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ABSTRACT

There is a movement to introduce risk-informed and performance-based (RI/PB) analyses into
fire protection engineering practice, both domestically and worldwide. This movement exists in
both the general fire protection and the nuclear power plant (NPP) fire protection communities.
The U.S. Nuclear Regulatory Commission (NRC) has used risk-informed insights as a part of its
regulatory decision making since the 1990s.

Standard for Fire Protection for Light-Water Reactor Electric Generating Plants, 2001 Edithgn.
In July 2004, the NRC amended its fire protection requirements in Title 10, Section 50,4
Code of Federal Regulations (10 CFR 50.48) to permit existing rgélctor licensees jg

In 2001, the National Fire Protection Association (NFPA) issued NFPA 805, Performanc%
S e

adopt fire protection requirements contained in NFPA 805 as a rngtive to th
deterministic fire protection requirements. In addition, the fi tection co ty has
been using RI/PB approaches and insights to support fire h d Analysis i@eral.

One key element in RI/PB fire protection is the avail [

models that can reliably estimate the effects of fir
Power Research Institute (EPRI) and the Nationa
(NIST), conducted a research project to veri
for NPP applications. The results of this e
report, NUREG-1824 (EPRI 1011999), Véifj
Nuclear Power Plant Applications.

ili rified an d (V&V) fire
eU.S. NRC %{ with the Electric
of Stand nd Technology
i s that have been used

ven-volume NUREG

This report describes the implications%f the V&V fire model users. The features and
limitations of the five fire models documénted in =1824 are discussed relative to NPP
fire hazard analysis (FHA). Iy,/the report provigles information on the use of fire models in

support of various commer PR fire haz@al sis applications.
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REPORT SUMMARY

Background

Beginning in the 1990s, when the U.S. Nuclear Regulatory Commission (NRC) adopted the
policy of using risk-informed methods to make regulatory decisions whenever possible, the
nuclear power industry has been moving from prescriptive rules and practices toward the use of
risk information to supplement decision making. Several initiatives have furthered this transition
within the fire protection field, including risk-informed, performance-based fire protection
programs (FPPs) compliant with Title 10, Section 50.48(c) of the Code of Federal Regul

(10 CFR 50.48(c)) and FPP change evaluation under the existing Title 10 Section 50. 4
Regulatory Guide 1.189. RI/PB fire protection often relies on fire gpodeling to esti

effects of fires.

Objectives %
e To provide guidance on the proper application o Is to NP cenarios
e To fulfill the need as a teaching tool and supgort tife NRC/EPRI @RA training
Approach %

The project team developed fire scenario i in NPPs e flre models used in the
Verification and Validation (V&V) study ( 4 EPR K1 999)—(1) the NRC'’s Fire

Dynamics Tools (FDT®), (2) the Electrj esearc s (EPRI) Fire-Induced
Vulnerability Evaluation Revision 1 v1), (3) t e Natfenal’Institute of Standards and
Technology’s (NIST) Consolidated Moggl of Flre Smoke Transport (CFAST), (4)
Electricité de France’s (EdF) AGI , and (5) NI ire Dynamics Simulator (FDS)—were
used in the development ofghi ort Finally, the OJect team developed guidance on the
selection and applicatio chgfiodel an tment of uncertainty and/or sensitivity as part of
the fire modeling anal

Results

The results of this rt are pres a step by-step process for using fire modeling in

nuclear power plant (NPP) ap s. The recommended methodology consists of a six step
process: (1) define fire mo e%@ Is, (2) characterize fire scenarios, (3) select fire models, (4)
calculate fire-generate & (5) conduct sensitivity and uncertainty analyses, and (6)
document the result

This report is des d to assist fire model users in applying this technology in the NPP

environment. are a number of unique construction and fire hazard attributes associated
with NPPs It h authors’ goal to explore and demonstrate the use of different models for
this applj addltlon a fifth module, “Advanced Fire Modeling”, has been added to the

annual N EPRI Fire PRA training workshop in 2011. This report expands upon the

information provided in NUREG/CR-6850 (EPRI 1011989), EPRI/NRC-RES Fire PRA

Methodology for Nuclear Power Facilities, and will serve as the training material for the
Advanced Fire Modeling module.
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EPRI Perspective

The use of fire models requires a good understanding of their limitations and predictive
capabilities, and also presents challenges that should be addressed if the fire protection
community is to realize the full benefit of fire modeling and performance-based fire protection.
EPRI, in partnership with NRC under a memorandum of understanding (MOU), will continue to
provide training to the fire protection community, using this document to promote fire modeling
and gain feedback on how the results of this work may affect known applications of fire
modeling. In the long term, model improvement and additional experiments should be
considered.

This report supersedes EPRI 10002981, Fire Modeling Guide for Nuclear Power Plant

Applications, August 2002, as guidance for fire modeling practitioners in nuclear power .

The report has benefited from the insights gained since 2002 on the predictive capabi%
0

selected fire models in improving confidence in the use of fire modgling in NPP applic
Keywords %

Fire Per -Based ?
Verification and Validation (V&V) ire ard Analysi@
Risk-Informed Regulation Fi tection Q

Fire Safety bilisticé essment (PRA)
Nuclear P Plant (NPP
e vrdermg, o 7P @/ Q
, 2
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PREFACE

This report describes research sponsored jointly by EPRI and U.S. Nuclear Regulatory
Commission, Office of Nuclear Regulatory Research (RES). The main purpose of this report is
to provide guidance on the application of fire models to nuclear power plant (NPP) fire scenarios
and to serve as a teaching tool and support the Advanced Fire Modeling module of the NRC-
RES/EPRI Fire PRA Course. The fire modeling analyses presented in this report represent th
combined efforts of individuals from RES and EPRI. Both organizations provided specialists i
the use of fire models/fire hazard analysis tools to support this work. These results are ir\
to provide technical analysis of the predictive capabilities of five fire modeling calculati .
This report is the fifth in a series designed to assist those respongible for performaend

modeling in NPP applications.

fire modeling to support nuclear power plant fire progecti lications ncluded FIVE-
Revl, an Excel-based library of fire models previagsl ented and additional
models from fire protection literature. @

In December 2004, the NRC published N w Fire D Tools (FDT®) Quantitative
Fire Hazard Analysis Methods for the U. cleal Regula mmission Fire Protection
Inspection Program. This report proyj anyyroductio th&principles of fire dynamics, and
included an Excel-based library of fi S compa% PRI FIVE-Rev1.

In a follow-up effort as a part of the NRCYRES-

In August 2002, EPRI published EPRI 1002981, Fire Model%de for N ar Power Plant
Applications. This report offered step-by-step guidance sts cou % when using
p . [
odum ,

emorandum of Understanding (MOU),
NRC/RES and EPRI jointly uefed a verificatiodand validation of selected fire models for
use in nuclear power plant ogleling to galy insidght into the predictive capabilities of these
models. The results o W ere pu Ii NUREG-1824 (EPRI 1011999), Verification
and Validation of Sele Modgls {or } Power Plant Applications, May 2007. Using,
in part, the findingg”orhiSyvork, the N\( onducted a Phenomena Identification and Ranking
Table (PIRT) studyNg@ evaluate th state of knowledge for fire modeling for NPP

applications. The results of this &W re published in NUREG/CR-6978, A Phenomena
Identification and Ranking T T) Exercise for Nuclear Power Plant Fire Modeling

Applications, November, 2%
This document doa&: stitute regulatory requirements. RES participation in this

study does not constitute or imply regulatory approval of applications based upon this

methodology. &
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1
INTRODUCTION

1.1 Background

In 2001, the National Fire Protection Association (NFPA) issued the first edition of NFPA 805,
Performance-Based Standard for Fire Protection for Light-Water Reactor Electric Generaij
Plants, 2001 Edition®. Effective July 16, 2004, the U.S. Nuclear Regulatory Commissio
amended its fire protection requirements in Title 10, Section 50.48fc) of the Code Q
Regulations (10 CFR 50.48(c)) to permit existing reactor license€s j# voluntarily
protection requirements contained in NFPA 805 following a%& e-based

alternative to the existing deterministic? fire protection requi Onei rtant elementin
a performance-based approach is the estimation of flre ing mat | aI fire models.

Fire modeling is often used in constructing Fire PR ermine the of fire hazard so
that the associated risk can be quantified.

tates thaty odels shall be verified and
ceptable to the authority
Q0s” (section 2.4.1.2.1). Thisis

As part of its fire modeling requirements,
validated” (section 2.4.1.2.3) and that “o

dels that, 8
having jurisdiction (AHJ) shall be us [ deling N
feati on (V&V) of fire models is

an important requirement because t
intended to ensure the correctness, sul ,@ r uality of the method. Specifically,
8r a model correctly represents the

verification is the process u to gtermine wh

developer’s conceptual desggigtions(i.e., wh r it was “built” correctly), while validation is used
to determine whether suitabl %ntaﬂon of the real world and is capable of
reproducing pheno rest (;e he correct model was “built”).

In 2007, the NRC’'s@ffice of Nucl Iatory Research (RES) and the Electric Power
Research Institute (EPRI) co collaboratlve project for the V&V of five select fire
modeling tools. The result tudy, which was performed under the NRC/RES-EPRI
Memorandum of Und ta MOU), are documented in NUREG-1824 (EPRI 1011999),

Verification and Validat of elected Fire Models for Nuclear Power Plant Applications. The
National Institute ot tanddrds and Technology (NIST) was also an important partner in

developing this pullication, providing extensive fire modeling and experimentation expertise.
The V&V o*t nded to support the use of fire modeling for various NPP fire hazard
analysis@pplecatiens

! All references in this chapter to NFPA 805 are specific to the 2001 edition of the standard, which is the code of record (COR)
required by 10 CFR 50.48(c).

2 In nuclear fire protection, the term “deterministic” is typically used to refer to prescriptive requirements while “deterministic” is often
used as an adjective with “fire model” in the general fire protection field. Within this report, the usage should be clear from the
context in which the word is used.
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This report builds on the V&V research described earlier by incorporating the results into a set
of guidelines and recommendations for conducting fire modeling studies in support of
commercial nuclear industry applications. When the NRC’s Advisory Committee on Reactor
Safeguards (ACRS) issued a letter to Luis Reyes, Executive Director for Operations,
recommending publication of NUREG-1824 (EPRI 1011999), they identified two major items to
be included in the user’'s guide (Wallis, 2006). Specifically, the ACRS recommended that the
user’s guide include:

e Estimates of the ranges of normalized parameters to be expected in nuclear plant

applications
¢ Quantitative estimates of the uncertainties associated with each model’s predictio\

preferably in the form of probability distributions Q
The ACRS indicated that quantitative estimates of the “intrinsi el certaintd ea
valuable input in risk-informed as well as non-risk-informed @ppli s. Chapte énd 3
address the first ACRS recommendation. Chapter 4 specifically gddresses econd ACRS
recommendation, that is, the development of V&V resul uantitati tes of model

uncertainty. Finally, the appendices contain exampfes th& illustrate tijfe process for
several nuclear power plant (NPP) scenarios.

1.2 Objective \/

The objective of this guide is to desc h cess of goRduchng a fire modeling analysis,
principally for commercial NPP appliGguOrisY The p @e cribed in this guide addresses
g aral

most of the technical elements relevantYe fire @ ysis, such as the selection and
definition of fire scenarios an#the determination 2W{ implementation of input values, sensitivity
analysis, uncertainty quant one and doc ntation. In addition, requirements associated

with fire modeling analySega nalyticalfi eling tools are addressed through generic
%n}\e

guidance, recommegpdagdoest practiee ple applications.

1.3 Scope d Q\

O

1.3.1 User Capabi |{®’
da

This guide should b a complement to, not a substitute for, “user’'s manuals” for specific
fire modeling tools, fire d mics textbooks, technical references, education, and training. This
guide only compil&@g information and organizes it procedurally for NPP applications. Analysts
are encourag iew the references identified throughout the guide for in-depth coverage of
the advagta the range of applicability of specific models or assumptions. Once a fire
scenario been selected, this guide will help the fire model user define the necessary
modeling pafameters, select an appropriate model, and properly interpret the fire modeling
results. Since all models are merely approximations of reality, this guide also provides useful
insights for translating real configurations into modeling scenarios. Due to the technical nature
of this guide, users with the following areas of expertise will benefit the most from it:

e General knowledge of the behavior of compartment fires
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e General knowledge of basic engineering principles, specifically thermodynamics, heat
transfer, and fluid mechanics

e Ability to understanding the basis of mathematical models involving algebraic and
differential equations

This guide focuses on the capabilities of the models selected for V&V. However, some generic
guidance is also provided, and most of the discussion is applicable to any fire model of the
respective type (algebraic model, zone model, or computational fluid dynamics (CFD) model).
Five specific models are discussed in this guide:

(1) The NRC’s Fire Dynamics Tools (FDT®), NUREG-1805 and Supplements @

(2) EPRI's Fire-Induced Vulnerability Evaluation, Revision 1 (FIVj#-Rgv1)
(3) NIST’s Consolidated Model of Fire Growth and Smoke Tgsfsp FAST) ;Q

(4) Electricité de France’s (EdF) MAGIC code Version (4.1. 6
(5) NIST’s Fire Dynamics Simulator (FDS) Version @
Finally, the user of this document would benefit fro

a fire protection performance-based appro d
EPRI/NRC-RES Fire PRA Methodology f le

iliarity use of fire modeling in
EG/CR- (EPRI 1011989),

Power FQ& .
1.3.2 Training Resources % Q
For individuals seeking to enhance or uptiate ther e in the areas noted in section 1.3.1,

there are several resources ' aﬁe, including acagemic courses, short courses, and written
materials.

Information on aca nstitutions i@re rograms or single classes in fire protection

engineering can nd at the Sogigl ire Protection Engineers (SFPE) web site:
.

http://www.careersinfireprotecit neering.com/career types.htm

A background in engig€erirg fundamentals is essential for fire modelers, especially in the areas
of fluid mechanics, thermgdynamics, and heat transfer. These subjects are offered at virtually
any academic instigution with programs in fire protection and/or mechanical, aerospace, civil,
and chemical eg %ring. While general courses provide basic background discussions,
courses i Ie applications are preferable, and would be provided by the institutions
offering es or degree programs in fire protection engineering.

In addition to the academic programs, short courses in fire behavior and fire modeling are
available through professional and industry associations, such as the SFPE
(http://www.sfpe.org) and EPRI (http://www.epri.com).

Key written references on fire behavior and fire modeling include:
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ASTM E1355-05a (2005), Standard Guide for Evaluating the Predictive Capability of
Deterministic Fire Models, American Society for Testing and Materials, West
Conshohocken, PA, 2005.

Buchanan, A. H. (2001), Structural Design for Fire Safety, John Wiley and Sons, LTD,
Chichester, England, 2001.

Babrauskas, V., Ignition Handbook, Fire Science Publishers/Society of Fire Protection
Engineers, Issaquah WA (2003).

Drysdale, D., An Introduction to Fire Dynamics, 3" Ed., John Wiley, 2011.

Karlsson, B. and Quintiere, J.G., Enclosure Fire Dynamics, CRC Press, 2000

Quintiere, J.G., Principles of Fire Behavior, Delmar Publishers, 1998.
Quintiere, J.G., Fundamentals of Fire Phenomena, John Wiley, 2006. \
d{A &

NFPA, Fire Protection Handbook, National Fire Protection Association, 20"
Cote, (Editor) 2008.

NUREG-1824 (EPRI 1011999), Verification and Vallg lected Fifg

Nuclear Power Plant Applications, Nuclear ry Commijgsion,
SFPE, SFPE Engineering Guide to Assessing F ation to E | Targets from
Pool Fires, SFPE Engineering Guide Flre Pro nglneers

Bethesda, MD, March, 1999.
SFPE, SFPE Engineering Guide to Fir Exp s to Strye Iements SFPE

Engineering Guide, Society P tection E g's, Bethesda, MD,
November, 2005.

SFPE, SFPE Engineering Gui d Ignltlo f S@ifd Materials Under Radiant
Exposure, SFPE En uide, S ci fF| e Protection Engineers,

Bethesda, MD, January 002.

SFPE, SFPE Enginegging @uide to Predi Room of Origin Fire Hazards, SFPE
Engineering jde, Society of &ire Prétection Engineers, Bethesda, MD,
Nove

SFPE, SFPE of Fige

Protectlo

ngineering, 4™ Ed., P. DiNenno (Editor),
ciation, 2008.

1.4 Fire Modeling T

Fire development in co Sis often divided into phases depending on the dominant
processes at any glv& of development. Ignition is dictated by the characteristics of the

fuel item being ignited (i.& ignition temperature, geometry, orientation, and thermophysical

properties® strength of the ignition source. Once the flames are sustained on a burning
fuel item, a s me develops, transporting mass and heat vertically as a result of the
buoyanc oke (see Figure 1-1). The plume will entrain air as it rises, thereby causing

cool and become diluted; as a result, the quantity of smoke being transported will
increase witvincreasing elevation. After a smoke plume strikes the ceiling, the smoke travels
horizontally under the ceiling in a relatively thin layer, referred to as a ceiling jet. As the ceiling
jet travels, the smoke cools with increasing distance from the plume impingement point, in part
because of air entrainment into the ceiling jet as well as heat losses from the ceiling jet to the
solid ceiling boundary.

® Thermophysical properties include thermal conductivity, specific heat, and density.
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In an ideal situation, once the ceiling jet reaches the enclosing walls, a Hot Gas Layer* (HGL)
develops. As a result of the continuing supply of smoke mass and heat via the plume, the HGL
becomes deeper, and its temperature increases. Other properties of the smoke in the HGL also
increase (including concentration of gas species and solid particulates).

Radiant heat from the HGL to other combustibles not involved in the fire increases their
temperature. Similarly, the temperature of non-burning combustibles will also increase as a
result of receiving thermal radiation from the burning item(s). As the other combustibles reac
their respective ignition temperatures, they will also ignite. In some cases, the ignition o

other combustibles in the space caused by heating from the HGL occurs within a very s im
span. This is commonly referred to as flashover. 6

Several aspects of fire behavior may be of interest when ap g odels, d g on the
purpose of the modeling application. Analysts may seek to rpine the e% associated
ja

with heating of targets submerged in smoke or receivin eat from t mes, the
response of ceiling-mounted detectors or sprinklers o th&dfire environmény ther
phenomena. %
, E
O\Q\

Figure 1-1. Characteristics of compartment fires.

* Hot Gas Layer or HGL is also called “smoke layer” or “hot upper layer” in other publications in fire protection engineering.
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The most common aspects of fire behavior that typically are of interest in such analyses include,
but are not limited to:

e Rate of smoke production

e Rate of smoke filling

o Properties of the ceiling jet

e Properties of the HGL

e Target response to incident heat flux via either thermal radiation or convection

A detailed review of each of these aspects is provided in texts on fire dynamics. A brie Nx
of each is provided here.
Rate of smoke production O

i culates @g from the
ame and/or @ plume.
helght in e is the

Smoke is defined as a combination of the gaseous and
combustion process, plus the air that is entrained i
Consequently, the rate of smoke production at a

combination of the generation rate of combus on pr ts and ment rate into the
flame and/or smoke plume between the to I and th of interest. In most cases,
the air entrainment rate greatly exceeds tlon rat | volatiles. Thus, the
correlations used to estimate the rat productl re'§sually taken from experimental

research on entrained air.

Rate of smoke filling Q

The rate of smoke fillin ent on th of smoke production, the heat release rate
(HRR), floor area, hei onflg ra pace and time from ignition. For a fire with a
steady HRR, the r, oke f|II|ng 0 partment will decrease with time due to a

decrease inthe s productlon |ch decreases as the height available to entrain air
decreases when the WGL deep

Properties of the ceiling

The ceiling jet transport Xe and heat horizontally away from the plume after it impacts with
the ceiling. The regponse of ceiling-mounted fire detectors or sprinklers is governed primarily by
their interactio % ceiling jet. The temperature and concentration of smoke in a ceiling jet is
principally %n on the height and configuration of the space, distance to the ceiling
impact the smoke plume, and the HRR of the fire.

Properties of the HGL

As smoke and heat are transported to the HGL via the smoke and fire plumes, the properties of
the HGL will change. The principal properties of interest include the depth, temperature, and
gas concentrations in the HGL. The magnitude of the properties depends on the HRR of the
fire, geometry of the space, ventilation openings (permitting material from the HGL to leave the
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space, providing air to the fire, and/or causing a stirring action), yields of combustion products,
and the elapsed time after ignition. These changes can be tracked by considering the
conservation of energy, mass, and species relative to the HGL.

Target response to incident heat flux via either thermal radiation or convection

The targets’ temperature will increase as a result of receiving heat via either thermal radiation or
convection. Radiation heat transfer is dependent on the intensity of thermal radiation emitted by
a source, the size of the source, and the proximity of the target to the source. For this
application, the flame height, the portion of heat released from the fire as radiation, and the
distance separating the target from the flame are the dominant parameters. Convective'\in
occurs whenever the target is submerged in the smoke plume or L. é

1.5 Fire Modeling Tools O

1.5.1 Algebraic Models
Algebraic models may be standalone equations f rature o contalned within
spreadsheets (such as the NRC’s FDT®), and ca e agene erstanding of one of
the fire environment phenomena. These e ns typmally* -form algebraic

pirical data. In some

cases, they may take the form of a firsisg oydinary diff equation, and, when used

expressions, many of which were developéd IatlonsQ
properly, can provide an estimate ofg iables, such G emperature, heat flux from

flames or the HGL, smoke production ate, depth and the actuation time for
detectors.

Algebraic models are h se they ite minimal computational time and a limited
number of input varia n applyi Its of the algebraic models, users need to be
aware that the de t of most ' involved assumptions to simplify the analysis.

Algebraic models seful prlmar reening tools (i.e., to provide a rough approximation
for an analysis, perhdps as a chxnf n aspect of the results of the computer-based models),
and are also applicable whe e phenomenon can be treated in isolation: for instance,

plume or ceiling jet corrgl e not applicable if there is a significant HGL unless they are
modified to account & ect.

1.5.2 Zone Mﬂ?ls

A zonem I@ s the Consolidated Fire Growth and Smoke Transport Model (CFAST) or
MAGIC, €alc fire environment variables using control volumes, or zones, of a space. The
zones corf€Spond to a cooler lower layer and a HGL, as depicted in Figure 1-2. The
fundamentalMdea behind a zone model is that each zone is well-mixed and that all fire
environment variables (temperature, smoke concentration, etc.) are therefore uniform
throughout the zone. Conditions in each zone are calculated by applying conservation
equations and the ideal gas law. The variables in each zone change as a function of time and
rely on the initial conditions specified by the user. It is assumed that there is a well-defined
boundary separating the two zones, though this boundary may move up or down throughout the
simulation.
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HGL

Mass
outflow

@
y 2

Figure 1-2. A two-zone enclosure fire with above a ool lower layer

below. 0
e

Zone models are most applicable in stiagi fMvolving & ometries or where spatial
resolution within a compartment is n ant. The% tion of input for a zone model, the
computation time, and the amount of o®gput data @ pr are slightly more extensive than a
simple algebraic model; howgfer, e overall conhgtational time cost is still low.

Zone models can easil P iti %g from fires involving single compartments or
[ used to compute the HGL temperature, HGL

re also capable of modeling some effects of natural
tal and vertical directions. Some zone models allow
el, which may assist in better characterization of a known
n axisymmetric smoke plume. Other features of a zone

d one-zone assumption or multiple fire plumes.

composition, and @ h
and mechanical veRglation in bet
the user to select a thermal pl

fire scenario, while others
model may include a& e

Simulations of spz{es) witfPcomplex ceilings or numerous compartments can be challenging

with a zone modeM, Because zone models assume uniform conditions in the HGL and lower
layer, resu tbe distinguished between locations at different distances from the fire. Due
to the z ch, smoke transport time lags are not considered in the simulation, which is
an acceptale approximation in relatively small spaces but may lead to significant error in large-
volume spaces or spaces with large aspect ratios.

Smoke production, fire plume dynamics, ceiling jet characteristics, heat transfer, and ventilation

flows are all algebraic models embedded within zone models. Other parameters that can be
calculated with a zone model include thermal behavior, detection response, and suppression
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response. The output of a zone model is typically simple to understand and is generally
presented through an automatic user interface.

Most zone models have default values that must be recognized and adjusted as necessary to
obtain an accurate solution. The model user must understand and justify the relevance of the
default values used in any application. Fire model users are expected to assess the
appropriateness of default values provided in the fire models and make changes or adjust
values as necessary. User manuals and technical references for each zone model outline such
values and may provide recommended ranges for the parameters.

1.5.3 CFD Models \
A computational fluid dynamics (CFD) model is often useful whepftrying to determi Q
variables at a specific location or when there are geometric fe that are exp @ 0 play a
significant role in the results beyond what can be calculatedfin model apprOwsfiation. A
typical CFD model consists of a preprocessor, a solver, and a processqf. D models can

the geometry into three-dimensional suby, d cells ns to the conservation

eguations of mass, momentum, and e pdated tion of time within each
numerical grid cell, with the solution cefs collecti scwibing the fire environment
within the geometry at the cell resolutie.

provide a detailed analysis in both simple and complex ries. @
CFD models essentially apply a series of conserv% state e @s across multiple cell
boundaries in a space. The number of cell dari depends@ esh size, which breaks
e
r

The number of grid cells dejihe tl(e type of mesh. 9§ fine mesh is made up of numerous grid
cells. Since the equatio apflied at e II's boundaries, a more detailed distribution of
fire parameters is cha ized. A coar made up of fewer grid cells and can result in
less accurate resu type of m& ber of grid cells should be based on the
geometry and the red results. detailed simulation is needed, then a finer mesh
should be used. Be®ware that” r Mmesh significantly increases the computational running
time of the model as well as @1 ity of output data.

CFD models have m b&r spatial fidelity than zone models, being able to distinguish
conditions in one part of space from another. Because of the appreciable amount of time
and effort require%apply CFD models as compared to zone models or algebraic models, CFD

models are ge@ applied when:

. fal resolution is important, relative to either the locations of fuel packages or targets.

o Larg®compartments relative to the fire size are involved.

o Compartments have complex geometries, flow connections, or numerous obstructions in
the upper part of the compartment.

e Large numbers of compartments are within the area of interest and the presence of each
compartment is expected to affect the fire environment in the area of interest.
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An example of a CFD simulation of a fire experiment is shown in Figure 1-3. The purpose of the
calculation was to simulate an experiment that was part of the validation study described in
NUREG-1824 (EPRI 1011999). In the experiment, a pan fire was placed in a relatively small
compartment, and temperatures and heat fluxes were measured at various locations. The CFD
simulation is able to describe the changing behavior of the fire as it interacts with its
surroundings.

N

& O

Q‘ . Qb
Figure 1-3. A Smokevie N ization of a CFD model of a compartment fire
experiment. \?b'

While CFD models provid® a detailed analysis of a space, they are costly to create, simulate,
and maintain. The}input files created in the preprocessing stage require a significant effort to
create. Th um t understand the code syntax and the implications and assumptions
embedded’in odel. A firm understanding of fire dynamics is important in providing input
data that 1§gelevant to the application. Most CFD models have default values that must be
recognized ahd adjusted as necessary to obtain an accurate solution. The model user must
understand and justify the relevance of the default values used in any application. Fire model
users are expected to assess the appropriateness of default values provided in the fire models
and make changes or adjust values as necessary. User manuals and technical references for
each CFD model outline such values and may provide recommended ranges for the
parameters.
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Depending on the complexity of the scenario and the computer’s computational power, the
solver within the model can take anywhere from a few hours to weeks to complete all the
calculations. This time cost depends on the measured parameters, the size of the geometry,
and the mesh size of the calculations. Outputs of CFD models are visualized through a post-
processing program. The CFD model developed at NIST, Fire Dynamics Simulator (FDS),
employs the program “Smokeview” to represent distributions of temperature, mass, heat flux,
burning rate, etc. throughout the geometry. These parameters can be described through point

locations, isocontours, or vector diagrams. Output data may also be stored in a comma-
separated value file format that can be read by a standard spreadsheet program. $

be applied n the

Sgandard G for Evaluating

efinitior@%{erms model

1.5.4 Fire Model Verification and Validation (V&

limitations of that fire model (section 2.4.1.2.2). ASTM E 13
the Predictive Capability of Deterministic Fire Models, pRoW
verification and model validation.

Model Verification is the process of determining th fmplemen a%f a calculation method
accurately represents the developer’'s conce | des€fiption of fhe §af€ulation method and the
solution to the calculation method. The fuga strateg Riiffcation of computational
models is the identification and quantificatigef of grror in th\ tational model and its
solution.

Model Validation is the process of det@gnining th which a calculation method is an
accurate representation of the eal#vorl from t spective of the intended uses of the
calculation method. The fu ehtal strategy of validation is the identification and
guantification of error an rtajhty in the eptual and computational models with respect
to intended uses.

fire models. The s of this proj re documented in NUREG-1824 (EPRI 1011999),
Verification and ValiGgtion of Sé\d ire Models for Nuclear Power Plant Applications.

1.6 Fire Modeliag@‘ricaﬂons
i Y
t

As noted in Sectic@, C/RES ar RFconducted a collaborative project for V&V of five

Fire modeling is used'i affety of NPP applications. Examples include license amendments
or exemption requests, fir’induced circuit failure analyses, NFPA 805 performance based

applications, and %PRA support. This section provides a brief overview of common fire
modeling appli

1.6.1 Ll'¢€nse Amendments and Exemptions

Fire modeling has been used to justify requests for changes from the deterministic requirements
contained in 10 CFR 50.48 and Appendix R of 10 CFR 50. License amendments and
exemption requests are evaluated by NRC staff on a case by case basis.
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1.6.2 Fire Induced Circuit Failures

Fire induced circuit failures can result in the spurious operation of components. In particular, an
MSO (multiple spurious operation) involves multiple cable or component interaction. Fire
induced circuit failures are discussed in NEI 00-01, Rev. 2, Guidance for Post Fire Safe
Shutdown Circuit Analysis. Regulatory guidance for using fire modeling when evaluating circuit
failures, including the application of fire model verification and validation (V&V), is available in
Regulatory Position 1.8.7 of RG 1.189, Revision 2.

Generally for circuit failure applications, the fire modeling objective is to demonstrate that
applicable circuit(s) remains free of damage for the postulated fire scenario, and that a

reasonable margin of safety is maintained. Q

1.6.3 NFPA 805 Performance-Based Applica ::@

NFPA 805 allows the use of either fire modeling or fire risk ions to d nstrate that
performance based requirements are satisfied. %

1.6.3.1 Fire Modeling

The NFPA 805 requirements associated W|th re g are orgegl into two sections,
Section 2.4.1 and Section 4.2.4.1. Section scribes the’lrements associated with

the fire modeling calculations and analysig. 4 24.1 I0€s the requirements for the
implementation of a performance-basgghfi ellng an

Section 2.4.1.2 of NFPA 805 describethe requir @the use of fire models, which
include:

o The use of fire mod€ls aCc tablet r|ty having jurisdiction (AHJ), i.e., the U.S.

Nuclear Regula SSIOI‘]
e The applic ire models? elr range and limitations
Il be veffifi @vahdated

In the context of this appll @Ve specific analytical capabilities within the fire model need to
be verified and valida capabilities not invoked in a specific calculation are outside the
scope of this requirefne REG 1824 (EPRI 1011999) is an example of a verification and
validation study for fire m eIs specifically developed for NPP applications.

e Fire models

Section 4.2,4. d|V|ded by process element as follows:

Identify ets (NFPA 805 § 4.2.4.1.1): This subsection requires the description of the
targets (e.g.¥equipment or cables) and target locations (specific locations of raceways/conduits
containing the cables, electrical cabinets, or equipment) associated with them needed to
achieve the nuclear safety performance criteria.

Establish Damage Thresholds (NFPA 805 § 4.2.4.1.2): This subsection requires the

description of damage thresholds for the equipment and cables needed to achieve the nuclear
safety performance criteria. The damage threshold (i.e., target vulnerability) for cables exposed
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to fire is expressed in most cases in the form of an incident heat flux on the cables or the cables’
surface temperature shall be established in accordance with Section 2.5 of NFPA 805.

Determine Limiting Conditions (NFPA 805 § 4.2.4.1.3): This subsection requires the
description of the combination of equipment or required cables with the highest susceptibility to
any fire environment.

Establish Fire Scenarios (NFPA 805 § 4.2.4.1.4): This subsection requires the description of
a given area’s fire conditions resulting from the identified and analyzed fire scenarios. It should
be noted that the scenario definition is consistent with the requirements listed under § 2.4.1.3 of
NFPA 805. Appendix C of NFPA 805 provides two categories of fire scenarios used in the
standard as follows:

Maximum Expected Fire Scenario: The maximum expected fire scenario (ME

defined in NFPA 805 Section C.3.2, as the scenario that igflised to determjae |r
modeling whether the performance criteria are met in th arga belng T The
input data for the fire modeling of the MEFS should the foIIo

e Existing in-situ combustibles in the fire ar,

o Types and amounts of transient co ti at mdust ience and
specific plant conditions indicate ¢ sopably be d in the fire area

o Heat release and fire growth r for ual in- S|t sumed transient
combustibles that are realis C servatlv . on available test data and
applicable fire experience

e Ventilation within nor ng par doors in the open or closed
position

e Active and pasgive ye protection res operating as designed
Limiting Fire Scena imiting fi f <] cen io (LFS) is defined in NFPA 805 Section
C.3.3 asfire sc WhICh on ore of the inputs to the fire modeling
calculation (e Ieas Iocatlon or ventilation rate) are varied to the
point that mance cr|t is not met The intent of this scenario(s) is to
determine here is a r e margin between the expected fire scenario
conditions an&the pom . [T]he LFS can be based on a maximum possible,

. The values use input should remain within the range of possibility but can

though unlikely, valu% |nput varlable or an unlikely combination of input variables.
exceed that d judged to be likely or even possible.

For each fire scenario th nwronmental conditions resulting from each MEFS are compared to
the damage thre ds for the targets in the fire area. If damage thresholds are not exceeded,
the targets mE@ area can be considered free of fire damage under the conditions of the

the effects of the LFS include damage to the targets in the fire area under
. Fire modeling parameters that have been varied to establish the LFS conditions
are identified and described.
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1.6.3.2 Fire Risk Evaluations

A fire risk evaluation for the NFPA 805 performance-based approach uses fire PRA methods,
tools, and data to compare the risk associated with implementation of the proposed alternative.
Sections 2.2.2.4 and 4.2.4.2 of NFPA 805 contain specific requirements for the use of fire risk
evaluations. The fire PRA methods, tools, and data must be acceptable to the AHJ, and they
should be appropriate for the nature and scope of the evaluation, be based on the as-built and
as-operated and maintained plant, and reflect the operating experience at the plant. The
evaluation uses core damage frequency (CDF) and large early release frequency (LERF) as
measures for risk. The proposed alternative must ensure that the philosophies of defense in
depth and sufficient safety margin are maintained. Section 1.5.4 of this report provides

information on using fire modeling in support of fire PRA. Q
1.6.4 Fire Modeling in Support of Fire PRA

Fire PRA often applies fire modeling in the fire scenario devgl and analysis prfocess. A
fire scenario in a Fire PRA is often modeled as a progregsion of gamage st ver time, which
is initiated by a postulated fire resulting from an ignition ate is

characterized by a time and a set of targets damagé€d
commonly used to determine the targets affected

at which this occurs. The first damage state ugually sists of
source itself. Depending on the characteri Wonﬁgur i
damage state may consist of an HGL forfatién that leads

S

predetermined damage criteria. Da betweep e
sets compromised as the fire propa ugh inte@
%

. Each d
itRin that time, @odeling is
amage s@n the associated time
only to the ignition
e scenario, the last
room damage by exceeding a

and final states capture target
ombustibles.

Each scenario progression pgstulaied in a Fire s quantified to determine its contribution to
fire risk. The most commo isk metrics afe t actor Core Damage Frequency (CDF)
and Large Early Releas epCy (LERF@ioactive material. NUREG/CR-6850 provides

guidance on the quang fire ris
.

The Fire PRA sta @ (ASME/AN -2008 and Addenda RA-Sa-2009) lists requirements
for all the technical'lements assoglat ith a Fire PRA, includes specific requirements for the

use of fire models. The stand (x esses: (1) the selection of appropriate fire modeling tools
for estimating fire growth an% e behavior, considering the physical behaviors relevant to
n

the selected fire scenajj 9& ) the application of fire models that are sufficiently capable of
modeling the conditi of imgrest within known limits of applicability. In the case of analytical
fire models, the standardWgquires the use of appropriate fire modeling tools with the ability to
model the conditifts of interest within known limits of applicability.

1.7 Or tion of the Guide

The guida material provided in this document is divided into five chapters and a number of

appendices, as outlined below.
e Chapter 2 presents a qualitative overview of the process for conducting fire modeling,

including the basic principles of fire simulation, advantages and limitations of the
technology, and brief descriptions of the five models
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Chapter 3 provides specific guidance on selecting models to address typical scenarios in
commercial NPPs
Chapter 4 contains information on determining the sensitivity and uncertainty associated
with fire modeling calculations
Chapter 5 contains the list of references identified throughout this document
Appendices A through H provide detailed examples of fire modeling analyses of typical
NPP scenarios:

0 Appendix A — Cabinet Fire in Main Control Room
Appendix B — Cabinet Fire in Switchgear Room
Appendix C — Lubricating Oil Fire in Pump Compartment

Appendix D — Motor Control Center Fire in Switchgear Room @

Appendix E — Trash Fire in Cable Spreading Roo
Appendix F — Lubricating Oil Fire in Turbine Roo
idor

O OO O0OO0OO0oOOo

Appendix G — Transient Fire in Multi-Compar,
Appendix H — Cable Tray Fire in Annulus

?\
& &
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2
THE FIRE MODELING PROCESS

This chapter provides a general step-by-step process for modeling fires in commercial nuclear
power plants. The recommended methodology comprises six steps: (1) define fire modeling
goals and objectives, (2) characterize the fire scenarios, (3) select fire models, (4) calculate fire-
generated conditions, (5) conduct sensitivity and uncertainty analyses, and (6) document the
analysis. A simplified process involving the six steps is shown in Figure 2-1.

o

belect the fire mode
(Section 2.3)

Canthe
problem
be
redefined

Calculate the fire generated
conditions (Section 2.4)
* Q
\ Conducta sensitivity and
uncertainty analysis (Section
2.5)

Are the
goals and
objective
satisfied?

Document the analysis
(Section 2.6)

End

Figure 2-1. Fire modeling process.
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THE FIRE MODELING PROCESS

2.1 Step 1: Define Fire Modeling Goals and Objectives

The first step in a fire model analysis is to identify and state the fire modeling goals and
objectives. A fire modeling goal is a broad statement of what needs to be accomplished using
fire modeling (SFPE, 2007). The goal(s) should also identify whether the analysis results are
intended to help resolve a deterministic issue or are intended as input for a probabilistic risk
assessment (PRA).

The objectives are more specific and describe in engineering terms how the goal(s) will be met
(SFPE, 2007). Clearly defined objectives provide focus and are needed to correctly select the
fire scenarios that will be evaluated and the fire modeling tools that will be used. In order to
define the objectives, some understanding of the conditions by which success or failure a
measured (i.e., the performance criteria) is necessary at the analysis outset. Any fire

objective may thus be viewed as a statement defining what needgfto be accompliglhe %
criteria will be used to define success or failure, and which analygis/rogess will @ d.
e gis.

The criteria should be stated in terms that can be achieved

odeling afg

Some common situations in commercial nuclear power an%%) wher modeling may

be used to determine which goals and objectives would eloped in €20t are not
limited to:
e Evaluating whether or when a fire could da single @I cable or component

Evaluating whether or when a fire Mge multj trical cables or
components &
Evaluating whether conditior@ﬁbitabl [ @closure

Evaluating the potengél f rffire propagatiorhrough or across a fire barrier

Evaluating det oRggrinkler act%
.

Evaluatino tial for fir agation between fire zones or fire areas, or to

secondary bustibleg

Evaluating the struct XOnse under fire conditions

The performance crit argan important aspect for developing the fire modeling objectives
and will be specific t0 th&fire modeling application. The performance criteria will often include,
but are not limited §o one dr more of the following:

M 'm@ eptable surface temperature or jacket-insulation interface temperature for
ab ponent, secondary combustible, structural element, or fire-rated
cORglruction

Maximum acceptable incident heat flux for a cable, component, structural element, or
secondary combustible

Maximum acceptable exposure temperature for a cable, component, structural element,
or secondary combustible
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e Maximum acceptable enclosure or key structural elements temperatures
¢ Maximum smoke concentration or minimum visibility

¢ Maximum or minimum concentration of one or more gas constituents, such as carbon
monoxide, oxygen, hydrogen cyanide, etc.

The performance criteria may also involve sequences of events, such as “detection or sprinkler
actuation before cable damage, which occurs when the surface temperature exceeds a
specified threshold value.” NUREG/CR-6850 (EPRI 1011989) provides some performance
thresholds for common NPP targets (see Appendix H) as well as for habitability (see Se
11.5.2.11).

a particular cable) or general (i.e., the maximum distan type of fire
could damage cables). In addition, it may only be es damage a single
cable, or it may be necessary to simultaneously d e

separation. The following are examples of goals th regymodeling analysis:

e “Ensure that Panel ‘X’ and Cable Wubject
¢ “Tabulate the distance throu ich®h electric & ignition source could

adversely affect electrical tar oruse a %\ing tool in support of a PRA.”

free of damage from a fire. This could be very specific (i.e., %re fire exposing

given a fire in Room ‘Z.”

e “Ensure that Cable ‘}and«able ‘Y’ both &not fail in Room ‘Z’ when exposed to a

single transient fuel age fire.”
e “Quantify the enefif o er system in Room ‘X’ for preventing damage
to Cable Q \

Each of the goals explicitly stateg! plrpose of the analysis and the means by which success
is determined in terms that ¢ ieved by a fire modeling analysis. The objectives are

more specific and may inc cific steps that will be followed to satisfy the goal. Some
examples of objectiv& pport the previously cited example goals are as follows:
I

o “Perform a galculation to determine if a fire in Fire Area ‘X’ involving Panel 'Y’ could
cause thf rface temperature of Cable ‘Z’ to exceed a specified threshold value.”

o ‘Bl e maximum distance from any surface of an electrical cabinet at which a 98"
p ntile heat release rate (HRR) fire in Fire Zone ‘X’ could cause the surface
temperature of a cable to exceed a specified threshold value.”

e “Perform a calculation to determine if a fire in Fire Area ‘X’ involving a transient fuel

package could simultaneously cause the surface temperature of both Cables 'Y’ and ‘Z’
to exceed a specified threshold value.”
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o “Determine if any ignition sources in Fire Zone ‘X’ could damage cables in Raceway ‘'Y’
by causing the surface temperature of any cables in the raceway to exceed a specified
threshold value before the sprinkler system actuates.”

Thus, the objectives define in specific terms the means by which a goal will be fulfilled and the
means by which success is determined.

2.2 Step 2: Characterize Fire Scenarios

The second step in the fire modeling process is to characterize the relevant fire scenarios tha
capture those technical elements necessary to address the goals. A fire scenario is defi
within this guide as a set of elements needed to describe a fire event. These elements &
include the following: é

e the enclosure details (i.e., compartment) ;: O

e the fire location within the enclosure 6
e the fire protection features that will be credi ?\ @
e the ventilation conditions 06
o the target locations V Q
\

o the secondary combustibles

o the fire, which is some 'mes,refe ed to “ignition source”
A number of the fire sce nts may be viewed as fire model input. This section
provides a broad pers that apply when formulating the appropriate
3 provides additional guidance on specific fire

fire scenario, given gfi i
scenario elemen @ \ fire modeling goals and objectives evaluated with a

particular fire modé

.
Note that when characterizing enarios, preliminary consideration should also be given
to how many scenarios are, to address a particular goal and which specific fire event
characteristics each s n& ould capture (i.e., which scenarios are needed). In general, at
least one fire scena uldbe necessary to assess the effects for a single ignition source-
target set pair. The analySt should become familiar with the information necessary to develop
input files for the modeling tools. In practice, this information should be collected during the
process of sel nd describing fire scenarios to minimize the number of walkdowns and

2.2.1 Genrreral Considerations

Various documents provide guidance for describing fire scenarios from a technical and
regulatory perspective. Most of these documents are “application”-specific; for instance, NFPA
805 defines two general categories of fire scenarios, limiting fire scenarios (LFSs) and
maximum expected fire scenarios (MEFSs). According to NFPA 805, the input values
necessary to determine the MEFS are those that lead to the “most challenging fire that could
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reasonably be anticipated for the occupancy type and conditions in the space.” For LFSs, “one
or more of the inputs to the fire modeling calculation (e.g., heat release rate, initiation location,
or ventilation rate) are varied to the point that the performance criterion is not met.” If there is a
“sufficiently large" margin between the MEFS and the LFS, then the fire scenario can be
screened from the risk assessment (Gallucci, 2011).

In a Fire PRA, the goal is to quantify the risk contribution from individual scenarios and to
identify potential risk-contributing scenarios (e.g., fires impacting important targets in the
compartment). Although specific elements in the scenario selection process are “standardized”
for guidance and completeness purposes, a certain degree of fire protection engineering
judgment is also necessary. NUREG/CR-6850 (EPRI 1011989) contains information on fire
frequency, cable (target) selection, HRR, damage criteria, and other information that is u

developing fire scenarios Q
Selected scenarios should represent a complete set of fire condg o that are imyorta the
fire modeling goal. For example, if the goal of the fire modelj is to esfig hether
specific cable(s) will remain free of fire damage, the analys on3|de pos Es that are
close to the cables as well as exposures that are farthe way mall, Ioc fire exposure
could be a greater challenge than a larger fire that is ar eavay, or Vi It may not
always be appropriate to select, or at times even iblefo define, t case fire scenario
prior to conducting the analysis, due to the differe re mech S assouated with

various ignition sources. In large enclosures wjth a ed num gets to protect, such as
a turbine building in an NPP when the pro t|o safety-r rcuit is the fire modeling
goal, it is easier to locate the targets of i hen id ose fire sources capable of

affecting that target.

When attempting to characterize the scenario downs should be an essential
aspect of the scenario selection. Many y deci 4@ ant to fire modeling, including those
related to model selection ap€ i parameters e |anuenced by observations made during
walkdowns. The occupant ess Iev@partlcular area, and the fire brigade/fire

department access sh erved dur walkdowns, as applicable.

It should also be ngteg Hat not all the sociated with a commercial NPP fire scenario
can be directly »@ d using the in the scope of this guide (e.qg., the effect of
suppression activitieg by the firé @ or the conditions in a space after a sprinkler system
has actuated). It is important % r, not to limit the scenario selection and description to
those elements that can be

2.2.2 Enclosur tal

The enclosure defdils include the identity of the enclosures that belong in the fire model
analysis, the p &dimensions of the enclosures included in the fire model, and the boundary
materials e@wclosure. The enclosure(s) that belong in the fire model may depend on the
fire modé&ln , the complexity and connectivity of the spaces in the general area of interest,
the type or@palysis conducted, and the type of fire model selected. It is possible that no
enclosure may be involved, as would be the case for an exterior transformer fire. As a
minimum, the space containing the fire would normally be included in the fire model, though
treatments involving algebraic plume temperature or flame height correlations would not model
the enclosure effects per se. Multiple enclosures might be necessary if there are flow
connections (natural or forced) to adjacent areas and if the conditions in both areas could affect
the analysis results or are of interest. Care should be taken to consider the potential effects of
fires in adjacent areas on the targets of interest. In some cases, a heating, ventilation, and air
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conditioning (HVAC) recirculation system may involve areas that are fairly remote from the area
of interest. Depending on the type of analysis conducted, the conditions within either or both
areas may be of interest, and the fire model would thus include both spaces.

The physical dimensions of the enclosure and the boundary materials are model input and
should be determined once the fire model has been selected, since the level of detail varies
considerably among the fire models. One-zone models may only require a volume and
boundary area; two-zone models will typically require the length, width, and height; and
computational fluid dynamics (CFD)-type models will require details commensurate with the
model grid resolution. The determination of the correct physical dimensions and boundary
materials are described in Chapter 3 for various types of NPP fire scenarios.

2.2.3 Fire Location Q\
) on, and
barrier

The location of the fire will depend strongly on the fire modelinggog# the target |
the fire modeling tool selected. For example, when evaluatipegsth rmance O
system, fire scenarios challenging the barriers are of intere%\ onductigg a risK analysis,
fire scenarios impacting safety-related circuits may be m terest. lected

scenarios for these two applications may not be the g(

When selecting the fire location, the fire scenario d challenge t tions being
estimated. For example, if the goal is to evalyate fl adiationgmg et, locating the ignition
source relatively far from the target may no We best r % tation of the fire hazards.
If the goal is to determine whether a fire géh géu ircuj different raceways to fail, it

may be appropriate to locate the fire b here will be situations in
ut there is some flexibility in

electrical cabinet, the floor posjtion js fixéd; how& he base of the fire is not. Depending on
priate to locateqe fire base at the cabinet floor (e.g., open

back and containing thermo igATP) cablgd), at the top (open top and no side vents), or
somewhere in betwee REB&/CR-68 %» ement 1 (EPRI 1019259), Fire Probabilistic
Risk Assessment M anceg amends a fire elevation equal to the top of the
upper vent or 0.3 ft) Welow the i8¢ top for cabinets meeting certain physical
constraints. .

In the case of transient fuel fires or other types of fires that are not fixed, some
consideration of the effgctg{of wall or corner on the upper gas layer temperature is
necessary. If the pri eXposure mechanism is the Hot Gas Layer (HGL), assuming the fire

is located in a corner or Rgar a vertical boundary will produce higher HGL temperatures.
However, the typﬁanalysis may dictate that multiple locations be postulated not necessarily

yielding the wo effects. Other features that affect the fire location could include the
presence gp sl pfa floor, particularly when a melting plastic or liquid hydrocarbon fuel is
consider€d amd¥rensient fuel packages may be staged on mezzanine levels, scaffolding, or
platforms.{he October 19, 1989, turbine lubricating oil fire at the Vandellos NPP in Spain
illustrated thiS problem. Additional information can be found in NUREG/CR-6738, Risk Methods
Insights Gained from Fire Incidents.

The following general guidelines and considerations for locating the fire for different fire
exposure mechanisms may be followed as applicable:
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e Targets in the fire plume or ceiling jet. Locating a source on top of a cabinet ignition
source usually results in the most severe fire conditions, since it assumes that cabinet
walls will not affect fire-generated conditions. Furthermore, since the fire is located in
the highest possible position, flames are expected to be higher, and temperatures in the
plume and ceiling jet will also be high. The user should judge whether this is a
conservative assumption based on the goal of the analysis. For example, this would not
necessarily be a conservative assumption if detection of the fire was a critical aspect of
the analysis.

e Targets affected by flame radiation. Combustible materials that are not fixed, such as
transient fuel packages and unconfined liquid spills, should be located so that th
unobstructed (assuming that no passive fire protection system is credited) view be e
the source and the target. A horizontal path between flame and target prowde
highest heat flux to the target.

e Targets engulfed in flames. Flame height calculatio e perform@&g to 4
whether the selected location will result in targets e i flames. JProper justification
at the ta §s out of the

should be provided as to the location of the fire

flames. For example, consider the case whege t yst Iocat ffe on top of an
enclosed cabinet, resulting in a cable tray gfiguifedin flames uld represent the
most severe exposure for the cable tray si thgffire is ex%to start somewhere
inside the cabinet. The analyst may chgose toower the sition and ignore the
cabinet walls after a visual examin owies the atlon of the combustibles.

e Targets immersed in the HGL, elevatiomyna luence how far down the HGL
will develop as predicted by ' odels, al h Gther important scenario
characteristics will also be infl

2.2.4 Credited Fire B c‘fion 2

th ill be cred%’;{ fire modeling analysis usually require a fire
ation of the Sy ffectiveness in performing its design

Bgle both an Xt sment of the system compliance with applicable
codes, including enance an ion, and an assessment of the system performance
against the particular¥ire scenar'\ sidered. The evaluation should determine whether the
detection, suppression, and/ ve systems can protect the selected target from fire-
generated conditions. C|sion to credit a fire protection system is made, the analyst
should specify the ty, of sYstem selected for the scenario.

The fire protection fea
protection engineeri
objectives. This

There are several mmon fire protection features that may be present in a typical NPP area:

s systems These include smoke detectors, heat detectors, or high
etectlon systems

ppression systems. These include automatic or manually activated fixed
systems, fire extinguishers, and fire brigades

o Passive fire protection systems. These include structural fire barriers, fire doors,
Electrical Raceway Fire Barrier Systems (ERFBSSs), radiant shields, and fire stops

e Administrative controls. These include combustible or transient-free zones, combustible
fuel load limits, and hotwork procedures
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When assessing the performance of a system against the postulated fire hazard, it is necessary
to consider the conditions under which the system is designed (fire size, fuel load, exposure
temperature, plant operation mode, etc.). For example, an ordinary hazard sprinkler system
may not have a sufficient water spray delivery to protect against a large hydrocarbon pool fire.
Another example would be passive fire protection systems that are rated against an ASTM
E119 (2008) fire exposure. Under some exposure conditions, such as prolonged flame
impingement or large hydrocarbon pool fire scenarios, such systems may not provide sufficient
fire resistance. There may be circumstances in which the thermal material properties are well
defined, such that the response of the passive systems can be analytically determined. In other
situations, it may be necessary to assume at the start of the fire modeling analysis that the
passive systems do not protect the target or prevent fire propagation because the expos
exceeds the design capability of the passive fire protection feature. \

When considering the effect of active fire protection features, a va#d set of respo Q
characteristics of the system is needed. For manually actuated syppressio or
manual intervention in the fire modeling analysis, additional jATorniatigh relating t
occupants, the fire brigade, and the fire department are us ngcessary. Jdis may include
the means of access to the area considered, the prese f amfife watch t%ential for plant
personnel to be in the area, etc. Notice that the fire % 0

guide may not be capable of modeling the impac

may be credited in a given scenario. Credit for acti

preventing further increases in the HRR or aJt&ation Of the HRR
curves such as those described in Appengix P,o REG/CR685¢
1
m

y thus be limited to
using suppression
PRI 1011989) and
ertheless, fire protection
eir effects should be included in

0 g tools With@) pe of this
f the fire% jon features that

Chapter 14 of NUREG/CR-6850 Suppl PRI 1019
features are designed to impact the a scena

the analysis.
2.2.5 Ventilation Congftjofis Q

Ventilation conditions ¢
(e.g., the system will
purge mode, the s
other openings d
brigade arrival, etc.)®

jn normal Btio N
ill transfer® %I ed dampers, etc.) and the position of doors or
he Tire even (& oors closed, doors open, doors opening at fire
Typically® A@mal and off-normal ventilation conditions are
considered. Spaces in which e normally closed may have the doors propped open or
opened during the fire by p @sonnel, or damaged during the fire. HVAC flows that are
normally present in a & change during the fire due to dampers closing, activation of
purge modes, filter p&; r fan damage by the hot gases. Characterization of the flow field
from mechanical devices Way be important in some scenarios, especially if the inlet or outlet of
the mechanical sygtem is in close proximity to the fire or target.

2.2.6 Tgfg cations

The targetYgcation refers to the physical dimensions of the target relative to the source fire or
the fire model coordinate system. These could include its horizontal and vertical distances from
the ignition source or source fire, or its spatial position within the room itself. It may be
necessary to further specify the location of a vulnerable portion of a target, such as the junction
box on a service water pump motor. The orientation of the target with respect to the exposure
fire may be of interest as well. An elevated target that is exposed only in the vertically upward
direction may be susceptible to thermal radiation from an HGL, but possibly shielded from
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thermal radiation from the source fire itself. Note that in some types of analyses (e.g., a control
room abandonment calculation), occupants may be a target.

The fire exposure mechanisms should also be assessed when quantifying the target location.
Fire exposure mechanisms, such as flame impingement, fire plume, ceiling jets, HGLs, and
flame radiation, should be considered based on the relative location of the ignition source,
intervening combustibles, and the targets. The subsequent fire model analysis should quantify
relevant fire conditions and include a discussion of the proper disposition of those that are not
expected to affect the target.

2.2.7 Secondary Combustibles $
Secondary combustibles include any combustible materials that, if jgnited, could aﬁec@

exposure conditions of the target set considered. Intervening c tibles, whicla
eprthe igniti @ ce or
owever, sceaatiary
combustibles would also include combustible materials that
layer, and the radiant energy from the burning se ry,eombustib, augment the

classically assumed to be those combustibles that are locate
source fire and the target, are examples of secondary com

betwee fire and the
target but are exposed to the fire effects. In this case, i ndary c sybles were to
ignite, the total HRR in the enclosure (if applicable)gfoulddncrease, res@in a hotter gas
exposure from the initial source fire, regardlew tion. g
Secondary combustibles would include b jxed¥nd transi rials. Typical fixed
combustibles include exposed cable | r#able insu% mbustible thermal insulation,

D V.

and combustible wall lining material siént comb y considerably from plant to
plant and plant area to plant area, but¥ey may ing 5h containers, waste accumulations,
hoses, hand tools, cleaners and solventS, proted lothing, plastic containers, and so on. Itis

ace, which can provide insight into the types of
e. The combustible load calculations, fire

protection procedures, % 5 hazagdsean ould provide additional details on the nature of
fixed and transie paskages in K ular plant area.

L 4
Combustible material® in sealed ed containers may be excluded from consideration if the
container is capable of resistj ffects of the fire. Some examples include cabinets
containing flammable liguigs, bottom cable trays with fixed top covers, and bus ducts.
Secondary combustiblesNill take on the characteristics of a target prior to their ignition (see

combustibles witl pect to both the ignition source and the target set are determined. The
performan for a secondary combustible target is the ignition condition, which will
usually € a gritted] radiant heat flux or exposure temperature or an integrated heat flux. Unlike
a true tar once the performance criterion has been met, the secondary combustible is
assumed to [gnite and then takes on the characteristics of a second source fire (see Section
2.2.8).

Section 2.2.6). In%is regard, the physical location and orientation of the secondary

2.2.8 Source Fire

The source fire is the forcing function for the fire scenario. As all fire effects are directly related
to the characterization of the source fire, great care must be taken in characterizing it. A source
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fire is often described as the “ignition source,” which introduces the concept of having both a
fuel package and a credible ignition mechanism. There are many ignition mechanisms in a
nuclear power plant; however, ignition sources are typically grouped by component or item such
as into electrical cabinets, transient fuel packages, self-ignited cable trays, hotwork-ignited cable
fires, and overheated motors.

The source fire is typically characterized by a HRR, though other important aspects include the
physical dimensions of the burning object, its composition, and its behavior when burning. The
HRR may be specified as a continuous function of time (e.qg., proportional to the square of time
or a t? fire), or it may be an array of HRR and time data. Algebraic models may only permit a
constant HRR. There may be situations in which the HRR is a function of the ventilation rathe
than the object burning. Burning behaviors that may need consideration include Whether

material can melt and form a liquid pool, whether it can spread by dripping, and Wher
could pool. The HRR for many common ignition sources may be geveloped usin %
provided in both NUREG/CR-6850 (EPRI 1011989) and NURE -6350 Supp 1MEPRI
1019259). A summary of the information contained in theseg0Ocu S that ma ed to
develop HRR profiles is as follows:

e Appendix E of NUREG/CR-6850 (EPRI 1011 \gy ides distri f peak HRR
values as a function of the types (qualified y&. ung@ialified) ar% ts (single vs

multiple bundles) of cables inside vertical elgg cabinets

o Appendix G of NUREG/CR-6850 ( 011039) provid&s gllidance on defining the
transient HRR profiles for electrlc (o , transieq . yitstible materials, and

flammable/combustible liquids

e Appendix R of NUREG/CR- RI 10119®|des guidance on calculating the
flame spread and HRR from cablg fires

o Appendix S of NUREG/GR®*6850 (EPRI 101%989) provides guidance on estimating fire
propagation time eeglelectric inets, which would affect the total HRR profile
for a given are

o Chapter 8 GICR-685
on fire pro tion among

ment 1 (EPRI 1019259) provides further guidance
of electrical cabinets

e Chapter 11 of NURE 0 Supplement 1 (EPRI 1019259) provides further
guidance on cable t , including applicability of the Appendix R of NUREG/CR-
6850 cable fire

e Chapter 17 of N EG/CR 6850 Supplement 1 (EPRI 1019259) provides further
guidance c&ﬁle fire growth rate for transient combustible materials

When fire mo used to support a Fire PRA, the HRR for a source fire may be

represen nditional probability distribution. In this case, depending on the type of
analysis, reening value may be selected (e.g., a 98" percentile peak HRR as recommended
in NUREG -6850), or the effects may be represented using multiple points on the conditional
probability distribution.

As was the case with secondary combustibles, combustible materials in sealed or rated
containers may be excluded from consideration if the container is capable of resisting the
effects of the fire. In addition, self-ignited cable fires are generally postulated only for non-IEEE-
383 qualified power cables (NUREG/CR-6850/EPRI 1011989).
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2.3 Step 3: Select Fire Models

A number of models are available for performing fire simulations. These models range from
algebraic models to sophisticated CFD computer codes that require days to set up a scenario
and perform the associated calculations. Given the availability of different models, the analyst is
responsible for understanding the advantages and limitations of a particular model in a specific
situation in order to achieve the established goals. In general, fire models can be classified into
three groups: (1) algebraic models, (2) zone models, and (3) CFD models. The level of effort
required to describe a scenario and the computational time consumed by each group increase
in the order in which they are listed. Table 2-1 provides a summary of the three groups of
models, their advantages and disadvantages, and typical applications.

In practical fire modeling applications, it is likely that a combination of all three types 0
would be useful for analyzing a specific problem. For example, a}@ebraic models e sed
to estimate the radiative flux to a target for determination of a z f ipfluence (

minimum separation distance. A zone model would prowd rature oft and
height as a function of time for evaluating cable temperatur ulatlons could be

used to provide more detailed information on fire-induc re the
algebraic models and zone models are not conclusi

The first step in selecting a model is to deter erthes an be analyzed using
algebraic models, zone models, or CFD m on the following five fire
models: Fire Dynamics Tools (FDT®) (N 2004 duced Vulnerability

Evaluation (FIVE-Revl) (EPRI 10029 ile Growth and Smoke Transport
(CFAST) model (Jones et al., 2004); @ ), and Fire Dynamics Simulator
(FDS) (McGrattan et al., 2009). The *and F are a set of relatively simple

algebraic models codified in fo of electron eadsheets. CFAST and MAGIC represent

the class of fire models co y referred to as zoRe models, which divide a compartment of
interest into two zones, temper upper layer and a cool lower layer. FDS is an
example of a CFD m icl divides partment into thousands or millions of cells.
Temperatures and uantities of jft@reSbar€ calculated for each cell.

Algebraic models be perfor nd with relatively little computational effort. Karlsson

and Quintiere (2000)%lassify aI ic odels into three categories: (1) those that deal with
combustion, (2) those that es‘& esultant environmental conditions, and (3) those that
b

address heat transfer. odels related to the combustion process estimate fire
intensity based on th llity characteristics of the fuel. Equations that estimate fire-
generated conditions i de plume, ceiling jet, and compartment temperatures. Heat transfer
equations deal witlp target temperatures and heat fluxes in the plume, ceiling jet, and lower and
upper layer regi

Zone mog€ls mputer algorithms that solve conservation equations for energy and mass.
The fun tal assumption associated with zone models is that the enclosure is divided into a
limited nu r of distinct gas zones of uniform properties. In fire applications, the enclosure is
usually divided into two zones. The HGL is the volume of smoke generated by the fire and
accumulated below the ceiling of the enclosure. This layer is assumed to be homogeneous,
and is therefore also assumed to have uniform density and temperature. Its temperature and
depth are affected by the amount of mass and energy entering or leaving the volume in each
time step during the simulation. The lower layer, which can also experience a temperature
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increase, is characterized by colder fresh air between the floor and the bottom of the HGL. This
layer is also assumed to have uniform density and temperature.

CFD models are sophisticated algorithms that solve a simplified version of the Navier-Stokes
equations. To run CFD codes, the enclosure must be divided into a large number of control
volumes (perhaps several million), and the equations solved for each control volume. CFD
models then provide a detailed estimate of temperature profiles because calculations are
performed for each control volume specified in the enclosure. CFD models also handle
turbulent gas flows. Another advantage of CFD models is their ability to simulate fire conditions
in geometries other than rectangular floor compartments with flat ceilings. Some CFD models
also attempt to estimate HRR values based on fuel flammability properties provided by the
analyst. The drawback of CFD models is the computational time and the level of effort re

to set up a scenario, as computational times are usually on the order of days. The tim

to set up a problem usually depends on the complexity of the gegsfietry.

Another consideration when selecting a CFD-type model is that tR€ agfount of :@ pplied to

the model is significantly greater than it is for the simpler e d zone modefs*Given the

large amount of information required for input, there is lly highe jhood of errors
being introduced into the input, which is different from t uncertay parameter
uncertainty described in Chapter 4. Furthermore, res that m scribed in the
input could include ductwork, cable trays, electric s, and ot [ contents that may

later be modified, relocated, or removed. Newgcabin cable tr ther fixed contents that
would have been included in the fire mode \;Woeen pre @y be added to an area.
Although these changes may be minor, ey least th @ require an assessment by a
fire modeler as to whether the origin i5AS still ap % Or whether the model needs to

be adapted for the change. In som NS, such $

tefmination of a sprinkler
actuation time, such small modificatiortgcould h cant effect on the model results.
Y 4
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Flrgllg/lssdel Examples | Typical Applications Advantages Disadvantages
Algebraic FDT® Screening calculations; | Simple to use; minimal Limited
models FIVE- ZOlI; target damage by | inputs; quick results; application range;
Revl thermal radiation, HGL, | ability to perform treats phenomena
or thermal plume acting | multiple parameter in isolation;
in isolation. sensitivity studies. typically
applicable only to
steady state
simply defi
transigg Q
(e.0 prifonal
to tf re of
time O ires).
Zone Model | CFAST Detailed fire modeling to couples " Emgr increases
MAGIC in simple geometries; @v Bhlpcalized increasing
often used to compute ; quick results; deviation from a
HGL temperatures an o perform rectangular
target heat fluxes. iple parapeeter enclosure; large
nsitivity st horizontal flow
paths not well
treated.
Computation | FDS Detailed modeling simulate fire Significant effort
Fluid in complex geometri ons in complex to create input
Dynamics jpftludiplty computin geometries and with files and post-
Model i omplex vent process the
conditions. results; long
simulation times;
difficult to model
curved geometry,
smoke detector
performance, and
conditions after
sprinkler
actuation.

An important con

Because of th
default to ghe
screenin
scenarios

eration in the fire model selection process is the type of analysis performed.

umber of potential scenarios in a typical NPP, it is usually not practical to
ophisticated tool available. The analysis typically begins with a series of

lyses (NUREG/CR-6850/EPRI 1011989) performed to identify a subset of fire
targets that require further analysis with greater resolution. The screening

process will typically use fairly simple fire modeling tools, such as algebraic models or generic
solutions. When such screening is conducted, it is important to remain within the model

limitations and the verification and validation (V&V) basis for the screening model. Section 2.3.6
and Chapter 4 provide additional guidance on the significance of the fire model V&V basis and
steps that the user should take to ensure that the fire model is used within acceptable limits.
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2.3.1 Fire Dynamics Tools (FDT®)

Fire Dynamics Tools (FDT®) is a set of algebraic models preprogrammed into Microsoft® Excel®
spreadsheets. The FDT® library is documented in NUREG-1805, Fire Dynamics Tools (FDT®):
Quantitative Fire Hazard Analysis Methods for the U.S. Nuclear Regulatory Commission Fire
Protection Inspection Program (NUREG-1805, 2004) and Supplement 1 (NUREG-1805
Supplement 1, 2012). The primary objective of the FDT® library and the accompanying
documentation is to provide a methodology for U.S. Nuclear Regulatory Commission (NRC) fire
protection inspectors to use in assessing potential fire hazards in NRC-licensed NPPs. The
methodology uses simplified, quantitative fire hazard analysis techniques to evaluate the
potential hazard associated with credible fire scenarios.

The FDT?® library includes a suite of spreadsheets that can be used to calculate varlous
parameters under varying conditions. Documentation of the theo
equations used in the FDT® spreadsheets helps to ensure that uer,

significance of the inputs that each spreadsheet requires, a h

should (or should not) be selected for a specific analysis. T%e ning eqyations and
assumptions for FDT® are well established within the fir ommunlt% are
documented in handbooks and scientific publication s he NFP otection
Handbook (NFPA Handbook, 2008), the SFPE H f Fire Pr ngineering (SFPE
Handbook, 2008), and other fire science literature. %

The complete list of spreadsheets includedy I|brary n in Table 2-2. A number
of the calculation methods included in th part of study conducted by the
NRC, the Electric Power Research In ), and t naI Institute of Standards and
Technology (NIST) (NUREG-1824 , PRI 101 27) These spreadsheets are

identified in Table 2-2. The NRC mairf@ins a w //www nrc.gov/reading-rm/doc-
collections/nuregs/staff/sr1805/final:rep t/mde Where both new and updated
spreadsheets are posted. 4

Iuded in the FDT®.

NUREG-1824
FDT® Spr EG-1805 Chapter and Function Verification
Function Description and Validation
Status

apter 2. Predicting Hot Gas Layer Temperature and

\ moke Layer Height in a Compartment Fire with Natural
02.1_Temperature S Ventilation (Compartment with Thermally Thick/Thin V&V provided

Boundaries): Method of McCaffrey, Quintiere, and

Harkleroad (MQH)
\ Chapter 2. Predicting Hot Gas Layer Temperature in a
Compartment Fire with Forced Ventilation
02.2_gEem  FV.xls (Compartment with Thermally Thick/Thin Boundaries): V&V provided

Method of Foote, Pagni, and Alvares (FPA) and
Method of Deal and Beyler

Chapter 2. Predicting Hot Gas Layer Temperature in a
Compartment Fire with Door Closed (Compartment has
Sufficient Leaks to Prevent Pressure Buildup; leakage is
Ignored): Method of Beyler

02.3_Temperature_CC.xls V&V provided

03_HRR_Flame_Height_
Burning_Duration_Calculation.
xls

Chapter 3. Estimating Burning Characteristics of Liquid | V&V provided for
Pool Fire, HRR, Burning Duration, and Flame Height flame height only
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FDT® Spreadsheet
Function Name

NUREG-1805 Chapter and Function
Description

NUREG-1824
Verification
and Validation
Status

04_Flame_Height_Calculations
Xls

Chapter 4. Estimating Wall Fire Flame Height, Line
Fire Flame Height Against the Wall, and Corner Fire
Flame Height

V&V not provided

05.1_Heat_Flux_Calculations_
Wind_Free.xls

Chapter 5. Estimating Radiant Heat Flux from Fire to a
Target Fuel (Wind-Free Condition):

Point Source Radiation Model (Target at Ground Level);
Solid Flame Radiation Model (Target at Ground Level);
and Solid Flame Radiation Model (Target Above
Ground Level)

V&V provided for
the point source
model and the
solid flame

05.2_Heat_Flux_Calculations_
Wind.xls

Radiation Model (Target Above

05.3_Thermal_Radiation_From
_Hydrocarbon_Fireballs.xls

Chapter 5. Estimating Radiant
Target Fuel: Estimating The
Hydrocarbon Fireballs

from Fire t
n from &V&V not provided
o

06_Ignition_Time_Calculations.
xls

<

Chapter 6. Estimatin

Method of Estimating
Materials Under®Radiant

V&V not provided

07_Cable_HRR_
Calculations.xls

V&V not provided

08_Burning_Duration_Sgi

09_Plume_Temperat
Calculations.xls

V&V not provided

V&V provided

10_Detector_Activatien_
Time.xls

V 4

Espfati etector Response Times:
te®10. Estimating Sprinkler Response Time
r 11. Estimating Smoke Detector Response

hapter 12. Estimating Heat Detector Response Time

V&V not provided

13_Compaﬁ@&ashover_

Calculagien

Chapter 13. Predicting Compartment Flashover
Compartment Post-Flashover Temperature: Method of
Law

Minimum Heat Release Rate Required to Compartment
Flashover:

(1) Method of McCaffrey, Quintiere, and Harkleroad
(MQH);

(2) Method of Babrauskas; and

(3) Method of Thomas

V&V not provided

14_Compartment_Over_
Pressure_Calculations.xls

Chapter 14. Estimating Pressure Rise Attributable to a
Fire in a Closed Compartment

V&V not provided

15 _Explosion_Claculations.xls

Chapter 15. Estimating the Pressure Increase and

Explosive Energy Release Associated with Explosions

V&V not provided
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NUREG-1824
FDT® Spreadsheet NUREG-1805 Chapter and Function Verification
Function Name Description and Validation
Status

Chapter 16. Calculating the Rate of Hydrogen Gas
Generation in Battery Compartments:

Method of Estimating Hydrogen Gas Generation Rate in
16_Battery_Compartment_ Battery Compartments;

Flammable_Gas_Conc.xls Method of Estimating Flammable Gas and Vapor
Concentration Buildup in Enclosed Spaces; and

Method of Estimating Flammable Gas and Vapor
Concentration Buildup Time in Enclosed Spaces
Chapter 17. Calculating the Fire Resistance of

V&V not provided

Structural Steel Members (Algebraic Models):
17.1 FR_Beams_Columns_ Beam Substitution Correlation (Spray-Apytied rodided
Substitution_Correlation.xIs Materials); and

Column Substitution Correlation (S, pli

Materials)
172 FR Beams Coumns | Shapie 17 Caeang Pl REee ol Cay
Quasi_Steady_State_Spray _ Transfer Analysis using .o V&V not provided

Insulated.xls and Steel Beams and

17.3 FR_Beams_Columns_ (S:tr:ﬁgttl?rgllgteglalcglﬁbe #S using
IQua;s|_Sdter?1dy_State_Board_ . R Protedied Steel B @n d V&V not provided
nsulated.xls Is)

nce of
nS§gr Analysis using
el Beams and

17.4 FR_Beams_Columns_
Quasi_Steady_State
Uninsulated.xls

18_Visibility_Through_Smoke.
xls

2.3.2 Fire Induc INerabilit ation (FIVE-Rev1)®
In August 2002, jshed the%’ﬁ odeling Guide for Nuclear Power Plant Applications

(EPRI 1002981, for the fLrst [ Ince then, it has provided fire protection engineers in
the commercial nucl@ar industry a Broad overview of fire modeling theory and applications,
including representative calcy/@ti erformed with various state-of-the-art fire models. With
this guide, EPRI included agli f preprogrammed Microsoft® Excel® equations, which are
used to estimate som s%s f fire-induced conditions. This collection of algebraic models is
referred to as the Fire INguced Vulnerability Evaluation model (FIVE-Revl). In general, the
equations in the libgary are’closed-form analytical expressions that can be solved by hand. The
capabilities of theNgarious equations in the library include predicting temperature and convective
heat fluxes jn ' lume or ceiling jet, radiation heat flux, upper-layer temperature, time to
detection#and tagget heating, among others. Some of the equations in FIVE-Revl were
included e V&V study (NUREG-1824 Volume 4, EPRI 1011999, 2007). Like the FDT®,
several of tlf® equations used in the examples have not been subject to V&V. Subsequent
efforts will be directed at the V&V of these equations and models. The calculations included in
the FIVE-Revl are summarized in Table 2-3.

V&V not provided

Visibility Through Smoke V&V not provided

® FIVE-Rev1 is a proprietary software package available to EPRI members (www.epri.com).
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Table 2-3. Routines included in FIVE-Rev1.

NUREG-1824
FIVE-Rev1 Function Description Verification
Function b and Validation
Status
Qf Heat release rate profile considering t2 growth and four stages. V&V not provided
Firr Estimates flame irradiation at distance r from the fire source. V&V provided
Point source approximation for REMOTE targets. P
FHeight Flame height based on Heskestad flame height correlation. V&V provided
TpAlpert Plume temperature ata specific height based on Alpert plume V&V not.n
temperature correlation.
TpMcCaffrey Plume temperature ata specific height based on affrey plume
temperature correlation.
TpHeskestad Plume temperature at a spgcmc height base ad t provided
plume temperature correlation.
Plcflux Estimates convective heat flux in the fi V&V not provided
VpAlpert Plume velocity at a s_pecn‘lc height bas V&V not provided
temperature correlation.
VpMcCaffrey Plume velocity at a speuﬁc he V&V provided
temperature correlation.
VpHeskestad Plume velocity at a spegific ightpased on HesKesta@ plume V&V provided
temperature correlatighl. o
EpZukoski Air entrz_ilnment in e bg€ed on Zuko@k entrainment V&V not provided
correlation.
EpThomas Air entrglnmen e based omJ’ho plume entrainment V&V not provided
correlation.
Air enggainmept into plume ba n Heskestad plume .
EpHeskestad ent tg)rrelation. V&V not provided
PdHeskestad i ed on Heskestad plume correlation. | V&V not provided
TcjAlpert re based on Alpert ceiling jet V&V provided

TcjDelichatsios

V&V not provided

Cjcflux

V&V not provided

VcjAlpert

MQHTemperature

V&V not provided

RR Dased on MQH approach.

V&V provided

t release rate required for flashover after a specified time
based on MQH approach.

V&V not provided

Estimates compartment temperature based on FIVE-Rev1.

V&V provided

MQHFlashover
FiveTemp é

Det.

Activation time of heat detection devices based on heat release
rate profiles.

V&V not provided

Time required by Hot Gas Layer to reach a specific height based

Aset on heat release rate profiles and openings at the bottom of the V&V not provided
enclosure.
Estimates heat release rate from cable trays. The correlation is

CThrr based on 14 experiments with a stack of 12 horizontal cable trays V&V not provided

and 2 experiments with a combination of 12 horizontal cable trays
and 3 vertical trays.
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NUREG-1824
FIVE-Rev1 Function Description Verification
Function and Validation
Status
Visib Estimates th_e Iength_ ofa v_isible path _in a _smoke environment. V&V not provided
The correlation applies to light-reflecting signs.

Ttar Estimates target temperature under constant heat flux. V&V not provided
Ttdam Time to target damage under constant heat flux. V&V not provided

2.3.3 Consolidated Fire Growth and Smoke Transport (CFAST) Mode

The Consolidated Fire Growth and Smoke Transport (CFAST) model is a two-zone com
fire model. For a given fire scenario, the model subdivides a compartment into two co

volumes, which include a relatively hot upper layer (i.e., the HGL) #&nd a relatively cg V%
layer. Mass and energy are transported between the layers via€aedire plume a t

[
vents. Combustion products accumulate via the plume in thgs®G ch layer @ own
S C

energy and mass balances. The most important assumpti e'model igthat each zone
has uniform properties, that is, that the temperature an entration%onstant
throughout the zone, only changing as a function of gime FAST | dé€scribes the
conditions in each zone by solving equations for cghsgsvagion of ma s, and energy,
along with the ideal gas law. The Technical Refer (Jones et al., 2004)
provides a detailed discussion concerning th ecifi erivation@a conservation laws.
Documentation for CFAST also includes %de (Pe l., 2008b), which details
the use of the model, and a Model Devel nigand Eval uide (Peacock et al., 2008a),
which presents the latest model V&V,

(o}

®

=)
3&6

For some applications, including long Wallways or » the two-zone assumption may not

be appropriate. To address this, CEAST include§ . eptpirical algorithms to simulate smoke flow
and filling in long corridors rﬁsingle well-miXgd volume in tall shafts. CFAST also
S

includes several correlati b-modelggased on experimental data that are used to
calculate various phys;j roce§ses duri % cenario: smoke production, fire plume
dynamics, heat tran mtion,.c%o onduction, natural flows through openings
(vertical and hori , T@rced or n tx ntilation, thermal behavior of targets, heat
detectors, and wat@gSpray frong spfin

CFAST models horizontal ro@ vertical vents (doors, windows, wall vents, etc.), vertical

flow through horizontal ven g holes, hatches, roof vents, etc.), and mechanical
ventilation through fangfan ork. Natural flow is determined by the pressure difference
across a vent, using BefMypulli's law for horizontal vent flow, and by algebraic models for vertical
vent flow. Mechanjcal vertilation is based on an analogy to electrical current flow in series and
parallel paths Whﬁ’low is split in parallel paths proportional to the flow resistance in each path
and resistanc is additive for paths in series.

modeled sMycture. Radiative transfer occurs among the fire(s), gas layers, and compartment
surfaces (celling, walls, and floor). Itis a function of the temperature differences and emissivity
of the gas layers, as well as the compartment surfaces. Convective heat transfer between gas
layers and compartment or target surfaces is based on typical correlations available in the
literature. The V&V results for CFAST are documented in Volume 5 of NUREG-1824 (EPRI
1011999). Additional validation results, particularly for plume temperature predictions that were
not included in the NUREG-1824 (EPRI 1011999) Volume 5 results, are included in the CFAST
Model Development and Evaluation Guide (Peacock et al., 2008a).

CFAST % gorithms to account for radiation, convection, and conduction within a
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2.3.4 MAGIC®

MAGIC is another two-zone computer fire model, developed and maintained by Electricité de
France (EdF) specifically for use in NPP analysis. MAGIC is supported by three EdF
publications, including: (1) the technical manual, which provides a mathematical description of
the model (Gay et al., 2005b); (2) the user’'s manual, which details how to use the graphical
interface (Gay et al., 2005a); and (3) the validation studies, which compare MAGIC's results to
experimental measurements (Gay et al., 2005c). These three proprietary publications and the
MAGIC software are available through EPRI to EPRI members. Additional V&V results for
MAGIC are documented in Volume 6 of NUREG-1824 (EPRI 1011999).

a@

MAGIC is fundamentally the same type of model as CFAST and thus solves the same b
of differential equations. The combustion model and vent flow models are similar as WQ
it the

Despite this, MAGIC differs from CFAST in that it does not have corridor or shafi
models, and the ceiling jet and wall jet treatments are different. sgr should %
technical manual for a complete description of the MAGIC sy*® (Gay et al%2005Db).

Once a given simulation is completed, MAGIC generateg an outp#t file with the solution
variables. Through a “post-processor” interface, the us S the rel put variables
ure§of hot and OQ;es, concentrations
e

for the analysis. Typical outputs include the temp
of oxygen and unburned gases, smoke migration compart mass flow rates of

air and smoke through the openings and ventg, the sures at J#eydl level of each
compartment, the temperatures at the su@t walls, & % ermal fluxes (radiative
se

and total) exchanged by the targets plac h r.
S) &

2.3.5 Fire Dynamics Simul% Q
Fire Dynamics Simulator (FDS) (McGrattan et a 7) 1S a CFD model of fire-driven fluid flow.

The model numerically solvg€ a of the Navier¥gtokes equations appropriate for low-speed,
thermally driven flow, with asis on e and heat transport from fires. The patrtial
derivatives of the equaj foRgOnservatj ss, momentum, and energy are approximated
as finite differences lutionyis time on a three-dimensional, rectilinear grid.
Thermal radiationg ted usin i volume technique on the same grid as the flow
solver. Lagrangia rticles arg imulate smoke movement and sprinkler discharge.
FDS computes the t perature,& ity, pressure, velocity, and chemical composition within
each numerical grid cell at e iSerete time step. There are typically hundreds of thousands

FDS computes the tepfperatye, heat flux, mass loss rate, and various other quantities at solid

to several million grid ¢ Iﬁ ousands to hundreds of thousands of time steps. In addition,
surfaces.

Time histories of %)us guantities at a single point in space, or global quantities, such as the
fire’s HRR, arg in simple, comma-delimited text files that can be plotted in a spreadsheet
program. g&onig oditput quantities typically used to assess the conditions in a space or to
compare nst measured data are not inherently calculated in a CFD-type model, such as the
HGL tempefgture and interface height. FDS does provide an estimate of these types of
parameters using the continuous vertical temperature distribution and an integrated averaging
scheme, as described by McGrattan et al. (2007).

Most field or surface data are visualized with a program called Smokeview, a tool specifically
designed to help analyze results generated by FDS. FDS and Smokeview are used in concert

® MAGIC is a software package available to EPRI members (www.epri.com).
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to model and visualize fire phenomena. Smokeview does this by presenting animated tracer
particle flow, animated contour slices of computed gas variables, and animated surface data,
and also presents contours and vector plots of static data anywhere within a scene at a fixed
time. The FDS User's Guide (McGrattan et al., 2007) provides a complete list of FDS output
guantities and formats, while the Smokeview User’s Guide (Forney, 2008) explains how to
visualize the results of an FDS simulation. Volume 7 of NUREG-1824 (EPRI 1011999) contains
the results of V&V efforts for FDS. Additional V&V results for FDS are contained in the FDS
documentation series (McGrattan et al., 2007).

FDS solves conservation equations of mass, momentum, and energy for an expandable mixture
of ideal gases in the low Mach number limit. This means that the equations do not permit
acoustic waves, the result of which is that the time step for the numerical solution is boun

the flow speed, rather than the sound speed. Situations in which this limitation may be
encountered include jet fires, deflagrations, and detonations. The sumptlon also
number of unknowns by one, as density and temperature can be a know
pressure. Flow turbulence is treated by large eddy S|mulat|0

For most simulations, FDS uses a mixture fraction com stlon The re fraction is a
conserved scalar that represents, at a given point, th ctlon of glnatlng in the
fuel stream. In short, the combustion is assumed trolled b at which fuel and
oxygen mix. Unlike versions of FDS prior to versi reaction d oxygen is not
necessarily instantaneous and complete, and here everal chemes that are
designed to estimate the extent of combusj Mr ventil ces The mass fractions
of all of the major reactants and product rlved fr mixture fraction by means of
“state relations,” expressions achieve simplified analysis and
measurement. The combustion mo by FDS | active development.
Consequently, FDS users should con the late umentatlon for a description of new

features or sub-models.

Numerical parameters pla ry portant in & CFD model like FDS. A numerical
parameter is any input s needed mathematical solution of the equations, but
has little or no physic Q. Fo; time step with which the numerical solution
of the HGL tempe, omputed have units of seconds, but it is not a value that has
meaning outside t partlcu ar nevertheless these numerical parameters can
affect the solution, afe their sen ouId be assessed in some way. For the spreadsheet
and zone models, this proce latively straightforward because the calculations run in
less than a minute. One s EE }hes the value and ensures that the solution does not change
appreciably. Specific %s ould simply demonstrate that the solution converges towards a
particular value as tife pagameter is varied; for instance, using a smaller and smaller time step
ought to lead to c&eerge ce of any evolution equation.

In FDS, the n parameter with the greatest importance is cell size. CFD models solve
an approx a of the conservation equations of mass, momentum, and energy on a
numeric [ e error associated with the discretization of the partial derivatives is a function
of the size Ofghe grid cells and the type of differencing used. FDS uses second-order accurate
approximations of both the temporal and spatial derivatives of the Navier-Stokes equations,
meaning that the discretization error is proportional to the square of the time step or cell size. In
theory, reducing the grid cell size by a factor of two reduces the discretization error by a factor
of four; however, it also increases the computing time by a factor of at least sixteen (a factor of
two for the temporal and each spatial dimension). Clearly, there is a point in diminishing returns
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as one refines the numerical mesh. Determining which size grid cell to use in any given
calculation is known as a grid sensitivity study.

Determining an optimal grid size in FDS is usually a matter of assessing the size of the fire. The
physical diameter of the fire is not always a well-defined property; a compartment fire does not
have a well-defined diameter, whereas a circular pan filled with a burning liquid fuel has an
obvious diameter. Regardless, it is not the physical diameter of the fire that matters when
assessing the “size” of the fire, but rather its characteristic diameter, D*:

.2
- (poocp(;)" J_> \

where Q is the fire HRR (kW), p..is the ambient density of air (k ) Cp is the sp a of
air (kJ/kg/K), T - is the ambient air temperature (K), and g is t tion of ¢ m/s ).

In many instances, D* is comparable to the physical dlame e fire. F employs a
numerical technique known as large eddy simulation (L el the unr bIe or “sub-
grid” motion of the hot gases. The effectiveness of th ec is largel on of the ratio of

the fire’s characteristic diameter, D*, to the size o II Sx In

D*/éx, the more the fire dynamics are resolved dir and the
Past experience has shown that a ratio of 5 w lly produ

e greater the ratio
curate the simulation.
orable results at a

moderate computational cost for proble 0SS sm ment is of interest.
As an example, suppose the HRR of re 700 haracteristic diameter may
then be calculated as follows:
7 700 kW 2/5
D*:< ) =0.83m (2-2)
1.2 kg/m3 1KJ/kg/K K ><\/9.81 m/s?

At this point, the calCylation time haVe increased by a factor of roughly three hundred,
making it potentially impracti pute; however, if it can be shown that there is little
difference between the 5 (& nd 10 cm (4 in) grids, then the objective has been achieved.
ce’c

To perform a grid it analysis @place to start might be a cell resolution of 15 cm
(6 in), which mea at D /6x:® n choose a grid of 10 cm (4 in), and then 5 cm (2 in).

The meaning of “little an be interpreted in several ways. Given that NUREG-1824
(EPRI 1011999), theftiraymodel V&V study, lists the relative error expected of the various
models for the varigus quahtities, it is reasonable to interpret the difference in results on
different grids in I&of what is expected of the model accuracy.

Although f e and dimensions often determine the optimum grid resolution, there are
other facf@rggthat™can influence the selection of the grid resolution. These include the number of
cells used g resolve a flow path dimension, the number of cells used to describe the fire
dimension, and the number of cells used to resolve the conditions in a partially isolated volume.
These considerations are related in that it is generally advisable to include at least three cells
across any flow path, such as a door or a window, and fire dimension, regardless of the
minimum number of cells computed using the fire characteristic diameter. In some cases,
partially isolated volumes are created by various obstructions; if the temperature and flow
conditions are of interest in these areas, a minimum of three cells across any dimension should
be provided. Another consideration that could influence the grid resolution is the dimension of
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the obstructions that are expected to influence the result. For example, if it is necessary to
guantitatively assess the effect that various conduits and light fixtures may have on the
actuation time of a nearby sprinkler, the maximum grid resolution would be comparable to the
dimensions of the smallest distinct obstruction included in the model.

FDS input files are frequently created with the assistance of preprocessing software, which may
include commercial software packages that can create input files for FDS or spreadsheet tools
created by users to insert obstructions or create stair-step approximations to curved geometries.
This type of software can reduce the tediousness of creating the geometric representation of a
space, but is not part of the FDS model. Any input files created by such software should be
carefully checked by the user to ensure that the geometry or boundary data are exactly as
intended.

2.3.6 Verification and Validation (V&V)
The use of fire models requires a good understanding of thejtmit&tigis and pre :
at

capabilities. NFPA 805, for example, states that fire model y be applied in the
limitations of the given model and shall be verified and &l Previousl NRC'’s Office
of Nuclear Regulatory Research (RES) and EPRI copdu collabor ect for the V&V
of the five selected fire models described in Secti L through 2 T was also an

jget were do@ted in the seven
volumes of NUREG-1824 (EPRI 1011999), Veificatiowand Vali Selected Fire Models
for Nuclear Power Plant Applications. V
The parameters for which NUREG-18 011999)%% V&YV information are shown
in Table 2-4. Not all output parame aVailable in dets. The information in Table 2-4
may be a useful element to consider W@en selectip :
example, it is clear that the libgaries of algebraic€pod

capabilities when compare efone and CFD
appropriate methods for ¢ [

DT®, FIVE-Rev1) have limited

pdels. These libraries do not have

ing many of J#g fire scenario attributes evaluated in this study.

i pically empirically deduced from a broad
amental conservation laws, and have gained a

considerable deggé aceeptance | ' e protection engineering community. However,

because of their emirical natuge,@ subject to many limiting assumptions. The user must

be cautious when usiftg these to&

database of experi

CFD model predictions ca accurate in complex scenarios; however, the time it takes
to obtain and underst tion may also be an important consideration in the decision to
use a particular mo a specific scenario. FDS is computationally expensive in all respects
(preprocessing, s%atio » and post-processing), and, while the two-zone models produce

answers in seconf§g to minutes, FDS provides comparable answers in days to weeks. In
suited to estimate fire environments within more complex configurations.

general, FDS m

The fire €pefi ts selected for inclusion in the V&V were limited to high-quality, real-scale
experiment§ with direct applicability to NPP applications. As it was not possible to consider all
possible NPP applications, a method for determining the applicability of validation results to
other specific NPP fire scenarios has been described in NUREG-1824 Volume 1 (EPRI
1011999). The applicability of the validation results is determined using normalized parameters
traditionally used in fire modeling applications. Normalized parameters allow users to compare
results from scenarios of different scales by normalizing the physical characteristics of the
scenarios.
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Table 2-4. Fire modeling attributes included in NUREG 1824/EPRI 1011999 (2007).

Fire Model
Fire Modeling Attributes
FDT® FIVE-Rev1l CFAST MAGIC FDS
Hot Gas Layer (HGL) Temperature YES YES YES YES YES
Hot Gas Layer (HGL) Height NO NO YES YES YES
Ceiling Jet Temperature NO YES YES YES YES
Plume Temperature YES YES NO YES
Flame Height YES Y
Radiated Heat Flux to Targets YES YES
Total Heat Flux to Targets % YES
Total Heat Flux to Walls YES
Wall Temperature YES YES
Target Temperature YES YES
Smoke Concentration YES YES
Oxygen Concentration YES YES
Room Pressure NO (@] YES YES YES
Table 2-5 identifies noggfalfgetg@rameters y be used to compare NPP fire scenarios
with validation experi =& full dgs gLgach parameter follows Table 2-5. The
validation range f alized p ters shown in Table 2-5 were derived from NUREG-

1824 (EPRI 1011
validation experimen

of a specific experiment; T,

to considg(
results. These parameters n‘@

, Table 2;4,

intended to provide guidance on which groups of

of values for differentydysi®gl characteristics and normalized parameters based on the
experiments considere the validation study.

en evaluating a certain attribute based on the validation
e the only ones appropriate for evaluating the applicability
of NUREG-1824 (EPRI 1011999) Volume 1 lists the ranges

It is seen in TablegZ-5 that the fire diameter plays a role in three of the normalized parameters:

D =

4A

aer, the flame length ratio, and the radial distance ratio. The fire diameter
om the total plan area of the burning fuel using the following equation

(2-3)

4

where D is the effective fire diameter (m) and A is the plan area of the burning fuel (m2?) equal to
the fuel package length dimension multiplied by the width dimension. Equation 2-3 produces a
diameter of a circle having an equivalent area to that of the burning fuel and is therefore
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applicable to fires with a plan area that is nearly circular. When the aspect ratio of a source fire
with a rectangular plan or footprint (i.e., the ratio of the long dimension to the short dimension)
becomes large, the flame length and thermal plume take on characteristics of a line type fire
(Grove et al., 2002). There is no clearly defined aspect ratio limit; however, a value of up to
about five is shown to be reasonable for using the effective diameter (Grove et al., 2002). Note
that the form of the Froude Number for a line type source fire is nearly the same as the
axisymmetric source, with the exception that the source area is used in place of the diameter
(Yuan et al., 1996). The fire tests used to V&V the various fire models in NUREG-1824 all had
aspect ratios below two.

Table 2-5. Summary of selected normalized parameters for application of the validatio
results to NPP fire scenarios (NUREG-1824/EPRI 1011999, 2007).

Quantity Normalized Parameter
Fire Froude * _ Q
Number pmcpTtz gD

Flame Length
Ratio

expr e “size” of the fire
re &tm e height of the
0 ent. Avalue of 1

that the flames reach
the ceiling.

02-1.0

Ceiling Jet
Distance Ratio

Ceiling jet temperature and
velocity correlations use this
ratio to express the horizontal
distance from target to plume.

12-1.7

Equivalence
Ratio

1
& X EAOW/H0 (Natural)

0.23 p,V (Mechanical)

moz =

\N

The equivalence ratio relates
the energy release rate of the
fire to the energy release that
can be supported by the mass
flow rate of oxygen into the
compartment, mg,. The fire is
considered over- or under-
ventilated based on whether ¢
is less than or greater than 1,
respectively.

0.04-0.6

Compaye
Aspect 0

L/H.or W/H,

This parameter indicates the
general shape of the
compartment.

0.6-5.7

Radial Distance
Ratio

o =

This ratio is the relative
distance from a target to the
fire. It is important when
calculating the radiative heat
flux.

22-57
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Froude Number

The Froude Number is a measure of the buoyant strength of the fire plume. A large Froude
Number indicates a strong source, and, given a sufficiently high Froude Number, the fire plume
may take on characteristics of a jet fire. The Froude Number is determined through the
following equation:

. 0

pCpTD?\/gD

where Q* is the Fire Froude number (non-dimensional), Q is the fire heat release rate (kxo
e

(2-4)

is the density of ambient air (kg/m?), ¢, is the heat capacity at constant pressure for ambieRg a
(kJ/kg-°C), T., is the ambient temperature (K), D is the fire diamete, or the effective fir

(m?), and g is the acceleration of gravity (9.81 m/s?). The heatr rate that ig”liS8g
generate the validation range is the peak heat release rate; t ompari @ odel
application range to these values, the peak heat release rat€ s e used. Thewedfective fire
diameter may be computed using Equation 2-3. The ambient degsity and t rature are

typically coupled through the following equation:

_352
(2-5)

where all terms have been defined. The |ty for ai lightly with temperature,
and, at 298 K, it is equal to about 1.0

Flame Length Ratio 9
The flame length ratio is a measure of tfte flame «@ t reéfative to the upper horizontal boundary
(ceiling). The NUREG-18244falj aflon tests all inWlved fires with a flame height that was at or

below the ceiling. In situati re the flapdg helg t is greater than the ceiling, the flames will
extend radially outwar plngem ] t. This configuration is not well characterized
by simple algebraic m evenpy 0 Qdels that use plume and flame height

correlations.

Q f+Lf

ength Ratio = (2-6)
C
where H; is the basg, % the fire (m), Ly is the flame height (m), and H, is the enclosure

height (m). Note that thes{ame length ratio does not apply to fires modeled outside an
enclosure. The fI e height is computed using the following equation:
Le .
=3.70"° —1.02 (2-7)

>y

where D is tRe fire diameter or the effective fire diameter (m2) and Q* is the fire Froude Number
calculated using Equation 2-4 (non-dimensional). The effective fire diameter may be computed
using Equation 2-3.

Ceiling Jet Distance Ratio

The ceiling jet distance ratio is a measure of the ceiling jet position at which data is sought
relative to the enclosure height and is applicable primarily when the temperature and velocity of

2-25



THE FIRE MODELING PROCESS

the ceiling jet are quantities of interest. A low ceiling jet distance ratio indicates that the position
is within the impingement zone and that the conditions would be dominated by the thermal
plume. A high ceiling jet position ratio suggests that the position is approaching the edge of the
ceiling jet, at least as idealized by algebraic correlations. A high ceiling jet ratio also suggests
that a considerable portion of the ceiling would need to be free of obstructions in order to
conform to the underlying assumptions of the ceiling jet models. The ceiling jet ratio is given by
the following equation:

ch

Ceiling Jet Ratio = .- H; (2-8)
where r; is the horizontal distance within the ceiling jet from the fire centerline (m), H, isN
enclosure height (m), and Hy is the base height of the fire (m). The ceiling jet ratio is e
primarily when sprinkler or heat detector actuation is calculated@t applica@e the

fire is modeled outside an enclosure.
Equivalence Ratio 6

This quantity is the ratio of the generation rate of fuel to ply rate(@(%m When the
C
C

equivalence ratio is equal to one, the exact amounyOf gxjgen require plete combustion
is available. When the ratio is greater than one, t vigghment is ich and the fire is

considered to be under-ventilated. The reversg is tr hen the ess than one. The
upper limit for the equivalence ratio in encl Wis abou ottuk et al., 2008).
n part

Modeling under-ventilated fires is challe beca fuel mass loss rate is typically
specified by the user and is not adjus ire model§to conditions actually present.
The equivalence ratio may be estim atural a ventilation by the expression:
7 - & (2-10)
AHggrino,

, 0 is the heat release rate of the fire (kW),
AH,, is the “heat o ), and g, is the mass flow rate of oxygen
into the enclosur . The “he ustion” for oxygen is the energy released per unit
mass of oxygen and¥aries by I amflve percent among nearly all carbon-based fuels
(Janssens, SFPE Handbook, ‘h& n). The value for AH,,is typically taken to be 13,100
kJ/kg, an average value ov: @e range of common fuels. A notable exception to this
convention is hydrogegf whgse*ieat of combustion based on oxygen consumption is

approximately 18,0 g. ¥or other pure fuels, it is possible to calculate a more accurate
value than 13,100 kJ/kg, I®which case Eg. (2-10) can be modified accordingly.

where ¢ is the equiva atl® (non-di

The mass flow f oxygen into the enclosure is given by the following equation:

1
0.23 % EAOJHO (Natural)
0.23 poV (Mechanical)

Thoz =

(2-11)
where A, is the effective area of the openings (m?2), H, is the effective height of the openings
(m), p. is the density of ambient air given by Equation 2-5 (kg/m?3), and V is the volumetric flow
rate of air into the enclosure (m3/s). In the case of natural ventilation, Equation 2-11 is

applicable only to enclosures with one or more vertical openings. Note that the oxygen mass
flow parameter is the oxygen flow into an enclosure; if the enclosure has forced exhaust only,
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the mass flow rate during the fire will likely change as the temperature of the enclosure
increases. The mass flow that corresponds to the heated environment should be used when
computing the equivalence ratio. An alternate means of estimating the mass flow rate of
oxygen into the enclosure is necessary if there are horizontal openings, which could include
using the model-predicted vent flow rates. This approach may also be used for enclosures in
which there is only forced exhaust. If there are multiple vertical openings, the effective opening
height (H,) is given by the following equation (Buchanan, 2001):

=1 AiH;

n
i=14;

where 4; is the area of the i opening (m?2), H; is the height of the i opening, and n is th N
number of openings. The effective opening area (4,) is given by the following equati
(Buchanan, 2001): Q O

n
AO = Z Ai 6
i=1

;: (2-13)
where 4; is the area of the i" opening (m?). @
In many compartments, both natural and forced v is prese recommended
procedure to follow in this case is to select thgdomi ventilatigfiNg (i.e., the mode that
produces the highest mass flow of oxygen W modes g % parable, the oxygen
s 110

masses may be added. As was the caseorghe CEiling jet E Q the flame length ratio, the

H, = (2-12)

equivalence ratio applies only to fires deled witQin agfenclosure.

Compartment Aspect Ratio
The compartment aspect ratigis aneasure of t@iation of the enclosure dimensions from a
cube. When at least one o ompartment aspe®yratios is large, the enclosure takes on the
characteristics of a corrig@g. cases, ansport time of the combustion products and a
non-uniform layer cangdg ignii meters that require consideration. When at
least one of the co Dent aspectrafigs the enclosure takes on the characteristics of
a shaft. Inthese , Stratificatio % combustion products, the interaction of the fire
plume and the encl88ure boun r@ hoked flow could become parameters that influence
u

the results. These sitbations tside the development basis for algebraic and zone fire

models. The compartment< tio is computed using the following equation:
& )
H,
Compartment Aspect Ratio = (2-14)
O w
H,

where L is the compartment length (m), W is the compartment width (m), and H, is the
compartment height (m). The compartment aspect ratio is applicable to fires evaluated within
an enclosure.

Radial Distance Ratio
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The radial distance ratio is a measure of the distance from the center of the source fire at which
a heat flux quantity is predicted. Itis applicable only when the heat flux parameter is computed.
A low radial distance ratio indicates that the target location is close to the fire and that near-field
thermal radiation effects could be significant. Large radial distance ratios indicate that the target
is located far from the fire. The radiant heat flux at high radial distance ratios will approach that
predicted from a point heat source, barring other sources of external thermal radiation or
geometric factors (flame deflections under a ceiling or boundary re-radiation).

The radial distance ratio is given by the following equation:

r
Radial Distance Ratio = ) \A
where r is the actual distance between the target and the center gPthe fire base ( @
the fire diameter as computed using Equation 2-3.
nt

For a given set of experiments and NPP fire scenarios, the fs alculate the a

normalized parameters. If the fire scenario parameters fall ingthe range luated in the
study, then the results of the study offer appropriate vali r the sc f they fall
outside the range, then a validation determination not¥We made bas the results from
the study. For any given fire scenario, more than alized p may be necessary

of the five fire models.
ndard deviation for a number
curate the fire model tends to

for determining the applicability of the validatiqg' res

The V&YV study provides valuable insight |
This insight is ultimately characterized i
of output parameters. The closer th
be in predicting the given parameter; deviation, the smaller the
expected scatter around the mean bias? uide describes how the V&V

ller t
hapt t
uncertainty information can g’ used to assign a prgbability function to the output data.
Y
Si

unity, th

NUREG-1824 (EPRI 10 ides V. cumentation for specific versions of fire models.
Because the fire mod red are jve development, new releases are expected
to and do occur. T the model version that has been verified and
validated in NUR 24¥EPRI 1 %V or re-evaluating cases in NUREG-1824 (EPRI
1011999) to demonglrate that the% e capability of the model has not decreased for the

application at hand. [Tis expeié% t NUREG-1824 (EPRI 1011999) will be updated from time

to time, as the need arises.

2.3.7 Fire Mod &rameters Outside the Validation Range

The development @f the sample problems documented in the appendices to this report suggests
that many com %J NPP fire modeling applications can fall outside the range of applicability
of the vali tl[@ documented in NUREG-1824 (EPRI 1011999). The primary reason for
this is th e of applicability, as defined by the dimensionless parameters, is governed

of various types of spaces in commercial NPPs, but do not encompass all
possible geometries or applications. Accordingly, the analyst will encounter many areas or
applications that will fall outside this application range. The predictive capabilities of the fire
models in specific scenarios can extend beyond the range of applicability defined in NUREG-
1824 (EPRI 1011999). Additional analysis and justification is required by the analyst to address
situations where some or all of the analysis parameters fall outside the range of applicability
defined in NUREG-1824 (EPRI 1011999). The additional analysis and justification should
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address the applicability of fire modeling results generated by input parameters outside the
validation range to support the conclusions of the study. This section describes the
recommended strategies for addressing this situation.

2.3.7.1 Sensitivity Analysis

In the context of applicability of validation results, sensitivity analysis refers to varying selected
input parameters in the “conservative” direction so that they fall within the applicability range. If
the fire modeling conclusions are not affected by the variations in the parameters, the analyst
may use the sensitivity analysis results to further justify the conclusions. Based on the
dimensionless terms listed above, the following sensitivities could be evaluated:

o Froude number: The two parameters that can be practically varied are the fire
and the HRR. For fire sizes (i.e., HRR) that are small for the postulated diame
resulting Froude number can fall under the low end of t '
for fires that are relatively large for the postulated diagaet

above the applicability range. In the former situatio ysts may con
reducing the fire diameter and keeping the HRR gofile hanged. @St fire

mine HR r to’calculate the
fire plume conditions, such as the flame hej lume temp ref Considering that
the HRR is “fixed” in this sensitivity study, lameter e a relevant

parameter in the analysis, with the impgrtant 8¢€eption o os where the fire plume
conditions are relevant. A similar F;Wyuld be he latter situation.
Increasing the fire diameter can “ the’dimensi term into range. It should be

stressed that fire diameter is a meter t nces predicted flame height
and fire plume conditions, a effects of ter variations should be explicitly

addressed in the analysis. This\pcludes igensionless terms where the fire
diameter is a key inp e.q target dista diameter (r/D), etc.).

¢ Flame length relgi

ing heig is is a convenient parameter for expressing the

“size” of the fire @ e 1o the hej compartment. A value of 1 means that the
flames rea: eeiling. The aten¥ange extends up to a value of 1.0, which
should co ost of the sc f interest in commercial NPPs. Scenarios that are

expected to Tall out of tie, rAngSNare:

scenarios rgfig bout 310 6.1 m (10 to 20 ft), excluding the containment and

turbine b&?, hich have relatively large openings between elevations.

Consequently,Slame lengths shorter than 0.6 to 1.2 m (2 to 4 ft) will be considered

outsideYof validation range. A sensitivity analysis increasing the HRR values should

pro onservative estimate of fire conditions within the validation range. In

a ere the conclusion of the analysis does not change given the increased fire

ensity (e.g., no damage within the flame length of fire plume), the suggested
nsitivity analysis can be used as the justification for the evaluation of a

compartment that falls outside the validation range.

o Those associa'E{h atively short flames. Typical ceiling heights in NPP
ro

o0 Flame extensions under ceilings. In this particular case, not only are such flame
lengths out of the range of validation, but also the models for predicting this
phenomenon have not been verified or validated with a process similar to the one
documented in NUREG-1824 (EPRI 1011999).
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e Caeiling jet radial distance relative to the ceiling height: Ceiling jet temperature and
velocity correlations use this ratio to express the horizontal distance from target to
plume. Ceiling jet applications in commercial NPPs should be carefully evaluated due to
the numerous obstructions near the ceiling (e.g., cable trays, HVAC ducts, piping, etc.).
Most of its applications include determination of time to detection and sprinkler
activation, in which the ceiling jet velocity is a sub-model in the analysis. An alternative
option is a sensitivity analysis consisting of moving the fire location to distances that
would fall within the validation range; it is recognized, however, that in many situations
the fire location cannot be altered, particularly in the case of fixed ignition sources or
transient fires postulated near areas where redundant targets are in close proximi
(pinch-points). In general, longer horizontal distances will result in longer activatj
results; by contrast, shorter horizontal distances would resyit in “conservative” 2

damage results. In situations where the ceiling jet geomgftry gleviates sign rom
the idealized flat horizontal surface, as may be the c ere are e Imbers
of obstructions or bays, a CFD model may be the befte e for calculatigletector
response times.
e Equivalence ratio as an indicator of the vengffatipn§ate: The v, i% available is for
well-ventilated fires: that is, no model validagigh i % able for under-
f oxygen. In general,

ventilated compartment fires, includingyfire extigriCtion due,
assuming that fires are well ventila Nnclosur result in bounding
conditions as long as the HRR prd§ll ropriate

that conditions in the enclosur, Xpected t& rse in a fire where the
combustion process is affec of oxygen théy would be under fire
conditions where the combusti rocessy d unaffected. It should be noted
that this assumption st\t? invoked wit@ion, as sudden air inflows into

compartments with ghdgr-ventilated fire corjitions could produce relatively severe fire

conditions. g

o CompartmepngSect ratio: |#i %ﬁ hat some compartments in commercial NPPs
would hav€ ggbmetric char isties outside the validation range (e.qg., relatively long,
narrow corridgrs with high %s, etc.). These parameters are important in fire
scenarios involving H ations, as the size and configuration of the compartment
are important input rs. Clearly, these parameters should not be applicable in

scenarios W%e sure conditions are not considered, such as flame radiation
th

calculations oint source model and plume temperature calculations using
algebraic models Where it has been determined that enclosure conditions are not a
factor. Ase¢fart of the sensitivity analysis, the analyst may consider “shortening” the
length, gty or height of the compartment to values that fall within the validation range,
Wi thectation that this will result in an elevated level of hazardous fire-generated

jiions, as predicted by the model (i.e., a conservative calculation). In cases where
the®gnclusion of the analysis does not change given the “smaller” compartment (e.g.,
the HGL temperature does not exceed damage threshold of cables in either case), the
suggested sensitivity analysis can be used as the justification for the evaluation of a
compartment that falls outside the validation range.

o Radial distance relative to the fire diameter: This ratio is the relative distance from a
target to the fire, and is important when calculating the radiative heat flux. Note that the
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validation range starts at a distance approximately twice the fire diameter. In practice,
targets at a very close distance to the fire (approximately two fire diameters or less)
should be expected to falil, given the relatively low damage threshold levels for cables.
An alternative option is a sensitivity analysis, which consists of moving the fire location to
distances that would fall within the validation range; it is recognized, however, that in
many situations the fire location cannot be altered, particularly in the case of fixed
ignition sources or transients fires postulated near “pinch-points.” In general, shorter
horizontal distances will result in higher heat flux levels.

2.3.7.2 Additional Validation Studies
serve as a basis for establishing the applicability of fire modeling rgsults. In developingfth

examples documented in the appendices of this report, the resegfchgteam identifj
validation studies outside of NUREG-1824 (EPRI 1011999), as S ized bel
%
a

There are other fire model validation studies besides NUREG-1824 (EPRI 1011999) tr@
nt

e Scenarios involving targets within the fire plumes: A

contained in Gunnar Heskestad’s chapter in the ndboo regProtection
Engineering, 4™ ed., “Fire Plumes, Flame H d Air Entrai . The plume
correlations used in the empirical and zon el’are desc well as their range

of applicability. NUREG-1824 (EPRI 10119 ains rigental measurements of
fire plumes, but the range is somewjgat ignitegl. The@relaﬂons used by the

discussi fire plumes is

models have a much wider range licability tha exercised in NUREG-1824
(EPRI 1011999). &

e Scenarios involving targets Wi@ the ceilipgyet\Similarly, Ronald Alpert’s chapter
“Ceiling Jet Flows” in the SEPE Handbo tains a description of the various

correlations used to e the temperatukg and gas velocity of ceiling jets. There are
extensive referen thg?original imental test reports from which the correlations
were derived.

.

e Scenario in® targets Qto flame radiation: A useful collection of techniques
and validatio data for thergha iation calculations is found in the SFPE Engineering
Guide for Asséssing Fl diation to External Targets from Pool Fires, written by the
SFPE Task Group on@ ering Practices, 1999.

e Scenarios in\&3 hover/post-flashover conditions: A series of experiments was
conducted at NISWas part of an investigation of the collapse of the World Trade Center
towers. Vglidation calculations with FDS are described in the report NIST NCSTAR 1-
5F, Fe uilding and Fire Safety Investigation of the World Trade Center Disaster:
C p@imulaﬁon of the Fires in the WTC Towers, September 2005.

e Scemnarios involving electrical failure of cables: The Cable Response to Live FIRE
(CAROLFIRE) program led to the development and validation of the Thermally-Induced
Electrical Failure (THIEF) model (NUREG/CR-6931, Volume 3). This model can be
used to estimate the temperature within an electrical cable that is exposed to an
elevated temperature or heat flux.
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e Scenarios involving cable burning: The Cable Heat Release, Ignition, and Spread in
Tray Installations in Fire (CHRISTIFIRE) program led to the development and validation
of the Flame Spread in Horizontal Cable Trays (FLASH-CAT) model (NUREG/CR-7010,
Volume 1). This model addresses the growth and spread of fire within vertical stacks of
horizontal, open-back cable trays.

In addition to NUREG-1824 (EPRI 1011999) and the various documents cited above, the
individual model developers typically maintain a collection of validation cases that are included
as part of the model documentation. The algebraic spreadsheet models, FDT® and FIVE-Rev1,
are based directly on experimental correlations. Validation of these models is typically not pa
of the model documentation; rather, there are references to source material like the SFP.
Handbook or the original test reports. Validation studies by the CFAST and FDS devel \3\

owth ane
NIST Special Publication 1018, Fire Dynamics Simulat al Refer r%wde
Volume 3, Validation, 2007. é

In summary, the purpose of the sensitivity analysisS to gfe-shape” t%enano with parameters
that fall within the V&V range and result in seve fire geng onditions (e.g., higher
HGL or plume temperature, higher incide etc) g on the application, one
or more parameters may need to be vari eghing mult| nS|onIess parameters. Itis
recommended that the results fromt NSty ty calcul ays be compared to those
resulting from the base case to ensu einp er manipulation produces more
severe fire generated conditions.

/
2.4 Step 4: Calcula re-Gener onditions

This step involves run@g odel(s) eting the results. When running a computer
a

contained within:

NIST Special Publication 1086, CFAST — Consolidated Mode
Transport, Software Development and Model Evaluation G

model, the followi | steps afeyBgo0 ded:

1. Determine output pgragie f interest. If the goal of the simulation is to estimate
wall temperatttres, for ex , the analyst should be interested in internal and external
wall temperatures. T st should ensure that the model will provide the output of

interest, or at le e conditions that can help achieve the objectives of the
analysis. Thg§e ile should be labeled with a distinctive file name.
ut

model. best way to enter input parameters is to follow the same guidelines

des ri e scenario description section. Each model has a user’s manual with
on creating the respective input file. These files are created either through

u rlendly menus and screens or through a text editor. If a text editor is used, it is

strofgly recommended that the analyst start with an example case prepared by code

developers, and make appropriate changes to that file.

2. Prepare t&p . In this step, the analyst enters the input parameters into the

3. Run the computer model. The running time for zone models is on the order of minutes,
depending on the complexity of the scenario and the speed of the computer.
Calculations using a CFD model may take up to days or weeks in complex scenarios,
including multiple compartments, multiple fires, and mechanical ventilation systems.
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4. Interpret the model results. Check that the results are intuitively consistent with the input
and expectations. Check that the output results accurately reflect the desired input;
common verifications would include the fire size and location, the location and status of
any doors or boundary openings, and the forced ventilation flow rate and location. The
model output should be checked for indications of a solution error. For example, the
pressure and the HGL should fall within the ranges observed in test data; the HGL
temperature should be greater than the lower gas layer temperature; and there should
not be anomalous areas of flow acceleration or temperature change. Determine whether
or not the fire scenario resulted in conditions that exceed the performance criteria, as
applicable.

5. Organize the results in a form that answers the question(s) and allows the calculaN
be reproduced. If the results are used in a PRA screening analysis, this may tg
form of a ZOI dimension or a maximum HGL temperaturedIf the results age-pg
deterministic analysis, the output form may be a conclus i

performance of some component and an associate
into a sp %t, and the

predicted to be free of damage.
For the FDT® and FIVE-Rev1, the input data is entered
results are presented in the spreadsheet. Some g FRT® spreadsE ificlude graphical
re

and tabular results. FIVE-Rev1 typically provides result for @@Men set of input data;
however, many of the calculations in FIVE-R a lemente ﬁ i€rosoft Excel functions.
These functions can be called from any ceyin t eadshegipaid Lan be used to easily
calculate the plume temperature at a spe€figflocalion abovg @ re as a function of time for a
fire with a time-varying HRR.

CFAST, MAGIC, and FDS can handieN@ser-specifj nsfent heat release rates, as they
calculate the results for each zone or celt at eac stép. The time step required to maintain
I
AGI

stable calculations is typically’d teffined by the el. The interval at which results are

presented is a user-specifi , and FDS can output results as text files,

which can be read or g commer@jally\available spreadsheet programs; CFAST and

FDS can also output t

SMOKEVIEW is a#Sof

traditional scientifi®ygfethods, sy@ laying tracer particle flow, two- or three-dimensional
|

: emperature), and flow vectors showing flow direction
and magnitude. MAGIC incl% own post-processor for visually analyzing the results of a

simulation. Post-processi Iso be performed using other graphical or graphical
animation software. singha software package that is not designed for viewing the particular
fire model results, the usr should check that the output parameters are interpreted and

displayed as inter@.
2.5 Ste 5©nduct Sensitivity and Uncertainty Analyses

This doc nt recommends a comprehensive treatment of uncertainty and/or sensitivity
analysis as Part of a fire modeling analysis for the following reasons:

e Models are developed based on idealizations of the physical phenomena and simplifying
assumptions, which unavoidably introduces the concept of model uncertainty (i.e., model
error) into the analysis.
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e A number of input parameters are based on available or generic data or on fire
protection engineering judgment, which introduces the concept of parameter uncertainty
into the analysis.

The concepts of model and parameter uncertainty have traditionally been addressed in fire
modeling using uncertainty and/or sensitivity analysis. The uncertainty in a variable represents
the lack of knowledge about the variable, and is often represented with probability distributions.
Its objective is to assess the variability in the model output, that is, how uncertain the output is
given the uncertainties related to the inputs and structure of the model. By contrast, the
sensitivity of a variable in a model is defined as the rate of change in the model output with
respect to changes in the variable. A model may be insensitive to an uncertain variable.

Conversely, a parameter to which a model is very sensitive may not be uncertain. $

Details of the uncertainty and sensitivity analysis are included in Chapter 4.

2.6 Step 6: Document the Analysis %

The amount of information required and generated by afire modgfing analy%n vary widely.
Simple algebraic models may not require a large numb v mputs, and @ lete analysis,
[ .\@n

including output results, can be documented on a gifigle flece of pap he other hand,
some fire modeling exercises may require use of omputer , where outputs from
one are inputs to others. These cases, for th , will reo@ nificant number of

i |

ocumen egardless of the amount
entation is vital to identifying
conclusions.
Documentation of the fire scenario s i

information so that the final report is us uture applications. This is particularly
relevant in the commercial leawfhdustry, wher&€ompartment and equipment layouts or

of information required or generated by t
the important findings of the exercise

processes do not change r time. [ that fire scenarios analyzed for one
application may be use r applicati well; the key, however, is to develop and
maintain good docum f the se cenarios, including all the technical elements
discussed in this NN\Jhe SFPE Weering Guide to Substantiating a Fire Model for a

Given Application E, 2010) p general guidance on information to be included in fire
modeling analyses.

It is likely that the informati sary for documenting the fire scenario selection will be
gathered from a combi t& servations made during engineering walkdowns and a review
of existing plant docv&tsO d/or drawings. The documentation process then involves
compiling the information¥§om different sources into a well-organized package that can be used

in future applicatigfis and for NRC regional inspections. The documentation package may
consist of:

plant drawings. Plant layout, detection, suppression, cable tray, HVAC, and
uit drawings are often marked to highlight the location of the compartment, the
ignitidn sources, the targets, the ventilation flow paths, and the fire protection features.
The drawings also serve as sources of fire model input values, such as compartment
dimensions, ventilation flow rates, and relative locations of fire protection systems or
targets.

e Design basis documents (DBDs). Design basis documents (DBDs) provide in-depth
assessments of plant features in various operation modes, such as the HVAC system.
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o Sketches. Sketches are perhaps one of the most useful ways of documenting a fire
scenario. A sketch typically consists of a drawing illustrating the ignition source,
intervening combustibles, targets, and fire protection features. A first draft of the sketch
is usually prepared during walkdowns. The analyst should take the opportunity to
include details such as raceways and conduit identifications (IDs), and other information
relevant to the fire modeling analysis. Pictures often supplement sketches.

o Write-ups and input tables. Write-ups and input tables are used to compile the
information collected from drawings and walkdowns in an organized way. The write-up
should include a brief scenario description and detailed documentation supporting
guantitative inputs to the fire modeling analysis, as well as any relevant sketches
pictures associated with each scenario.

e Software versions, descriptions, and input files. The docugfentation package Q
include the version numbers of any software, brief descritigfs of the soff
copies of the input files.

The examples presented in Appendices A through H of this gtid IIustrate iques for the
proper documentation of fire modeling calculations usin at des conclusion, a
properly documented analysis should enable someghe elge to reproduc results from the

information contained within the documentation.

2.7 Summary

This chapter described a recommen for cond d documenting a fire
modeling analysis. Chapter 3 pI‘OVI ance on sel appropriate fire modeling tool
and input parameters for typical comrmgrcial NPP s Flre model uncertainty is
addressed in Chapter 4 of this,document. Spec m delmg examples evaluated using the

process described in this Chéptgr €re provided in endlces A through H.
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3
GUIDANCE ON FIRE MODEL SELECTION AND
IMPLEMENTATION

This chapter contains a catalogue of typical nuclear power plant (NPP) fire scenarios, including
relevant physical phenomena, model selection criteria, and suggested modeling strategies. In
particular, the chapter provides recommendations as to the appropriate use of empirical *

correlations, zone models, and CFD calculations. \
IementsaQ

3.1 Model Implementation of Fire Scenari

This section provides a description of fire modeling element% rcial

NPP scenarios. The following fire modeling elements are dgsgst
¢ Heat Release Rate ?\ @
e Plant Area Configuration @ 6
e Ventilation Parameters V O
e Targets
e Intervening Combustibles Q 0
3.1.1 Heat Release Rate
se

tﬁz heat relea

For most fire model applic
specify. All enclosure firgag
energy from the fire ing

(HRR) is the most important parameter to
m of the energy conservation equation (i.e., the
drives hot air out and cold air into the
enclosure). The m S e energy from the fire throughout the
enclosure. For PP%pplicat \ HRR is specified by the analyst in the form of a time
history. This time us HRRCU@I ally has four stages: incipient, growth, steady burning
at peak intensity, and 'decay.

During the incipient stage %urns at a low intensity (i.e., smoldering insulation or a small
trash can fire). The& is stage may vary from seconds to hours, and the energy
W

release is relatively [Dw.N\Because of the uncertainty in the intensity of the fire during this stage,
and the exact timegthat the fire will transition to a significant fire, the incipient stage is often not
considered in th alysis.

Dependingfon ombustible and its arrangement, the growth to a fully developed fire will vary
from se to minutes. Unless experimental data is available, the HRR is usually assumed to
increase folgwing a so-called t* growth profile (Karlsson and Quintiere, 2000). The basic idea
behind this assumption is that the burning surface area of a growing fire increases as the
square of the time from the beginning of the growth period.

The steady burning phase occurs when the fuel reaches its maximum burning rate. In most
cases, the peak HRR is obtained from experimental data. Alternatively, it can be estimated by
multiplying the heat of combustion by the maximum burning rate of the fuel, if known. The peak
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HRR may be limited by the available air supply. Estimates of the maximum HRR inside a
compartment with a given ventilation rate are available in fire protection engineering handbooks.

Following the steady burning phase, the HRR is usually assumed to decrease to zero linearly.
The duration of this phase depends on the amount of fuel available. In fact, the integral of the
entire HRR time profile (in units of kJ) divided by the heat of combustion of the fuel (in units of
kJ/kg) should equal to the mass of combustibles (in units of kg).

In addition to the HRR time history, the following parameters may be important depending on
the model or the scenario.

e Fire elevation: The elevation of the base of the fire, measured from the floor. It is imporian
in scenarios involving targets in the fire plume where the relative distance between t%

and the target strongly influences the exposing temperature. It is also important befa

the height of the fire relative to the hot gas layer (HGL) influeg€es the air entraiffmgR§inio
the plume, the position of the HGL, and, potentially, the act (since ai % ned from
the HGL is oxygen-depleted).

e Fire location: In scenarios where the fire is located a or corner%olume is
expected to entrain less air, resulting in higher plym ratures S and Quintiere,
2000, p. 72).

o Fuel mass: This parameter is an importang factoNggletermini rning duration

own produ mass of the product

e Soot and product yields: The yield of

generated per unit mass of fuel co . gh particulgr, oot yield is an important factor
in radiative heat transfer (e.g., tagdet9i rsedint LW visibility calculations, and
smoke detector response estimat@gf e yield oxygases can also be important in

habitability calculations

e Radiative fraction: The

materials, the radiatiyeyf i
HRR radiates in a@i.o v@ convected upwards into the smoke plume
3.1.2 Plant A ohfigur g

.
The plant area configlration ref the geometrical layout and construction of the enclosure.

Each of these elements isd\e@ in detail next.

Compartment Geomgfry

Compartment geometry refers to the physical layout of the volume in which the fire is
postulated. The Ighgth, width, and height of the room are the typical inputs required by the
model. The si *compartment is an important factor in the volume, and is used to solve the
fundamen c@vaﬂon equations. Algebraic and zone models employ considerable
simplificdglop® of'the geometry, while CFD models attempt to replicate as much of the geometry
as possibl

Compartment Boundary Materials

Boundary (e.g., wall or ceiling) materials are characterized with thermophysical properties,
which include the density, specific heat, and thermal conductivity of the material. In the majority
of commercial NPP applications, the wall material is concrete. Other materials may include
steel, gypsum board, etc. Properties for these materials are often available in “drop down”
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menus in the fire models or in fire protection engineering handbooks. Table 3-1 provides typical
properties for materials commonly found in NPPs. These properties were used in the examples
described later in this Guide. It should be noted that these properties, as input parameters to
the models, may also be available from sources other than the ones listed in Table 3-1.
Regardless of the source of the information, users should always check that the material
property values are appropriate for their specific application, as the resulting fire conditions may
be sensitive to these parameters.

Table 3-1. Material properties.

Ve Density Specific Heat
Material Conductivity (kg/m®) (kd/kg/K) Source
(W/m/K)
Brick 0.8 2600 0.8 NUREG-1805, Tab ‘&_
Concrete 1.6 2400 0.75 UREG-1805 h
Copper 386 8954 0.38 Pg Handbot
Gypsum 0.17 960 1.1 ha
Plywood 0.12 540 25 05, Table 2-3
PVC 0.192 1380 1.2 , Appendix R
Steel 54 7850 46 , Table 2-3
XLP 0.235 1375 1,

E. 6850, Appendix R
o;onzontal openings, the effects

Each of these elements is

3.1.3 Ventilation Effects

Ventilation effects include natural ve @ﬂ% ugh vergi

of leakage paths, and/or the effects nical ve |Ia
described next.

Vertical Openings

Vertical openings a oors, bu he
or passive ventil uct®. Inso
than the number thafcan be sp.e
Quintiere, and Harklefoad (M
opening when calculatlng th

area and the square ro
Buchanan (2001) s ts t

Iso be other wall openings, such as windows
, a compartment will have more vertical openings
S|mpI|f|ed model. For example, the McCaffrey,
Iatlon for calculating HGL temperature assumes only one
ifation factor which, is defined as the product of the opening
ening height 4,./H, (Karlsson et al., 2000; Drysdale, 2011).
following method for calculating an effective height and area:

& H. = Zle,iHo,i — ZiAo,iHo,i
Q ? Ao EiAo,i
n

re the individual door areas and heights. The effective width of multiple
ings can be estimated by the ratio A,/H,.

(3-1)

Here Aq;
vertical op

Regarding doors (and other operable openings), consideration should be given to the doors
being opened (or closed) during a fire. For example, when the fire brigade arrives, they will
open the doors to the fire area to gain access, which will affect the ventilation and possibly
result in smoke spread.
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Leakage Paths

The doors of most compartments in commercial NPPs are normally closed, but are not perfectly
sealed. Consequently, the resulting pressure and the rate of pressure increase are often kept
very small by gas leaks through openings in the walls and cracks around doors, or “leakage
paths.” Leakage paths must be specified in compartments with closed doors during the fire
event unless the analysis considers a completely sealed enclosure where pressure rise is an
important variable. By contrast, compartments with at least one open door or window can
maintain pressure close to ambient during the fire event. Leakage paths therefore do not need
to be specified, since the leakage opening area is negligible when compared with the opening
areas of doors and windows.

Horizontal Openings

Horizontal openings consist of hatches or stairwells. For modelj
horizontal openings can simply be added. Any zone model u
single or multiple horizontal openings as long as the total o .
the Consolidated Fire Growth and Smoke Transport (CEAST) moéel only al for a single
connection between any pair of compartments included inulation. D model, no
special provisions are necessary to describe a horjgZontal @pening.

Mechanical Ventilation 6
Mechanical ventilation refers to any air inj eWr extrac Qa compartment by
ctigal a

mechanical means. This has a number pplicat uch as extracting smoke from
the HGL (e.g., a smoke purge syste tilation an@the vent position are the two
most important mechanical ventilati eters. FQrs applications, the velocity of the
airflow may also be important. These Mgchanic flows have the potential to alter the
fire-induced flows. Mechanic veyilation often sts of a supply and an exhaust system that
are maintained to achieve afCegfain pressure level.

3.1.4 Targets % . Q

A target is an obje int@rest that ffected by the fire-generated conditions and

typically consists olR€ables in condgits? les in raceways, or plant equipment. Targets are
characterized by theif*location N e criteria, and thermophysical properties.
A target’s location simpl

r @ms location relative to the fire. The location is represented by
three-dimensional co in%s ithin the volume of the room in which the fire conditions are
simulated. Where t et Taces in a particular direction, an orientation vector to indicate that
direction needs to pe entefed.

criteria forgce involving cable damage is expressed in terms of damage temperature or

The damage c@s efer primarily to a damage/response threshold. In general, the damage
incident u

The models'Within the scope of this Guide require specification of the target’'s thermophysical
properties, primarily the density, specific heat, and thermal conductivity, for the analysis. These
parameters are used to estimate heat conducted into the targets. The predicted time for the gas
temperature surrounding a target to reach a specific limit is usually less than the time it takes
the target to reach the same limit because the heat conduction inside the target will delay the
temperature rise at the surface during the heating process.
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Information on target damage thresholds and target thermophysical properties can be found in
documents such as NUREG-1805, NUREG/CR-6931, and NUREG/CR-6850 (EPRI 1011989).

3.1.5 Intervening Combustibles

In many cases, commercial NPP fire scenarios do not require burning targets to be modeled
because it is sufficient to determine only when the target is damaged. This is clearly not the
case with intervening combustibles, whose flammability characteristics need to be incorporated
into the model so that the fire progression is considered. Therefore, the intervening
combustibles should be described not only in terms of their proximity to the fire and the target
but also in terms of their relevant thermophysical and flammability properties. ﬁ

intervening combustibles, like cables, in fire models presents tec
analyst should consider, including (1) obtaining the necessary

properties representing the intervening combustible and (2) abw @
model the fire phenomena (e.qg., fire propagation). Becaus challenges, simplified
models for determining the contribution to the HRR due pread an(%)ropagation

a
through cable trays have been developed. AppendiyR EG/CR- (PRI 1011989)
provides guidance on the calculation of fire sprea@ Rs for c% 7 Additionally,
or

In many cases, intervening combustibles consist of cables in ladder back trays. Reprt@
e
yStcal

research is underway to develop improved metho R and flame spread of

edicting
electrical cables. A simple model, Flame Spré&ad ove orizonta@l rays (FLASH-CAT)
which predicts flame spread over cables, hés evelope of the Cable Heat
[o] [
e

Release, Ignition, and Spread in Tray Ins during RISTIFIRE) project

(NUREG/CR-7010, val. 1, 2012), sp the U.S. Regulatory Commission (NRC)
and conducted by the National Instit ndar nology (NIST).
3.2 Guidance on ef Selection{and Analysis

This section provides gui
subsection is devoted
provides a pictori ntation of'ea8i ofth
intended to direc eader to the m n which the scenario is described. Please note:

these pictorial repreSgntations a@lawn to scale and are used for illustrative purposes only.

Se scenarios. The circled numbers are

Table 3-2. Listj neric fire scenarios described in this chapter.

p 2
Number Chapter ion Scenario Description
Scenarios consisting of determining time to damage of cables above the ignition

1 3;2'1 source located inside the flames or the fire plume.

Scenarios consisting of determining time to damage of cables located inside or

propagation to cable trays).

2 g& outside the HGL. This scenario also includes a secondary fuel source (i.e.,

Scenarios consisting of determining time to damage of cables located in a room

3 3.2.3 adjacent to the room of fire origin.

Scenarios consisting of determining time to damage of cables located inside or

4 32.4 outside the HGL in rooms with complex geometries.
5 395 Scenarios consisting of determining time to loss of habitability of the main control
T room.
3.2.6 Scenarios consisting of determining time to smoke or heat detector activation.
7 3.2.7 Scenarios consisting of determining temperature of structural elements.
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Each of the sections listed above is organized as follows:

A sketch capturing most of the technical elements relevant to the analysis. A legend
summarizing the different elements presented in the sketches is provided in Figure 3-2.

A scenario objective stating the purpose of the modeling exercise in engineering terms.

A description of the relevant technical fire scenario elements, such as mechanical
ventilation, room geometry, etc. Recall that fire scenario elements refer to the different
characteristics of the fire scenario that are relevant to the analysis, and should be properly

represented in the model.
A modeling strategy section summarizing the recommended steps for performing the$

calculation. Q

A section listing fire model recommendations for the analysi

A section referencing relevant detailed fire modeling exafmpl umented | ppendix
section of this guide.

¥

N\

5

AT T T rata e T Te T ryr  Tat T LTy AT I ................

mny u

T n T t a e

sove [l

Fi -1. Pictorial representation of the fire scenario and corresponding technical
elements described in this section.
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Cable
Tray 1. m Open
1. Exposed SRS Door
2. Target 2. SRS

Junction
Box and
Conduit

Closed

Door

%

eeoo
Control D 0000 D
SpnnH

Electrical
Cabinet

Board

Smoke f&: HVAC
Detect & 1. Supply
2. Exhaust 2.
\ral

1]
Qm Obstruction
ent

L |

Figure 3-2. Legend for fire modeling sketches presented in this chapter.
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3.2.1 Targets in the Flames or Plume

The objective of this scenario is to ¢ gr a target immediately above

time to
a fire, as indicated by the dashed cir gure 3; %IS scenario, the target is an
electrical raceway and the fire source istan electy t. This scenario is often

encountered as the initial pagfof agfrogression o get damage (i.e., the first item ignited, aside
from the ignition source). ently, the gbaracterization of the first item ignited after the
ignition source is impor equent e jons of fire propagation through other
intermediate combust

3.2.1.2 Modelin tegy
The recommended ntedeling str is summarlzed in the following steps:

1. Determine whether the ble, which is directly above the fire, is within the flame zone
or within the fire plyfmeRJT e target should be considered inside the flame zone if it is
located directly the®base of the fire and its distance from the base of the fire is less
than the flame height.f the target is above the fire but is not within the flame zone, then it is
considered to4e within the fire plume. It should be noted that unobstructed fire plumes will
increase i er as a function of height. Consequently, a target does not need to be
directlyf’a e ignition source to be immersed in the fire plume.

2. Calcu the time to damage by finding the minimum of either:

a. The time at which the flame reaches the target. This is achieved by calculating the
flame height as a function of time using the HRR profile (HRR vs. time) and fire
diameter as input.

b. The time it takes the fire plume temperature to exceed the target damage
temperature. This is achieved by calculating the plume temperature at the specified
height as a function of time, using the HRR profile as an input. This approach can be
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considered conservative, as it assumes that cable damage occurs when the gas
temperature surrounding the target reaches the damage temperature (i.e., heating of
the cable is ignored). As an alternative, a potentially more accurate time to damage
can be obtained by calculating the surface temperature of the cable as a function of
time, given a heat flux profile generated by the flame or plume.

If non-target raceways are located between the ignition source and the target, the contributions
of intervening combustibles need to be considered in the analysis. For example, consider a
cabinet fire that ignites the first of a stack of trays overhead. The fire involving the combination
of the cabinet and first tray may then ignite the second tray in the stack, and the fire may
progress to damaging the target raceway. Considerations of the intervening combustibleg, i
analysis include the HRR contribution and the corresponding effects on the target heati %
Section 3.2.2 (Scenario 2) provides guidance on treatment of interyening combustibleQ

In addition to the guidance provided above, the analyst should wheth effects
are relevant to the scenario. The portion of the fire plume ingfne the HGL s air at
higher temperatures (i.e., the HGL temperature) and is exp have in sed
temperatures when compared with portions of the fire p ide the C% scenarios
consisting of targets located relatively close to the igpitioRgource (whic

héplu '

(is/thé™Case for the
scenario discussed in this section), the HGL effe

considered, as the time to target damage is expect e relativg gft. For scenarios
involving targets in the fire plume, located r ely far from the DN source, the HGL effects
on target heating should be considered. Wfthg | case, th geometry and ventilation
(both natural and mechanical) conditio ulge captugedYy the analysis.

Algebraic Models

3.2.1.3 Recommended Models 0
t tcaizb

/
Both the FDT® and FIVE-R ave models e useful for this scenario, provided that
the configuration is withiprge lation bal d that there are no significant HGL effects.
Heskestad's flame hei ation is ve for determining flame height. Similarly,
Heskestad's fire p perature t ti®n Is an alternative for determining plume

temperature and ter (Hes’ke )
The correlations listed above a jcularly applicable for scenarios consisting of targets
relatively close to the ignition&& , Where HGL effects are not considered in the analysis.

As noted above, the tigle 'm&? age is the minimum of either the time at which the flame
reaches the target, df tHgtime it takes the fire plume temperature to exceed the target damage
temperature. Thisjs simply the time at which the HRR reaches the value required for either of
the failure criteria&both cases, the correlations are solved for a specific HRR at a specific
time up to wh tre conditions suggest target damage (e.qg., flames reach the location of the
raceway gf t e temperature exceeds the damage temperature of the cables).

Another opfgn, for scenarios where the flames do not reach the cables, would be to use the
Thermally-Induced Electrical Failure (THIEF) model (NUREG/CR-6931, volume 3) to determine
the surface temperature at the target. The THIEF model is included in NUREG-1805,
Supplement 1 (2012).
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Zone Models

Zone models can be used for this scenario. To do so, set up the necessary input file, which
should include a “target” in the location of the electrical cable of interest, along with the
corresponding thermophysical properties, so that the surface temperature of the cable can be
tracked. Zone models have the ability to include HGL effects in their calculation of plume
temperature, and are thus particularly appropriate for scenarios where the HGL temperature
interacts with the fire plume at the location of the target.

Again, the time to damage is the minimum of either the time at which the flame reaches the

target or the time it takes the fire plume temperature to exceed the target damage temperatur
The zone models routinely calculate and report these values. $
CFD Model

Although a CFD model could be used to analyze this scenario, fe lgtel of detail & 2sBlution
offered by a CFD calculation is generally not necessary. On eyhand, the phodel
would be patrticularly applicable if the scenario involved ob etween_the fif€and the

target inside the fire plume or if HGL effects are significagl. T ects of t obstructions on
the exposure conditions are not captured by algebrai r zone n@

;’I’electrical cabinet fire in

Of a transient fire in a cable

3.2.1.4 Detailed Examples

Readers are referred to Appendix B, which ribesYhe analysi§
the switchgear room, and Appendix E, whj jbes the a S

spreading room.
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3.2.2 Scenario 2: Targets Inside or Outside the Hot Gas Layer
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Figure 3-4. Pictortg ario 2.

3.2.2.1 General Objective Q

The objective of this scenario is to calcMate the i (o} age for a target inside or outside the
HGL produced by a fire. Theflimedd ignition of a $¢Condary fuel source and the resulting
contribution to the total HR 0 be det ine® For the case shown in Figure 3-4, the
target is a cable in an ic ceway an@re source is an electrical cabinet.

3.2.2.2 Modelin t ¢

Two levels of ana can be gn ¥1) algebraic models for the average room temperature
as an indicator of theyas tempex surrounding the target, or (2) detailed heat transfer
mperature.

analysis for determining the t@'
The first strategy consi s& rmining the overall room temperature using an algebraic model
(e.g., the MQH roomflengperature model) (McCaffrey et al., 1981). Such a calculation will
indicate whether the targe®may be subjected to damaging temperatures and the time at which
such temperature%ay be observed. It should be noted that the room needs to be represented
as a rectangul lelepiped and the area of all the surfaces in the room must be conserved.
In additiopf if get cable tray is relatively close, the target may be damaged by radiant
heating. J§ can be assessed with simple point source estimates that only require the HRR of
the fire, thegegparation distance between the fire and the target, and the damage criteria (i.e.,
critical heat flux for damage). The point source model may lead to over-predictions when used
to predict heat flux to targets in very close proximity to the fire. In many applications, the over-
predictions will clearly suggest target damage or ignition.

The second strategy is best addressed with a model capable of including detailed heat transfer
analysis for determining the target’s temperature. A raceway outside the fire plume may be
exposed to HGL conditions if the smoke accumulating in the upper part of the room descends to
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the location of the raceway. Consequently, targets outside the fire plume are initially exposed to
“lower layer” conditions. As the smoke continues to accumulate, the target is immersed in HGL
conditions. As heat transfer conditions will be different for each case, a model with the ability to
track the relevant/applicable heat transfer interaction and calculations as a function of time,
such as a zone model or a CFD model, should be selected to handle this scenario at the
desired level of resolution.

With regard to the secondary fuel source, three distinct additional analyses must be made to
determine:

e time at which the secondary fuel source ignites,

¢ HRR of the secondary fuel source, and \
¢ combined HRR of the primary and secondary fires.

The more detailed models, such as FDS, can handle the ignitj d tributio’ltiple
fires, provided that the ignition criteria and source HRR chajacig# are providetha$ input.

Other models, especially the algebraic models, only accgpt tgfal HRR a nction of time,

which is found by summing up the individual HRRs.

In the present example, consider a cable tray diregfly gboV%e the fire.

cable tray can be determined via algebraic models¥at gStimate the
bineMire

temperature as a function of time for the initi (see
y, it can

e to ignition of the
2 height and plume
0 previously discussed).
med to ignite. The same is
y reaches the ignition
8d, and the shorter time used as

Once the flames from the cabinet reach t
true when the plume temperature at the e
temperature of the cables. Both calg
the ignition time.

The HRR from the cable tray gan t? added to th R of the cabinet to determine a combined
HRR as a function of time. @ulting HRR profilg can take into consideration both the fuel
iongto
on

consumption and propa ditional | ening combustibles as a function of time. In
cases where fuel con not congi Y¥he resulting HRR profile is expected to
[ sity. This totalrat®,caef then be used in the various models as an
rofile. \

overestimate the firg
approximation of
5/CR-685( RI®*1011989) addresses cable fires, including methods for
ble configurations.

Appendix R of NURE

phenomenon and o s an approximation of the conditions created by the two separate

calculating the HRR for a var

It should be noted that Qeﬁ summation of the two HRRs is a simplification of a complex
ovi

fires.
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3.2.2.3 Recommended Modeling Tools
Algebraic Models

Select the appropriate HGL (or room temperature) model and then collect the required inputs,
including room size, opening sizes, boundary material properties, forced ventilation, and the
HRR profiles for the initial and secondary fuel packages. For screening purposes, the use of
algebraic models is recommended as long as the contributions of the first item ignited and
intervening combustibles are considered. As was mentioned earlier, this approach will provide
an approximation of the room temperature in which the target may be immersed. The methods
used by algebraic models to address the secondary fire source are discussed above. Target
damage due to radiant heating can be estimated using algebraic models; all that is requikgdy
the HRR of the fire (as a function of time), the separation distance between the fire and x
target, and damage criteria (i.e., critical flux for damage). 6

Zone Models Q

Zone models provide a good alternative for modeling this s ig, &S they provi incident
heat flux profile, the surface temperature, and the interng| tempegature of th etin one
simulation. Set up the necessary input file with the req 1Ty

g uts, inclygh m size,
opening sizes, boundary material properties, HRR dfre di@meter, and ; and fire location

so that the cable’s surface temperature can be pr
Zone models also have the benefit of being to dle seco
entities. Secondary fires can be ignited d@@ ed time g

Target damage due to radiant heatin e fir silpphandled by zone models, as long as
there are no obstructions between the and t ethat block radiant heat transfer. Zone
models can also account forgédiaaf heating of tar§éts by the HGL.

) fire sources as separate
ature, or heat flux.
uctions.

CFD Model

The use of CFD m r this sce @c mended for complex geometries capable of
affecting the locas th@ HGL a IRcident heat flux to the targets, or when greater
ti

accuracy of the igniign and comtri f secondary fires is warranted. For instance,

obstructions between the ignitj ce and the target affect the heat balance at the surface of
the target. The CFD model ire inputs similar to the ones collected for the zone models;
however, the compart e try will need to be specified in greater detail.

Due to their detailed cal®wlations, CFD models are best able to model secondary fire sources,
including their ignigon and subsequent contribution to the HRR within the enclosure.

Like zone o D models can handle targets damaged by radiant heating from the fire
and the L models can also include the effects of obstructions between the fire and the
target.

3.2.2.4 Detailed Examples

Appendix C describes the analysis of a relatively large lubricating oil fire affecting a raceway in a
pump room, and Appendix E describes the analysis of a transient fire in a cable spreading
room.
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3.2.3 Scenario 3: Targets Located in Adjacent Rooms

e E Ty ha m e R R e Sy m R h DRy R DD Ry e T T e P e
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R R L A L L L L L L L T R

3.2.3.1 General Objective

The objective of this scenario is to calculate ime [0 damage t;rget in the HGL in a

room adjacent to the room of fire origin. connecti oom of origin to the

adjacent room allows combustion prod r the ad'& om. For the case shown in
ir

$ ource is an electrical cabinet,

temperature of targets located in a room
basic steps:

1. Determine the

the HGL in the room of fire origin and the

. te
adjacent com ent: I\:

.
a. Temperat easafuN of time

b. Depth as a fun@ne
th

2. Determine the in t flux surrounding the target cable.
3. Determine the gurface‘and internal temperature of the target cable.
&ace or internal temperature of the target with its damage temperature.

4. Compare t

Note th i Qach assumes that the effort required to model adjacent rooms is justified.
One way pproach this (using algebraic models or zone models) is to first model the HGL
temperaturen the room of origin and the resulting effect on remote targets in the room. If this
approach indicates that target damage/ignition is unlikely in the room of origin, it would be safe
to assume that there would be little benefit in evaluating similar targets in adjacent spaces.
However, if target damage is possible in the room of origin, the next step would be to model the
room of origin and the adjacent room and determine whether the resulting HGL is capable of
causing damage/ignition of the target(s).
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3.2.3.3 Recommended Modeling Tools
Algebraic Models

Generally, algebraic models are not suitable for this calculation, as a model capable of tracking
fire conditions in adjacent rooms is necessary. Zone and CFD models can provide this
capability. As a screening tool, algebraic models could be used to model the HGL temperatures
in the room of fire origin. If the estimated fire conditions in the room of origin are determined not
to generate damage or ignition of targets, it can be concluded that targets in adjacent rooms are
also not expected to be damaged.

Zone Models

The zone model is an appropriate tool for addressing this scenario. Zone models are e N
tools for scenarios involving relatively simple geometries (i.e., geogpetries and openingg t a
be easily represented in rectangular parallelepipeds without co ising the tegfinitg
elements in the analysis). Consequently, the room geometry &

the height a
temperature of the HGL versus time in each of the roo inthe c tational domain.
Zone models are also capable of determining target te e (notj ju perature of the
gases surrounding the target), given the boundary gbndit e fire and the

thermophysical properties of the target.

CFD Model

A CFD model would be particularly appr
in scenarios with complex geometrie
rectangular parallelepipeds). CFD ometry of the compartment in
detail, including the opening(s) prOV|d| smokeQ aths to the adjacent room.

‘9&

3.2.3.4 Detailed Example

Readers are referred to i WhICh bes the analysis of targets in rooms remote
from the fire room.

Q\«\
N
O
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3.2.4 Scenario 4: Targets in Rooms with Complex Geometries

Ie
{
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Figure 3-6.

Pictor
3.2.4.1 General Objective %
The objective of this scenario is to calcufate the o ddmage for a target in the HGL in a

room with a complex geomejfy. FdF the case shoM in Figure 3-6, the target is a cable in an
electrical raceway and the oygce is an trical’cabinet.

.
The first strategy ' yesWsing an ic or single compartment zone model to estimate the
HGL temperature. his approach4{eq8ges that the complex geometry be reduced to a single
equivalent volume. IiTthe case different ceiling heights, an empirical correlation or a
single compartment zone m underestimate the temperature of the smaller volume and

applied to the portion of compartment where the fire is postulated. This reduction in room
volume will resultﬁ higher predicted HGL temperature. This strategy should not be applied if

overestimate the temp e e larger. The fire’s energy is conserved, but it is not
expected to be unifo% jbuted. For this reason, it is suggested that the model only be

the purpose of jlag ®glculation is to predict the activation of a sprinkler or smoke detector
because ggro % imate of the HGL temperature will lead to an underestimate of the activation
time.

The second$trategy is to use a model capable of describing the complex geometry. A zone
model can model the entire compartment as a collection of connected volumes. A CFD model
can “block off” portions of the numerical grid to account for geometric obstructions. In complex
geometries, HGL development can be significantly impacted by mixing associated with spilling
and ventilation, and these can only be modeled by zone and CFD models.
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3.2.4.3 Recommended Modeling Tools
Algebraic Models

Detailed analyses of complex geometries typically cannot be easily accomplished with algebraic
models. However, for screening purposes, it is possible to use algebraic models. As mentioned
earlier, this approach can provide an approximation of the HGL temperature in which the target
may be immersed. To utilize this approach, first select the appropriate HGL (or room
temperature) model and then collect the required inputs, including room size, opening sizes,
boundary material properties, and HRR. Next, the complex geometry must be reduced to a
single equivalent volume while maintaining total surface area (due to the importance of energ
losses through the bounding surfaces) and ceiling height. It should be noted that the m
complex the space, the less ideal the equivalent volume/area approximation becomes. O%d
on the estimates derived using the algebraic models, more detailed modeling may be @

Zone Models Q

Zone models should also be used with caution when modelj [ enario. If th ire space
is modeled, the interface between lower and upper com is treate big door. The
entrainment correlations used by the zone model to han ical ventw t designed for

such large, open “doors.”

CFD Model

CFD models may be required when detail W of com metries capable of
affecting fire development and the locati GL and ident heat flux to the target
are desired. CFD models are expect estima &S rall compartment
temperatures, both upper and lowers there a umptions in the basic
methodology about uniform ceilings.

3.2.4.4 Detailed Exampl ’

Readers are referred to p€D, which ' ts of a switchgear fire in a room with a

complex geometry, a IX H,’w agigts of a fire inside the containment annulus.
: O\Q\

o)
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3.2.5 Scenario 5: Main Control Room Abandonment
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The objective of this scenario is to d '@A &m perators will need to abandon
the control room due to fire-generated€onditions jsid&thg*room. This scenario consists of a
fire, such as an electrical cabi etf within the ontrol. A schematic diagram of this
scenario is shown in Figure otice the prese of a suspended ceiling in the room.

3.2.5.2 Modeling Str
Main control room ; abandonmte % ed to be solely dependent on habitability
i % t

conditions. As m n the pr ctions, control room operators are considered
“targets” in this sceNario, so it is y to establish the fire conditions that would force
operators out of the control ro is can be considered the “abandonment criteria”; for
example, visibility, tempera; flux, and toxicity are often the habitability indicators in
these scenarios. Trackj g%) conditions can provide the time at which the operator may
need to abandon the&)} om. Once the criteria have been established (see Chapter 11 of
NUREG/CR-6850 (EPRI'%011989) for details on habitability conditions), the fire-generated
conditions in the rgom can be calculated so that the abandonment time can be determined.

For MCR aI two ventilation conditions should be taken into consideration: (1) the
ventilati tem is turned off, causing hot gases and smoke to accumulate inside the control
room and (2) the ventilation system is operating in smoke-purge mode.

3.2.5.3 Recommended Modeling Tools
Algebraic models

Algebraic models can be used to address individual abandonment criteria, but not all
simultaneously. Algebraic models are typically based on empirical correlations, not the basic
conservation laws of mass, momentum, and energy. For this reason, it is difficult to perform a
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sensitivity analysis for a collection of correlations because they may not capture the
interdependent relationships of the predicted quantities.

Zone Models

Unlike algebraic models, zone models are capable of simultaneously tracking a number of
relevant output variables (e.g., habitability conditions) in this scenario. They are also capable of
modeling the impact of the various ventilation configurations required for modeling MCR
abandonment. Zone models are a good tool for modeling fires in the MCR as long as
compartment or zonal average conditions within a given enclosure provide the necessary
insights to support the conclusions. Localized radiation conditions can also be estimated usin
zone models. Questions, such as average temperature, visibility conditions in the contr

and smoke management, are well handled by zone models. In contrast, questions ass N
with temperature, heat flux levels and visibility at specific locationggwithin the contr r ,
near a panel) are best handled by CFD models.

CFD Model

CFD models are also a good alternative to address thls artlcular mplex
geometries are involved or localized fire conditions CFD ve the added
advantage of handling rooms with complex geom venmg C Ies and
obstructions, and varying ventilation conditions

3.2.5.4 Detailed Examples O

Readers are referred to Appendix A, w:;c s bes the of a fire in an MCR.
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3.2.6 Scenario 6: Smoke Detection and Sprinkler Activation

. _8.
.
3.2.6.1 General Objective \

The objective of this scenago i calculate the response time of a smoke or heat detector. The
flow of heat and smokgfromyhe fire to the detector may be obstructed by ceiling beams,
ventilation ducts, etc’ jlure’of a detector to actuate in response to a fire can delay the

shown in Figure

3.2.6.2 Mod Qtrategy

For scenal@s involving unobstructed smoke detector devices:

response of eitheg%a fire Brigade or an automatic suppression system. Typical scenarios are

1. Determine the location of the detection device relative to the fire.

2. Select the detector response (activation) criteria. Chapter 11 of NUREG/CR-1805 contains
guidance on estimating smoke detector response times.

3. Calculate the detection time using the appropriate model.
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For scenarios involving obstructed smoke detector devices:

1. Determine the following characteristics of the HGL using all the necessary inputs for an HGL
calculation, as described earlier in this chapter.

a. Temperature as a function of time.

b. Depth as a function of time. The smoke detector is expected to activate shortly after
the HGL reaches the bottom of the obstruction and spills into the location of the
device.

2. Select the detector response (activation) criteria. Chapter 11 of NUREG/CR-1805 contaln
guidance on estimating smoke detector response times.

3. Calculate the response time of the given smoke detector once the combustion pro
reach the detector.

For scenarios involving thermal devices (e.g., sprinklers, fusj r heat de the
process is similar. The only difference is that the thermal d ds to besgharac erlzed Wlth
relevant parameters, typically an activation temperatur ponse t dex (RTI).
addition, the selected model should account for the cess oft th|n elements

(i.e., the heat detector device).

3.2.6.3 Recommended Modeling Tools

Algebraic models

Algebraic models can be used to det et to hea [&: e detection when the fire-
induced flows are not obstructed be hing the det device. By contrast, algebraic
models are typically not smtable when -mduc ch as fire plumes or ceiling jets, will

be obstructed before reachin tectlon deV| n some cases, algebraic models that
estimate the HGL temperatffe g5 a functlon of timeWnay be used for rough estimates of

activation times.
Zone Models % 9
Zone models ca ess the diffe ario conditions presented above; for instance,

CFAST and MAGI e capabl®, e mlnlng time to smoke or heat detection, assuming no
obstructions, and can simulta alculate smoke accumulation so that the time for smoke
detection activation can be %ﬂd. This would provide an approximation, as zone models do
not directly account fo og eometries, including obstructions. These models are not
recommended for d ining time to heat detection in obstructed geometries, since the
velocity of the gases impaeting the heat detector is not available in zone model calculations. As
mentioned abovealn some cases the HGL temperature alone may be used as a rough indicator

of smoke and @ tivation times.
CFD Model

CFD mod&¥g are good tools for estimating time to fire detection in complex geometries, including
obstructions,’as they can describe the compartment’s complex geometries and mechanical
ventilation conditions in detalil.

3.2.6.4 Detailed Examples

Readers are referred to Appendices B and E, which discuss the calculation of the time to smoke
and heat activation.
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3.2.7 Scenario 7: Fire Impacting Structural Elements

Figure 3-9. Pictorj rMation Q o7.
3.2.7.1 General Objective &
The objective of this scenario is to cha¥gcterize ;Q ergture of structural elements exposed
3

to a nearby fire source. Fort ca}e shown in -9, the exposure fire is an electrical
cabinet.

3.2.7.2 Modeling Str
The fire modeling t W{thin the scé f t ide should indicate whether the exposed
structural eleme eaCh damagj x eratures. However, this information is often not

enough to determingwhether ti ucwiral integrity of the compartment will be compromised by
the exposing fire conditions. 2& etailed structural analysis (i.e., one that involves complex

temperature-dependent lo calculations) may be needed if such a determination is
necessary.

Considering the limitationg listed above, the following general guidance is provided:

1. Determine whether the structural element is directly above the fire, within the ceiling jet,
exposed tggfadiagt heating, or within the HGL. The results of this determination will suggest
whichgfiod % combination of models should be used.

2. Calcu the temperature of the structural element based on the fire conditions affecting it.
This will Pequire an initial estimate of the fire-generating conditions surrounding the structural
element, and, subsequently, the temperature of the element itself.
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3.2.7.3 Recommended Modeling Tools
Algebraic models

Provided that the fire conditions affecting the structural element are appropriately identified
(e.g., a fire plume, a ceiling jet, flame radiation, or an HGL exposure without significant
contributions from any of the other three exposure mechanisms), algebraic models may be
capable of determining whether the structural element will be exposed to damaging conditions.
For example, plume temperature correlations can be used to determine the gas temperature
surrounding an element inside the fire plume. MQH calculations can indicate whether
compartment temperatures are near the critical temperature of structural elements; however,
these may provide overly conservative estimates, as the algebraic models do not accoungf
the heating of those structural elements that typically have large masses. Point source N
calculations can be used to estimate the heat flux to structural elergents that are not d@

the plume but close enough to the fire to become significantly hgdte O

Zone Models

Zone models are an appropriate tool to address this scegario, asghe input fj n be developed
to capture the relative location of the fire and the structu ent(s) a compartment
or zonal average conditions within a given enclosu propriate rt the analysis.
Localized conditions, such as flame radiation or raejj also be handled by

zone models. Structural elements can be repgesent s atarg e incident fire
conditions can be tracked during the fire. Wls are al le of performing
conduction heat transfer calculations for ucttiral ele ulting in a prediction of the
temperature of the element itself. {

CFD Model

CFD models are good tools f
geometries, including obstr.
fire development, and mg
heating of the structur.

o
3
%)
c
=
E?S

es@ating temp es in structural elements of complex
s, as they can han@je the compartment’s complex geometries,
entilatio ditions in detail, as well as the localized

*

3.2.7.4 Detailed plés \
Readers are referre®yo Appen8i @ch describes the analysis of a lubricating oil fire's effect

on structural elements. @

o)
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4
UNCERTAINTY AND SENSITIVITY

The fire models discussed in this Guide are classified as deterministic to distinguish them from
stochastic models. In essence, this means that each model takes as input a set of values,
known as input parameters, that describe a specific fire scenario, and the model’s algorithms
then calculate the fire conditions within the compartment. The output of the models usually
takes the form of time histories of the various predicted quantities of interest, such as
temperature, heat flux or smoke concentration. In a sense, the model calculation is a virt
experiment because the design of a model simulation often involves the same thought p
as the design of a physical experiment. The results of the calculg#ffon are likewisege

terms similar to those of an experiment, including an estimate o ungertainty. @ ources
of uncertainty in a model prediction are different than those n imental mag ment.
According to NUREG-1855, Volume 1, Guidance on the Tr ent of Unce nties Associated

with PRASs in Risk-Informed Decision Making (2009), th ee types ertalnty
associated with a model prediction: @

Parameter Uncertainty: Input parameters are oft % from stal distributions or
estimated from generic reference data. In eithgr cas e uncerié hese input parameters
is propagated through the calculation, and wg uncer, p the model prediction is
known as the parameter uncertainty. Th of deter, @ the extent to which the
individual input parameters affect the e calcylagon¥known as a sensitivity analysis.

Model Uncertainty: Idealizations of pRgSical phengig I
formulation of the model equations. In ] ical solution of equations that have
no analytical solution can legd t inxact results odel uncertainty is estimated via the
processes of verification art idgtion (V&V, The rst seeks to quantify the error associated
with the mathematical he gover uatlons typically through numerical analysis,
while the second see tify tt;e 4, iated with the simplifying physical

assumptions, typi gh compa 0 model predictions and full-scale experiments.

d to simplifying assumptions in the

Completeness Unc&gainty: T o the fact that a model may not be a complete
description of the phenomen |gned to predict. Some consider this a form of model
uncertainty because mos s neglect certain physical phenomena that are not

considered important pplication. For example, a model of sprinkler activation might
neglect water conde

The purpose of thig chapter is to provide relatively simple methods to assess model and

parameter unc . Completeness uncertainty is addressed, indirectly, by the same process
used to adgre odel uncertainty. Model uncertainty is based primarily on comparisons of
model piédici ith experimental measurements as documented in NUREG-1824 (EPRI

1011999)"fid other model validation studies. Parameter uncertainty is addressed using simple
techniques t® propagate input parameter uncertainty and to conduct sensitivity analyses.
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4.1 Validation of the Fire Models

The use of fire models requires a good understanding of their limitations and predictive
capabilities. For example, NFPA 805 (NFPA, 2001) states that fire models shall only be applied
within the limitations of the given model and shall be verified and validated. The NRC Office of
Nuclear Regulatory Research (RES) and the Electric Power Research Institute (EPRI)
conducted a collaborative project for the V&V of the five selected fire models described in
Chapter 2. The results of this project were documented in NUREG-1824 (EPRI 1011999),
Verification and Validation of Selected Fire Models for Nuclear Power Plant Applications.

Twenty-six full-scale fire experiments from six different test series were used to evaluate the
models’ ability to estimate thirteen quantities of interest for fire scenarios that were judge
typical of those that might occur in a nuclear power plant (NPP). The results of the stw@

summarized in Table 4-1. An explanation of this table is to follo
Table 4-1. Results of the V&V study, NUREG; | 10119@
Exp
Output Quantity .
Oy Og

HGL Temperature Rise* . . . . . 0.07 | 0.07
HGL Depth* . : : . 0.07 | 0.07
Ceiling Jet Temp. Rise . . . . . 0.08 | 0.08
Plume Temperature Rise 0.11 | 0.07
Flame Height** I.D. | I.D. | I.LD. | I.LD. | I.D. | I.D.
Oxygen Concentration 0.15]1 090 | 0.18 | 1.08 | 0.14 | 0.05
Smoke Concentratio N/A o 2.65 | 0.63]2.06|0.53]270|0.55]0.17

Room Pressure Ris N/ N/A 1130371094 | 0.39]0.95|0.51]0.20

Target Temperature Rise N/A 1.00 | 0.27 1 1.19 | 0.27 ] 1.02 | 0.13 | 0.07

14210551132 |054]1.07|036]110|0.17]0.10

Radiant Heat Flux 'Q . . . . . . . . . .
Total Heat Flux N/A N/A 0.81]|0.47]1.18|0.35]0.85|0.22]0.10

Wall Temperature N/A N/A 1.25|0.48] 138 | 0.45] 1.13 | 0.20 | 0.07
Wall Heat uxl N/A N/A 1.05|0.43]1.09|0.34]1.04|0.21]0.10

I.D. indicates fficient data for the statistical analysis.

N/A indicates thagthe model does not have an algorithm to compute the given Output Quantity.

Underlined values indicate that the data failed a normality test because of the relatively small sample size.

* The algorithm used to compute the layer temperature and depth for the model FDS is described in NUREG-1824.

** All of the models except FDS use the Heskestad Flame Height Correlation (Heskestad, SFPE Handbook). These models were
shown to be in qualitative agreement with the experimental observations, but there was not enough data to further quantify this
assessment.

Models: Five fire models were selected for the study, based on the fact that they are commonly
used in fire analyses of NPPs in the U.S. Two of the models consist of simplified engineering
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correlations (Fire Dynamics Tools (FDT®) and Fire-Induced Vulnerability Evaluation (FIVE-
Revl)), two are “zone” models (Consolidated Fire Growth and Smoke Transport (CFAST) model
(CFAST) and MAGIC), and one is a computational fluid dynamics (CFD) model (Fire Dynamics
Simulator (FDS)).

Experiments: Six series of experiments (26 individual fire experiments in all) were selected for
the NRC/EPRI fire model validation study (NUREG-1824/EPRI 1011999). Each series
represented a typical fire scenario (for example, a fire in a switchgear room or turbine hall);
however, the test parameters could not encompass every possible NPP fire scenarioTable 2-5
lists various normalized parameters that can be used to characterize fire scenarios and the
ranges of the validation experiments. These parameters express, for instance, the size qf the
fire relative to the size of the room, or the relative distance from the fire to critical equipm&
This information is important because typical fire models are not designed for fires tha y
small or very large in relation to the volume of the compartment ry large in reje the
ceiling height.

For a given set of experiments and NPP fire scenarios, the @s calculate_the vant
normalized parameters. These parameters will either bgynsid tside, or e margin of the
validation parameter space. Consider each case in

1. If the parameters fall within the ranges that w
Table 4-1 can be referenced directly.

ted in th@&)n study, then

dditional justification is
necessary (see Section 2.3.7 for gui .ghisis a occurrence because realistic

fire scenarios involve a variety of jifeyph ich are easier to estimate than
others. A case in point is the bu lectrical gab
1011999) does not address these Tigs direc e

and cables. NUREG-1824 (EPRI

ough some of the experiments used

in the study were intende ck-ups of ¢ or switchgear room fires. For scenarios
involving these kinds o the heat relegse rates (HRR) are often taken from experiments

rather than being pr a model. been shown, in NUREG-1824 (EPRI
1011999) and oth 10N studie models can estimate the transport of smoke
and heat with vy egrees of* , But they have not been shown (at least not in
NUREG-182 1 1011999) ate the details of the fire's ignition and growth.

While this does Rgt eliminate,t els from the analysis, it still restricts their applicability

to only some of the pheng \

3. If the parameters fa s@e range of the study, a validation determination cannot be
made based on th&restls from the study. The modeler needs to provide independent
justification for using¥Re particular model. For example, none of the experiments
considered in NUREG-1824 (EPRI 1011999) were under-ventilated. However, several of
the models 4 &oeen independently compared to under-ventilated test data, and the results
have b ented either in the literature or in the model documentation. As another
exaniple gsUpPose that the selected model uses a plume, ceiling jet, or flame height
correl20n outside the parameter space of NUREG-1824 (EPRI 1011999) but still within the
parametéer space for which the correlation was originally developed. In such cases,
appropriate references are needed to demonstrate that the correlation is still appropriate,
even if not explicitly validated in NUREG-1824 (EPRI 1011999). It is expected that the V&V
effort, as documented in NUREG-1824 (EPRI 1011999), will be updated over time to include
comparisons with additional test data and new versions of the models. These updates will
expand the validation range shown in Table 2-5 and ensure the availability of V&V
information for the latest versions of the models documented in this report.
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Predicted Quantities: The experimental data for the validation study consisted of
measurements of one or more of the 13 physical quantities listed in the table. The FDT® and
FIVE-Rev1 do not possess algorithms to estimate every quantity; in the cases in which there
was no estimate, the table cell is labeled N/A.

Statistics: For each model and output quantity, a summary plot of the results is presented in
NUREG-1824 (EPRI 1011999). For example, Figure 4-1 compares the measured and predicted
target temperatures for the model FDS. If a particular prediction and measurement are the
same, the resulting point falls on the solid diagonal line. The longer-dashed off-diagonal lines
indicate the experimental uncertainty. Roughly speaking, points within the longer dashed lines
are said to be “within experimental uncertainty,” and in such cases it is not possible to further
quantify the accuracy of the prediction. Points falling outside the experimental uncertaint
bounds cannot be said to be free of model uncertainty. At the time of the publication of

of mode@uraey.

700
FDS Target Temper.
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8 500 -
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©
5 400 1 4
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0 100 200 300 400 500 600 700

:& Measured Temperature (°C)

re 4-1. Sample set of results from NUREG-1824 (EPRI 1011999).

Consider ag&in Figure 4-1. To make better use of results such as these, two statistical
parameters’ have been calculated for each model and each predicted quantity. The first
parameter, &, is the bias factor. It indicates the extent to which the model, on average, under-
or over-predicts the measurements of a given quantity. For example, the bias factor for the data
shown in Figure 4-1 is 1.02. This means that the model has been shown to slightly

" The statistical parameters listed in Table 4-1 are based on the versions of the fire models used in the V&V study, circa 2006. As
the models are improved and new validation data introduced, these values may change.
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overestimate target temperatures by an average 2%, and this is represented by the red dash-
dot line just above the diagonal. The bias factor for each model and each output quantity is
listed in Table 4-1.

The second statistic® in Table 4-1 is the relative standard deviation of the model, ,,, and the
experiments, 6;. These indicate the uncertainty or degree of “scatter” of the model and the
experiments, respectively. Referring again to Figure 4-1, there are two sets of off-diagonal
lines. The first set, shown as long-dashed black lines, indicate the experimental uncertainty.
The slopes of these lines are 1 + 265 (it is customary to express uncertainties in the form of “2-
sigma” or 95% confidence intervals). The second set of off-diagonal lines, shown as short-
dashed red lines, indicates the model uncertainty. The slopes of these lines are § + 26, If th
model is as accurate as the measurements against which it is compared, the two sets ofx‘
diagonal lines would merge. The extent to which the data scatters outside of the expe,
bounds is an indication of the degree of model uncertainty.

The derivation of the statistical parameters in Table 4-1 is p e next se
their use is described here. Suppose that a model predlctl nodted as ItisTassumed
that the “true” value of the predicted quantity is a norm i ed rando iable with a
mean, u = M /4§, and a standard deviation, o = 6y M hese val probability of
exceeding a critical value, x., is: @

P(x >x.) = 4-1
( c) ﬁ (4-1)
Note that the complementary error f ined as fﬁ :
erfc( 9 (4-2)
It is a standard function in tlcal or spigadsheet programs like Microsoft Excel®.
To summarize, the pre .@ Or determyen robability that a quantity predicted by a

model could exce chitical value i8

1. Express the mOg€l predictign x above its ambient value. Call this number M. Note
that the ambient Value of mo\1 ut quantities is zero. Temperature, oxygen
concentration, and smok eight are exceptions. For these quantities, express the
predicted value as teg ure rise, oxygen decrease below ambient, and layer depth.

a

2. Using the value nd®s,, from Table 4-1, compute the mean, u = M/§, and standard
deviation, o = gy M /4,%f the normal distribution for the quantity of interest.

critica . Remember to also express this critical value as a rise above ambient in

3. Usethee iOg to compute the probability that the predicted quantity could exceed a
the as the predicted value, M.

A few examples of this procedure are included in Section 4.3.

® For some models/quantities, there was an insufficient amount of data to calculate the relative standard deviation of the distribution,
in which case I.D. is shown in the Table.

® Excel 2007 does not evaluate erfc(x) for negative values of x, even though the function is defined for all real x. In such cases, use
the identity erfc(—x) = 2 — erfc(x).
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4.2 Derivation of the Model Uncertainty Statistics

This section describes the derivation of the statistics listed in Table 4-1. These values
summarize the results of the NRC/EPRI fire model validation study documented in NUREG-
1824 (EPRI 1011999). This section is included for information only; there is no need for a
model user to perform this type of calculation. McGrattan and Toman (2011) provide additional
details on the development of these uncertainty calculations.

For each of the fire models and each of the output quantities that were evaluated in the study, a
plot similar to that shown in Figure 4-1 was produced. For each measurement point, a single
experimental measurement was plotted against a single model prediction. The plot shows all
the comparison points. The calculation of the statistics uses this set of measured and pr
values, along with an estimate of the experimental uncertainty. The purpose of the cal

is to “subtract off,” in a statistical sense, the experimental uncertaifity so that the

uncertainty can be estimated. Before describing the calculatlo W ssumptl s e

made:
1. The experimental measurements are assumed to b nblas , and thel%ertamty is
standard n, 6z (thatis,

the standard deviation as a fraction of the me lue). Tal vides estimates of
relative experimental uncertainties for the quani Interest u’@s of 2-sigma (95
percent) confidence intervals.

2. The model error is assumed to be no ributed the predicted value divided by
a bias factor, §. The relative stan ion of t istAution is denoted as 6.

The computation of the estimated biaS@n
follows. Given a set of n experlmental
predictions, M;, compute th

d with model error proceeds as
5, and a corresponding set of model

(4-3)

%Z[IH(MI/EL) —m]z (4_4)
i=1

The bias factor If&

~2 _ =2
6 =exp (ln(M/E) + il > UE) (4-5)

For a given model prediction, M, the “true” value of the quantity of interest, is assumed to be a
normally distributed random variable with a mean of M/§ and a standard deviation of 6,,(M/6).
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Table 4-2. Experimental uncertainty of the experiments performed as part of the
validation study in NUREG-1824 (EPRI 1011999).

Quantity 26
HGL Temperature Rise 0.14
HGL Depth 0.13
Ceiling Jet Temperature Rise 0.16
Plume Temperature Rise 0.14
Gas Concentration 0.09
Smoke Concentration 0.33 *
Pressure (no forced ventilation) 0.40 \
Pressure (with forced ventilation) 780, Q
Heat Flux Yy 4 O
Surface or Target Temperature

There are a few issues to consider when using this

1. Allvalues need to be positive, and each value be expr as an increase over
its ambient value. For example, the oxy conc ratlon S expressed asa
positive number (i.e., the decrease in n belowyitg ient value). Thus, for an
ambient oxygen concentration of 21 redicted @ pf 14 %, the predicted
decrease in oxygen concentratio

2. If the measurement uncertainty is restim odeI error will be underestimated. If
the model error is less thagm th xperlmenta ertalnty the latter should be reevaluated.
The model cannot be s (o] have less grror than the uncertainty of the experiment with

which it is compare

3. The procedure UMes that the tityIn®1 /E) is normally distributed. This is not

necessarily tr pecially in ¢ re there are an insufficient number of points in the
sample. Figure provides, & !%mples in which the normality of the validation data is
tested'®. In cases where is not normally distributed, only the bias is reported.

4. The validation datguse®to develop the accuracy statistics may be fairly sparse over a
particular range. FoRgxample, in Figure 4-1, for temperatures below 300 °C (570 °F), there
are a sufficientghumber of points to derive the statistics. For temperatures above 300 °C

(570 °F), h % there are less data points and these few points do not necessarily follow

the trepel. @c cases, it is left to the discretion of the analyst to determine if it is

i calculate the model uncertainty using the derived statistics if the temperature
outside of the range. Depending on the application, it might be sufficient to
indicate the model tends to over-predict these higher temperatures, as is this case, or the
reviewer might request additional evidence that the model can be applied for this range of
temperatures.

1% The Kolmogorov-Smirnov test for normality has been applied using the software package SigmaPlot®10, Systat Software, Inc.
The default P value of 0.05 was used.
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Figure 4-2. Two examples demonstrating how the validat@a is teste r normality.

N~ @

dure fo ing model uncertainty.

4.3 Calculation of Model Uncert

This section contains a few exercises to explain the
Is, itis as in each case that the

These examples consider model uncertaint CW

input parameters are not subject to unce% Q

4.3.1 Example 1: Target Te@@ re :&

Suppose that cables within a compart tare e fail if their surface temperature

reaches 330 °C (625 °F). Thgmogel FDS predic at the maximum cable temperature due to
a fire in an electrical cabine§ 0,°C (570 °R). WHhat is the probability that the cables could
fail? Assume for this e S the mod t parameters are not subject to uncertainty,

only the model itself. R Q
Step 1. Subtractb nt value able temperature, 20 °C (68 °F) to determine the
atlge r

predicted temper ise. Refer is Value as the model prediction:

0°C—20°C=280°C (4-6)

Step 2: Refer to Tabl %1 indicates that, on average, FDS over-predicts target
temperatures with a Biaffactor, §, of 1.02. Calculate the adjusted model prediction:

M 280°C
=—= = ° 4-7
< )& W=5 =10z =27°°%C (4-7)
Referrin@ able 4-1, calculate the standard deviation of the distribution:
M 280 °C
=dyl—=)=0. =36° 4-8
? ”M(5> 013( 1.02) 36°C (4-8)

Step 3: Calculate the probability that the actual cable temperature would exceed 330 °C**:

™ n the result of Equation 4-9, the precise value for p and o were used rather than the rounded values
shown.
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1 T—Ty—u 1 330°C —20°C —275°C
P(T > 330°C) = > erfc( ) (

— | =—erfc ) = 0.16 4-9
o2 36°C+2 (4-9)

2
The process is shown graphically in Figure 4-3. The area under the “bell curve” for
temperatures higher than 330 °C (625 °F) represents the probability that the actual cable
temperature would exceed that value. Note that this estimate is based only on the model
uncertainty.

0.014 -
| ==— Model Prediction

0.012 - Adjusted Model Prediction ———==/ | \
0.010 - OQ

0.008 -

Probability Density Function

0.006 - @
0.004 - 6
0.002 - ||"m|||||||||,,"|e' >330 °C)
0.000 . I |:!!“|||’|||||l!!‘,..:||||||||llll

100 150

9 400 450 500
Te 4@ ure°C)

Figure 4-3. NormaRgi€tripution of t@e’ value of the cable temperature in a

% hyp \cal fire.
4.3.2 Exampl itical Hé@

As part of a screenifg, analysis? @el MAGIC is used to estimate the radiant heat flux from
a fire to a nearby group of th ic (TP) cables. Using, for example purposes, data from

NUREG/CR-6850 (EPRI @ Appendix H, one of the damage criteria for TP cables is a
h

radiant heat flux to thed@rd&t c@le that exceeds 6 kW/m?. The model, by coincidence, predicts
a heat flux of 6 kW/n#". at¥is the probability that the actual heat flux from a fire will be
6 kW/m? or greater? Ass®me for this exercise that the model input parameters are not subject
to uncertainty, onfjithe model itself.

Y4

Step 1: Uphk e previous example, there is no need to subtract an ambient value of the
heat fluxqit i . Thus, the model prediction is:
M = 6 kW/m? (4-10)

Step 2: Refer to Table 4-1, which indicates that, on average, MAGIC over-predicts radiant heat
flux with a bias factor, §, of 1.07. Calculate the adjusted model prediction:

M 6
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Referring again to Table 4-1, calculate the standard deviation of the distribution:

M 6
=6y (—)=036(—) =2 2 4-12
o O'M<6) 036(1.07> 2.0 kW/m (4-12)
Step 3: Calculate the probability that the actual heat flux, ¢, will exceed the critical value of the

heat flux, q.:

erfc
2

(4-13)

1 — 1 6 kW/m? — 5.6 kW/m?
P(§" > 6 kW/m?) =Eerfc<qc ”) = Zerf < / / >5 0.42

a2 2.0 kW/m2 V2
Even though the model predicts a peak radiant heat flux equal to the critical value, there § I

a 42% chance that the actual heat flux would exceed this value. This is mainly due to thx
that MAGIC has been shown to overestimate the heat flux by about 7%. Q

It is important to note that this calculation of model uncertainty ot take into % ntthe
input parameters, such as the HRR of the fire. Itis only an t of how W model
MAGIC can estimate the radiant heat flux to a target. Anot point is that the damage
threshold, temperature in the first example and heat flu$ ond, is a d to be known

exactly, i.e., without uncertainty.

4.4 Parameter Uncertainty y Q6
t ncertai

The previous sections describe how to exgre [ odel prediction resulting
from the inherent limitations of the model IREIf gHowever cases, the larger source of
uncertainty is the input parameters odel, not the | ®self. This section suggests
ways to assess the impact of this kin uncertai ha¥inal prediction.

Parameter uncertainty is addgesseghin this chapt two ways: (1) parameter uncertainty
propagation, and (2) sensitiity#nalysis. Itis gecogRized that one or both approaches may be

[ Dependidg oy the complexity of the model, the number of
oneto s alsdBzen. The choice of which to analyze is based
on (1) the importa ; olficome, and (2) its degree of uncertainty. In
almost all cases, at felease r, tRe fire dominates all other parameters in terms of
these two criteria. ¢

input parameters will

The propagation of paramet ainty refers to the process of propagating the probability
distributions of one or morglinguiparameters through the model in order to determine the
distributions of the mg@gl otgut quantities. Guidance on uncertainty propagation is provided in
Section 4.4.1.

Sensitivity analyst

refers to the process of determining the "rate of change" of the model output
with respect t i

ns in the magnitude in one or more of the model inputs, usually one
. Guidance on sensitivity analysis is provided in section 4.4.2.

4.4.1 Parameter Uncertainty Propagation

Typically, fire models are run using a discrete set of input parameters that describe a single,
specific fire scenario. However, for some Fire PRA applications, it may be necessary to
consider the range of consequences due to the variability that can result from that specific fire
scenario within a particular compartment. If the key input parameters can be expressed in the
form statistical distributions, then the model output quantities may also be expressed as
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distributions. In this way, it is possible to determine the probability of exceeding a critical
temperature, heat flux, or some other critical value.

Notarianni and Parry (SFPE Handbook, 4™ edition) discuss a number of techniques for
propagating parameter uncertainty. The most common are Monte Carlo methods in which the
fire model is run repeatedly with randomly chosen input parameters, based on assumed
probability distributions. For simple algebraic models, this technique is relatively simple and
there are various software packages available to help. For zone models, the technique
becomes more complicated because it requires more time to set up and run the model, but it is
still practical if the number of parameters is reduced and the ranges of the parameters are
appropriately discretized into “bins”. For CFD models, the technique is not practical excegts
special cases where the number of model runs can be reduced to a relatively small nu

The increased accuracy afforded by the CFD model is often unwaganted given that th@

uncertainty in the input parameters is typically greater than that @gf't modelsth@

Because the heat release rate is the most important input pgr n most fire

analyses, and because NUREG/CR-6850 (EPRI 10119 ides distribygfops of the HRR for
a variety of combustibles within an NPP, parameter unc propagap re modeling
may involve only the HRR distribution applied withi al@ebraic model ct, Appendix E of
NUREG/CR-6850 (EPRI 1011989) provides data W lStrate a simple

technique to propagate the HRR distribution. Q
Suppose, for example, that as part of a F@Nproble etermine the probability of
flames extending above an electrical ingg t particul& , threatening a cable tray. To
answer this question, the flame hei 0 be repre d as a probability distribution.
Figure 4-4 displays the distribution*? ofgeak hea %es, Q, for vertical cabinets with
more than one bundle of unqualified cable (NU R-6850, Appendix E). The probability
density function (pdf) is dendtegrg(Q; a,,B), where djand S (2.6 and 67.8) are parameters of this

particular gamma distribii Q
O\Q

12 NUREG/CR-6850 specifies gamma distributions for the various types of combustibles found within an
NPP. Microsoft Excel® provides a built-in function (GAMMA.DIST) that calculates the probability density
function given the parameters « and .
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Figure 4-4. Distribution of HRR fogan al cabm
For convenience, a spreadsheet can be used to ta e value @ﬂ 1 kW to 600 kw,
and compute a corresponding flame height, S), usmg tad’s correlation:
1 02 D (4-14)
It is assumed that the diameter of th 7 is fixe (1 6 ft), based on the equivalent
diameter of the vent. Whereas Appen E of N 850 recommends dividing the
range of Q into 15 “bins”, it isAlist @& easy for this ®fample to compute the flame height for 600
values of Q (each bin has j 1 kW). pdf¥or the flame height, f(Ly), is related to the
pdf for Q by the follow ion:
Q3/5
g(Q, @B) 509z (4-15)

Q

written in closed for icient to calculate the bin width of the model output divided by that
of the model input. In thi%gxample, the bin width of the model input parameter, Q, is 1 kW and
the bin width of t odel output parameter is the difference in flame heights for two successive

values of Q. O

This distribution is s’ho& @4 5. Note that when the derivative in Eq. (4-15) is not easily
is
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Flame Height Distribution
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Figure 4-5. Distribution of flame heights for t}? nge ofzt@ires.
Once the pdf for the flame height is calculated, it d to detgrmi e probability of the

flames reaching a certain height. In this case, the . ft) above the top of
the cabinet. The probability that the flames ire will reach the cables is
given by the area beneath the curve in Figlire rflame h eater than 1.5 m (4.9 ft).
In this example, it is approximately 0.3

4.4.2 Sensitivity Analysis
The algebraic calculations d rlbyi in this Gmd% perhaps the models more amenable to

parameter uncertainty studi€s f practical applicatioRs. The more complex fire models
discussed in this Guide
given fire scenario. H nly a fe 3

range of values, wj jcantly i imp sults. For example, the thermal conductivity of
the compartment will'not S|g affect a predicted cable surface temperature. Table
4-3 lists the input pakgmeters act on the given output quantity significantly outweighs
all the other parameters. The most always one of these.

In Volume 2 of NURK RI 1011999), Hamins quantifies the functional dependence of
er

these key input para e Table 4-3). These relationships are based either on the
governing mathematical ®guations or on algebraic models. The basic mathematical form of the
relationship is:

Q&lt Quantity = Constant x (Input Parameter)”*"®" (4-16)
The exaé{v

the Constant is not important; rather, it is the Power that matters. The larger
its absolutéyalue, the more important the Input Parameter. According to the McCaffrey,
Quintiere, and Harkleroad (MQH) correlation, for example, the hot gas layer (HGL) temperature
rise in a compartment fire is proportional to the HRR raised to the two-thirds power:

T —T, = CQ?3 (4-17)

What is important here is the amount that the HGL temperature, AT, changes due to a shift in
the HRR, AQ. It is the two-thirds power dependence, as found in Table 4-3, that matters. To
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see why, take the first derivative of T with respect to Q and write the result in terms of
differentials:
AT 2AQ

T—T, 30 (4-18)

This is a simple formula with which one can readily estimate the relative change in the model
output quantity, AT /(T — T,), due to the relative change in the model input parameter, AQ/Q.
The uncertainty in a measured quantity is often expressed in relative terms*®. Suppose that the
uncertainty in the HRR of the fire, AQ/Q, is 0.15, or 15%. The expression above indicates that a
15% increase in the HRR should lead to a 2/3 x 15 = 10% increase in the prediction of the HG
temperature. The result is equally valid for a reduction; if the HRR is reduced by 15%, th
temperature is reduced by 10%.

&

Table 4-3. Sensitivity of model outputs from Volume 2 of G-1824 (E
p

%

Important Input
Parameter

H
Surfal ea
HGL Temperature Wall Con ity /3
W ate O -1/3

Output Quantity er Depe nce

< éo eight -1/6
y S
HGL Depth <: >! or Heights\ 1
. 1/2
Gas Concentratio , Prod @Rate 1
y

RR
Smoke -@ ra Yield

’ HRR 2
Pressig . Leakage Rate 2
Ventilation Rate 2

Heat Flux & HRR 4/3
Surface@ HRR 23
Temﬁture

This relatighs based on experimental data, and has nothing to do with any particular
model; er, an effective way to check a fire model is to take a simple compartment fire
simulation, %ary the HRR, and ensure that the change in the HGL temperature agrees with the
correlation. Consider the two curves shown in Figure 4-6. For Benchmark Exercise #3 of the
International Collaborative Fire Model Project (ICFMP), Test 3 was simulated with FDS, using
HRR values of 1000 kW and 1150 kW. An examination of the peak values confirms that the
relative change in the HGL temperature (10%) is two-thirds the relative change in the HRR

B

'3 Note that a differential relationship is only approximate. This method of relating input parameters to output quantities is valid for
relative differences that are less than approximately 30% in absolute value.
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(15%), consistent with the empirical result of the MQH correlation. Even though FDS is a much
more complicated model than the simple expression shown above, it still exhibits the same
functional dependence on the HRR.

400
Hot Gas Layer Temperature
ICFMP BE #3, Test 3

300

200 y \\\ \*
) & O

Temperature (°C)

Figure 4-6. FDS predictions of HGL Tempegraturee a functic@t& due to a 1,000 kW
fire (solid line) W fire 4
This section illustrates the usefulness ity analys\A n example, consider that
NFPA 805 uses the term Maximum Fire Scenal S) to describe a severe fire
that could be “reasonably anticipated” i artment and the term Limiting Fire
Scenario (LFS) to describe a geverg fire that ex one or more performance criteria. The
analyst is often asked to d e the model input§for both of these scenarios. For MEFS,

input parameters can be m distri s for a particular percentile value. Gallucci
rtant in ing the appropriate choice of HRR distribution.
e

(2011) discusses the i i
The development g IS essenti tivity analysis performed to identify which
combinations of i arameters o iables are critical to the analysis. The particular
variables to be evalated depend €nti on the problem being analyzed. Ata minimum, the

following parameters Should b 1&gl until failure conditions result: HRR, the fire growth rate or
the flame spread rate, the fl ative fraction or the radiative power, and the location of the

fuel package relative t h% (if variable).
Suppose, for exampfe, that as part of an analysis the problem is to determine the minimum HRR

needed to cause damage th a particular compartment whose HGL temperature is not to exceed
500 °C (930 °F). Agsume that the geometrical complexity of the compartment rules out the use
of the algebrai one models, and that FDS has been selected for the simulation.

Step 1: rmine a reasonable, but conservative, estimate of what might be the maximum fire
that could o®eur in the compartment. Using data from NUREG/CR-6850, for this example,
suppose that a ogth percentile HRR for the electrical cabinet fire, 702 kW, has been chosen for
this representative estimate. Choose a model and calculate the peak HGL temperature.

Step 2: Assume that the model chosen is FDS and it predicts 450 °C (840 °F) for the selected
fire scenario. Adjust the prediction to account for the model bias, § (see Table 4-1):
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T —-T, 450°C—20°C

= ° —_—= ° 4-19
5 20°C+ 103 437 °C ( )

Step 3: Calculate the change in HRR required to increase the HGL temperature to 500 °C

(930 °F):

Tadj = TO +

A AT 3 702w x 20T s w 4-20
Q“’zQTaO,J Ty 2 437°C—20°C (4-20)

This calculation suggests that adding an additional 159 kW to the original 702 kW will predyce
an HGL temperature in the vicinity of 500 °C (930 °F). This result can be double-checke
running the model with the modified input parameters.

Table 4-3 lists several other parameters besides the HRR that egt the HG @ erature.
Following the example just discussed, similar calculations c ese
other parameters are varied to determine how else the mini mage th old mlght be
reached. For example, suppose that the surface area, ompart %400 m?® (4300
ft*). How much would the surface area have to incrgase @fdecrease to% HGL

i : 0.1 W/m/K, how
much would it have to change’? If the ventllatlon ra , how much would it
have to change? If the door height, h, is 2 youlll It have to change?
Following the example for the HRR, the r UI parameters can be
calculated as follows:

AT g
M= -34—=- 0 m? = —181 m? (4-21)

00 — 437
Ak = -3k (0 1W/ T = 0045 W/m/K (4-22)
. 500 — 437
AV = Q m3/s) ———— = —0.45m3/s (4-23)
adj \
6 (2 )500 437 em »
W T (4-24)

>
=
)§
|
S
I

For this example,%crease the HGL temperature by 63 °C (145 °F), one could increase the
HRR by 159 k ease the surface area of the compartment by 181 m? (1948 ft?), decrease
the ther c ivity of the walls by 0.045 W/m/K, decrease the ventilation rate by 0.45 m*/s
(950 cfm decrease the door height by 1.8 m (5.9 ft). Of course, some of these options are
not physically possible. Room dimensions and thermal properties are not subject to significant
change, but the HRR and ventilation rates can vary significantly. Also note that if the relative
change in the parameter values exceeds 30 %, it is recommended that further calculations be
performed to confirm the estimated quantity changes.

4-16



UNCERTAINTY AND SENSITIVITY

4.5 Chapter Summary

This chapter describes the three forms of uncertainty related to fire modeling: parameter, model,
and completeness uncertainty. Model and completeness uncertainty are closely related, and it
would be impractical to evaluate them separately. The most practical way to quantify their
combined effect is to compare model predictions with as many experimental measurements as
possible in order to develop a robust statistical description of the model's accuracy. The five
models considered in this Guide underwent a validation study (NUREG-1824 (EPRI 1011999))
in which their predictions were compared with measurements from a variety of full-scale
experiments. It is possible to take a given model’s prediction of a given quantity and assume
distribution for the “true” value of this quantity. Rather than reporting the result of a calculat

as a single value, it is preferable to report the probability that the true value of a predict L\
guantity will exceed a given critical value. é

Treatment of parameter uncertainty is dependent on the applj
probabilistic risk assessments (PRASs) for example, employ (el
propagate the distribution of the HRR through the model_ Maore
involve a broad statistical sampling of input parameters v

modeling perspective, some modeling tools are m
uncertainty given the complexity and computation

Deterministic applications usually consider cgse
extreme, yet plausible, input parameters €re
applications involve selecting parame .
parameter “space.” It is often prohi nsider all letombinations of input
parameters, which is why a simple formof sensitiyf IySis, outlined in this chapter, can be
used to extend the range of oytcomes. Algebra els may initially be used to indicate the
extent to which all of the o%tities of intereSkare sensitive to changes in the specified
u

HRR, reducing the need odel si jons for an extensive number of values.

Over time, the V&V mented 4 -1824 (EPRI 1011999), will be expanded to
include comparis ith“&dditional a and new versions of the models. These updates
will expand the vali§§tion range s Table 2-5 and ensure the availability of V&V
information for the lat@st versionx e models documented in this report. Model users should
refer to the latest version of tife when conducting their fire modeling analyses. In general,
the techniques documegpted in chapter for analyzing uncertainty and sensitivity will remain
applicable regardles;@e V version being used for the analysis.

o)
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6
INTRODUCTION TO THE APPENDICES

Eight unique fire scenarios that typify different fire modeling applications likely to be
encountered in commercial nuclear power plants (NPP), have been evaluated using the process
and guidance of Chapters 2 — 4 of this document. The analysis of the eight example fire
scenarios is summarized in Appendices A through H. Table 6-1 provides a summary of the
individual fire scenarios as well as a cross-index between the eight appendix fire scenarigs an
the seven generic fire scenarios described in Chapter 3. In the scenarios, one or more a%
of Chapter 3 generic fire scenarios are incorporated. For example, Appendix B consid

localized exposure effects near the fire (Chapter 3.2.1) and hot layer (HGL) ' Q
simple room (Chapter 3.2.2). Default values for many quantitie ., pnhaterial p
numerical parameters, physical parameters, empirical constghts are refere
throughout these application examples. Fire model users upiderstand justify the use

of default values for their applications. Fire model user exptcted to as the
0 n
an

appropriateness of default values provided in the fir d make S or adjust
values as necessary. Fire model user guides, hagfibgék d otheptec | documentation
are useful for this purpose.

ross-index.

Table 6-1 Appendix Fire rigygdescripti

Chapter 3
Appendix Ap. Scehario Descrifti Generic Fire
Scenario

A Determination of the time to mai ntrol ro R}abandonment given a low 395
voltage panel fire. -

B I.Determlnat.mn of th el fire to damage cables above the 321 322
fire and adjace
Determinatig | fire to damage cables protected with

C : 1 3.2.2
an electrica BS).
Determj otor control center (MCC) panel fire to damage

D 3.24
cable ) aped enclosure.
Determirnagi | foRg transient trash fire to damage cables in a stack of

E . ; ' 3.21
horizontal € directly above the fire.

F Determination of thegfo@ptiat for a lubricant oil fire to cause structural damage. 3.2.7

G Determination of P @ 1al for a large transient fuel package fire to damage cables 323
in an adjacesft spaeg. -
Determinatio thePotential for a cable tray fire to damage a nearby raceway with

H ; 3.2.1,3.2.6
and without sprifiglers.

means byfhi ocument each type of fire modeling analysis. In particular, the appendices

The structure @d appendix reflects the analysis sequence as well as the recommended
use the Ing format

o Fire modeling objective. This section clearly presents the issue that is being evaluated
and the reason the analysis is being performed.

o Description of the fire scenario. This section provides a detailed description of the fire
scenario being evaluated, including important parameters such as the room geometry,
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ventilation, fuel package data, material properties, and scenario specific information
required for a successful analysis.

e Selection of the fire models. This section presents the basis for selecting the different
types of fire models used to address the fire modeling objective. This includes
considerations of the model capability as well as the available verification and validation
(V&V) basis. Generally, two or more models are selected in order to highlight the
strengths and weaknesses of the models for the given application. The selected models
are not necessarily the only models that can be used, but the basis provided is broadly
applicable to a given class of fire models.

¢ Estimation of the fire-generated conditions. This section presents model specific S
and supporting calculations and identifies applicable modelnuances for the scega
considered.

e Evaluation of results. The results of the fire models ted in terms e data
necessary to support the fire modeling objective g this ion. Mo%nsitivity and
uncertainty are also described for each outpu p%&er and m%c idered.

e Conclusions. A summary of the fire modeli nawsis, incluc@we outcome relative to

the fire modeling goal is presented in t@ . O
ed On actu

The authors strove to create fire scenari ercial NPP configurations in
order to provide realistic fire scenarig ent and [ts{Be cautioned that the fire
modeling results are not generic, an tapplica@ | require careful consideration of
the various input parameters, the fire el applj it d the dominant exposure
mechanism(s). However, thegtrugpure presente eneric, and when followed it is expected to

lead to a fire modeling analSisgthat could be ysed & support safety related applications.

This report also contai .vOn the
in pdf format and thew files used®f
addition, the curr rsiohs of th

h

| find the complete NUREG-1934 final report
e We*fModel runs discussed in each appendix. In

s, EFAST and FDS that were used for each appendix
omplete Ia\ afRgl contents of the CD are described in the README file

e
O\

areontheCD. T
included on the CD.
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A
CABINET FIRE IN MAIN CONTROL ROOM

A.1 Modeling Objective

The purpose of the calculations described in this appendix is to approximate the length of time
that the main control room (MCR) remains habitable after the start of a fire within a low-voltag
control cabinet. These calculations follow the guidance provided in NUREG/CR-6850

(EPRI 1011989), Volume 2, Chapter 11, “Detailed Fire Modeling (Task 11).” MCR fire s%

are treated differently than fires within other compartments, mainly because it is nece
consider and evaluate forced abandonment in addition to equipmént damage. O

A.2 Description of the Fire Scenario

rene cables.
place at the
guidance given in
idered, one in which
em is switched to

General Description: A fire ignites within a control ca C ining XP
The door to the MCR is normally closed, and norm
start of the fire. The typical ambient temperature
Chapter 11 of NUREG/CR-6850 (EPRI 1011989), t

narios

the ventilation system is turned off and one j ich gie ventilati@s
smoke-purge mode at the start of the fire@ Q
Geometry: Drawings of the MCR W Figure igure A-2. The compartment
has a variety of control cabinets in adgifflonto typical dfficefequipment, such as computer
monitors on table tops. There is an open-grate @ n ceiling above the floor, a photograph
of which is shown in Figure . T#is suspended®€iling is assumed to be of noncombustible
construction for this scena fbility Of such ceilings should be verified for other

MCR scenarios. One ade of 0.9 m (3 ft)-thick concrete with no
additional lining mate otherpo s are constructed of 1.6 cm (5/8 in) gypsum

board supported elgtuds. The x's slab of concrete covered with low-pile carpet that
is nominally 1.25 .51in) thi’ck.
(0.5 m (1.6 ft)), but no linin er

lling is concrete with the same thickness as the floor
Materials: Thermal pro arious materials in the compartment are listed in Table 3-1.
bu

Carpet is not listed in jife talgle, Dut, according to Table 6-5 of NUREG-1805, the thermal inertia
(koc) for “Carpet (NyforooP’Blend)” is 0.68 (kW/m?/K)? s, its ignition temperature is 412 °C
(774 °F), and its mjnimumtheat flux for ignition is 18 kW/m?. The steel housing of the electrical
cabinets is nomin&l.S mm (0.06 in) thick.

normal operation, the mechanical ventilation system provides five air

our (ACH). As shown in Figure A-1, ventilation is provided through six supply
diffusers an@two return vents of nominally the same size. The supply air to the compartment is
equally distributed among the six supply vents, and the return air is drawn equally from the two
returns. A 120 Pa overpressure (relative to the adjacent compartments) is maintained in the
MCR during normal operation. Leakage from the compartment occurs via a 1.3 cm (0.5 in) high
crack under the 0.9 m (3 ft) wide door. All other penetrations are sealed. Smoke-purge mode
provides 25 air changes per hour and is activated manually by an MCR operator in accordance
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with specified procedures, which is known for this control room to be 120 seconds after the start

CABINET FIRE IN MAIN CONTROL ROOM
of a fire.
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Figure A-1. Geometry of the main control room.
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Figure A-2. Main control room details.
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Fire: The fire ignites due to an electrical malfunction in bundles of qualified XPE/neoprene
cables inside an isolated control cabinet, designated as the Fire Origin Cabinet in Figure A-2.
The fire grows according to a “t-squared” curve to a maximum value of 702 kW in 12 min and
remains steady for eight additional minutes, consistent with NUREG/CR-6850 (EPRI 1011989),
Appendix G, for a low-voltage cabinet fire involving more than one bundle of qualified cable.
After 20 min, the fire’s heat release rate (HRR) decays linearly to zero in 19 min. A peak fire
intensity of 702 kW represents the 98" percentile of the probability distribution for the HRR in
cabinets of this general description. The HRR curve is shown in Figure A-5.

Heat Release Rate

800
700
600

2 500

éx: 400

T 300
200
100

Figure A-5. Time history of @ d by all &n the MCR scenario.

Based on a physical assessment of ticabinet, it}

burning cabinet do not open before or diring the € smoke, heat, and flames are
exhausted from an air vent sftle of the cabim{. The top of the air vent is 0.3 m (1 ft) below
the top of the cabinet. The is0.6m ) wide and 0.2 m (8 in) high. The cabinet is

2.4 m (8 ft) tall. Q

The heat of comb product’ for XPE/neoprene cable are taken from Table 3-4.16
of the SFPE Han , 4™ editj o Ilsted in Table A-1. When estimating the

taken as an equal-parts mixt yethylene (C,H,) and neoprene (C4HsCl), with the

effective chemical form Ia&
Table A-& r MCR fire based on XPE/neoprene electrical cable.

composition of the fi s combus; rdducts, the jacket and insulation material of the cable are

Parame Value Source

Effective Fuel a C3H45Clos Combination of polyethylene and neoprene
Peak HR 702 kW NUREG/CR-6850 (EPRI 1011989), App. G
Time to peak HRR 720 s NUREG/CR-6850 (EPRI 1011989), App. G
Heat of CoMpustion 10,300 kJ/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO; Yield 0.63 kg/kg SFPE Handbook, 4th ed., Table 3-4.16
Soot Yield 0.175 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO Yield 0.082 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
Radiative Fraction 0.53 SFPE Handbook, 4th ed., Table 3-4.16
Mass Extinction Coefficient 8700 m“/kg | Mulholland and Croarkin (2000)
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Habitability: The MCR is manned 24 hours per day during normal plant operations. To assess
habitability of the compartment, the operator position indicated in Figure A-1 is used. According
to NUREG/CR-6850 (EPRI 1011989), Volume 2, Chapter 11, “Detailed Fire Modeling,” a space
is considered uninhabitable if at least one of the following occurs:

1. The incident heat flux at 1.8 m (6 ft) exceeds 1 kW/m?. A smoke layer temperature of
approximately 95 °C (200 °F) generates this level of heat flux.

2. The smoke layer descends below 1.8 m (6 ft) from the floor, and the optical density of the
smoke is greater** than 3 m™.

A.3 Selection and Evaluation of Fire Models @
of

This section discusses the overall modeling strategy. In particulgf, ifedescribes th€ pre
model selection, including a discussion of the validity of the&@ IsgOr the give scenario.

Fire-Induced Vulnerability Evaluation (FIVE-Revl)
temperatures under smoke purge ventilation egnditionNs” Aliof is not appropriate in
the scenario without ventilation. The Conggflida re Growgaghgd 8moke Transport Model
(CFAST) and the Fire Dynamics Simulat S) are used @ ate the hot gas layer (HGL)

temperature for both the smoke purg ntilated afgs. One advantage of a
Computational Fluid Dynamics (CF like FDS dor Wi

A.3.1 Temperature Criterion
The forced ventilation correlation of Foote, Pagni, |EI‘GS (FPA) s jhcorporated in the
to estima compartment

ire'scenario is that it can estimate
habitability conditions at the specific loG&tion of Q;e r, whereas a zone model like CFAST

can only estimate average ¢ itiys in the hot yer.

A.3.2 Heat Flux Cy %
The point source@i heat flux @ir used to estimate the heat flux to the operator.
D

FIVE-Revl and t e Dynamics ®) both contain methods to estimate the heat flux
from a fire to a targefocated a % distance away. However, distant targets, including the
operators, may not be expos | to the thermal radiation; it is also possible that the
descending hot gas layer wj I%sponsible for some fraction of the heat flux to which the
operator is exposed. it& E-Rev1 nor the FDT® include calculation methods to account
for this source of th radfation. CFAST and FDS will be used to determine whether the

thermal radiation from theHGL reaches the critical value for tenability.

A.3.3 Vi 'b@Criterion

I
FIVE-ReQd the FDT® do not include correlations to estimate visibility in a ventilated
compartmer, but correlations from the SFPE Handbook are applied to develop an estimate of
smoke obscuration in the MCR under smoke purge conditions. With a smoke purge ventilation
rate of 25 ACH, a well-mixed smoke environment is expected, and the average smoke
concentration and visibility conditions can be calculated using these methods. CFAST and FDS
are also used to address the visibility criterion. CFAST has an advantage over MAGIC for this

' The original edition of NUREG/CR-6850 (EPRI 1011989) contains an error in the specification of the optical density (NRC ADAMS
Accession Number ML061630360). The value of 3 m™ is correct.
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analysis because it computes the smoke obscuration. FDS is particularly useful because it
does not assume that the smoke is confined to a uniform descending layer. It is expected that
air currents in the room will mix the smoke to the floor. Zone models typically do not allow the
smoke layer to descend below the height of the base of the fire.

The case of the unventilated enclosure fire scenario is addressed with CFAST and FDS to
estimate the smoke layer interface position and smoke layer optical density as a function of
time. One advantage of a CFD model like FDS for this fire scenario is that it can estimate
habitability conditions at the specific location of the operator.

A.3.4 Validation \

The principal source of validation data justifying the use of the firegnodels discussed VENfor
this scenario is the U.S. Nuclear Regulatory Commission/Electri er Researg it
(NRC/EPRI) verification and validation (V&V) study docume EG-1824 I
1011999). The National Institute of Standards and Technol ) has expande&d the
NRC/EPRI V&YV to include the latest versions of CFASTgH.1.1) (Peacock, Z@and FDS
(5.5.3) (McGrattan, 2010). In particular, a Factory Mutu ia Natio atories

power plant (NPP). One of these experiments (T 1)jnvolves a in a hollow steel

cabinet. y
Table A-2 lists the important non-dimenst pagdmeters

the ranges for which the NRC/EPRI vaif@ati
the validation parameter space and &ge dediessed indivi

(FM/SNL) test series was designed specifically as g#mgckgup of a cog. ogm in a nuclear
t

racterize the fire scenario and
. A few parameters fall outside

e The Fire Froude Number

lls gutside the ra his parameter is essentially a measure of
Ivgrto its base arga. his example, the fire is assumed to

binet, wi vent opening serving as its base. This
assumption leads .@ j value ojrg ould be calculated if it were not assumed
that the fire bu oWpletely ouﬁ:@e abinet. Thus, the high value of Q* is the result
of an assump{i?‘uat ill lead evere fire conditions than would be expected if the
fire were assumag to burn @ lyWithin the cabinet.

amount of air forcegfintgth&foom during the smoke purge mode. Twenty-five air changes
per hour is a con&‘ flow rate, and no validation experiment in NUREG-1824 (EPRI
1011999) involved sufh a high ventilation rate. However, the results of all the model
simulations indicate that the scenario in which the ventilation is turned off is most likely to
compromi n habitability, and the presence of any level of ventilation reduces room

e The relatively low Equiﬁ atio for the compartment is a result of the relatively large
t
b

tempesatu gd heat flux and increases visibility.

For the Sgenario with no ventilation, the classic definition of the Equivalence Ratio does not
apply because there is no supply of oxygen in the room. However, it can be shown that
there is sufficient oxygen in the room to sustain the specified fire. The total mass of oxygen
in the room is the product of the density of air, p, the volume of the room, V, and the mass
fraction of oxygen in the air, Yy,

Mo, rot = PV Yo, = 1.2 kg/m3 x 1945 m? x 0.23 = 537 kg (A-1)
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The mass of oxygen required to sustain the fire is equal to the total energy produced by the
fire divided by the energy released per unit mass oxygen consumed:

0  702kW x 60 s/min x (%+8+%) min
mo,,req = = = 69 kg (A-2)
2red = AH,, 13,100 kJ /kg

These calculations show that the quantity of oxygen in the room would be able to sustain the
specified cabinet fire.

validation study. However, this parameter is only relevant to the point source radiati
flux calculation, which is by definition more accurate, as the target moves further fr.
source. Thus, although the parameter is outside the validatigfl range, it is no '
methodology’s range of validity.

e The ratio of the Target Distance relative to the Fire Diameter, r/D, exceeds the rang%m
e




Table A-2.
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for further details.

Normalized parameter calculations for the MCR fire scenario. See Table 2-5

Quantity

Normalized Parameter Calculation

Validation In
Range Range?

Fire Froude
Number

o 0

- poonTooDz's\/g
702 kW

= = 6.2
(1.2 kg/m3)(1.0 kJ /kg/K) (293 K)(0.425 m?25),/9.8 m/s2

04-24 No

Flame
Height,
relative to the
Ceiling
Height, H,

He+Lf 21m+27m
= = 0.9
H, 52m

Ly =D (37 0% - 1.02) = 0.4m (3.7 x 6.2%% — 1.02) =

N

02-1.0

Ceiling Jet
Radial
Distance, 7,
relative to the
Ceiling
Height, H,

2.,

N/A

Equivalence
Ratio, ¢, of
the room,
based on
Forced
Ventilation of
Purge Mode

X 3.7 kg/s

1.2 kg/m?3 3 /8% 3.7 kg/s

N/A — Ceiling jet targets are not w&d%ton @
N/

0.04-0.6 No

Compartment
Aspect Ratio

0.6 -5.7 Yes

Target
Distance, r,
relative to the
Fire
Diameter, D

22-57 No

Notes:

(1)
(2)

Th

A\

ffective diameter of the base of the fire, D, is calculated using D

A is the area of the cabinet vent.

= ./4A/m,

Flame Height, Hr + L, is the sum of the height of the fire base above the

r and the fire’s flame length.
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A.4 Estimation of Fire-Generated Conditions

This section provides details as to how each of the models was set up and run.

A.4.1 Algebraic Models

General: The forced ventilation correlation of FPA is used to estimate the HGL temperature of
the MCR for the smoke purge scenario. The point source method is used to estimate the heat
flux from the fire to the operator for both the smoke purge and non-ventilated scenarios. The
smoke concentration and visibility are calculated for the smoke purge scenario based on quasj-
steady conditions, as described below.

Temperature in the Smoke Purge Scenario Q\
Figure A-6 is a schematic diagram that illustrates the smoke pu epario. Th @
correlation requires room dimensions to be specified in ter I , width, an€ ght. For
this example, the selected compartment is not a rectangula allelepiped, s@ it needs to be
represented with an effective length, width, and height t romide the f@me and

boundary surface area as the actual compartment. Jhe e comp eight is taken
as the actual height of 5.2 m (17 ft) because it is igfpogan§to maintajg
e
a

me compartment
height for smoke filling calculations. Next, the effe gth and hre calculated to
rea’of the act
is ivalent tg

partment. Because the

maintain the same volume and boundary suf
[ atdining the same floor area

actual and effective heights are the same

(Ap) and wall perimeter (P) of the enclosu regm Figure A- b MCR floor area is 372 m?
(4004 ft?), and the perimeter is 81.6 4 Maintain eNgtal floor area and perimeter
yields effective compartment dimens 7.1 % 3.8 m (45 ft). This is calculated
by solving the following two equations 10 the e [Ewgth and width, L, and W,:
/

Lgx W, AP =2 % (L, +W,) (A-3)
The parameters for e -Revl im ateh of the FPA are listed in Table A-3. Note that
the specified time @ endent HRR i in the calculation, but that the calculation does not
include either the s elevatiof a@ e floor or any other information about the fire. The

correlation only accounts for e of lining material. Gypsum board was chosen because it
has a lower thermal co ivigthan concrete, which results in a slightly higher HGL
temperature. This isgfyappRgpriate conservative assumption for a screening calculation.

walls, ceiling, and floOr are all‘@ d as gypsum board rather than concrete because the FPA

Table A-3. ﬁummary of input parameters for the FPA calculation of the MCR.

arameter Value Source
eight (H) 52m Figure A-1
oom effective length (L¢) 27.1m Equation (A-3)
oom effective width (W,) 13.8 m Equation (A-3)
Room boundary material Gypsum board | Table 3-1
Mech. ventilation rate (V) 13.4 m%/s Specified (25 ACH)
Ambient temperature (T,) 20 °C Specified
Fire parameters Table A-1
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Uniform material properties and thickness
for walls, floor, and ceiling

_____________________________________ Constant exhaust in balance
with supply

Constant air supply

Point source fire with time -

dependent heat release rate
Closed door - .
but no specified location or

height
(ICR smok@e scenario.

&

@ es to the operator when

Uniform
compartment
temperature

Figure A-6. Schematic diagram of the FPA calculatio

?k
Heat Flux @

The point source model is used to estimat lux from the

the fire is at its peak HRR. The peak HR 2 kW, the @ ative fraction, y,., is 0.53, and
the distance from the cabinet vent to p ris apprdRimatgly 8.8 m (29 ft). The heat flux
is calculated:

. ) 53 X702g2038kw 5
T =& 41 x 8.88 m?2 ' /m (A-4)

While this heat flux %s wellbelgw ical value of 1 kwW/m?, it does not account for

the thermal radiafj e HGL. he point source method can be used as a screening

tool, and further a sis can bg p@d by CFAST and FDS.

Smoke concentration and \’a’
Neither the FDT® nor E&v include methods to calculate smoke concentrations or visibility

in mechanically ventilate® enclosure fires, but calculation methods provided in Section 3,
Chapter 9, of the SFPE Handbook, 4™ ed. are relatively simple to apply and are based on the
same principles_ afg concepts embodied in zone models. These hand calculations provide an
nerated smoke concentrations and visibility conditions for this scenario
ether more detailed modeling is warranted.

The soot ma®s generation rate, my, is the product of the soot yield, y,, and the mass burning
rate of fuel, my. The latter quantity is obtained by dividing the HRR, 0, by the heat of
combustion, AH:

702 kW
Q _ 0.175 X —————— = 0.012 kg/s (A-5)

Ms = YsMy = Vs p 10,300 kj/kg
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The soot mass fraction in the smoke layer, Ys, is then calculated:

Y. = Mg - T _ Mg _ 0.012 kg/s - 0.00075 ke /k -
ST T T  pV  12kg/m3 x13.4m3/s g/kg (A-6)

The extinction coefficient of the smoke, K, is calculated:
K = K,,pY, = 8700 m?/kg x 1.2 kg/m3 x 0.00075 kg/kg = 7.8 m~! (A7)

Here K,, is the mass-specific extinction coefficient listed in Table A-1. By definition, the optic
density of the smoke is related to the extinction coefficient via the expression:

oo K ~7.8m‘1~34 . QA8
“nio 23 ™M O (A-8)

This calculated optical density is then compared with the tert@®ility limit, 3 mg* This calculation
indicates that the visibility criterion for tenability would b ed for t
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A.4.2 Zone Model

Geometry: CFAST divides the geometry into one or more compartments connected by vents.
For this simulation, the entire compartment is modeled as a single compartment. As with the
algebraic models, zone models simulate fires in compartments with rectangular floor areas. The
strategy for selecting effective room dimensions is the same as for the FPA analysis described
above. Figure A-7 shows the compartment geometry inputs to CFAST.

Figure A-7. Com% t@etry and surface material selection in CFAST for the MCR
Fire.

While there are nygnerous cabinets and tables in the compartment, they do not significantly
change the ove lume of the room and may be neglected as obstructions. There are no
mechanis AST to account for the open-grate ceiling. This ceiling provides a
negligiblgtlo tance to the heat and air that go through it, so it can be ignored. Itis
expected that neglecting it will lead to slightly higher HGL temperatures because there is less
resistance fof the rising smoke and hot gases.

Fire: In CFAST, a fire is described as a source of heat placed at a specific point within a
compartment that generates combustion products according to user-specified combustion
chemistry. Consistent with typical practice for the use of zone fire models for electrical cabinet
fires, the fire is positioned at the top of the air vent, 0.3 m (1 ft) below the top of the cabinet, at
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the center of the cabinet. The air vent dimensions are 0.6 m (2 ft) wide and 0.2 m (0.7 ft) high.
The effective diameter of the fire is 0.4 m (1.3 ft), as noted in Table A-2.

Combustion chemistry in CFAST is described, at a minimum, by the production rates of CO,
CO,, and soot. The yield of HCl is calculated by the model based on the assumed molecular
formula and the assumption that all of the chlorine forms hydrochloric acid. Inputs for the fire
specification in CFAST, taken directly from Table A-1, are shown in Figure A-8.

N

S \Q
Note: Values for “Total Magg’” ‘&aﬂ%\siﬁcaﬂon,” and “Volatilization Temperature” are set at default values.
ure .

Fig Specification of the fire in CFAST for the MCR Fire.

but it can d @ erent materials for walls, floors and ceilings. For this example, the
compartifle afS are assumed to be entirely made of gypsum wallboard, a conservative
assumptiombecause its thermal conductivity is lower than the other wall materials. The floor
and ceiling afe modeled as 0.5 m (1.6 ft) thick concrete.

Materials: Coes not include the ability to model individual walls of different materials,

Ventilation: For the smoke-purge calculation, air is supplied to the MCR via the six supply
vents and exhausted through the two returns. The total ventilation rate is 25 air changes per
hour, or 13.4 m®/s. Mechanical ventilation inputs for CFAST are shown in Figure A-9. A
shapshot of the CFAST simulation is shown in Figure A-10.
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D
& o)
%28 é”%
<& &
Note: Values for “Begin Dropoff At’ and “ZerOglow Y’ are s t@vames.

Figure A-9. Mgfhanjgal ventilation ts in CFAST for the MCR fire.

Figure A-10. Smokeview rendering of the CFAST simulation of the MCR fire with
mechanical ventilation.

A-15
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A.4.3 CFD Model

Geometry: The entire compartment is included in the computational domain. The exterior
concrete wall coincides with the boundary of the computational domain, meaning that the inside
surface of the concrete wall is flush with the boundary of the computational domain, and the
properties of concrete (including its thickness) are applied to this boundary. The tables (made
out of wood) and the electrical cabinets (made out of steel) are included in the simulation. Note
that the drop ceiling is not modeled because it is open and for this example provides a negligible
resistance to the heat and air that go through it. An FDS/Smokeview rendering of the scenario
is shown in Figure A-11.

The computational mesh consists of a uniform grid of cells that are approximately 0.2 m
on a side. A simple grid resolution study demonstrates that because the details of the §
than its specified heat and smoke production rates) within the c are not rel 0§ this
simulation, there is no need to further refine the grid in the vicini the cabinet.
explanation related to choosing the appropriate grid size cagfbe in NUREG (EPRI
1011999), Vol. 7.

Fire: Following the guidance in Chapter 12 of NU /%0 (EPRI
e ]

9),
Supplement 1, the fire is modeled as emanating f pper venylT tesBurning cabinet.
The fuel stoichiometry is input to the model as _spec bove. ERSTeguires the designation of

a single gaseous fuel molecule via the num WOn and h @) n atoms in the surrogate
fuel, plus the number of other atoms in t that pla % Of€ in the reaction. The soot

yield and heat of combustion are input m Table&
Materials: The cabinets are represeN€d by clos esywith the specified properties of steel.
ti

The tables are assigned the properties Of plywo cm (2 in) thick. The table legs are
not modeled because they itw€ role in the fir&@r heat transfer calculation to the solids.
Concrete and gypsum pro e applie the dpplicable walls and ceiling. The floor is
modeled as a 1 cm (0. h arpet ove m (1.6 ft) thick concrete slab. The concrete
properties are taken specifie et properties are obtained by choosing
individual values tigymal cond , k, density, p, and specific heat, c, so that their
product equals th en value’of

kpc = 0.0017 kW 200 kg/m3 x 2.0 kJ/kg/K = 0.68 (kW/m?/K)? s

The kpc used to estimate [ dual thermal parameters is derived from an empirical ignition
model, and it may diffg€ somgwhat significantly from the true value. However, in this case, the
heat losses to the carpefare not expected to play a significant role in the simulation and the
choice of its therm&}érope ties is not expected to affect the results. If the boundary is expected

to be an importantNgeat loss surface, then a more accurate determination of the thermal
parameter is

Ventilati Air is supplied to the MCR via the six supply vents and exhausted through the two
returns. Thedsupply rate is divided equally among the six supply vents, and the return rate is
divided equally among the two returns. The leakage from the compartment is modeled by
specifying a small vent located at the base of the door through which air escapes at a rate
determined by the pressure difference between the MCR and ambient. Note that the door crack
itself is not modeled explicitly, as the numerical grid is not fine enough. Rather, the leak is
spread over a slightly larger area. The volume flow through the leakage area, V;, is estimated
via the equation:

ary.
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VL = AL _poo (A_g)

where 4, is the actual leakage area (0.9 m (3 ft) by 0.013 m (0.04 ft), or 0.0117 m? in this case),
Ap is the pressure difference between the inside and outside of the compartment (Pa), and p, is
the ambient air density.

Figure A- 11 FDS#Spfokgview ren

A.5 Evaluation ; Its , Q

g of‘'the MCR, as viewed from above.

The habitability of MCR dege s e temperature, heat flux, and smoke concentration to
which the operators Would be e d. Accordlng to NUREG/CR-6850 (EPRI 1011989),
Volume 2, Chapter 11, aban tof the MCR is assumed if the gas temperature 1.8 m (6 ft)
above the floor exceed 9 F) or if the heat flux exceeds 1.0 kW/m? or if the optical
density exceeds 3 m &

Table A-4 summargzes the'results of all the models for the three tenability criteria. For each
qulatlon is performed to determine the Probability of Exceeding the Critical

predicted value, g

Value. Th pr for calculating this probability is given in Chapter 4, and it accounts for
the modgfbigs amd standard deviation. The purpose of this table is to highlight the criterion that
is most li to be exceeded, so that further analysis can be focused on this criterion and the
model or mo#els that predict it. Each criterion is discussed in greater detail in the following
subsections.
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Table A-4. Summary of the model predictions of the MCR scenario.

Bias Staf‘df”“d _ Predicted | Critical el iy
Model Fa%tor, DevLatlon, Ventilation Value Value of _
Oy Exceeding
Temperature (°C), Initial Value =20 °C
FIVE-Revl
(FPA) 1.56 0.32 70 95 0.000
CFAST 1.06 0.12 Purge 61 95 os%
FDS 1.03 0.07 48 95
CFAST 1.06 0.12 No Vet 82/ , 95 0
FDS 1.03 0.07 A0 95 .000
Heat Flux (kw/m?) ("9 -
FIVE-Rev1 1.42 0.55 v ) 0.000
CFAST 0.81 0.47 Purg 1 er," 0.000
FDS 0.85 0.22 0.2 0.000
CFAST 0.81 0.47 0 1 0.228
FDS 0.85 1 0.000
CFAST 2.65 3 0.471
FDS 2.7 3 0.000
CFAST 2.65 3 0.912
FDS 2.7 3 0.909

fterion

and height@ s are summarized in Table A-4 and are shown in
I

A.5.1 Tempera

The HGL temper
detail in Figure A-12NNone of es imply that the temperature tenability limit would be
exceeded by a fire of this typ ess of the ventilation system. It is important to note that
neither the FPA correlation %AST estimate the temperature at the operator location
specifically. For the p oﬁ) ssessing habitability, the HGL temperature is used to
approximate the fluxCoRgitior to which the operator would be exposed, regardless of whether
the HGL descends,to the @perator’s height. This means that the FPA and CFAST analyses
have an extra Ier conservatism built in for this particular case.

predicts a peak HGL temperature of 70 °C (158 °F) when the smoke purge
system i " but, based on the CFAST calculation, it is expected that the layer height would not
descend to Wpe operator level if the purge system were in operation.

CFAST predicts that the HGL temperature reaches just above 80 °C (176 °F) in 20 min when
the smoke purge system is off. The HGL descends to 2 m (6.6 ft) above the floor in
approximately the same amount of time and thus remains above the head of the operator.
When the smoke purge system is on, CFAST predicts that the peak HGL temperature reaches
approximately 60 °C (140 °F), but that the smoke layer does not descend beyond a meter below
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the ceiling due to the operation of the smoke exhaust system. This is in contrast to the
assumption that the enclosure is well-stirred when using the FPA model.

The FDS predictions of HGL temperature are lower than those of the other models because
FDS accounts for the mixing of heat and smoke with ambient air due to the high purging flow,
since it models flow within the compartment in detail.

The HGL temperature is largely a function of the amount of energy from the fire that is carried
aloft in the smoke plume. The model simulations have all assumed, based on data from the
SFPE Handbook, 4™ edition, that the convective fraction of the HRR is relatively low for the ki
of cables under consideration. Typically, approximately 65% of the fire’s energy is lofte
upwards in the plume, whereas in this case the models have all assumed a convective N
of only 47% (one minus the radiative fraction). The consequence @
HGL temperature might be lower than one would expect from a I0ker
percentage of its energy is assumed to be radiated away. R

this assumption i

| fire becaugt a
able 4- @ GL
or the purp0%es6f this

analysis, the HRR can be regarded as the convective HRR. R were
increased by 38%, the HGL temperature rise would incr [ o-thirds of

from 60 °C (140 °F) to 75 °C (167 °F). Given an °C (68 °F), this
iati i@ (65% convective

fraction), its prediction® of the HGL in the
(203 °F), the critical value for abandonmefit. % an be made for the other HGL
predictions.
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Figure A-1 t'®as Layer Temperature and Height for the MCR scenario.

A5.2 t Flux Criterion

In the fire scenario that includes the operation of the smoke purge system, none of the models
predict that the heat flux to the operator exceeds the tenability criterion (see Figure A-13). In
fact, CFAST and FDS estimate a peak flux of approximately 0.1 kW/m?, a value that is one-tenth

'* The bias factor for the CFAST predictions of HGL temperature is 1.06. Taking this into account, the CFAST prediction of HGL
temperature for the 35% radiative fraction case would be 90 °C (194 °F) rather than 95 °C (203 °F). This is close enough to the
critical value to warrant further modeling.

A-19



CABINET FIRE IN MAIN CONTROL ROOM

the critical value. With the smoke purge system turned off, FDS predicts a peak heat flux of

0.4 kw/m? and CFAST predicts 0.6 kW/m®. However, as in the case of the HGL temperature
criterion, it is important to consider the ramifications of the decision to use a radiative fraction of
53% rather than a value more typical of most fires, 35%. Table 4-3 suggests that the heat flux
is proportional to the HRR to the four-thirds power. If the models were to use a radiative fraction
of 35% rather than 53%, the convective HRR would be 38% greater, in which case the heat flux
from the HGL layer onto the operator could increase by as much as 4/3 times 38%, or 50%.
Referring to Figure A-13, this would have the effect of increasing the CFAST prediction from
0.6 kW/m? to 0.9 kW/m?, close to the critical value of 1 kW/m?. In fact, the validation study
documented in NUREG-1824 (EPRI 1011999) indicates that CFAST tends to underpredict th
total heat flux by 19%, on average. Given this fact and the discussion above on the HG
temperature, it should be noted that in the unventilated case, CFAST predicts that the HL\
would descend to a level comparable in height to the operator (ap oximately 2 m), ang it
reasonable to conclude that the operator would be exposed to flux comp e
habitability threshold.

Sxie

Heat Flux to Opera

=
o

I
o

o
o

Heat Flux (kW/m?)
o
~

I
N

1800 2400 3000 3600

me (s)
3. Predmt@lux at the location of the operator.
A.5.3 Visibility rlterlon

The optical density results %Nn in Figure A-14. As with temperature, the CFAST
prediction is based on &o yer smoke concentration calculation, whereas that of FDS is
based on the actual torfocation. The simple algebraic techniques described in A.4.1 and
CFAST both predict that optical density will exceed the critical threshold, even when the

purge system is FDS, however, predicts a much lower optical density in the purge mode
scenario for t ns. First, FDS does not limit the transport of smoke to a descending layer
like CFASH, cond, FDS does not uniformly mix the smoke over the entire compartment
volume e simple algebraic model. As the operator stands relatively close to two supply

vents, the plied fresh air keeps this vicinity clearer than other areas.

When the smoke purge system is off, FDS predicts that the visibility tenability criterion will be
exceeded at the operator position in about 12 min. Such conditions would force abandonment
of the MCR. CFAST predicts that the visibility tenability criterion would be exceeded in the
smoke layer in approximately 7 min, but it also predicts that the smoke layer remains above the
operator’s head throughout the fire simulation, which suggests that the MCR would not need to
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be abandoned. The fact that the HGL remains above 2 m (6.6 ft) is partially an artifact of the
zone model. There is no mechanism in CFAST for the smoke layer to descend below the base
of the fire; a fire with a lower base height could result in a lower HGL elevation.

There is considerable uncertainty in the smoke vyield of real fires, especially in cases where the
fire might be under-ventilated inside of a cabinet. A value of 0.175 (kg soot per kg fuel
consumed) was chosen for the smoke yield in the models, even though literature values range
from 0.01 to 0.2 (kg soot per kg fuel consumed), depending on the fuel. In addition to the
uncertainty in the specified input value of the smoke yield, the NRC/EPRI V&V study (NUREG-
1824 (EPRI 1011999)) indicates that both CFAST and FDS overestimate measured smoke
concentrations, on average, by factors of 2.65 and 2.70, respectively. In light of these
uncertainties in both models and in the input parameters, it is prudent to consider the se\it
of the simulation results to the selected value of the smoke yield. @e
optical density is directly proportional to the smoke yield. This

doubled, the predicted optical density is doubled as well. Th Figure A ah easily
be adjusted to show the effect of a variation in the smoke vyi t¥ie predicted a®afidonment
times in the unventilated scenario do not change significantly witchanges % smoke yield.

ble 4.3 indicates
that if the gfMok Id is

Optical Density (1/m)

800

0
0 460
Q \ Time (s)
Fig@se A-14. 6®nsity predictions for the MCR scenario.

A.6 Conclusion

2400 3000

3600

A fire modeling analysisas been performed to assess the habitability of the MCR in the event
of a fire within an igolated electrical cabinet. The fire is not expected to spread to other
cabinets. Of the e MCR abandonment criteria, it is most likely that the operators would be
forced to h MCR because the optical density would surpass 3 m™* approximately 12
minutes ditergsfite ignites if the smoke purge system is not activated before this time,
according¥€ the FDS analysis. A simple analytical method and the zone model CFAST indicate
that the optiCal density would exceed the critical value with the smoke purge system on and with
the ventilation system turned off. However, these analyses are based on several important
conservative assumptions. For the smoke purge case, the analytical method conservatively
assumes that the smoke fills the entire compartment uniformly, even though the FDS analysis
shows that the supply vents maintain visibility in the vicinity of the operator location. CFAST
reports the optical density of the upper layer, but does not predict that the upper layer would
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descend to the level of the operator in either the purge or no-ventilation scenario based on the
specified conservative assumptions, at least for a fire having a base height of 2 m (6.6 ft).
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B.1 Modeling Objective

The calculations described in this appendix estimate the effects of fire in a cabinet in a
switchgear room on overhead cables and nearby cabinet targets. These calculations are part of
a larger fire analysis described in Chapter 11 of NUREG/CR-6850 (EPRI 1011989), Vol 2,
“Detailed Fire Modeling (Task 11).” The switchgear room (SWGR) contains both Train A

Train B safety-related equipment that is not separated as required by 10 CFR 50.48, Afp

R. The lack of separation between the two has been identified ggfan,unanalyzed£6
ipe whethe @ targets

The purpose of the calculation is to analyze this condition and

fail, and, if so, at what time failure occurs.
'@and contains three

and C contain safety-
related equipment. In addition to the cabine ere dfe nine ca ys, with three stacks of
three trays each located, directly above e f cabinet b »fhe lower two trays above
the middle bank of cabinets contain co blgs for safe& bd equipment. The

m

B.2 Description of the Fire Scenario

compartment is not normally occupi inghe room is 20 °C (68 °F).

ttemper:
Construction: Plan and section views ®f the S ar own in Figure B-1. The

compartment floor, ceiling, wadls are concretey@ominally 0.5 m (1.6 ft) thick. The cabinets,
ventilation ducts, and cabl e made ofsgteel. *The cabinet housings are 1.5 mm (0.06 in)
thick. The ducts are 2 ; ) thick. Ie tray steel is 3 mm (0.12 in) thick. The
trays are stacked 0.5 [ apart‘b phgttom. The tray width is 0.8 m (31 in).

Materials: The t@l properties concrete and steel are listed in Table 3-1. The cable
trays are filled with P§-insulatel @cketed control cables, which have a diameter of
approximately 15 mm (0.6 in) e thickness of approximately 1.5 mm (0.06 in), and seven
conductors. The cable ma %hit length is 0.38 kg/m (0.25 Ib/ft), and the mass fraction of
copper is 0.68. Thec e&e ontained in nine stacked cable trays. There are 50 cables in
each tray.

Thermoplastic (T%bles are considered damaged when their interior'® temperature reaches
205 °C (40Q ° iNe exposure heat flux reaches 6 kw/m? (NUREG-1805, Appendix A). The
damage gfiter, the adjacent cabinet is taken to be equal to that for PE/PVC cable since the
cables inSidé€ the cabinet are unqualified.

Ventilation: There are three supply and three return vents located near the side walls, as
shown in Figure B-1. Each ventis 0.5 m (1.6 ft) by 0.6 m (2.0 ft), and each has an airflow rate
of 0.47 m¥s (1000 cfm). The mechanical ventilation is normally on, and normal operations
continue during the fire. The supply air to the compartment is equally distributed among the
supply vents, and the return air is drawn equally from the returns. The compartment has only

'8 The cable interior temperature is taken to be that of the insulation material surrounding the conductors.
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one door, which is normally closed. The room temperature is maintained at 20 °C (68 °F), and
the pressure is comparable to adjacent compartments. Leakage from the compartment occurs
via a 2.5 cm (1 in) high crack under the 0.91 m (3 ft) wide door indicated on the drawing. All
other penetrations are sealed.

Fire: The fire ignites in one cabinet in the middle bank, as specified in Figure B-1. The cabinet
door is closed, but there are vents on the top of the cabinet for air circulation. The cabinet
contains more than one bundle of unqualified cable. The fire grows following a “t-squared”
curve to a maximum value of 464 kW in 12 min and remains steady for eight additional min,
consistent with NUREG/CR-6850 (EPRI 1011989), page G-5, for a cabinet with more than on
bundle of unqualified cable. After 20 min, the fire heat release rate (HRR) decays linear!

zero in 12 min. A peak fire intensity of 464 kW represents the 98™ percentile of the probM
distribution for HRRs in cabinets with unqualified cable in scenariog where flames pro%

is selection ig”apR iate
es of ca @ From
t with the gutelafice

through cable bundles. From a cabinet configuration perspectiv,
for control cables where cable loading is typically higher thanj

provided in NUREG/CR-6850 (EPRI 1011989) for evaluatin iti different fire
intensities (including the 98™ percentile) within the prob i

There is an air vent on the top the cabinet. The afggfit is%0. [ nd 0.3 m (1 ft) long.
The cabinet is 2.4 m (8 ft) tall. Consistent witl NU 011989), the fire burns
within the interior of the cabinet, and the s I’«w and possi mes exhaust from the air
vent at the top of the cabinet.

combustibles” that may add to the oves@ll HRR of . JPredicting the ignition and growth of
a cable fire is challenging for

In this scenario, the cables above e not onl &et ®they are also “intervening
h

| the models, whi empirical models are used instead. In
this case, the 464 kW cabi [ (escribed aboveNg supplemented by additional heat from the
cable fire. Itis assumed th bles are ggwjted by the cabinet fire, after which a relatively
simple model for predi theNgfowth and Sgregld of a fire within a vertical stack of horizontal
cable trays is applied del is gefgre®i0 a8 FLASH-CAT, short for Flame Spread over
Horizontal Cable g . e basic as tions are taken from Appendix R of NUREG/CR-
6850 (EPRI 101198¢), with sorge iOmal information provided by the small- and
intermediate-scale eXperiments K ibed in NUREG/CR-7010. The FLASH-CAT model makes
use of the following informati

The cable tra re Bgrizontal and stacked vertically.

There are no barlgrs separating the trays, and the tray tops and bottoms are open.
The cableggare not protected with coatings, shielding, or thermal blankets.

There i beneath the lowest tray.

E t s at least a single row of cables.

Under theS§ assumptions, the fire propagates upward through the array of cable trays according
to an empirically determined timing sequence. First, ignition of the cables in the lowest tray is
assumed to occur when the internal temperature of a target cable within that tray reaches the
failure temperature of 205 °C (400 °F). This analysis assumption is based on guidance
provided in NUREG/CR-6850 (EPRI 1011989), Appendix R. The calculation of the cable’s
internal temperature is based on the Thermally-Induced Electrical Failure (THIEF) methodology
(NUREG/CR-6931, Volume 3). Following ignition, the cables in the lowest tray burn at a rate of
250 kW/m?, a value appropriate for TP cables (NUREG/CR-7010, Volume 1). The width of the
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burning cable is the same as the width of the trays (0.8 m). The lateral extent of burning cable
in the lowest tray, before the onset of lateral spread, is equal to that of the ignition source. The
lateral extent of the burning cable in upper trays, before the onset of lateral spread, is given by
the formula:

Li = Li—l + 2 hi tan(35°) (B'l)

where L; is the length of tray i and h; is the distance (bottom to bottom) between tray i — 1 and
tray i. The 35° upward spread angle is described in NUREG/CR-6850 (EPRI 1011989),
Appendix R. In this example, L, is equal to the length of the vent in the cabinet (0.6 m (2 ft))
and h; is the distance between trays (bottom to bottom).

Following ignition, the fire in the first tray spreads laterally at a rategof 3.2 m/h (NURE C
6850 (EPRI 1011989), Appendix R). The fire in the second trayd@niies 4 min aft

the lateral extent of the initial fire in the second tray is widen Eq. (B- c m
The burning and spread rates of the fire in the second tray dre e as the fir he fire in

the third tray ignites 3 min after the fire in the second, and the inigal lateral tof the fire is
widened yet again following the 35° spread angle to 2.0 %

Local burnout of the fire occurs when the cable pl nsumed eto burnout is
calculated as follows. First, determine the co ustl ass pe of tray, m

ny, 1—v)m' 50><0 ><038
me = ( ) ) 7.6 kg/m? (B-2)

metallic or plastic) material in le, vis the e y|eId m' is the total mass per unit

where n is the number of cables pert , ¥p is th t|on of combustible (i.e., non-
length of a single cable, an js the tray width. t, calculate the burnout time, At:

_ 76k ,900 k] /kg

=762 B-3
006 * LK 250 kw/m? S (B-3)

where AH is the he fcombu§ d qavg is the average HRR per unit area of tray. The
FLASH-CAT model asserts t R per unit area ramps linearly to its average value over a
time period of At/6, rema| for a time period of 2 At/3, and then decreases linearly to
zero over a time pe &1 he linear ramp-up and ramp-down are typical ways of
approximating the ti tory of an item’s HRR. Further details of the FLASH-CAT model are
provided in NURE R-7010, Volume 1.

The heat of cc@s n and product yields for PE/PVC cables are taken from Table 3-4.16 of
the SFPEMa k, 4™ edition. Note that five different types of PE/PVC cables are listed in
the chap he values listed in Table B-1 are for a cable with relatively high soot and CO
yields, typica of an under-ventilated fire burning within a closed cabinet. Note also that the non-
metallic components of the cables are a mixture of PE (C,H,) and PVC (C,H3Cl). Because the
mixture consists of approximately the same mass of each, it is assumed for the purpose of fire
modeling that the cable materials would have an effective chemical formula of C,H35Clgs. Table
B-1 summarizes the fuel and combustion parameters for this scenario.

'7 By default, the FLASH-CAT model uses a heat of combustion of 16,000 kJ/kg unless there is experimental data that is more
appropriate. In this case, the chosen heat of combustion is based on a measurement of PE/PVC cable.
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Table B-1. Products of combustion for switchgear room cabinet and cable fire.

Parameter Value Source
Effective Fuel Formula C,H35Clg 5 Combination of polyethylene and PVC
Peak HRR 464 kW NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 20,900 kJ/kg SFPE Handbook, 4th Ed., Table 3-4.16
CO, Yield 1.29 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
Soot Yield 0.136 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
CO Yield 0.147 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
Radiative Fraction 0.49 SFPE Handbook, 4th Ed., Table 3-4.16 N
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Figure B-1. Geometry of the switchgear room.
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B.3 Selection and Evaluation of Fire Models

This section discusses the overall modeling strategy. In particular, it describes the process of
model selection, including a discussion of the validity of these models for the given fire scenario.

B.3.1 Temperature Criterion

The algebraic models are used in this scenario to estimate the flame height and plume
temperatures from the cabinet fire, first to determine whether the overhead cable trays would be
damaged by the cabinet fire and then to calculate the average hot gas layer (HGL) temperatu
using the Foote, Pagni, and Alvares (FPA) correlation to determine whether cables in the
adjacent cabinets would be damaged by the cabinet fire only. Note that the Fire Dynamieg
Tools (FDT®) do not allow the HRR to be input as a function of timg”. With a consta
FDT® are used under the assumption of an instantaneous, fully pged fire th
peak HRR for the duration of the fire scenario. Although thi p
estimate a conservative shorter time to failure than tools th time-dependent HRR, it is
useful as a screening tool to determine whether failure i | ccur at a e. The FPA
correlation is used to estimate the average HGL temper at would om the initial
cabinet fire alone; this analysis using the FPA corgélatipn oes not c% e potential ignition

of cable trays, or their potential contribution to the

The Consolidated Fire Growth and Smokegfr Model ( A and the Fire Dynamics

Simulator (FDS) estimate damage to an ioptime of t fhead cable trays, and also use
the development of elevated temper eat flux rﬁ abinet fire and any ignited
overhead cables to estimate damag djacent . CFAST provides time-
dependent conditions for the cable tray$yand ca ssumes a point source for radiation

from the fire sources. FDS djgtribytes the fire in & r ore reallstlc way, which should provide
more accurate estimates oi@emgPerature and Eeatf 8X to adjacent cabinets.

B.3.2 Heat Flux @ﬂon . Q
CFAST and FDS%ed to estimg N flux to the overhead cable trays and to the adjacent

cabinets. The heat calculatig AST includes the contribution of radiation from the fire,
upper and lower gas layers, g baunding surfaces, as well as convection from nearby gases.
Radiation from the fire sourgé @ mes a point source for the radiation calculation.

The relative position cabinet fire and cable trays may provide a challenge because the
algorithms used by, the zoRe models to assess target damage assume a fire radiation point
source. FDS models the fire in much the same way as the zone models, with the fire on top of
, because it is a CFD model, FDS can estimate local conditions at the
he target cables and adjacent cabinet. Thus, instead of assuming that the
at a single point, FDS more naturally distributes the fire amongst the trays, and
eat flux calculation is more realistic.

the resultin

B.3.3 Validation
NUREG-1824 (EPRI 1011999) contains experimental validation results for CFAST and FDS that

are appropriate for this scenario. The National Institute of Standards and Technology (NIST)
has expanded the U.S. Nuclear Regulatory Commission/Electric Power Research Institute
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(NRC/EPRI) V&V to include the latest versions of CFAST (6.1.1) (Peacock, 2008) and FDS
(5.5.3) (McGrattan, 2010). In particular, the International Collaborative Fire Model Project
(ICFMP) Benchmark Exercise #3 test series was designed specifically as a mock-up of a real
SWGR. These experiments include ventilation effects on, heat fluxes to, and temperatures of
various targets, particularly cables. Fire sizes in these experiments bound those used in this
scenario. Also, the cable failure and cable fire spread algorithms, THIEF and FLASH-CAT, are
developed and validated in NUREG/CR-6931 (Vol. 3) and NUREG/CR-7010 (Vol. 1).

Table B-2 below lists the important non-dimensionalized parameters that characterize this fire
scenario. With the exception of the Fire Froude Number, all of the scenario parameters fall
within the range of the NRC/EPRI fire model validation study (NUREG-1824 (EPRI 1011 .
The Fire Froude Number is essentially a measure of the fire's heat output relative to its x
area. In this example, the fire is assumed to emanate from the cabinet’s top vent, withagh t
opening serving as the area of the base of the fire. This assump#ffongeads to a highe e of
Q* than would be calculated if it were not assumed that the figayb mpletel @ e of the

cabinet. Thus, the high value of Q* is the result of an assu hat will lead to nBre severe
fire conditions than would be expected if the fire were aggume burn par ithin the

cabinet. Therefore, the model predictions should be yal is scenag
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Table B-2. Key parameters and their ranges of applicability to NUREG-1824 (EPRI

1011999).
. . . Validation In
Quantity Normalized Parameter Calculation Range Range?
o Q@
pmcpTwD2-5\/§
3 464 kW 0k
Fire Froude (1.2 kg/m3)(1.0 k] /kg/K)(293 K) (0.48%5 m25),/9.8 m/s2 04-24 No
Number . o) o
- prpTOODZ.S\/E
B 1600 kW - 14 \
(1.2 kg/m3)(1.0 k] /kg/K) (293 K) (125 m25),/9.8 m/s3
He+Lp 24m+21m _
Flame Length, Ly, H - 6am =07
relative to the 0.2 Yes
Ceiling Height, H, N oim
Ceiling Jet Radial @b
Dlstgnce,rcj, deg¥in simulatiof’ 12-1.7 N/A
relative to the
Ceiling Height, H, Q
Equivalence Ratio, onQ fire size)
@, as an indicator of 0.04-0.6 Yes
the Ventilation Rate /s = 0.4kg/s
Compartment -
Aspect Ratio = 3.0 0.6 -5.7 Yes
Target Distance, r,
relative to the Fire 22-57 Yes

Diameter, D

Notes:

Q) The effecti

diameter of the fire is determined from the formula, D = \/4A/m,

W)’%: is the area of the vent on the cabinet. Fire area varies for the cable fire;
r® of 1 m? is assumed to be typical at the peak heat release rate.
( Fire Height, Hr + L, is the sum of the height of the fire from the floor, plus

the fire’s flame length.
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B.4 Estimation of Fire-Generated Conditions

This section provides details specific to each model.

B.4.1 Algebraic Models

General: The general approach to using the algebraic models for this scenario is to first
calculate the flame height of the cabinet fire to determine whether the flame reaches one or
more of the overhead cable trays, then to calculate the plume temperatures from the cabinet fire
to determine which of the overhead cable trays would be damaged by the cabinet fire, and
finally to calculate the average hot gas layer temperature using the FPA correlation to determi
whether the cables in the adjacent cable trays would be damaged by the cabinet fire only:
general scenario is depicted schematically in Figure B-2.

Schematft r cabinet fire in switchgear room.

@s to determine whether the cables in the cable trays
% are likely to be damaged and potentially ignited by the

, the top of the cabinet is located at an elevation of 2.4 m
cable tray is located at an elevation of 3.9 m (12.8 ft), which is
1.5 m (4.9 ft) above the cabinet. As shown in Table B-2, the flame length of the
cabinet fire is calculated t®&be 2.1 m (6.9 ft) at the cabinet peak heat release rate of 464 kW, so
this empirical corrglation for flame length can be used to confirm that the overhead cables would
likely be dam his scenario. This calculation supports the assumption that the overhead

O

The first step in using,algebraic®
located directly above the cabj
cabinet fire. As shown in

F
(7.9 ft), and the lowest e
p

cable tra De ignited by the cabinet fire, as discussed in Section B.2.

The next st&p is to calculate the fire plume temperatures that develop from the cabinet fire to
determine which of the three cable trays located above the cabinet would be damaged by the
cabinet fire. The Heskestad plume temperature correlation included in the FDT® and the Fire-
Induced Vulnerability Evaluation (FIVE-Rev1) was used to calculate the plume centerline
temperature above the cabinet fire. The results of this calculation are shown in Figure B-3.
These results show that the plume temperature at all three cable trays would exceed the cable
damage threshold temperature of 205 °C (400 °F). However, the Heskestad plume temperature
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correlation is based on an unobstructed plume. The obstruction caused by the position of the
cable trays within the fire plume would alter the actual fire plume entrainment and temperatures.
Nonetheless, these results demonstrate that the potential for damage and ignition of the cable
trays as a result of the cabinet fire warrants more detailed analysis.

Plume temperatures - Heskestad correlation
1000
900 ‘ \

200 [
=D
\

500 \ %, —BottO
300 / @
100

e / 2
200 \ w Cv
0 - ‘V—Qﬂ
0 600 120 0 2400 @ 3600
Figure B-3. Plume temperatas at cad aySW0Ocated above a cabinet fire.

Temperature (°C)

L~

s

/
The FPA forced ventilation atjon is usedgto estimate the average HGL temperature of the
SWGR resulting only fr Inet fire o sed on the parameters described in the
following subsections marizgd i 3.
Geometry: The orrelation r X om dimensions to be specified in terms of length,
width, and height. this exa the selected compartment is a rectangular parallelepiped,
so its length, width, and heig cified directly from dimensions shown in Figure B-1.

Fire: As applied to thi c&’ , the FPA correlation is used with the time-dependent HRR
specified for the cabifieRfire ohly. This HRR history is shown in Figure B-4.

Materials: The walls, ceiling, and floor are all specified as concrete, with the thermal properties
specified in T

Ventilatf§o The ventilation rate of the smoke purge mode is 1.42 m®s (3,000 cfm). This value
is used as angirect input parameter in the FPA correlation.
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Table B-3. Summary of input parameters for FPA analysis of switchgear room scenario.

Parameter Value Source
Room height (H) 52m Figure B-1
Room length (L) 26.5m Figure B-1
Room effective width (W,) 185 m Calculation
Room boundary material Concrete Figure B-1. See Table 3-1 for properties.
Mech. Ventilation rate (V) 1.42 m°/s From scenario description
Fire elevation (Hy) 24m From scenario description of cabinet
and vent location.
Ambient temperature (T,) 20°C Specified

expressed in non-dimensional terms as:

Fire parameters | See Table B-1 %
Temperature: The FPA HGL temperature correlation for n‘@ y ventilated

AT ) @
—9 _ (.63 ( ¢ ) ! 6 (B-4)
T mepTeo

ATy is the HGL temperature rise above a ;r absolute temperature, Q

is the HRR of the fire compartment, rate, c, is the specific heat of

air, h; is the heat transfer coefficien e compartment enclosing
surfaces. The results for the cabinet are sho Q{ B 4, based on the input

parameters specified in Table8B-3 gnd the HRR y shown in Figure B-4. These results
show that, for the specified ters, the avera GL temperature reaches a maximum of
approximately 65 °C (149 minutes ed on the peak cabinet fire HRR of 464 kW.
These results show t , the tw cabinets would not be damaged by the initial
cabinet fire alone. Hguweger, urtheran quired to determine the potential impact of
overhead cable ig 4® orPthe pote amage to cables in the adjacent cabinets. CFAST
and FDS are used t§ perform this«o tailed analysis.
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HGL temperature calculation - FPA correlation
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Figure B-4. Average HGL temperature from FRA ion for S ainet fire
scenarid. :.

B.4.2 Zone Model

Geometry: The CFAST analysis define artment ingle rectangular
parallelepiped with the specified dimepsi ile there& mber of cable trays in the
compartment, the compartment is lafge & h that the s do not occupy a significant

fraction of the total volume, so the cong i i are taken directly from the scenario
description and Figure B-1. Fjgure B-5 illustrate scenario as modeled by CFAST. Figure

B-6 shows the CFAST inpufg foptfie geometry.

Figure B-5. Average CFAST/Smokeview rendering of SWGR.
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combustion of fuel and oxygen. The HRR is the
Figure B-7 shows the CFAS#In uf€ for the fire t

CABINET FIRE IN SWITCHGEAR ROOM

O
& O
K &
VOO
Figure B-6. CFAST inpug%tment geQQn SWGR scenario.

Fire: CFAST requires a user-specifietlf time-depeaq @R and stoichiometry for the
@ bin€d cabinet/cable fire described above.
a

directly from Table B-1.
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Note: Values for “Lower Oxygen Limit” asgfus Ignition&ure are set at default values.
Figure B-7. CFAST fi@hcaﬂon i @r the SWGR scenario.

d cgiting are speci as concrete in CFAST with properties as
properties proWded directly as input.

Materials: The walls, floor,
previously described. The

Ventilation: Mechani jlation and re specified as input to CFAST directly from
the scenario descrj MCFAST usé and three outlet vents for the mechanical
ventilation at the s specified | x nario description. Horizontal placement of the
mechanical ventilati®g within tHe, partment does not affect the zone model calculation and is
not part of the input. Figure % the CFAST inputs for the mechanical ventilation. Since
pressure for this scenario proximately at the lower fan cutoff pressure threshold,
default values for thes&& are used as they should not impact the calculations.

o)
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N
> O
?‘@

Note: Values for “Begin Dropoff an Flow At S efault values.

Figure B-8. CFAST mech

Cable Targets: In CFAST, target terMeratures Qed with a one-dimensional
cylindrical heat transfer calcul tlon based on th rial"properties and cable diameter, as
specified in the scenario deg€fi CFAST uses@he THIEF methodology developed as part of
the Cable Response to Liv AROLF program (NUREG/CR-6931, Vol. 3). Each of

ation |np S e SWGR scenario.

the target cables is sp tly in th Thermal properties are taken directly from
NUREG/CR-6931. |ty is ga the speC|f|ed mass per unit length and the
cross-sectional a cable as O /m /(Tr x 0.0075 m)? = 2150 kg/m*. Figure B-9
shows the CFAS uts for tagg e scenario. Ignition time for the target cables was
calculated with an inital CFAST |t only the cabinet fire. This run estimated this ignition

time (as the time flames rea% secondary cable target) as 480 s.

&\
O
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N

O
O RS

Figure B-9. CFASTJfp t#for cabinet an ble targets for the SWGR scenario.

B.4.3 CFD |\/|Q~ ’\QQ

Geometry: The compartment fi @ple rectangular geometry that coincides with the
external boundary of the compua | domain. In other words, the exterior walls are not
explicitly declared, but are y default to be the external boundaries of the domain with
the surface properties @1 cOgcrete, given above. The cabinets are modeled simply as boxes
constructed of steel,@operties are specified above. No attempt is made to model the
interior of the cabinets beCause the fire has been specified as originating at or near the top of
one of the cabine{Figure B-10 shows the compartment geometry used in FDS.

The numgfical%aesgh away from the fire consists of uniform grid cells, approximately 0.2 m (8 in)
[ the vicinity of the fire, the mesh cells are approximately 0.1 m (4 in) on a side.

gnt of the mesh is needed to better locate the actual tray locations. Further
refinement of the mesh is unnecessary because the fire's growth and spread are to be specified
based on the empirical model FLASH-CAT.

Materials: The material properties are applied directly as specified to the walls, floor, ceiling,

and cabinet. The cabinets adjacent to the center bank are modeled as hollow steel boxes
whose interiors remain at ambient temperature. For the cables, the thermal properties are
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superseded by the algebraic ignition and flame spread model called FLASH-CAT. In FDS, the
model is applied as follows. First, each cable tray is declared an obstruction, the top and
bottom of which are given the thermal properties of PVC cables from NUREG/CR-6850 (EPRI
1011989), Volume 2, Appendix R.4.1.1 (k=0.192 W/m/K, p=1,380 kg/m?, c=1.289 kJ/kg/K).
These properties are not particularly important because the cable failure, ignition, and fire
spread are not dependent on them, but merely provide approximate thermal boundary
conditions for those cables that are not burning. Next, the top surface of each tray is divided
into three sections. The middle section ignites and burns according to the timing sequence of
the FLASH-CAT model. The two adjacent sections ignite at the same time, but only at the edge
abutting the middle section. The fire then spreads laterally at a rate specified by the FLASH-
CAT model, in this case, 0.9 mm/s. \

Fire: The initial fire source is modeled as a 0.6 m (2 ft) x 0.3 m (1 jt) “gas burner” ato;@
central cabinet with the specified HRR. This is meant to repres ire that burg§ néarte top

of the cabinet and exhausts through the vent. The ignition angygd f the cable s based
on the empirical FLASH-CAT model described above. Figufe ows a shapshet of the
burning cable during the simulation.
as a surfa @different properties
are spe@ cording to the
of the rgfativesoarseness of the
directly ig I<:> of the volume flow

( s). The model automatically
esh, and it also adjusts the

Ventilation: The door is included in the calculatio
drawing and given volume flow rates. Note t

underlying numerical grid, the ventilation r
rate (m®/s) rather than as a separate ven#@r

¢
adjusts the dimensions of all objects n o the nuvﬁe {
velocity of the air stream to properly@v desired v f

AR
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Figure B-10. FDS/S@V@nderi QWGR.
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<.
Figure B-11. FD eWeéw rendering of the SWGR fire showing localized ignition of

extin of ondary cable fires resulting from initial cabinet fire.
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B.5 Evaluation of Results

In this example, the objective of the calculations is to estimate the effects of fire in a cabinet in a
SWGR on nearby cable and cabinet targets; that is, to determine whether and when
temperatures and/or heat flux to the cable and adjacent cabinets exceed established critical
values. Cables are considered damaged when the temperature of the cable reaches 205 °C
(400 °F) or the exposure heat flux reaches 6 kW/m? (NUREG/CR 6850 (EPRI 1011989),
Appendix H, Table H-1). These criteria are intended to be indicative of electrical failure, but are
routinely assumed to also apply as ignition criteria.

Predicted Value, a calculation is performed to determine the Probability of Exceeding the Giti
Value. The procedure for calculating this probability is given in Chgpter 4, and it acco
the model bias and scatter. The purpose of this table is to highli

Table B-4 summarizes the results of all the models for the chosen failure criteria. For ea?\
t

e criterion ty@ S
fterion an @ odel or
models that predict it. Each criterion is discussed in greate i e followingsuiSections.

Table B-4. Summary of the model predictio i i€ sgenario.

Bias Standgrd Ll Probability
Model Factor, Deviation, alue of _
() Oy Exceeding
Temperature
CFAST 1.00 0.27 205 0.937
FDS 1.02 . i} 205 1.000
CFAST 1.00 . . 205 0.177
FDS 1.02 13 Cab’ 205 0.000
Heat Flux (kV
CFAST A . 6 0.576
FDS 4.2 6 0.159
B.5.1 Cable Igntion anc age

FIVE-Rev1l does not e ithm that considers the thermal inertia of the cables. FDT®
does, but the model 4 licable when the exposing temperature is constant, which is not
the case for this example.®However, the algebraic models can be used for screening purposes,
to show that the plime temperatures resulting from the specified cabinet fire are high enough to

potentially ca age to and ignition of cables located in cable trays directly above the
cabinet.

The algebraic models can @ed in this case to accurately assess the damage to cables.
r
&p

CFAST anNgDS estimate conditions resulting from the ignition (based on initial model runs of
the initial cabinet fire) and burning of the cables (based on calculations from the FLASH-CAT
model). NUREG/CR-6850 (EPRI 1011989) contains some guidance on modeling cable ignition,
flame spread, and the fire's resulting heat release based on a limited set of fire test data. The
differences in HRR between the models (Figure B-12) result from variations in the
implementation of this guidance. Figure B-12(a) shows the HRR from the initial cabinet fire
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source only. Figure B-12(b) shows the overall HRR, including the initial cabinet fire source and
the cables ignited by this initial fire.

Heat Release Rate Heat Release Rate
500 1800
450 1600 .
400 ’ \ CFAST 1400 P\ CFAST | |
~ 350 II \\ o < 1200 [\ u
2 300 { \ 2 1000 | \ Fos
o 250 > V4
£ 200 / \ o
T I \ T
150 / \
100
s0 L/ \
0 ; ; A\ ‘
0 600 1200 1800 2400 3000 3600
Time (s)
(a) Initial cabinet fire only ) IRjtial cabln d |gn|ted cables
Figure B-12. Heat release rate inputs to a DS for a abmet fire scenario.
There are several ways to assess the init e urce'’s pott to ignite the lowest cable tray

(400 °F) or the exposure heat flux re
are intended to indicate electrical failur&but are
criteria. In newer studies in
25 kW/m?, and most often

(Cable Tray A). Cables are conside@Q d when ght gerature reaches 205 °C

assumed to also apply as ignition
RE@/CR -7010, c ignition was not observed at fluxes below
ith direct flange impWwgement. Handbook values for minimum

|gn|t|on qux for power a ication ¢ are reported in the range of 15 kW/m? to 35
kW/m? (SFPE Handb 3-4. 2) enario, CFAST predicts that the flame height
reaches the cable i prOX|ma ite similar to the temperature-based prediction.
Table B-5 shows west cable ated time to ignition for a variety of ignition criteria.
For this S|mulat|on 0 s was n

Table B-5. Estlmate(@lgnmon of lowest cable tray by CFAST for the SWGR

cabinet fire.
Ignition Criterion Time
as temperature = 205 °C 270s
& Cable temperature = 205 °C 860 s
O Heat flux = 6 kW/m? 490 s
Heat flux = 15 kW/m* 740's
Flame impingement 490 s

The CFAST and FDS temperature predictions for the Cable Tray A cables are shown in Figure
B-13. FDS predicts cable failure in Tray A at about 495 s, CFAST in about 600 s. Peak
temperatures from both models are well above the failure criteria for the cables, so it can be
expected that the cables will ignite and provide an additional source of fire.

B-20



CABINET FIRE IN SWITCHGEAR ROOM

Cable Tray A Temperature
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700 N\ |
8 600 I/ \\ CFAST .
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0 600 1200 180 % 3000 6
e s8)
Figure B-13. Estimated temperatures ay A dire ve the fire source for a
SWGR a escenar
Qualitatively, the results of the CFA S predlctl e Quite different. The radiation

from the fire source in CFAST is calcti@ted basedseg Npolt source fire positioned at the base
of the fire. Thus, once the fire,grows and the flafge peight approaches the target cable tray,
CFAST can be expected to ghd r&tlmate the localygable temperature and heat flux, since the
cable would actually be im ithin th ’ es. CFAST does include an estimate of the
flame height, which ca S sed as or of damage to the cable. For this scenario,
CFAST predicts tha jlame heighf e cable tray in approximately 490 s, quite
similar to the temp€ pased pre Past this point, CFAST estimates of the local target
temperature are eXécted to beu dlctlons FDS predictions include the impact of direct
flame impingement aRd immersi the target in flames. Thus, the higher temperatures
predicted by FDS are expect

Upon ignition of the on& ble tray (Cable Tray A), the higher cable trays are ignited,
consistent with the T model.

B.5.2 Cabi

am age
damage to adjacent cabinets, both the predicted temperatures and heat
similar prop@&rties, only one is considered here. The critical damage thresholds are the same for

these cabinets as for the cables in trays. Figure B-14 shows estimated temperature and heat
flux on the cabinet surface.

The algebraic models are not capable of estimating the temperature of a target such as an

electrical cabinet, whereas the other models do provide this capability. CFAST and FDS
estimate peak temperatures below 165 °C (330 °F), which is well below the threshold of 205 °C
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(400 °F). The somewhat higher cabinet temperature and heat flux predicted by CFAST is
consistent with the point source radiation calculations for the CFAST simulation. CFAST and
FDS both estimate an incident heat flux below about 5 kW/m?, with the difference caused by the
more simple radiation calculation in CFAST.

Cabinet A Temperature Cabinet A Heat Flux

[e2]

180
160 N\
10 /L N\
120 \
100 AN
80 1
60

40 ~—~—

20

[¢)]

CFAST

N

FDS

Temperature (C

N

Heat Flux (kW/m?)
w

[N
I

0 600 1200 1800 2400 3000 3600 00 3000 3600

() 4
0
Time (s)
Figure B-14. Estimated temperature and heat@cabinet t to the fire source
in a SWGR W scenario.

It should also be noted again that these geycriteria ar % Hed to indicate electrical
failure, but are routinely assumed to pPl as igniti %e ¥&. In newer studies in

NUREG/CR-7010, cable ignition wa erved t% elow 25 kW/m?, and most often
only with direct flame impingement. Hal\dbook inimum ignition flux for power and

communication cables are regbrteglin the range kW/m? to 35 kW/m? (SFPE Handbook,
Table 3-4.2).

B.5.3 Parameter@staln;y tion

The analysis aboveNflas showngth a\ percentile cabinet fire is likely to damage cables in

the tray above the caBinet but urfl to damage adjacent cabinets. However, for some PRA
applications, it may be nece t®calculate the probability of cable damage for any fire within
the cabinet, not just the ?Q ntile fire.

Figure B-15 displays theWjstribution®® of peak heat release rates for cabinets with more than
one bundle of untﬁlified cable (NUREG/CR-6850, Appendix G). The analysis described above

made use of tf@ percentile fire from this distribution, with a peak of 464 kW.

8 NUREG/CR-6850 specifies gamma distributions for the various types of combustibles found within an
NPP. Microsoft Excel® provides a built-in function (GAMMA.DIST) that calculates the probability density
function given the parameters a and g. In this case, these parameters are 2.6 and 67.8, respectively.
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HRR Distribution
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Figure B-15. Distributiogfof

ran ele
Applying Heskestad’s flame height @ tiomo the enti %n of HRR, now taken as a

Of flame h

random variable, leads to a distributiO in Figure B-16.
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ure B-16 Distribution of flame heights for the entire range of cabinet fires.

The cable tray is 1.5 m (4.9 ft) above the top of the cabinet. The probability that the flames from
a randomly chosen fire will reach the cables is equal to the area beneath the curve in Figure B-
16 for flame heights greater than 1.5 m (4.9 ft), or approximately 0.31. Consistent with the
guidance in NUREG/CR-6850, this resulting probability can be used as the "severity factor" for
the quantification of corresponding fire ignition frequencies.
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B.6 Conclusion

This analysis has considered the potential that a fire in an electrical cabinet in a 4160 V SWGR
will damage overhead cables and adjacent electrical cabinets. Algebraic equations from the
FDTs and FIVE-Revl, including the Heskestad flame height correlation and the Heskestad
plume temperature correlation, were used for screening purposes, to evaluate the potential for
damage as well as to determine whether more detailed analysis with CFAST and FDS was
warranted. The algebraic equations demonstrate that the calculated flame height from the
cabinet fire would be high enough to potentially ignite the lowest of the three horizontal cable
trays located directly above the cabinet fire. They also demonstrate that the calculated fire
plume temperatures are high enough at all three horizontal cable trays located directly above
the cabinet fire to potentially damage cables in all three trays. As applied in this scenario}
algebraic equations demonstrate that a more detailed analysis with CFAST and FDS is
warranted. Q

The more detailed analyses with CFAST and FDS demonst th e cabinet ely to
fail the electrical cables in the lowest cable tray directly abo%abinet firgsin approximately
10 min. The additional cable trays directly above the lo gnite in tu%owever, based
on analyses of both CFAST and FDS, it is unllkelyt tt ould d e adjacent

cabinets because the incident heat flux and smo € ture are
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B.8 Attachment

1. FDS |nput witchgear_Room_Cabinet.fds

'@t iles:

itial Fire Only.in
binet Fire in Switchgear.in

2. CF

b.
3. Algebraic calculation input files:

a. FPA_AppB.xIsx
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C
LUBRICATING OIL FIRE IN PUMP COMPARTMENT

C.1 Modeling Objective

The purpose of the calculations described in this appendix is to determine whether important
safe-shutdown cables within a pump room will fail in the event of a lubricating oil fire, and, if sqQ,
at what time failure occurs. These cables are protected by an electrical raceway fire barge
system (ERFBS), but there is a concern that the existing barrier system will not provide t&
required protection. The impact of opening a door during the fire is also investigated.

General Description: The compartment is of fire-resistive

ction an ntains an
emergency core cooling system pump and a single tra imiflg safe-sh cables that
are protected by an ERFBS. The pump is surround %e design tain any
lubricating oil that may leak or spill, with a maxim agity of 190 ). The

C.2 Description of the Fire Scenario O
t
a.ﬁ

compartment contains one smoke detector and on ler. Th rtment is
mechanically ventilated. The fire occurs wh W leaks in Ike area and ignites.
Large oil fires are likely to cause flashovegCopdi . Flashg¥8 rs to the rapid transition
from the growth period of a fire (pre-flagh ed fire (post-flashover). A
flashover condition is typically assurgé erW¥iGL) temperature reaches

he fully :
@ hewthe hot%

500 °C (932 °F) or greater. Post-flashg¥er Conditi e 8xpected in this scenario.

Geometry: The pump roomg€ relatively small antghas only one door. As shown in Figure C-1,
the walls are 0.1 m (0.3 ft) Qick The floor and ceilify are 0.9 m (3 ft) thick.

<L

&
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Figure C-1. Geometry of the pump room.
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Materials: The walls, ceiling, and floor are all constructed of concrete. Nominal values for the
thermal properties of various materials in the compartment are listed in Table 3-1. The single
cable tray in this compartment is filled with PE/PVC cables with copper conductors. The
properties of the cables are listed in Table C-1. The damage criterion is taken to be the point at
which the cable temperature reaches 205 °C (400 °F) (NUREG-1805, Appendix A). The cable
tray is protected by an ERFBS, which is two layers of ceramic fiber insulation blankets, covered
by 0.0254 mm (1 mil) foil. The properties of the insulation material and cables are listed in
Table C-1. Note that the properties of the ceramic fiber material are typically dependent on
temperature, and that this material undergoes a series of chemical reactions that are deS|gne
to absorb heat and protect the underlying cables. Detailed thermophysical properties fo
particular material are not known. However, the ERFBS has undergone a fire enduran
furnace test in which the average temperature of the electrical rac ay was malntaln
121 °C (250 °F) and the maximum temperature below 163 °C ( °p) for an ho
exposed to the standard ASTM E 119 temperature curve. ;‘

The damage criterion is taken to be when the cable surface p@rature regghes 205 °C
(400 °C) (NUREG-1805, Appendix A). Using the temp e @ the cable e rather than
inside the cable jacket is conservative, but is chosenyin tRig’caSe to allo parison of

results between MAGIC and FDS at equivalent pgéitigns % the two r%
t

Table C-1. Data for ERFBS cable i@'
y 3 VS

Material Par Value*
Thickness (2 la 5cm
- Thermal co 0.06 W/m/K
Ceramic Fiber - 3
Insulation Densilt.y 128 kg/m
Specific heat 1.07 kJ/kg/K
Emisgfvity & 0.9
Dia r 15 mm
acketWckness 2 mm
on/jackeCo pty 0.192 W/m/K
Cable InSulation/ja sity 1380 kg/m®
Insulatign/jdc ecific heat 1.289 kJ/kg/K
Mass pe ength 0.4 kg/m
Cond ass fractions 33% PE/PVC, 67% copper
*Source: Product literat R ) and NUREG/CR-6850 (EPRI 1011989), Volume 2, Appendix R
(PVC c&ns tion).

Fire Protection Systems: As shown in Figure C-1, a smoke detector and a sprinkler are
located in the pumimyoom. However, to determine whether the barrier system alone will provide
iregl p @ ion, the fire detection and suppression systems are not credited in the fire

gefsideration.

N\ There is one supply and one return air vent, each with an area of 0.25 m? (2.7 ft?),
providing a volume flow rate of 0.25 m®s (530 cfm). The locations are shown in Figure C-1.
The ventilation system continues to operate during the fire, with no changes brought about by
fire-related pressure effects. This does not imply that the fire does not impact the ventilation
system, but rather that there is typically limited information about the ventilation network that
connects to a given compartment. The pump compartment has one door; itis 1.1 m (3.6 ft)
wide and 2.1 m (6.9 ft) tall. The door is normally closed, but it is opened 10 min after ignition by
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the fire brigade. Before the door opens, leakage from the doorway occurs via a 1.3 cm (0.5 in)
gap under the door.

Fire: The fire starts following an accidental release of 190 L (50 gal) of lubricating oil. The spill
is contained by the dike. Lubricating oil is a mixture of hydrocarbons, mostly alkanes, which
have the chemical formula C,Hzn+2 (with n ranging from 12 to 15). For the purpose of modeling,
the fuel is specified to be Ci4Hz0. Fuel properties for the lubricating oil are summarized in Table
C-2. The properties obtained from NUREG-1805 correspond to those for transformer oil, based
on the statement in Table 3-4 in NUREG-1805 that lubricating and transformer oils are similar.

Table C-2. Data for lubricating oil fire. *
Parameter Value go0urce
Effective Fuel Formula CnHone2 Specified as C 430
Mass burning rate 0.039 kg/s.m* | NUREG-1805«I

Fuel volume 190 L

Fuel density 760 kg/m® le 3-4 %

Heat of Combustion 46,000 kJ/kg Table 3-

Heat of Combustion per unit 13,100 kJ/kg | H 80 Aver@@

mass of oxygen consumed

CO, Yield %ﬁ’ Table 3-4.16*
Soot Yield C d., Table 3-4.16*
CO Yield k)4" ed., Table 3-4.16*
Radiative Fraction 4" ed., Table 3-4.16*
Mass Extinction Coefficient k hollan@ahd Croarkin (2000)
*Material identified as “Hydrocarbon” in$FPE H Vas used to derive the properties.
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C.3 Selection and Evaluation of Models
This section describes the applicability of the models to this scenario.

C.3.1 Fire Sustainability

This fire scenario involves a large fire in a ventilated room that may not have sufficient oxygen
to sustain the fire. An algebraic model is used to determine the oxygen availability within the
room with the door closed.

C.3.2 Temperature Criterion
Algebraic Models: Neither the Fire-Induced Vulnerability Evaluation (FIVE-Rev1l) nor@
u
f

Dynamics Tools (FDT®) contain correlations to estimate the hot layer (HGL) tepage S
within a flashed-over, under-ventilated compartment. Also, the fiQigt squrce radi @ <
calculation included within FIVE-Rev1 and the FDT® cannot 0 the atten®atiou’ of

lux
thermal radiation by the smoke that fills the compartment. eguently, nejiher model is used

for this scenario.
Zone Models: This fire scenario is not a typical igatiQn of a zon @because it involves

post-flashover conditions, where the two layers es [ becomi %Nevertheless, zone

8s“all the way to the floor
: rvation la#g WiMass and energy still apply
within the single layer; additionally, the pr governi Qe fleating of a target immersed in
the HGL still apply, even when the Is entire ¢ rtgnt. The zone model MAGIC

has been selected for this applicatio

CFD Models: This fire scengfio igs challenging lication, even for a computational fluid
dynamics (CFD) model. It iQvgi¥es relatively Righ ténperatures, under-ventilated conditions,
age of a odel for this fire scenario is that CFD models

a orithr’nsb te near- and post-flashover conditions.

C.3.3 ValidatQ . Q\

Table C-3 lists various impor N—dimensional parameters and the ranges for which the
validation study NUREG-l% | 1011999) is applicable. The only parameters that fall
t

typically include comb

outside the validation garamgter space are the equivalence ratios for the mechanically
ventilated portion of the§cenario (first 10 minutes, while the door is closed) and for the natural
ventilation portion gf the sCenario (after 10 minutes when the door is opened). In both cases,
the high equivale&ratios for the compartment are a result of the relatively large fire and low

airflows. O

For MA sensitivity case is run, in which double doors, rather than a single door, are
opened afteWwl0 minutes to determine whether an increase in airflow would cause higher
temperatures in the room. With the enlarged opening, the equivalence ratio is 0.5, putting it
within the verification and validation (V&V) range. The results of the sensitivity case, presented
in Section C.5.2, show that the HGL temperatures predicted in the room are not sensitive to the
size of the door opening.
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As part of the work performed at the National Institute of Standards and Technology (NIST) for
the investigation of the World Trade Center disaster, the Fire Dynamics Simulator (FDS) has

been validated against large-scale fire experiments. The experiments involved fairly large fires
in a relatively small compartment, limited ventilation, a liquid fuel spray fire, and the

measurement of the heat flux to and temperatures of insulated steel (similar to the cables

protected by ceramic fiber blankets). The large-scale tests with furniture had equivalence ratios
of approximately 1.4, which provides a validation basis for FDS under conditions similar to the

natural ventilation portion of the scenario (after the door has been opened). The NIST
experiments and the FDS simulations are described in NIST NCSTAR 1-5F.

Table C-3. Normalized parameter calculations for the pump room fire scenari

Quantity

Normalized Parameter Calculation

Validatio
R

ange?

Fire Froude
Number

0
poonTooDz's\/g
4934 kW

0424

Yes

Flame Length,
L¢, relative to the
Ceiling Height,
He

- (1.2 kg/m3)(1.0 k] /kg/K) (293 K)(1.9;5 m ®m/s?

02-1.0

Yes

Ceiling Jet
Radial
Distance,rg;,
relative to the
Ceiling Height,
He

Equivalence
Ratio, ¢, as an
indicator of the

Ventilation Rate

12-17

N/A

\< 1.2 kg/m? x 0.25 m3/s = 0.07 kg/s

0.04-0.6

No

Equivalence
Ratio, ¢, as an
indicator of the

Opening
Ventilation

h 4934 kW
. 13,100 kj/kg x 0.38 kg/s

=0.99

0.04-0.6

No

Compartment

w
Aspect Ra}ios@& H, 40m- - H, om0

0.6-5.7

Yes

Target Di§tange,
r, relative he
Fire Diameter; D

N/A

22-57

N/A

Notes:

1) The non-dimensional parameters are explained in Table 2-5.
(3] The equivalent fire diameter, D = ,/4A/m, where A is the area of the spilled

lubricating oil.
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3) The compartment aspect ratios are calculated using the equivalent length and
width.

C.4 Estimation of Fire-Generated Conditions

This scenario is modeled using algebraic calculations, the zone model MAGIC, and the CFD
model FDS.

C.4.1 Calculation of Oxygen Availability

At the start of the scenario, the mechanical ventilation is operational, the door is closed, a\
fire output |mmed|ately jumps to the peak heat release rate (HRR) W|th a total Spl|| are
approxmately 2.75 m? (29.6 ft), as shown in the hatched area o re C-1. Th ,
Q, is computed from the fuel mass burning rate, ', the heat tion, AH e
specified area of the spill, A:

Q=m"AHA =0.039 kg/m? /s x 46,000 k g X (C-1)
The oxygen needed to sustain the fire is calculated he folloyid e atlon
Q _ 493 0 377 k (C-2)
AHy, 13, 5(
where AH,, is the heat of combustion Bgr unit m en consumed. The quantity of
oxygen provided by the venti |on)ystem is cal d by multiplying the oxygen content (0.23)
by the density and the ventigatign rate of the

0.23p x 1.2 k ®5m3/s = 0.069 kg/s (C-3)

o
The oxygen provi Py t ventlla m is much lower than the amount needed to
sustain the fire. Th&gxygen mm e room can provide the additional oxygen needed for
combustion for a short time. Iable oxygen in the room, calculated from the room
dimensions (Table C-4), is

0.23 meWQ x 1.2 kg/m? x (2.81 x 9.39 X 4.9) m® = 35.7 kg (C-4)

The oxygen initiallff in the room can sustain the fire for an amount of time equal to the oxygen
quantity in the ivided by the consumption rate minus the ventilation supply rate, as shown
below:

35.7 kg
(0.377 kg/s — 0.069 kg/s)

=116 (C-5)

Equation C-4 assumes that all the oxygen within the room can be consumed by the fire. This
establishes an upper limit to the burning duration before the fire becomes ventilation-limited.
After 116 s, the size of the fire is maintained only by the ventilation system and is limited to:
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0.069 kg/s x 13,100 k] /kg = 904 kW (C-6)

These results show that the oxygen supply available to the room will only allow a fire of reduced
size to burn until the door is opened (under-ventilated condition).

C.4.2 Zone Model

The following paragraphs outline the data utilized to model the scenario using MAGIC. Figure
C-2 provides an illustration of the scenario, as rendered by MAGIC.

Geometry: To model this scenario with MAGIC, the pump compartment is modeled a \Ie
compartment having the same total volume and surface area as actual enclosysg [

allows the volume in which the HGL develops and the surface rqugh whi %g iS
transferred from the compartment to be maintained. Maintajpffig tal volume\andSurface
area while leaving the ceiling height unchanged at 4.9 m (1

Ids an effegtive compartment
size of 9.39 m (30.8 ft) by 2.81 m (9.2 ft). The modifica% geometry%e seen by
Vi

comparing Figures C-1 and C-2. All other aspects ofth etry are €l unchanged.

Table C-4. Calculated input\Or Labricating Gi

Effective Length V

Effective Widt
Fire Diamet
Peak Heat Re
Fire Dyrati

1345 s

144.4

3.5 g/g
513 m°/g
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N
2

?\
& &

K
<& QR

/
Iwrg’C-2. MAG w of the pump room.
Fire: Itis assume e lubricatiff @r eated prior to the spill, such that the HRR
x jation, as shown in the HRR curve plotted in Figure

reaches the pea diately uponsii
C-3. The lower oxy8gn level isﬁ.&m to be 10%. Using the specified spill area and volume,
(0.23 ft).

the pool fire is prop he perimeter of the fire, which is significantly greater than the
perimeter of the assumed€eircular area. However, the enclosure is small and the smoke filling
rates are expecteg{to be short regardless of the assumed fire shape.

the spill depth is calculated az'
The fire is modeled as s& cular area of equivalent diameter. The actual entrainment for
o&ﬂ%l t

The fire d ati@, is determined from the pool depth, §, density, p, and burning rate, m'’:

_&p _0.069 m x 760 kg/m?

- =~ 13455 (22.4 mi c-7
N 0.039 kg/m?/s s (22.4min) (€7

At
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Heat Release Rate

6000

5000 —

e—— |Nput HRR

4000 -

3000

2000 $
1000 p 4 Q
0 T T T T O
0 600 1200 1800 24 3600

Time (sv
Figure C-3. Heat release rate fogtubricating gj .
The location of the fire is placed at the edg We, closest @ target cable. The total
mass of fuel is 144.4 kg, calculated from @ multipli density from Table C-2.

HRR (kW)

The stoichiometric mass-oxygen-to-fug s calcul g Equation 22 from Chapter
3-4 of SFPE Handbook, 4™ Edition @‘ vafues from C%, as follows:

46000 kJ/ Sk s
7 13100 K /ke O "&/K8 (C-8)

fuel consumed and AH), is the heat of
ne of the inputs required by MAGIC is the

s = Yok \9 X 8,700 m?/kg = 513 m? /kg (C-9)

where k., is the mass ti&) oefficient and y; is the soot yield, as listed in Table C-2. The
pyrolysis rate (g/s) is@i d for input to MAGIC by dividing the HRR values (4934 kW) at
each time step by the hea®of combustion (46,000 kJ/kg). Other inputs needed for MAGIC are
listed in Tables 34 C-1, C-2, and C-4. Figure C-4 is a screenshot of the source fire in the

MAGIC input fb
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i Modify a circular source

LubeCil
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In MAGIC, multi-conductor cables, composed of jacket, insulation, and conductor (copper, in
this case), are modeled as single-conductor cables, as shown in Figure C-5.

Jacket

Insulation

Conductor

<’

N

Figure C-5. Modeling multi-conductor cabl€g i @ NUREG-1824
(EPRI 1011999 lume'e, Figure 3

The radius of the conductor in an equival Ingle-conducgd e is needed for input to
MAGIC. The mass of the conductor ] gthisc &\from the mass fraction of the
conductor multiplied by the mass pe gth of % onductor cable: 0.67 x 0.4 kg/m =
0.27 kg/m (values from Table C-1). ToNetermi cOmductor radius, 7., the mass per unit

length (0.27 kg/m) is set equgPto the cross-secti area times the density of copper, 8954
kg/m?® (Table 3-1) or 0.27 =€gr.#p. ,Rearranging the ®quation to solve for conductor radius

results in the following:
T, = = 3.1 mm (C-10)

.
The insulation thickness is cal by cable radius — jacket thickness — copper thickness =
7.5mm-2mm-3.1mm= . Since the jacket and the insulation are both composed of

PE/PVC, the thickness & ed together for a total thickness of 4.4 mm. As a result, the
a&a

ERFBS protected c céWway is modeled with three layers (Figure C-6): ceramic fiber
blanket (5 cm), PE/PVC (#%4 mm), and copper (3.1 mm). The input screen for the layers of the
ERFBS and the cﬁs is shown in Figure C-7.

O
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Ceramic Fiber Blanket (ERFBS)

Combined Cable Jacket

Cooper Conductor

N
280

Figure C-6. Representation of the ERFBS protecte
tlnput layers i zl
. s | L / vt »
I I B . e Cb S
1 [rres [ 128 0000 [1070.0000 : 00300 [0 [ves |
2 PE_PYC [1320.0000 m [o [ves |
3 [career [ 3354 0000 a0 B.003 [o [ves |
4 | | | [No =
5 | | | [0 =
5 | | [0 =
7 | [No =
8 [ [No |
3 | [No =
10 | [No =
1 | [0 =
12 | [0 =
13 | [0 5
14 | [No =
15 | [No =
Fecord | Cancel | Impart | Help |

Figure C-7. MAGIC input screen for ERFBS layers.

Ventilation:*Mechanical ventilation is maintained constantly during the simulation, using the
values provided above. MAGIC uses circular ducts, so the rectangular ducts seen in Figure C-1
are modeled as circular areas with equivalent diameter of 0.56 m (1.8 ft). As noted above, the
door is normally closed, but it is opened 10 minutes after ignition by the arriving fire brigade.
Before the door opens, leakage due to the doorway occurs via a 1.3 cm (0.5 in) gap under the
door. The MAGIC input screen for the doorway is shown in Figure C-8.
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X
| dentifier ou_1 Define a variable opening
[ Dpening name ] Proor Lowser-left corner Upper-right cormer
Time [z
# [m] ' [m] # [m] ¥ [m]
Upstream room : LOC_1
| 0.0000 | 7.0000 | 0.0000 | 81000 | 00130
D ownstrearn room EXT
| 559.0000 | 7.0000 | 0.0000 | 81000 | 00130
Connect-ta wall FAR_3
| £00.0000 | 7.0000 | 0.0000 | 81000 | 21000

Pasition of lower-left comer :

# [m] 7 |

' [m) 1}

Pasition of upper-ight comer

#[m) a1

' [m) 21

b adify | Cancel |
Figure C-8.

C.4.3 CFD Model

The following paragra line the dat %o model the scenario using FDS. Figure C-9
provides an illustrajj he scenarit, r d by Smokeview.

Geometry: The cofgpartment s mod as shown in Figure C-1, except that the pump itself is
modeled as two rectangular b single uniform, rectangular mesh spans the entire
compartment, plus the hall de the door. The numerical mesh consists of approximately
0.2 m (0.7 ft) grid cells % Iculation with 0.1 m (0.3 ft) cells was performed with similar
results. The latter ca@o requires roughly a week of computing time on a single processor
computer (2008 vintage),Whereas the more coarsely gridded calculation requires about 10

hours.

Materials; AIrlaI properties are as specified above. The protected cable tray is modeled
as arec arpox with the same dimensions as the tray wrapped in a blanket. The box is
made solelfRof 5 cm (2 in) of ceramic fiber insulation. The tray is neglected. A cable target is
positioned within the box pointing downwards, as this is the hottest surface of the box. The
exact dimensions of the box are not an issue; what matters is that the cable within the box is
exposed to the heat that penetrates the thermal blanket. The cable temperature is computed
using the Thermally-Induced Electrical Failure (THIEF) methodology (NUREG/CR-6931).
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Figdre C-9. FQS eW rendermg of the pump room scenario at the
early®stage oft before the compartment becomes under-ventilated.

Fire: Due to the Iim@xount of validation data available for scenarios of this type and the

considerable uncegtainties'involved, the approach taken is to specify, rather than attempt to

predict, the bur '%}:e of the fuel, even though the FDS model does provide the physical
imMate burning rates. The fire is specified in the diked area surrounding the

pump. #DS has a liquid fuel burning model, it is not used here because there is not
enough iMgmation about the fuel, and, more importantly, it lacks the exact geometry of the
pump and diked area. FDS would assume that the oil has formed a relatively deep pool with

relatively little influence by the surrounding solids. This is not the case here. Instead, the
specified burning rate, 0.039 kg/m?/s, is applied directly to the model over an area of 2.75 m?
(29.6 ft?), yielding a burning rate of 0.107 kg/s. The density of the oil is 0.76 kg/L, which means
that the oil burns at a rate of 0.141 L/s. At this rate, 190 L (50 gal) will require 1,348 s to burn
out. Note that this is slightly different from the burning duration of 1345 s computed for the
MAGIC input. The fire duration computation for FDS converts the mass data to volumetric data,
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thus introducing an additional step and some rounding. The slight difference in the burning
durations are due to this additional rounding and are not significant. The vaporized fuel is a
mixture of various hydrocarbons, but FDS uses only one fuel molecule in the combustion sub-
model. For this calculation the fuel molecule is modeled as C;4H3o.

Ventilation: The volume flow rates are applied as specified.

C-16



LUBRICATING OIL FIRE IN PUMP COMPARTMENT

C.5 Evaluation of Results

The primary purpose of these calculations is to assess whether the Kaowool ERFBS applied to
the critical cables within the pump room would be damaged in the event of a lubricating oil fire.
The results of the zone model MAGIC and the CFD model FDS are consistent in their HRR and
compartment temperatures. This is expected because the models use the same specified
burning rate, the same fuel stoichiometry, and the same basic rules of gas phase flame
extinction based on oxygen and temperature levels in the vicinity of the fire.

Table C-5 summarizes the predicted cable temperatures from MAGIC and FDS, includin
assessment of the model uncertainty. Note that the results are based only on a direct
calculation of the cable temperature and do not include an assessgnent of the sensitivityg steies
that are discussed in the next section.

enario.

Table C-5. Summary of the model predictions o@q p room.sc

Bias Standard . . .
— Factor, | Deviation. Preglict Cnt@ Probability of
~ e | Exceeding
6 Oy /
ra o

e e(’C) '\

MAGIC 1.19 \/ ~>05 0.000
FDS 1.02 205 0.000
C.5.1 The Fire /

e simulati t plot) and the first five minutes (second plot).
The figures show the s ed drgp ifi t soon after the start of the fire, which
insufficient|irgi.e., oxygen) within the compartment to sustain the
on the c‘al a , the drop in HRR does not occur until after about 120
s, which is later thanthe predictixr AGIC and FDS because the algebraic calculations
assume that all of the oxygengfij oom is consumed. MAGIC assumes a lower oxygen limit
of 10%, and FDS uses Igen limit that depends on temperature. At high

The HRR curves predicted e pand cal%s nd the MAGIC and FDS models are

temperatures, FDS a that all of the oxygen is consumed. After 120 s, but before the
door is opened at 6 e value of the HRR calculated by the algebraic calculations
(approximately 90Q igher than the values predicted by MAGIC and FDS (approximately
350 kW) due to th&differences in the assumed lower oxygen level. The sudden jump in the
HRR, predijgte .@ DS at 600 seconds, is caused by the unburned fuel igniting as the door is
opened.gNo at'none of the models has an algorithm capable of determining whether or not
the fire w be sustained at this reduced burning rate until the time when the door is opened.
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Heat Release Rate Heat Release Rate
Entire Simulation First 5 Minutes
20000 6000
16000 MAGIC | | 5000 -y e MAGIC
— FDS — 4000 FDS
E 12000 i \ Hand Calculati
[ | - Ta TaTa R Y B I D I i an alculation
v % 3000 \
o
T 8000 T 5000 k
4000 - l 1000 T N N~———========
0 —p
0 T — T T T T T 0 6 : .

0 600 1200 1800 2400 3000 3600

Time (s) 6
Figure C-10. HRR predicted by algebraic met &GIC and FE‘@we pump room

fire sce

C.5.2 Temperature Criterion

MAGIC and FDS estimate the temper, hot ga & a function of time, as shown
in Figure C-11. As expected, the H rature chan n atcordance with the altered
(oxygen-starved) HRR. Once the doogpens at s the increased HRR causes the
HGL temperature to rapidly ingreasg until the f|r sumes the available fuel. After the fire

burns out, the HGL temperafur wly drops as h leaves the HGL through the bounding
surfaces and open door,

GL Temperature
1000
20 / MAGIC
& / FDS o
2 p / ASTME119 | |

N |
\ £ 300 A \
(&)
0 = 200
100
0 : : : : : !

0 600 1200 1800 2400 3000 3600

Time (s)

Figure C-11. HGL Temperature Predicted by MAGIC and FDS for the pump room fire
scenario.
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There are two strategies for assessing the viability of the protected cables. The firstis to
compare the predicted HGL temperature to the standard fire endurance curve under which the
ERFBS was tested to determine whether the predicted thermal exposure is comparable to the
qualification test. The second is to calculate the temperature of the cable directly, using the
nominal thermal properties of the fiber insulating blanket. Each strategy will be assessed in turn
below.

Comparison to the Standard Fire Endurance Temperature Curve

Figure C-11 includes the standard ASTM E119 temperature curve to which the ERFBS
subjected during its qualification test. The predicted HGL temperatures of both MAGIC \

FDS fall below this curve during most of the hour-long simulation, But there is a perio
beginning of the fire where the models’ predicted temperatures c d the stand 0 .

order to compare the relative exposure of the ERFBS, it is ne conside egrated
incident heat flux corresponding to the model HGL predicti ASTME 1

temperature curve. The integrated heat flux is given by the g formu

t1 3600

q" = f g" (¢) dt = f o(T* — TNLh@F — T,) dt 62 (C-11)
Here, q"' is the integrated heat flux recei ERFB

e HGL temperature, T, is the
ambient temperature (20 °C), his th veRtfe heat t ﬁ efficient (about 0.025 kW/m?/K
in fully developed fires), and ¢ is the oItzman c nt (5.67 x 10" kW/m?/K*). Note
that Eg. C-11 is the total energy transfetged fro y thick (emissivity of 1) hot gas to a

cold target. Itis intended onlyto cgmpare the di nt temperature curves. In reality, the net
heat transferred to a target compartment decf®ases as the target heats up.

Applying Eq. (C-11) tog re curves in Figure C-11 yields values of
346 MJ/m? for the mately 40 MJ/m? for both FDS and MAGIC.
This 40 MJ/m? e e cOrrespon t approximately 14 min exposure within the standard

test furnace. Table'®;6 lists the mak exposure as a function of time in the standard test

furnace. Itis also significant at the maximum predicted exposure temperature remains
lower than the maximum e mperature that the ERFBS protected raceway was
exposed to during th 9 fire test.

O
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Table C-6. Integrated thermal exposure of an object subjected to the ASTM E119
temperature curve.

. Thermal
Time
(min) Exposuzre
(MJ/m*)
5 6
10 23

15 47
20 75

25 104 \

30 135

35 167

40 200 O

45 235 6

50
55
60

Direct Calculation of Cable Temperatur
MAGIC and FDS have heat conducti g8kithMms to accﬁ he multiple layers of insulation

and cable materials. The surface t hetables protected by the
ERFBS (ceramic fiber insulation in thiS\gase) are igure C-12. MAGIC predicts a
maximum cable surface tempgraturge of approxi °C (275 °F). FDS predicts a
maximum cable surface tergPeratdre of approxima 145 °C (293 °F). Note that although the

HGL temperature drops engficreases atically when the door opens, as shown in
Figure C-11, the cabl re slow his is due to the thermal lag caused by the
ERFBS. o\
2 M lee Surface Temperature
\ Inside ERFBS

|

Temperatur
3
N

0 600 1200 1800 2400 3000 3600

Time (s)

Figure C-12. Cable surface temperature predicted by MAGIC and FDS for the pump room
fire scenario.
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Sensitivity of the ERFBS Construction

Comparing Figures C-11 and C-12 shows that the ERFBS has a large impact on the
temperature of the target cable. To determine the sensitivity of the target cable temperature to
the insulation installation technique, two additional MAGIC cases are run. In the first case (file:
Pump_Room_thinner_wrapping.cas.), the thickness of the ceramic insulation blanket is reduced
by 25% to 0.0375 m. In the second case (file: Pump_Room_tighter_wrapping.cas.), the
thickness of the ceramic insulation blanket is reduced by 25% while the density is increased to
171 kg/m®, such that the mass per area remains constant, which simulates a tighter installatio
of the insulation. The results, plotted in Figure C-13, show that both cases led to a hlgh

temperature. Q

Cable Surface Temperature
Inside ERFBS

160
140
120
100
80 -
60
40 -
20

Temperature (°C)

3000 3600

Figure C-13. Cabl ej€mperatu @ycted by MAGIC for changes to insulation

Sensitivity of thefD e

the validation range. As as test, MAGIC was run with the door area doubled, such that
the equivalence ratio ith e applicable validation range (0.04 — 0.6) for the portion of the
simulation when the rs open (file: Pump_Room_2Doors.cas), as calculated below:

3 0.5444/hy = 0.23 X 0.5 X 4.62 m? V2.1 m = 0.77 kg/s (C-12)

O ) 4934 kW
¢ _ =05

¥ = AH,, o, 13,100 KJ/kg x 0.77 kg/s

As mentioned in Section C.3. Si t§ uwalence ratio for the pump room scenario falls outside of

(C-13)

Figure C-14 shows the temperature comparison for the HGL and the cable surface temperature
(measured inside the ERFBS) for the base case and for the case with double doors. The plots
show that the results for both cases are very similar, indicating that the door size does not
significantly affect the results. Nevertheless, it is consistent with experimental data that the
scenario with the equivalence ratio closest to unity produces the highest enclosure temperature.
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Figure C-14. Temperature predicted by A?&increase@r%ze.

&

the HRR decreases rapidly
thin the compartment. The
bout 350 kW in approximately
tain the fire, MAGIC assumes that

Sensitivity of Assumed HRR Profile

As discussed in Section C.5.1, both MA
soon after the fire starts, due to an ingffici
models indicate that the HRR decreég

2 min (Figure C-10). When the oxyge

the unburned liquid fuel is va rizc? but it does ssume that these fuel gases combust
(Gay, 2005). FDS also as that the unburne eI is vaporized, and that it continues to
transport the fuel gas un is open er 10 min, at which time this excess fuel mixes
with incoming air and S rapid built-up excess fuel gas in an under-
ventilated compart known ase % and it is apparent from the HRR plot in Figure
C-10. However, e heat f rapld burning of fuel is immediately exhausted from
the compartment a does not«sigifi y affect the temperature of the ERFBS.

During the period of underve% , both models assume that the liquid fuel contained in the
dike continues to evap at specified rate. In reality, the reduced temperature and
oxygen within the co rtm@&pnt will probably reduce the evaporation rate of the fuel, the extent
of which is difficult to pre®@igt. To account for this possibility, the assumption that the fuel
evaporates at a cghstant rate can be changed so that the evaporation rate during the time
period betwee {0 and 10 min is reduced to support a 350 kW fire only. The excess fuel that
does not pQratd in this time period is added to the end of the assumed burning period so that
the total €ue is conserved. As shown in the plot to the right in Figure C-15, a revised HRR
curve (labelgd as Extended HRR) was specified as input for MAGIC. The HGL temperature for
this case reaches 640 °C (1184 °F), compared to 580 °C (1076 °F) for the base case (Figure
C-14), which is still significantly lower than the ASTM E119 temperature curve (Figure C-11).
However, the predicted cable surface temperature is 200 °C (392 °F), falling just below the
failure criterion of 205 °C (400 °F). This five-degree margin suggests that further validation may
be needed to ensure that the thermal properties of the ERFBS are accurate. As shown in the
previous sensitivity cases, changes in the thermal properties of the ERFBS led to an increase of
more than 10 °C in ERFBS exposure temperature. Therefore, further validation of the thermal
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properties of the ERFBS is needed in this case to reduce the impact of parameter uncertainty
on the surface temperature calculation.

The sensitivity case shows that (1) based on comparison to the ASTM E119 temperature curve,
the ERFBS system is not expected to fail under the predicted exposure temperatures, and (2)

based on the predicted cable surface temperature, further validation of the thermal properties of
the ERFBS is warranted as the surface temperature of the cable is close to the damage criteria.

Base Case Heat Release Rate Sensitivity Case Heat Release Rate

6000 6000
5000 pe======= -— - Input HRR 5000
MAGIC
S 4000 S 4000 1
=< <
o 3000 x 3000
o [
T I
2000
1000 ‘“ 1
0 T T r ™ r
0 600 1200 1800 2400 3000 3600
Time (s)
Figure C-15. HRR se and Hiﬁs itivity case.
HGL Temperdflire Cable Surface Temperature
Inside ERFBS
700 250
- MAGIC B:
600 Cagp MAGIC Base Case
50 t— L 1D © |- Exten 6\ 200 = _____ Extended HRR f"
g < Plg
o 400 ¢ 150 Pid
2 2 .~ '
S 300 © /_
g 8 100 Z
E 200 =
e e
100 50 ___/
0 ' > ' j ' 0 T . . r .
0 600 Q 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time (s) Time (s)

;gure C-16. Temperature for base case and HRR sensitivity case.
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C.6 Conclusion

This analysis has considered the potential for a relatively large lubricating oil spill fire in a
relatively small enclosure to damage a cable tray protected by an ERFBS. Algebraic
calculations, the zone model MAGIC, and the CFD model FDS were all used to evaluate the fire
conditions within the enclosure. MAGIC and FDS were used to calculate the thermal response
of the cables to these calculated fire conditions.

Based on the assumed lubricating oil spill area and burning characteristics, a fire of
approximately 5 MW is expected. However, after the rapid consumption of the limited q

of air in the room, the mechanical ventilation to the enclosure could only support a HR S
than 1 MW before the door to the enclosure opens after 10 min. This analysis sugg %to
avoid rapid fire escalation, doors to such rooms should not be until firefig 3
prepared to suppress the fire, and, even then, the potential fgmra € escalatiog shguild be
considered.

Two different strategies were applied to assess the inte he ERF %use the

own, it is practical

thermal and chemical properties of the insulating rpétegiaare only p
i GL temperatures

to implement an alternative technical approach of paging the pr
from the models with the standard temperaturg curv der whig FBS received an hour
rating. Because the predicted HGL tempe Nﬂot lie cogPigtgly within the standard
curve, a simple integrated heat flux calcuf&ti performé @ femonstrate that the ERFBS
received approximately 10 times the osure i st&hdard fire endurance test than
is predicted by the two models. 6

A second strategy for assessij thg integrity of t FBS was to directly calculate the heat
penetration through the insfati lankets usjng th&thermal material properties of the cables
and the ERFBS. Both icted ca mperatures below the reported critical values.

involving burning spifled lubricatingloil: is conclusion is based on certain assumptions
ubricating oil during the under-ventilated stages. A

Based on the two Q hes to determige formance, the ERFBS is expected to prevent

regarding the burning’behavio

sensitivity study on the bur i@ vior of the lubricating oil concluded that the results could
%c

the cables fromr g mpera% would limit their functionality in the event of a fire

change if the burning r es during the under-ventilated stage. The results are also
shown to be sensitiv. theYpermal properties of the ERFBS material. Further research or
testing of the ERFBS theRgal properties may be necessary to confirm the initial conclusion.
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D
MOTOR CONTROL CENTER FIRE IN A SWITCHGEAR
ROOM

D.1 Modeling Objective

The calculations described in this appendix estimate the likelihood that a motor control cabine
(MCC) fire will damage various cables and an adjacent cabinet within a switchgear room\

(SWGR). Q
D.2 Description of the Fire Scenario @ @
General Description: The SWGR is located in the reactorQuiéMmg“or a Boiling r Reactor
(BWR). The compartment contains multiple MCCs and ggme r switchg binets.
Geometry: The layout of the compartment is sho ure D-1. Ej %—2 shows the
equipment typically contained in the compartment [ % e large elevation
change between the high and low ceiling areay O

Materials: Property values for the relev terfals are li m Table 3-1. The SWGR
boundaries are made of concrete thajsS%at 0.6 m ( QI K. The cabinet housing is

1.5 mm (0.06 in) thick steel.

jlled with cross-lin olyethylene (XPE or XLPE) insulated
?-

hese are consider®gd thermoset (TS) materials. These cables
S5cm (0 a jacket thickness of approximately 2 mm
ass per uai of 0.4 kg/m. Tray locations are shown in the
S

ve been shown to fail when the temperature

T
c
=
D
¥
w
n

Cables: The cable trays are
cables with a neoprene jaclé
have a diameter of apprgxi
(0.79 in), 3 conductor @
compartment drawi ese particalanNgca

just underneath t ketYeaches ately 400 °C (750 °F) (NUREG/CR-6931, Vol. 2,
Table 5.10"). A sé&Qnd criterien #dr age is exposure to a heat flux that exceeds 11 kW/m?
(NUREG-1805, Appendix A, Sec .5.4). Damage criteria for the adjacent cabinet are the
same as for the cable trays the cables within the cabinet are subjected to similar

thermal exposure con "OQ e steel cabinet housing.
Fire: A fire originates within a MCC cabinet. The cabinet is closed and contains more than one

bundle of qualifiedfcable. The fire grows following a “t-squared” curve to a maximum value of
702 kW in 12 % remains steady for 8 more minutes, consistent with NUREG/CR-6850
(EPRI 10 S’Qpendix G. After 20 min, the heat release rate (HRR) decays linearly to zero
in 19 mi ea¥fire intensity of 702 kW represents the 98" percentile of the probability
distributior’§or HRR in cabinets of this general description.

The top of the cabinet contains a louvered air vent, 0.6 m (2 ft) long and 0.3 m (1 ft) wide. The
cabinet is 2.4 m (8 ft) tall. The fire burns within the interior of the cabinet, and the smoke and

9 The cable failure temperature is based on experiments conducted with Cable #14, an XLPE/CSPE, 3 conductor control cable.
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flames exhaust from this vent, which has an area of 0.18 m® (2 ft*) and an effective diameter® of
0.48 m (1.6 ft).

The heat of combustion and product yields for XLPE/neoprene cable are obtained from Table 3-
4.16 of the SFPE Handbook, 4™ edition, and are listed in Table D-1. When estimating the
composition of the fire’s exhaust products, the jacket and insulation material of the cable are
taken as an equal-parts mixture of polyethylene (C,H,) and neoprene (C4HsCl), with an effective
chemical formula of C3H45Clg 5.

Table D-1. Products of combustion for the MCC fire.

Parameter Value
Effective Fuel Formula C;H.45Clos Combination of
Peak HRR 702 kW NUREG/CR-6
Time to reach peak HRR 720 s NUREG/C
Heat of Combustion 10,300 kd/kg | SFPE Han
CO, Yield 0.63 kg/kg SFPE
Soot Yield 0.175 kg/kg SFREH
CO Yield 0.082 kg/kg P
Radiative Fraction 0.53 andboo

Ventilation: The compartment is normalyf’ s p with thr

The supply and return vents are indic drawmg o doors are normally closed.
Normal heating, ventilation, and air g (HVAC t| s continue during the fire, and
the doors remain closed. The volum the com t¥s 882 m® (31,150 ft°); thus, three air
changes per hour is equivalenj to a volufe flow *735 m*/s.

? The effective diameter is calculated as D = ,/44/m, where 4 is the area of the vent opening.
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Figure D-1. Geometry of the MCC/SWGR in a BWR.
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Figure D-2. Typical electrical cabm%th%v part of t

L

Figure D-3. View of the high ceiling space.
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D.3 Selection and Evaluation of Fire Models

This section describes the overall modeling strategy, the selection of models, and a discussion
of the validation exercises justifying the use of these models for this scenario. The discussion
also separately addresses the prediction of the temperature and heat flux to the cabinet and
cable targets.

D.3.1 Temperature Criterion

The primary temperature criterion of interest for this scenario is the cable temperature in Tray %,
which is located 0.2 m (8 in) directly above the assumed cabinet fire. The Heskestad fla

height correlation included in the Fire Dynamics Tools (FDT®) and the Fire-Induced Vul ity
Evaluation (FIVE-Revl) is used to show if the cables in Tray A wgifld be engulfed j cabinet
fire flames, and would therefore be expected to fail.

based on compartment fire experiments with a relativel iforggCeiling hei hey are also
based on fires located near floor level without flame gnp nt on th Ming? For these
reasons, the McCaffrey, Quintiere, and Harkleroa H\and Foote g and Alvares (FPA)
temperature correlations are not appropriate for thi§gceptrio. Beca e zone models
Consolidated Fire Growth and Smoke Transp@gt Modef(CFAST GIC are designed
W the Fir
e gittering c

The hot gas layer (HGL) temperature correlations included * and F%E- 1 are

primarily for compartments with relatively ics Simulator (FDS) will be

used as a check on these simpler model j ights are not an issue for
FDS; the compartment geometry is i S ith no %o rther simplification. In a case
like this, it may be convenient to use angular iges instead of one. The two meshes

conform well to the actual geometry anyenable tion to be run in parallel on two
processors instead of one if iregh.

D.3.2 Heat Flux Cg’ q
For this applicatio int source'r @ model included in the FDT® and FIVE-Rev1 can
be used to estim e radiation h o the adjacent cabinet. However, this heat flux
calculation does not%pnsider tAaiNuetce of flame extension beneath the ceiling, so it is useful
primarily for screening purpo zone and/or the computational fluid dynamics (CFD)
model are needed to calcu %ﬁeat flux from the HGL in the lower ceiling space if the HGL
temperature calculatiggf of odel indicates that the temperature of the layer is sufficiently

high to cause damagde.

D.3.3 Vandéni{

The pringi#pal e of validation data justifying the use of the above-listed fire models for this
scenario e U.S. Nuclear Regulatory Commission/Electric Power Research Institute
(NRC/EPRI)Werification and validation (V&V) study documented in NUREG-1824 (EPRI
1011999). The National Institute of Standards and Technology (NIST) has expanded the
NRC/EPRI V&V to include the latest versions of CFAST (6.1.1) (Peacock, 2008) and FDS
(5.5.3) (McGrattan, 2010). Also,CFAST and FDS utilize the cable failure algorithm, THIEF,
which was developed and validated in NUREG/CR-6931 (Vol. 3).
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Table D-2 lists various important model parameters and the ranges for which the validation
study is applicable. Two of the parameters, the Fire Froude Number and the Fire Height to
Ceiling Height ratio, fall outside the listed validation ranges. The Fire Froude Number is
essentially a measure of the fire’s heat output relative to its base area. In this example, the fire
is assumed to originate at the top of the cabinet, with the vent opening serving as its base. This
assumption leads to a higher value of Q* than would be calculated if it were not assumed that
the fire burns completely outside of the cabinet. Thus, the high value of Q* is the result of an
assumption that will lead to more severe fire conditions than would be expected if the fire were
assumed to burn partially within the cabinet.

With the fire located on top of a 2.4 m (7.9 ft) high cabinet under a 3.0 m (9.8 ft) high cejj
flame impinges on the ceiling and consequently falls outside of thggNUREG-1824
1011999) validation range. The extension of the flame beneat iling woulg
influence on the heat flux to adjacent cabinets, which needs
correlations used within the spreadsheets and the zone mode ot valid when'the fire
tem ture corr%ns do not

r

impinges on the ceiling. The MQH and FPA compartm

explicitly address fire elevation, but are based on experi in which ource was

located near floor level; they have not been valida enarios I' e which have
significant flame impingement on the ceiling. Zon use pIu entrainment
correlations in estimating the temperature andydepth e HGL have limited validity for
scenarios with significant flame impingem Ms reaso used to check the results

of the simpler models.

The FDS Validation Guide (NIST S ists two sgls pe iments that involve flame
impingement on the ceiling. The first perfor ort of the NIST investigation of the
collapse of the World Trade nter involved 3 eptane spray fires under a 3.8 m (12.5 ft)

ceiling. The value of Q* w and the rati flawpe to ceiling height was 1.2. A second set
e Swed%test laboratory SP. The HRR from the

of experiments was perfgig
levated 0.65 m off the floor. The burner area

propane burner was 4§ |
was only 0.3 m by ft by 1 ft)* approximately 6. The flame to ceiling height

ratio was 1.2, butNgegause the fire corner the degree of flame impingement was
enhanced significarty. Predrcte G[Nemperatures for these experiments were within 10 % of
the reported measurements icted target temperatures were within 20 %.

The second important L& ard to model validation is the two-tiered ceiling. Although
none of the experim&e in the NRC/EPRI validation study have a similar ceiling
configuration, BenchmarkNexercise #2 of this study provides validation data to evaluate the

models’ ability to g6timate the plume and HGL temperature/depth of smoke and hot gases filling

a fairly large, Il with an angled roof. Predicted temperatures were within approximately
10 % of thé€re measurements.
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Table D-2. Normalized parameter calculations for the MCC fire scenario.
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Quantity

Normalized Parameter Calculation

Validation
Range

In
Range?

Fire Froude
Number

0

- prpTOODZ.S\/E
~ 702 kW C 1
(1.2 kg/m3)(1.0 kj/kg/K)(293 K) (0.525 m?5),[9.8 m/s2

04-24

No

Flame
Length,
Hf + Ly,
relative to the
Ceiling
Height, H,

He+Ly 24m+25m
= = 1.6
H, 3.0m

Ly=D (3.7 0°*"° - 1.02) =0.48m (3.7 x 3.6°* — 1.02) m
V4

Ceiling Jet
Radial
Distance,rg;,
relative to the
Ceiling
Height, H,

N/A — There are no targets like sprinklers or s ors under
consideration in this exgfmple

Equivalence
Ratio, ¢, as
an indicator
of the
Ventilation
Rate

-

N/A

M

0.04-0.6

Yes

Compartment
Aspect Ratio
(Lower |

Upper)

Target
Distance, r,
relative to the
Fire
Diameter, D

0.6-57

Yes

22-57

Yes

Notes:

(1)

The,effecti
A is the area of the vent on the cabinet.

diameter of the fire is determined from the formula, D = \/4A/m,

2 é me Length, Hy + Ly, is the sum of the height of the fire from the floor and
ire’s calculated flame length.
3

The ceiling height, H,, is the lower of the two ceiling heights.
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D.4 Estimation of Fire-Generated Conditions

This section describes how each of the models is used in the analysis, including specific
assumptions unigue to the particular model.

D.4.1 Algebraic Models

Fire: The FDT® use a steady-state HRR in both the flame height and radiation heat flux
calculation. A constant HRR of 702 kW is used for both. A fire diameter of 0.48 m (1.6 ft) is
calculated from the effective vent area atop the cabinet of 0.18 m? (2 ft?). Table D-2 indigates
that the Heskestad flame height correlation yields a calculated flame height of 2.5 m (8. 2\
Consequently, the cables located directly above the cabinet would be engulfed in fIam

would therefore be expected to fail. This flame height calculationgls shows th 0 d
be significant flame extension beneath the ceiling, which is Ioca .6m (2 e the
base of the assumed fire.

The point source radiation model predicts the peak hea e side %aeent cabinet,
which is approximately 1.1 m (3.6 ft) from the cente e t on top rning cabinet:

% Q 053 ><702k

= D-1
4mr?  4m x 45 kw/ (©-1)

|@y the HGL or by the flame
th heat flux to the adjacent
e margin. Consequently, this
ther a zone model or a CFD model.

This estimate does not include any cog
extension beneath the ceiling. How
cabinet could exceed the critical heat
scenario would warrant more detai ;d a aIyS|s

D.4.2 Zone Model

Geometry: Zone fire ubdlvgd of interest into one or more compartments
connected by ve itNCFAST, th le, large compartment is modeled as two adjacent
compartments, ¢ cted by a,) ve C nt Figures D-4 and D-5 show the geometry and input

parameters of the CPAST calcul\

the cabinet. It is posifi@ned€gdirectly below Cable Tray A to maximize exposure. The current
version of CFAST orlly s the plume centerline temperature. The specified fire area, HRR,
and species yieldie inp0t directly into the model. Figure D-6 shows the fire inputs for the

Fire: Following gwdan e&‘ G/CR-6850 (EPRI 1011989), the fire is placed near the top of

CFAST calculati

Cables: es the Thermally-Induced Electrical Failure (THIEF) methodology developed
Cable Response to Live Fire (CAROLFIRE) program (NUREG/CR-6931, Vol. 3).
The thermal®onductivity and specific heat are fixed constants. Cable density is calculated from

the specified mass per unit length, m’, and the cross-sectional area of the cable, A:

-m' 0.4 kg/m
P =4 T 7% (0015/2)?m

~ = 2264 kg/m? (D-2)
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Electrical functionality is lost when the temperature just inside of the 2 mm (0.08 in) jacket
reaches 400 °C (752 °F). Figure D-7 shows the target inputs for the CFAST calculation.
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Figure D-4. Smokeview rendering twetry of t t ceiling SWGR, as
m di FAST.&
, E

Figure D-5. CFAST inputs for compartment geometry for SWGR.
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Figure D-7. CFAST target inputs for two-height ceiling SWGR scenario.

D-11



MOTOR CONTROL CENTER FIRE IN A SWITCHGEAR ROOM

Ventilation: The two individual compartments used to model the entire room are connected by
a single large vent. Although the size of this vent relative to the compartment size is not typical
of a zone model application, the simple two-compartment geometry of the space and the more
dominant mechanical ventilation flow from one side of the SWGR to the other should minimize
any uncertainty in the calculation resulting from the large connecting vent. Mechanical
ventilation is included at the specified height and with the specified volume flow applied to the
single supply (in the low-ceiling space) and return (in the high-ceiling space). Additionally, since
zone fire models assume that compartments are completely sealed unless otherwise specified,
a typical leakage vent, 13 mm (0.5 in) in height, is included at the bottom of each closed
doorway to reflect the fact that the doorways are not totally airtight. Figure D-8 shows th

CFAST inputs for these natural vents. \

Figure D-8. CF@Uuts for vents connections in two-height ceiling SWGR scenario.
&el

D.4.3 CFD

Geometyy: Qtire compartment is included in the computational domain. Multiple meshes
are used, 8fie for the low-ceiling space and three for the high-ceiling space. The FDS User’s
Guide (NIST®SP 1019) contains detailed instructions for running the simulation on multiple
computers. The concrete walls are essentially the boundaries of these two meshes. The
electrical cabinets and cables are included in the simulation as simple rectangular solids, and
their dimensions have been approximated to the nearest 10 cm (4 in). There is no attempt to
model the details of either the cable trays or cabinets because the grid resolution is not fine
enough. This is an appropriate assumption because the cables and cabinets are merely targets
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for which it is sufficient to know their bulk thermal properties. An FDS/Smokeview rendering of
the scenario is shown in Figure D-9.

The numerical mesh consists of uniform grid cells, 10 cm (4 in) on a side. Even with this
relatively fine grid, there is considerable uncertainty in the exact nature of the fire relative to the
cabinet and the cables just above. This uncertainty mainly has to do with the assumption that
the fire originates at the top of the cabinet rather than from within.

Fire: The fire burns over an area of 0.6 m (2 ft) by 0.3 m (1 ft) on top of the cabinet, with a
maximum HRR per unit area of 3,900 kwW/m?, yielding a peak HRR of 702 kW. *

Cables: The cables are modeled as 1.5 cm (0.6 in) cylinders with Jiniform thermal pr e\
Following the THIEF methodology in NUREG/CR-6931, Vol. 3, g)€ctgical functio YNg Tgst
when the temperature just inside of the 2 mm (0.08 in) jacket 0 °C (75 % Note
that no attempt is made in the simulation to predict ignition of the fire Owefthe
cables, which is why the in-depth heat penetration calcu!atio Is fgcused ond single cable. Itis

assumed that at least one cable per tray is relatively fre eighbor Id heat up
more rapidly than those buried deeper within the pil. T is a conserv@assumption

Ventilation: Three ACH are achieved with W ow of 0.7 /s applied to the single
supply and return vents. No other penetr'd® incIud@ odel.

<2~Q\>

intended to simplify the heat transfer calculation.

Y4

Figure D-9. FDS/Smokeview representation of the MCC/SWGR scenario.
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D.5 Evaluation of Results

The purpose of the calculations described above is to predict if and when various components
within the compartment become damaged due to a fire in the MCC. XLPE cables are expected
to be damaged when their internal temperature exceeds 400 °C (750 °F) or the exposing heat
flux exceeds 11 kW/m?. Damage criteria for the adjacent cabinet are equivalent to those for the
cables because the cables within the cabinet come in contact with the heated metal housing,
and are therefore exposed to similar thermal conditions. The targets of interest are three cable
trays, labeled A, B, and C, and a single electrical cabinet adjacent to the burning MCC (Fig

D-1).

Table D-3 summarizes the model predictions of the target temp
describes how to calculate the probability of exceeding the critic
model summary is to readily identify the most likely targets

assumptions underlying that assessment.

Table D-3. Summary of the model predicti
y 2

to pe

X
rafure and heat flux. \

)75 0 h
@o Hel

ario.

e. Thep

&

d, and

e

Bias Standard Probability of
el Factor, 8 | Deviation, @y Ta& Exceeding
Surface Tempergflr 7Initial V;
CFAST 1 0.27 binet 0.460
FDS 1.02 0. 0.000*
CFAST 1 0. c 0.950
FDS 1.02 0.13 2:; : 0.997
CFAST 0.112
FDS 0.000
CFAST e C 0.000
FDS 0.000
Flux (kW/m?)
CFAST Cabinet 24.3 11 0.911
FDS 6.0 11 0.006*
CFAST 104 11 0.974
FDS Cable A 75.0 11 1.000
CFAST Cable B 15.8 11 0.823
FDS : . 23.0 11 0.997
CFAST .81 0.47 Cable C 0.2 11 0.000
FDS 85 0.22 2.5 11 0.000

V'S

* These Qs require closer scrutiny. See discussion below.

D.5.1 Damage to Cabinet

The predicted heat flux to and temperatures of the cabinet adjacent to the MCC are shown in

Figure D-10. The cabinet is located approximately 1.1 m (3.6 ft) from the center of the flaming
vent. The point source radiation calculation included in CFAST and the FDT® predicts a peak

heat flux of 24.5 kW/m?to the nearest point on the cabinet. FDS predicts the peak heat flux
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(and resulting surface temperature) to be significantly lower because the fire is partially
obscured by the overhead cable tray and the burning MCC. FDS also accounts for the
orientation of the adjacent cabinet top and side relative to the fire's location. However, the heat
flux to the top of the MCC near the adjacent cabinet is substantially greater than the critical
value, and a small change in the position of the fire could result in a much higher heat flux to the
target. Given the sensitivity of the predicted heat flux and surface temperature to a minor
change in the fire dynamics, the FDS prediction for the cabinet ought to be discounted in this
case.

Cabinet Heat Flux Cabinet Temperature

20 ] \ CFAST ||

. / N\ s | ]
/ \ FDTs

10

AN

600 1200 1800 2400 3000 3

30

25

Heat Flux (kW/m?)

00 1800 2400 3000 3600

o
o
( ermgerature (C)
o

Time (s) Time (s)

Figure D-10. Heat flux an pe ature for the adjacent cabinet.

D.5.2 Cable Damag ed on Temp ature Alone

The predicted cable te or the th Q
FDS estimate cable t res usmg
Both models predi e cables [ a

jays are shown in Figure D-11. CFAST and

EF methodology (NUREG/CR-6931, Vol. 3).
e likely to fail.

Neither model predi8is that the Q Tray B will reach the failure temperature of 400 °C
(750 °F), but the CFAST predigtioR0P300 °C (572 °F) suggests that there is a 9% probability
that the cable temperature % as high as the critical value. Note that these predictions are
sensitive to the exact | & he target cable within the tray, its view of the fire, and the HGL
temperature. In this€aSg, th@ cables in Tray B are heated primarily by convection and radiation
from the HGL. Given that¢he HRR is the most important parameter controlling the temperature
of the HGL, how ch would the HRR have to increase to increase the CFAST prediction from
300 °C (572 °C (752 °F)? Table 4-3 indicates that the rise in the HGL temperature is
proportio RR to the 2/3 power. Following the methodology in Section 4.4.1, in order
to increa e predicted HGL temperature by 100 °C (212 °F), the peak HRR, Q, must increase
by approxintately:

3 702 kKW 1007¢ 376 kW D-3
== X —— = -
T — TO 2 300°C—20°C (B-3)

. 3
AQ—EQ

Both FDS and CFAST predicted cable temperatures for Tray C indicate that the cables are
unlikely to fail.
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D.5.3 Cable Damage Based on Incident Heat Flux

The predictions of heat flux to the cables in the three trays are shown in Figure D-11. The
critical value is 11 kwW/m?. Flame height correlations predict that the fire will impinge on Tray A,
and both CFAST and FDS indicate that the heat flux to these cables would be well in excess of

the critical value.

Cable A Temperature

800

CFAST

FDS H

NI/
li =

0 600 1200 1800 2400 3000 3600

N
o
o

Temperature (C)
(2]
o
o

Heat Flux (kW/m?2)
(2]
o

0

Time (s)

Cable B Tem perature

400
© 300 —
Q
)
® 200
[}
£ /
5§ 100
[ _/
O p
0

0\
Cable L&rm&
100

80

2400 30000&

CFAST

— DS

60 -

40 A

Temperature (C)

20

0

0 600 1200 1800 2400 3000 3600

Time (s)

100

X (kW/m?2)

%

Heat Flux (kW/m?)

Cable A Heat Flux

—\

/

\

CFAST

FDS

N

0

=
o

600

o\

1200 1800 240
Time (s) 6

B Heat Flux

0 3600

CFAST

FDS

600

1200 1800 2400 3000 3600

Time (s)

Cable C Heat Flux

A\

CFAST

— DS

600

1200 1800 2400 3000 3600

Time (s)

Figure D-11. Summary of the cable temperature and heat flux predictions for the
MCC/SWGR.
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For the cables in Tray B, both FDS and CFAST indicate a relatively high probability of failure,
based partly on the fact that both models have been shown to under-predict heat flux in the
NRC/EPRI fire model validation study (NUREG-1824).

For the cables in Tray C, none of the models predicts a heat flux that approaches the critical
value. Note that the significant difference between FDS and CFAST is based on the fact that
FDS outputs the maximum heat flux and cable temperature over the entire tray of cables,
whereas CFAST predicts these values at a single target location.

D.6 Conclusion \
The purpose of the calculations in this example is to predict if and when various comp
within a compartment will become damaged due to a fire in the C The fire mgde -

performed for this scenario indicate that the fire would dama sin Tra ause aII

the models (FDT®, CFAST, FDS) predict that the flames wogfd impinge o ables

themselves.

e CFAST and FDS predict that the cables in Tray ar y to be da based on the
heat flux criterion. However, neither model pr t the |nte temperatures are

likely to be high enough to cause failure.

o Neither FDS nor CFAST predlcts tha |n Tray be damaged.

e A point source heat flux analysi ateS'that the a t binet housing would be
exposed to a heat flux that would 8 use dam though FDS does not predict
damage, its predictions of heat flux {8 surfa ar the adjacent cabinet are
sufficiently high to cast the conclusio at the cabinet would not be damaged.
Small changes in the p f variou structions could easily change the predicted
heat flux by an ord itude. gh the point source method tends to over-
predict the heat flu\t@’tiargets clqs » there is too much uncertainty in the
geometric cor@ tiow to accept lidity of the more detailed calculation.

o
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D.8 Attachments (on CD)
1. FDS input file: Switchgear_ Room_MCC.fds

2. CFAST input files:

a. MCC in Switchgear.in
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E
TRANSIENT FIRE IN CABLE SPREADING ROOM

E.1 Modeling Objective

The calculations in this appendix estimate the impact that a fire in a trash receptacle inside a
Cable Spreading Room (CSR) would have on safe-shutdown cables. These calculations are
part of a larger fire analysis described in Chapter 11 of NUREG/CR-6850 (EPRI 1011989Q),
Volume 2, “Detailed Fire Modeling (Task 11).” The CSR contains a large quantity of red&
instrumentation and control cables needed for plant operation. Tr N
been identified as a possible source of fire that may impact the
calculation is to analyze this condition and determine whether th
so, at what time failure occurs. The time to smoke detector ct
calculation will provide information for a decision on the haz

control cables needed for plant operation. T,

conduits.
Geometry: Figure E-1 illustrates th of the C ig&ge E-2 shows a photograph of

sient combustible

rlsk for @cenario.

E.2 Description of the Fire Scenario

General Description: The CSR contains a large

the CSR. In addition to cables, the R cOftains sed computer compartment,
ductwork, and large structural beams. Where is medium-voltage equipment
(switchgears or transformers)fn twcompartmen s shown in Figure E-3, the top 2.2 m
(7.2 ft) of the compartment j ith cable &ays centaining cables, or ductwork, or large
structural beams.

Construction: T I floor, and the CSR are constructed of normal-weight

concrete. The du kis made c@ .08 in) thick steel.
Materials: Thermal propertiegsf W@rfous materials in the compartment have been taken from

Table 2-3 of NUREG- 1805 listed in Table 3-1. The important cables for this calculation
are located in the thir (IPtrays above the fire source, which are filled with PE-insulated,
PVC-jacketed contr portant to safe shutdown. These cables have a diameter of
approximately 1.5 (0 n) a jacket thickness of approximately 1.5 mm (0.06 in), and 7
conductors. The Ie mass per unit length is 0.4 kg/m. There are approximately two rows of
cables per tra e cables are damaged when the internal cable temperature reaches

205 °C ( ° he exposure heat flux reaches 6 kW/m? (NUREG-1805, Appendix A). Cable
insulatio rmal properties are as follows: the density is 1380 kg/m®, the thermal conductivity
is 0.192 W/WK, and the specific heat is 1.289 kJ/kg-K (NUREG/CR-6850, Volume 2,

Appendix R). The copper in the cables has the following properties: the density is 8954 kg/m?®,
the thermal conductivity is 386 W/m/K, and the specific heat is 0.3831 kJ/kg-K (SFPE
Handbook, 4™ Edition). The copper mass fraction of the cable is 0.67.
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The bottom cable tray is protected on the lower surface by a solid metal barrier. The bottom
and side surfaces of all cable trays in the CSR are of solid metal construction; top surfaces are
open. The tray steel thickness is 3 mm (0.12 in).

Detection System: Smoke detectors are located on the ceiling at locations shown in Figure
E-1. The detectors are UL-listed with a nominal sensitivity of 4.9 %/m.

Suppression System: A total flooding CO, fire suppression system is initiated automatically by
cross-zoned smoke detection in the compartment, or can be operated manually. In order to

maintain a proper concentration of suppression agent, CO, discharge causes fire damp
close and mechanical ventilation fans to stop. Activation of the CO, system is not modeex

this example.
closed. @ oor is
roor Stan g’procedure
an alarm ition. For this
vestigat'%

There are two supply and two return vents for me entilatio ith an area of
0.25 m? (2.7 ft?). The total air supply rate is 14 m / 00 cfm) ts are located 2.4 m
(8 ft) above the floor. Upon smoke detectogac , the me | ventilation fans stop and

the dampers close. Q
Fire: A trash fire ignites within a cylfdrigal steel waste (2.6 ft) high and 0.6 m (2.0 ft)

Ventilation: The CSR has two doors on the east wall that ar
2 m (6.6 ft) wide by 2 m (6.6 ft) tall, with a 1 cm (0.4 in) gap
calls for an operator to investigate the fire within 600 s (10
reason, the door that is farthest from the fire is opened

in diameter, containing 5 kg (11 Ib) of ¥gsh. The Ie e rate (HRR) of the transient fire is
estimated using NUREG/CR- 850 EPRT 1011 hetire grows following a “t-squared”
curve to a maximum value (the 98" per8gntile value from Table G-1 in NUREG/CR-
6850 (EPRI 1011989)) in 4 sistent NUREG/CR-6850 (EPRI 1011989) Supplement
1 for a transient fire gr ontal trash can). The fire burns at its maximum
HRR value until the nsumed ine the duration of the fire, the total energy of

the fuel, Q, is cal : the prod e fuel mass and the heat of combustion:
(5 kg)*(30,400 kJ/Reff = 152,009 VQ eat of combustion is described below. The time to

consume the fuel is fGund by int the heat release rate over the time of the burn:

Q =152,000K] = @' dt + Qp dt = 317 kW —+(tf 480's) (E-1)
480 480

Here, Qp is the p HRR of 317 kW, which is reached following a t-squared growth curve in
480 s. Solvin ields a total burning time of 799 s, which is rounded up to 800 s.

While th ct composition of the trash is unknown, typical waste at the plant includes wood
scraps and Wplyethylene protective suits. For this scenario, it will be assumed that the trash
comprises equal parts of each. The radiative fraction” and product yields, like the heat of
combustion, are taken to be averages of values for red oak and polyethylene (SFPE Handbook,
4™ ed., Table 3-4.16) and shown in Table E-1. For the purpose of modeling, the fuel molecule is
specified as C4H70; 5.

% The fraction of the fire's total energy emitted as thermal radiation.
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Table E-1. Products of combustion for CSR fire.

Parameter Value Source

Effective Fuel Formula C4H;0,5 Specified

Peak HRR 317 kW NUREG/CR-6850 (EPRI 1011989), App. G
Time to reach peak HRR 480 s NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 30,400 kJ/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO, Yield 2.0 kg/kg SFPE Handbook, 4th ed., Table 3-4.16
Soot Yield 0.038 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO Yield 0.014 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
Radiative Fraction 0.40 SFPE Handbook, 4th ed., Table 3-4.16
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Figure E-1. Geometry of the CSR.
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Figure E-3. Geometric detail of the CSR.
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E.3 Selection and Evaluation of Fire Models

This section discusses the overall modeling strategy. In particular, it describes the process of
model selection, including a discussion of the validity of these models for the given fire scenario.
This scenario is a typical application of both zone models and computational fluid dynamics
(CFD) models. With a single fire contained within a rectangular compartment, the application is
straightforward. The general strategy is to use a plume correlation to estimate temperature at
the height of the important cables. If this result indicates that the cables are likely to fail, a more
detailed estimate of cable temperature will be made with zone and CFD models.

Cable failure is typically judged on both elevated temperature and heat flux criteria. Th \

cables are damaged when the internal cable temperature reachesg®05 °C (400 °
exposure heat flux reaches 6 kw/m? (NUREG-1805, Appendlx

E.3.1 Temperature Criterion

The algebraic models are used in this scenarlo to egima he flame he@‘nd plume
whether ead cable trays
would be damaged by the trash fire. The Foote, Paggigand AIva PA) correlation is used to

estimate the average hot gas layer (HGL) that woul Sult from the trash fire
alone; this analysis does not consider en% o W»Zable trays or their potential

contribution to the fire HRR.
The Consolidated Fire Growth and gg |ransp (CFAST) and the Fire Dynamics
Simulator (FDS) are used to e tlmate damage t Ve ead cable trays and development of

elevated temperature and hgét flu #from the fire a any ignited overhead cables to estimate
damage to adjacent cables. AT imposesSime-dependent conditions on the cable trays, but
assumes a point sourc ra@gftion from t ources. FDS will spread the fire in a more
realistic way, which sh8 frevide mor a estimates of temperature and heat flux to

adjacent cables.

E.3.2 Heat Flux rlterlo Q

CFAST and FDS ar% ate heat flux to the overhead cable. The heat flux calculation
d

in CFAST includes t n from the fire, upper and lower gas layers, and bounding
surfaces, as well as the c@xvection from nearby gases. Radiation from the fire sources
assumes a point s@urce for the radiation calculation.

FDS modgfs t in much the same way as the zone models, with the fire at the top of the

trash re le. However, because it is a CFD model, FDS can estimate local conditions at
the specificCNgcation of the target cables.

E.3.3 Validation

NUREG-1824 (EPRI 1011999) contains experimental validation results for CFAST and FDS that
are appropriate for this scenario. These experiments include ventilation effects on, heat fluxes
to, and temperatures of various targets, particularly cables. Fire sizes in these experiments
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bound those used in this scenario. For CFAST, the Software Development and Model
Evaluation Guide, NIST SP 1086, includes updated validation results for the newest version of
the model used for this calculation. This includes all of the validation comparisons from
NUREG-1824 (EPRI 1011999), plus additional comparisons for experiments not included in the
U.S. Nuclear Regulatory Commission (NRC) guide. Plume temperature calculations have been
validated for a broad range of fire sizes and distances above the fire source in NIST SP 1086.
Also, CFAST and FDS use the cable failure algorithm, THIEF, that was developed and validated
in NUREG/CR-6931 (Vol. 3).

parameters and the ranges for which the validation study is appllcable Table E-1 belo

Table 2-5 of Volume 1 of NUREG-1824 (EPRI 1011999) lists various important model \
the values of these parameters for this fire scenario, along with thejr ranges of appllca lit

Of these parameters, only the compartment aspect ratio is o nge oft luded in
NUREG-1824 (EPRI 1011999). In this scenario, the comp th to helgh 0 is well
within limits, but the length to height ratio is higher than ded in N 1824 (EPRI

1011999). For a zone model, this “longer than typical” entis oncern early in
the fire development, before a reasonably uniform lgfer hgs formed. T}r@redlctlons of
events that occur early in the fire (such as smoke ctigh) may be d to have a higher
uncertainty if they are located farther from the ire s than th occur later in the fire
(such as ignition of cables above the initia rce) once t@e is more fully developed.
For this scenario, smoke detectors are m@ ughout mpartment, but the primary

ones of concern are those which wou respond st@gfl.e., those nearest the fire).

E-7



TRANSIENT FIRE IN CABLE SPREADING ROOM

Table E-2. Key parameters and their ranges of applicability to NUREG-1824.

Quantity

Normalized Parameter Calculation

Validation
Range

In
Range?

Fire Froude
Number

- 0

- poonTooDz's\/g
317 kW

= = 1.0
(1.2 kg/m3)(1.0 k] /kg/K) (293 K) (0.6 m2-5),/9.8 m/s2

04-24

Yes

Flame Length,
L, relative to the
Ceiling Height,
He

Hr+L; 08m+16m
= =0.6
H. 40m

Ly =D (37 0-*"° - 1.02) = 0.6m (3.7 x 1.0%* — 1.02) =

Ceiling Jet
Radial
Distance,rg;,
relative to the
Ceiling Height,
Hc

N/A — Ceiling jet targets are not include

i simulat';).

Equivalence
Ratio, ¢, as an
indicator of the
Ventilation Rate

0.2-1.0

\

N/A

0.04-0.6

Yes

Compartment
Aspect Ratio

0.6-57

No

Target Distance,
r, relative to the
Fire Diameter, D

22-57

Yes

Notes:

the f,<{
o)
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E.4 Estimation of Fire-Generated Conditions

This section provides details specific to each model.

E.4.1 Algebraic Models

General: The general approach to using the algebraic models for this scenario is to first
calculate the flame height of the transient trash fire to determine whether the flame reaches one
or more of the overhead cable trays, then to calculate the plume temperatures from the trash
fire to determine which of the overhead cable trays would be damaged by the trash fire alone.
The general scenario is depicted schematically in Figure E-4.

Air Supply é:> Smoke /'LDJ
(2 Vents) Detector ; 1 ts)

v

Figure E-4. Schematic d

@ i CSR (not to scale).

The first step to estimate the fige-ggnerated con using algebraic models is to determine
whether the cables in the ¢ irectgabove the trash fire are likely to be
damaged and potentially,d As shown in Figure E-3, the top of the trash

receptacle is located 1), and the lowest overhead cable tray is
located at an elevay , .0 m (3.3 ft) above the top of the trash
receptacle. Ass &7 e length of the cabinet fire is calculated to be 1.6 m
(5.2 ft) at the peak Rgat releaserratg o kW, so this empirical correlation for flame length can
be used to confirm that at least.s f the overhead cables would likely be damaged in this
scenario. However, due to t | barrier on the bottom of the lowest cable tray, algebraic

models cannot be usa&e ediel whether the cables in the lowest cable tray would ignite.

The next step is to calcu the fire plume temperatures that develop from the trash fire to
determine whethegfcable trays A or B located above the trash fire would be damaged by the
trash fire alone e&Heskestad plume temperature correlation included in the Fire Dynamics
Tools (FDJ) e Fire-Induced Vulnerability Evaluation (FIVE-Rev1l) was used to calculate
the plum@ cefitetfine temperature above the trash fire. These results, shown in Figure E-5,
show that plume temperature of all the cable trays would exceed the cable damage
threshold temperature of 205 °C (400 °F). However, the Heskestad plume temperature
correlation is based on an unobstructed plume. The obstruction caused by the position of the
cable trays within the fire plume would alter the actual fire plume entrainment and temperatures.
Nonetheless, these results demonstrate that the potential for damage and ignition of the cable
trays located above the transient trash fire warrants more detailed analysis.
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Figure E-5. Plume temperatures at cable tr €Nt trash fire.

e HGL temperature of the
CSR resulting only from the transient trasprir Bters described in the

following subsections.

Geometry: The FPA correlation ret@ﬂom ding
width, and height. For this example, thedselecteg

as shown in Figure E-1, so itgflength, width, and

t0o be specified in terms of length,
p ent is a rectangular parallelepiped,
[ght are specified directly.

Fire: As applied to thi
specified for the trans

ire. Th§ ory is shown in Figure E-6.
Materials: The \chllmg and Il specified as concrete, with the thermal properties

specified in Table 3-

he FPA tion is used with the time-dependent HRR

Ventilation: The ventilatio @ the smoke purge mode is 1.4 m*/s (3,000 cfm). This value
%m

is used as a direct in& er in the FPA correlation.
Table E-3. Sumntary of input parameters for FPA analysis of CSR scenario.

Para Value Source
¢ RBonmjheight (H) 4.0m Figure E-1
R length (L) 40.0 m Figure E-1
Room width (W) 18.5m Figure E-1
Room boundary material Concrete Figure E-1. See Table 3-1 for properties.
Mech. Ventilation rate (V) 1.4 m%s From scenario description
Fire elevation (Hy) 0.8m From scenario description
Ambient temperature (T,) 20°C Specified
Fire parameters | See Table E-1
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Temperature: The FPA HGL temperature correlation for mechanically ventilated spaces is
included in both the FDT® and FIVE-Revl. The FPA results for the trash fire alone are shown in
Figure E-6, based on the input parameters specified in Table E-3 and the HRR history shown in
Figure E-6. These results show that, for the specified parameters, the average HGL
temperature reaches a maximum of approximately 49 °C (120 °F) at 800 seconds, based on the
peak trash fire HRR of 317 kW. These results show that cables in adjacent cable trays would
not be damaged by the trash can fire alone. However, further analysis is required to determine
the potential impact of overhead cable ignition on the potential for damage to cables in the

adjacent cable trays. CFAST and FDS are used to perform this more detailed analysis. *

HGL temperature calculation - FPA correlatj Q\
3

| e’

/l 200 2

/ 2 %{"C]

(€]
o

Y
o

Temperature (°C)
w
o

N
o

=
o

0

T T
0 0 ,200 3600
Time (s

Figure E-6. Avera mpergtur, correlation for the CSR trash fire scenario.

E.4.2 Zone MQI . N\

General: In CFAST, the CS N led as a single compartment with obstructions accounted
for by modifying the cross- [ area of the compartment as a function of height, as

described in the geo& below. Figure E-7 shows the scenario, as modeled by
CFAST.

o)
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Figure E-7. CFAST/Smokeview rendering of the G8R scenario.

N

Geometry: Since zone models are concerned with volume d ysical le d width,
the volume of the computer compartment, as well as the nu able trays, ductwork, and
th r

beams, was modeled in CFAST with a cross-sectional ies with@Qe®ht. Table E-4
shows the cross-sectional area as a function of the i%lated fro@) mpartment

geometry shown in Figure E-1. Figure E-8 showsghe £FAST inputs artment geometry.

Table E-4. Cross-sectional area as a fugtion CFAST calculation.

p

rea
(m?)
700.04
635.74
483.74
514.89
. 634.74
3.2 699.04
3.6 291.46
4 291.46

7 Y ooef
m, GEIINT Level Obs
(1) % Ceilng/ 3
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O
O
% Oé”

Figure E-8. CFAST mputs compart Qetry for the CSR scenario.
m

Fire: The specified fire is i lctly The co stion chemistry in CFAST is described, at a
minimum, by the productio s of CO an ot. Figure E-9 shows the CFAST inputs for the
fire location in the sce ta directly fr le E-1.

Cables: In CFA temperatu e calculated using a one-dimensional cylindrical heat
transfer calculatio sed on t e properties and cable diameter, as specified in the
scenario description. oIIowmg mally Induced Electrical Failure (THIEF) methodology
in NUREG/CR-6931, Vol. 3 functlonallty is lost when the temperature just inside the
jacket of a thermoplastl c hes 205 °C (400 °F). Specific heat and thermal conductivity
for the cables are tak kJ/kg/K and 0.2 W/m/K, as specified in the THIEF model.
Cable density is detérm d rom the mass per unit length and cross-sectional area of the cable

from the scenario escrlpt|on p=04 7r 0 015/2) = 2264kg/m®. To account for the shielding

of the cables wer surface of the cable tray, the CFAST input for the normal vector from
directed upwards. This effectively shields the cables from the fire below
g them to the surrounding gas temperature for convection and to the hot upper
adiation. Figure E-10 shows the CFAST inputs for the three cable targets above

gas layer f
the fire.
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Figure E-10. CFAST inputs for ca ‘@‘ S above@ orce in the CSR scenario.
Ventilation: The supply and geturn, airflow rate nput directly into CFAST. Upon smoke
detector activation, mechani€al yefitilation fans stofyand dampers are closed. Thus, before a
stop time for the fans ca jfied, the tj to smoke detector activation is needed. This

w

requires that CFAST he fans entire time to find the first smoke detector
activation. The mo efnre-rundisi ke detector activation time as the fan stop
time. Figure E-1 S

e CFAS N for the natural ventilation.
.
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N
& O
Yo
%0/ '&QO

Figure E-11. CFAST inputs for naturahentilation %ﬁ scenario. Note the opening of the
doorway at 170 s, the time¥%estimat s e detectors to activate.

/
Fire Detection: Although are multiple sgnoke detectors in the space, it was assumed that
the closest detector is e that ne e modeled to determine time to detection,
based on the fact that est dete xposed to the greatest concentration of

smoke products e Nighest gas t ratures, thus leading to the earliest response. There
are no geometric ntilation fe at would prevent this from being the case in the
example consideredNIn CFAS e IS no direct way of calculating smoke density for smoke
detector activation. Instead, x) e detector is modeled as a sprinkler with a very low
activation temperatu;{ e time index (RTI). An activation temperature of 30 °C

(m

(86 °F) and an RTI of “Sere used for this scenario. Figure E-12 shows the CFAST
inputs for the detectlrs Mythe scenario.

o)
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Figure E-12. CFAST n@%ke d 0 |n21e CSR scenario.

E.4.3 CFD Model

General: This scenano is
is, the space has arel
simulation with aII the
horizontal and ve

times as necessa nother |nter

the ventilation systefMyat the tin n smoke detector activation. FDS models this by
associating the creation or re obstructions or the activation/deactivation of a vent with
actions taken by any numt{%@ protection devices.

o)

Figure E-13. FDS/Smokeview rendering of the CSR scenario.
Geometry: The interior of the compartment is modeled, and all obstructions have been
included. To get increased resolution in the area of interest, multiple meshes are used. The
finest mesh has a 10 cm (4 in) resolution and spans a volume surrounding the trash can, which
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is 6 m (20 ft) long, 3 m (10 ft) wide, and 4 m (13 ft) high. Coarse meshes cover the remainder of
the compartment and adjacent hallway with cells of 20 cm (8 in). Because the objective of the
calculation is to estimate time to failure for cables within stacked trays, it is important to have at
least a 10 cm (4 in) resolution, the typical dimension of the rails of conventional cable trays.

Fire: The trash can is modeled with a square, rather than round, cross section with an
equivalent area to the round cross section and a height equal to the height of the trash can.
The local flow features around the fire are not capable of affecting the outcome of this example
calculation; therefore, the transformed square geometry is appropriate for this application. Th
specified HRR is applied to the top of the trash can. The duration of the fire is 635 s, as
computed for the zone model input. There is no need to model the interior of the can. \

Materials: The thermal properties of the walls are applied dire speC|f|ed

Cables: The primary objective of the calculation is to esti tential dam the
cables within the trays. FDS is limited to only 1-D heat tran info either ngular or
cylindrical obstruction. In this simulation, the cables are das 1. 5 in) cylinders
with uniform thermal properties, given above. Foll i

NUREG/CR-6931, Vol. 3, electrical functionality i wBe&n the te
jacket of a thermoplastic (TP) cable reaches 205 °C °F). N
the simulation to estimate ignition and spre Wre over the
methodology does not account for the eff€Ctsdf b¥nhdled ca
heat-up of a single cable.

e just inside the

0 attempt is made in
ps. The THIEF

nich may reduce the overall

For the bottommost cable tray, the bom surfac Qy is protected by a solid metal
surface. To model this in FDS, which mb&dels th s as rectangular obstructions, individual
properties for the top, sides ttom are specifigd. The top has the same properties as the

cables; the sides and bot ecified a%ng the same metal properties
detecﬁo@ that predicts the smoke obscuration within

ba%ed on the s‘) concentration and air velocity in the grid cell in
which the detector¥gflocated. Thefie r itself is not modeled, as it is merely a point within
the computational domain. Thexc arameters needed for the model are the obscuration at

Detection: FDS ha

alarm, which is given by the turer, and an empirically determined length scale from
which a smoke entry ti g i§ gstimated from the outside air velocity. The SFPE Handbook,
4™ Edition, provides m& value of 1.8 m (5.9 ft) for this length scale. The obscuration at
alarm is 4.9 %/m, a typiC& sensitivity for smoke detectors.

representeg b angular obstructions with thin plates just below (one grid cell) the vent itself
to repregént fusing effect of the grill. The resolution of the grid is not fine enough to
capture thngeffect directly. FDS is capable of stopping the ventilation system upon the
activation of‘&ny smoke detector.

Ventilation: Ti&ply and return airflow rates are input directly into FDS. The ducts are
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E.5 Evaluation of Results

The purpose of the calculations described above is to estimate smoke detector activation times
and potential cable damage from a trash can fire in the CSR.

The compartment itself is relatively large, and the relatively small fire (317 kW) does not
substantially heat it up. Figure E-14 shows the HRR and estimated HGL temperature for the
CSR scenario for CFAST and FDS. Differences between the two models likely result from
FDS'’s ability to locally account for all the blockages in the room. HGL temperature in CFAST §
a spatially average value intended to represent the bulk conditions throughout the compagt
while the FDS values are calculated based on a single vertical profile of temperature at x
location within the room (in this scenario placed several meters awgy from the fire locagio
eliminate local effects of the fire plume on the temperature profilg¥. O

52

&

Heat Release Rate

400

300 f

200 /I
100

0 : ‘ ‘ —— 10 - : : : : :
0 600 1200 1809 2480% 3000 3600 0 600 1200 1800 2400 3000 3600
Q Time (s)
. S .
FIQQ HRR and et\@d HGL temperature for CSR scenario.

CFAST

CFAST ,

HRR (kW)

FDS

emperatu

Because of the unc&gainty in afl el¥ smoke detector activation predictions and the
uncertainty associated with t le ignition of cables in the trays just above the fire, it is
difficult to predict whether& CO; suppression system would be activated in time to
n
Si

prevent possible cabledOn o validation results are available that address time to detector
activation. Thus, thefa makes the conservative assumption that the suppression system
does not activate.
Table E-5 sunmyfiagi the results of all the models for the chosen damage criteria. For each
predicte Ialculation is performed to determine the probability of exceeding the critical
value. ocedure for calculating this probability is given in Chapter 4, and it accounts for
the model D¥gs and scatter. The purpose of this table is to highlight the criterion that is most

likely to be exceeded so that further analysis can be focused on this criterion and the model or
models that predict it. Each criterion is discussed in greater detail in the following subsections.
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Table E-5. Summary of the model predictions for the CSR scenario.

Bias Standard . . Probabilit
Model Factor, Deviation, | Location Pred||cted Cr|t||ca| of g
o) Owm velle velue Exceeding
Temperature (°C), Initial Value = 20 °C
CFAST 1 0.27 Bottom 298 205 0.893
FDS 1.02 0.13 Cable 54 205 0.000 4
CFAST 1 0.27 Cable A 202 205 2@
FDS 1.02 0.13 36 205 '
CFAST 1 0.27 Cable B 126 205 0
FDS 1.02 0.13 61 205 .000
Heat Flux (kW/m?
CFAST 0.81 0.47 Bottom 0.367
FDS Cable
CFAST 0.81 0.47 Cable 0.091
FDS 0.85 0.22 0.000
CFAST 0.81 0.47 M 0.000
FDS 0.85 0.22 0.001

E.5.1 Smoke Detection 0

Table E-6 shows the modelg p dﬁtions for smokeNgetector activation. The models provide
similar estimates of the date®r g€tivation tj CFAST models smoke detector actuation as a
heat detector with a rejé thermgsi nd activation temperature. However, there is
no consensus in thgsiigeNfterature foret ate RTI value and activation temperature.
Given the prese edm pocke structions, even a CFD model like FDS, which uses
actual smoke conceéftration ratherghaMgemperature in its detector algorithm, is subject to

significant uncertainty. For thi PN , ho credit is given for smoke detection in the final design,
and there is no need to con %ﬂ er its uncertainty or any further impact on the design.

/% 6. Smoke detector activation times, CSR.
Model Time (s)
CFAST 170 s

& FDS 160 s

E.5.2 Tentperature Criterion

Figure E-15 shows the estimated impact of the fire on the cable trays above the fire. The
bottom cable is located at least 1 m (3.3 ft) above the base of the waste bin fire. With an
estimated flame height of 1.7 m (5.7 ft), ignition may occur from flame impingement. The
algebraic tools and CFAST both predict a temperature well above the cable failure temperature.
The plume temperature estimated by the algebraic tool is naturally higher than the CFAST
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calculation, since CFAST is able to account for the heat transfer into the cable and thus provide
an estimate of the actual cable temperature. However, both of these calculations assume that
the cable is directly exposed to the high gas temperature of the fire plume directly above the fire
and do not account for the protection afforded by the solid metal lower surface of the cable tray.
FDS calculations take this into account and show a much lower temperature of the bottommost
cable.

For the upper cables, CFAST's predicted temperature and heat flux are higher than FDS'’s
because CFAST does not account for the fact that the cable trays of interest are shielded by
trays below or that the burning spreads outward from the ignition point.

E.5.3 Heat Flux Criterion Q\

Heat flux estimates for both CFAST and FDS in Figure E-1 0 es well be critical
value of 6 kW/m?. Still, the CFAST-estimated heat flux to t ttbm cable of 4.2 kW/m?
(Table E-5), combined with the estimated flame height (Egure 5), does the importance
of the solid lower surface of the cable tray. v @

It should also be noted that these damage criteria ing€nded to j @ electrical failure, but
are routinely assumed to also apply as igniti iterigd? In newe@ in NUREG/CR-7010,

cable ignition was not observed at fluxes ften only with direct flame

Im?, a
impingement. Handbook values for mi iggtition flux r and communication cables
¢ Im? (56 ndgook, 4™ ed., Table 3-4.2).
, E
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Figure E-15. Estimated cable conditions for the CSR.
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E.5.4 Parameter Uncertainty Propagation

The analysis above has shown that a 98" percentile trash fire is unlikely to damage cables in
certain trays overhead because of the presence of a protective barrier beneath the lowest tray.
However, for some PRA applications, it may be necessary to calculate the probability of cable
damage for any fire, not just the 98" percentile fire, with or without a protective barrier. To
illustrate this concept, let's consider a simple plume temperature correlation.

Figure E-16 displays the distribution?” of peak heat release rates for transient combustlb

(NUREG/CR-6850, Appendix E). The analysis described above made use of the 98" pe
fire from this distribution, whose peak is 317 kW.

HRR Distribution O
0.010

0.008

0.006

0.004 -

0.002 -

Probability Density Function

0.000

300
Heat Release (kW)

Heskestad’s plum peraturg c n is applied to the entire range of HRR, resulting in
distributions of pl emperatu tt e locations of Tray A and Tray B, as shown in Figure
E-17. Tray Ais 1.5 m above of the trash bin. The probability that the plume
temperature at this hei % ndomly chosen fire will exceed the cable failure temperature

@ "16. DISt . of HRR for a trash fire.
Following the me% descrlbed apter 4 and Appendix E of NUREG/CR-6850,
um

—*

(205 °C; 400 °F) is egMal toYge area beneath the left hand curve in Figure E-17 for
temperatures greater thag 205 °C, or approximately 0.42. Similarly, the probability that the
plume temperaturgpat Cable Tray B (2.3 m above the bin) will exceed 205 °C is approximately
0.08. Consiste % the guidance in NUREG/CR-6850, this resulting probability can be used
as the "sey, ri " for the quantification of corresponding fire ignition frequencies.

Note that analysis neglects the effect of the protective barrier or cable mass. It just
estimates th® likelihood that gas temperatures in the vicinity of the critical components could
reach levels that might cause damage.

2 NUREG/CR-6850 specifies gamma distributions for the various types of combustibles found within an
NPP. Microsoft Excel® provides a built-in function (GAMMA.DIST) that calculates the probability density
function given the parameters a and S. In this case, these parameters are 1.8 and 57.4, respectively.

E-23



TRANSIENT FIRE IN CABLE SPREADING ROOM

Plume Temperature Distribution at Tray A Plume Temperature Distribution at Tray B
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Figure E-17. Distribution of plume temperatures at and 6, r ctlvely
E.6 Conclusion @
This analysis considers the potential impact of a t rash fire k of horizontal
cable trays located directly above the transie fII’ e; it als rs the potential for the

cables in these trays to ignite.

Algebraic equations from the FDT® a vl, mclu eskestad flame height
correlation and the Heskestad fire p erature CO io » were used to evaluate the
potential for the transient trash fire to I9gite or da s in the cable trays located directly
above this fire source. These aIc ations sho at the unobstructed flame height would

reach multiple cable trays ttom of the stackythey also showed that the unobstructed

plume temperatures wou he cabl age temperature in all trays located above the
fire source. However @ b ulations count for the impact of the cable trays on the
actual flame height g tempua@s ore detailed analysis with CFAST and FDS is
needed.

The FPA correlation ifcluded i * and FIVE-Rev1 was used to evaluate whether the
transient trash fire alone wo e damage to cable trays not located directly above this fire
source. This calculatig hat the HGL temperature from the transient trash fire alone is
well below the dama& atures for the cables.

The more detailednalysis with CFAST and FDS shows that a 317 kW waste bin fire beneath a
vertical array %ntal cable trays is unlikely to damage cables in the trays located three
(Tray A) s@ay B) levels above the fire. Both CFAST and FDS estimate peak
temperatiyeg’a eat fluxes below the failure criteria for cables in the third tray from the
bottom. Baged on FDS calculations, temperatures and heat fluxes for the protected lowest
cable tray are well below critical values. Estimates from CFAST for unprotected cables
demonstrate the importance of the protection afforded by the solid metal lower surface of the
cable trays.
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F
LUBRICATING OIL FIRE IN A TURBINE BUILDING

F.1 Modeling Objective

The purpose of the calculations described in this appendix is to estimate the temperatures of
unprotected structural steel members due to a large lubricating oil fire in a turbine building. This
scenario assumes a catastrophic failure of the turbine results in a large lubricating oil spili fige.
The purpose of this example is to evaluate the turbine building structural steel response &

internal lubricating oil fire in one of two potential curbed locations in the turbine buildin
calculations provide information for a decision on the hazard po the structu or
each potential fire location, thus serving as a basis for a plant ? ificaiion.

F.2 Description of the Fire Scenario

General Description: The turbine building is a lar
(329 ft) long by 99.5 m (326 ft) wide by 21 m (69 -1. The ambient
temperature is 36 °C (97 °F), inside and outside th e building has multiple
levels, for this example, only two levels the tur @ level just below it are

str réthatis a jflately 100.3 m

ft) abo The floor of the turbine deck is
for thi eryevel is at the 19.8 m (65 ft) elevation.
: : e el; the turbine deck level is
approximately 90 m (295 ft) by 70 m (230 ft) Wfde. The building contains the turbine

generators (see Figure F-1 aeating, vé‘llatin, and air conditioning (HVAC) room.

Each turbine generat i S aboyt 2.5 gal) of lubricating oil in a single tank, as
illustrated in Figur . e propos bed 1s 6.1 m (20 ft) long by 4.6 m (15 ft) wide. Two
potential Iocation@ been identj ex he lower level where the curbing could be installed.
These locations are Sgown in Fi F-2. Either of the curbed areas would be designed to
contain the entire volume of 92.5 gal) from one of the turbine generators main
lubricating oil tanks. ?3

There are 40 unprotéctag ste&l support columns in a rectangular configuration (four rows of ten
each) around the lybricatifig oil tank. Figure F-3 shows a typical unprotected steel column. The
columns are all V\%MS standard wide flange members, as shown in Detail A of Figure F-1
(American Ins Steel Construction, 2006). The six columns identified for analysis are
denoted pfFi -las A, B, C, D, E, and F. A structural analysis indicates that the loss of
six columns could lead to partial collapse of the turbine building.
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Figure F-1. Geometry of the turbine building.
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Figure F-2. Main turbine Iu@Vtanks iQ

ine building.

Figure F-3. Typical steel column in the turbine building.
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LUBRICATING OIL FIRE IN A TURBINE BUILDING

Geometry: Plan and elevation views of the turbine building are shown in Figure F-1. The area
of interest involves the two levels shown in Figure F-1, which are separated by the concrete
turbine deck. There are several stairwell, hatch, and exhaust vent penetrations throughout the
turbine deck. These penetrations are identified in Figure F-1 by the H symbol for a hatch and
the S symbol for a stairwell.

Construction: The turbine deck is made of 1 m (3.3 ft) thick normal-weight concrete. The floor
and walls of the lower level are constructed of 0.3 m (1 ft) thick normal-weight concrete.
Numerous areas and landings in the turbine building are made of metal grating. The floor in the
area of the lubricating oil tank is 1 m (3.3 ft) thick normal-weight concrete. The walls and ceili
of the upper level of the turbine building are made of 3 mm (0.12 in) thick corrugated ste
structural columns, steel grating, and corrugated steel are fabricated from steel containi \

0.5 percent carbon.

Materials: Thermal properties of the normal-weight concret %are Iistele 3-1.
The damage criteria for the structural steel are listed in Table Ex#4{R€se criteria arésgéised on
maximum cross-sectional temperature threshold norma
because of its high thermal conductivity.

Table F-1. Structural steel

Member
Beam 2 Q es (1,099)

538 (1,000)

gurfin

no safety-r ipment in the turbine building, thus, no

0

Detection System:
detection or suppregsioRgystems aré it this analysis. If under-deck sprinklers were
@a bg credite onsidering the potential for worst-case structural

pre
installed, they wo@l
failure and the possi@le need for structural fire protection.

Ventilation: The turbine byi is’an open area configuration with all forced ventilation
intentionally shut dow t% t of the fire for reasons unrelated to the fire. There are
eighteen roof—mount&z tal exhaust vents around the perimeter of the turbine deck level,
as shown in Figure F-1. Wpe exhaust vents each measure 5.0 m (16.4 ft) long by 2.5 m (8.2 ft)

wide. There are erher internal or external openings beyond those already noted in the
drawings.

Fire: A ,Qned spill fire involving 3,000 L (792.5 gal) of lubricating oil from the main
turbine lubRgating oil tank is postulated on the lower level. The lubricating oil has been
preheated prior to the spill, such that the growth rate of the fire would be relatively short
compared to the total time required to burn the spill volume. The total spill area is
approximately 28.1 m? (300 ft?), as shown in Figure F-1; the spill depth is calculated to be
0.11 m (0.35 ft), based on the specified spill area and fuel volume.
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The lubricating oil is dominated by alkanes, that have the chemical formulae of C,Hzn.2, Where n
ranges between 12 and 15 (centered around 14) and a soot yield of 0.059. Fuel properties for
the lubricating oil, obtained from Tables 3-2 and 3-4 of NUREG-1805 and from Table 3-4.16 of
the SFPE Handbook, 4™ edition, are summarized in Table F-2. The Handbook identifies the fuel
as a “Hydrocarbon.” NUREG-1805 lists properties and states that lubricating and transformer
oils are similar.

Table F-2. Data for lubricating oil fire.

Parameter Value Source
Effective Fuel Formula CnHans2 Developed from fuel chemistry (n in rangge of
12-15) g
Mass burning rate 0.039 kg/s.m” | NUREG-1805 Table 3-4
Fuel volume 3,000 L Specified
Density 760 kg/m®> | NUREG-1805
Heat of Combustion 46,000 kJ/kg | NUREG-18
CO; Yield 2.64 kg/kg SFPE Han
Soot Yield 0.059 kg/lkg | SFPE
CO Yield 0.019 kg/kg | SF

Radiative Fraction 0.34 S

Mass Extinction Coefficient 8,700 m“/kg o Mul

The peak heat release rate (HRR), 0,is tedfrom th ass burning rate, m”, the heat
of combustion, AH, and the specified spill, A: {

Q =m"” AH A = 0.039 kg/m? 46,000 gl m? = 50,400 kW (F-1)
' ﬁrom the pool

The fire duration, At, is det th, §, density, p, and burning rate, m'":

2,144 s (35.7 min) (F-2)
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F.3 Selection and Evaluation of Fire Models

This section describes the process of model selection, including a discussion of their validity for
this scenario. To the temperature of the steel it is necessary to calculate the heat flux from the
fire to and the resulting temperature of the steel. It is also necessary to determine whether
flame extension beneath the ceiling or a hot gas layer (HGL) would develop and contribute
significantly to the column heating.

F.3.1 Heat Flux and Target Temperature Algorithms

it exhibits both pre- and post- flashover conditions simultaneously. The 50 MW fire is ex

The turbine building fire under consideration is not a typical compartment fire scenario bw
to fully engulf the lower deck from floor to ceiling in the vicinity of the curbed areas an

resemble a compartment fire after the onset of flashover. Away the curbed 3

distinct smoke layer is expected to form and the space would e -flashov

conditions. The empirical correlations and zone models ar Ie of mod pggone or the
other condition, not both. However, the heat flux and targe p rature algerithms used by
these simpler models may be applicable. In partlcular ource flame radiant
heat flux models can be used to estimate the therm ex ur condltlo near-field and

far-field columns, respectively.

The CFD model, FDS, does have the nece s to mod scenarlo butitis
necessary first to assess if it has been val such co

F.3.2 Validation

Table F-3 provides a summary of the noymalized @ r calculations for the turbine building
fire scenario. A number of pgfameters fall outsideNgt the parameter space of the NRC/EPRI
V&V study (NUREG- 1824 PR 1011999)), Ii ludirg the flame length/ceiling height ratio, the

compartment aspect ra me of the gt distance to fire diameter ratios. In addition,
the equivalence ratio calcul b simple equations that have been used for

various other exa
The calculation of t equwaleﬁ@s challenging because natural ventilation is provided

through the 18 roof vents loc d the perimeter of the turbine deck level. To evaluate
the potential impact of ventjati the fire for this scenario, the quantity of oxygen available in
re®”to the amount of oxygen that would be consumed by the

the turbine building is
specified lubricating €ilYige. Given a total volume of approximately 209,600 m?, the mass of
oxygen within the t rblne ilding is estimated to be:

pVYO = 1.1 kg/m3 x 209,600 m3 x 0.23 = 53,030 kg (F-3)

The mass§{ oxygen required to burn all the fuel is estimated to be:

_ QAt 50,400 kW x 2,144 s
Mozrea = AHo, ~ 13,100 kj/kg

== 8,249 kg (F-4)
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Thus, the specified fire would consume less than 16% of the oxygen available within the turbine

building. Consequently, the fire would not be expected to be ventilation-limited on a global
basis, even without ventilation from the outside environment through the roof vents.
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LUBRICATING OIL FIRE IN A TURBINE BUILDING

The flame length to ceiling height ratio of 2.4 calculated for this scenario indicates that the
flames would be impinging on the ceiling and spreading out over a relatively large distance
beneath the ceiling. This configuration is beyond the capability of the FDT®, FIVE-Rev1, and
CFAST, and could affect the plume entrainment, the HGL temperature and depth, and the
radiant heat flux to a target. In fact, the fire in this scenario is so large that for columns within a
few (say 3) fire diameters, the fire can be taken as fully-engulfing the columns. For columns at
greater distances, the fire can be viewed as a point source of radiation.

As part of the work performed at NIST for the investigation of the World Trade Center (WTC)
disaster, FDS was validated against large-scale fire experiments involving liquid fuel f|re
impinging on the ceiling of a large compartment with a flat ceiling. Measurements |ncI

heat flux to and the temperatures of bare and insulated steel strucgiral members. Th

experiments and the FDS simulations are described in NIST N 1-5F. TheAWV

validation work did not involve a compartment with aspect ra ayde as thosg

scenario under consideration here, but other validation exe e shown tha model
can handle hallway flows with comparable length to height ratios he FDS ation Guide
(NIST Special Publication 1018-5) includes the details o valldatl mcIuding the
Bureau of Alcohol, Tobacco and Firearms (ATF) Cgfrido xperlme e Natlonal Bureau

of Standards (NBS) Multi-room Experiments

F.4 Estimation of Fire-Generat t|ons

This section provides details of how t imgrepfmodels ﬁ ed to the scenario.

F.4.1 Algebraic Models

General: The fire is depicteg/Schefhatically in Fidufe F 4. As discussed in Section F.3, the
flame length is expected to ppsoximatel 4 times the ceiling height, indicating that
significant flame extensj [ ur benea turbine deck.

discussed in Karl and Quinti This reference indicates that the radial length of
flame beneath a cei is appr @ equal to the length of flame truncated by the ceiling, as
illustrated in Figure F-4. This is based on data from Heskestad and Hamada (1993).
With a calculated flame len l‘%i m (36 ft) and a ceiling height of 4.6 m (15 ft), this suggests
that the flame beneat I| would have a radial extension of approximately 6.4 m (21 ft)
from the centerline ire.

O\

The concept of ce'% e mpmger&)ls lustrated in Figure 3-8 of NUREG-1805 and is
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LUBRICATING OIL FIRE IN A TURBINE BUILDING

‘ Unobstructed
flame height

| P N

!

Figure F-4. Schematic m gf the fireg g on the ceiling.
Figure F-4 shows the approximate r e extens@ g
circle) on a detail of Figure F-1 near théywo pro I
Column B is at the edge of

4 m (21 ft) superimposed (yellow
ocations. As shown in Figure F-5,
t est'y\ated flame €
well within the estimated flaghe&xtension for Qurb
of Column D would be %
extension for Curb Lo

sion for Curb Location 1, and Column D is
lames.
nd Colu
for Curb LocationQ ‘\Q

ation 2, which means that the upper part
n A is near the edge of the estimated flame
0\

ar the edge of the estimated flame extension
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Figure F-5. Detail from Figure F-

ed flarQ sion beneath ceiling

The heat flux from the fire to a nearb lumn cal ted using one of the FDT®
(NUREG-1805, 2005), specifically:,

e 05.1 Heat Flux C tigns Wind IS"(Point Source)

e 05.1_Heat_Flu ations_ Is (Solid Flame 1)

For the point sour ethod, t e peak HRR is 50,400 kW, the radiative fraction is
0.33, and the horizortal dlstanc e center of the lubricating oil pool to the nearest column

(Column D) is approxmately .8 ft):

~ 033 x 50,400 kW
2 F-5
mz T aor = 750kw/m (F-5)

lation in the FDT® is based on the assumption that “the flame is assumed
to be a cyligdr blackbody, homogeneous radiator with an average emissive power” (Beyler,
SFPE Hafd A" edition). However, Beyler points out that the solid flame calculation
“represen e average emissive power over the whole flame and is significantly less than the
emissive poWer that can be attained locally. Thus, the solid flame calculation is inappropriate
for estimating the heat flux to columns that are potentially engulfed in flames. In fact, neither
calculation is appropriate for estimating the heat flux to columns that are potentially in flames.
Neither of these simple radiation calculations account for the flame extension beneath the
ceiling, so it is likely that they underestimate the actual heat flux at the column, particularly for
the case of the solid flame heat flux calculation.

The solid flame
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LUBRICATING OIL FIRE IN A TURBINE BUILDING

Even though the simple heat flux calculation methods are questionable for close targets, it is still
worthwhile to estimate the time for the column to heat up to temperatures that could potentially
cause it to fail. If so, then it makes sense to continue analysis with a more detailed model like
FDS.

In order to estimate an approximate time for a column to reach the specified failure temperature

of 538 °C (1,000 °F) when subjected to a given radiant heat flux, a simple energy balance is
used to calculate the steel’s rate of temperature:

a, .,
PsCsVs d_ts = qr As Q
The subscript s refers to steel. Itis assumed that the temperature of the steel change

uniformly through the steel cross-section due to its relatively hi mal condug¥ity isis
sometimes called a “lumped capacitance” or “low Biot numbej, jmation. F % nstant
net heat flux, this differential equation can be readily integrafe d the steel tSmgrature as

a function of time:

B pSCS( S

T, — Ty = ar L E C. @ (F-7)

To calculate the time, ¢, when the steel f Werature i ed, this equation is
[ steel temperature.

_ psCS(Vs/As TO)

crit —

(F-8)

The term V; /A, is sometim 1 , and is the effective thickness of the steel
member; it is calculated [
perimeter of the mem mmon to use a parameter referred to as the
lied by the steel density. For a W14x145
has av pproximately 96.2 kg/m? (1.64 Ib/ft/in). Using this

W/D ratio, which is_gi

steel column, the rati

value for the W/D r , the time aBh the critical steel temperature for the column can be
N ti

mated in Eq. F-5:

estimatedusing the radiant he
(0 &b%)(%.z kg/m?)(538 °C — 36 °C)
it = = F-9
Lerit & 75.0 KW /m? 300s (F-9)

This estimate is bﬁd on a number of conservative assumptions. However, because this time
is much short he estimated burning duration of the lubricating oil fire (~2,100 s), this
analysis g#g at it may be necessary to protect the columns nearest the proposed curb
locationsijgh fire resistant coatings to prevent the columns from reaching the specified steel
failure tempeyature.

Because a humber of conservative assumptions have been made for this analysis using
algebraic models, FDS is also used to analyze this scenario.

F-12
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F.4.2 CFD Model

Geometry: The entire turbine hall is included in the simulation. One mesh covers the lower
deck, and one covers the upper turbine deck. The numerical mesh consists of uniform grid cells
with a resolution of 1 m (3.3 ft). While this mesh appears to be fairly coarse, the fire is so large
that the ratio of D* (the characteristic fire diameter) to the cell size is about five.

The columns cannot be resolved on the relatively coarse grid, and are approximated as steel
plates with the given thickness of the actual columns. The column obstructions are one cell
thick, which allows the boundary on the surface opposite the fire to be exposed to the room
conditions. Even though the column obstruction is one cell thick in the domain mesh, th
thickness of the steel surface through which heat is transferred is equal to the thickness

neglect of lateral heat conduction within the solid tends to pro
average column cross section temperature, but, because th€ h
to be fairly uniform over the width of the column, a more detdffed ghermal c tion calculation
is not warranted. O@

Upperlevel \ Hatc a|rs

vels

, HVACroom

Lower level ; 20“
X/ Colu nE

& \

Vents to exterior

Plant

north
f&

cation 1

> /o

Location 2 Stairopening
NS

Figure F-6. FDS geometry for the turbine building fire scenario.

Materials: The material properties are applied directly as specified to the walls, floor, and
ceiling.

F-13



LUBRICATING OIL FIRE IN A TURBINE BUILDING

Fire: The fire is specified in the curbed areas, as described in Section F.2. The HRR, soot
yield, and molecular weight are as described in Section F.2, and are provided directly as inputs
to FDS. A ten-second growth rate is used to allow the flows to develop over a finite time
interval.

Ventilation: The openings to the exterior and between the upper and lower level are modeled
at the locations, as shown in Figure F-6. It should be noted that the point of including the lower
and upper levels of the turbine building in the simulation is to check whether there would be
sufficient make-up air drawn through the various vents to sustain a steady-state 50 MW fire.

F.5 Evaluation of Results \g
The purpose of the calculations described above is to estimate the steel temperature Qffs

columns in the turbine building to determine whether any would |gSe ghe ability to 8 ir
design load in the event of a large fire in the curbed area arou nkeof lubrica @ A
structural steel column is considered to fail if the average cr@ss 0N temperatUtesof the steel

exceeds 538 °C (1,000 °F), as described in Section F.2. Th&¥esylts of the simulations are
summarized in Table F-4.

Table F-4. Summary of results for t bij¥e buildin enarios.
o Standgrd Predicte .ﬁtical Probability of
Model Factor, Deviation, .
~ Valyfe Value Exceeding
o Oy
Surface Te C), Initi@; 36 °C
Locati
FDS 1.02 0.13 70 538 0.000
FDS 260 538 0.000
FDS 170 538 0.000
FDS 150 538 0.000
FDS 90 538 0.000
FDS 50 538 0.000
rb Location 2
FDS Column A 130 538 0.000
FDS Column B 120 538 0.000
FDS 1.02 , Column C 400 538 0.001
FDS 1.02 « . Column D 620 538 0.828
FDS 1.02 0.13 Column E 75 538 0.000
FDS 1.& 0.13 Column F 50 538 0.000
F.5.1 mn Heat Flux and Column Temperature

The predicted column temperatures for Curb Location 1 and Curb Location 2 are shown in
Figure F-7 and Figure F-8. According to the FDS analyses, only Column D is threatened
significantly by a fire at Curb Location 2.
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Figure F-7. Temperatures of columns for Curb Location 1.
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Temperature (°C) Temperature (°C)

Temperature (°C)

Temperature of Column A Temperature of Column B

800 800
700 FDS — 700 —FDS [
600 06‘ 600 —
500 o 500
400 £ 400
300 2 300
200 g 200
100 — = 100
/
0 T T T T T 0 T T T T T
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3 60
Time (s) Time (s)
Temperature of Column C Temper t@olumn D
800
700 —rps [ 709 1 —FDS | |
600 1 0 —

500
400 — /) 400 AN

AN

em pera<
2]
o
o

300 30,
200 //
100 10
0 rd /
0 600 1200 180 240, 3000 3600 0 600 1200 1800 2400 3000 3600
Ti Time (s)
o Q:b
perature of Gol \ Temperature of Column F
800 800
700 Fos || 700 ——FDS ||
600 ] O 600 N
500 © 500
400 2 400
zgg g 300
§ 200
100 =
100
600 1200 1800 2400 3000 3600 0

0 600 1200 1800 2400 3000 3600
Time (s)

o

Figure F-8. Temperatures of columns for Curb Location 2.
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F.6 Conclusion

This analysis has addressed the potential for a relatively large lubricating oil fire to damage
exposed structural steel in a turbine building. The analysis is complicated by the significant
flame impingement on the ceiling caused by an oil fire spread over a relatively large area. This
type of fire behavior is beyond the validation range addressed in NUREG-1824 (EPRI 1011999).

Algebraic calculations were performed to estimate the extent of flame extension beneath the

ceiling. These algebraic calculations indicate that at least one of the columns (Column D) would

be engulfed in the flames extending from the fire at Curb Location 2 These calculations also

indicate that other columns would be located near the outer extent of flames from Curb

Locations 1 and 2. Algebraic calculations were also performed to estimate the time to r \‘
indicate that dam@ d

cylations indicgft€ more
rm this @ ptailed
odels to simiwlate the
Based on the FDS simulation of this scenario, a 50

ricating oil fi@turb Location 1 is
not predicted to cause the steel columns to exce rature o% (1,000 °F). Thisis
not the case for the proposed Curb Location 2, whiclyjgflocated ri@’Column D.
Consequently, the recommendation for the wckage is @II the curbed area at Curb

Location 1.

F.7 References % $
1. American Institute of Steel Constructton, SteQns ction Manual, 13" Edition, New York,
r

critical steel temperature of the nearest column. These calculatio
occur within a time frame of approximately five minutes. These
detailed analysis is warranted. The CFD model, FDS, was u
analysis because zone models do not have the necessary physi
postulated fire.

2006. Y 4

2. ASTM E119-10a. Stan est Method Fir€ Tests of Building Construction Materials,
American Society f S nd Mater est Conshohocken, PA, 2010.

3. Heskestad, G., an a, T., JCgfl f strong fire plumes,” Fire Safety Journal, Vol.
21, No. 1, pp. , 3993. XJ

4. Karlsson, B., .G. Quiniier g sure Fire Dynamics, CRC Press LLC, Boca Raton,

Smoke,” Fire and Mat :227-230, 2000.
, F&geral Building and Fire Safety Investigation of the World Trade
uter Simulation of the Fires in the World Trade Center Towers, 2005.

FL, 2000.
5. Mulholland, G.W., and C.@g\in, “Specific Extinction Coefficient of Flame Generated

q

8. NURE e Dynamics Tools (FDT®) Quantitative Fire Hazard Analysis Methods for
the . pUsle@r Regulatory Commission Fire Protection Inspection Program, 2004.

9. NURBE@1824 (EPRI 1011999), Verification and Validation of Selected Fire Models for
Nuclear Power Plant Applications, 2007.

10. SFPE Handbook of Fire Protection Engineering, 4th edition, 2008.

F-17



LUBRICATING OIL FIRE IN A TURBINE BUILDING

F.8 Attachments (on CD)
1. FDS input files:

a. Lube_oil fire_in_TB_ Location_1.fds
b. Lube_oil fire in_ TB Location_2.fds

2. Algebraic model files:

a. 05.1 Heat Flux_Calculations_Wind_Free_AppF.xls (Point Source)
b. 05.1 Heat Flux_Calculations_Wind_Free_ AppF.xls (Solid Flame 1)

N
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G
TRANSIENT FIRE IN A MULTI-COMPARTMENT
CORRIDOR

G.1 Modeling Objective

The calculations described in this appendix predict room temperatures in a multi-compartmen
corridor after the accidental start of a transient fire in a stack of burning pallets with two t
bags on top that were left after a plant modification. The purpose of the calculation |s
determine whether cables in adjacent compartments will fail, and 4f so, at what ti

occurs. The time to smoke detector activation is also estlmate b

G.2 Description of the Fire Scenario
n a stac %s with two trash

General Description: After a plant modification, a fi ei

bags on top, in a corner of a corridor containing m mpartmens, ifferent door

heights and soffits. Various important cables are rough th jdor compartments.
Geometry: This area consists of intercon chartme orridors on the same
level. All boundary surfaces are 0.5 m (1 thick, as shq igure G-1. Figures G-1 and
G-2 illustrate the geometry.

Materials: The walls, ceiling, and roo re mad e The thermal properties of the
materials in the compartment are ligted in Table The cable trays contain cross-linked

polyethylene (XPE or XLPEg#fin ted cables W|th eoprene jacket. These thermoset (TS)

type cables are consider, d when ternal temperature just underneath the jacket
reaches 330 °C (625 -6850 1989), Table H-1). The tray locations are
shown in Figure Q

Fire Protection Sy§{ems: Theres@reWirte smoke detectors, located as shown in Figure G-1.
The detectors are Un erwrlter L tory (UL) listed, with a sensitivity of 4.9%/m (UL 217,
2006). There is no automati ppression.

Ventilation: The ve tlc*ystem supplies the combined space at a rate of 1.67 m®/s
(3,54 ft*/min). The suppMand return vents are shown in the drawing. There are three doors

leading into the s;ﬁe, all of which are closed during normal operation but each has a 1.3 cm

(0.5in) gap beb the floor and its base.
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Figure G-1. Geometry of the multi-compartment corridor.
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Fire: The fire, a stack of four wood pallets with two trash bags, is located in the corner, as
shown in Figures G-1 and G-2. The pallet stack is 0.44 m (1.4 ft) tall. The fire HRR follows a
“t-squared” curve to a maximum value of 2,500 kW in seven minutes and remains steady for
eight additional minutes. The heat release rate (HRR) is estimated by combining separate
estimates for the stack of wood pallets and the trash bags and using data from the SFPE
Handbook, 4™ edition. After that, the fire's HRR decays linearly to zero in eight minutes. The
heat of combustion and product yields are based on values for red oak, and are listed in Table
G-1. The HRR curve is shown in Figure G-3.

Table G-1. Products of combustion for a wood pallet fire.

Parameter Value Source
Effective Fuel Formula CsH100s5 Cellulose
Peak HRR 2,500 kW SFPE Handbodk, 4/
Time to reach peak HRR 420 s
Heat of Combustion 17,100 kJ/kg | SFPE Hand

Heat of Combustion per unit 13,100 kJ/kg
mass of oxygen consumed

CO, Yield 1.27 kg/kg

Soot Yield 0.015 kg/kg

CO Yield 0.004 kg/

Radiative Fraction 0.37

/ Heat ReleaQe

& 0 600 1200 1800 2400 3000 3600

Time (s)

Figure G-3. HRR for the corridor fire scenario.
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G.3 Selection and Evaluation of Models

This section discusses the overall modeling strategy. In particular, it describes the process of
model selection, including a discussion of the validity of these models for the given fire scenario.

G.3.1 Temperature Criterion

The McCaffrey, Quintiere, and Harkleroad (MQH) correlation incorporated in the Fire-Induced
Vulnerability Evaluation (FIVE-Revl) is used to estimate the hot gas layer (HGL) temperature
the fire room. The correlation applies only to a single room; however, if the temperature

fire room is less than the damage temperature, the conclusion can be made that the

temperature will be even lower in the adjacent compartment, w@closest C i
located.

The time to smoke detection can be calculated using FIVE- ith the ceiling jet temperature
unconfined flow correlation of Alpert and the confined fl or ion of De ios.

Zone models can calculate the time-dependent H rties in muyjét artment scenarios,
as well as the activation times of smoke detectors. \lthgligh the ge y in this scenario is
I

somewhat complex, it can be handled by zoné&modelMg, since i y a group of

interconnected compartments. The zone@%lc isu S scenario.
G.3.2 Validation &

A source of validation data justifying theWse of Qﬁb discussed above for this scenario
is the U.S. Nuclear Regulatoyf Cogfmission/Elect ower Research Institute (NRC/EPRI)
verification and validation ( stydy docu ted h NUREG-1824 (EPRI 1011999). The
National Bureau of Sta S, now th jonal Institute of Standards and Technology
(NIST)) Multi-Room T i8S congist experiments in two relatively small rooms
connected viaar ng corrid efire source, a gas burner, was located against the
rear wall of one o small comp o\s and fire tests of 100 kw, 300 kW, and 500 kW were
conducted. The preSgnt scenafi @Iarger fire in a larger, longer compartment. The V&V
study assessed the MQH HG ature correlation, the Alpert ceiling jet correlation, and the
zone model, MAGIC. The r@ed ceiling jet correlation of Delichatsios is included in this
analysis to assess thegenSigivity of various input parameters.

Table G-2 lists various i rtant model parameters and the ranges for which the NRC/EPRI
validation study is@pplicable. The calculations in Table G-2 are for the fire room
(compartment 3 hown in Figure G-4). The ceiling jet radial distance relative to the ceiling
height is he range of validation. As a sensitivity case, an additional detector was
added a jStafiCe that would fall within the validation range (6.8 m (22.3 ft)). In addition, the
room-widtfRgeometry is not within the range of validation. A sensitivity case with the height
reduced to a value within the validation range (5 m (16.4 ft)) was performed. The remaining
model parameters are within the applicable validation ranges.
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Table G-2. Normalized parameter calculations for the multi-compartment corridor fire

scenario.

Quantity

Normalized Parameter Calculation

Validation
Range

In
Range?

Fire Froude
Number

P
poonTooDz'S\/E
2500 kW

= = 1.2
(1.2 kg/m3)(1.0 k] /kg/K) (293 K)(1.292°5 m?25),/9.8 m/s?

04-24

Flame Length,
L¢, relative to
the Ceiling
Height, H,

Hf+Lf 044m+3.8m
H, 6.1m

Ly=D (3.7 0°*° - 1.02) =1.29m (3.7 x 1.204 —W) 8

Yes

Yes

Ceiling Jet
Horizontal
Radial
Distance,rg;,
relative to the
Ceiling Height,
He

9

12-17

No

Equivalence
Ratio, ¢, as an
indicator of the

Ventilation Rate

Compartment
Aspect Ratios

0.04-0.6

Yes

Target
Distance, r,
relative to the
Fire Diameter,
D

0.6-57

No

22-57

N/A

n-dimensional parameters are explained in Table 2-5.

Notes:
Q) T &o
(2 fective diameter of the base of the fire, D, is calculated using D = /4A/m,
r

e A is the area of the pallets.

3 The “Fire Height,” Hy + Ly, is the sum of the height of the fire from the floor and the
fire’s flame length.
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G.4 Estimation of Fire-Generated Conditions

G.4.1 Algebraic Models

This scenario concerns the prediction of cable damage at a location outside the compartment of
fire origin. The temperature of the HGL in the compartment of fire origin can be modeled as a
potential screening tool. If the HGL temperature within the compartment of origin is not likely to
cause damage to cables in that compartment, damage to cables outside the fire compartment is
even more unlikely. As a part of this approach, it is conservatively assumed that the cable
surface temperature will match the HGL temperature (i.e., heat-up of the cable is assum
immediate). K

FIVE-Revl1 was used for the MQH room temperature analysis. T
found in Table 3-1, Table G-1, and Table G-3. The calculation i€a

with the opening to the next compartment treated as an op%
r

re correlation for a fire in the
, as sug by Karlsson

equal to 6.1 x 3 = 18.3 m? (197 ft?). To correct the MQH te
corner, the results from FIVE-Revl are multiplied by a f
and Quintiere (Equation 6.23).

()7,

For the time to detection, the Alpert ceiling jet te calculati d. The approach is
to calculate the time at which the ceiling jet tegpera at the h tor is 30 °C (86 °F).
The additional inputs for this correlation ar Wntal radial ce from the centerline of
the fire plume to the detector, which is 4. 4.31), and t cation factor of 4, because
of the fire in the corner. Because the fjsar S corridor«gha , the flow is likely to be
confined; therefore, the confined flo on by Deli jos%s also used. The additional
input is the corridor half-width of 1.5 9 ft).

G.4.2 Zone Model ¢

This is a classic applicay ne fire m @ ith a fire in one compartment connected to a

number of additional nts with gySlike vents. Outputs of primary interest in the
simulation include tures in tife @rt nents, activation of smoke detectors in the
compartments, a temperatur x e targets in the compartments. This scenario was
modeled using the Gay et. al., 2005).

Geometry: To simplify the of modeling the multi-compartment geometry, the layout
was divided into eight , ustrated in Figure G-4. Note that the small indentation in
compartment 1 was igfagred¥gr the MAGIC calculations. Compartments were connected by a
door (compartments 5 t0%g), a soffit (compartments 2 to 3), or were left open by using a full-wall
opening (compartﬁns 1to2,3t04,4t05,3to7,and 7 to 8).

Table G-3 su iZ@s the compartment dimensions used for zone modeling. A graphical
depictio t nario, as modeled in MAGIC, is shown in Figure G-5.
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o
3
o
Q
@
n

O

scale).

Comp. Length
m (ft Lom@ , m? (ft%)

1 8. YN 411 3.2 (357

2 20§66 : 46.8 (504)

3 45.1 (148) 13 184.9 (1990)

4 8.1 (26.6) 19.7) 48.6 (523)
6.6 (21.7) 68.0 (732)
6.6 (21.7) 68.0 (732)
8.2 (26.9) 100.0 (1076)
15.2 (49.9) 45.6 (491)
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N
Q
> O

@ZO@@
N

AGIC re ~ g of the corridor scenario.

Fire: The fireis sal3 m t ) source (equivalent diameter of 1.29 m (4.2 ft)) at

an elevation of 0. (1 4 ft) e -2). The stoichiometric oxygen to fuel ratio, ¥, is
calculated using EqUation 22 fr ter 4 in Section 3 of the SFPE Handbook, 4™ edition

and the values from Table G

S _ 171K/ _ o1
& Ho, 131K/g  >8/8 (E-1)

where AH is he &ombustion per unit mass of fuel consumed and AH, is the heat of
combustig p@ mass of oxygen consumed. One of the inputs required by MAGIC is the
specific Q

7,6

REG-1824, Volume 6, Section 3.2.7):

00 m?

s = ysky, = 0.015 X ’T =114 m?/g (G-2)

where k,, is a constant and y; is the soot yield, as listed in Table G-1. The pyrolysis rate (g/s) is
calculated for input to MAGIC by dividing the HRR values (kW) at each time step (as shown in
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Figure G-3) by the heat of combustion (17.1 kJ/g). Other inputs needed for MAGIC are listed in
Table G-1. Figure G-6 is a screenshot of the source fire in the MAGIC input file.

g‘ Muodify a circular source

B

&

&

Figur een capture of the fire in corridor scenario.
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Ventilation: The ventilation rate is given in Section G.2. The vents in Figure G-1 are square,
but, because MAGIC uses round vents, an equivalent diameter of 1.13 m (3.7 ft) was used as
input. In room-to-room connections with the same ceiling height, a shallow (0.1 m) soffit was
added to allow smoother model execution. Finally, the only leakage from the space occurs via a
1.3 cm (0.5 in) crack under each of the three doors. The inputs for the supply air vent are
shown in Figure G-7.

.i'Modify an upstream vent ]

Idertifier WEN_1

[Went name ] | Supply Fan stop pressure (Pa) |'IEIUUU
[ Roomn name ] Lac 1
Conmect-to wall : F&R_E
Time [z
Conmection : YEN_2 Retum

» 0.0000
Mozzle center position
[wall coordinate system)

% [ 7
¥ [ | 25

L

Mozzle dimenzions Ii

ath: L1 [m] ]

Ovwerhang [m) : |1.2 |
m duct length: L2 0
DiEees o ¢ |1"I3 icient i treal tf1 OR [-] roughhess : e |D
downstream duct: f2 OR (-] roughness e | 1]

Lid O Ves o &
p i upstream duck: K1 | 0
re drop in downstream duct: K2 | il
Tupe of vent ¥ |njed straction

ent height difference: z4-21 [m) |:,,:

" autah 18 fi

Indicator of thermal
calzulation

® [l fix |u

I adify | Catice S Apply | Irnport | Dizplay Help |
F&e G-7. MAGIC screen capture for supply vent specification.

G-11



TRANSIENT FIRE IN A MULTI-COMPARTMENT CORRIDOR

Fire Protection Systems: In MAGIC, there is no direct way of calculating smoke density for
smoke detector activation. Consistent with NUREG-1805, the recommended approach given by
the developers is to model the smoke detector as a sprinkler with a very low activation
temperature and response time index (RTI). An activation temperature of 30 °C (86 °F) and an
RTI of 5 (m/s)"? was selected. The location of the smoke detector closest to the fire was
entered into the input file, as shown in Figure G-8.

l.l:Modify a sprinkler target %]

Identifier CIB_1

[ Target name ] | &

O
&

Location

i+ Disable  Manual

| Help |

Figure G-8. I\{ een capture of the smoke detector specification.

A
S
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G.5 Evaluation of Results

The purpose of the calculations is to determine whether a stack of burning pallets plus two trash
bags in a corridor could generate gas temperatures in adjacent compartments that are capable
of damaging cables and electrical equipment. Smoke detector activation is also estimated. The
algebraic model FIVE-Rev1 and the zone model MAGIC were used for this scenario. In
general, the results demonstrate that the fire is not capable of generating damaging conditions,
even in the compartment of fire origin; as a result, there is no need for detailed modeling of the
targets in remote locations. The following sections describe the results in greater detail.

Table G-4 summarizes the results of the models for the damage criteria. For each predi&
value, a calculation is performed to determine the probability of exgeeding the critical

The procedure for calculating this probability is given in Chapter
bias and scatter. The purpose of this table is to highlight the
exceeded so that further analysis can be focused on this crigeri

d it accountg”fo
t IS mos @ to be
on the mod@kef models

model

that predict it. The criterion is discussed in greater detail in fallowing su tions.
Table G-4. Summary of the model pregfttioWs of the co’r'r cenario.
Bias Standard g Predi ‘Q:ritical Probability
Model Factor, | Deviation, ilati of
~ Value .
() Oy Exceeding
HGL Temp iti £20°C
FIVE-Revl
1.56 0.3 330 0.001
(MQH)
MAGIC 1.01 V4 097 330 0.000

G.5.1 Temperat

R

is located

The MQH correl
corridor where the fi

S

&, O

FIVE-Rev Xt

a peak temperature of 256 °C (493 °F) in the

predicts 240 °C (464 °F) (see Figure G-9). Both

ge temperature threshold of 330 °C (625 °F). MAGIC

results show that the HGL

predictions are below the cah
&tures for the other corridors are substantially lower; for
rid r

(compartment 7) reaches a peak temperature of 160 °C

example, the next clog€st

(320 °F), as shown i

and the shape of
produced by MA

starvation).

re G-9. A comparison of Figures G-9 and G-3 shows that the timing
e HGLfemperature curve closely follows the HRR curve. The HRR
is unmodified from the one based on the input (i.e., there is no oxygen
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HGL Temperature Fire HGL Temperature Compartment 7
Room

300 200

MAGIC

250 -
If—\\ FIVE (MQH) 160
200

I\
*17 \—

0 600 1200 1800 2400
Time (s)

150

Temperature (C)

2
Temperature (C)
]

N
o

o

Figure G-9. HGL temperature predictions by

express, rtainty of the
of M = =220 °C (428 °F).
EG-182 1011999)) found that

ater than corresponding
sted model prediction is p =
/1Q1) = 15.2 °C. Therefore, the

) =0 (G-3)

The same uncertainty
of exceeding the da
probability of exce€
fire origin based o
predictions. This de

pnstrates K
origin are not warranted. @

Sensitivity of the Rgﬂ th to Height Ratio
As shown in Table G-2, th@ room width to height ratio is not within the validation bounds. A

sensitivity case isqun in which the room height is reduced until the ratio is within the bounds. All
inputs are the Nexcept that the height is reduced from 6.1 m (20 ft) to 5 m (16.4 ft) in the

[ Its, plotted in Figure G-10, show that although the temperatures are slightly
ire room, there is no change in the adjacent room, which contains the target. This
room width to height ratio is not a significant influence on the results in this
scenario and that the MAGIC results are applicable, even though the ratio falls outside of the
validation bounds.

latf@f for the elation in FIVE-RevV1 results in a probability

emperatuse af O. 0.1%. In other words, there is a near-zero
g the damage.t rature threshold for cables within the compartment of

surrounding perature, according to the FIVE-Revl and MAGIC
etailed analyses of the cables outside the compartment of
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HGL Temperature Fire HGL Temperature Compartment7
Room
300 200
250 N Base Case |_| Base Case
C (H=6.1m) . 160 (H=6.1)
T 200 e Ceiling  H S /"\ e oo Height=5m
2 Height=5m g 120 Fire Room
S 150 & / \
Q. [}
1 o 80
o 100 g
: / ‘%_ -
50 / 40

0 T T T O 1
0 600 1200 1800 2400 1200 1800 2400
Time(s) Time (s)

Figure G-10. HGL temperature for reduced cei ight by

The smoke detector activation time in the corrdor c ning theg %sed on the time for the
ceiling jet temperature to reach 30 °C (86 °JF) alNhegdetector Igeationy The results, plotted in
Figure G-11, show that the two correlati m E-Rev, ce identical results of 50 s,
and MAGIC predicts 40 s.

G.5.2 Smoke Detection

emperature

)\T
b=y N
LC

100 150

0 50 Time(s)

Q

igure G-11. Detector temperature prediction by MAGIC for fire corridor.
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Sensitivity of the Ceiling Jet Radial Distance Relative to the Ceiling Height

As shown in Table G-2, the ceiling jet radial distance relative to the ceiling height is not within
the validation bounds. A sensitivity case is performed in which a detector is placed at a further
distance so that the ratio is within the validation bounds. The results, plotted in Figure G-12,
show that the difference in time to detection varies from 40 s for the base case to 50 s for the
detector located slightly further away. This small difference in time indicates that for this
scenario, the results are valid, even though the ratio of radius to ceiling height falls outside of

the validation bounds. *

Ceiling Jet Temperature

80
== e= Base Case (r=4.5)
70
Radial distance=6.8 m

60 H ( b
)
> 50
2
© 40
()
o
E 30
}—

20 -

10 1

0 .
¥ 50 150
Figure G-12. D t perature @ radial distances predicted by MAGIC.

G.6 Conclusi ’\Q
This analysis addreSges a transi @ a relatively long, narrow room, identified as a corridor,
which is connected with other ¥ a multi-room arrangement. The targets include cables in
rooms located beyond the cobrj here the fire is assumed to occur. The MQH correlation
included in FIVE-Revl1 gasus8eto estimate temperature conditions within the corridor, and it
was found that the }-& rature predicted by the MQH correlation was lower than the cable
damage temperature. Begause the cables are located in rooms beyond the corridor where the

fire occurs and it g&in be reasoned that the temperatures in these rooms will be lower than in the
corridor, cable e would not be expected.

The zon e'MAGIC was used to predict the HGL temperatures in all of the interconnected
compartments, resulting from the stack of burning pallets and trash bags. These MAGIC
calculations also demonstrate that the HGL temperature is not high enough to cause cable
damage in any compartment or corridor, including the corridor of fire origin. These predictions
account for model uncertainty in the temperature predictions and the sensitivity to variations in
the heat release rate. Based on a simplified method for smoke detector activation, smoke
detector operation is expected to occur between 40 s and 50 s after the ignition of the fire.
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H
CABLE TRAY FIRE IN ANNULUS

H.1 Modeling Objective

The calculations described in this appendix assess the potential for damage to redundant safe-
shutdown cables due to a fire in an adjacent cable tray in the annulus region of a pressurized
water reactor (PWR) containment building. In addition, the calculations provide informati n
the effectiveness of a sprinkler system installed in a non-standard configuration. \

H.2 Description of the Fire Scenario Q
General Description: The annulus is the region between containm I
structure and the secondary concrete containment (shield) . The prigsary and secondary
containments are cylindrical with domes on top. The arw ce contai ariety of

penetrations from the reactor to the external suppor etrations

contains two trays with redundant cables that con s in bot f safety equipment.
A fire starts in one tray and spreads vertically and i
to determine if a fire in one train of a cable t e.g.

of equipment (e.g., Train B)
Geometry: The layout of the annul@hm in Flgur: e exterior wall is made of
0

concrete, while the interior wall and ys are eeI The cable tray locations are
shown in Figure H-2. The trays are (2 ft) @

Materials: Property valuesgiogthe reIevant gterial$ are listed in Table 3-1. The annulus wall

thicknesses are indicat awing. T ble tray steel is approximately 2 mm (0.079 in)
thick.
Cables: The cab@ys are fllled finsulated, PVC-jacketed control cables. These

cables have a diam&gr of apprbyi 1.5 cm (0.6 in), a jacket thickness of approximately
1.5 mm (0.06 in), and 7 cond X here are approximately 120 cables in each tray. The
mass of each cable is 0.4 ﬁhe mass fraction of copper is 0.67. These cables fail when
the internal temperatu ju{ rneath the jacket reaches approximately 205 °C (400 °F) or
u

when the exposure x @xceeds 6 kW/m? (NUREG-1805, Appendix A).

Fire: The heat off€ombustion and product yields for PE/PVC cables are taken from Table 3-
4.16 of the SF, dbook, 4™ edition and listed in Table H-1. Note that the non-metallic
componepts ables are a mixture of PE (C,H,4) and PVC (C,H3Cl). Because the mixture
consists proximately the same mass of each, it is assumed for the purposes of fire
modeling th& the cable materials would have an effective chemical formula of C,H35Clgs.

The fire ignites at the base of the lower cable train in the vicinity of the bend at the inner wall.
From the results of the CHRISTIFIRE project (NUREG/CR-7010, Vol. 1), the heat release rate
(HRR) per unit area of this thermoplastic (TP) cable is estimated to be 250 kW/m?. The fire
spreads vertically at a rate of 258 mm/s (10 in/s) and horizontally at a rate of 0.9 mm/s

H-1
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(0.035 in/s) (NUREG/CR-6850 (EPRI 1011989), Appendix R). The peak HRR is 945 kW once
all of the cables in the first tray are burning (see Figure H-3).

Table H-1. Products of combustion for a PE/PVC cable fire.

Parameter Value Source

Heat of Combustion 20,900 kJ/kg | SFPE Handbook, 4" ed., Table 3-4.16
CO, Yield 1.29 ka/kg SFPE Handbook, 4" ed., Table 3-4.16
Soot Yield 0.136 kg/kg SFPE Handbook, 4™ ed., Table 3-4.16

CO Yield 0.147 kg/kg SFPE Handbook, 4" ed., Table 3-4.16
Radiative Fraction 0.49 SFPE Handbook, 4" ed., Table 3-4.16
Local burnout of the fire occurs when the cable plastic is consu The time to §
calculated as follows. First, determine the combustible mass p€e a of tra

, _nY,(1—v)m' 120%0.33x (1—0) x 0.4

- —264k H-1
c W 06m g (H-1)

where n is the number of cables per tray, Y, is th ffaction of Ie (i.e., non-
metallic or plastic) material in the cable, v is the res ield (w nservatively set to
zero in this calculation), m' is the total mas anth b cable, and W is the tray
width. Next, calculate the burnout time,

_m”AH 2 1im™x 20,900 1 &

=~ 2648 H-2
5 i/ /6 x 250 > (H-2)

where AH is the heat of copgbugtion and Gavg | th erage HRR per unit area of tray. Itis
assumed that the HRR a ramps Iy to its average value over a time period of
At/6, remains steady@e perlo nd then decreases linearly to zero over a time

period of At/6 Q ramp- up n are typical ways of approximating the time

history of an item
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Figure H-3. The sprlnklers have a response,t

temperature of 100 °C (212 °F) (NUREG-480 . 10). i

collectors designed to trap heat from a {i heggambient ure within the annulus region

is typically 35 °C (95 °F) Q

H.3 Selection and Eva uatlon f Fir d
odellng ategy®the selection of models, and a discussion

g the use se models for this scenario. The discussion
iCtion of tb to and temperature of the cable targets, and

This section describes the e

of the validation exerms S
separately addresses ,

the sprinkler activ Q

H.3.1 Damage Cable

The point source radiation model included in the Fire Dynamics Tools (FDT®) and Fire-
Induced Vulnerability Ealtatiol? (FIVE-Revl) provide useful screening estimates for cable
damage. A simple ekteRgionof the point source heat flux model, in which the sources of heat
are distributed at djscrete Points within the burning tray, provides a refinement of the single point
source method. %{)‘ the close proximity of the two cable trays, the distributed point source
model is expe rovide a more accurate estimate of the heat flux to the adjacent cable

tray.

This fire scé®ario can be categorized as an open rather than a compartment fire. For this
reason, zone models are not particularly useful. Computational Fluid Dynamics (CFD) can
refine the estimates of the simple heat flux calculations to account for tray geometry and
orientation.
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H.3.2 Sprinkler Activation

Although the geometry of this scenario is unlike the mostly rectangular compartments found in a
nuclear power plant (NPP), it is not particularly difficult to model in the Fire Dynamics Simulator
(FDS). In fact, the containment building is so large that the curvature of the walls has little effect
on the results of the calculation. For this reason, FDS can provide an estimate of the sprinkler
link temperature to determine its potential for activation. Empirical correlations are not reliable
because the fire burns along a horizontal and a vertical tray and thus has no well-defined
circular base, and the plume abuts the cylindrical wall.

H.3.3 Validation \

Only one of the non-dimensional parameters that have been us racterlz @
scenarios is applicable here, mainly because the other para ress pher@mega unique
to compartment fires. The only relevant parameter, r/D, in the relatl distance

, is not well-
cable trays.
ft). The trays are

t tray |s
ife Mod (ICFMP) Benchmark
lative d| ween the fire and the

separating the fire from the target cables. However, th
defined when the fire is expected to spread verticall r ontally Wi
The lateral distance between the burning tray an
each 0.6 m (2 ft) wide. For International Collabora

Exercise #3, which is described in NUREG- , th

heat flux gauges in some of the tests wasgimj is scen wever the accuracy of the
solid flame and point source algorithms jn egin the FD d considerably in the
validation study. The point source h del Iose when the target is relatively
close to the fire. The solid flame mo S designe e the accuracy in the near-field.

However, the implementation within the%DT® is e assumption that the fire is a pool
fire with a nearly circular basgfandgylindrical shaPg. This is not the case in the scenario under
consideration. In short, the§gigale heat flux modelsIncluded in the FDT® have been assessed
in NUREG-1824 for ex f compar ope to the given scenario, but the models
have not been demon be partl cgurate. For this reason, the models will be
used to provide s [ estlmates e predictions will be supplemented by CFD
calculations.

The FDS sprinkler activation ﬁvas validated using a variety of experimental test series
(NIST SP 1018-5). The pl rithm was also assessed in NUREG-1824. The cable failure
algorithm, THIEF, wa e p&d and validated in NUREG/CR-6931 (Vol. 3).

Table H-2. _Norm |zed parameter calculations for the annulus fire scenario.

: : Validation In
Quam/y @ Normalized Parameter Calculation Range Range?

N/A — The fire does not conform to classic fire plume theory. 04-24 No
Numbe

Fire Height,
Hg + Ly, relative
to the Ceiling
Height, H,

N/A — The fire does not conform to classic fire plume theory. 0.2-1.0 No
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. . . Validation In
Quantity Normalized Parameter Calculation Range Range?
Ceiling Jet Radial
DISt?‘nce' fop N/A — The ceiling height is essentially infinite. 1.2-17 N/A
relative to the
Ceiling Height, H,
Equivalence Ratio,
@, as an indicator N/A — The scenario is outside of a clearly defined 004—-06 N/A
of the Ventilation compartment. ) :
Rate
Compartment N/A — The scenario is outside of a clearly defined
. 0.6 -5 N/A
Aspect Ratio compartment.
Target Distance, r,
relative to the Fire See discussion in Section H.3.3. /2_5.7 Yes
Diameter, D
H.4 Estimation of Fire-Generated Co S
This section provides specific details on ho h mgodel is set un.

H.4.1 Algebraic Models

The FDT® contain several correlatio |mat|ni t@&rlux at a fixed distance from a fire:

e 05.1 Heat Flux_Calc at|0}s wind_Fre (Point Source)

e 05.1 Heat Flux

For the point sour ejod, the est HRR, Q, is 945 kW, the radiative fraction, .,
is 0.49, and the tal distance enter of the burning tray to the edge of the target

agéns Wind Xls (Solid Flame 1)

tray, r,is 2 m (6.6 The calctl at flux is:
0 49 X 945 kW
H-3
A r2 T oormE = 92 kw/m? (H-3)

The solid flame calgulatiorTis based on the assumption that the fire has a roughly circular base
with which it em &a flame height correlation to estimate the vertical extent of the luminous
flame regigp. case of vertical and horizontal trays filled with burning cables, this
assumpti@gn i Maivalid. However, it is possible to use a variation of the point source method to
heat flux estimate that is similar in scope to a solid flame model. Essentially, the
fire can be dWwided into several point sources along the length of the burning cable tray so that
the radiative energy is not assumed to emanate from just one point. Suppose that the 4.6 m
(15 ft) vertical tray segment is divided into four segments, each one 1.15 m (3.8 ft) long and
0.6 m (2 ft) wide. The horizontal tray is assumed to be a fifth segment, 1.7 m (5.6 ft) long and
0.6 m (2 ft) wide. Each segment generates energy at a rate of 250 kW/m?. This leads to
172.5 kW for each of the four vertical segments and 255 kW for the horizontal segment. The
sum is 945 kW. The distance between the center points of the segments and a point at the

H-7



CABLE TRAY FIRE IN ANNULUS

intersection of the horizontal and vertical trays nearest to the burning cable trays can be
calculated, and the combined heat flux from this set of distributed sources can be calculated:

Qdps = 47r 2 " 4Am

0, 0.49 (255 1725 1725 1725 172.5) W
202" 242 " 202 ' 222 " 2092 )mz " fm® (H-4)

Much like the solid flame method, the distributed point source method provides a refined
estimate of the heat flux, based on the fact that the fire is distributed over the two parts of the
tray and is not concentrated at a single point. The end result is a lower estimate of the h a fl
to a given target point. The fire could be distributed over more than five points, but the a
would not significantly change. Neither the point source nor the distributed point sour
accounts for changes in the orientation of the target. It is assumgd that the targe h
direct view of the fire and that there are no obstructions, such a siges of the hat can
reduce the heat flux to the target cables. The CFD model c@ a more ret stlmate

H.4.2 CFD Model

Geometry: Only the section of the annulus enco ing the cableg evant targets is
included in the computational domain. This volumeNg 94 m (31.5 fthwCe, 2.5 m (8.2 ft) deep,
and 12.8 m (42 ft) high. Extra depth is neede@to acc8mmodate Ifght curvature of the

bounding walls. The top, bottom, and sidgé of,t mputati Blesnain are specified as open,
that is, open to an infinitely large volume. \gificeghe volum annulus is very large, neither
smoke build-up nor pressure effects iIRgdence th &: ear the cables. Both the
internal and external walls of the an includ d@ odel. Since FDS only allows
rectilinear obstructions, a series of obsthictions & ely 20 cm (7.9 in) thick approximate

S “stair-stepped” geometry.

e of the v % portion of the cable tray attached to the inner
wall. The spread rate m/s (10 j pAte vertical direction and 0.9 mm/s (0.035 in/s)
in the horizontal ar, y using ahEN e in which a surface is designated as having a
fire spread over i designated is case, a surface is specified along the side of the
vertical tray and aloRg the top &f onntal tray with the respective spread rates. The HRR
per fire unit area is specified gi nd not predicted by the model. A Smokeview rendering of
the FDS simulation is show; @ure H-4

Cables: One of thed&.\/& of the calculation is to estimate the potential damage to the

cables within the redundant train. FDS is limited to only 1-D heat transfer into either a
rectangular or cyligdrical obstruction. In this simulation, the cables are modeled as 1.5 cm
(5.9in) cylind lowing the Thermally-Induced Electrical Failure (THIEF) methodology in
-6 ol. 3, electrical functionality is lost when the temperature just inside the

in) jacket reaches 205 °C (400 °F). Since the objective of this calculation is to
estimate tirmg to failure of the redundant cables, ignition and spread of the fire over the second
set of cables is not considered. The in-depth heat penetration calculation is focused on a single
cable that is relatively free of its neighbors and that would heat up more rapidly than those
buried deeper within the pile.

Sprinkler Activation: FDS uses the conventional RTI concept to predict sprinkler activation.
In this scenario, a steel plate has also been added just above the location of the sprinkler to
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simulate the effect of the actual deflector. Note that the sprinkler itself is just a point in the
model, and its activation is determined by the time history of the temperature and the velocity of
the hot gases within the numerical grid cell in which the sprinkler is located.
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CABLE TRAY FIRE IN ANNULUS

H.5 Evaluation of Results

The calculations described above assess the potential for damage to redundant safe-shutdown
cables due to a fire in an adjacent tray in the annulus region of the containment building. In
addition, a CFD calculation is used to determine whether the fire would activate a sprinkler. The
results of the calculations are summarized in Table H-3.

Table H-3. Summary of model predictions for the annulus fire scenario.

2lee SIEREE Predicted | Critical Pro bq {
Model Factor, | Deviation, | Target
~ Value Value .
) oy )
Heat Flux (kW/m?)
Point Source 1.42 0.55
Distributed Point 1.42 0.55 Cables
Source
FDS 1.10 0.17
Target Tempe
FDS | 1.02 | 013 | 05.0 | 0.000
Plume Te
FDS | 1.15 0.11 ler | | 100.0 | 0.001

The simple point source heaflux gélculations ar ed as part of a screening analysis to
determine whether more defai Iculationseare warranted. Using the peak HRR as a
constant input, the poi r odel esti @ he heat flux to be 9.2 kW/m?. A slightly more
refined estimate usin ed point oh creases this estimate to 6.2 kW/m?. Both of
these estimates s otential ft e to the redundant train of cables.

tion i

| .
H.5.1 Heat Flux and Tempe@ﬂ'e E 0&

A more detailed cal s @ with FDS, which yields a predicted peak heat flux of
approximately 2.5 kW/m? (segsRi -5). The reason that the FDS prediction of heat flux is
significantly lower than the pa@i rce method predictions is that (1) FDS accounts for the side
of the tray that blocks gfucMof tHe thermal radiation, and (2) the radiation transport equation
solved by FDS acco or tRe orientation of the target tray relative to the fire. In other words,
FDS does not assime thatthe target cables are directly facing the fire, whereas the point

source models imfdlicitly do.

As with th€'h , the predicted interior cable temperatures predicted by FDS indicate a very
low probaility for cable damage. However, it should be noted that these low probabilities are
based on & particular configuration of the cables within the trays. If some of the target cables
were to have a direct view of the fire, the heat flux would more likely be comparable to that
predicted by the distributed point source model.
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Figure H-5. Summary of simulation rv the ann %

H.5.2 Fire Protection Systems %

FDS does not predict that the sprinkler wo w in this sce@ because the link
temperature is predicted to increase to agpro@mat€ly 90 °C , less than the activation
temperature of 100 °C (212 °F). It sh ed, howeyer, the sprinkler is located just
outside the fire plume. It is expecte rareal fire tyPe, the natural air movements
within such a large space as the contaiiment annyie almost certainly bend the plume

from the vertical in a way that yvould be difficult t @ icate with a model that is not accounting
for the air movements throughoyt the entire facility?®

sprinkler could result in a:tl

n
120 ~
4

FDS

0 600 1200 1800 2400 3000 3600

Time (s)
Figure H-6. Predicted sprinkler link temperature for the annulus fire scenario.
It is possible to determine how large a fire is needed to increase the plume temperature by

10 °C. Table 4-3 indicates that the HGL temperature rise is proportional to the HRR to the 2/3
power. The plume temperature behaves similarly. Following the methodology in Section 4.4, in
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order to increase the predicted plume temperature by 10 °C, the peak HRR, Q, must increase
by approximately:
3. AT 3 10 °C

AQ ZQT—TO S 945 KW X og—oss = 258 kW

In other words, the peak HRR of the fire would have to be approximately 945 + 258 = 1203 kW
to bring the plume temperature into a range to cause sprinkler activation.

H.6 Conclusion

annulus region of the containment building might damage the cabi€s in an adjace
However, an additional analysis using FDS indicates that cable is unlik
orientation of the target cables and the blockage of thermal% the cabl

This suggests that the details of the cable tray location, orie ol, and con atlon can

significantly impact potential for damage.

FDS predicts that sprinkler activation above the fi |s nifkely. How @predlctlon is
sensitive to the exact location of the sprinkler relati fire plume ay be subject to
ef

unpredictable air movements throughout r |ty Alter rotection strategies,
such as shielding between trays or other@ riers, shethg

onsidered to ensure the
protection of the redundant cables.

H.7 References

1. NIST SP 1018-5, Fire Dy ml(y Simulator (\Qm 5), Technical Reference Guide, Volume
3, Experimental Validati@n

2. NUREG-1805, Fire DygaMic
the U.S. Nuclear

ools (F uantitative Fire Hazard Analysis Methods for

alory Commissi Protection Inspection Program, 2004.

3. NUREG-1824 1011999), ¥ ati®n@nd Validation of Selected Fire Models for
Nuclear Pow t Applicatio

4. NUREG/CR-683Q,(EPRI 1 9); PRI/NRC RES Fire PRA Methodology for Nuclear
Power Facilities, 2005. O]\

5. NUREG/CR-6931, Cab nse to Live Fire (CAROLFIRE), Volume 3: Thermally-
Induced Electrical |I§1 EF) Model, 2008.

6. NUREG/CR- 701&? eat Release, Ignition, and Spread In Tray Installations during
Fire (CHRISTIFIRE), Wolume 1: Horizontal Trays, 2012.

7. SFPE Handbaegk of Fire Protection Engineering, 4th edition, 2008.

H.8 At Qts (on CD)

1. FDSIi t file: Annulus.fds

H-13





