0.80 0.55 5.4 156.03 5.79
CORNER_140 0 250 0.40 500 0.80 0.55 5.7 144.01 5.70
CORNER_140 0 250 0.40 500 0.80 0.55 6 135.45 5.78
CORNER_141 0.24 250 0.40 500 0.80 0.55 1.5 427.84 1.13
CORNER_141 0.24 250 0.40 500 0.80 0.55 1.8 354.85 1.34
CORNER_141 0.24 250 0.40 500 0.80 0.55 2.1 309 1.60
CORNER_141 0.24 250 0.40 500 0.80 0.55 24 280.89 1.94
CORNER_141 0.24 250 0.40 500 0.80 0.55 2.7 2541 2.23
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_141 0.24 250 0.40 500 0.80 0.55 3 230.21 247
CORNER_141 0.24 250 0.40 500 0.80 0.55 3.3 212.01 2.74
CORNER_141 0.24 250 0.40 500 0.80 0.55 3.6 196.3 3.00
CORNER_141 0.24 250 0.40 500 0.80 0.55 3.9 178.57 3.10
CORNER_141 0.24 250 0.40 500 0.80 0.55 4.2 165.03 3.25
CORNER_141 0.24 250 0.40 500 0.80 0.55 4.5 152.58 3.36
CORNER_141 0.24 250 0.40 500 0.80 0.55 4.8 141.65 3.45
CORNER_141 0.24 250 0.40 500 0.80 0.55 5.1 134.02 3.64
CORNER_142 1.48 250 0.40 500 0.80 0.55 1.5 385.21 0.93
CORNER_142 1.48 250 0.40 500 0.80 0.55 1.8 282.68 0.87
CORNER_142 1.48 250 0.40 500 0.80 0.55 21 211.86 0.79
CORNER_142 1.48 250 0.40 500 0.80 0.55 24 176.87 0.81
CORNER_142 1.48 250 0.40 500 0.80 0.55 2.7 146.06 0.78
CORNER_144 0 1000 0.28 500 1.60 0.96 21 695.46 2.50
CORNER_144 0 1000 0.28 500 1.60 0.96 24 642.65 3.20
CORNER_144 0 1000 0.28 500 1.60 0.96 2.7 571.51 3.44
CORNER_144 0 1000 0.28 500 1.60 0.96 3 515.01 3.69
CORNER_144 0 1000 0.28 500 1.60 0.96 3.3 447.07 3.48
CORNER_144 0 1000 0.28 500 1.60 0.96 3.6 390.19 3.26
CORNER_144 0 1000 0.28 500 1.60 0.96 3.9 335.51 2.92
CORNER_144 0 1000 0.28 500 1.60 0.96 4.2 295.35 2.73
CORNER_144 0 1000 0.28 500 1.60 0.96 4.5 256.26 2.44
CORNER_144 0 1000 0.28 500 1.60 0.96 4.8 228.86 2.31
CORNER_144 0 1000 0.28 500 1.60 0.96 5.1 21212 2.33
CORNER_144 0 1000 0.28 500 1.60 0.96 5.4 196.63 2.34
CORNER_144 0 1000 0.28 500 1.60 0.96 5.7 187.59 2.47
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Fire Location Factor — Wall and Corner Configuration Results

Table A-1 (continued)
FDS corner results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
CORNER_144 0 1000 0.28 500 1.60 0.96 6 177.56 2.54
CORNER_146 0.24 1000 0.28 500 1.60 0.96 21 584.76 1.57
CORNER_146 0.24 1000 0.28 500 1.60 0.96 24 533.19 1.93
CORNER_146 0.24 1000 0.28 500 1.60 0.96 27 479.2 217
CORNER_146 0.24 1000 0.28 500 1.60 0.96 3 427.94 2.30
CORNER_146 0.24 1000 0.28 500 1.60 0.96 3.3 386.05 2.43
CORNER_146 0.24 1000 0.28 500 1.60 0.96 3.6 355.35 2.61
CORNER_146 0.24 1000 0.28 500 1.60 0.96 3.9 321.84 2.65
CORNER_146 0.24 1000 0.28 500 1.60 0.96 4.2 293.66 2.69
CORNER_146 0.24 1000 0.28 500 1.60 0.96 4.5 266.13 2.65
CORNER_146 0.24 1000 0.28 500 1.60 0.96 4.8 248.91 277
CORNER_146 0.24 1000 0.28 500 1.60 0.96 5.1 232.63 2.85
CORNER_146 0.24 1000 0.28 500 1.60 0.96 54 218.24 292
CORNER_146 0.24 1000 0.28 500 1.60 0.96 5.7 203.57 2.93
CORNER_146 0.24 1000 0.28 500 1.60 0.96 6 193.24 3.04
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2
Wall configuration results
Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_100 0 40 1.50 1000 0.23 0.27 0.9 321.23 0.77
WALL_100 0 40 1.50 1000 0.23 0.27 1.2 212.61 0.88
WALL_100 0 40 1.50 1000 0.23 0.27 1.5 164.09 1.05
WALL_100 0 40 1.50 1000 0.23 0.27 1.8 136.87 1.25
WALL_101 0.24 40 1.50 1000 0.23 0.27 0.9 244.89 0.51
WALL_101 0.24 40 1.50 1000 0.23 0.27 1.2 169.95 0.62
WALL_101 0.24 40 1.50 1000 0.23 0.27 1.5 126.49 0.68
WALL_102 0.48 40 1.50 1000 0.23 0.27 0.9 242.92 0.51
WALL_102 0.48 40 1.50 1000 0.23 0.27 1.2 168.64 0.61
WALL_102 0.48 40 1.50 1000 0.23 0.27 1.5 128.67 0.70
WALL_103 0.76 40 1.50 1000 0.23 0.27 0.9 243.52 0.51
WALL_103 0.76 40 1.50 1000 0.23 0.27 1.2 173.82 0.64
WALL_103 0.76 40 1.50 1000 0.23 0.27 1.5 130.66 0.72
WALL_104 1 40 1.50 1000 0.23 0.27 0.9 222.05 0.44
WALL_104 1 40 1.50 1000 0.23 0.27 1.2 153.36 0.53
WALL_105 1.48 40 1.50 1000 0.23 0.27 0.9 238.41 0.49
WALL_105 1.48 40 1.50 1000 0.23 0.27 1.2 162.85 0.58
WALL_106 0 78 1.26 1000 0.32 0.35 1.2 322.59 0.85
WALL_106 0 78 1.26 1000 0.32 0.35 1.5 229.12 0.91
WALL_106 0 78 1.26 1000 0.32 0.35 1.8 181.83 1.02
WALL_106 0 78 1.26 1000 0.32 0.35 2.1 142.6 1.02
WALL_107 0.24 78 1.26 1000 0.32 0.35 1.2 255.08 0.60
WALL_107 0.24 78 1.26 1000 0.32 0.35 1.5 179.41 0.62
WALL_107 0.24 78 1.26 1000 0.32 0.35 1.8 145.4 0.71
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL 108 0.48 78 1.26 1000 0.32 0.35 1.2 243.24 0.56
WALL_ 108 0.48 78 1.26 1000 0.32 0.35 1.5 170.51 0.57
WALL 108 0.48 78 1.26 1000 0.32 0.35 1.8 139.32 0.66
WALL_ 109 0.76 78 1.26 1000 0.32 0.35 1.2 258.49 0.61
WALL_ 109 0.76 78 1.26 1000 0.32 0.35 1.5 193.87 0.70
WALL_ 109 0.76 78 1.26 1000 0.32 0.35 1.8 150.9 0.75
WALL_110 1 78 1.26 1000 0.32 0.35 1.2 254.7 0.60
WALL_110 1 78 1.26 1000 0.32 0.35 1.5 173.77 0.59
WALL_110 1 78 1.26 1000 0.32 0.35 1.8 133.91 0.62
WALL_111 1.48 78 1.26 1000 0.32 0.35 1.2 257.02 0.60
WALL_111 1.48 78 1.26 1000 0.32 0.35 1.5 173.37 0.59
WALL_111 1.48 78 1.26 1000 0.32 0.35 1.8 139.81 0.66
WALL_112 0 250 0.95 1000 0.56 0.55 1.8 353.97 0.91
WALL_112 0 250 0.95 1000 0.56 0.55 2.1 279.55 0.95
WALL_112 0 250 0.95 1000 0.56 0.55 2.4 233.38 1.02
WALL_112 0 250 0.95 1000 0.56 0.55 2.7 195.29 1.04
WALL_112 0 250 0.95 1000 0.56 0.55 3 173.96 1.13
WALL_112 0 250 0.95 1000 0.56 0.55 3.3 156 1.21
WALL_112 0 250 0.95 1000 0.56 0.55 3.6 140.38 1.27
WALL_113 0.24 250 0.95 1000 0.56 0.55 1.8 315.59 0.76
WALL_113 0.24 250 0.95 1000 0.56 0.55 2.1 232.77 0.71
WALL_113 0.24 250 0.95 1000 0.56 0.55 2.4 191.82 0.74
WALL_113 0.24 250 0.95 1000 0.56 0.55 2.7 160.58 0.75
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Table A-2 (continued)

Wall configuration results

Fire Location Factor — Wall and Corner Configuration Results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_ 113 0.24 250 0.95 1000 0.56 0.55 3 140.95 0.79
WALL_ 113 0.24 250 0.95 1000 0.56 0.55 3.3 125.51 0.83
WALL_ 114 0.48 250 0.95 1000 0.56 0.55 1.8 272.52 0.60
WALL_ 114 0.48 250 0.95 1000 0.56 0.55 2.1 204.65 0.58
WALL_ 114 0.48 250 0.95 1000 0.56 0.55 24 174.15 0.63
WALL_ 114 0.48 250 0.95 1000 0.56 0.55 2.7 142.85 0.62
WALL_114 0.48 250 0.95 1000 0.56 0.55 3 127.06 0.66
WALL_115 0.76 250 0.95 1000 0.56 0.55 1.8 255.32 0.55
WALL_115 0.76 250 0.95 1000 0.56 0.55 2.1 208.08 0.59
WALL_115 0.76 250 0.95 1000 0.56 0.55 24 175.45 0.64
WALL_115 0.76 250 0.95 1000 0.56 0.55 2.7 143.69 0.62
WALL_115 0.76 250 0.95 1000 0.56 0.55 3 128.95 0.68
WALL_116 1 250 0.95 1000 0.56 0.55 1.8 268.5 0.59
WALL_116 1 250 0.95 1000 0.56 0.55 2.1 214.1 0.62
WALL_116 1 250 0.95 1000 0.56 0.55 2.4 184.49 0.69
WALL_116 1 250 0.95 1000 0.56 0.55 2.7 156.14 0.72
WALL_116 1 250 0.95 1000 0.56 0.55 3 136.69 0.75
WALL_117 1.48 250 0.95 1000 0.56 0.55 1.8 287.9 0.66
WALL_117 1.48 250 0.95 1000 0.56 0.55 2.1 227.56 0.68
WALL_117 1.48 250 0.95 1000 0.56 0.55 24 189.26 0.72
WALL_117 1.48 250 0.95 1000 0.56 0.55 2.7 157.63 0.73
WALL_117 1.48 250 0.95 1000 0.56 0.55 3 136.34 0.75
WALL_118 0 500 0.80 1000 0.80 0.73 2.1 367.22 0.73
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_118 0 500 0.80 1000 0.80 0.73 2.4 311.71 0.81
WALL_118 0 500 0.80 1000 0.80 0.73 2.7 253.29 0.79
WALL_ 118 0 500 0.80 1000 0.80 0.73 3 220.53 0.84
WALL_ 118 0 500 0.80 1000 0.80 0.73 3.3 195.33 0.88
WALL_118 0 500 0.80 1000 0.80 0.73 3.6 176.77 0.94
WALL_ 118 0 500 0.80 1000 0.80 0.73 3.9 157.81 0.96
WALL_118 0 500 0.80 1000 0.80 0.73 4.2 143.12 0.98
WALL_118 0 500 0.80 1000 0.80 0.73 4.5 130.16 0.99
WALL_119 0.24 500 0.80 1000 0.80 0.73 2.1 371.03 0.74
WALL_119 0.24 500 0.80 1000 0.80 0.73 24 313.6 0.82
WALL_119 0.24 500 0.80 1000 0.80 0.73 2.7 253.56 0.80
WALL_119 0.24 500 0.80 1000 0.80 0.73 3 215.78 0.81
WALL_119 0.24 500 0.80 1000 0.80 0.73 3.3 184.76 0.81
WALL_119 0.24 500 0.80 1000 0.80 0.73 3.6 170.83 0.89
WALL_119 0.24 500 0.80 1000 0.80 0.73 3.9 148.72 0.86
WALL_119 0.24 500 0.80 1000 0.80 0.73 4.2 132.71 0.86
WALL_120 0.48 500 0.80 1000 0.80 0.73 2.1 335.37 0.63
WALL_120 0.48 500 0.80 1000 0.80 0.73 24 270.6 0.64
WALL_120 0.48 500 0.80 1000 0.80 0.73 2.7 221.06 0.64
WALL_120 0.48 500 0.80 1000 0.80 0.73 3 188.63 0.65
WALL_120 0.48 500 0.80 1000 0.80 0.73 3.3 161.26 0.64
WALL_120 0.48 500 0.80 1000 0.80 0.73 3.6 150.85 0.72
WALL_120 0.48 500 0.80 1000 0.80 0.73 3.9 134.63 0.73

A-20




Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_121 0.76 500 0.80 1000 0.80 0.73 2.1 355.61 0.69
WALL_121 0.76 500 0.80 1000 0.80 0.73 24 284.68 0.70
WALL_121 0.76 500 0.80 1000 0.80 0.73 2.7 218.36 0.62
WALL_121 0.76 500 0.80 1000 0.80 0.73 3 186.38 0.64
WALL_121 0.76 500 0.80 1000 0.80 0.73 3.3 159.99 0.63
WALL_121 0.76 500 0.80 1000 0.80 0.73 3.6 145.28 0.67
WALL_121 0.76 500 0.80 1000 0.80 0.73 3.9 133.34 0.71
WALL_122 1 500 0.80 1000 0.80 0.73 2.1 325.28 0.60
WALL_122 1 500 0.80 1000 0.80 0.73 2.4 258.33 0.60
WALL_122 1 500 0.80 1000 0.80 0.73 2.7 204.86 0.56
WALL_122 1 500 0.80 1000 0.80 0.73 3 177.63 0.59
WALL_122 1 500 0.80 1000 0.80 0.73 3.3 156.35 0.61
WALL_122 1 500 0.80 1000 0.80 0.73 3.6 137.92 0.61
WALL_123 1.48 500 0.80 1000 0.80 0.73 2.1 373.55 0.75
WALL_123 1.48 500 0.80 1000 0.80 0.73 24 290.53 0.72
WALL_123 1.48 500 0.80 1000 0.80 0.73 2.7 243.25 0.74
WALL_123 1.48 500 0.80 1000 0.80 0.73 3 210.09 0.77
WALL_123 1.48 500 0.80 1000 0.80 0.73 3.3 176.32 0.74
WALL_123 1.48 500 0.80 1000 0.80 0.73 3.6 154.66 0.75
WALL_123 1.48 500 0.80 1000 0.80 0.73 3.9 136.86 0.75
WALL_124 0 1000 0.67 1000 1.13 0.96 2.7 395.41 0.82
WALL_124 0 1000 0.67 1000 1.13 0.96 3 334.16 0.83
WALL_124 0 1000 0.67 1000 1.13 0.96 3.3 277.86 0.79
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_ 124 0 1000 0.67 1000 1.13 0.96 3.6 247.24 0.83
WALL_ 124 0 1000 0.67 1000 1.13 0.96 3.9 223.61 0.87
WALL_ 124 0 1000 0.67 1000 1.13 0.96 4.2 205.41 0.91
WALL_ 124 0 1000 0.67 1000 1.13 0.96 4.5 186.42 0.93
WALL_ 124 0 1000 0.67 1000 1.13 0.96 4.8 174.82 0.99
WALL_ 124 0 1000 0.67 1000 1.13 0.96 5.1 160.73 1.00
WALL_124 0 1000 0.67 1000 1.13 0.96 5.4 147.73 1.01
WALL_124 0 1000 0.67 1000 1.13 0.96 5.7 139.67 1.05
WALL_124 0 1000 0.67 1000 1.13 0.96 6 132.64 1.09
WALL_125 0.24 1000 0.67 1000 1.13 0.96 2.7 442.93 0.99
WALL_125 0.24 1000 0.67 1000 1.13 0.96 3 380.25 1.03
WALL_125 0.24 1000 0.67 1000 1.13 0.96 3.3 316.55 0.99
WALL_125 0.24 1000 0.67 1000 1.13 0.96 3.6 274.47 0.99
WALL_125 0.24 1000 0.67 1000 1.13 0.96 3.9 237.4 0.96
WALL_125 0.24 1000 0.67 1000 1.13 0.96 4.2 205.86 0.92
WALL_125 0.24 1000 0.67 1000 1.13 0.96 4.5 182.13 0.89
WALL_125 0.24 1000 0.67 1000 1.13 0.96 4.8 166.7 0.91
WALL_125 0.24 1000 0.67 1000 1.13 0.96 5.1 153.7 0.93
WALL_125 0.24 1000 0.67 1000 1.13 0.96 54 137.67 0.89
WALL_125 0.24 1000 0.67 1000 1.13 0.96 5.7 131.09 0.94
WALL_125 0.24 1000 0.67 1000 1.13 0.96 6 127.31 1.02
WALL_126 0.48 1000 0.67 1000 1.13 0.96 2.7 349.66 0.67
WALL_126 0.48 1000 0.67 1000 1.13 0.96 3 298.85 0.69
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_126 0.48 1000 0.67 1000 1.13 0.96 3.3 256.77 0.70
WALL_126 0.48 1000 0.67 1000 1.13 0.96 3.6 222.37 0.69
WALL_126 0.48 1000 0.67 1000 1.13 0.96 3.9 196.9 0.70
WALL_126 0.48 1000 0.67 1000 1.13 0.96 4.2 184.21 0.76
WALL_126 0.48 1000 0.67 1000 1.13 0.96 45 174.44 0.83
WALL_126 0.48 1000 0.67 1000 1.13 0.96 4.8 166.39 0.91
WALL_126 0.48 1000 0.67 1000 1.13 0.96 5.1 157.4 0.97
WALL_126 0.48 1000 0.67 1000 1.13 0.96 5.4 146.72 0.99
WALL_126 0.48 1000 0.67 1000 1.13 0.96 5.7 139.16 1.04
WALL_126 0.48 1000 0.67 1000 1.13 0.96 6 133.61 1.11
WALL_127 0.76 1000 0.67 1000 1.13 0.96 2.7 391.88 0.81
WALL_127 0.76 1000 0.67 1000 1.13 0.96 3 336.43 0.84
WALL_127 0.76 1000 0.67 1000 1.13 0.96 3.3 274.15 0.78
WALL_127 0.76 1000 0.67 1000 1.13 0.96 3.6 239.89 0.79
WALL_127 0.76 1000 0.67 1000 1.13 0.96 3.9 203.68 0.74
WALL_127 0.76 1000 0.67 1000 1.13 0.96 4.2 180.02 0.73
WALL_127 0.76 1000 0.67 1000 1.13 0.96 4.5 163.12 0.74
WALL_127 0.76 1000 0.67 1000 1.13 0.96 4.8 152.35 0.78
WALL_127 0.76 1000 0.67 1000 1.13 0.96 5.1 140.76 0.79
WALL_127 0.76 1000 0.67 1000 1.13 0.96 54 133.1 0.83
WALL_127 0.76 1000 0.67 1000 1.13 0.96 5.7 125.08 0.86
WALL_128 1 1000 0.67 1000 1.13 0.96 2.7 425.6 0.92
WALL_128 1 1000 0.67 1000 1.13 0.96 3 375.1 1.01
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL 128 1 1000 0.67 1000 1.13 0.96 3.3 311.04 0.96
WALL 128 1 1000 0.67 1000 1.13 0.96 3.6 271.05 0.97
WALL 128 1 1000 0.67 1000 1.13 0.96 3.9 228.55 0.90
WALL 128 1 1000 0.67 1000 1.13 0.96 4.2 198.78 0.87
WALL 128 1 1000 0.67 1000 1.13 0.96 4.5 176 0.84
WALL 128 1 1000 0.67 1000 1.13 0.96 4.8 158.08 0.83
WALL_128 1 1000 0.67 1000 1.13 0.96 5.1 143.41 0.82
WALL_128 1 1000 0.67 1000 1.13 0.96 5.4 131.42 0.82
WALL_129 1.48 1000 0.67 1000 1.13 0.96 2.7 411.59 0.88
WALL_129 1.48 1000 0.67 1000 1.13 0.96 3 332.12 0.82
WALL_129 1.48 1000 0.67 1000 1.13 0.96 3.3 269.11 0.75
WALL_129 1.48 1000 0.67 1000 1.13 0.96 3.6 232.69 0.75
WALL_129 1.48 1000 0.67 1000 1.13 0.96 3.9 201.24 0.72
WALL_129 1.48 1000 0.67 1000 1.13 0.96 4.2 178.8 0.72
WALL_129 1.48 1000 0.67 1000 1.13 0.96 4.5 158.82 0.71
WALL_129 1.48 1000 0.67 1000 1.13 0.96 4.8 145.22 0.72
WALL_129 1.48 1000 0.67 1000 1.13 0.96 5.1 138.07 0.77
WALL_129 1.48 1000 0.67 1000 1.13 0.96 54 128.53 0.78
WALL_330 0 250 2.26 2000 0.40 0.55 1.8 367.03 0.76
WALL_330 0 250 2.26 2000 0.40 0.55 2.1 273.01 0.75
WALL_330 0 250 2.26 2000 0.40 0.55 2.4 224.9 0.81
WALL_330 0 250 2.26 2000 0.40 0.55 2.7 190.61 0.85
WALL_330 0 250 2.26 2000 0.40 0.55 3 167.63 0.92
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_ 330 0 250 2.26 2000 0.40 0.55 3.3 147.3 0.96
WALL_330 0 250 2.26 2000 0.40 0.55 3.6 134.95 1.04
WALL_360 0.24 250 2.26 2000 0.40 0.55 1.8 270.27 0.50
WALL_360 0.24 250 2.26 2000 0.40 0.55 2.1 212.96 0.53
WALL_360 0.24 250 2.26 2000 0.40 0.55 2.4 183.71 0.59
WALL_360 0.24 250 2.26 2000 0.40 0.55 2.7 165.45 0.69
WALL_360 0.24 250 2.26 2000 0.40 0.55 3 151.71 0.79
WALL_360 0.24 250 2.26 2000 0.40 0.55 3.3 138.64 0.87
WALL_360 0.24 250 2.26 2000 0.40 0.55 3.6 128.62 0.96
WALL_390 1.48 250 2.26 2000 0.40 0.55 1.8 268.92 0.49
WALL_390 1.48 250 2.26 2000 0.40 0.55 2.1 210.69 0.52
WALL_390 1.48 250 2.26 2000 0.40 0.55 24 165.16 0.51
WALL_390 1.48 250 2.26 2000 0.40 0.55 2.7 136.97 0.51
WALL_310 0 250 0.17 250 1.13 0.55 1.2 352.01 0.78
WALL_310 0 250 0.17 250 1.13 0.55 1.5 256.74 0.72
WALL_310 0 250 0.17 250 1.13 0.55 1.8 211.79 0.78
WALL_310 0 250 0.17 250 1.13 0.55 2.1 180.18 0.85
WALL_310 0 250 0.17 250 1.13 0.55 24 158.24 0.93
WALL_310 0 250 0.17 250 1.13 0.55 2.7 138.35 0.95
WALL_340 0.24 250 0.17 250 1.13 0.55 1.2 440 1.47
WALL_340 0.24 250 0.17 250 1.13 0.55 1.5 316.07 1.20
WALL_340 0.24 250 0.17 250 1.13 0.55 1.8 249.23 1.15
WALL_340 0.24 250 0.17 250 1.13 0.55 2.1 199.55 1.07
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Fire Location Factor — Wall and Corner Configuration Results

Table A-2 (continued)
Wall configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_340 0.24 250 0.17 250 1.13 0.55 2.4 171.16 1.1
WALL_340 0.24 250 0.17 250 1.13 0.55 2.7 145.08 1.06
WALL_ 340 0.24 250 0.17 250 1.13 0.55 3 130.13 1.12
WALL_370 1.48 250 0.17 250 1.13 0.55 1.2 422.03 1.29
WALL_370 1.48 250 0.17 250 1.13 0.55 1.5 298.73 1.03
WALL_370 1.48 250 0.17 250 1.13 0.55 1.8 240.36 1.05
WALL_370 1.48 250 0.17 250 1.13 0.55 2.1 191.99 0.98
WALL_370 1.48 250 0.17 250 1.13 0.55 24 157.49 0.92
WALL_370 1.48 250 0.17 250 1.13 0.55 2.7 134.62 0.90
WALL_320 0 250 0.40 500 0.80 0.55 1.5 349.42 0.77
WALL_320 0 250 0.40 500 0.80 0.55 1.8 291.2 0.92
WALL_320 0 250 0.40 500 0.80 0.55 2.1 245.51 1.03
WALL_320 0 250 0.40 500 0.80 0.55 24 212.48 1.14
WALL_320 0 250 0.40 500 0.80 0.55 2.7 183.66 1.20
WALL_320 0 250 0.40 500 0.80 0.55 3 162.19 1.26
WALL_320 0 250 0.40 500 0.80 0.55 3.3 147.39 1.36
WALL_320 0 250 0.40 500 0.80 0.55 3.6 131.62 1.38
WALL_350 0.24 250 0.40 500 0.80 0.55 1.5 355.7 0.80
WALL_350 0.24 250 0.40 500 0.80 0.55 1.8 258.26 0.74
WALL_350 0.24 250 0.40 500 0.80 0.55 2.1 199.07 0.70
WALL_350 0.24 250 0.40 500 0.80 0.55 24 166.6 0.72
WALL_350 0.24 250 0.40 500 0.80 0.55 2.7 143.84 0.76
WALL_350 0.24 250 0.40 500 0.80 0.55 3 125.81 0.78
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Table A-2 (continued)

Wall configuration results

Fire Location Factor — Wall and Corner Configuration Results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) Ke
WALL_380 1.48 250 0.40 500 0.80 0.55 1.5 347.65 0.77
WALL_380 1.48 250 0.40 500 0.80 0.55 1.8 265.09 0.78
WALL_380 1.48 250 0.40 500 0.80 0.55 2.1 218.23 0.83
WALL_380 1.48 250 0.40 500 0.80 0.55 24 183.15 0.86
WALL_380 1.48 250 0.40 500 0.80 0.55 27 153.84 0.86
WALL_380 1.48 250 0.40 500 0.80 0.55 3 135.17 0.89

Table A-3
Open configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
BASE_100 0 40 1.50 1000 0.23 0.27 0.9 247.59 0.52
BASE_100 0 40 1.50 1000 0.23 0.27 1.2 168.87 0.61
BASE_101 0 78 1.26 1000 0.32 0.35 1.2 265.27 0.63
BASE_101 © 78 1.26 1000 0.32 0.35 1.5 180.12 0.62
BASE_101 © 78 1.26 1000 0.32 0.35 1.8 140.05 0.66
BASE_102 © 250 0.95 1000 0.56 0.55 1.8 335.74 0.84
BASE_102 © 250 0.95 1000 0.56 0.55 2.1 2414 0.75
BASE_102 © 250 0.95 1000 0.56 0.55 2.4 204.03 0.82
BASE_102 © 250 0.95 1000 0.56 0.55 2.7 166.36 0.80
BASE_102 © 250 0.95 1000 0.56 0.55 3 140.13 0.78
BASE_103 0 500 0.80 1000 0.80 0.73 2.1 453.62 1.02
BASE_103 0 500 0.80 1000 0.80 0.73 24 375.48 1.09
BASE_103 0 500 0.80 1000 0.80 0.73 27 305.81 1.08
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Fire Location Factor — Wall and Corner Configuration Results

Table A-3 (continued)
Open configuration results

Case ID Length (m) HRR (kW) Q* HRRPUA Diameter (m) D* Hp (M) Temperature Rise (°C) ke
BASE_103 © 500 0.80 1000 0.80 0.73 3 246.77 1.01
BASE_103 © 500 0.80 1000 0.80 0.73 3.3 198 0.90
BASE_103 © 500 0.80 1000 0.80 0.73 3.6 173.29 0.91
BASE_103 © 500 0.80 1000 0.80 0.73 3.9 150.62 0.88
BASE_103 © 500 0.80 1000 0.80 0.73 4.2 134.2 0.88
BASE_104 © 1000 0.67 1000 1.13 0.96 2.7 544.73 1.39
BASE_104 © 1000 0.67 1000 1.13 0.96 3 465.34 1.44
BASE_104 0 1000 0.67 1000 1.13 0.96 3.3 387.87 1.39
BASE_104 0 1000 0.67 1000 1.13 0.96 3.6 336.91 1.39
BASE_104 0 1000 0.67 1000 1.13 0.96 3.9 285.86 1.31
BASE_104 0 1000 0.67 1000 1.13 0.96 4.2 251.96 1.30
BASE_104 0 1000 0.67 1000 1.13 0.96 4.5 216.44 1.20
BASE_104 0 1000 0.67 1000 1.13 0.96 4.8 197.21 1.22
BASE_104 0 1000 0.67 1000 1.13 0.96 5.1 174.06 1.15
BASE_104 0 1000 0.67 1000 1.13 0.96 5.4 153.34 1.07
BASE_104 0 1000 0.67 1000 1.13 0.96 5.7 139.31 1.04
BASE_104 0 1000 0.67 1000 1.13 0.96 6 126.43 1.00
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4

Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r:qt)ater D* | Hp (m) Temper(?::u)re Rise KE PrS(;Jprfeerltci(ZS
CORNER_500 0 40 1000 0.23 0.9 989.20 3.91 Adiabatic
CORNER_500 0 40 1000 0.23 1.2 797.28 6.55 Adiabatic
CORNER_500 0 40 1000 0.23 1.5 572.53 7.58 Adiabatic
CORNER_500 0 40 1000 0.23 1.8 436.40 8.41 Adiabatic
CORNER_500 0 40 1000 0.23 2.1 339.78 8.84 Adiabatic
CORNER_500 0 40 1000 0.23 2.4 283.60 9.69 Adiabatic
CORNER_500 0 40 1000 0.23 2.7 237.77 10.22 Adiabatic
CORNER_500 0 40 1000 0.23 3 205.94 10.92 Adiabatic
CORNER_500 0 40 1000 0.23 3.3 176.85 11.19 Adiabatic
CORNER_500 0 40 1000 0.23 3.6 156.43 11.72 Adiabatic
CORNER_500 0 40 1000 0.23 3.9 138.09 12.00 Adiabatic
CORNER_500 0 40 1000 0.23 4.2 125.15 12.57 Adiabatic
CORNER_500 0 40 1000 0.23 45 112.23 12.78 Adiabatic
CORNER_600 0 40 1000 0.23 0.9 703.52 2.45 Gypsum
CORNER_600 0 40 1000 0.23 1.2 525.51 3.61 Gypsum
CORNER_600 0 40 1000 0.23 1.5 381.90 4.20 Gypsum
CORNER_600 0 40 1000 0.23 1.8 301.23 4.88 Gypsum
CORNER_600 0 40 1000 0.23 2.1 236.02 5.16 Gypsum
CORNER_600 0 40 1000 0.23 24 190.95 5.39 Gypsum
CORNER_600 0 40 1000 0.23 2.7 154.18 5.37 Gypsum
CORNER_600 0 40 1000 0.23 3 131.26 5.58 Gypsum
CORNER_600 0 40 1000 0.23 3.3 112.45 5.70 Gypsum
CORNER_700 0 40 1000 0.23 0.9 620.93 2.06 Steel
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_700 0 40 1000 0.23 1.2 486.70 3.24 Steel
CORNER_700 0 40 1000 0.23 1.5 348.51 3.69 Steel
CORNER_700 0 40 1000 0.23 1.8 269.86 4.16 Steel
CORNER_700 0 40 1000 0.23 2.1 206.22 4.24 Steel
CORNER_700 0 40 1000 0.23 2.4 172.21 4.63 Steel
CORNER_700 0 40 1000 0.23 2.7 143.67 4.84 Steel
CORNER_700 0 40 1000 0.23 3 124.78 5.18 Steel
CORNER_800 0 40 1000 0.23 0.9 711.12 2.48 INERT
CORNER_800 0 40 1000 0.23 1.2 544.06 3.79 INERT
CORNER_800 0 40 1000 0.23 15 387.49 4.29 INERT
CORNER_800 0 40 1000 0.23 1.8 296.95 4.78 INERT
CORNER_800 0 40 1000 0.23 2.1 232.66 5.06 INERT
CORNER_800 0 40 1000 0.23 2.4 196.13 5.61 INERT
CORNER_800 0 40 1000 0.23 2.7 162.77 5.82 INERT
CORNER_800 0 40 1000 0.23 3 143.06 6.34 INERT
CORNER_800 0 40 1000 0.23 3.3 125.08 6.67 INERT
CORNER_800 0 40 1000 0.23 3.6 110.55 6.97 INERT
CORNER_506 0 78 1000 0.32 1.2 937.93 4.26 Adiabatic
CORNER_506 0 78 1000 0.32 1.5 755.03 5.87 Adiabatic
CORNER_506 0 78 1000 0.32 1.8 599.27 6.95 Adiabatic
CORNER_506 0 78 1000 0.32 2.1 451.77 6.96 Adiabatic
CORNER_506 0 78 1000 0.32 24 366.58 7.32 Adiabatic
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_506 0 78 1000 0.32 2.7 298.03 7.37 Adiabatic
CORNER_506 0 78 1000 0.32 3 253.24 7.66 Adiabatic
CORNER_506 0 78 1000 0.32 3.3 211.78 7.54 Adiabatic
CORNER_506 0 78 1000 0.32 3.6 184.74 7.73 Adiabatic
CORNER_506 0 78 1000 0.32 3.9 161.22 7.78 Adiabatic
CORNER_506 0 78 1000 0.32 4.2 144.90 8.05 Adiabatic
CORNER_506 0 78 1000 0.32 4.5 129.65 8.15 Adiabatic
CORNER_506 0 78 1000 0.32 4.8 119.48 8.54 Adiabatic
CORNER_506 0 78 1000 0.32 5.1 110.93 8.94 Adiabatic
CORNER_606 0 78 1000 0.32 1.2 723.47 2.92 Gypsum
CORNER_606 0 78 1000 0.32 1.5 586.06 4.02 Gypsum
CORNER_606 0 78 1000 0.32 1.8 475.87 4.91 Gypsum
CORNER_606 0 78 1000 0.32 21 368.07 5.11 Gypsum
CORNER_606 0 78 1000 0.32 24 295.27 5.28 Gypsum
CORNER_606 0 78 1000 0.32 27 236.15 5.19 Gypsum
CORNER_606 0 78 1000 0.32 3 200.85 5.39 Gypsum
CORNER_606 0 78 1000 0.32 3.3 173.14 5.56 Gypsum
CORNER_606 0 78 1000 0.32 3.6 153.54 5.84 Gypsum
CORNER_606 0 78 1000 0.32 3.9 132.53 5.78 Gypsum
CORNER_606 0 78 1000 0.32 4.2 115.98 5.75 Gypsum
CORNER _706 0 78 1000 0.32 1.2 711.60 2.85 Steel
CORNER 706 0 78 1000 0.32 1.5 552.05 3.68 Steel
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_706 0 78 1000 0.32 1.8 445.88 4.45 Steel
CORNER_706 0 78 1000 0.32 2.1 352.24 4.78 Steel
CORNER_706 0 78 1000 0.32 2.4 289.00 5.11 Steel
CORNER_706 0 78 1000 0.32 2.7 237.02 5.22 Steel
CORNER_706 0 78 1000 0.32 3 202.67 5.47 Steel
CORNER_706 0 78 1000 0.32 3.3 172.09 5.51 Steel
CORNER_706 0 78 1000 0.32 3.6 147.28 5.49 Steel
CORNER_706 0 78 1000 0.32 3.9 125.25 5.31 Steel
CORNER_706 0 78 1000 0.32 4.2 111.69 5.43 Steel
CORNER_806 0 78 1000 0.32 1.2 648.49 2.50 INERT
CORNER_806 0 78 1000 0.32 15 516.34 3.34 INERT
CORNER_806 0 78 1000 0.32 1.8 411.66 3.96 INERT
CORNER_806 0 78 1000 0.32 2.1 315.06 4.05 INERT
CORNER_806 0 78 1000 0.32 2.4 254.63 4.23 INERT
CORNER_806 0 78 1000 0.32 2.7 203.45 4.15 INERT
CORNER_806 0 78 1000 0.32 3 171.51 4.26 INERT
CORNER_806 0 78 1000 0.32 3.3 144.83 4.26 INERT
CORNER_806 0 78 1000 0.32 3.6 126.47 4.37 INERT
CORNER 512 0 250 1000 0.56 1.8 951.61 4.50 Adiabatic
CORNER 512 0 250 1000 0.56 2.1 893.17 6.44 Adiabatic
CORNER 512 0 250 1000 0.56 24 813.89 8.22 Adiabatic
CORNER 512 0 250 1000 0.56 27 702.66 9.08 Adiabatic
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_512 0 250 1000 0.56 3 619.65 9.99 Adiabatic
CORNER_512 0 250 1000 0.56 3.3 552.16 10.84 Adiabatic
CORNER_512 0 250 1000 0.56 3.6 499 .47 11.75 Adiabatic
CORNER_512 0 250 1000 0.56 3.9 430.52 11.49 Adiabatic
CORNER_512 0 250 1000 0.56 4.2 375.33 11.27 Adiabatic
CORNER_512 0 250 1000 0.56 4.5 323.10 10.67 Adiabatic
CORNER_512 0 250 1000 0.56 4.8 286.26 10.46 Adiabatic
CORNER_512 0 250 1000 0.56 5.1 256.52 10.34 Adiabatic
CORNER_512 0 250 1000 0.56 5.4 227.91 9.98 Adiabatic
CORNER_512 0 250 1000 0.56 5.7 204.83 9.74 Adiabatic
CORNER_512 0 250 1000 0.56 6 188.21 9.77 Adiabatic
CORNER _612 0 250 1000 0.56 1.8 724.82 2.9 Gypsum
CORNER _612 0 250 1000 0.56 21 628.07 3.62 Gypsum
CORNER _612 0 250 1000 0.56 24 536.80 413 Gypsum
CORNER _612 0 250 1000 0.56 27 457.88 4.48 Gypsum
CORNER _612 0 250 1000 0.56 3 389.49 4.66 Gypsum
CORNER_612 0 250 1000 0.56 3.3 321.61 4.48 Gypsum
CORNER_612 0 250 1000 0.56 3.6 276.29 4.48 Gypsum
CORNER 612 0 250 1000 0.56 3.9 226.30 4.08 Gypsum
CORNER 612 0 250 1000 0.56 4.2 192.56 3.88 Gypsum
CORNER 612 0 250 1000 0.56 45 166.53 3.73 Gypsum
CORNER 612 0 250 1000 0.56 4.8 150.42 3.79 Gypsum
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_612 0 250 1000 0.56 5.1 135.46 3.79 Gypsum
CORNER_612 0 250 1000 0.56 5.4 120.65 3.69 Gypsum
CORNER_712 0 250 1000 0.56 1.8 732.06 2.95 Steel
CORNER_712 0 250 1000 0.56 2.1 648.12 3.81 Steel
CORNER_712 0 250 1000 0.56 2.4 583.05 4.72 Steel
CORNER_712 0 250 1000 0.56 2.7 510.90 5.34 Steel
CORNER_712 0 250 1000 0.56 3 444,33 5.75 Steel
CORNER_712 0 250 1000 0.56 3.3 372.65 5.66 Steel
CORNER_712 0 250 1000 0.56 3.6 322.51 5.72 Steel
CORNER _712 0 250 1000 0.56 3.9 270.46 5.39 Steel
CORNER _712 0 250 1000 0.56 4.2 235.77 5.32 Steel
CORNER _712 0 250 1000 0.56 4.5 203.25 5.08 Steel
CORNER _712 0 250 1000 0.56 4.8 180.78 5.03 Steel
CORNER _712 0 250 1000 0.56 5.1 162.76 5.03 Steel
CORNER _712 0 250 1000 0.56 5.4 145.24 4.90 Steel
CORNER _712 0 250 1000 0.56 5.7 131.78 4.87 Steel
CORNER 712 0 250 1000 0.56 6 121.18 4.90 Steel
CORNER_812 0 250 1000 0.56 1.8 704.26 2.78 INERT
CORNER_812 0 250 1000 0.56 2.1 612.32 3.48 INERT
CORNER_812 0 250 1000 0.56 2.4 526.68 4.01 INERT
CORNER_812 0 250 1000 0.56 2.7 440.90 4.22 INERT
CORNER_812 0 250 1000 0.56 3 364.92 4.20 INERT
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_812 0 250 1000 0.56 3.3 300.24 4.02 INERT
CORNER_812 0 250 1000 0.56 3.6 259.64 4.07 INERT
CORNER_812 0 250 1000 0.56 3.9 225.29 4.05 INERT
CORNER_812 0 250 1000 0.56 4.2 201.23 4.15 INERT
CORNER_812 0 250 1000 0.56 4.5 174.68 4.01 INERT
CORNER_812 0 250 1000 0.56 4.8 156.22 4.01 INERT
CORNER_812 0 250 1000 0.56 5.1 142.82 4.1 INERT
CORNER_812 0 250 1000 0.56 5.4 130.53 4.16 INERT
CORNER_812 0 250 1000 0.56 5.7 119.97 4.21 INERT
CORNER_812 0 250 1000 0.56 6 112.64 4.38 INERT
CORNER_518 0 500 1000 0.80 21 986.40 3.82 Adiabatic
CORNER_518 0 500 1000 0.80 24 978.19 5.70 Adiabatic
CORNER_518 0 500 1000 0.80 27 941.22 7.69 Adiabatic
CORNER_518 0 500 1000 0.80 3 884.56 9.53 Adiabatic
CORNER_518 0 500 1000 0.80 3.3 809.57 10.84 Adiabatic
CORNER_518 0 500 1000 0.80 3.6 741.60 12.01 Adiabatic
CORNER_518 0 500 1000 0.80 3.9 682.07 13.09 Adiabatic
CORNER_518 0 500 1000 0.80 4.2 628.44 14.05 Adiabatic
CORNER_518 0 500 1000 0.80 4.5 569.65 14.38 Adiabatic
CORNER_518 0 500 1000 0.80 4.8 514.30 14.41 Adiabatic
CORNER_518 0 500 1000 0.80 5.1 466.69 14.41 Adiabatic
CORNER_518 0 500 1000 0.80 5.4 416.22 13.84 Adiabatic
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_518 0 500 1000 0.80 5.7 364.69 12.78 Adiabatic
CORNER_518 0 500 1000 0.80 6 329.49 12.39 Adiabatic
CORNER_618 0 500 1000 0.80 2.1 774.42 2.54 Gypsum
CORNER_618 0 500 1000 0.80 2.4 724.66 3.37 Gypsum
CORNER_618 0 500 1000 0.80 2.7 667.83 4.16 Gypsum
CORNER_618 0 500 1000 0.80 3 605.14 4.80 Gypsum
CORNER_618 0 500 1000 0.80 3.3 534.84 5.13 Gypsum
CORNER_618 0 500 1000 0.80 3.6 465.50 5.21 Gypsum
CORNER_618 0 500 1000 0.80 3.9 402.51 5.13 Gypsum
CORNER_618 0 500 1000 0.80 4.2 356.07 5.16 Gypsum
CORNER_618 0 500 1000 0.80 4.5 313.52 5.07 Gypsum
CORNER_618 0 500 1000 0.80 4.8 280.20 5.05 Gypsum
CORNER_618 0 500 1000 0.80 5.1 251.33 5.00 Gypsum
CORNER_618 0 500 1000 0.80 54 225.53 4.91 Gypsum
CORNER_618 0 500 1000 0.80 5.7 202.76 4.79 Gypsum
CORNER_618 0 500 1000 0.80 6 186.59 4.82 Gypsum
CORNER_718 0 500 1000 0.80 2.1 743.95 2.38 Steel
CORNER_718 0 500 1000 0.80 24 689.06 3.10 Steel
CORNER 718 0 500 1000 0.80 27 619.09 3.66 Steel
CORNER_718 0 500 1000 0.80 3 550.11 4.08 Steel
CORNER_718 0 500 1000 0.80 3.3 484.88 4.35 Steel
CORNER_718 0 500 1000 0.80 3.6 429.05 4.55 Steel
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_718 0 500 1000 0.80 3.9 364.32 4.35 Steel
CORNER_718 0 500 1000 0.80 4.2 318.69 4.30 Steel
CORNER_718 0 500 1000 0.80 4.5 292.56 4.53 Steel
CORNER_718 0 500 1000 0.80 4.8 268.92 4.72 Steel
CORNER_718 0 500 1000 0.80 5.1 244.54 4.78 Steel
CORNER_718 0 500 1000 0.80 5.4 221.60 4.77 Steel
CORNER_718 0 500 1000 0.80 5.7 197.12 4.58 Steel
CORNER_718 0 500 1000 0.80 6 182.84 4.67 Steel
CORNER_818 0 500 1000 0.80 2.1 725.74 2.28 INERT
CORNER_818 0 500 1000 0.80 2.4 671.59 2.97 INERT
CORNER_818 0 500 1000 0.80 2.7 604.85 3.52 INERT
CORNER_818 0 500 1000 0.80 3 553.89 413 INERT
CORNER_818 0 500 1000 0.80 3.3 488.82 4.41 INERT
CORNER_818 0 500 1000 0.80 3.6 437.03 4.69 INERT
CORNER_818 0 500 1000 0.80 3.9 386.26 4.79 INERT
CORNER_818 0 500 1000 0.80 4.2 339.88 478 INERT
CORNER_818 0 500 1000 0.80 4.5 297.66 4.66 INERT
CORNER_818 0 500 1000 0.80 4.8 267.39 4.68 INERT
CORNER_818 0 500 1000 0.80 5.1 238.53 4.60 INERT
CORNER_818 0 500 1000 0.80 5.4 215.76 4.57 INERT
CORNER_818 0 500 1000 0.80 5.7 195.71 453 INERT
CORNER_818 0 500 1000 0.80 6 180.32 4.56 INERT
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Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_524 0 1000 1000 1.13 2.7 951.69 3.93 Adiabatic
CORNER_524 0 1000 1000 1.13 3 919.43 5.14 Adiabatic
CORNER_524 0 1000 1000 1.13 3.3 881.27 6.41 Adiabatic
CORNER_524 0 1000 1000 1.13 3.6 841.32 7.71 Adiabatic
CORNER_524 0 1000 1000 1.13 3.9 798.19 8.95 Adiabatic
CORNER_524 0 1000 1000 1.13 4.2 764.25 10.37 Adiabatic
CORNER_524 0 1000 1000 1.13 4.5 722.19 11.49 Adiabatic
CORNER_524 0 1000 1000 1.13 4.8 688.21 12.76 Adiabatic
CORNER_524 0 1000 1000 1.13 5.1 655.28 13.96 Adiabatic
CORNER_524 0 1000 1000 1.13 5.4 611.41 14.47 Adiabatic
CORNER_524 0 1000 1000 1.13 5.7 566.70 14.65 Adiabatic
CORNER_524 0 1000 1000 1.13 6 520.60 14.45 Adiabatic
CORNER_624 0 1000 1000 1.13 2.7 736.32 2.46 Gypsum
CORNER_624 0 1000 1000 1.13 3 695.31 3.05 Gypsum
CORNER_624 0 1000 1000 1.13 3.3 629.93 3.41 Gypsum
CORNER_624 0 1000 1000 1.13 3.6 575.35 3.76 Gypsum
CORNER _624 0 1000 1000 1.13 3.9 512.56 3.88 Gypsum
CORNER _624 0 1000 1000 1.13 4.2 464.19 4.05 Gypsum
CORNER _624 0 1000 1000 1.13 4.5 420.37 4.16 Gypsum
CORNER _624 0 1000 1000 1.13 4.8 384.77 4.29 Gypsum
CORNER _624 0 1000 1000 1.13 5.1 353.16 4.40 Gypsum
CORNER_624 0 1000 1000 1.13 5.4 311.88 4.19 Gypsum

A-38




Table A-4 (continued)
Alternate corner surface results

Fire Location Factor — Wall and Corner Configuration Results

Case ID Le(;g)th I(-||(I3\I/R; o HR,IZQ\PU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrSc;Jprfearttciis
CORNER_624 0 1000 1000 1.13 5.7 280.59 4.08 Gypsum
CORNER_624 0 1000 1000 1.13 6 259.16 412 Gypsum
CORNER_724 0 1000 1000 1.13 2.7 661.07 2.05 Steel
CORNER_724 0 1000 1000 1.13 3 608.91 2.42 Steel
CORNER_724 0 1000 1000 1.13 3.3 550.34 2.69 Steel
CORNER_724 0 1000 1000 1.13 3.6 502.52 2.97 Steel
CORNER_724 0 1000 1000 1.13 3.9 452.05 3.12 Steel
CORNER_724 0 1000 1000 1.13 4.2 418.07 3.38 Steel
CORNER_724 0 1000 1000 1.13 4.5 385.29 3.58 Steel
CORNER _724 0 1000 1000 1.13 4.8 360.73 3.84 Steel
CORNER _724 0 1000 1000 1.13 5.1 344.84 4.23 Steel
CORNER _724 0 1000 1000 1.13 5.4 325.25 4.50 Steel
CORNER _724 0 1000 1000 1.13 5.7 305.80 4.71 Steel
CORNER _724 0 1000 1000 1.13 6 286.86 4.88 Steel
CORNER_824 0 1000 1000 1.13 2.7 657.46 2.03 INERT
CORNER_824 0 1000 1000 1.13 3 598.72 2.36 INERT
CORNER_824 0 1000 1000 1.13 3.3 552.18 2.71 INERT
CORNER_824 0 1000 1000 1.13 3.6 504.15 2.99 INERT
CORNER_824 0 1000 1000 1.13 3.9 449.01 3.09 INERT
CORNER_824 0 1000 1000 1.13 4.2 406.43 3.22 INERT
CORNER_824 0 1000 1000 1.13 4.5 365.44 3.27 INERT
CORNER_824 0 1000 1000 1.13 4.8 341.64 3.51 INERT

A-39




Fire Location Factor — Wall and Corner Configuration Results

Table A-4 (continued)
Alternate corner surface results

Case ID Le(?ng)th I(-||(I3\I/:§ o HREPU Dia(r::)ater D* | Hp (m) Temper(?::u)re Rise KE PrScl)Jprfeerltciis
CORNER_824 0 1000 1000 1.13 5.1 317.23 3.67 INERT
CORNER_824 0 1000 1000 1.13 5.4 288.98 3.68 INERT
CORNER_824 0 1000 1000 1.13 5.7 267.17 3.76 INERT
CORNER_824 0 1000 1000 1.13 6 246.81 3.80 INERT
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B

CHARACTERISTICS OF TRANSIENT FIRES FROM THE
FIRE EVENTS DATABASE

B.1 Characteristics of Transient Fires from the Fire Events Database

Table B-1 contains data from the EPRI Updated Fire Events Database from the 1990s and 2000s
for general transient fires. The first six columns provide the fire ID, power level, ignition source,
fire cause, damage extent, and additional information. Columns 7-9 present the categorization of
the transient fires to determine whether the combustible material is integral to the ignition
source. The following question is asked:

Question 1: Does the ignition source on its own contain sufficient combustible material to
be considered a significant transient combustible fire source? If so, the distance between
ignition source and combustible material is 0, and the second question, regarding the
locations of ignition source and transient combustible material, is not applicable. If not,
the second question must be answered.

Columns 10-12 complete the categorization of the transient fires to determine whether the
ignition source and combustible package were correlated or uncorrelated. The following question
is asked:

Question 2: Is the ignition source part of an activity that is likely to lead to the ignition
source and sufficient combustible material for a transient combustible fire being close
together (spatially correlated)? If the answer to the first question is yes, this is N/A.

A value of “1” is entered into the appropriate column. In some cases, when the answer was
unclear, a value of “0.5” was placed in two columns to represent equal probability of each answer.

Two fire events were excluded from the transient analysis, fire IDs 504 and 20313. Fire ID 504
had an unusual transient ignition source—debris from the auxiliary boiler that ignited. Fire ID
20313 has no description; therefore, no insights could be derived.

The summing of the results and calculating the fractions that describe the transient fires are
presented in Table B-2. Based on the results in Figure 4-4 (Chapter 4) and Table B-2, it is
interesting to note that the low power conditions have a higher fraction of uncorrelated transient
fires than the at-power conditions. The reason may be due to the type of work and housekeeping
practices that occur during low power. Tables B-3 and B-4 contain a list of the ignition sources
that are characterized as correlated and uncorrelated for the at-power and low-power conditions.
For low-power conditions, the ignition sources consist of more heaters, weld machines, and
equipment (for example, air compressor, floor scrubber) than in the full-power events, which
may be related to the type of work performed at low-power conditions.
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Characteristics of Transient Fires from the Fire Events Database

Table B-1

Characterization of transient fires from the EPRI Updated Fire Events Database

Fire ID

Power Level (AP =
At Power, LPSD =

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- . . S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Water cooler cord - burnt Electrical failure - overheating Confined to object of origin Burnt wire connection on the backside of the One electrical cord does not A water cooler cord could ignite a
236 insulation materials cooler; water cooler and coffee pot plugged into 1 contain sufficient combustible 1 nearby combustible, such as a trash can
LPSD extension cord; put out by unplugging; single material. for water cups, and so on.
cable, insulation on cord burned.
Overheating electrical Electrical failure - overheating Confined to object of origin Overload of electrical cables in laundry trailer The overloaded cables within the The heater is likely to be close to other
238 wiring materials portable heater; suppression by removing power. 1 portable heater do not contain 1 combustibles in association with an
AP sufficient combustible material. activity that requires heating for personal
comfort.
Light string heated up wood | Personnel error - misuse of Confined to room of origin Light string lying on top of wood wire reel ignited; A light string does not contain Very little info provided; however, the
246 reel and ignited material ignited temporary electrical wiring. 1 sufficient combustible material. 1 intersection of combustible and
LPSD temporary light string implies a
correlated activity.
Temporary electrical wiring Electrical failure - overheating Confined to object of origin No description provided. Fire Events Database A minimal amount of temporary Due to the lack of description, assumed
259 materials attributes include high-level event description: electrical wiring does not contain that the electrical wiring could have
AP temporary electrical wiring or equipment; light 1 sufficient combustible material. 1 been located near to a combustible.
smoke coming from ignition source - minor or no
visibility reduction in vicinity of fire.
Overheating electrical Electrical failure - overheating Confined to object of origin Overheating at electrical connections caused Electrical connections alone do not Based on the information provided and
20277 - . - h - h
LPSD connections materials fire. 1 contain sufficient combustible 1 power mode (L'PSD), assumed that work
material. activities were in progress, and
combustibles may be correlated.
Clothing Unknown Unknown Cloth; cellulosic materials including wood, paper No information regarding ignition Although the ignition source is not
or other solid transients; no information given as source; however, clothing does not known, the secondary combustible
20289 to ignition source. Fire was detected by roving 1 contain an ignition source. Thus, 1 (clothing or cloth) indicates work activity
LPSD fire watch. this is classified as correlated is likely.
(ignition source in contact with
secondary combustibles).
Electrical fault in temporary | Electrical failure - overheating Confined to the object of origin Temporary light was left on and caused an Temporary electrical wiring does Due to the presence of temporary
20297 light materials electrical fault. Cable insulation burned. not contain sufficient combustible lighting and the operating mode (LPSD),
LPSD 1 material alone. 1 it is likely that work activities were
underway. Therefore, it is assumed that
combustibles may be located nearby.
Tea kettle (combustible Electrical failure - overheating Confined to the object of origin Tea kettle with combustible liquid. Suppressed The tea kettle contained
20304 liquid) materials by fire watch during construction work during combustible material. The ignition
LPSD shutdown. 1 source was electrical failure. 1
Consider the ignition source and
combustible as integral.
Short in electrical cord Electrical arcing or sparks (non- Confined to the object of origin A short duration fire occurred that was caused A short in an electrical cord is the Occurred during maintenance activities;
HEAF) (localized/single subcomponent) by a short in the electrical cord connections for a ignition source. The equipment therefore, the ignition source is
wetwell cleanup filter crusher and the temporary being tested appears to be small (a considered correlated.
50608 power supply “bang box.” The fire was due to 1 subcomponent, it is reported) and, 1
LPSD faulty wiring in a three-way “pig” extension. therefore, not a significant
combustible itself.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Characteristics of Transient Fires from the Fire Events Database

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- . ; S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Floodlight burst (hot Electrical failure - overheating Confined to part of room or area of | Contract employee reported burning smell and The ignited hose is separate from The floodlight is in a temporary building,
fragments ignited hose) materials origin discovered fire inside a metal building. The fire the floodlight, thus, by definition, a presumably erected for the same activity
was located in an area of plastic-covered hose correlated ignition source. that involved the coiled hose. Therefore,
being stored on the floor of the building. The fire, there is reason to suppose that the hose
which reached a level requiring the plant fire was near the floodlight because they
brigade, was started by hot fragments of glass both were part of the same activity.
125 blown from the lamp in a nearby quartz halogen
AP portable light. The fragments were not contained 1 1
within the floodlight canister because the
floodlight tempered glass door had been
removed. Fire hose was used to extinguish fire.
Fire was localized within a 3 ft area near the
center of the building. Burning material was
coiled cask pit transfer hose in plastic wrapping
and several nylon strings.
Temporary air compressor Unknown Unknown Fire reported at the base of the unit aux air lock A typical small temporary air No activity is mentioned or implied that
515 in a temporary air compressor. 1 compressor does not contain 1 would cause there to be a sufficient
LPSD sufficient combustible material to nearby collection of combustible
generate a significant HRR. material.
Altered extension cord Electrical failure - overheating Confined to structure of origin - At 17:00, one of the two 2000 watt heaters was An extension cord alone does not Yes. The altered extension cord and the
materials Classified this way because the energized in preparation for the next day’s work contain sufficient combustible poor housekeeping practices contributed
fire was in the stressing gallery, activities. Over the next 10 hours, one of the material. to this fire event. This is a correlated
30314 but the door was open to the aux extension cords heated up to the point that a fire transient fire event where the ignition
AP building, and smoke and heat set started and ignited rhino cloth and herculite. The 1 1 source and secondary combustibles
off the fire detection system in the overloaded extension cord caught a radiation were in close proximity
adjacent room. protection (RP) clothing bag that was on the
cord. Heavy smoke was generated,; fire detection
and suppression systems operated.
Portable space heater Electrical failure - overheating Confined to object of origin While performing coating repairs on a heat The portable space heater does not Although this occurred during work
materials exchanger, a portable space heater was issued contain sufficient combustible activities, the review insights indicate
and hooked up. The heater was used to fast material. that the space heater was not located
cure the applied coatings. The heater was shut near combustibles or the general work
off, and during that time, an inspection was area.
SL(I)D?)S7S performed on the west end of the heat 1 1

exchanger. While the painter was walking back
to the east end, he noticed smoke. It was
determined that the heater malfunctioned and
caught fire.
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Characteristics of Transient Fires from the Fire Events Database

Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Question 1
Does the ignition source on its own contain

sufficient combustible material to be considered a
significant transient combustible fire source? If

so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- . - R
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Floor scrubber battery Electrical failure - overheating Confined to object of origin Battery on floor scrubber was smoking, and In this event, the fire was limited No evidence in the report of nearby
materials visible flames were observed. An |I&C technician (as evident in extinguishment by combustibles or work activity. Therefore,
extinguished the fire by blowing on the flames. blowing); however, the floor assume activity is uncorrelated.
Flames were limited to the negative battery scrubber is a substantial piece of
terminal of the lower battery. The I&C technician equipment, and thus a 50/50
suspects that the terminal may have been loose, probability is assigned.
50796 causing an overheat condition. Top of the battery
LPSD was melted. 0.5 0.5 0.5 0.5
Faulty plug — extension Electrical failure - overheating Confined to object of origin Plant personnel noticed a bit of smoke between The extension cord alone does not Assign a 50/50 split between correlated
cord materials the main steam isolation valves. While searching contain sufficient combustibles to and uncorrelated. Event description
for the source of the smoke, flames shot up from generate a substantial fire. mentioned welding activities, which
an electrical cord. Personnel extinguished the would not likely involve nearby
flame with a Class ABC extinguisher, which had combustibles; however, the event
been staged for welding activities. While description suggests a transition to
50809 personnel shot the fire with the extinguisher, 1 05 05 welding activities.
LPSD another worker in the room unplugged the plug ' ’
at the source to eliminate the electricity to the
plug. After the fire was extinguished, plant
personnel overhauled the electrical equipment
that had burned and removed it from the area.
The cause was found to be a faulty plug on a
temporary light.
Temporary lighting fixture Overheated materials (lube oil, Confined to object of origin At 20:10 CST, a station operator detected a fire The light itself does not contain Yes, per the event description, work
pump packing, thermal insulation, on top of a charcoal absorber bed in the sufficient combustible material. The activities were in progress.
and so on) augmented offgas system room. The site fire insulation also does not seem to
81 brigade was dispatched to the scene and contain sufficient combustible
AP extinguished the fire at 20:32 CST. Fire was 1 material. Therefore, the need for an 1
caused by ignition of insulation by a temporary additional combustible is
lighting fixture installed for maintenance postulated.
activities.
Oil leaked from reservoir Overheated materials (lube oil, Unknown Very little detail provided, summary of “oil that The oil source is assumed to be No activity is mentioned or implied that
pump packing, thermal insulation, was leaking from a reservoir came in contact part of the same equipment that would cause there to be a sufficient
20281 and so on) with some hot pipes and began to smoke.” contains the hot pipe and insulation nearby collection of combustible
AP 0.5 0.5 materials. The oil leak and 0.5 0.5 material.
insulation may or may not contain
sufficient combustible material.
50% probability assigned.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Characteristics of Transient Fires from the Fire Events Database

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- : - S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Smoldering oily rags on top | Personnel error: misuse of No damage Rags used to clean the D/G fuel injectors were The incandescent light bulb and The rags were placed on the drop light
of a drop light heating devices left on top of a turned-on light. The light was a rags represent a minimal bulb during maintenance.
20303 plastic-coated metal trouble light. Oily rags were combustible.
LPSD discovered smoldering on the top of a drop light 1 1
(incandescent bulb). The fire was extinguished in
the incipient stage. Damage was limited to the
drop light cord and rags.
20336 Rags, paper, foam (in yard) | Unknown No damage Little description available — minor rubbish fire. The ignition source is not noted,
The point of origin was rags, paper, and foam. 1 but it may be integral to the trash 1
AP p 9 gs, paper, y! 9
(such as oil-soaked rags).
Heater Personnel error: misuse of Unknown Stress relief heater ignited paint on the floor. The stress-relief heater does not The welding stress relief heater is used
heating devices contain sufficient combustible to warm up areas near welds. It is
material. The paint on the floor is deduced that the heater pad came in
not a sufficient combustible. contact with the floor and briefly ignited
20341 the painted floor. Although this appears
LPSD 1 1 to be a correlated event, the painted
floor is an unusual secondary
combustible that is unlikely to contribute
significantly to a fire of significant HRR
and duration. Event assumed to be
uncorrelated.
480 V extension cord Electrical failure - overheating Unknown 480 V extension cord overheated from use of The plug end of the extension cord There is little narrative provided, but it
20361 materials heavy amp machine. No damage other than the overheated. This does not has been assumed that the extension
AP plug ends of the extension cord. 1 rgpr(_e_sent the potential for a _ 1 corq is associated with a maintenance
significant fire unless combustibles activity.
are nearby.
Wiring in main condenser Electrical failure - overheating Unknown This fire was during refueling, and it appears that The ignition source was the Controls during welding would preclude
20373 materials there was welding within the condenser. welding inside the main condenser. any extra combustibles stored nearby.
LPSD 1 Insufficient combustibles on its 1
own.
480 V power outlet Electrical failure - overheating Confined to object of origin Electrical fire on service building loading dock. A The power outlet became This outlet was being used for
492 materials 480 V power outlet became overheated and overheated. This does not temporary freeze protection, not for an
AP caught fire. This outlet was to supply power for 1 represent the potential for a 1 activity that would have involved the
temporary freeze protection. significant fire unless combustibles collection of sufficient combustible
are nearby. material.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- . ; S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning

Temporary air conditioner Electrical arcing or sparks (non- Confined to the object of origin An enclosed office was built in the bay of the An air conditioner would not The enclosed area was in the process of
high-energy arcing fault [HEAF]) (localized/single subcomponent) diesel generator building. This office was built for contain sufficient combustible being dismantled; therefore, for the

the purpose of having an area to work on material to generate a large purpose of this review, the demolition is
security equipment (cameras, monitors, and so damaging HRR. akin to maintenance/work.
on). The office was equipped with a window air
conditioner unit to maintain a desirable
temperature for human occupation and for the
equipment. The facility had not been used for
10628 several years. It was determined that the facility 1 1

AP needed to be demobilized. Craft personnel were
in the process of removing the structure and the
A/C unit when they noticed smoke and flames
coming from the unit. They immediately
responded to the unit with a fire extinguisher, put
the fire out, and notified the main control room
(MCR). Occurred during work, so the fire was
quickly extinguished.

Paint thinner Overheated materials (lube oil, Confined to the object of origin While coating activities were taking place in a The ignition source is the spray gun The use of the spray gun is likely to be
pump packing, thermal insulation, | (localized/single subcomponent) confined space, the thinner being used to clean and the paint thinner (flash point accompanied by transient combustibles,
and so on) the spray gun ignited and caught fire. The around 100°F) is the combustible. such as the paint thinner. Therefore, this

30333 painters performing the activities attempted to 1 A small amount is put in contact 1 event is classified as correlated.
AP extinguish the fire for a few seconds but were with the gun, which would probably
unsuccessful; the fire brigade extinguished the not produce a fire of sufficient HRR
fire. and duration.
Forklift battery Electrical failure - overheating Confined to the object of origin Battery shorted and caught fire. The cause of the The battery for the forklift would not Unclear from the event narrative what
materials (localized/single subcomponent) fire was that the tie-down bracket holding the contain sufficient combustible the forklift activity was for. Assigned a
battery came in contact with the positive terminal material to be considered integral; 50/50 probability to account for
30418 of the battery. Fire brigade was called but not 1 additionally, the fire was on top of 05 05 possibility of nearby combustibles.
LPSD needed; the forklift operator extinguished the the battery. The highest HRR used ' ’

fire.

for station batteries is 69 kW, and
the forklift battery would have less
combustible material.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Characteristics of Transient Fires from the Fire Events Database

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- : - S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Cardboard (chart box Overheated materials (lube oil, Confined to the object of origin Operating rover was performing outside rounds The ignition source appears to The presence of the boxes appears to
paper, spill kit box) pump packing, thermal insulation, | (localized/single subcomponent) at the LSH. When he entered the LSH, he have been something outside the be correlated with activities that involve
and so on) noticed a funny smell. Investigation led him to boxes but within the control panel. the control panel and an associated
the traveling screen control panel. When he There was no mention was made chart recorder.
opened up the back of the panel, he found a of self-igniting material in the
chart paper box and a spill kit box (both boxes. The boxes and their
cardboard) on the floor. Both were smoldering. contents are considered to
30459 He pulled both boxes out of the panel and constitute sufficient combustible
AP encountered a small amount of flame. He placed 1 material if ignited inside the control 1
the two boxes on the floor and used a dry panel and allowed to burn. The
chemical fireextinguisher to extinguish the flame. chart paper box may have
contained a stack or rolls of chart
paper. The spill kit box may have
contained components of a spill kit,
such as pads, gloves, sorbent
material, bags, instruction sheets,
and safety glasses.
Sweatshirt draped over a Overheated materials (lube oil, Confined to the object of origin A sweatshirt draped over a quartz light caught A light string combined with a The sweatshirt, draped over a quartz
light caused the fire pump packing, thermal insulation, | (localized/single subcomponent) fire. Flaming combustion — external to the sweatshirt does not contain light on a lift, is not a sufficient
30566 and so on) component. sufficient combustible material. combustible. However, other
AP 1 1 cc_)mbustlbleT r_naterlal may be associated
with the activity.
Bird's nest in a pump Other Confined to object of origin During a startup of the fire pump (FP) A diesel, The ignition of the bird’s nest in the Although a test activity, it is unlikely that
exhaust caused heavy the pump room very quickly filled with dense exhaust pipe does not represent a this event is correlated with a sufficient
smoke black smoke, which was seen coming from the condition that may cause damage amount of combustible material.
point where the diesel joins the exhaust pipe. to secondary targets (appears likely
The operator stopped the pump using the hand that the exhaust pipe discharges to
30604 switch on the front of the diesel and informed the an outside area).
AP main control room. Rusty screens on the FP 1 1

diesel exhausts allowed biofouling, which
created a hazardous condition in the FP room.
Area operator reported no flames present, but
remnants of a smoldering bird’s nest were
lodged in the exhaust manifold screen.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Question 1
Does the ignition source on its own contain

sufficient combustible material to be considered a
significant transient combustible fire source? If

so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- . ; S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning

Lamp Electrical failure - overheating Confined to object of origin While replacing a lamp, the lamp blew out and A lamp/light bulb does not contain No combustible material other than the

materials caught on fire. The switch became unusable. sufficient combustible material. lamp is mentioned. The lamp
This caused the valve that supplies sample to replacement activity is not expected to
the CT lab to close and not allow sample to flow. be associated with sufficient
Fire was put out quickly with no other problems combustible material. Therefore, the
30717 encountered. Flaming combustion — internal to locations of the ignition source and
AP the component; Light smoke coming from 1 1 sufficient combustible are judged to be
ignition source - minor or no visibility reduction in uncorrelated.
the vicinity of the fire; temperature at or close to
ambient
Cigarette box Unknown Confined to object of origin A cigarette box was on fire with shooting flames A cigarette box by itself is not a Smoking would not be associated with
and bellowing smoke near the scrubber test sufficient combustible. collection of extra combustibles.
30757 shop. The cigarette box was next to a metal 1 1
AP building with a wooden floor. A large Igloo water
cooler was located to eventually put out the fire.

Strip heater Overheated materials (lube oil, Confined to the object of origin This condition report is to document a strip A strip heater alone does not No activity was ongoing nearby when
pump packing, thermal insulation, | (localized/single subcomponent) heater fire in the boric acid addition tank room. contain sufficient combustible the fire occurred. Sufficient combustible
and so on) At 0854, the control room received a fire material. material was not ignited. Therefore, the

detection alarm with four detectors in alarm for location of an unspecified combustible is
50504 the BAAT room. The SEO was dispatched to 1 1 not correlated with the location of the
LPSD investigate, and the station fire alarm sounded to ignition source.
activate the fire brigade. The fire brigade
responded; determined the source of the fire,
which was one of the strip heaters; and
de-energized all strip heaters.
Steam leak on electrical Overheated materials (lube oil, Confined to object of origin A steam leak on an electrical extension cord The steam leak on an extension Due to the presence of intermediate
extension cord caused pump packing, thermal insulation, started a fire on the lagging. The fire was put out cord is the ignition source. The combustibles in the event, this is
23 wetted lagging and and so on) with dry chemicals, but the fire reflashed and 1 extension cord itself does not 1 considered correlated.
AP insulation to ignite was put out by the fire brigade. The time from constitute an integral source.
ignition and reflash to complete extinction was
40 minutes.
Short in electrical cord Electrical failure - overheating Confined to object of origin Very little information provided. Overcurrent of An electrical cord alone does not The description does not refer to the
208 materials an internal short. The fire was put out by tripping contain sufficient combustible electrical cord as an extension cord,
AP the breaker and unplugging the cord. 1 material. 0.5 0.5 which would have implied an activity.
Therefore, a 50% probability of
correlation is assigned.

Vacuum cleaner Electrical failure - overheating Confined to part of room or area of | Smoke observed in the turbine building (TB). A vacuum cleaner may contain

244 materials origin Fire brigade responded and extinguished the 1 sufficient combustible material to 1
LPSD vacuum cleaner. qualify as integral.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Characteristics of Transient Fires from the Fire Events Database

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- . ; S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Excess wire ignited by oven | Personnel error: misuse of Confined to object of origin Very little description provided. Excess wire was Wire insulation does not contain Unable to determine any more details
20300 heating devices ignited by oven. sufficient combustible material. from the event report. 50%/50%
LPSD 1 0.5 0.5 probability assigned to each.

Plastic emergency lighting Overheated materials (lube oil, Confined to object of origin Very little description provided. Initiating The emergency light appeared to Emergency lighting is permanently
pump packing, thermal insulation, equipment was an emergency light and the have come in contact with plastic, located in the plant for when power goes
and so on) initiating combustible was plastic. resulting in an overheating out. It is not purposely placed near work

20301 1 condition. This would likely lead to 1 activities. Therefore, the location of an
AP melting of the plastic. The plastic unspecified combustible is not
associated with the emergency correlated with the location of the
light would not be enough to ignition source.
generate a 317 kW fire.
Trash Personnel error: misuse of No damage Very little description of event. Misuse of heating An unspecified heating device is The heating device may have been in
heating devices device and trash are the only attributes the ignition source, and trash is the use at a work station that had a trash bin
20326 mentioned in the fire event. combustible material. The heating nearby. 50% probability assigned.
LPSD 1 device does not appear to 0.5 0.5
constitute a sufficient combustible
by itself.
Vacuum cleaner Unknown Confined to object of origin Vacuum cleaner caught on fire. Type of A vacuum cleaner may contain
extinguisher not specified in report. At 1134, the sufficient combustible material to
control room was notified by the WWC of a qualify as integral.
vacuum cleaner fire on the TB mezzanine. A
266 quality control inspector in the area put out the
AP fire with a fire extinguisher and notified the 1 L
WWC. An NAO was dispatched and verified that
the fire was extinguished. The vacuum was
removed from the TB and overhauled with 10
gallons of water.
Portable plug in hot Personnel error: misuse of No damage While on rounds, a contractor reported smelling The hot plate is the ignition source, The hotplate involves activity that could
plate/linseed oil heating devices smoke in the vicinity of the station air receivers. and the linseed oil is a separate involve other combustibles being placed
Upon investigation, he found a small fire on a hot combustible material that may be nearby.
plate in the vicinity of #2 MFP. The hot plate was near the hotplate for a work activity.
being used to heat a linseed oil compound for
350 sealing the #2 MFPT, which overflowed onto the 1 1
LPSD hot plate and caught fire. The control room was

informed, and the fire brigade was called. A fire
extinguisher was brought to the scene, but the
fire burned out before the extinguishing agent
was applied. Fire duration was estimated at less
than 5 minutes.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =
Low-Power-

Shutdown)

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition
source and transient combustible material, is not
applicable. If not, the second question must be
answered.

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Ignition Source

Fire Cause

Damage Extent

Additional Information

Yes No Reasoning

Yes No N/A Reasoning

10492
LPSD

Temporary 480 V power

Electrical arcing or sparks (non-
HEAF)

Confined to the object of origin
(broad/extensive damage) —
classified this way due to
personnel injury

While reworking temporary 480 V power to a
temp electrohydraulic control (EHC) skid on the
unit 2 turbine deck, an arc flash occurred. One of
the two NSS supplemental electricians involved
received minor burns to his right hand and arm.
The employee was transported to UVA after
being seen by the nurse. The cord and
connectors were damaged.

The temporary 480 V power to the
temporary skid does not contain
significant combustibles.

Due to location (near the EHC skid), it is
assumed that the temporary power is
near to hydraulic oil. Correlation with
work is assumed.

10555
LPSD

Arcing cable ignited rag

Electrical failure - overheating
materials

No damage

During the night-shift, pre-heat cables, which
were newly installed in the moisture separator
room, were being tested and started arcing,
causing a fire. A splitter (Y connector) that had
one end not in use had bad insulation and was
touching a scaffold. When power was applied, it
started arcing and set a rag on fire. The smoke
from the burning rag set off the smoke detectors.
Two maintenance/maodifications fire-watch
personnel extinguished the fire. Fire ops and
operations responded to the fire. Safety was
notified, and there were no injuries to any
personnel or plant equipment. Fire ops has
requested that all heat wrap pads and cables be
inspected before any further weld joints are
heated. It was agreed upon that one fire-watch
would be placed at each post heat wrap for the
time remaining on each wrap that was in process
at the time of this incident. Once the wraps were
completed, a stand-down was held, and all pads
and cables were inspected for damage and
repaired as needed.

An electrical cable does not contain
sufficient combustible material.

Yes, heat and the combination of cables
and rags constitute a correlated work
scenario.

30277
AP

Smoldering oily rags

Unknown

Confined to object of origin

Contractor reported to control room that there
was a smoldering trash can fire that they
discovered in the TB. They discharged a CO,
extinguisher to combat the problem. FUS and TB
1 NPO dispatched. FUS reports a 55 gallon
drum with smoldering oily rags was in the area of
concern and there is no fire, Provisions are
underway to remove the suspect rags from the
drum.

The oily rags in a 55 gallon drum
constitute a sufficient integral
ignition source and combustible.




Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =
Low-Power-

Shutdown)

Characteristics of Transient Fires from the Fire Events Database

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition
source and transient combustible material, is not
applicable. If not, the second question must be
answered.

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Ignition Source

Fire Cause

Damage Extent

Additional Information

Yes No Reasoning

Yes No N/A Reasoning

30322
LPSD

Temp kidney loop pump
heater

Overheated materials (lube oil,
pump packing, thermal insulation,
and so on)

Confined to the object of origin
(localized/single subcomponent)

A temporary kidney loop oil heater caught on fire
at the top heater element flange. The kidney
loop pump and heater were placed in operation
at 10:30 on 10/27/06 in unit track bay. The
system was being monitored on the hour by a
millwright and fire watch for system operation,
temperature, and differential pressure. At 17:20
a millwright moving empty oil drums observed a
temperature increase on the heater and a small
fire at the top heater element flange. A fire
extinguisher was used to put out the fire.

The ignition source includes oil that
could spill out and ignite. Consider
this as an integral source.

30330
LPSD

Temp kidney loop pump
heater

Overheated materials (lube oil,
pump packing, thermal insulation,
and so on)

Confined to the object of origin
(localized/single subcomponent)

At approximately 22:20, a millwright reported to
me that the kidney loop pump was not running
and that the heater temperature was > 300
degrees, smoking, and he had shut off the power
to the heater. He also stated that he saw a small
flame coming out by the upper insulation.

The ignition source includes oil that
could spill out and ignite. Consider
this as an integral source.

30350

Trash can smoldering

Other

Confined to object of origin

On 7/26/04, a security officer contacted the
control room at 06:08 hours, to inform them that
an overfilled trash receptacle, located just east of
the 4160 volt switchgear room, was producing
large quantities of smoke. The fire brigade
leader responded to the area to investigate. The
brigade Leader was on scene 2 minutes (06:10
hours) after the incident was reported to the
Control Room. The brigade leader observed
smoke coming from the trash can, but did NOT
see any visible flames and did not request the
fire brigade to be activated. The security officer
and the fire brigade leader extinguished the fire.
One 5 Ib dry chemical fire extinguisher and
approximately 20 gallons of water were used.
The smoldering fire was extinguished at 06:15
hours.

The ignition source is not noted,
but it may be integral to the trash
(such as oil soaked rags).

30361
LPSD

Cardboard box against
heater strip

Personnel error: misuse of
heating devices

Confined to the object of origin
(localized/single subcomponent)

A fire occurred in a metal gang box being used
as a heater/temperature control for generator
phase links. Cardboard boxes were placed in the
box against the heater strip causing the boxes to
catch on fire. Fire brigade responded to this
event.

The heater strip would not contain
sufficient combustible material. The
cardboard boxes are not integral to
1 the heater strip.

The metal box next to the heater strip
appears to have been a convenient
place to put cardboard boxes. This is
1 counted as an associated activity.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the
answer to the first question is yes, this is N/A.

Low-Power- : - S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Cigarette butt container Overheated materials (lube oil, Confined to the object of origin Cigarette butt container on the south end of the A cigarette container itself is not a Smoking would not be associated with
pump packing, thermal insulation, | (localized/single subcomponent) turbine deck caught on fire. The container was sufficient combustible. collection of extra combustibles.
and so on) completely full, which caused a hole to melt into
30380 the top. The hole provided additional oxygen to
LPSD support continuous cornbustlop. Watgr was 1 1
poured onto the container, which extinguished
the fire immediately. There was no damage to
any other equipment or injuries to plant
personnel.
Temporary valve label Unknown No damage Found temporary valve label burning on valve The valve label is integral to the No sufficient transient combustible is
bonnet after getting a report of something valve, but not a sufficient mentioned or implied. No activity is
30408 burning in area around waterbox outlet manway. 1 combustible. 1 mentioned or implied. Therefore, there is
AP no apparent correlation between the
ignition source and a sufficient transient
combustible.
Welding rod ovens with Other Confined to object of origin Three welding rod ovens were plugged in The oven itself does not contain Since neither the oven nor the paper
paper instructions smoked (energized) with operating instructions inside sufficient combustible material to instructions constitute integral
30421 resulting in a contained burning of the paper. 1 become a significant fire. The 1 combustibles, and there is no mention of
LPSD Personnel noticed the smoke and unplugged the paper instructions inside are not nearby combustibles, this has been
ovens. sufficient combustible material. classified as uncorrelated.
Electrical fire in weld Electrical failure - overheating Confined to object of origin When the crew returned from break, they re- The welding machine would not Based on welding practices (minimizing
machine materials energized the weld machine, and it immediately contain sufficient combustible combustibles) and the event report, this
started smoking. On March 26 at 04:54 hours, a material. event has been classified as
fire was reported in a welding machine in the TB uncorrelated.
feedwater heater corridor area by the work group
30508 using the machine. The MCR entered the fire
LPSD procedure and made a PA announcement to 1 1
evacuate the area and dispatched the fire
brigade. The fire brigade arrived and reported a
small electrical fire in a weld machine. The
machine was de-energized and a CO, hand
portable fire extinguisher was used to extinguish
the residual flame.
Power cord in weld Electrical failure - overheating Confined to object of origin At approximately 22:00, open flame was The power cord to welding machine Based on welding practices (minimizing
machine materials observed on the power cord leading to a weld would not contain sufficient combustibles) and the event report, this
machine. The weld machine was turned off, and combustible material. event has been classified as
the flame went out. Investigation revealed that uncorrelated.
30512 one of the 100 V wires shorted out through the 1 1
LPSD jacket and grounded to the wire mesh around

the 240 V feed. Additionally, there was installed
fire suppression, but it did not actuate as the fire
was very small and not of sufficient intensity or
duration to initiate wet pipe suppression.
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Table B-1 (continued)
Characterization of transient fires from the EPRI Updated Fire Events Database

Fire D

Power Level (AP =
At Power, LPSD =

Characteristics of Transient Fires from the Fire Events Database

Question 1

Does the ignition source on its own contain
sufficient combustible material to be considered a
significant transient combustible fire source? If
so, the distance between ignition source and
combustible material is 0, and the second
guestion, regarding the locations of ignition

Question 2

Is the ignition source part of an activity that is likely to lead to the
ignition source and sufficient combustible material for a transient
combustible fire being close together (spatially correlated)? If the

answer to the first question is yes, this is N/A.

Low-Power- : - S
source and transient combustible material, is not
Shutdown) applicable. If not, the second question must be
answered.
Ignition Source Fire Cause Damage Extent Additional Information Yes No Reasoning Yes No N/A Reasoning
Fire in oil bucket Overheated materials (lube oil, Confined to object of origin Active fire in an oil bucket located at the TB 3rd No ignition source is mentioned.
pump packing, thermal insulation, floor. Immediate entry into fire brigade response Therefore, the source is assumed
and so on) procedure was initiated. A fire brigade qualified to be integral with the combustible
NEO in the control room at the time of the (such as an oil-soaked rag).
30752 emergency line call was dispatched to perform a
AP first assessment. 07:46 the fire was reported as 1 1
"OUT" and announced over PA system and
radio system. Command reports two CO; fire
extinguishers were used to extinguish localized
active fire.
Plastic light bulb enclosure Personnel error: misuse of Confined to the object of origin On 09/23/08 at approximately 04:42, smoke and The plastic I|ght.bu|b e:'n.closures The presence of NDE inspectors, safety
material ignited (localized/single subcomponent) visible flames were observed by two NDE would no_t contain _sufflment watch, and temporary lighting indicate
inspectors who were entering the moisture combustible material. the presence of maintenance or work
separator to perform an inspection of activities.
downcomer piping under the false bottom. The
50833 source of the fire was identified at two 1 1
LPSD incandescent light bulb enclosures (made of
plastic) that came in contact with each other.
The moisture separator safety watch, from a
safe distance, put the fire out using a purple K
dry chemical fire extinguisher.
Sum= 10 44 25.5 18.5 10
Xim XCON XUHCOI’I’
0.19 0.47 0.34
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Table B-2
Calculating results for characterization of transient fires
Power Level
Result
All Levels At Power Low Power
Numbe_r of transuantﬂres considered Integral 10 55 45
(Question 1 answer = yes)
Numbe_r of transient ﬂres NOT considered Integral 44 175 26.5
(Question 1 answer = no)
Int It ient ianit 10/(10+44) 5.5/(5.5+17.5) | 4.5/(4.5+26.5)
ntegral transient ignition sources, X; =019 = 0.24 =015
Numbe_r of transient Eres considered correlated 25 5 115 14
(Question 2 answer = yes)
Correlated ianiti 25.5/(10+44) | 11.5/(5.5+17.5) | 14/(4.5+26.5)
orrelated ignition sources, X o, =047 =050 =045
Numbe_r of tran3|ent£|res considered uncorrelated 185 6 125
(Question 2 answer = no)
U lated ianiti 18.5/(10+44) 6/(5.5+17.5) 12.5/(4.5+26.5)
ncorrelated ignition sources, X,ncorr =0.34 =0.26 = 0.40
Table B-3
Correlated and uncorrelated ignition sources for transient fires—at full power
Number of

At Power Ignition Source

Number of Correlated
Transient Fires

Uncorrelated Transient

Fires

Short in electrical cord

0.5

0.5

Overheating electrical wiring

1

Temporary electrical wiring

Floodlight burst (hot fragments ignited hose)

Altered extension cord

Temporary lighting fixture

480 V extension cord

Temporary air conditioner

Paint thinner

Cardboard (chart box paper, spill kit box)

Sweatshirt draped over lift

Steam leak on electrical extension cord caused
wetted lagging and insulation to ignite
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Table B-3 (continued)
Correlated and uncorrelated ignition sources for transient fires—at full power

At Power Ignition Source Number Qf Correlated Number of_ Unco_rrelated
Transient Fires Transient Fires
Oil leaked from reservoir (0.5 05
considered integral) '
480 V power outlet 1
Bird's nest in pump exhaust 1
Cigarette box 1
Plastic emergency lighting 1
Temporary valve label 1
Totals 11.5 6

Table B-4

Correlated and uncorrelated ignition sources for transient fires—low power

Low Power Ignition Source Number c_Jf Cor_related Number of_ Unco_rrelated

Transient Fires Transient Fires

Faulty plug — extension cord 0.5 0.5
Forklift battery 0.5 0.5
Excess wire ignited by oven 0.5 0.5
Trash 0.5 0.5
Water cooler cord - burnt insulation 1
!_ig_ht string heated up wood reel and 1
ignited
Overheating electrical connections 1
Clothing 1
Electrical fault in temporary light 1
Short in electrical cord 1
Smoldering oily rags on top of light 1
Portable plug in hot plate/linseed oil 1
Temporary 480 V power 1
Arcing cable ignited rag 1
Cardboard box against heater strip 1
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Table B-4 (continued)

Correlated and uncorrelated ignition sources for transient fires—low power

Low Power Ignition Source

Number of Correlated
Transient Fires

Number of Uncorrelated
Transient Fires

Plastic light bulb enclosure

1

Temporary air compressor

Portable space heater

Floor scrubber battery (0.5
considered integral)

Heater

Wiring in main condenser

Lamp

Strip heater

Cigarette butt container

Welding rod ovens with paper
instructions smoked

Electrical fire in weld machine

Power cord in weld machine

Totals

14

12.5

B.2 MATLAB Files

The following code calculates Wp(r) for r=0.05 to 2 m for qcrit=6 to q=20:

File: Trans_q_r_set.m

qcrit=4 %qcrit in units of kW;

alpha=1.8;%alpha in gamma distribution for transient fires

beta=57.4;%beta in gamma distribution for transient firesr=0.5

f = @(Q) Q.*(alpha-1).*exp(-Q./beta)./(beta.*alpha.*gamma(alpha))

%Test1 = integral(f,0,inf)
rad=0.4

fileID=fopen('output-q_vs_r vs_Wp_Xr4.txt', 'w'");

fori=1:8
qcerit=qcrit+2

fprintf(filelD,'%6s %8.1f\n','qcrit=",qcrit);

fprintf(fileID,'%6s %10s\n','r(m)','Wp");
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r=0
for j=1:40
r=r+0.05

ff = @(q) (4.*pi.*r.*2./rad).*(4.*q.*pi.*r.*2/rad).*(alpha-1).*exp(-
4.*q.*pi.*r.A2./rad./beta)./(beta.*alpha.*gamma(alpha))

Wp=1-integral(ff,0,qcrit)

A=[r; Wp];

fprintf(filelD,'%8.3f %9.6f\n",A);
end

end

fclose(filelD)

The following code calculates Wp(L) for L=0.1 to 2 m with 100,000 Monte Carlo steps:

File: TransHRR_Random_Xr4_SD_partl.m

%-- 3/19/2015 --%

Y%qcrit in units of kW; gcrit varies between glow and ghigh
glow=6;

ghigh=20;

alpha=1.8;%alpha in gamma distribution for transient fires

beta=57.4;%beta in gamma distribution for transient fires

f= @(Q) Q.*alpha-1).*exp(-Q./beta)./(beta.*alpha.*gamma(alpha));

%Test1 = integral(f,0,inf)

rad=0.4;

size=100000;

filelID=fopen('output-Xr4_SD_part1.txt', 'w');
fprintf(filelD,'%6s %8.1f\r\n",'qlow=",glow);
fprintf(fileID,'%6s %8.1f\r\n’,'qhigh=",ghigh);
fprintf(filelD,'%23s %8.0f\r\n",'Number of Realizations=',size);
fprintf(fileID,'%6s %10s %10s\r\n','L(m)'",'Wpave','StdDeV');
L=0;

for j=1:20

Whptot=0;

L=L+0.1
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WpSqg=0;

for i=1:size;

X1=rand*L;

Y1=rand*L;

X2=rand*L;

Y2=rand*L;
r=sqrt((X1-X2)"2+(Y1-Y2)"2);
gcrit=(ghigh-glow)*rand+qlow;

ff = @(q) (4.*pi.*r.*2./rad).*(4.*q.*pi.*r.*2/rad).*(alpha-1).*exp(-
4.*q.*pi.*r.A2./rad./beta)./(beta.*alpha.*gamma(alpha));

Wp=1-integral(ff,0,qcrit);

Wptot=Wptot+Wp;

WpSq=WpSq+Wp"2;

end

Wpave=Wptot/size;

%Equation 5A and Equation 40 to calculate the standard deviation of the
Y%average--Introduction to the Theory of Error by Yardley Beers
SDave=sqrt((WpSqg-size*Wpave”"2)/(size-1))/sqrt(size);

A=[L; Wpave;SDave];

fprintf(filelD,'%8.3f %9.6f %9.6f\r\n",A);

end

fclose(filelD)

The following code calculates Wp(L) for L=2.1 to 8 m with 100,000 Monte Carlo steps
File: TransHRR_Random_Xr4 _SD_part2.m

Y%-- 3/19/2015 --%

Y%qcrit in units of kW; gcrit varies between glow and ghigh

qlow=6;

ghigh=20;

alpha=1.8;%alpha in gamma distribution for transient fires

beta=57.4;%beta in gamma distribution for transient fires

f= @(Q) Q.Malpha-1).*exp(-Q./beta)./(beta.*alpha.*gammal(alpha));

%Test1 = integral(f,0,inf)
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rad=0.4;

size=100000;

fileID=fopen('output-Xr4_SD_part2.txt', 'w');
fprintf(filelD,'%6s %8.1f\r\n",'qlow=",glow);
fprintf(filelD,'%6s %8.1\r\n','"ghigh=",ghigh);
fprintf(filelD,'%23s %8.0f\r\n",'Number of Realizations=',size);
fprintf(filelD,'%6s %10s %10s\r\n','L(m)','Wpave','StdDeV');
L=2.0;

for j=1:60

Whptot=0;

L=L+0.1

WpSq=0;

for i=1:size;

X1=rand*L;

Y1=rand*L;

X2=rand*L;

Y2=rand*L;

r=sqr((X1-X2)"2+(Y1-Y2)"2);
gcrit=(ghigh-qglow)*rand+qlow;

ff = @(q) (4.*pi.*r.*2./rad).*(4.*q.*pi.*r.*2/rad).*(alpha-1).*exp(-
4.*q.*pi.*r."2./rad./beta)./(beta.*alpha.*gamma(alpha));

Wp=1-integral(ff,0,qcrit);

Wptot=Wptot+Wp;

WpSq=WpSqg+Wp"2;

end

Wpave=Woptot/size;

%Equation 5A and Equation 40 to calculate the standard deviation of the
%average--Introduction to the Theory of Error by Yardley Beers
SDave=sqrt((WpSqg-size*Wpave’2)/(size-1))/sqrt(size);

A=[L; Wpave;SDave];

fprintf(filelD,'%8.3f %9.6f %9.6f\r\n",A);

end

fclose(filelD)
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C

LIQUID SPILL FIRE TEST NAMING CONVENTION AND
SPILL HEAT RELEASE RATE PROFILES

C.1 NIJ Test Naming Convention

In order to efficiently present and discuss the results from the large number of tests conducted
in this research, a naming convention was developed to fully describe the pertinent variables
considered in each test. An alphanumeric code was developed to identify the following
parameters [1]:

e The test type and identification number

e The confinement (confined or unconfined)

e The substrate

e The liquid type

e The liquid depth (confined scenarios) or quantity (unconfined scenarios)

e The liquid area (confined scenarios) or spread time (unconfined scenarios)

The alphanumeric key is provided in Figure C-1. This alphanumeric code is used to identify all
tests within the NIJ report [1].



Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

PF¢g — C — S — G — 1 — 1
DSF — Diked Fire BC —Brushed Concrete D — Diesel Fuel Depth (]
{Applicable only to
PF —Pan Fire C' —Carpet DA —Denatured Aleohol confined scenarios)
SD — Spill Dynamics CC' —Coated Cloncrete FS1—3% AFFF
SF D Spill Fire O — Oriented Stand Board FS2 — 3% Fluotoprotein Foam Sp.ﬂl Q- [
(Applicable only to
P - Plywood G - Gasolme unconfined scenarios)
S — Steel (Pan Fire only) H — n-Heptane Note: the presence ofa
e * mdicates the fuel
C—Confined 8C —Smooth Concrete K I\_ero»en.w was contimonsly e
U—Unconfined YV —Vinyl L —Lube Cil
W— Water (Pan Fire only) Fuel Area (ni? )
(Applicable only to
canfined scenarios)
Spread Trme ()
{Applicable only to
wneonfined scenarios
Figure C-1

Key to alphanumeric test identification code

As an example, the legend of Figure 5-10d identifies one of the tests shown as PF65-C-S-K-1-0.37.
Based on Figure C-1, this is a pan fire test with a sequential number of 65 that is confined and had
a steel substrate. The fuel is kerosene, the spill depth is 1 mm, and the pan area is 0.37 m? (that is,
the 0.3 m diameter pan).

C.2 Spill Fire Heat Release Rates

The calculation of the HRR profile using the integral model presented in Section 6.2.2.2 is not a
simple calculation that can be implemented in a spreadsheet as needed. Rather, the model is best
implemented using a solution algorithm, either within a spreadsheet as a macro or as a stand-
alone program. However, the solution for a given set of parameters is identical. In this regard, a
solution to the integral model, defined as a set of time and HRR values, for different volumes of
flammable or combustible liquids commonly found in commercial NPPs provides a useful
reference and allows the model to be applied directly. The purpose of this appendix is to provide
this solution set for gasoline, kerosene, and lubricating oil. These fuels represent a significant
fraction of the liquid fuels found in commercial NPPs for which fire scenarios are typically
developed. The following volumes are considered in this appendix:

e 0.1L(0.0265 gal)
e 0.25L (0.066 gal)
e 0.5L(0.13 gal)

e 1.0L (0.265 gal)

C-2
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e 2.0L(0.53 gal)

e 5.0L(1.32gal)

e 10.0L (2.65 gal)
e 15.0L (3.97 gal)
e 20.0L (5.29 gal)
e 25.0L (6.61 gal)
e 37.8L (10.0 gal)

The HRR profiles for spill fires involving these liquids and liquid volumes are provided using the
integral model described in Section 6.2.2.2. The model parameters provided in Tables 6-1 and 5-5
are used to develop the HRR profiles. Three HRR profiles are provided for each scenario. The first
is the expected HRR profile as determined using the recommended or average value for the model
parameters. The second is an upper-bound HRR, determined using the approach described in
Section 6.1.3.3. In this case, the model parameters are biased to yield a maximum heat release. The
third is a minimum-bound HRR, determined using the approach described in Section 6.1.3.3. In
this case, the model parameters are biased to yield a minimum HRR.

C.2.1 Gasoline Spill Fires

The baseline model parameters for the gasoline spill fires are obtained from Tables 6-1 and 5-5
and are as follows:

e Density: 740 kg/m?
e Heat of combustion: 43,700 kJ/kg
e Mass burning rate: 0.055 kg/m?-s, with a range of 0.053—-0.057 kg/m?-s

o Empirical diameter constant: 2.1 m™, with a range of 1.8-2.4 m™

The fuel depth for an unconfined gasoline spill fire is 0.71 mm for gasoline according to Table 5-4.
This is nearly equal to the average value of 0.72 mm for all fuels. The maximum and minimum
spill depth range for gasoline is 0.48—1.1 mm according to Table 5-4 and is used in place of the
generic spill depth range of all fuels. The depth coefficient for the gasoline spill fires is computed
using the minimum, average, and maximum bound correlations provided in Section 6.1.3.3.2.
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Table C-1
Gasoline spill fire depth coefficients
Spill Depth Coefficient for:

Depth Coefficient

Eunction Minimum Spill Depth Minimum Spill Depth
(0.48 mm) (0.48 mm)

Minimum 0.168" Minimum 0.168"
Average 0.274 Average 0.274
Maximum 0.571 Maximum 0.571

" Bold values indicate minimum-minimum, average-average, and maximum-maximum values that are used in the
solutions provided in this appendix.

The HRR development time is 10 seconds, and the spread rate over the liquid surface is 10 cm/s,
the same values used to validate the model with gasoline fires in Sections 6.1.3.1 and 6.1.3.2.
Table C-2 summarizes the minimum, average, and maximum spill diameters and HRRPUA for
each spill volume considered. The HRRs per unit area are determined from the product of the
maximum mass burning rate, the depth coefficient, and the empirical diameter coefficient. Note
that the maximum diameter fire scenario corresponds to the minimum HRRPUA because the
depth coefficient variation is greater than the empirical diameter coefficient variation.

Table C-2

Gasoline spill fire diameter and heat release rates per unit area

spill Diameter (m) Heat Release Rate per Unit Area (kW/m?2)
Volume (L) | \aximum Average Minimum Minimum Average Maximum
0.1 0.52 0.42 0.34 236 536 1,229
0.25 0.81 0.66 0.54 300 688 1,596
0.50 1.15 0.94 0.76 341 787 1,847
1.0 1.63 1.33 1.08 369 858 2,035
2.0 2.30 1.88 1.52 384 896 2,145
5.0 3.64 2.97 2.41 389 912 2,195
10.0 5.15 4.21 3.40 390 914 2,201
15.0 6.31 5.15 4.17 390 914 2,202
20.0 7.28 5.95 4.81 390 914 2,202
25.0 8.14 6.65 5.38 390 914 2,202
37.8 10.0 8.18 6.61 390 914 2,202
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The results for gasoline spill fires with volumes ranging from 0.1 to 37.8 L are summarized
in Figures C-2 through C-12. Tabular data (Tables C-7 through C-17) at approximately 5 second
increments are provided in Section C.2.5 for each HRR profile shown in Figures C-2 through C-12.
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HRR profiles for a 0.25 L gasoline spill fire scenario
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HRR profiles for a 5.0 L gasoline spill fire scenario
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HRR profiles for a 15.0 L gasoline spill fire scenario
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HRR profiles for a 37.8 L gasoline spill fire scenario

C.2.2 Kerosene Spill Fires

The baseline model parameters for the kerosene spill fires are obtained from Tables 6-1 and 5-5
and are as follows:

e Density: 820 kg/m3
e Heat of combustion: 32,200 kJ/kg
e Mass burning rate: 0.039 kg/m2-s, with a range of 0.036-0.042 kg/m?2-s

e Empirical diameter constant: 3.5 m™, with a range of 2.7-4.3 m™

The fuel depth for an unconfined kerosene spill fire is 1.01 mm according to Table 5-4. The
maximum and minimum spill depth range for kerosene is 0.91-1.2 mm according to Table 5-4
and is used in place of the generic spill depth range of all fuels. The depth coefficient for the
kerosene spill fires is computed using the minimum, average, and maximum bound correlations
provided in Section 6.1.3.3.2.
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Table C-3
Kerosene spill fire depth coefficients
Spill Depth Coefficient for:

Depth Coefficient

Eunction Minimum Spill Depth Minimum Spill Depth
(0.91 mm) (0.91 mm)

Minimum 0.176" Minimum 0.176"
Average 0.373 Average 0.373
Maximum 0.817 Maximum 0.817

"Bold values indicate minimum-minimum, average-average, and maximum-maximum values that are used in the
solutions provided in this appendix.

The HRR development time is 15 seconds, and the spread rate over the liquid surface is 5 cm/s,
the same values used to validate the model with kerosene fires in Section 6.1.3.3.5. Table C-4
summarizes the minimum, average, and maximum spill diameters and HRRPUA for each spill
volume considered. The HRRs per unit area are determined from the product of the maximum
mass burning rate, the depth coefficient, and the empirical diameter coefficient. Note that the
maximum diameter fire scenario corresponds to the minimum HRRPUA because the depth
coefficient variation is greater than the empirical diameter coefficient variation.

Table C-4
Kerosene spill fire diameter and heat release rates per unit area
spill Diameter (m) Heat Release Rate per Unit Area (kW/m?2)
Volume (L) | Maximum Average Minimum Minimum Average Maximum
0.1 0.37 0.36 0.33 130 360 933
0.25 0.59 0.56 0.52 163 436 1,104
0.50 0.84 0.79 0.73 183 475 1,185
1.0 1.18 1.12 1.03 196 497 1,224
2.0 1.67 1.59 1.46 202 505 1,236
5.0 2.64 2.51 23 204 507 1,239
10.0 3.74 3.55 3.26 204 507 1,239
15.0 4.58 4.35 3.99 204 507 1,239
20.0 5.29 5.02 4.61 204 507 1,239
25.0 5.91 5.61 5.15 204 507 1,239
37.8 7.27 6.9 6.33 204 507 1,239
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The results for kerosene spill fires with volumes ranging from 0.1 to 37.8 L are summarized in
Figures C-13 through C-23. Tabular data (Tables C-18 through C-28) at approximately 10 second
increments are provided in Section C.2.5 for each HRR profile shown in Figures C-13 through C-23.
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HRR profiles for a 0.25 L kerosene spill fire scenario
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HRR profiles for a 0.5 L kerosene spill fire scenario
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HRR profiles for a 1.0 L kerosene spill fire scenario
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HRR profiles for a 2.0 L kerosene spill fire scenario
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HRR profiles for a 5.0 L kerosene spill fire scenario
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HRR profiles for a 10.0 L kerosene spill fire scenario
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HRR profiles for a 15.0 L kerosene spill fire scenario
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HRR profiles for a 20.0 L kerosene spill fire scenario
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HRR profiles for a 25.0 L kerosene spill fire scenario
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HRR profiles for a 37.8 L kerosene spill fire scenario

C.2.3 Lubricating Oil Spill Fires (Minimum Depth Coefficient)

The baseline model parameters for the lubricating oil spill fires with the depth coefficient
minimized are obtained from Tables 6-1 and 5-5 and are as follows:

e Density: 970 kg/m? (average value for fuel oil per Table 6-1)
e Heat of combustion: 39,700 kJ/kg
e Mass burning rate: 0.035 kg/m?-s, with a range of 0.032—0.038 kg/m?-s

e Empirical diameter constant: 1.7 m™, with a range of 1.1-2.3 m™

The fuel depth for an unconfined lubricating oil spill fire is 1.54 mm according to Table 5-4.
The maximum and minimum spill depth range for lubricating oil is 0.86-2.4 mm according to
Table 5-4. The depth coefficient is 0.2, which is the minimum depth coefficient for lubricating
oil spills with a depth between 1 and 2 mm.

The HRR development time is 15 seconds and the spread rate over the liquid surface is 5 cm/s,
the same values used to validate the model with kerosene fires in Section 6.1.3.3.5. Table C-5
summarizes the minimum, average, and maximum spill diameters and HRRPUA for each spill
volume considered. The HRRs per unit area are determined from the product of the maximum
mass burning rate, the depth coefficient, and the empirical diameter coefficient. Note that the
minimum diameter fire scenario corresponds to the minimum HRRPUA because the depth
coefficient variation is less than the empirical diameter coefficient variation.
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Table C-5
Lubricating oil spill fire diameter and heat release rates per unit area — depth coefficient
minimized
spill Diameter (m) Heat Release Rate per Unit Area (kW/m?2)
Volume (L) | Minimum Average Maximum Minimum Average Maximum
0.1 0.23 0.29 0.38 88 107 124
0.25 0.36 0.45 0.61 124 150 171
0.50 0.52 0.64 0.86 155 185 209
1.0 0.73 0.91 1.22 187 219 245
2.0 1.03 1.29 1.72 216 247 273
5.0 1.63 2.03 2.72 241 269 295
10.0 23 2.88 3.85 250 276 300
15.0 2.82 3.52 4.71 253 277 301
20.0 3.26 4.07 5.44 253 278 302
25.0 3.64 4.55 6.08 254 278 302
37.8 4.48 5.59 7.48 254 278 302

The results for lubricating oil spill fires with volumes ranging from 0.1 to 37.8 L are summarized
in Figures C-24 through C-34 when the depth coefficient is minimized. Tabular data (Tables C-29
through 39) at key points on the HRR profile are provided in Section C.2.5 for each HRR profile
shown in Figures C-24 through C-34.
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HRR profiles for a 0.1 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 0.25 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 0.5 L lubricating oil spill fire scenario — depth coefficient minimized

ior—m—m 77—

[ Expected peak heat release rate
—_ — — — Minimum peak heat release rate
; 250 — — — Maximum peak heat release rate 7
X
N— l ———————— \
QL 200} | ]
© |
x | |
& 150 | ,' | ]
@®© |
° i |
q) L
@ 100 jJ———————— 4=t - 1
- [ I |
8 | | ‘
T sof I || .

I |

L l l

0 U o N TR R R I S
0 100 200 300 400 500

Time (seconds)

Figure C-27
HRR profiles for a 1.0 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 2.0 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 5.0 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 10.0 L lubricating oil spill fire scenario — depth coefficient minimized
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Figure C-31
HRR profiles for a 15.0 | lubricating oil spill fire scenario — depth coefficient minimized
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Figure C-32
HRR profiles for a 20.0 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 25.0 L lubricating oil spill fire scenario — depth coefficient minimized
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HRR profiles for a 37.8 L lubricating oil spill fire scenario — depth coefficient minimized

C.2.4 Lubricating Oil Spill Fires (Maximum Depth Coefficient)

The baseline model parameters for the lubricating oil spill fires with the depth coefficient
maximized are obtained from Tables 6-1 and 5-5 are as follows:

e Density: 970 kg/m? (average value for fuel oil per Table 6-1)
e Heat of combustion: 39,700 kJ/kg
e Mass burning rate: 0.035 kg/m?-s, with a range of 0.032—-0.038 kg/m?-s

e Empirical diameter constant: 1.7 m™, with a range of 1.1-2.3 m"'

The fuel depth for an unconfined lubricating oil spill fire is 1.54 mm according to Table 5-4.
The maximum and minimum spill depth range for lubricating oil is 0.86—2.4 mm according to
Table 5-4. The depth coefficient is 1.0, which is the maximum depth coefficient for lubricating
oil spills with a depth between 1 and 2 mm.

The HRR development time is 15 seconds, and the spread rate over the liquid surface is 5 cm/s,
the same values used to validate the model with kerosene fires in Section 6.1.3.3.5. Table C-6
summarizes the minimum, average, and maximum spill diameters and HRRPUA for each spill
volume considered. The HRRs per unit area are determined from the product of the maximum
mass burning rate, the depth coefficient, and the empirical diameter coefficient. Note that the
minimum diameter fire scenario corresponds to the minimum HRRPUA because the depth
coefficient variation is less than the empirical diameter coefficient variation.
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Table C-6
Lubricating oil spill fire diameter and heat release rates per unit area — depth coefficient
maximized
spill Diameter (m) Heat Release Rate per Unit Area (kW/m?2)
Volume (L) | Minimum Average Maximum Minimum Average Maximum
0.1 0.38 0.29 0.23 438 537 620
0.25 0.61 0.45 0.36 620 748 856
0.50 0.86 0.64 0.52 777 924 1,047
1.0 1.22 0.91 0.73 937 1,093 1,226
2.0 1.72 1.29 1.03 1,079 1,233 1,367
5.0 2.72 2.03 1.63 1,207 1,346 1,473
10.0 3.85 2.88 23 1,252 1,379 1,501
15.0 4.71 3.562 2.82 1,263 1,386 1,506
20.0 5.44 4.07 3.26 1,267 1,388 1,508
25.0 6.08 4.55 3.64 1,269 1,389 1,508
37.8 7.48 5.59 4.48 1,270 1,389 1,509

The results for lubricating oil spill fires with volumes ranging from 0.1 to 37.8 L are summarized
in Figures C-35 through C-45 when the depth coefficient is maximized. Tabular data (Tables C-40
through C-50) at approximately 10 second intervals are provided in Section C.2.5 for each HRR
profile shown in Figures C-35 through C-45.
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Figure C-35
HRR profiles for a 0.1 L lubricating oil spill fire scenario — depth coefficient minimized
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Figure C-36

HRR profiles for a 0.5 L lubricating oil spill fire scenario — depth coefficient maximized
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Figure C-37
HRR profiles for a 0.5 L lubricating oil spill fire scenario — depth coefficient maximized
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Figure C-38
HRR profiles for a 1.0 L lubricating oil spill fire scenario — depth coefficient maximized
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HRR profiles for a 2.0 L lubricating oil spill fire scenario — depth coefficient maximized
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Figure C-40

HRR profiles for a 5.0 L lubricating oil spill fire scenario — depth coefficient maximized
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HRR profiles for a 10.0 L lubricating oil spill fire scenario — depth coefficient maximized
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Figure C-42
HRR profiles for a 15.0 L lubricating oil spill fire scenario — depth coefficient maximized
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Figure C-43

HRR profiles for a 20.0 L lubricating oil spill fire scenario — depth coefficient maximized
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Figure C-44
HRR profiles for a 25.0 L lubricating oil spill fire scenario — depth coefficient maximized
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HRR profiles for a 37.8 L lubricating oil spill fire scenario — depth coefficient maximized
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Note that the scenario that results in the maximum HRR shown in Figure C-45 is the intermediate
or expected scenario. This occurs because the fire diameter effects are diminishing, and at the
volume considered, the maximum HRR occurs at an intermediate spill thickness.

C.2.5 Tabular Heat Release Rate Data

Tables C-7 through C-50 provide tabular heat release rate data corresponding to Figures C-2
through C-45. The data are provided at approximately 5 second increments for gasoline spill
fires, 10 second increments for kerosene and lubricating oil spill fire scenarios with the depth
coefficient maximized for lubricating oil fires, and at key points on the HRR profile for the
lubricating oil spill fires with the depth coefficient minimized.

Table C-7
Tabular HRR data for Figure C-2
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate

mime s | "Raeiaw | TMe® | TRaegwn | T™e® | "Raegom
0.0 0 0.0 0 0.0 0
5.0 16 5.0 27 4.9 43
10.0 41 10.0 65 10.0 99
14.9 49 15.0 76 15.0 112
20.1 49 20.0 76 19.9 112
24.8 49 25.0 76 25.0 112
30.0 49 30.0 76 30.2 112
35.3 49 35.0 76 35.0 69
39.9 49 40.0 76 35.6 0
452 49 45.0 76
50.4 49 50.0 0
55.1 49
60.3 49
65.5 49
70.2 49
73.4 0
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Table C-8

Tabular HRR data for Figure C-3

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
5.0 35 4.9 66 5.0 115
10.0 114 10.0 188 10.0 208
14.9 156 15 1 242 15.0 363
196 156 20.1 242 20.0 363
25.2 156 25.1 242 25.1 363
29.9 156 30.1 242 30.0 0
35.0 156 35.1 242
40.1 156 40.0 184
45.2 156 41.7 0
50.3 156
55.0 156
60.0 54
60.8 0
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Table C-9
Tabular HRR data for Figure C-4
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate

Tme(s) | MemRAEse | tine(s | MemPace | e | MeReense
0.0 0 0.0 0 0.0 0
5.0 45 5.0 102 5.0 211
10.0 219 10.0 380 10.0 627
15.0 352 14.9 555 15.0 840
19.9 356 20.2 555 20.1 840
25.1 356 25.0 555 25.0 807
30.0 356 30.1 555 28.1 0
35.2 356 35.0 537
40.1 356 38.9 0
453 356
50.2 356
55.0 139
56.3 0
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Table C-10

Tabular HRR data for Figure C-5

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
5.1 50 5.0 114 5.0 267
10.0 352 10.0 669 10.0 1188
15 1 691 15.0 1163 15.0 1,847
20.2 770 20.0 1210 20.1 1852
25.1 770 25.0 1210 25.0 1443
30.0 770 30.1 1210 27.9 0
34.9 770 35.0 919
40.1 770 385 0
45.0 770
50.0 670
55.1 30
55.2 0
0.0 0
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Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-6

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
5.0 50 5.0 119 5.0 285
10.0 402 10.0 931 10.0 1,923
15.0 1125 15.0 2,080 15.0 3,599
20.0 1572 20.0 2,526 20.0 3,004
25.1 1,601 25.0 2,526 25.0 3,113
30.1 1,601 30.1 2,526 29.2 0
35.1 1,601 35.1 1,968
40.2 1,601 40.1 0
44.9 1,601
50.0 1345
55.1 471
56.9 0

0.0 0
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Table C-12

Tabular HRR data for Figure C-7

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
5.0 51 5.0 119 5.0 287
10.0 407 10.0 955 10.0 2,299
15.0 1327 15.1 3,149 15.0 6,655
20.0 2,784 20.1 5,511 20.0 9,667
25.0 3,841 25.0 6,429 25.1 8,963
30.1 4,056 30.0 6,429 30.0 4,665
35.1 4,056 35.0 5,770 33.2 0
40.1 4,056 40.1 3,628
45.1 4,056 45.2 0
50.0 3,738
55.1 2,784
60.0 1262
63.1 0
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Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-8

Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
mime s | "Raeiaw | TMe® | TRaegwn | Tme® | "Raegom

0.0 0 0.0 0 0.0 0
5.0 51 5.0 120 5.0 288
10.0 408 10.0 957 10.0 2,305
15.0 1,338 15.0 3,129 15.1 7,663
20.1 2,892 20.1 6,756 20.0 15,029
25.0 4,991 25.0 10,803 25.0 18,546
30.1 7,183 30.0 12,806 30.0 14,586
35.1 8,117 35.0 12,200 35.1 6,680
40.0 8,133 40.0 10,062 38.2 0
451 8,132 451 6,471
50.0 7,807 50.1 1,427
55.1 6,831 51.3 0
60.0 5,302
65.2 3,057
70.0 322
70.6 0
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Table C-14

Tabular HRR data for Figure C-9

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
5.0 51 5.0 120 5.0 288
10.0 408 10.0 957 10.0 2,306
15.0 1317 15.1 3,170 15 1 7,629
20.1 2,907 20.0 6,739 20.1 16,318
25.1 5,046 25.3 12,080 25.0 24,596
30.0 7,787 30.0 16,925 30.1 24,473
35.1 10,678 35.0 18,577 35.1 16,635
40.1 12,113 40.0 16,543 40.1 5,220
45.1 12,198 45.2 12,799 42.0 0
50.2 11,846 50.0 7,047
55.2 10,871 55.1 1,470
60.3 9,270 56.1 0
65.0 7,202
70.0 4,392
75.1 956
76.4 0
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Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-10

Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
mime s | "Raeiaw | TMe® | TRaegwn | Tme® | "Raegom

0.0 0 0.0 0 0.0 0
5.0 51 5.0 120 5.0 288
10.0 408 10.0 957 10.0 2306
15.0 1333 15.0 3105 15.0 7521
20.0 2876 20.0 6682 20.0 16222
25.1 5036 25.0 11689 25.1 27208
30.1 7815 30.0 18186 30.1 32060
35.1 11213 34.9 23059 35.1 26673
40.0 14542 40.0 22992 40.1 15265
45.0 16175 45.0 19423 45.0 739
50.3 15900 50.0 14402 45.2 0
55.1 14957 55.0 7927
60.0 13432 60.1 0
65.2 11153
70.1 8423
75.0 5112
80.2 919
81.2 0
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Table C-16

Tabular HRR data for Figure C-11

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
5.0 51 5.0 120 5.0 288
10.0 408 10.0 957 10.0 2,306
14.9 1307 15.0 3,128 15.0 7,521
20.1 2,912 20.1 6,752 20.0 16,222
25.1 5,033 25.1 11,829 25.0 27,247
30.3 7,936 29.9 18,070 30.0 36,563
35.2 11,279 35.1 25,284 35.0 36,157
40.1 15,215 40.1 28,283 40.0 25,438
45.0 18,786 45.1 25,767 45.1 10,585
50.0 19,972 50.1 20,712 48.1 0
54.9 19,079 55.0 14,492
60.1 17,452 60.0 6,590
65.0 15,330 63.6 0
70.2 12,412
75.1 9,086
80.3 4,877
85.2 346
85.5 0
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Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-12

Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
Tme(s) | MemRe | timers | MemPeesse | e | MeReense

0.0 0 0.0 0 0.0 0
5.0 51 5.0 120 5.0 288
10.0 408 10.0 957 10.0 2,306
15.2 1,382 15.0 3,128 15.0 7,521
20.1 2,893 201 6,752 20.0 16,222
25.0 4,985 251 11,829 251 27,431
30.2 7,873 29.9 18,070 30.0 38,368
35.1 11,171 35.1 25,542 35.1 48,839
40.3 15,349 40.1 32,725 40.1 48,941
45.0 19,717 45.0 38,043 451 36,085
50.0 24,618 50.1 37,119 50.0 18,162
55.1 27,961 55.0 30,920 54.2 0
60.1 27,877 60.0 23,004
65.3 25,587 65.1 13,635
70.2 22,848 70.1 2,813
75.1 19,5627 71.3 0
80.3 15,323
85.1 10,797
90.0 5,689
94.9 0
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Table C-18

Tabular HRR data for Figure C-13

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.0 7 10.1 18 10.1 41
20.5 14 19.8 36 20.1 78
30.9 14 29.9 36 30.1 78
39.6 14 40.0 36 40.1 78
50.0 14 50.1 36 44.7 0
60.4 14 60.2 36
70.8 14 70.2 36
795 14 80.3 36
89.9 14 85.1 0

100.3 14
109.0 14
119.4 14
129.8 14
140.3 14
150.7 14
159.3 14
169.8 14
180.2 14
190.6 14
196.1 0
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Table C-19

Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-14

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.0 18 10.0 45 10.0 100
20.0 44 20.1 108 20.0 230
30.3 45 30.2 108 30.1 230
39.7 45 40.3 108 40.0 104
50.4 45 50.4 108 41.4 0
59.8 45 60.0 108
70.5 45 70.0 102
79.9 45 743 0
90.6 45
100.0 45
110.7 45
120.1 45
130.8 45
140.2 45
1495 45
160.1 11
160.8 0
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Table C-20

Tabular HRR data for Figure C-15

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)

0.0 0 0.0 0 0.0 0
10.0 30 10.0 74 10.1 172
20.0 03 20.0 220 20.0 474
29.1 101 30.3 235 30.1 494
40.7 101 40.0 235 40.1 178
49.9 101 50.2 235 415 0
60.3 101 60.4 235
70.7 101 70.1 81
79.9 101 716 0
90.3 101
99.6 101
109.9 101
120.3 101
130.7 101
140.1 08
147.2 0
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Table C-21

Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-16

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)

0.0 0 0.0 0 0.0 0
10.1 35 10.0 87 10.0 213
20.1 171 20.1 401 20.1 870
29.9 216 30.1 493 30.1 1,021
40.3 216 40.2 493 40.1 590
50.6 216 50.3 493 43.7 0
60.9 216 60.1 493
70.2 216 70.0 185
80.5 216 724 0
90.9 216
100.1 216
110.5 216
120.8 216
130.1 216
140.0 63
141.9 0
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Table C-22

Tabular HRR data for Figure C-17

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)

0.0 0 0.0 0 0.0 0
10.1 36 10.1 89 10.1 219
20.0 259 20.1 622 20.1 1,399
30.1 440 30.1 999 30.0 2,062
40.3 444 40.0 1,001 40.1 1,587
50.7 444 50.0 1,001 47.7 0
60.1 444 60.0 1,001
70.6 444 70.0 628
80.0 444 76.2 0
90.5 444
100.9 444
110.3 444
120.8 444
130.1 423
140.0 153
143.2 0
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Table C-23

Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Tabular HRR data for Figure C-18

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 36 10.1 90 10.1 220
20.0 282 20.1 703 20.1 1719
30.1 807 30.1 1,929 30.1 4,325
40.1 1117 40.1 2,512 40.0 4,696
50.7 1122 50.1 2,512 50.2 2,329
60.7 1122 60.1 2,512 56.1 0
70.8 1122 70.1 2,110
80.0 1122 80.2 904
90.1 1122 85.2 0

100.1 1122
110.2 1122
120.3 1122
130.0 1,086
140.1 770
150.2 131

151.7 0
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Table C-24

Tabular HRR data for Figure C-19

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 36 10.1 90 10.1 220
19.9 278 19.9 689 19.9 1685
30.0 843 30.0 2,087 30.0 5,087
40.1 1705 40.0 4,087 40.0 8,751
50.0 2,221 50.1 5,023 50.1 7,507
60.4 2,244 60.0 5,024 60.1 3,248
70.6 2,244 70.0 4,631 65.7 0
80.1 2,244 80.3 3,392
90.3 2,244 90.3 1,394

100.5 2,244 95.6 0
110.7 2,244

120.2 2,244

130.1 2,206

140.3 1,885

150.4 1237

160.1 303

162.7 0
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Tabular HRR data for Figure C-20

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 36 10.1 90 10.1 220
20.2 290 20.1 710 20.1 1718
30.1 849 30.1 2,110 30.0 5,109
40.3 1752 40.1 4,303 40.1 10,025
50.0 2,840 50.1 6,774 50.1 12,104
60.1 3,363 60.0 7,537 60.2 8,365
705 3,366 70.1 7138 70.1 2,165
80.2 3,366 80.1 5,042 73.0 0
90.5 3,366 90.1 3,049

100.1 3,366 100.1 1,158
110.5 3,366 103.6 0
120.1 3,366

130.3 3,325

140.4 2,999

150 2,384

160.1 1,422

170.2 133

171.1 0
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Table C-26

Tabular HRR data for Figure C-21

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 36 10.1 90 10.1 220
20.3 203 20.3 726 20.1 1718
30.2 853 30.2 2,118 30.0 5,109
40.0 1725 40.0 4,285 40.1 10,044
50.3 2,961 50.2 7,347 50.1 14,535
60.1 4,161 60.0 9,696 60.0 13,561
70.2 4,488 70.2 9,643 70.1 7,311
80.5 4,488 80.1 8,453 79.2 0
90.3 4,488 90.0 6,479

100.0 4,488 100.4 3,577
110.4 4,488 110.3 0
120.1 4,488

130.0 4,451

140.1 4,136

150.2 3,496

160.2 2,533

170.3 1,245

178.2 0
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Tabular HRR data for Figure C-22

Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
mime s | "Raeiaw | TMe® | TRaegwn | Tme® | "Raegom

0.0 0 0.0 0 0.0 0
10.1 36 10.1 90 10.1 220
20.3 293 204 732 20.1 1,718
30.0 842 30.2 2,132 30.0 5,109
40.2 1,741 40.1 4,309 40.1 10,037
50.3 2,970 50.4 7,404 50.1 14,996
60.1 4,453 60.0 10,832 60.1 17,408
70.1 5,508 70.1 12,148 70.1 12,465
80.3 5,610 80.2 10,955 80.1 4,332
90.0 5,610 90.1 8,976 84.6 0
100.2 5,610 100.0 6,213
110.5 5,610 110.4 2,486
120.2 5,610 116.3 0
130.0 5,574
140.1 5,259
150.1 4,620
160.2 3,657
170.3 2,370
180.3 758
184.5 0
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Table C-28

Tabular HRR data for Figure C-23

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 37 10.1 90 10.1 220
20.2 203 20.0 693 20.1 1718
30.0 855 30.3 2,151 30.0 5,109
40.4 1792 40.3 4,347 40.0 10,013
50.2 2,999 50.2 7,327 50.0 14,988
60.1 4,520 60.1 11,002 60.0 19,062
70.4 6,473 70.1 15,266 70.1 23,040
80.1 8,161 80.0 17,119 80.2 17,483
90.3 8,606 90.4 15,342 90.1 7,411
100.3 8,606 100.3 12,558 96.4 0
110.3 8,606 110.2 8,990
120.4 8,606 120.1 4,637
130.1 8,537 129.2 0
140.3 8,151
150.5 7,428
160.7 6,368
170.1 5,081
180.3 3,370
190.5 1322
196.3 0
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Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
17.3 5 17.9 7 18.9 10

752.8 5 561.7 7 383.8 10
755.1 0 564.6 0 387.7 0
Table C-30

Tabular HRR data for Figure C-25

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
9.1 8 19.5 24 21.1 36
18.6 18 402.9 24 274.6 36
548.0 18 407.4 0 280.7 0
551.6 0
Table C-31

Tabular HRR data for Figure C-26

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Time (s)

Heat Release

Time (s)

Heat Release

Time (s)

Heat Release

Rate (kW) Rate (kW) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 19 214 60 23.6 90
20.2 44 328.1 60 221.2 90
4497 44 334.5 0 229.8 0
454.9 0
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Table C-32
Tabular HRR data for Figure C-27
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
Time (s) Heat Release Time (s) Heat Release Time (s) Heat Release
Rate (kW) Rate (kW) Rate (kW)
0.0 0 0.0 0 0.0 0
11.1 42 12.0 56 13.6 79
22.3 102 24 1 142 27.2 218
384.7 102 278.3 142 184.6 218
392.0 0 287.4 0 196.8 0
Table C-33

Tabular HRR data for Figure C-28

Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
mime ) | Mg | MO | "Raeiw | TmO | MRaegom
0.0 0 0.0 0 0.0 0
125 85 13.8 113 16.0 155
25.2 228 27.7 321 321 503
336.4 228 241.0 321 157.0 503
356.3 0 260.5 0 178.0 0
Table C-34
Tabular HRR data for Figure C-29
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
e | MeETASe | e | Mememse | qine) | HestRecese
0.0 0 0.0 0 0.0 0
10.1 52 10.1 48 10.1 43
20.0 370 24 .1 578 31.0 1028
31.3 615 35.3 874 42.2 1403
321.0 615 228.2 874 145.2 1402
337.1 0 248.3 0 1721 0

C-54




Table C-35

Tabular HRR data for Figure C-30

Liquid Spill Fire Test Naming Convention and Spill Heat Release Rate Profiles

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 53 10.1 49 10.1 44
20.1 416 23.7 608 20.8 1013
30.1 1049 35.8 1555 455 2613
37.9 1251 43.6 1794 53.3 2910

315.6 1251 2224 1794 140.0 2910

326.2 986 235.6 1414 157.7 2204

338.6 0 251.1 0 178.5 0
Table C-36

Tabular HRR data for Figure C-31

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 53 10.1 49 10.1 45
20.0 415 227 543 27.2 810
30.0 1229 37.0 1921 48.9 3430
39.9 1836 46.9 2647 58.8 4351
43.2 1883 50.2 2701 62.1 4417

314.5 1883 2216 2701 138.4 4417
328 1 1449 2385 2078 161.0 3399
342.8 0 256.8 0 185.5 0
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Table C-37

Tabular HRR data for Figure C-32

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 54 10.1 49 10.1 45
20.1 421 224 529 26.4 750
30.1 1259 37.1 1952 48.9 3446
40.1 2251 48.2 3301 61.9 5502
47.6 2519 55.7 3614 69.4 5889

3135 2519 220.8 3614 138.4 5889

330.2 1864 2416 2674 166.2 4357

346.1 0 2615 0 192.8 0
Table C-38

Tabular HRR data for Figure C-33

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (KW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
101 54 10.1 49 10.1 45
20.1 424 223 520 26.0 721
30.0 1246 36.3 1857 47.1 3167
40.0 2478 49.1 3729 64.5 6404
50.1 3138 59.1 4505 745 7376
51.4 3149 60.5 4517 75.9 7391

303.0 3149 214.4 4517 135.4 7391
326.3 2763 236.7 3964 159.2 6485
350.0 0 266.3 0 198.8 0
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Tabular HRR data for Figure C-34

Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
Time (s) Heat Release Time (s) Heat Release Time (s) Heat Release
Rate (kW) Rate (kW) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 54 10.1 49 10.1 45
20.1 419 22.0 497 25.2 661
30.2 1267 35.9 1799 455 2921
40.0 2555 494 3871 65.3 6695
50.1 4136 61.2 6101 80.1 10269
59.8 4761 70.9 6830 89.8 11175
3135 4761 220.8 6830 137.9 11175
337.3 3424 250.5 4911 177.6 8036
358.3 0 276.8 0 212.7 0
Table C-40
Tabular HRR data for Figure C-35
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
mimes) | Mot | MO | MRaegwn. | T™e® | "Raegom
0.0 0 0.0 0 0.0 0
10.0 15 10.0 19 10.1 26
20.1 26 20.9 35 20.1 51
29.8 26 29.9 35 30.4 51
41.0 26 39.9 35 401 51
50.7 26 49.9 35 497 51
60.5 26 59.9 35 60.6 51
70.2 26 69.9 35 70.3 51
80.0 26 79.9 35 80.5 51
89.7 26 89.9 35 87.0 0
100.9 26 99.9 35
109.2 26 109.9 35
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Table C-40 (continued)
Tabular HRR data for Figure C-35

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
120.4 26 120.0 17
130.1 26 120.8 0
139.9 26
149.6 26
158.9 0
Table C-41

Tabular HRR data for Figure C-36

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.0 45 10.1 57 10.0 72
20.6 89 20.2 121 20.1 178
30.3 89 30.3 121 30.2 180
39.9 89 40.4 121 40.2 180
49.6 89 49.8 121 50.2 180
60.3 89 60.6 121 60.1 180
70.0 89 70.0 121 67.0 0
79.6 89 80.1 121
90.3 89 90.0 60

100.0 89 91.3 0
109.7 89
119.1 0
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Table C-42
Tabular HRR data for Figure C-37
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
e | et | MO | “Raeqw | TMe® | "RaeGom
0.0 0 0.0 0 0.0 0
10.1 97 10.0 115 10.0 129
20.1 218 20.0 295 20.1 415
30.0 218 30.5 300 30.0 452
40.6 218 40.0 300 40.0 452
496 218 50.1 300 50.1 452
60.2 218 60.1 300 58.7 0
70.1 218 70.2 300
80.6 218 78.1 0
90.5 218
100.0 72
100.9 0
Table C-43
Tabular HRR data for Figure C-38
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
Tme) | MeERAse | e | Memeeme | qne) | HeatRecese
0.0 0 0.0 0 0.0 0
10.1 177 10.0 188 10.1 169
20.0 490 20.0 636 20.0 843
30.2 511 30.1 711 30.0 1,091
39.9 511 39.9 711 40.0 1,091
50.2 511 50.1 711 50.0 711
59.9 511 60.3 711 55.0 0
70.2 511 70.0 122
79.9 511 70.9 0
90.0 20
90.2 0
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Table C-44

Tabular HRR data for Figure C-39

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 246 10.0 217 10.1 191
20.0 971 20.0 1,195 20.1 1414
29.8 1,140 30.1 1603 30.1 2,470
40.2 1,140 40.1 1,603 40.1 2,481
50.2 1,140 50.1 1,603 50.1 1316
59.7 1,140 60.0 1418 55.4 0
701 1,140 68.5 0
80.1 878
85.4 0

Table C-45

Tabular HRR data for Figure C-40

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Time (s)

Heat Release

Time (s)

Heat Release

Time (s)

Heat Release

Rate (kW) Rate (kW) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 261 10.1 238 10.1 214
20.0 1,847 20.0 1,856 20.0 1,661
30.1 3,054 30.1 4,013 30.1 4,864
40.3 3,072 40.0 4,374 40.0 6,698
50.4 3,072 50.1 4,374 50.2 4,817
60.1 3,072 60.1 3,603 60.2 991
70.2 3,072 70.1 752 62.2 0
80.0 1,966 71.9 0
86.5 0
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Table C-46
Tabular HRR data for Figure C-41
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate

e | et | MO | “Raeqw | TMe® | "RaeGom
0.0 0 0.0 0 0.0 0
10.1 266 10.1 244 10.1 222
20.1 2,083 20.1 1,921 20.1 1,750
30.1 5,247 30.1 5,705 30.0 5,150
39.9 6,260 40.0 8,683 40.0 10,151
50.1 6,260 50.0 8,963 50.0 11,734
60.1 6,260 60.0 7,987 59.9 7,931
70.0 6,250 70.1 4,818 70.0 1,806
79.9 4,877 79.3 0 72.4 0
90.0 1,076
92.1 0

Table C-47

Tabular HRR data for Figure C-42

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 267 10.1 246 10.1 224
20.0 2,077 20.1 1,921 20.1 1750
30.0 6,148 30.2 5,801 30.2 5,281
40.1 9,209 40.0 11,109 40.0 10,289
50.1 9,421 50.1 13,512 50.0 15,215
59.9 9,421 59.8 12,528 60.0 15,040
70.0 9,406 70.0 9,275 70.0 8,087
79.9 7,088 80.2 3,750 79.9 867
90.0 4,122 85.5 0 80.9 0
97.1 0
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Table C-48

Tabular HRR data for Figure C-43

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 267 10.1 246 10.1 224
20.1 2,103 20.1 1,945 20.0 1750
30.0 6,192 30.2 5,798 30.1 5,268
39.9 11,190 40.2 11,839 40.1 10,340
50.1 12,578 50.0 17,143 50.1 15,534
60.1 12,578 60.3 16,945 60.1 19,558
701 12,558 69.8 13,877 70.2 16,201
80.2 11,038 80.3 8,156 80.1 8,044
90.3 7,099 89.9 925 88.1 0

100.1 986 90.9 0
101.4 0
Table C-49

Tabular HRR data for Figure C-44

Minimum Heat Release Rate

Expected Heat Release Rate

Maximum Heat Release Rate

Heat Release

Heat Release

Heat Release

Time (s) Rate (kW) Time (s) Rate (kW) Time (s) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 267 10.1 246 10.1 25
19.9 2,052 19.9 1,876 20.0 1749
30.0 6,221 30.2 5,847 30.1 5,261
40.0 12,374 40.3 11,943 40.1 10,380
49.9 15,659 50.0 19,217 50.2 15,628
59.9 15723 60.1 21,500 60.0 20,735
69.9 15,709 70.3 18,143 70.0 22,365
80.1 14,212 80.2 12,752 80.0 15,503
89.9 10,434 90.0 5,243 90.0 5,217

100.1 4,094 95.7 0 94.5 0
105.2 0
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Table C-50
Tabular HRR data for Figure C-45
Minimum Heat Release Rate Expected Heat Release Rate Maximum Heat Release Rate
Time (s) Heat Release Time (s) Heat Release Time (s) Heat Release
Rate (kW) Rate (kW) Rate (kW)
0.0 0 0.0 0 0.0 0
10.1 267 10.1 246 10.1 225
20.1 2,094 20.3 1,986 20.0 1,749
29.9 6,169 30.1 5,793 30.0 5,258
40.0 12,767 40.3 11,970 40.2 10,405
50.1 20,668 50.2 20,091 50.1 15,557
60.1 23,789 60.1 28,610 60.4 20,924
70.1 23,768 70.0 29,801 70.3 26,076
80.4 22,181 80.1 24,382 80.1 29,764
90.3 18,308 90.3 16,590 90.0 24,085
99.7 12,463 100.1 6,911 100.1 11,784
1104 3,214 106.1 0 108.4 0
113.5 0

C.3 Statistical Analysis

The model bias is evaluated using the statistical model provided in NUREG-1934 [2]. In this
study, the “Experimental” value (E) is defined by the results discussed in Section 5-4. The
“Modeled” value (M) will be the predicted quantity using any of the four discussed methods
(1 through 4). The following expressions are used to define the statistical analysis:

E|0~N(8,02); 65 = 05/0 Eq. C-1
M|0~N(86,02); Gy = ayy/50 Eq. C-2
o=t
i+ 92 = 23 [n () - ()]
5= exp(in(%) + 2 - %) Eq. C-5
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Where:
N(u, 0?) indicates a normal distribution with mean, u, and standard deviation, o.

The quantities 6, E, and M are the True, Experimental, and Modeled quantities of interest.
In this case, E and M are defined as the peak heat release rate, or the burning duration.

The relative standard deviations, 6 and G,,, are necessary in this framework and represent
the fraction of the measured quantity that can be attributed to uncertainty.

The quantity 6% is considered an input to the statistical model and can be estimated from
prior analysis (0.1 is assumed, corresponding to 10% experimental uncertainty).

The model bias, 6, is the primary quantity of interest for this study since it describes the
relative ratio between a predicted outcome and an observed experimental outcome.

Values of 6 greater than 1.0 demonstrate model over-prediction of a quantity, and values less than
1.0 demonstrate model under-prediction of a quantity. A value of 1.0 exactly would indicate that
the model predicts an identical outcome as the experimental observations, on average.
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