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ABSTRACT

The U.S. Nuclear Regulatory Commission (NRC) Office of Nuclear Regulatory Research (RES)
and the Electric Power Research Institute (EPRI) working under a memorandum of
understanding (MOU) jointly conducted two sessions of the NRC— RES/EPRI Fire Probabilistic
Risk Assessment (PRA) Workshop on July 16-20, 2012, and September 24-28, 2012, at the
Bethesda Marriott in Bethesda, MD. The purpose of the workshop was to provide detailed,
hands-on training on the fire PRA methodology described in the technical document,
NUREG/CR-6850 (EPRI 1011989) entitled “EPRI/NRC-RES Fire PRA Methodology for
Nuclear Power Facilities.” This fire PRA methodology document supports implementation of
the risk-informed, performance-based rule in Title 10 of the Code of Federal Regulations

(10 CFR) 50.48(c) endorsing National Fire Protection Association (NFPA) Standard 805, as
well as other applications such as exemptions or deviations to the agency’s current regulations
and fire protection significance determination process (SDP) phase 3 applications.

RES and EPRI provided training in five subject areas related to fire PRA, namely: fire PRA,
electrical analysis, fire analysis, fire human reliability analysis (HRA), and advanced fire
modeling. Participants selected one of these subject areas and spent the duration of the
course in that module. The HRA module reviewed guidance provided in NUREG-1921 (EPRI
1023001), “EPRI/NRC-RES Fire Human Reliability Analysis Guidelines,” while the fire
modeling module reviewed the fire modeling guidance provided in NUREG-1934 (EPRI
1019195), “Nuclear Power Plant Fire Modeling Application Guide.” For each technical area,
the workshop also included a 1-day module introducing the fundamentals of the subject. The
purpose of the fundamentals modules was to assist students without an extensive background
in the technical area in understanding the in-depth training modules that followed. Attendance
in the fundamentals modules was optional. The workshop’s format allowed for in-depth
presentations and practical examples directed toward the participant’s area of interest.

This NUREG/CP documents both of the two sessions of the NRC-RES/EPRI Fire PRA
Workshop delivered in 2012 and includes the slides and handout materials delivered in each
module of the course as well as video recordings of the training that was delivered. This
NUREG/CP can be used as an alternative training method for those who were unable to
physically attend the training sessions. This report can also serve as a refresher for those
who attended one or more training sessions and could also be useful preparatory material for
those planning to attend future sessions.

NRC Disclaimer:

This document’s text and video content are intended solely for use as training tools. No
portions of their content are intended to represent NRC’s conclusions or regulatory positions,
and they should not be interpreted as such.
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1

INTRODUCTION AND BACKGROUND

The U.S. Nuclear Regulatory Commission (NRC) approved the risk-informed and

performance- based alternative regulation in Title 10 of the Code of Federal Regulations

(10 CFR) 50.48(c) in July 2004, which allows licensees the option of using fire protection
requirements contained in the National Fire Protection Association (NFPA) Standard 805,
“Performance-Based Standard for Fire Protection for Light-Water Reactor Electric Generating
Plants, 2001 Edition,” with certain exceptions. To support licensees’ use of that option, the
NRC'’s Office of Nuclear Regulatory Research (RES) and the Electric Power Research Institute
(EPRI) jointly issued NUREG/CR-6850 (EPRI 1011989), “Fire PRA Methodology for Nuclear
Power Facilities,” in September 2005. That report documents state-of-the art methods, tools,
and data for conducting a fire probabilistic risk assessment (PRA) in a commercial nuclear
power plant (NPP) application. This report is intended to serve the needs of a fire risk analysis
team by providing a general framework for conducting the overall analysis, as well as specific
recommended practices to address each key aspect of the analysis. Participants from the

U.S. nuclear power industry supported demonstration analyses and provided peer review of the
program. Methodological issues raised in past fire risk analyses, including the Individual Plant
Examination of External Events (IPEEE), are addressed to the extent allowed by the current
state-of-the-art and the overall project scope. Although the primary objective of the report is to
consolidate existing state-of-the-art methods, in many areas, the newly documented methods
represent a significant advance over previous methods.

NUREG/CR-6850 does not constitute regulatory requirements, and the NRC’s participation in
the study neither constitutes nor implies regulatory approval of applications based on the
analysis contained in that document. The analyses and methods documented in that report
represent the combined efforts of individuals from RES and EPRI. Both organizations provided
specialists in the use of fire PRA to support this work. However, the results from that combined
effort do not constitute either a regulatory position or regulatory guidance.

In addition, NUREG/CR-6850 can be used for risk-informed, performance-based approaches
and insights to support fire protection regulatory decision making in general.

However, it is not sufficient to merely develop a potentially useful method, such as

NUREG/CR- 6850, and announce its availability. It is also necessary to teach potential users
how to properly use the method. To meet this need RES and EPRI have collaboratively
conducted the NRC-RES/EPRI Fire PRA Workshops to train interested parties in the application
of this methodology since 2005. The course is provided in five parallel modules covering tasks
from NUREG/CR-6850.
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These five training modules are:

o Module 1: PRA/Systems Analysis — This module covers the technical tasks for
development of the system response to a fire including human failure events.
Specifically, this module covers Tasks/Sections 2, 4, 5, 7, 14, and 15 of Reference [1].

. Module 2: Electrical Analysis — This module covers the technical tasks for analysis of
electrical failures as the result of a fire. Specifically, this module covers
Tasks/Sections 3, 9, and 10 of Reference [1].

o Module 3: Fire Analysis — This module covers technical tasks involved in development of
fire scenarios from initiation to target (e.g., cable) impact. Specifically, this module
covers Tasks/Sections 1, 6, 8, 11, and 13 of Reference [1].

o Module 4: Fire Human Reliability Analysis — This module covers the technical tasks
associated with identifying and analyzing operator actions and performance during a
postulated fire scenario. Specifically, this module covers Task 12 as outlined in
Reference [1] based on the application of the approaches documented in Reference [2].

. Module 5: Advanced Fire Modeling — This module was added to the training in 2011. It
covers the fundamentals of fire science and provides practical implementation guidance
for the application of fire modeling in support of a fire PRA. Module 5 covers fire
modeling applications for Tasks 8 and 11 as outlined in Reference [1] based on the
material presented in Reference [3].

The first three modules are based directly on the “EPRI/NRC-RES Fire PRA Methodology for
Nuclear Power Facilities,” EPRI 1011989, and NUREG/CR-6850 [1]. However, that document
did not cover fire human reliability analysis (HRA) methods in detail. In 2010, the training
materials were enhanced to include a fourth module based on a more recent EPRI/RES
collaboration and the then draft guidance document, EPRI 1019196, NUREG-1921 [2] published
in late 2009. The training materials are based on this draft document including the
consideration of public comments received on the draft report and the team’s responses to
those comments. In 2011 a fifth training module on Advanced Fire Modeling techniques and
concepts was added to the course. This module is based on another joint RES/EPRI
collaboration and a draft guidance published in January 2010, NUREG-1934 EPRI 1019195 [3].

In 2012 an additional first day of training was included in the NRC-RES/EPRI Fire PRA
Workshop to cover principal elements of each technical area covered in the Fire PRA course,
i.e., PRA, HRA, Electrical Analysis, and Fire Analysis. This introductory module was intended to
assist in preparing the students to understand the in-depth fire PRA training modules that
followed. The introductory modules were not intended to be a substitute for education and/or
training in the subject matter. The intent was that they would serve as a primer for those
individuals who lacked such training or those who were cross-training in an area other than their
primary area of expertise.

The four introductory modules listed below (referred to as Module 0) were offered in parallel on
the first day of the workshop.

Module 0a: Principles of PRA
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Module 0b: Principles of Electrical Analysis
Module Oc: Principles of Fire Science and Modeling
Module 0d: Principles of HRA

These sub-modules are included in the text and on the accompanying DVDs as a part of their
related module.

1.1 About this text

“Methods for Applying Risk Analysis to Fire Scenarios (MARIAFIRES) — 20127, is a collection of
the materials that were presented at the two sessions of the NRC-RES/EPRI Fire PRA
conducted July 1620, 2012, and September 24-28, 2012.

The 2012 workshop was video recorded and adapted as an alternative training method for those
who were unable to physically attend the training sessions. This NUREG/CP is comprised of the
materials supporting those videos and includes the five volumes below (the videos are enclosed
on DVD in the published paper copies of this NUREG/CP). This material can also serve as a
refresher for those who attended one or more of the training sessions, and would be useful
preparatory material for those planning to attend a session.

MARIAFIRES is comprised of 5 volumes.

Volume 1 — Module Oa Principles of PRA and Module 1: PRA/Systems Analysis

Volume 2 — Module 0b Principles of Electrical Analysis and Module 2: Electrical Analysis
Volume 3 — Module Oc Principles of Fire Science and Modeling and Module 3: Fire Analysis
Volume 4 — Module 0d Principles of HRA and Module 4: Fire Human Reliability Analysis
Volume 5 — Module 5: Advanced Fire Modeling

Integral to Modules 1, 2 and 3 is a set of hands-on problems based on a conceptual generic
nuclear power plant (NPP) developed for training purposes. This generic plant is referred to in
this text and in classroom examples as SNPP (Simplified Nuclear Power Plant). The same
generic NPP is used in all three modules. Chapter 2 of this document provides the background
information for the problem sets of each module, including a general description of the sample
power plant and the internal events PRA needed as input to the fire PRA. The generic NPP
defined for this training is an extremely simplified one that in many cases does not meet any
regulatory requirements or good engineering practices. For training purposes, the design
features presented highlight the various aspects of the fire PRA methodology.

For Module 4 and 5, independent sets of examples are used to illustrate key points of the
analysis procedures. The examples for these two modules are not tied to the simplified plant.
Module 4 uses examples that were derived largely from pilot applications of the proposed fire
HRA methods and on independent work of the EPRI and RES HRA teams. The examples for
Module 5 were taken directly from Reference [3] and represent a range of typical NPP fire
scenarios across a range of complexity and that highlight some of the computation challenges
associated with the NPP fire PRA fire modeling applications.

A short description of the Fire PRA technical tasks is provided below. For further details, refer to
the individual task descriptions in EPRI 1011989, NUREG/CR-6850, Volume 2. The figure
presented at the end of this chapter provides a simplified flow chart for the analysis process and
indicates which training module covers each of the analysis tasks.
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Plant Boundary Definition and Partitioning (Task 1). The first step in applying the fire PRA
methodology is to define the physical boundary of the analysis and to divide the area within that
boundary into analysis compartments.

Fire PRA Component Selection (Task 2). The selection of components that are to be credited
for plant shutdown following a fire is a critical step in any fire PRA. Components selected would
generally include many, but not necessarily all, components credited in the 10 CFR Part 50,
“Domestic Licensing of Production and Utilization Facilities,” Appendix R, “Fire Protection
Program for Nuclear Power Facilities Operating prior to January 1, 1979,” post-fire safe
shutdown (SSD) analysis. Additional components will likely be selected, potentially including
most, but not all, components credited in the plant's internal events PRA. Also, the proposed
methodology would likely introduce components beyond either the 10 CFR 50 Appendix R list or
the internal events PRA model. Such components are often of interest because of concern for
multiple spurious actuations that may threaten the credited functions and components, as well
as from concerns about fire effects on instrumentation used by the plant crew to respond to the
event.

Fire PRA Cable Selection (Task 3). This task provides instructions and technical
considerations associated with identifying cables supporting those components selected in
Task 2 above. In previous fire PRA methods (such as EPRI Fire-Induced Vulnerability
Evaluation (FIVE) and Fire PRA Implementation Guide), this task was relegated to the

SSD analysis and its associated databases. NUREG/CR-6850 (EPRI 1011989) offers a more
structured set of rules for selection of cables.

Qualitative Screening (Task 4). This task identifies fire analysis compartments that can be
shown, without quantitative analysis, to have little or no risk significance. Fire compartments
may be screened out if they contain no components or cables identified in Tasks 2 and 3 and if
they cannot lead to a plant trip because of either plant procedures, an automatic trip signal, or
technical specification requirements.

Plant Fire-Induced Risk Model (Task 5). This task discusses steps for the development of a
logic model that reflects plant response following a fire. Specific instructions have been provided
for treatment of fire-specific procedures or plans. These procedures may impact availability of
functions and components or include fire-specific operator actions (e.g., self- induced station
blackout).

Fire Ignition Frequency (Task 6). This task describes the approach to develop frequency
estimates for fire compartments and scenarios. Significant changes from the EPRI FIVE method
have been made in this task. The changes generally relate to the use of challenging events,
considerations associated with data quality, and increased use of a fully component-based
ignition frequency model (as opposed to the location/component-based model used, for
example, in FIVE).

Quantitative Screening (Task 7). A fire PRA allows the screening of fire compartments and
scenarios based on their contribution to fire risk. This approach considers the cumulative risk
associated with the screened compartments (i.e., the ones not retained for detailed analysis) to
ensure that a true estimate of fire risk profile (as opposed to vulnerability) is obtained.

Scoping Fire Modeling (Task 8). This step provides simple rules to define and screen fire
ignition sources (and therefore fire scenarios) in an unscreened fire compartment.
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Detailed Circuit Failure Analysis (Task 9). This task provides an approach and technical
considerations for identifying how the failure of specific cables will impact the components
included in the fire PRA SSD plant response model.

Circuit Failure Mode Likelihood Analysis (Task 10). This task considers the relative
likelihood of various circuit failure modes. This added level of resolution may be a desired option
for those fire scenarios that are significant contributors to the risk. The methodology provided in
NUREG/CR-6850 (EPRI 1011989) benefits from the knowledge gained from the tests performed
in response to the circuit failure issue.

Detailed Fire Modeling (Task 11). This task describes the method to examine the
consequences of a fire. This includes consideration of scenarios involving single compartments,
multiple fire compartments, and the main control room. Factors considered include initial fire
characteristics; fire growth in a fire compartment or across fire compartments; detection and
suppression; electrical raceway fire barrier systems, and damage from heat and smoke. Special
consideration is given to turbine generator (T/G) fires, hydrogen fires, high-energy arcing faults
(HEAF), cable fires, and main control board (MCB) fires. Considerable improvements can be
found in the method for this task over the EPRI FIVE and Fire PRA Implementation Guide in
nearly all technical areas.

Post-Fire Human Reliability Analysis (Task 12). This task considers operator actions for
manipulation of plant components. The analysis task procedure provides structured instructions
for identification and inclusion of these actions in the fire PRA. The procedure also provides
instructions for estimating screening human error probabilities (HEPs) before detailed fire
modeling results (e.g., fire growth and damage behaviors) have necessarily been developed or
detailed circuit analyses (e.g., can the circuit spuriously actuate as opposed to simply assuming
it can actuate) have been completed. In a fire PRA, the estimation of HEP values with high
confidence is critical to the effectiveness of screening. This report does not develop a detailed
fire HRA methodology. A number of HRA methods can be adopted for fire with appropriate
additional instructions that superimpose fire effects on any of the existing HRA methods such as
the Technique for Human Error Rate Prediction (THERP), Causal Based Decision Tree (CBDT),
A Technique for Human Event Analysis (ATHEANA), etc. This would improve consistency
across analyses (i.e., fire and internal events PRA).

Seismic Fire Interactions (Task 13). This task is a qualitative approach to help identify the risk
from any potential interactions between an earthquake and a fire.

Fire Risk Quantification (Task 14). The task summarizes what is to be done for quantification
of the fire risk results.

Uncertainty and Sensitivity Analyses (Task 15). This task describes the approach to follow
for identifying and treating uncertainties throughout the fire PRA process. The treatment may
vary from quantitative estimation and propagation of uncertainties where possible (e.g., in fire
frequency and non-suppression probability) to identification of sources without quantitative
estimation. The treatment may also include one-at-a-time variation of individual parameter
values or modeling approaches to determine the effect on the overall fire risk (i.e., sensitivity
analysis).
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Fire PRA Documentation (Task 16). This task describes the approach to follow for
documenting the Fire PRA process and its results. Figure 1 shows the relationship between the
above 16 technical tasks from EPRI 1011989, NUREG/CR-6850, Volume 2.
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1.2 References

1. NUREG/CR-6850, EPRI 1011989, EPRI/NRC-RES Fire PRA Methodology for
Nuclear Power Facilities, September 2005.

2. NUREG-1921, EPRI 1023001, EPRI/NRC-RES Fire Human Reliability Analysis
Guidelines, May 2012.

3. NUREG-1934, EPRI 1023259, Nuclear Power Plant Fire Modeling Application Guide,
November 2012".

1 At the time of the 2012 NRC-RES/EPRI Fire PRA Workshop, this final report had not yet been
published. A draft for public comment was used to conduct the training.
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MODULE 5: ADVANCED FIRE MODELING

NUREG/CR-6850, EPRI 1011989 did not provide detailed guidance on the application of fire
modeling tools. Rather, the base methodology document assumes that the analyst will apply
a range of computation fire modeling tools to support the analysis, provides recommended
practice relative to the general development/definition of fire scenarios and provides
recommendations for characterizing of various fire sources (e.g., heat release rate transient
profiles and peak heat release rate distribution curves). The question of selecting and
applying appropriate fire modeling tools was left to the analyst’s discretion.

Module 5, Advanced Fire Modeling, is based on the joint EPRI/NRC-RES project documented
in NUREG 1934, EPRI 1023259 “Nuclear Power Plant Fire Modeling Analysis Guidelines
(NPP FIRE MAG).” NUREG 1934 was developed to provide guidance on the application of
fire models to nuclear power plant fire scenarios and to serve as a teaching tool to support
the Advanced Fire Modeling Module of the EPRI/NRC-RES fire PRA course.

The following is a short description of the Fire PRA technical tasks covered in Module 5. For
further details relative to this technical task, refer to the individual task descriptions in Volume
2 of EPRI 1011989, NUREG/CR-6850.

= Scoping fire Modeling (Task 8). Scoping fire modeling is the first task in the Fire PRA
framework where fire modeling tools are used to identify ignition sources that may impact
the fire risk of the plant. Screening some of the ignition sources, along with the
applications of severity factors to the unscreened ones, may reduce the compartment fire
frequency previously calculated in Task 6.

« Detailed Fire Modeling (Task 11). This task describes the method to examine the
consequences of a fire. This includes consideration of scenarios involving single
compartments, multiple fire compartments, and the main control room. Factors
considered include initial fire characteristics, fire growth in a fire compartment or across
fire compartments, detection and suppression, electrical raceway fire barrier systems),
and damage from heat and smoke. Special consideration is given to turbine generator
(T/G) fires, hydrogen fires, high-energy arcing faults, cable fires, and main control board
(MCB) fires.
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2.1 Fundamentals

USNRC EPRI| .

Protecting People and the Environmen ¢

Sandia
National
Laboratories

EPRI/NRC-RES FIRE PRA
METHODOLOGY

Module 5 — Advanced Fire Modeling
Fundamentals

Joint RES/EPRI Fire PRA Workshop
2012

.o

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Advanced Fire Modeling

* Course Objectives
— Fire modeling for nuclear power plant (NPP) applications
— Fire model uncertainty estimation

* Approach

Evaluate fire scenarios relevant to NPPs

Use models evaluated in verification and validation (V&V) study
Demonstrate capability and limitations of each model type
Quantify uncertainty as part of the fire modeling analysis
Identify relevant sensitivity analyses to support use of results

Fire PRA Waorkshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

A Collaboration of U. 5. NRC Office of Nuclear Regulatory

: S"de 2 I Research (RES) & Electric Power Research Institute (EPRI)
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Background

* NFPA issued the first edition of NFPA 805 in 2001

* NRC amended 10 CFR 50.48(c) in 2004 to employ NFPA 805
as alternative to existing deterministic requirements

* NFPA 805 requires that

— Fire models shall be verified and validated (section
24.1.2.3)

— Only fire models that are acceptable to the authority having
jurisdiction (AHJ) shall be used in fire modeling calculations
(section 2.4.1.2.1)

* NRC/RES and EPRI completed V&V project for five fire
modeling tools in 2007

* Results documented in NUREG-1824, EPRI 1011999

Fire PRA Workshop 2012, Washington, D.C. | Slide 3 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)

NUREG 1934 / EPRI 1023259 — NPP FIRE MAG

* The objective is to describe the process of conducting fire
modeling analyses for commercial nuclear power plant
applications

* The process addresses the following technical elements
— Selection and definition of fire scenarios

Determination and implementation of input values

Sensitivity analysis
— Uncertainty quantification
— Documentation

* The document provides generic guidance, recommended best
practices, and example applications

Fire PRA Waorkshop 2012, Washington, D.C.

Slided A Coliaboration of U.S. NRG Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling [ oes

Research (RES) & Electric Power Research Institute (EPRI)



I NUREG 1934 / EPRI 1023259 — NPP FIRE MAG

» Users with following expertise will benefit the most :
— General knowledge of the behavior of compartment fires

— General knowledge of basic engineering principles,
specifically thermodynamics, heat transfer, and fluid
mechanics

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

* Further training resources in Section 1.3.2
— Academic courses
— Short courses
— Written materials

Fire PRA Workshop 2012, Washington, D.C. Usiides | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Elecinic Power Research Institufe (EPRI)

Fire Modeling Theory

Ceiling jet

Hot Gas Layer

Targets
Smoke Plume
Flame Plume
Thermal Radiation
from Flame Plume
Figure 1-1. Characteristics of compartment fires.
Fire PRA Workshop 2012, Washington, D.C. Uglides A Gollaboration of U.8. NRC Office of Nuclear Regulatory

Module 5: Advanced Fire Modeling Research (RES) & Eleciric Power Research Institute (EPRI)
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Fire Modeling Theory

Ceiling jet

Targets

Smoke Plume

Flame Plume

Thermal Radiation
from Flame Plume

Figure 1-1. Characteristics of compartment fires.

Fire PRA Workshop 2012, Washington, D.C. Uglides | A Gollaboration of U.8. NRG Office of Nuclear Regulatory
Module 5: Adh d Fire Modeling 1 TR Research (RES) & Electric Power Research Institute (EPRI)




I Fire Modeling Theory

» Parameters of interest in fire modeling analyses:

Rate of smoke production

Rate of smoke filling
* HGL interface position

Properties of the fire plume and ceiling jet

* Temperatures / velocities

Properties of the HGL

» Temperature / smoke concentration / visibility

Target response to incident heat flux
* Nuclear safety targets (cables, equipment, operators ...)
» Fire protection targets (sprinklers, detectors ...)

Fire PRA Workshop 2012, Washington, D.C. Uslide7 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Elecinic Power Research Institufe (EPRI)

I Fire Models In NUREG 1934/ EPRI 1023259

« Algebraic models (1.4.1)
— FDTs
— FIVE-revi

* Zone models (1.4.2)

— CFAST
Mass
— MAGIC
Mass inflow
S
* CFD models (1.4.3)
- FDS
Fire PRA Workshop 2012, Washington, D.C. Uglides | A Gollaboration of U.8. NRC Office of Nuclear Regulatory

Module 5: Advanced Fire Modeling Research (RES) & Eleciric Power Research Institute (EPRI)
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I Fire Models In NUREG 1934 / EPRI 1023259

« Algebraic models (1.4.1)
- FDTs
— FIVE-revi

* Zone models (1.4.
— CFAST
- MAGIC

* CFD models (1.4.3)
— FDS

Fire PRA Workshop 2012, Washington, D.C. Usiides | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecirnic Power Research Institufe (EPRI)

I Fire Models In NUREG 1934 / EPRI 1023259

+ Algebraic models (1.4.1)
— FDTs
— FIVE-revi

* Zone models (1.4.2
— CFAST
- MAGIC

* CFD models (1.4.3)
- FDS

Fire PRA Workshop 2012, Washington, D.C. Uglides | A Gollaboration of U.8. NRG Office of Nuclear Regulatory
Module 5: Adh d Fire Modeling ssiish S Research (RES) & Electric Power Research Institute (EPRI)
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I Fire Models In NUREG 1934 / EPRI 1023259

« Algebraic models (1.4.1)
- FDTs
— FIVE-revi

* Zone models (1.4.2)
— CFAST
- MAGIC

* CFD models (1.4.3)
— FDS

Fire PRA Workshop 2012, Washington, D.C. Usiides | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecirnic Power Research Institufe (EPRI)

I Fire Models In NUREG 1934 / EPRI 1023259

+ Algebraic models (1.4.1)
— FDTs
— FIVE-revi

* Zone models (1.4.2)
— CFAST
- MAGIC

* CFD models (1.4.3)
- FDS

Fire PRA Workshop 2012, Washington, D.C. Uglides | A Gollaboration of U.8. NRG Office of Nuclear Regulatory
Module 5: Adh d Fire Modeling ssiish S Research (RES) & Electric Power Research Institute (EPRI)

2-8



I Fire Model V&V

» Fire models shall only be applied within the limitations of the
given model and shall be verified and validated.

* Validation
— Is the physics right?
— Are the right equations being solved?
* Verification
— |s the math right?
— Are the selected equations being solved correctly?

* NUREG-1824, EPRI 1011999 - Verification and Validation of
Selected Fire Models for Nuclear Power Plant Applications

Fire PRA Workshop 2012, Washington, D.C.

| Slide 9 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling ;

Research (RES) & Elecine Power Research Institufe (EPRI)

I NFPA 805 Fire Modeling Applications

* NFPA 805 requirements associated with fire modeling are
organized in two sections

— Section 2.4.1.4 describes the requirements associated with
the fire modeling tools selected for the analysis.

— Section 4.2.4.1 describes requirements for the
implementation of a performance-based fire modeling
analysis.

Fire PRA Workshop 2012, Washington, D.C. USlide 10 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling st A Research (RES) & Elecinic Power Research Institute (EPRI)
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NFPA 805 Fire Modeling Applications

* NFPA 805 Section 2.4.1.2 describes the requirements for
the use of fire models, which include:

— The use of fire models acceptable to the AHJ

— The application of fire models within their range and
limitations

» Chapter 2 of NUREG 1934, EPRI 1023259 provides
guidance on

* Ensuring the model is within the range of limitations

* Ensuring specific fire model applications are within
the scope of existing V&V studies

* What steps should be taken if they are not

Fire PRA Workshop 2012, Washington, D.C. | slide 11 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)

NFPA 805 Fire Modeling Applications

* NFPA 805 Section 4.2.4.1 describes the process to follow
when using fire modeling to address variances from
deterministic requirements (VFDRs):

Identify Targets (NFPA 805 § 4.2.4.1.1)

Establish Damage Thresholds (NFPA 805 § 4.2.4.1.2)
Determine Limiting Conditions (NFPA 805 § 4.2.4.1.3)
Establish Fire Scenarios (NFPA 805 § 4.2.4.1.4)

Protection of Required Nuclear Safety Success Paths
(NFPA 805 § 4.2.4.1.5)

— Operations Guidance (NFPA 805 § 4.2.4.1.6)

Fire PRA Workshop 2012, Washington, D.C. Uglide 12 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling bt il Research (RES) & Elecinic Power Research Institute (EPRI)
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Fire Modeling in Support of Fire PRA

* Fire PRA applies fire modeling in the fire scenario development
and analysis process

progression of damage states over time

targets damaged within that time

A fire scenario in a Fire PRA is often modeled as a

It is initiated by a postulated fire involving an ignition source
Each damage state is characterized by a time and a set of

Fire modeling is used to determine the targets affected in

each damage state and the associated time at which this

occurs

Fire PRA Workshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

! Slide 13

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)

I Fire Modeling in Support of Fire PRA

Ignition

Damage State 1
(Ignition Source
Only)

Damage State
2

Damage State
3

Damage State 4
(Hot Gas Layer)

No additional damage outside the ignition source

No damage outside target set 1

No damage outside target set 2

No damage outside target set
3

Figure 1-4: Event tree depicting scenario progression modeled in a Fire PRA

Fire PRA Waorkshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

. Slide 14

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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Step 1 - Define Modeling Goals

* Maximum acceptable surface temperature for a cable,
component, secondary combustible, structural element, or fire-
rated construction

*» 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

* Maximum acceptable enclosure temperature
* Maximum smoke concentration or minimum visibility

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

Fire PRA Workshop 2012, Washington, D.C. U Slide 17 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling st 0N Research (RES) & Elecinic Power Research Institute (EPRI)

Step 2 - Characterize Fire Scenarios

* A fire scenario is defined as a set of elements needed to
describe a fire incident

* These elements are typically specified in fire models
* These elements include the following:

— Enclosure details
Fire location within the enclosure

Fire protection features that will be credited
Ventilation conditions

Target location(s)

Secondary combustibles
Source fire

Fire PRA Workshop 2012, Washington, D.C. | Slide 18 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)
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Step 2 - Characterize Fire Scenarios

* Enclosure details
* Enclosure details include

— The identity of the enclosures included in the fire model
analysis

— The physical dimensions of these enclosures
— The boundary materials of each enclosure

Fire PRA Workshop 2012, Washington, D.C. | Slide 19 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)
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Step 2 - Characterize Fire Scenarios

* Fire location

* The location depends on the fire modeling goal, the target
location, and the fire modeling tool selected

* Examples:
— Targets in the fire plume or ceiling jet
— Targets affected by flame radiation
— Targets engulfed in flames
— Targets immersed in the Hot Gas Layer

Fire PRA Waorkshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

Slide 21 A Gollaboration of U.S. NRG Office of Nuclear Regulatory
st ifos NI Research (RES) & Electric Power Research Institute (EPRI)

Step 2 - Characterize Fire Scenarios

*» Credited fire protection

* Fire protection features to be credited in a fire modeling
analysis usually require a fire protection engineering evaluation
of the system’s effectiveness

— Assessment of the system compliance with applicable
codes, including maintenance and inspection

— Assessment of the system performance against particular
fire scenarios being considered.

» Fire modeling tools within this course may not be able to model
the impact of some of the fire protection features credited in a
given scenario.

Fire PRA Workshop 2012, Washington, D.C. | Slide 22 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)
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Step 2 - Characterize Fire Scenarios

» Ventilation conditions
* Ventilation conditions include:
— Mechanical ventilation
* Normal HVAC / purge mode
— Natural ventilation
* Door / window / damper / vent positions

» Target location(s)

* The physical dimensions of the target relative to the source fire
or the fire model coordinate system.

Fire PRA Workshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

| Slide 23 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 2 - Characterize Fire Scenarios

» Secondary combustibles

* Any combustible materials that, if ignited, could affect the
exposure conditions to the target set considered.

— Intervening combustibles, which are those combustibles
located between the source fire and the target, are
examples of secondary combustibles

» Secondary combustibles include both fixed and transient
materials

» Secondary combustibles take on the characteristics of a target
prior to their ignition

Fire PRA Workshop 2012, Washington, D.C. Uglide 24 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling stchets o N Research (RES) & Elecinic Power Research Institute (EPRI)
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Step 2 - Characterize Fire Scenarios

» Source fire
* The source fire is the forcing function for the fire scenario

» Common fuel packages include electrical panels and
transformers, cables, transient combustible material, lubricant
reservoirs, and motors

* The source fire is typically characterized by a heat release rate
history

» Other important aspects include the physical dimensions of the
burning object, its composition, and its behavior when burning

Fire PRA Workshop 2012, Washington, D.C. | Slide 25 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)

Step 3 - Select Fire Models

* Fire models can be classified into three groups:
— Algebraic models
— Zone models
— 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.

— Combination of all three types of models may be useful for
analyzing a specific problem.

Fire PRA Workshop 2012, Washington, D.C. U Slide 26 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling st AN Research (RES) & Elecinic Power Research Institute (EPRI)
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I Step 3 - Select Fire Models

Table 2-1. Summary of Common Fire Model Tools

thermal radiation, Hot
Gas Layer, or thermal
plume acting in
isolation.

ability to do multiple
parameter sensitivity
studies.

Fir&:‘: : el Examples | Typical Applications Advantages Disadvantages
Algebraic FDT® Screening calculations; | Simple to use; Limited
models FIVE- zone of influence; minimal inputs; application range;
Rev1 target damage by quick results; treats phenomena

in isolation;
typically
applicable only to
steady state or
simply defined
transient fires
(e.g., proportional
to the square of
time or {2 fires).

Fire PRA Workshop 2012, Washington, D.C.

Module 5: Advanced Fire Modeling

! Slide 27

A Collaboration of U.5. NRC Office of Nuclear Regulatory

Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 3 - Select Fire Models

Table 2-1. Summary of Common Fire Model Tools

MAGIC

in simple geometries;
often used to compute
hot gas temperatures
and target heat fluxes.

couples Hot Gas Layer
and localized effects;
quick results;

ability to do multiple
parameter sensitivity
studies.

Fir&l;ﬂso;lel Examples | Typical Applications Advantages Disadvantages
Zone Model | CFAST Detailed fire modeling Simple to use; Error increases

with increasing
deviation from a
rectangular
enclosure;

large horizontal
flow paths not well
treated.

Fire PRA Waorkshop 2012, Washington, D.C.

Module 5: Advanced Fire Modeling

A Collaboration of U. 5. NRC Office of Nuclear Regulatory

Research (RES) & Electric Power Research Institute (EPRI)
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I Step 3 - Select Fire Models

Table 2-1. Summary of Common Fire Model Tools

and habitability (MCR
abandonment or
manual action
feasibility).

Flr&:‘: sd el Examples | Typical Applications Advantages Disadvantages
Computation | FDS Detailed fire modeling Ability to simulate fire Significant effort
Fluid in complex geometries, | conditions in complex to create input
Dynamics including computing geometries and with files and post-
Model time to target damage complex vent process the

conditions.

results;

long simulation
times;

difficult to model
curved geometry,
smoke detector
performance, and
conditions after
sprinkler
actuation.

Fire PRA Workshop 2012, Washington, D.C.

Module 5: Advanced Fire Modeling

' Slide 29

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 3 - Select Fire Models

* Fire Dynamics Tools (FDTs)

* FDTs is a set of algebraic models preprogrammed into
spreadsheets

* The FDTs library is documented in NUREG-1805 and
Supplement 1 (2011)

* The NRC maintains a website where both new and updated
spreadsheets are posted:

www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1805/finalreport/index.html

* See NUREG-1934, EPRI 1011999 Table 2-2 for complete list

of FDTs routines

Fire PRA Waorkshop 2012, Washington, D.C.

Module 5: Advanced Fire Modeling

. Slide 30

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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Step 3 - Select Fire Models

* Fire-Induced Vulnerability Evaluation (FIVE)-Rev1

* Five-Rev 1 is a set of algebraic models preprogrammed into
spreadsheets

* The FIVE-Rev 1 library is documented in EPRI 1002981

* See NUREG-1934, EPRI 1011999 Table 2-3 for complete list
of FIVE-Rev 1 routines

Fire PRA Workshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

| Slide 31 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 3 - Select Fire Models

» Consolidated Fire Growth and Smoke Transport (CFAST)
* CFAST is a multi-room two-zone computer fire model
* The model subdivides a compartment into two control volumes
— A relatively hot upper layer (i.e., the HGL)
— A relatively cool lower layer

— Conditions within each control volume are considered as
uniform at any time, with no spatial variations within a
control volume

» For some application the two-zone assumption may not be
appropriate

— Long hallways
— Tall shafts

Fire PRA Workshop 2012, Washington, D.C. Uglide s A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling st Bt Research (RES) & Elecinic Power Research Institute (EPRI)
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Step 3 - Select Fire Models

* MAGIC

* MAGIC is a two-zone computer fire model, developed and
maintained by EdF specifically for use in NPP analysis

* MAGIC is fundamentally similarto CFAST and solves the same
basic set of predictive differential equations

Fire PRA Workshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

| Slide 33 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 3 - Select Fire Models

* Fire Dynamics Simulator (FDS)
« FDS is a CFD model of fire-driven fluid flow

* The model numerically solves a form of the Navier-Stokes
equations appropriate for low-speed, thermally driven flow, with
an emphasis on smoke and heat transport from fires

* FDS computes the temperature, density, pressure, velocity,
and chemical composition within each grid cell at each time
step

— There are typically hundreds of thousands to several million
grid cells, and thousands to hundreds of thousands of time
steps in a FDS simulation

Fire PRA Workshop 2012, Washington, D.C. USlidesd A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling sttt i N Research (RES) & Elecinic Power Research Institute (EPRI)
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Table 2-5. Summary of selected normalized parameters for application of the validation
results to NPP fire scenarios (NUREG-1824/EPRI 1011999, 2007).

Quantity

Normalized Parameter

General Guidance
Range

Validation

Fire Froude
Number

o=—3
putp D2 gD

Ratio of characteristic
velocities. A typical
accidental fire has a Froude
number of order 1.
Momentum-driven fire
plumes, like jet flares, have
relatively high values.
Buoyancy-driven fire
plumes have relatively low
values.

04-24

Flame Length
Ratio

He+ Ly

L .
7 .2/5
D 370 1.02

A convenient parameter for
expressing the “size” of the
fire relative ta the height of
the compartment. A value

of 1 means that the flames

reach the ceiling.

0.2-1.0

Ceiling Jet
Distance Ratio

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

12-17

Equivalence
Ratio

# = N, Mo,

1
Wi 0.23 XEAO\/H_D (Natural)
0.23 p.,V (Mechanical)

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, rig,. The
fire is considered over- or
under-ventilated based on
whether ¢ is less than or
greater than 1, respectively.
The parameter, r, is the
stoichiometric ratio.

0.04-08

Quantity

Normalized Parameter

General Guidance

Validation
Range

Compartment
Aspect Ratio

L/H. or W/H,

This parameter indicates
the general shape of the
compartment.

06-57

Radial Distance
Ratio

#
D

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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Quantity Normalized Parameter General Guidance Validation
Range

This parameter indicates
L/H,. or W/H, the general shape of the 06-57
compartment.

Compartment
Aspect Ratio

This ratio is the relative
distance from a target to
the fire. It is important 22-57
when calculating the
radiative heat flux.

Radial Distance Nl
Ratio D

I Step 3 - Select Fire Models

EE——
* Fire parameters may fall outside their validation range defined
in NUREG-1824 , EPRI 1011999

* The predictive capabilities of the fire models in many scenarios
can extend beyond the range

* Analyst is required to address these situations
 Sensitivity analyses can be used to address these scenarios

Fire PRA Workshop 2012, Washington, D.C. Ulide 37 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling st Bt N Research (RES) & Electric Power Research Institute (EPRI)
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Step 4 - Calculate Fire Conditions

* This step involves running the model(s) and interpreting the
results.

* The process includes
— Determine the output parameters of interest

Prepare the input file

Run the computer model

Interpret the model results

Arrange output data in a form that is suitable for the goal

Fire PRA Workshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

| Slide 38 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 5 - Sensitivity And Uncertainty Analyses

* A comprehensive treatment of uncertainty and sensitivity
analyses are an integral part of a fire modeling analysis

* Model uncertainty

— Models are developed based on idealizations of the
physical phenomena and simplifying assumptions

» Parameter uncertainty

— Many input parameters are based on available generic data
or on fire protection engineering judgment

Fire PRA Workshop 2012, Washington, D.C. Uglide 39 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling S Research (RES) & Elecinic Power Research Institute (EPRI)
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Step 6 - Document The Analysis

* Information needed to document fire scenario selection will be
gathered from a combination of observations made during
engineering walkdowns and a review of existing plant
documents and/or drawings

— Marked up plant drawings.

— Design basis documents (DBDs).

— Sketches.

— Write-ups and input tables.

— Software versions, descriptions, and input files.

* A reviewer should be able to reproduce the results of a fire
scenario analysis from the information contained within the
documentation

Fire PRA Workshop 2012, Washington, D.C. | Slide 40 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling i Research (RES) & Elecinic Power Research Institufe (EPRI)

Fire Modeling Elements — Heat Release Rate

* Three questions usually have to be answered to adequately

assess the heat release rate of a fire: Heat Release Rate
— How fast does the fire grow? o X
— What is the peak intensity of the fire? gggg f \\
— How long does the fire burn? Izzg / \\
* Other factors: b / E— \\
— Fire elevation IR R e W W

Fire location relative to targets or obstructions

Soot yield
Radiative fraction

— Yield factors

Fire PRA Workshop 2012, Washington, D.C. Ulided1 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling stiba 5 N Research (RES) & Elecinic Power Research Institute (EPRI)
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* Compartment geometry
* Compartment Boundary materials

Table 3-1. Material Properties

Fire Modeling Elements — Area Configuration

Thermal . .
: i Densit Specific Heat
Material colr\:\?flrjncttl'l(‘]my (kgfm% (kJIKG/K) Source
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 0.17 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 540 25 NUREG-1805, Table 2-3
PVC 0.192 1380 1.289 NUREG/CR-6850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R
Fire PRA Workshop 2012, Washington, D.C.  Slide 42 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Module 5: Advanced Fire Modeling

» Ventilation openings
— Vertical (doors / windows)

— Horizontal (ceiling / floor vents)

* Leakage paths

* Mechanical ventilation

— Injection

— Extraction

— Recirculation

Fire PRA Waorkshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling

. Slide 43
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Fire Modeling Elements — Ventilation Effects
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Fire Modeling Elements — Targets

» Targets are objects of interest than can be affected by the fire-
generated conditions

» Targets typically consist of
— Cables in conduits
— Cables in raceways
— Plant equipment or
— Plant personnel
» Targets are characterized by
— Location,
— Orientation (i.e. facing the fire, HGL, floor, etc.)
— Damage criteria and
— Thermophysical properties

Fire PRA Workshop 2012, Washington, D.C.

| Slide 44 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling ;

Research (RES) & Elecine Power Research Institufe (EPRI)

I Fire Modeling Elements — Secondary
Combustibles

* Intervening combustibles should be described in terms of their
locations as well as in terms of their relevant thermophysical
and flammability properties

* Representing intervening combustibles in fire models presents
technical challenges that the analyst should consider

— Obtaining the necessary geometric and thermophysical
properties representing the intervening combustible and

— The ability of the computer tools to model the fire
phenomena (e.g., fire propagation).

Fire PRA Workshop 2012, Washington, D.C. Ulide 45 A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling sttt S Research (RES) & Elecinic Power Research Institute (EPRI)
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Representative Fire Scenarios

Figure 3-1. Pictorial representation of the fire scenario and corresponding technical
elements described in this section.

Fire PRA Workshop 2012, Washington, D.C. U Slide 46 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Elecinic Power Research Institufe (EPRI)
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Figure 3-3. Pictorial representation of scenario 1
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I Scenario 2 - Targets Inside or Outside the Hot
Gas Layer

» This scenario consists of a target,
ignition source, and perhaps a
secondary fuel source

» Objective: Calculate the time to
damage for the target if it is inside or
outside the Hot Gas Layer

* Examples Cand E

e S b s R

Figure 3-4 Pictorial representation of scenario 2

Fire PRA Workshop 2012, Washington, D.C. U Slide48 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Elecinic Power Research Institufe (EPRI)

I Scenario 3 - Targets Located in Adjacent Rooms

* This scenario consists of a target in a room adjacent to the
room of fire origin

* Objective: Calculate the time to damage for a target in a room
next to the room of fire origin

= IR

HERE .;E;};!s‘xgﬁggzg,;.é;"' z-,:-,-..5a;g?_:g?gw,;-,aﬁag;?‘%%\,}mwzgw ea:-:-iﬂ- A e T

* Example G
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Figure 3-5. Pictorial representation of scenario 3
Slide 49 A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Bt L Research (RES) & Electric Power Research Institute (EPRI)

Fire PRA Waorkshop 2012, Washington, D.C.
Module 5: Advanced Fire Modeling
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I Scenario 4 - Targets in Rooms with Complex
Geometries

* This scenario involves a room with an
irregular ceiling height

* Objective: Calculate the time to damage

for a target in a room with a complex

geometry q
* Examples D and H

Figure 3-6. Pictorial representation of scenario 4

Fire PRA Workshop 2012, Washington, D.C. U sSlideso | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Elecinic Power Research Institufe (EPRI)

Scenario 5 - Main Control Room Abandonment

........ IRTRIINTATINT SvTR TR

* This scenario consists of a fire i i
(electrical cabinet fire within the
main control board) that may
force operators out of the control
room

i

SRS

* Objective: Determine when
control room operators will need
to abandon the control room due
to fire-generated conditions

e
SLRLALELALILeLY

i Sy SRS LE Ot iR Sk EE ST

s

e S R ST S S T

* Example A
ottt S ;
Figure 3-7. Pictorial representation of scenario 5
Fire PRA Workshop 2012, Washington, D.C. Ulide st A Gollaboration of U.8. NRC Office of Nuclear Regulatory

Module 5: Advanced Fire Modeling Research (RES) & Eleciric Power Research Institute (EPRI)
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Scenario 6 - Smoke Detection and Sprinkler
Activation

EEE——
* This scenario addresses smoke/heat detector or sprinkler
activation
* Objective: Calculate the response time of a smoke or heat detector
that may be obstructed by ceiling beams, ventilation ducts, etc.

* Examples B and E

Fire PRA Workshop 2012, Washington, D.C. {sSlides? | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Elecinic Power Research Institufe (EPRI)

I Scenario 7 - Fire Impacting Structural Elements

* This scenario consists of fire
impacting exposed structural
elements

* Objective: Characterize the
temperature of structural
elements exposed to a nearby
fire source

* Example F

Figure 3-9. Pictorial representation of scenario 7

Fire PRA Workshop 2012, Washington, D.C. Uglidess | A Gollaboration of U.8. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling iish bl Research (RES) & Electnic Power Research Institute (EPRI)
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Summary

» The purpose of this module has been to introduce the following
concepts relevant to NPP applications:

The fire modeling process

The fire modeling tools

Representative fire modeling scenarios
— Uncertainty / sensitivity analyses

* Over the next 2 days we will consider these representative fire
modeling scenarios in more detail

* On Friday, you will perform your own analyses

Fire PRA Workshop 2012, Washington, D.C. | Slide 54 A Collaboration of U.S. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)

Module 5: Advanced Fire Modeling
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2.2 Fire Model Descriptions

USNRC EPRI| s,

Protecting People und the Envirommen ¢

) P s
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

4

:

Module 5: Advanced Fire Modeling

Fire Model Descriptions

Joint RES/EPRI Fire PRA Workshop
2012

.o

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I FIVE (Fire-Induced Vulnerability Evaluation)

*« EPRI TR-100443 “Methods of Quantitative Fire Hazards
Analysis,” May 1992.

» Mostly a collection of hand calculations to estimate fire-
generated conditions.

» Capable of estimating smoke layer, height and

temperatures.
Fire PRA Workshop, 2012, Washington, D.C. CSlide? | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Fire Model Descriptions (stiheu i Research (RES) & Elecinic Power Research Institute (EPRI)
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I About FIVE-Rev1

» More than 10 years after the start of FIVE, most of the equations are still

used in practice

+ A revision of the quantitative fire hazard techniques in FIVE.

* Most of the hand calculations are in the original EPRI publication and
some other models available are in the fire protection engineering

literature.

Fire PRA Workshop, 2012, Washington, D.C
Fire Model Descriptions

I About FIVE-Rev1

* Excel spreadsheet
— Graphical interface
— Excel's equation library

Fire PRA Workshop, 2012, Washington, D.C.
Fire Model Descriptions

4 stage heat release rate profile based on t2 growth
Heskestad's flame height model

A radiation model from a cylindrical flame to targets
Models for velocity of plume and ceiling jet flows
Model for plume diameter as a function of height
MQH model for room temperature

Model for visibility through smoke

| Slide 3 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)

FIVE-Revl x|
Electric Power Resaarch Institube Developed for EPRI by SAIC

In FIVE-REY-1, EPRI has automated most of the hand calculstions described in FIVE plus
some additional models commonly used by fire protection engineers.

Fire models can be accessed in two ways:

1. dlick on "Models” to start the interface. Through this interface, users
can select a model, provide required inputs and obtain results,

2. Click on "Close” ta work in Excel spreadsheet environment, The madels
are available in the Insert/Functions{User Defined menu, Analysts can take
advantage of ol Excel built in capabilities to perform fire modeling analysis.

Disclaimer | Disclaimer of Warranties and Limitations of Lisbilities

Copyright © 2002 Electric Power Research Institute, Inc. All rights reserved,

Slided A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Bt 2 S Research (RES) & Electric Power Research Institute (EPRI)
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Graphical Interface

S
» Main menu screen: CTRL-m

Fire PRA Workshop, 2012, Washington, D.C. ES!lda" A Collaboration of U.S. NRC Office of Nuclear Regulatory
Fire Model Descriptions ¢ 3 Research (RES) & Elecric Power Research Insfitufe (EPRI)

Graphical Interface

N
* Additional models screen:

Fire PRA Workshop, 2012, Washington, D.C. ' ACollaboration of U.S. NRG Office of Nuclear Regulafory
Fire Model Descriptions ¢ | Research (RES) & Electric Power Research Institute (EPRI)
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Graphical Interface

N 2
* Interface for models

=
Usethe crbmkeystoact = bt eiinate  Uncertainty € Other models
- Temperatures and radiz HRR. [ky] Sth: M
— Upper Layer Tempe " 94T HRR k] osth | [0 mperature ——
MOH 1 Fire location Factor: L Target elevation [m]:l Ok I
ol yen " Fire elevation [m]: Irradiated fraction; | 0-40 ok I
FPA Model: Fire diameter [m]: Ambient Temp [C]: I 20
Mechanical vent Im Flames -
Calculate | o ok I
FIVE: Result [C]
[nce
‘ I
*Correlation used in FIVE All rights reserved.
Fire PRA Workshap, 2012, Washington, D.G | Slide 7 i A Collaboration of U.5. NRC Office of Nuclear Regulatory

Fire Model Descriptions Research (RES) & Electnic Power Research Insfitufe (EPRI)

How to User FIVE-Rev1
Excel Function Library
I
* On a new Worksheet:
— Click on: Insert/Function/User Defined
— Use them as any other Excel built in functions

E3 Microsoft Excel - FIVE-Rev1 Excel Yersion 2000.xls Ez[

|&) Ele Edt View | Inset Fomat Tools Data Window Help Frctkn ko R on e
DS Wkt BB - Q| [ |
7 Financial AsetScreening
R P il - 2 2 AR R .| |patesine CcFlux
T{ Name » Math & Trig CTher
- Statistical Detact
A | ¥ I D | E | F Lookup & Reference EpHeskestad
1 | Database EpThomas
2 Text EpZukoski
3 Logical FHeight
FE Information FireHRR
e | User Defined KN |
= Aset{Tamb,h,w,|kF,Fe,2i,X],ti,0i,tg,Qg,0max,tbo,td)
7 Choose the Help button for help on this function and its arguments.
8
9 |
10 o) ok | cancel

Fire PRA Workshop, 2012, Washington, D.C. U Slideg | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Fire Model Descriptions Lot Research (RES) & Elecinic Power Research Institute (EPRI)
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I Excel Function Library

E3 Microsoft Excel - FIVE-Revl Working Template xls

8] Fle Edk View Iniet Famat Took Data Widon Help
| . T e
DEE3(8RY BB - - @=Ll ™ -7,
MR F Mo s AR, e | -0 -8Bz U |EEEEs %, B3 E
H3 7 = =TpMcCaffrey(§C525 5C514,G3 §CHI3,5C531) |
A B [T [ F [ 6 ] H [ 1

1
2] -

i Fire Time to Getection 301 sec

4 Duration of incipient stage 100  sec Room temp (FVE) 281 [
| 5 | HRR during incipient stage 45]  kw Room temp (MO} 242] C
| 6 | HRR modeling value 1055]  kw

7| Fire growth rate 300]  sec B
[ 8 | Peak HRR 7RO kW Time [sec] HRR [k Plume Temp [C] Ceiling Jet Temp [C]

4l Burning duration A00[  sec 0 45 I 149 ! 29

10| Fire decay rate 75| sec 10 45 149 29
[ 11| Fire diameter 2| sec 20 45 149 29
12| Radiation fraction 0.4 WA 0 45 149 29

13 Fire elevation 24 m 40 45 143 2
14 Location factor 1 [ &0 45 149 29

151 &0 4 149 L]

Fire PRA Workshop, 2012, Washington, D.C | Slide 9 i A Coliaboration of U8 NRC Office of Nuclear Regulatory

Fire Model Descriptions Research (RES) & Elecine Power Research Institufe (EPRI)

I Excel Function Library

» Advantages:
— Use in the fire modeling analysis all the Excel built-in capabilities
« Charts, random number generation, statistical analyses
+ Create your own fire modeling templates, forms and reports

— Uncertainty analysis
+ Propagation of parameter uncertainty

— Sensitivity analysis
* However,

— The graphical interface is the typical excel environment
— Be familiar with Excel and the selected fire models

Fire PRA Workshop, 2012, Washington, D.C. U Slide10 | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Fire Model Descriptions (ssihe 0N Research (RES) & Elecinic Power Research Institute (EPRI)
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I . . Ciitical Distance from Flames L x|
Technical Details

. " Point Estimate ' Uncertainty
Uncertainty -

HRR [kiw] Sth:

= mR[kw]:l WA L
HRR [ki) 95th: | 400
Critical heat Flux [kWm2]: | &
.ﬁ <% Irradiated fraction: I 0,40
f(?,B.C)= A BAE ]
4 S Mean =1, 5t. Dev =0.44, Sth=0, 95th=2

Close |

» Some models in the graphical interface can be solved with and without
parameter uncertainty.

» |If the uncertainty option is selected, the fire intensity is represented the 5th
and 95th percentiles of the distribution.

» Both the input distribution and the output result are assumed to be normal.
* Uncertainty propagation is done using the Taylor expansion method.

Fire PRA Workshop, 2012, Washington, D.C | Slide 11 A Collaboration of U.S. NRC Office of Nucfearr Regulatory
Fire Model Descriptions i Research (RES) & Elecine Power Research Institufe (EPRI)

Fire Dynamic Tools (FDTs)

+ FDTs are a series of Microsoft Excel® spreadsheets issued with
NUREG-1805, “Quantitative Fire Hazard Analysis Methods for the
g.S. Nuclear Regulatory Commission Fire Protection Inspection

rogram.

+ The primary goal of FDT® was to be a training tool to teach NRC Fire
Protection Inspectors an Introduction to Fire Dynamics.

» The secondary goal of FDT= was to be used in plant inspections and
support other programs that required Fire Dynamics knowledge such
as, Significance Determination Process (SDP) and NFPA 805.

* NUREG-1805 provides a basic Introduction to Fire Dynamics for NPP
applications. Available free download at: http://www.nrc.gov/reading-rm/doc-
collections/nuregs/staff/sr1805/

Fire PRA Workshop, 2012, Washington, D.C. Slide 12 A Gollaboration of U.S. NRG Office of NucFearr Regulatory
Fire Model Descriptions § SRS Research (RES) & Electric Power Research Institute (EPRI)
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- Development of NUREG-1805 FDTs

« FDT+ are modeled after the Alcohol, Tobacco, Firearms, and Explosives
(ATF&E) Fire and Arson Certified Fire Investigation Program

« Selected a series of state-of-the-art Fire Dynamics Correlations from SFPE
Handbook of Fire Protection Engineering, NFPA Fire Protection
Handbook, and other relevant Fire Dynamics text.

— Customized for nuclear power plants applications
— Appropriate physical properties

« New spreadsheets were added as a part of the review.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 13 A Collaboration of U.:S‘ NRC Office of Nucfearr Regulatory
Fire Model Descriptions i Research (RES) & Elecine Power Research Institufe (EPRI)

I Features of FDTs

= User-friendly, Pre-Programmed Microsoft Excel® based on Fire Dynamics
equation/correlations.

— Quick application of Fire Dynamics principles foundin
state-of-the-art Fire Protection Handbooks

— Spreadsheets are protected to Prevent Tampering

— Automatic Unit Conversion

— Related Material Fire Properties Data for materials commonly found in
nuclear power plants listed within each spreadsheet

— Reduces Input Errors from inaccurate manual entries by using Pull-Down
Menus which allow the user to select material fire property data

— Provides for quick iterations with easy data entry in the spreadsheets to
provide first order Fire Dynamics estimates.

» Spreadsheets are available in English and SI Units.

Fire PRA Workshop, 2012, Washington, D.C. . Slide 14 A Gallaboratian ol U 3. NRG Gifice of Nualear Reguisiary
Fire Model Descriptions Wttt Research (RES) & Electric Power Research Institute (EPRI)
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- List of FDTs Spreadsheets

02.1_Temperature_NV xls
02.2_Temperature_FV.xls
02.3_Temperature_CC xls

03_HRR_Flame_Height_Burning_Duration_Cal
culation.xls

04_Flame_Height_Calculations.xls
05.1_Heat_Flux_Calculations_Wind_Free.xls
05.2_Heat_Flux_Calculations_Wind.xls

05.3_Thermal_Radiation_From_Hydrocarbon_
Fireballs.xls

06_lgnition_Time_Calculations.xls
07_Cable_HRR_Calculations.xls
08_Burning_Duration_Soild.xls

09 Plume_Temperature_Calculations.xls

Fire PRA Workshop, 2012, Washington, D.C

. Slide 16
Fire Model Descriptions L

10_Detector_Activation_Time.xls

13_Compartment_
Flashover_Calculations.xls

14_Compartment_Over_Pressure_Calculati
ons.xls

15_Explosion_Claculations.xls

16_Battery_Room_Flammable_Gas_Conc.x
Is

17.1_FR_Beams_Columns_Substitution_Co
rrelation.xls

17.2_FR_Beams_Columns_Quasi_Steady_
State_Spray_Insulated.xls

17.3_FR_Beams_Columns_Quasi_Steady_
State_Board_Insulated.xls

17.4_FR_Beams_Columns_Quasi_Steady_
State_Uninsulated.xls

18_Visibility_Through_Smoke xls

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)
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I New FDTs®

THIEF - Cable Failure

* Flammable Liquid Spill Diameter

* Ceiling Jet Temperature & Velocity

Fire PRA Workshop, 2012, Washington, D.C. U Slide 17 | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Fire Model Descriptions (Essihe NN Research (RES) & Elecinic Power Research Institute (EPRI)
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I THIEF Spreadsheet

CHAPTER 20. ESTIMATING THE THERMALLY-NDUCED ELECTRICAL y‘lx!uu
FAILURE [THIEF] OF CABLES F: o,

Macon ste 31 SEHED I

INPUT PARAMETERS

v P Select Cable

— 3
RESULTS
o
500
T
E)M
. P
£
100
o
o £ 100 " w0 0
s
= R e B

Fire PRA Workshop, 2012, Washington, D.C.
Fire Model Descriptions

I Select Cable

Select Cable From List

User Specified Data

View Cable Data Sheets

Fire PRA Workshop, 2012, Washington, D.C. | Slide28 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electnc Power Research Institute (EPRI)

Fire Model Descriptions

2-54

A GColiaboration of U.8. NRC Office of Nuclear Regulatory
Research (RES) & Eleciric Power Research Institute (EPRI)



I Cable Function & Gauge

2.10U0001 34

10.05662719
Cable Selection =5
| Select Cable Function:
I “ Control  Instrumentation " Power
tiera. | Enter Wire Gauge: [ Click Arrow -]
2 =
P e sl
Enter Number of Conductors: | ¢
8
_ 8 9
i 10
Continug H
14
100.2615257
Fire PRA Workshap, 2012, Washington, D.G. | Slide29 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Fire Model Desm-p;.,-ms 2 ’ Research (RES) & Electric Power Research Institute (EPRI)
10.05662719 8!
1
bl
Select Cable Function: <
@ Control © Instrumentation © Power ;'
: 3
we] Enter Wire Gauge: | g = :
) 4
mn 4
Enter Number of Conductors: | Click Arrow ~| 4
R
3 3 I
Continug ; 4
7 4
9 :
12 !
15 100.2615257 &

1051374661 4

110.0134066 4

1151940933 &

120.0700338 4

Fire PRA Workshop, 2012, Washington, D.C. U Slide30 | A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Fire Model Descriptions LT Research (RES) & Eleciric Power Research Institute (EPRI)

P E—
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Location

3016988158 2195148149

| Cable Location 5 b 9515535
| 3530886
7898273
. 1913622
Select Cable Location: | J 628101
Air Drop BE67224
Cable Tray 9571429
Conduit - Rigid BOEA504
Conduit-EMT
897371
User Specified
T 7471785

85.02421174 4315969861
90.20489847 435 6874066

Fire PRA Warkshop, 2012, Washington, D.C. | Slide3? | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Fire Model Descriptions H i Research (RES) & Electnic Power Research Institute (EPRI)

Results — Plume, TP

EXPOSURE GAS TEMPERATURE PROFILE

Gas

Time (s} Tutnpealivh Gas Temperature %
b O S kel D . RESULTS
0 0.00 20315
10 36495 53810 400
2000 36485 B3840
4000 36495 63810 ! 350
s 300
% 250 [
5 Failure Rang
3 200 o
8 150
E 1
F 100
50
0
0 50 100 150 200 250 300 350 400
Time (s)
—Exposing Temp ~ —— Cable Temp Conduit Temp

Click Calculate Button when finished entering data!

Answer:

Fire PRA Warkshop, 2012, Washington, D.C. | Slide33 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Fire Model Descriptions H i Research (RES) & Electric Power Research Instilute (EPRI)
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I Results — Plume, TS

EXPOSURE GAS TEMPERATURE PROFILE

Gas.

Gas Temperature

Tima (5) Temperature
¢c)
I ] 000 1
10 36495 63810
2000 36495 | 6%
4000 36495 63810

Click Lalculate Button when inished entenng data!

|Click Calculate Button when finished entering data!

Temperature °C)

a%§§§

558

gy
Bgg

RESULTS

Failure Range

1000

2000 3000 4000 5000
Time {s)

—Exposing Temp  —— Gable Temp Condust Temp.

o —k

Fire PRA Workshop, 2012, Washington, D.C:

Fire Model Descriptions

I Results — Layer, TP

| Stide 34

A Coliaboration of U8 NRC Office of Nuclear Regulatory
Research (RES) & Eleciric Power Research Insfitufe (EPRI)

EXPOSURE GAS TEMPERATURE PROFILE

Gas
Tirne (s} i )
(’C.L )]
] 25.00 T
&0 110.95 B0
120 12148 39463 00
180 12823 40136
- 250
o o ::;';. o Failure Range
‘ —— £ 200
600 15116 i =
900 159,99 33318 =
200 6560 : £ 150
1500 17198 A3 @
1800 176 52 g £ 100
2100 16046 AEIET K]
2400 18396 B
2700 187 11 50
3000 189.98 46313
0 wo | wem— ¢
¢ = 1000 2000 3000 4000 5000
Time (s}
——Exposing Temp ——Cable Temp Condut Temp

Click Calculate Button when finished entering data!

Fire PRA Workshop, 2012, Washington, D.C:

Fire Model Descriptions

| Stide 35

A Coliaboration of U8 NRC Office of Nuclear Regulatory
Research (RES) & Eleciric Power Research Insfitufe (EPRI)
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MAGIC

MAGIC is a two zone fire model developed by EDF.
The software solves conservation equations for mass and energy in two control

volumes.

Local values of temperatures and fluxes are accessible with targets (flame, plume,
ceiling-jet, relative distance from the fire).

Control
Volume 1

Control
Volume 2

Fire PRA Workshop, 2012, Washington, D.C
Fire Model Descriptions

| Stide 36

Features
puct | F "e;m """"""" Horizontal opening
F Spnnkler system
Fi

Cable?

Upper layer

iam | \ P%lme Lower layer
V FlamW

Obstacle

Fire PRA Workshop, 2012, Washington, D.C
Fire Model Descriptions

Vertical opening

| slide 37

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)

- Gaseous phase combustion, governed
by pyrolysis rate and oxygen
availability

- Heat transfer between flame, gases
and smoke, walls and surrounding
air, thermal conduction in multi-layer
walls, obstacles to radiation

- Mass flow transfer: Fire-plumes,
ceiling-jet, openings and vents

- Thermal behavior of targets and cables

- Secondary source ignition, unburned
gas management

- Multi-compartment, multi-fire, etc.

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)
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I Sub-Models

Semi empirical correlations for:

- Plume temperature and entrainment
- Ceiling jet temperature

Vertical openings: hydrostatics

Horizontal opening: Cooper's correlation

Wall and Target conduction: 1-D finite difference
Combustion: global balance — effect of oxygen depletion
Sprinkling system: integrated droplet approach

Ventilation: parabolic fan law (variable), head loss in ducts

Fire PRA Workshop, 2012, Washington, D.C
Fire Model Descriptions

| Slide3s A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

I An advanced user interface

Fiss Cate EQ Duisbace Colsten

[ouees coum 52 mpmoen Seinctd cwer - WOTHOG

- = i
S =
u.’:!":‘m m

- e | s

« Numerical controls, 3D visualization, wide data base (materials, combustible)
= Flexibility: user-friendly interface, PC English version, connection to Excel and
Word, etc.

| Slide39 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

Fire PRA Workshop, 2012, Washington, D.C
Fire Model Descriptions
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I Examples

{ EDF)

(CVCS pumps— PWR 200)

Fire PRA Warkshop, 2012, Washington, D.C | Slide40 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Fire Model Descriptions i i Research (RES) & Electnic Power Research Insfitufe (EPRI)

I CFAST

+ CFAST is a two zone fire model
developed by NIST

* The software solves
conservation equations for mass
and energy in two control
volumes

« Accounts for the effects of

— User specified fire(s) in
multiple connected
compartments

— Natural flow between
compartments through vents

— Mechanical ventilation

— Heating and ignition of
objects

Fire PRA Warkshop, 2012, Washington, D.C | Slide 41 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Fire Model Descriptions i i Research (RES) & Electnic Power Research Insfitufe (EPRI)
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I View: Geometry and Visualization of Results
|

g -« CFAST uses Smokeview to
‘;C,/ [ visualize scenario geometry,
0 vents, fires, and targets.
« Visualization of model outputs
— also supported.
Fire PRA Workshop, 2012, Washington, D.C. Slide 51 A Collaboration of U.8. NRC Office of Nuclear Regulatory

Fire Model Descriptions Research (RES) & Electric Power Research Institute (EPRI)

FDS (Fire Dynamics Simulator)

» Computational fluid dyﬁamics (CFD) model of fire driven fluid flow
* The software solves a form of the Navier-Stokes equations

— FDS was designed to study fire dynamics

— Uses “Low Mach Number” approximation

— Low speed, thermally driven flows

— Emphasis on smoke and heat transport
* FDS vs. other CFD codes:

— Low Mach Number assumptions

— Large Eddy Simulation (LES) turbulence model

— Relatively simple gridding

Fire PRA Warkshop, 2012, Washington, D.C | Slide 52 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Fire Model Descriptions i Research (RES) & Elecine Power Research Institufe (EPRI)
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I What is Smokeview?

» Software tool designed to visualize numerical predictions
generated by FDS

* It is a post processing step after simulation is completed (not

a graphical user interface for entering input data)

* Visualizations are performed by:

Displaying time dependent tracer particles

Animated contour slices of computed gas variables

Displaying time dependent surface data

Realistic smoke

Fire PRA Warkshop, 2012, Washington, D.C | Slide53 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Fire Model Descriptions i Research (RES) & Elecine Power Research Institufe (EPRI)

Basic Fire Physics in FDS

FDS Single Room Flashover Simulation

Fire PRA Workshop, 2012, Washington, D.C. Slidesd | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Fire Model Descriptions e Research (RES) & Elecinic Power Research Institute (EPRI)
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I Geometry

» Geometry is defined in FDS with:

— Obstructions: rectangular solids within the flow domain

— Vents: planes adjacent to obstructions or external walls

» Open to the outside, simulating windows, or

» Model fuel or mechanical ventilation flows

— Forfull functionality, obstructions should be specified to be at

least one grid cell thick

» Grid Size:

— Bestif grid cells are close to cubes

Fire PRA Workshop, 2012, Washington, D.C
Fire Model Descriptions

I Geometry

fFrame: 540

NIST Smakeview 3.1 - Apr 9 2003

frime: 1020 — )

| Slide55 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

Fire PRA Workshop, 2012, Washington, D.C.
Fire Model Descriptions

U Slide56 | A Gollaboration of U.S. NRG Office of Nuclear Regulatory
{ DR Research (RES) & Electric Power Research Institute (EPRI)
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I Geometry

MNIST Smokeview 3.1 - apr 9 2003

Fire PRA Warkshop, 2012, Washington, D.C. | Slide57 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Fire Model Descriptions H i Research (RES) & Electnic Power Research Institute (EPRI)

I Geometry

Fire PRA Warkshop, 2012, Washington, D.C. Slidess | A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Fire Model Descriptions fmiiioatee Research (RES) & Eleciric Power Research Institute (EPRI)
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* Smoke Control in
Underground
Parking Space

« Mr. Simo Hostikka
VTT Building and Transport
Espoo, Finland

Time: 1705.0  [—

Fire PRA Workshop, 2012, Washington, D.C. H=1P A Collaboration of U.S. NRC Office of Nuclear Regulatory
pﬁ:mmm Slide 59 Research {RE%S Electric Power Research Instilufe (EPRI)

« 2006 Olympic Games Ice Hockey
Stadium, Turin, Italy

» Davy Leroy
» Ove Arup & Partners Ltd
» Leeds, West Yorkshire, UK

lcering 680
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NASA Vehicle Assembly Building
Comparative Venting Scheme Analysis

Rolf Jensen and
Associates

Raleigh, NC
Orlando, FL

FDS fire modeling was performed to evaluate
the smoke control system of a large atrium

Ervin Cui, PhD, PE
ChenSu, PE
Warren Bonisch, PE
Dan O’'Connor, PE
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Kevin McGrattan, Chuck Bouldin, Glenn Forney

Building and Fire Research Lab, NIST

Slice
temp
[

1000 |

900
800
700
600
500
400

Slice

oo33z0 I

Inputs

01 New York City PolicADepartment

All rights reserved

10:22:59 a.m

* FDS input is usually conveyed via a text file with .fds

extension

* Recommended practice is to copy and sample file and

edit it accordingly

Command Prompt
D:~FDS_Runs 5 couch.fds
Fire Dynamics Simulator

Compilation Date : Wed. B8 fApr 2889
Uersion : 5.3.1 Serial

No OpenMP-Uersion
SUN Revision Mo. : 3729

Job TITLE : Single Couch Test Case, SUN $Revision: 1995 §
Job ID string : couch

Time Step: Simulation
Time Step: Simulation
Time Step: Simulation
Time Step: Simulation
Time Step: Simulation
Time Step: Simulation
Time Step: Simulation
Time H Simulation
Time H Simulation
Time H Simulation
Time H Simulation

HFEIIIEEEEE®

il
-2

3
-5
-6
-2
-8
-2
-a.
.3

Fire PRA Workshop, 2012. Washington, D.C. . Slide 64 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Fire Model Descriptions
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I Graphical User Interface (GUI)

» Third Party Software from Thunderhead Engineering

 Their product, PyroSim™  will not be free, but FDS and Smokeview
will continue to be

YU BOARD Fropries | Doy Gondtn | Ptiles
ey

et [T s -

RO i .

HaRiaE ] v o Comtuntn: e
.

MR M Buarrg Rate 2piee BT

o P race )

ity T

e s

T
« N pton T s 0 0000 L

E—rv— "
[ ol
|
Cww | o
Fire PRA Warkshop, 2012, Washington, D.C | Slide66 | A Coliaboration of U8 NRC Office of Nuclear Regulatory

Fire Model Descriptions Research (RES) & Electnic Power Research Insfitufe (EPRI)

Outputs

» Devices
— Virtual sensors located in the computational domain

— Sensors record quantities of interest such as temperature, heat flux, flow
velocity, etc.

— Recorded values are dumped into a comma-delimited text file
« Slice Files

— Animated contour plots “slicing” through the scene that show quantities of
interest such as temperature, species concentration, etc.

« Boundary Files

— Animated contour plots of surface quantities at all solid boundaries
» IsoSurfaces and Realistic Smoke/Fire

— Animated 3D contours showing the fire dynamics

Fire PRA Warkshop, 2012, Washington, D.C | Slide 67 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Fire Model Descriptions i i Research (RES) & Electnic Power Research Insfitufe (EPRI)
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I Outputs: Thermocouple for temperature

Thermocouple

FDS TC Qutput File

1000 1200 1400

Time [sec]
Fire PRA Warkshop, 2012, Washington, D.C | Slide68 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Fire Model Descriptions i Research (RES) & Elecine Power Research Institufe (EPRI)

I Outputs: Slice files for temp and heat flux

. ICFMP2003blb
NIST Smokeview 31 - Apr % 2003

Frame: 152

frime: 600 N 2|

Fire PRA Warkshop, 2012, Washington, D.C | Slide69 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Fire Model Descriptions i Research (RES) & Elecine Power Research Institufe (EPRI)
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2.3 Special Topic: Validation

USNRC ERPR [ e wsmr

Protecting People and the Environmen ¢

; B

@ ﬁaatniglnaal S Science Applications

cence o Sotens
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

Module V: Advanced Fire

Modeling
Special Topic: Validation

Joint RES/EPRI Fire PRA Workshop
2012

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Verification and Validation

ASTM E 1355, Standard Guide for Evaluating the Predictive
Capability of Deterministic Fire Models

* Verification: the process of determining that the implementation
of a calculation method accurately represents the developer’s
conceptual description of the calculation method and the solution
to the calculation method. Is the Math right?

» Validation: the process of determining the degree to which a
calculation method is an accurate representation of the real world
from the perspective of the intended uses of the calculation
method. /s the Physics right?

* This presentation focuses primarily on validation.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 2 H A Collaboration of U.S. NRC Office of Nuclear Regulatory
Model Validation i Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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I Important Measurements/ Parameters

« Room Temperature
— Main control room abandonment study
— Targets in room of fire origin or adjacent compartments
« Flame height, Plume & Ceiling jet temperature
— Target heating and target temperature near the ignition source

Fire PRA Workshop, 2012, Washington, D.C | Slide 3 i A Collaboration of U.S. NRC Office of Nuclear Regulatory
Model Validation i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

I Important Measurements/ Parameters

« Oxygen & Smoke concentration
— Main control room habitability
« Room pressure

— Issues related to mechanical
ventilation and/or smoke migration

« Target/\Wall heating and
Target/\Wall temperature

— Most fire scenarios throughout the

plant
Fire PRA Warkshop, 2012, Washington, D.C. Colided | A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Model Validation et Research (RES) & Electric Power Research Institute (EPRI)
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www.hot

I How were the experiments selected?

Selection Criteria: High-Quality Experiments

— Large-scale experiments

— Availability of data

— Directly applicable to nuclear power plant applications

— Accurate measurement of the fire heat release rate

— Well documented
— Uncertainty analysis useful
+ Selection Process

— Extensive review of fire literature

— Scarcity of high-quality large-compartment fire test data

— Typical industry tests: proprietary, reduced-scale, not NPP related

Fire PRA Workshop, 2012, Washington, D.C.
Model Validation

Pump Room Main Control Room
ICFMP BE #4, 5 FM/SNL

A GColiaboration of U.8. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)

Turbine hall
ICFMP BE# 2

-

Misc.
ICFMP BE# 3

Fire PRA Workshop, 2012, Washington, D.C. | Slide 6
Model Validation E

Multi-compartment

NBS
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I Fire Models Selected

Fire Dynamics Tools (FDTS) NRC Spreadsheets
FIVE-Rev1 EPRI Spreadsheets
Cons. Fire & Smoke Transport (CFAST) NIST zone model
MAGIC Electricite de France zone
Fire Dynamics Simulator (FDS) NIST CFD Model
Spreadsheets Zone Models (Dw Field Models
N Y
L,=0230%%-1.02D {

ISR e ey
3 K
Hot Upper Zone /’f
N \

.

8

N
e R S L R e )

Cool Lower Zone

LN

——
Fire PRA Warkshop, 2012, Washington, D " Slide 7 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Model Validation i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

I Quantitative V&V Results

400 10

7
o ] 74 F 5 i i
o a, i Py § =%a i 7
% 300 wem A # g °® B e d
& - LT 3 FaTy At G
2 S T Sen &N 2
3 g g g ° FE I ¢ o
g. e L @ o E o
£ 200 & g c a ® W
@ 2 a /5 o o - /". L] ,§
2 N z , v g1
G 2 o kA a ': b pes ;-3 ?
= i 4 C e MY e T
i / B - 7
£ 100 “ g, A
2 a E-] (L (e ®
E ¢ CFD Model E /} — L : ::'I‘J l:::‘:elll

@  Zone Model 3 e

L] Hu“n; c|1.:.|:upn Methods 7 ©  Hand Calculation Methods

0 0 -
0 100 200 300 400 0 2 4 6 8 10
Measured HGL Temperature Rise (°C) Measured Radiation Heat Flux (kW/m?)

Measured vs. Predicted Hot Gas Layer Temperature Rise (left) and
Measured vs. Predicted Heat Flux (right)

Fire PRA Workshop, 2012, Washington, D.C. U Slideg | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Model Validation jreroes Research (RES) & Electric Power Research Institute (EPRI)
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I Results of the V

Predicted Temperature (*C)

Pargffieter Fire Model
/ FDTS FIVERevi | CFAST AGIC DS
Rapm. YELLOW+ | YELLOW+
Hot gasgByer temperature {‘upper ngin
o) Adjagent A WA ow | YELLOW+
Room
Hot as layer height (layer
krface height?) ol
Cefng jet temperature (target/gas WA ALOW+ YELLOW:
mperature”) I
F‘Jl‘ne temperature YELLO— YELLOW+ NiA YELLOW
Fi*e height YELLOW
Ox‘en concentration } /A /A YELLOW
Sm\cuncemration / WA N/A YELLOW YELLOW YELLO!
Roum&ssure N/A N/A
Target te\arature / NiA N/A YELLOW YELLOW 3
Radiant heaM / YELLOW YELLOW YELLOW YELLOW ﬁOW
Total heat flux YELLOW I,YELLOW
Wall temperature YELLOW
Total heat flux to walls LLOW YELLOW

Fire PRA Workshop, 2012, Washington, D

Model Validation
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.5, NRC Office of Nuclear Regulatory
8) & Elecinic Power Research Insfitufe (EPRI)

Figure 4-1. Sample set of results from NUREG-1824 (EPRI 1011999).
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ELECTRIC POWER

2.4 Model Uncertainty
USNBC EPEI RESEARCH INSTITUTE
:;-féf;s@mwgmm

@ ﬁggginaal
laboratories
= EPRI/NRC-RES Fire PRA
Methodology
Module 5: Advanced Fire Modeling

Model Uncertainty

Joint RES/EPRI Fire PRA Workshop
2012

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I What is Uncertainty?

« Parameter Uncertainty — refers to the contribution of the
uncertainty in the input parameters to the total uncertainty

of the simulation

* Model Uncertainty — refers to the effect of the model
assumptions, simplified physics, numerics, etc.

» Completeness Uncertainty — refers to physics that are left
out of the model. For most, this is a form of Model

Uncertainty.

A Collaboration of U.5. NRC Office of Nuclear Regulat
Research (RES) & Electric Power Research Institute (EPRI)

Fire PRA Workshop, 2012, Washington, D.C. Slide?
Model Uncertainty
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Table 4-1. Results of the V&V study, NUREG-1824 (EPRI 1011999).

FDTs FIVE CFAST MAGIC FDS Exp

Output Quantity

s |aul|l 6 ||l 6 |l |6l 5 |6al|

HGL Temperature Rise* 144 |1 025]|1.56 | 0.32 | 1.06 | 0.12 | 1.01 | 0.07 | 1.03 | 0.07 | 0.07
HGL Depth* N/A N/A 1.04 | 0.14 1 1.12 | 0.21 | 0.99 | 0.07 | 0.07

Ceiling Jet Temp. Rise N/A 184 | 02911.15|0.24 | 1.01 | 0.08 | 1.04 | 0.08 | 0.08

Plume Temperature Rise 073 (0241094 |049]1.25(028 101 |0.07 115 |0.11]0.07

Flame Height** ID. [ I.D. | ID. | ID. | ID. [ ID. | I.D. | ID. | IL.D. | L.D. | 1D.
Oxygen Concentration N/A N/A 0.91 | 0.15| 090 | 0.18 | 1.08 | 0.14 | 0.05
Smoke Concentration N/A NIA 2.65 | 0.63 ] 2.06 | 0.53]2.70 | 0.55] 0.17
Room Pressure Rise N/A N/A 1.13 [ 0.37 | 0.94 | 0.39 | 0.95 | 0.51 ] 0.20
Target Temperature Rise N/A NIA 1.00 [ 0.27 | 1.19 | 0.27 | 1.02 | 0.13 ] 0.07
Radiant Heat Flux 2.02 ‘m 142 ‘ 055|132 |054|1.07 | 0.36 | 1.10 | 0.17 | 0.10
Total Heat Flux N/A N/A 0.81)| 047|118 | 0.35] 0.85 | 0.22 | 0.10
Wall Temperature Rise N/A N/A 1256 (048|138 | 0.45]1.13 | 0.20 | 0.07
Wall Heat Flux N/A N/A 1.05 (043 | 1.09 | 0.34 | 1.04 | 0.21 ] 0.10

1.D. indicates insufficient data for the statistical analysis.

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

Underlined values indicate that the data failed 2 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 qualitati g with the experimental observations, but there was not enough data to further quantify this
assessment.

Procedure for Calculating Model Uncertainty

Express the predicted value in terms of a rise above ambient. For example, subtract the
ambient temperature from the predicted temperature. Call this value M.

2. Find the values of model bias and relative standard deviation from table on previous slide.
Compute the mean and standard deviation of normal distribution:

w=M/6 o = Gy (M/8)

3. Compute the probability of exceeding the critical value:

1 X —
Plx>x =—erfc(c—)
( 2 2 o2

Fire PRA Workshop, 2012, Washington, D.C. Slides | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Model Uncertainty i Research (RES) & Electric Power Research Institute (EPRI)
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4.3.1 Example 1: Target Temperature

Suppose that cables within a compartment are assumed to fail if their surface temperature
reaches 330 °C (625 °F). The model FDS predicts that the maximum cable temperature due to
a fire in an electrical cabinet is 300 °C (570 °F). What is the probability that the cables could
fail?

Step 1: Subtract the ambient value of the cable temperature, 20 °C (68 °F) to determine the
predicted temperature rise. Refer to this value as the model prediction:

M =300 — 20 = 280°C (4-6)

Step 2. Refer to Table 4-1, which indicates that, on average, FDS overpredicts Target
Temperatures with a bias factor, §, of 1.02. Calculate the adjusted mode! prediction:

M 280

= —==—=1275°C 4-7
=5 =102 ad
Referring again to Table 4-1, calculate the standard deviation of the distribution:
M 280
=G |—] = 0. —_—) = 2 4-
o aM(a) 013(1'02) 36°C (4-8)

Step 3: Calculate the probability that the actual cable temperature would exceed 330°C:

1 T—T,— 1 330 — 20 —-275
P(T > 330) = 3 erfc (g_jfﬂ) = rfi (T) =0.16 (4-9)

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.

Zec

0.014

]
| == Model Prediction
0.012 - Adjusted Model Prediction ————==|

0.010
0.008
0.006

0.004

Probability Density Function

0.002 A

0.000 T : . ‘ .
100 150 200 250 300 350 400 450

Temperature (°C)
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4.3.2 Example 2: Critical Heat Flux

As part of a screening analysis, the model MAGIC is used to predict the radiant heat flux from a
fire to a nearby group of thermoplastic cables. According to NUREG/CR-6850 (EPRI 1011989),
Appendix H, one of the damage criteria for thermoplastic cables is a radiant heat flux to the
target cable that exceeds 8 kW/m?. The model, by coincidence, predicts a heat flux of 8 kW/m®.
What is the probability that the actual heat flux from a fire will be 6 kW/m? or greater? Assume
for this exercise that the model input parameters are not subject to uncertainty, only the model
itself.

Step 1: Unlike in the previous example, there is no need to subtract an ambient value of the
heat flux (it is zero). Thus, the model prediction is:

M = 6 kW/m? (4-10)
Step 2: Refer to Table 4-1, which indicates that, on average, MAGIC overpredicts Radiant Heat
Flux with a bias factor, §, of 1.15. Calculate the adjusted model prediction:
M 6
K=5~11
Referring again to Table 4-1, calculate the standard deviation of the distribution:

= 5.2 kW/m? (4-11)
M 6
o =8y (?) =036 (m) = 1.9 kWim? (4-12)

Step 3: Calculate the probability that the actual heat flux, ¢”, will exceed the critical value of the
heat flux, . = 6 KW/m?:

i 1 ge —n
P = 6) = — erf -
(q )—2ec( J_)_

6-5.2
1.9VZ

en‘c( ) %034 (@-13)

1
2

This is a somewhat surprising result. Even though the model predicts a peak radiant heat flux
equal to the critical value, there is only a one in three chance that the actual heat flux would
exceed this value. This is mainly due to the fact that MAGIC has been shown to over-predict
the heat flux by about 15%.

I Sensitivity Analysis to Address Parameter
Uncertainty

Output Quantity = Constant x (Input Parameter)”°"®

Example: MQH correlation states that the HGL temperature rise is proportional to the

HRR to the 2/3 power:

T Ty = CO%°

Fire PRA Workshop, 2012, Washington, D.C. Slide A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Model Uncertainty j e Research (RES) & Electric Power Research Institute (EPRI)
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Table 4-3. Sensitivity of model outputs from Volume 2 of NUREG-1824 (EPRI 1011999).

: Important Input
Output Quantity e Power Dependence
HRR 2/3
Surface Area -1/3
HGL Temperature Wall Conductivity 173
Ventilation Rate -1/3
Door Height -1/6
HGL Depth Door Height 1
i HRR 12
Gas Concentration Production Rate 1
y HRR 1
Smoke Concentration Soot Yield "
HRR 2
Pressure Leakage Rate 2
Ventilation Rate 2
Heat Flux HRR 4/3
Surface/Target HRR 23
Temperature

Suppose, for example, that as part of an NFPA 805 analysis the problem is to determine the
Limiting Fire Scenario for a particular compartment whose HGL temperature is not to exceed
500 °C (930 °F). Assume that the geometrical complexity of the compartment rules out the use
of the empirical and zone models, and that FDS has been selected for the simulation.

Step 1: Determine an appropriate maximum expected fire heat release rate. For this example,
suppose that a 98" percentile HRR for the electrical cabinet fire, 702 kW, has been determined
to be the MEFS. Choose a model and calculate the peak HGL temperature.

Step 2: Assume that FDS predicts 450 “C (840 °F) for the selected fire scenario. Adjust the
prediction to account for the model bias, § (See Table 4-1):
To 450 - 20

T—
Tag =To + 5 =20+ 103

= 437°C (4-17)

Step 3: Calculate the change in HRR required to increase the HGL temperature to 500 °C
(930 °F):

L3 0T
2" Tog — Ty

3_ 500 — 437
= 27027 ——= 159 kW (4-18)

g 417

This calculation suggests that adding an additional 159 kW te the original 702 kW will produce
an HGL temperature in the vicinity of 500 “C (930 °F). This result can be double-checked by re-
running the model with the modified input parameters.
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Propagating Uncertainty

HRR Distribution
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Figure 4-4. Distribution of HRR for an electrical cabinet fire,

10 1 1
2 Flame Height Distribution
2 os
5
fri
=
). 3 206
fp =LE2B) o) 22
: dL P/ 0,094 S 04
dQ 2
e 50,
[
0.0 T T . |
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Flame Height (m)
Fire PRA Workshop, 2012, Washington, D.C | Slide 12 A Collaboration of U.S. NRC Office of Nucfearr Regulatory
Model Uncertainty H Research (RES) & Elecine Power Research Institufe (EPRI)

2.5 Development of a Cable Response Model and Fire Model Verification
and Validation

USNRC 4

UNITED STATES NUCLEAR REGULATORY COMMISSION

Protecting People and the Environment :‘ ST | ych
e -dil LIl

Development of a Cable
Response Model and Fire Model
Verification and Validation

Kevin McGrattan
National Institute of Standards and Technology

Motional Institute of Standards and Technology
Technology Administration, U.S. Depariment of Commerce

= Office of Nuclear NIST
Regulatory Resea‘rd'n
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CAROLFIRE (Cable Response to Live Fire)

Penlight heats target cables via grey-
body radiation from a heated shrou

Well controlled, well instrumented
tests

Allows for many experiments in a
shorttime

Thermal response and failure for
single cables and small cable bundles
(up to six cables)

Cable trays, air drops, conduits

E Offiice of Nuclear .
E Regulatory Resea‘id-.

Typical Penlight setup

= Offiice of Nuclear
= Regulatory Resea\i&
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Intermediate-Scale Tests

[eaTi I =3
= —

Courtesy Steve Nowlen and Frank Wyant,
Sandia National Labs ‘|’

+ Less controlled, but a more realistic scale .

« Hood is roughly the size of a typical ‘
ASTM E 603 type room fire test facility L

* Propene (Propylene) burner fire (200 kW to 350 kW)

+ Cables in trays, conduits and air drop

E Offiice of Nuclear .
E Regulatory Resea‘i-d-.

Simple Response Models in Fire

dT; dy. Y.(f)—Y.{t
Vel RACER A0
dt RTI

dt L/u

Solve for link temperature using velocity u and gas Solve for smoke chamber concentration
temperature from Fire Model. The RTI (Response Time using external smoke concentration and
Index) is unique to each sprinkler. velocity u from Fire Model. Lis a length
Source: Gunnar Heskestad, Factory Mutual scale unigue to each detector.

E Offiice of Nuclear .
E Regulatory Resea‘i-d-.
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Cable Failure Model

1-D heat conduction into homogenous

cylinder. Thermal conductivity (k) and
9T, k0 ( 0T, yioie ty (&)
PsCs — = — — | r=— specific heat (c) assumed constant for all
ST ot r or ar cables. Density (p) obtained from cable

diameter and mass per unit length. Failure
temperature obtained experimentally.

3T The Fire Model provides the convective and
k S M -1 radiative heat flux at the cable surface.
TRy e
Source: Andersson and Van Hees, SP Fire,
Sweden.

E Offiice of Nuclear .
E Regulatory Resea'?d-.

Penlight Tedt 1
XLPE/CSPE
3C

Tray

Temperature (C)

0 600 1200 1800 2400
Time (s}

Courtesy Steve Nowlen and Frank Wyant
Sandia National Laboratory

= Offiice of Nuclear
= Regulatory Resea"ird1



Cable in a Conduit

600
|
Shroud |
e a
O 400 F e
g 4 Cenduit e . |
® ; " | Cabe I
© =
£ Ll |
(7
[ Penlight Test 7 I
XLPEICSPE PRl |
UC |
Conduit |
|
0 600 1200 1800 2400
Time (s)
Courtesy Steve Nowlen and Frank Wyant
Sandia National Laboratory
E Office of Nuclear
=
&5 Regulatory Resea"lrd:
Intermediate-Scale Experiments
3000
+ Single Cablein Tray
v lLoose Fill Cablesin Tray
- o § Cable Bundle in Tray
BEIDSRDPEREET < 12 Cable Bundle in Tray
CoeeReacaeresy 2400 | « 3 Cable Bundie in Conduit
e R s Ajr Drop Cable(s) =il
= B
)
E -
£ 1800 4
=
Noe o *
S ag
I:‘]—f.:m;‘n\ 78 mm E
R ! rra I:cl\u'un % A &
Cables B&C @
B, rcneue 5 12004 -
" Jncket of Cable E @ Y
DEF & 5
TC-3, Appronc 75 mm " =]
below bundle 2 .. g =]
TE-2, Appros. 75 men 600 g 2 L
sl .t
L e -
H A L " : { Cable - s &
GDf_f' CM iR & av - M
T A o 0 T T T T
s 0 600 1200 1800 2400 3000
Measured or Inferred Failure Time (s)
= Office of Nuclear .,
=
=i Regulatory Resea"ivdi
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3

EXAMPLES

3.1 Example A: Control Room Fire

USNRC EPRI| s,

Protecting People und the Envirommen ¢

Sandia = '
@ National =535 Scienca Applications
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

Module V:
Advanced Fire Modeling

Example A: Control Room Fire

Joint RES/EPRI Fire PRA Workshop
2012

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)
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Step 1. Define Fire Modeling Goals

* Determine the length of time that the Main Control Room
(MCR) remains habitable after the start of a fire within a
low-voltage control cabinet.

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, “Detailed Fire Modeling
(Task 11)."

* Note that MCR fire scenarios are treated differently than
fires within other compartments, mainly because it is
necessary to consider and evaluate forced abandonment
in addition to equipment damage.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 2 A Collaboration of U.3. NRC Office of Nucfearr Regulatory
Example A: Control Room Fires i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

Step 2. Characterize Fire Scenarios

* General Description

» Geometry

» Materials

* Fire Protection Systems
 Ventilation

* Fire

« Habitability and Human Factors

Fire PRA Workshop, 2012, Washington, D.C. SHdQS . A Gollaboration of U.S. NRG Office of NucFearr Regulatory
Example A: Control Room Fires Sttt R Research (RES) & Electric Power Research Institute (EPRI)
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I Material Properties

« For non-burning materials, the most important properties
are thermal conductivity, k, density, p, and specific heat, ¢

* For specified burning rates, you need:
— Heat Release Rate (HRR)

— Heat of Combustion — energy released per unit mass consumed.
This is needed if you specify the yields of products of combustion,
like soot.

Fire PRA Workshop, 2012, Washington, D.C. U Slides A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Example A: Control Room Fires Wit S Research (RES) & Electric Power Research Institute (EPRI)

Table 3-1. Material Properties

Thermal ? 5
Material Conductivity ?: ':F'EV sP:ﬁ"ﬁc !I;eat Source
(WIm/K) g/m®) ( g/K)
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B .6
Gypsum 017 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 540 25 NUREG-1805, Table 2-3
PVC 0.192 1380 1,289 NUREG/CR-6850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R

Typical material properties for common construction and cable materials
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Ventilation

« 25 Air Changes Per Hour (ACH) for purge mode
* Two scenarios — purge mode or ventilation inoperative

* Leakage — often the “leakage area” is the area of the
crack under the door

* Exact supply and exhaust location only important for CFD

» Zone models usually only consider height of mechanical
ventilation injection and extraction grilles

Fire PRA Warkshop, 2012, Washington, D.C | Slide 10 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example A: Control Room Fires i Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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I Fire

What is burning?

Cables made of polyethylene (C,H,) and neoprene (C4H;5Cl)

Assume effective fuel: CsH, 5Cl, 5

Table A-1. Data for MCR fire based on XPE/neoprene electrical cable.

Parameter Value Source

Effective Fuel Formula CaHysClgs Combination of polyethylene and neoprene
Peak HRR 702 kW NUREG/CR-6850 (EPRI 1011989), App. G
Time to reach peak HRR 720 s NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 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 ka/lkg | 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)

Fire PRA Workshop, 2012, Washington, D.C. U Slide12 A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Example A: Control Room Fires § SRS Research (RES) & Electric Power Research Institute (EPRI)

I Habitability

Criteria for habitability (NUREG/CR-6850, Vol 2, Chap 11)
» Gas Temperature 2 m off the floor is 95 °C

» Heat Flux exceeds 1 kW/m?

» Optical Density exceeds 3 m-!

i i i 1 T
What is Optical Density? p= —7 logj (E) =K log,ge
Mass Extinction Coefficient (8700 m2/kg)

K=K,

5,

Smoke Concentration (kg/m?)

Fire PRA Warkshop, 2012, Washington, D.C | Slide 13 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example A: Control Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

39



Step 3. Select Fire Models

« Algebraic Models: FPA algorithm in FIVE and FDTs
provides estimate of HGL temperature within a closed,
ventilated compartment.

— FDTs do not allow for time-dependent HRR

» Zone Models: CFAST includes smoke obscuration.
MAGIC does not.

* CED: Provides more detailed information at exact location
of operators

Fire PRA Warkshop, 2012, Washington, D.C | Slide 14 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example A: Control Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)
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Applicability of Validation

* For the scenario 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.

Moot = PV Yo, = 1.2 kg/m* x 1945 m* x 0.23 = 537 kg
; 12 19 g
B 702 kW % 60 s/min x (?+8 +7) min

_ - =69k
Mo, req AHOZ 13,100 k] /kg i

Fire PRA Workshop, 2012, Washington, D.C. Slide 16 A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example A: Control Room Fires it S Research (RES) & Electric Power Research Institute (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

Constant air supply

Uniform
compartment
temperature

Fire PRA Workshop, 2012, Washington, D.C.
Example A: Control Room Fires

Uniform material properties and thickness

far walls, floor, and ceiling

Constant exhaust in balance
with supply

Closed door

Point source fire with time -
dependent heat release rate
but no specified location or
height

. Slide 17 |

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)

I Step 4. Calculate Fire-Generated Conditions

* Temperature in smoke purge scenario
— Use FPA correlation in FIVE-rev1 or FDTs

* Need equivalent length / width of non-rectangular rooms

Ag=L,xW, ; P=2x(L,+W,)

* Other input parameters

Table A-3. Summary of input parameters for the FPA calculation of the MCR.

Parameter Value Source
Room height (H) 52m Figure A-1
Room effective length (L.) 271 m Equation (A-3)
Room 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 (Ta) 20°C Specified
Fire parameters Table A-1
Fire PRA Workshop, 2012, Washington, D.C | Slide 18 A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example A: Control Room Fires

3-14
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I Step 4. Calculate Fire-Generated Conditions

Heat Flux

The point source model is used to estimate the heat flux from the flames to the operator when

the fire is at its peak HRR. The peak HRR, 0, is 702 kW, the radiative fraction, y,, is 0.53, and
the distance from the cabinet vent to the operator is approximately 8.8 m (29 ft). The heat flux
is calculated:

<Hr

_ xr@Q@ 053 x702kwW
Td4nr? 4m x 8.87m2

= 0.38 kW/m? (A-4)

While this heat flux prediction is well below the critical value of 1 kW/m?, it does not account for
the thermal radiation from the HGL. Thus, the point source method can be used as a screening
tool, and further analysis can be performed by CFAST and FDS.

Fire PRA Warkshop, 2012, Washington, D.C | Slide19 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example A: Control Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

Smoke concentration and visibility

Neither the FDT* nor FIVE include methods to calculate smoke concentrations or visibility in
mechanically ventilated enclosure fires, but calculation methods provided in Section 3, Chapter
9, of the SFPE Handbook are relatively simple to apply and are based on the same principles
and concepts embodied in zone models. These hand calculations provide an estimate of the
fire-generated smoke concentrations and visibility conditions for this scenario and will indicate if
more detailed modeling is warranted.

The soot mass generation rate, 1, is the product of the soot yield, y;, and the mass burning
rate of fuel, .. The latter quantity is obtained by dividing the HRR, ¢, by the heat of
combustion, AH:

) 702 kw
El 0.175 X ——————— = 0.012 kg/s (A-5)

s = ysthy = Yo om 10,300 kj/kg

The soot mass fraction in the smoke layer, Y, is then calculated:

mg g i 0.012 kg/s
= — == = 0.00075 kg/k; -
S Mg My pV 12kg/md x 134m3/s e/ks (A-8)

The extinction coefficient of the smoke, K, is calculated:
K = K,,pY; = 8700m? /kg x 1.2 kg/m? x 0.00075 kg/kg = 7.8 m™* (A-T)

Here K,, is the mass specific extinction coefficient listed in Table A-1. By definition, the optical
density of the smoke is related to the extinction coefficient via the expression:

K 7.8m™!

= —_— — = -1 A-8
wio = 323 =34m ( )
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I CFAST - Smokeview rendering of MCR fire

'

g5

Fire PRA Workshap, 2012, Washington, D.C. | Qlide 2 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Eizﬂ!ﬂeﬁ.‘ Control Room Fires Slide 21 Research (RES) & Elecinic Power Research Institute (EPRI)

I FDS — Smokeview rendering of MCR fire

Fire PRA Workshop, 2012, Washington, D.C. [ Giidoas | A Colabomfion of LL5 NRG Orfice of Nuclear

Regulatory
Example A: Control Room Fires Research (RES) & Electric Power Research Institute (EPRI)

3-16



I Step 4. Calculate Fire-Generated Conditions

Temperature near Operator

140
- wm e FEA (Purge)
120 CFAST (Mo Went.)
6—. 100 - e e CEAST (Purge)
o — )5 (Mo Went )
@
§ 80 "‘\_---FDS {Purge)
o
5 60 - — Moy
E
o 40 -
|_ 1
20 e -_—-— e e - e e
0 T T T T T
0 600 1200 1800 2400 3000 3600
Time (s)
Fire PRA Warkshop, 2012, Washington, D.C | Slide23 | A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example A: Control Room Fires Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

HGL Height
6
CFAST (Mo Ventilation)
4 \ e—FDS (Mo Ventilation) ||
£ 4
£ 3| W\
1]
I A\ —
2
: Vo
0 r r r T T
0 600 1200 1800 2400 3000 3600
Time (s)
Fire PRA Workshop, 2012, Washington, D.C. Slide2d | A Collaboration of U.8. NRC Office of Nuclear Regulatory

Example A: Control Room Fires Research (RES) & Electric Power Research Institute (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

Heat Flux to Operator

1.0
o= o= e e FIVE (Purge)
. CEAST (Mo Vent.)
= 0.8 - = == = CFAST [Purge)
§ s FS (NG Vet )
= 0.6 = = == = FDS [Purge)
bad /\
5
i 04 ==
©
] IM\
" _j 3 mmm———
2 —-== M\
0.0 ‘ — e

0 600 1200 1800 2400 3000 3600

Time (s)

Fire PRA Warkshop, 2012, Washington, D.C | Slide25 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example A: Control Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

Optical Density near Operator

60.0

----- SFPE (Purge)
CFAST (No Vent) /.--—-—'__—'-

‘é" bO0: [T CFAST (Purge) /
= FDS (NoVent))
}' 400, |immmme FDS (Purge)
£ 30.0
=
E 20.0
S 100

0.0

0 600 1200 1800 2400 3000 3600
Time (s)
Fire PRA Workshop, 2012, Washington, D.C. U Slide 26 | A Collaboration of U.8. NRC Office of Nuclear Regulatory

Example A: Control Room Fires Research (RES) & Electric Power Research Institute (EPRI)
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Step 5. Sensitivity and Uncertainty Analysis

« Uncertainty Analysis quantifies the model uncertainty
— List the predicted guantities and the critical values of these quantities

« Sensitivity Analysis can be used to assess parameter uncertainty

0.014 -
| -<=— Mode! Prediction
§ 0012 Adjusted Model Prediction =|!
G )
S 0.010 !
w i
o= 1
@ 0.008 4 ]
5 i
8 0.006 ]
2 |
= 1
£ 0.004 4 |
2 |
& o002 : P(T>330 °C)
1
1
0.000 4
100 150 200 250 300 350 400 450 500
Temperature (°C)
Fire PRA Warkshop, 2012, Washington, D.C | Slide 27 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example A: Control Room Fires : Research (RES) & Elecinc Power Research Insfitute (EERI)

Step 5. Sensitivity and Uncertainty Analysis

Table A-4. Summary of the model predictions of the MCR scenario.

Bias Standard Probabili
Model Factor, Deviation, | Ventilation Prs:liﬁ:ed cJ;'s:' of ty
& oy Exceeding
Temperature (°C), Initial Value = 20 °C
FIVE-Rev1
(FPA) 1.56 0.32 70 85 0.000
CFAST 1.06 0.12 Purgs 61 95 0.000
FDS 1.03 0.07 48 95 0.000
CFAST 1.06 0.12 No Vent. 82 g5 0.009
FDS 1.03 0.07 70 95 0.000
Heat Flux (kW/m?)
FIVE-Rev1 1.42 0.55 0.4 1 0.000
CFAST 0.81 0.47 Purge 0.1 1 0.000
FDS 0.85 0.22 0.2 1 0.000
CFAST 0.81 0.47 NG Vent. 0.6 1 0.228
FDS 0.85 0.22 0.4 1 0.000
Optical Density (m™)
CFAST 265 0.63 7.6 3 0.471
Purge
FDS 2.7 0.55 0.5 3 0.000
CFAST 2,65 0.63 T— 54 3 0.912
FDS 2.7 0.55 31 3 0.909
Fire PRA Workshop, 2012, Washington, D.C. : S.lrde 28 1 A Coliaboration of U.S, NRC Office of Nuclear Regulatory

Example A: Control Room Fires Research (RES) & Electric Power Research Institute (EPRI)
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Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references

Fire PRA Warkshop, 2012, Washington, D.C | Slide29 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example A: Control Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 6. Document the Analysis

A.6 Conclusion

A fire modeling analysis has been performed to assess the habitability of the MCR in the event
of a fire within an isolated electrical cabinet. The fire is not expected to spread to other
cabinets. Of the three MCR abandonment criteria, it is most likely that the oPerators would be
forced to abandon the MCR because the optical density would surpass 3 m™ approximately 12
minutes after the fire ignites if the smoke purge system is not activated before this time,
according to 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 the use of several
important conservative parameters. For the smoke purge case, the analytical method predicts
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 descend to the
level of the operator in either the purge or no-ventilation scenario based on the conservative
specifications, at least for a fire having a base height of 2 m (6.6 ft).

Fire PRA Workshop, 2012, Washington, D.C. U Slide30 A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Example A: Control Room Fires Bt N Research (RES) & Electric Power Research Institute (EPRI)
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3.2 Example B: Cabinet Fire in Switchgear Room

US.NRC ERPR [wseic wsmr

Protecting People and the Environment

Sandia
National
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

Module V:
Advanced Fire Modeling

Example B: Cabinet Fire in Switchgear
Room

Joint RES/EPRI Fire PRA Workshop

. o 2012

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Step 1. Define Fire Modeling Goals

« Estimate the effects of fire in a cabinet in a Switchgear
Room on nearby cable and cabinet targets.

» Switchgear Room contains safety-related equipment for
both Train A and Train B that are not separated as
required by Appendix R.

* The purpose of the calculation is to analyze this condition
and determine whether these targets fail, and, if so, at
what time failure occurs.

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, “Detailed Fire Modeling
(Task 11).”

A Collaboration of U. 5. NRC Office of Nuclear Regulatory

Fire PRA Workshop, 2012, Washington, D.C. Slide? ; _
Bt T Research (RES) & Electric Power Research Institute (EPRI)

Example B: Switchgear Room
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Step 2. Characterize Fire Scenarios

* General Description
* Geometry
» Materials
* Ventilation
* Fire
* Fire Protection Systems
— None credited for this scenario

Fire PRA Warkshop, 2012, Washington, D.C | Slide 3
Example B: Switchgear Room L

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)
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Material Properties

Table 3-1. Material properties.

e Density Specific Heat
Material Conductivity (k !m3) (kJIkg/K) Source
(WIm/K) 9 9
Brick 08 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 0.17 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 540 25 NUREG-1805, Table 2-3
PVC 0.192 1380 1.289 NUREG/CR-8850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R
Fire PRA Workshop, 2012, Washington, D.C. U olide5 A Collaboration of U.8. NRC Office of Nuclear Regulatory

Example B: Switchgear Room Research (RES) & Electric Power Research Institute (EPRI)

Ventilation

* Design flowrate specified for each of three supply and
return registers.

* Normal operation continues during the fire.

* Leakage — often the “leakage area” is the area of the
crack under the door.

* Exact supply and exhaust location only important for CFD.

« Zone models usually only consider height of ducts off floor
and orientation of the vent.

Fire PRA Workshop, 2012, Washington, D.C.
Example B: Switchgear Room

A Collaboration of U.5. NRC Office of Nuclear Regulatory

 Slide 6 Research (RES) & Electric Power Research Insfilufe (EPRY)
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Fire

Table G-1
Recommended HRR Values for Electrical Fires
HRR
Ignition Source KW (Btws) | Gamma Distribution

75th | 98th P [ 500
Vertical cabinets with qualified cable, fire limited to 89’ 211¢ 0.84 59.3
o st il A 65) | (200) (0.83) {56.6) 450 I=\ BT
Vertical cabinets with qualified cable, fire in more than | 2117 702° 07 216 400 , \\
one cable bundle (200) | (885) (©.7) (204) 350 —F0s |
Vertical cabinets with unqualified cable, fire limited to 90" 21’ 16 415 ? 300 I \\
one cable bundle (85) | (200) 11.6) (39.5) = 250 | \\
Vertical cabinets with unqualified cable, fire in more 232" [ as4 26 7.8 & / A\
than one cable bundle closed doors @200 [\ (440 (2.6) (64.3) T 200 f \\
Vertical cabinets with ungualified cable, fire in more 232" | 1002 0.46 386 150
than one cable bundle open doors (220) (950) (0.45) {366) 100 I &

) . 69 a1’ 0.84 56.3 J A

Pumps (electrical fires) (65) {200) (0.83) (56.6) 50 \
fr— 3 60 20 17 0

b 1 B9 ] an 0 600 1200 1800 2400 3000 3600
Transient Combustibles * 142 iz A 814

(135) | (300) (1.9) (53.7)

HRR taken from Appendix G, NUREG/CR 6850 (EPRI 10111989)
Fire PRA Workshap, 2012, Washington, D.G. | Slide 7 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Example B: Switchgear Room Research (RES) & Eleciric Power Research Insfitufe (EPRI)

Fire

Heat Release Rate

+ Original fire source is specified atop the

: 1800
1
central cabinet. 1% ,'P\\ "
+ FLASH-CAT model (NUREG/CR-7010, H :x J \ | —m
Volume 1) is used to fietgrmine the ignition, g g ” “\‘e
flame spread and extinction of the cables 400 J
above the original fire source. w S
0

0 600 1200 1800 2400 3000 3600

Time (s)
Fire PRA Workshop, 2012. Washington, D.C. A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Eﬁmp,, B: Switchgear Room ’ | Slide8 Research (RES) & Electric Power Research Institute (EPRI)
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Fire

Whatis burning?

Cables made of polyethylene (C,H,) and polyvinylchloride (C,H;Cl).

Assume effective fuel: C,H; 5Cly 5

Table B-1. Products of combustion for switchgear room cabinet and cable fire.

Parameter Value Source

Effective Fuel Formula CoH35Clys Combination of polyethylene and PVC
Peak HRR 464 kW NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 20,900 kd/kg SFPE Handbook, 4th Ed., Table 3-4.16
CO:2 Yield 1.29 ka/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

Fire PRA Workshop, 2012, Washington, D.C.
Example B: Switchgear Room

Slide 9 A Collaboration of U.5. NRC Office of Nuclear Regulatory

Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 3. Select Fire Models

« Algebraic Models: FPA algorithm in FIVE provides
estimate of HGL temperature within a closed, ventilated
compartment. FDTs do not allow for time-dependent
HRR. Both FIVE and FDTs can estimate heat flux from a

fire to a target.

« Zone Models: Both CFAST and MAGIC include
algorithms to estimate the heat flux to and temperature of

cable targets.

* CFD: Typical application of FDS. The primary advantage
of a CFD model for this fire scenario is that the CFD
model can predict local conditions at the specific location
of the target cables and adjacent cabinet.

Fire PRA Workshop, 2012, Washington, D.C.
Example B: Switchgear Room

Slide 10 A Collaboration of U.5. NRC Office of Nuclear Regulatory

Research (RES) & Elecine Power Research Institufe (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

m—

Qog
ooa
ooa

Figure B-2. Schematic diagram of cabinet fire in switchgear room.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 12 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

Plume temperatures - Heskestad correlation
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Figure B-3. Plume temperatures at cable trays located above cabinet fire.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 13 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

3-28



I Step 4. Calculate Fire-Generated Conditions

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.) 18.5m Calculation

Room boundary material Concrete Figure B-1. See Table 3-1 for properties.
Mech. Ventilation rate (V) 1.42m’/s From scenario description
Fire elevation (Hr) 24m From scenario description of cabinet height
and vent location.

Ambient temperature (T,) 20°C Specified

Fire parameters | See Table B-1

Temperature: The FPA HGL temperature correlation for mechanically ventilated spaces is
expressed in non-dimensional terms as:

A 0.72 -0.36
o = 0.63(=2 L (B-4)
Ty e, T e,

Fire PRA Warkshop, 2012, Washington, D.C | Slide 14 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

HGL temperature calculation - FPA correlation

70 500

=\ 450

60
- 400

__50 -+ 350
&
£ 40 - 300 5
g - 250 =
£ = —FPA[C]
230 200 £
£ —HRR [kW]
@

- 150
100
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0 600 1200 1800 2400 3000 3600
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Figure B-4. Average HGL temperature from FPA correlation for switchgear room cabinet
fire scenario.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 15 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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I FDS - Smokeview rendering of SWGR fire

A GColiaboration of U.8. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)

Fire PRA Workshop, 2012, Washington, D.C.
Example B: Switchgear Room

I FDS - Smokeview rendering of SWGR fire

* Initial fire modeled as a “gas burner” on top of the central
cabinet with the specified HRR for this type of cabinet
— Represents a fire exhausting through the upper cabinet vent

* Ignition / growth of cable fire based on FLASH-CAT model

Figure B-11. FDS/Smokeview rendering of the SWGR fire showing localized ignition of
extinction of secondary cable fires resulting from initial cabinet fire.

Fire PRA Workshop, 2012, Washington, D.C. | Slide 18 A Collaboration of U.§. NRC Office of Nuciear Regulatory
Example B: Switchgear Room ot dle AN, Research (RES) & Electric Power Research Institute (EPRI)
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Step 4. Calculate Fire-Generated Conditions

500 1800

450 4 — 1600 =
400 CFAST| | 1400 1 CFAST | |
1200 - -
FDS

ggg 1 L I 1000 8 .

Sin ) | 800 "
150 | 600
100 | 400
50 ! 200
0 0

o 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600

(kW)

HRR (kW)
HRR

Time (s) Time (s)
(a) Initial cabinet fire only (b) Initial cabinet fire and ignited cables

Figure B-12. Heat release rate inputs to CFAST and FDS for a SWGR cabinet fire scenario.

Fire PRA Warkshop, 2012, Washington, D.C | Slide19 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 4. Calculate Fire-Generated Conditions

Cable Tray A Temperature

800
700
600
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400
300
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Temperature (C)
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Time (s)

Figure B-13. Estimated temperatures for Cable Tray A directly above the fire source for a
SWGR cabinet fire scenario.

Fire PRA Workshop, 2012, Washington, D.C. U Slide20 | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Example B: Switchgear Room § S | Research (RES) & Electric Power Research Institute (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

Table B-5. Estimated time to ignition of lowest cable tray by CFAST for the SWGR

cabinet fire.

Ignition Criterion Time
Gas temperature = 205 °C 270s
Cable temperature = 205 °C 860 s
Heat flux = 6 kW/m? 490 s
Heat flux = 15 kW/m? 740 s
Flame impingement 490 s

Fire PRA Warkshop, 2012, Washington, D.C Slide 21 A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example B: Switchgear Reom Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

Cabinet A Temperature Cabinet A Heat Flux

=%

@

o
@

160 /’\ 5
~ 140

CFAST

CFAST

.

Heat Flux (kW/m?)
Now

o

0 600 1200 1800 2400 3000 3600

1] 600 1200 1800 2400 3000 3600
Time (s)

Time (s)
Figure B-14. Estimated temperature and heat flux to a cabinet adjacent to the fire source
in a SWGR cabinet fire scenario.

Fire PRA Warkshop, 2012, Washington, D.C | Slide22 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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I Step 5. Sensitivity and Uncertainty Analysis

Table B-4. Summary of the model predictions of the cabinet fire scenario.

Bias Standard - = Probabilit
Model | Factor, | Deviation, | Location |"focicted| Critcal o
é Gy Exceeding
Temperature (°C), Initial Value = 20 °C
CFAST 1.00 0.27 Cable Tray A 335 205 0.937
FDS 1.02 0.13 755 205 1.000
CFAST 1.00 0.27 Cabinet A 168 205 0177
FDS 1.02 0.13 136 205 0.000
Heat Flux (kW/m"®)
CFAST 0.81 0.47 Cabinet A 5.3 6 0.576
FDS 0.85 0.22 4.2 6 0.159
Fire PRA Warkshop, 2012, Washington, D.C | Slide 23 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Example B: Switchgear Reom Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 5. Sensitivity and Uncertainty Analysis

B.5.3 Parameter Uncertainty Propagation

The analysis above has shown that a 98" percentile cabinet fire is likely to damage cables in
the tray above the cabinet but unlikely to damage adjacent cabinets. However, for some PRA
applications, it may be necessary to calculate the probability of cable damage for any fire within
the cabinet, not just the 98" percentile fire.

Figure B-15 displays the distribution! of peak heat release rates for cabinets with more than
one bundle of unqualified cable (NUREG/CR-6850, Appendix G). The analysis described above
made use of the 98" percentile fire from this distribution, whose peak is 464 kW.

HRR Distribution

0.005
s
=
o 0004
£
S
e
2 0,003
]
a
2z 0.002
Z
E
-!E 0.001
-8

0.000

o 100 200 300 400 500 80C

Heat Release Rate (kW)
Figure B-15. Distribution of HRR for an electrical cabinet fire.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 24 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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I Step 5. Sensitivity and Uncertainty Analysis

Applying Heskestad's flame height correlation to the entire range of HRR, now taken as a
random variable, leads to a distribution of flame height shown in Figure B-16.

Flame Height Distribution

0.8

0.6

0.4

0.2

Probability Density Function

0.0 :
0 0.5 1 1.5 2 25 3

Flame Height (m)

Figure B-16 Distribution of flame heights for the entire range of cabinet fires.

Fire PRA Warkshop, 2012, Washington, D.C | Slide25 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 5. Sensitivity and Uncertainty Analysis

Flame Height Distribution

0.8

0.6

0.4

02

Probability Density Function

0.0 T T
0 05 1 15 2 25 3

Flame Height (m)

Figure 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.

Fire PRA Warkshop, 2012, Washington, D.C | Slide26 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references

Fire PRA Warkshop, 2012, Washington, D.C | Slide 27 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 6. Document the Analysis - Conclusions

* Analysis based on 98" percentile HRR in electrical
cabinet in 4160 V SWGR used to evaluate potential for
damage to overhead cables and adjacent cabinets

— Screening calculations using algebraic equations for plume

temperatures and flame heights demonstrate potential for damage
and ignition of overhead cables

— More detailed analyses with CFAST and FDS demonstrate that
the 98" percentile cabinet fire is likely to fail the electrical cables
in the lowest cable tray in approximately 10 minutes

— CFAST analysis also demonstrates a 58% probability of damaging
the adjacent cabinet as a result of heat flux, while FDS analysis
shows a 16% probability

Fire PRA Warkshop, 2012, Washington, D.C | Slide 28 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example B: Switchgear Room H Research (RES) & Elecine Power Research Institufe (EPRI)
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Step 6. Document the Analysis - Conclusions

* Uncertainty analysis based on the HRR distribution for the
electrical cabinet shows a 31% probability of flames from
the electrical cabinet reaching the lowest cable tray and
igniting cables in this tray

* Question: How would you evaluate the probability of the
electrical cabinet fire damaging cables in the lowest cable
tray rather than igniting them?

Fire PRA Warkshop, 2012, Washington, D.C | Slide 29 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example B: Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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3.3 Example C: Lubricating Oil Fire in Pump Compartment

US.NRC EPIS | esac msmnor

Protecting People and the Environmen, 1

Sandia
National
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

Module V:

Advanced Fire Modeling
Example C: Lubricating Oil Fire in Pump
Compartment

Joint RES/EPRI Fire PRA Workshop
2012
Washington, D.C.

S

A Collaboration of U.5. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Step 1. Define Fire Modeling Goals

* Determine whether important safe-shutdown equipment
within a pump room will fail, and at what time failure
occurs

» Cables in pump room are protected by an Electrical
Raceway Fire Barrier System (ERFBS), but there is
concern that existing ERFBS will not provide required
protection

* Impact of opening door to pump room during fire is also
investigated

A Collaboration of U.5. NRC Office of Nuclear Regulatory

Fire PRA Workshop, 2012 Washington, D.C H =T
P 4 | Slide 2 Research (RES) & Electric Power Research Insfilufe (EPRY)

Example C: Lube Qil Fire in Pump Room
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Step 2. Characterize Fire Scenarios

* General Description
» Geometry
* Materials

* Fire Protection Systems
— Detection/ suppression not credited for analyzed scenario

* VVentilation
* Fire

Fire PRA Workshop, 2012, Washington, D.C. Slide3 A Gollaboration of U.S. NRG Office of NucFea:' Regulatory
Example C: Lube Oil Fire in Pump Room TR ] Research (RES) & Electric Power Research Institute (EPRI)
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I ERFBS and cable insulation data

Table C-1. Data for ERFBS and cable insulation.

Material Parameter Value*

Thickness (2 layers) 5cm
Ceramic Fiber Thermal conductivity 0.06 W/mf!(

Inscdation Density 128 kg/m
Specific heat 1.07 kJ/kg/K
Emissivity 0.9
Diameter 15 mm
Jacket thickness 2 mm
Insulation/jacket conductivity 0.192 Wim/K

Cable Insulation/jacket density 1380 kg/m’

Insulation/jacket specific heat 1.289 kd/kg/K
Mass per unit length 0.4 kg/m
Conductor mass fractions 33% PE/PVC, 67% copper

*Source: Product literature (ERFBS) and NUREG/CR-6850 (EPRI 1011989), Volume 2, Appendix R
(PVC cable insulation).

Fire PRA Workshop, 2012, Washington, D.C.
Example C: Lube Qil Fire in Pump Room

I Fire

S,l;d95 "

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)

* Fire starts following accidental release of 190 L (50 gal) of
lubricating oil; spill contained by dike
— Qil is mix of hydrocarbons, assumed to be C,4H5,
— Fuel properties summarized in Table C-2 from NUREG-1805

Table C-2. Data for lubricating oil fire.

Parameter Value Source
Effective Fuel Formula CoHansz Specified as Ci4Hso
Mass burning rate 0.039 kg/s.m” | NUREG-1805 Table 3-4
Fuel volume 190 L Specified
Fuel density 760 kg/m® NUREG-1805 Table 3-4

Heat of Combustion

46,000 kJ/kg

NUREG-1805 Table 3-4

Heat of Combustion per unit
mass of oxygen consumed

13,100 kJ/kg

Huggett 1980, Average value

CO; Yield 2.64 kglkg | SFPE Handbook, 4" ed., Table 3-4.16*
Soot Yield 0.059 kg/kg | SFPE Handbook, 4" ed., Table 3-4.16*
CO Yield 0.019 kg/kg | SFPE Handbook, 4" ed., Table 3-4.16*
Radiative Fraction 0.34 SFPE Handbook, 4" ed., Table 3-4.16*
Mass Extinction Coefficient 8700 m“/kg | Mulholland and Croarkin (2000)

*Material identified as “Hydrocarbon” in SFPE Handbook was used to derive the properties.

Fire PRA Workshop, 2012 Washington, D.C
Example C: Lube Qil Fire in Pump Room

| Stide 6

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)
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Ventilation

« One supply and one return, each 0.5 m?
* Flow rate is 0.25 m®/s

* One closed door, 1.1 mby 2.1 m
+ Leakage— 1.3 cm (1/2 in) gap under door

* Door opens after 10 min

Fire PRA Warkshop, 2012, Washington, D.C | Slide 7 A Collaboration of U.S. NRC Office of Nucfea:' Regulatory
Example C: Lube Oil Fire in Pump Room i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 3. Select Fire Models

* Algebraic Models: Nothing to estimate HGL temperature
in a flashed over compartment. Hand calculation used to
evaluate oxygen availability in closed ventilated room

« Zone Models: In flashover situation, zone models
transition from 2 zones to 1.

* CED: Challenging scenario because of under-ventilated
conditions

Fire PRA Workshop, 2012, Washington, D.C. Slides A Gollaboration of U.S. NRG Office of NucFea:' Regulatory
Example C: Lube Oil Fire in Pump Room Wit S Research (RES) & Electric Power Research Institute (EPRI)
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Table C-3. Normalized parameter calculations for the pump room fire scenario.

- = . Validation In
Quantity Normalized Parameter Calculation Range Range?
="
Fire Froude pacpT=D™5g
Nuinber _ = 4934 kW N 04-24 Yes
T pz kg/m®)(L.0 kI /kg/K)(293 K)(1.9%5 m25), /98 m/s=
Flame Length, Le 48m
Ly, relative to the H_C=4_gm=°‘99 02-10 Yes
Ce”m%“e'ght' Lr=0(37¢"" ~102) = 19m (57 % 0,95% - 1.07) 46 m
c
Ceiling Jet
Radial
Distance,r;
o Ni& 12-17 NIA
relative to the
Ceiling Height,
He
Equivalence __ e 4934 kW s
Ratio, @, as an ¥ = 3Hy,mp, 13.100H/kgx 007 kg/s 00406 No
indicator of the 2 2
“entilation Rate g, = 0.23 p..V = 0.23 % L2 kg/m® x 0.25 m? /s = 0.07 kg/s
Equivalence P Q v 4934k =099
Ratio, ¢. as an AHp, v, ~ 13.100kf/kg x 0.38kg/s
indicator of the 004-08 No
Opening thg, = 0.23- 0.54,/hy = 0.23 % 0.5 x 231 m? vZ1m = 036 kg/s
Ventilation
Compartment L _94m w_28m g
Aspect Ratios H,  43m L3 H, 249m_ bio. D=7 Yes
Target Distance,
r, relative to the NfA 22-57 N/A
Fire Diameter, D
Notes:

(1) The non-dimensional parameters are explained in Table 2-5.
(2) The eguivalent fire diameter, D = ,/44/m, where A is the area of the spilled
lubricating oil.

C.4.1 Calculation of Oxygen Availability

At the start of the scenario, the mechanical ventilation is operational, the door is closed, and the
fire output immediately jumps to the peak heat release rate (HRR) with a total spill area of
approximately 2.75 m* (29.6 ft?), as shown in the hatched area of Figure C-1. The peak HRR,
Q. is computed from the fuel mass burning rate, r'’, the heat of combustion, AH, and the
specified area of the spill, A:

Q =" AH A = 0.039kg/m? /s x 46,000 k] /kg x 2.75 m? = 4,934 kW (C-1)

The oxygen needed to sustain the fire is calculated from the following equation:

Q0 4934kW
AHo, 13,100 k] /kg

= 0377 kg/s (C-2)

where AH,, is the heat of combustion per unit mass of oxygen consumed. The quantity of
oxygen provided by the ventilation system is calculated by multiplying the oxygen content (0.23)
by the density and the ventilation rate of the air:

0.23 p,,V =0.23 x 1.2 kg/m® x 0.25 m® /s = 0.069 kg/s (C-3)
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The oxygen provided by the ventilation system is much lower than the amount needed to
sustain the fire. The oxygen initially in the room can provide the additional oxygen needed for
combustion for a short time. The available oxygen in the room, calculated from the room
dimensions (Table C-4), is:

0.23 po, LWH, = 0.23 x 1.2 kg/m® x (2.81 x 9.39 x 4.9) m* = 35.7 kg (C-4)

The oxygen initially in the room can sustain the fire for an amount of time equal to the oxygen
quantity in the room divided 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 hecomes ventilation-limited.
After 116 s, the size of the fire is maintained only by the ventilation system and is limited to:

0.069 kg/s x 13,100 kj/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).

Step 4. Calculate Fire-Generated Conditions

Fetatnx
&

Acatz2

Oatar [— P tome |
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Step 4. Calculate Fire-Generated Conditions

* HRR of fire reaches peak immediately upon ignition, as
shown in Figure C-3
— Lower oxygen level assumed to be 10%
— Spill depth calculated to be 0.069 m based on volume and area
— Fire duration calculated from pool depth, density and burning rate

ap = 5P _ 0069 m x 760 kg/m?

= = o 7 i o
T 0,039 kg/m/s 1345s (22.4 min) (C-T)

Heat Release Rate
6000
5000

— it HRS
4000

3000

HRR (kW)

2000
1000

1}
0 600 1200 1800 2400 3000 3600

Time (s)

Figure C-3. Heat release rate curve for lubricating oil fire.

Step 4. Calculate Fire-Generated Conditions

Heat Release Rate Heat Release Rate
20000 6000
16000 magie || 5000 T Magic —
£ 12000 — - | i = B
= = 3000 ] \ | | aeaa. Hand Calculation|_|
% 8000 & N :
80
& T 2000 :
4000 ; \\ :
1000 e —
0 0

0 600 1200 1800 2400 3000 3600 0 30 60 90 120 150 180 210 240 270 300

Time (s) Time (s)

Figure C-9. Heat Release Rate Predicted by Hand Calculations, MAGIC, and FDS for the
Pump Room Fire Scenario.
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Step 4. Calculate Fire-Generated Conditions

HGL Temperature ERFBS Cable Surface Temperature
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Figure C-5. Modeling Multi-Conductor Cables in MAGIC 0 600 1200 1800 2400 3000 3600

Time(s)

Step 4. Calculate Fire-Generated Conditions

HGL Temperature

1000
900
800
700
600
500
400
300
200
100

MAGIC

— OIS

ASTME-118

Temperature (°C)

] 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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Step 4. Calculate Fire-Generated Conditions

Cable Surface Temperature
Inside ERFBS
160

140 — MAGIC

120 —s
100
80
60
40
20

Temperature (°C)

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.

Step 4. Calculate Fire-Generated Conditions

Comparison to the Standard Fire Endurance Temperature Curve

Figure C-11 includes the standard ASTM E119 temperature curve to which the ERFBS was
subjected during its qualification test. The predicted HGL temperatures of both MAGIC and
FDS fall below this curve during most of the hour-long simulation, but there is a period near the
beginning of the fire where the models’ predicted temperatures exceed the standard curve. In
order to compare the relative exposure of the ERFBS, it is necessary to consider the integrated
incident heat flux corresponding to the model HGL predictions and the ASTM E 119
temperature curve. The integrated heat flux is given by the following formula:

151 3600
q" = f q" (t)dt = f a(T*=TH + h(T —Tp) dt (C-11)

to 0

Applying Eq. (C-11) to each of the HGL temperature curves in Figure C-11 yields values of

346 MJ/m? for the ASTM E119 curve and approximately 40 MJ/m? for both FDS and MAGIC.
This 40 MJ/m? exposure corresponds to an approximately 14 min exposure within the standard
test furnace. Table C-6 lists the thermal exposure as a function of time in the standard test
furnace. It is also significant to note that the maximum predicted exposure temperature remains
lower than the maximum exposure temperature that the ERFBS protected raceway was
exposed to during the ASTM E119 fire test.
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Step 4. Calculate Fire-Generated Conditions

Table C-6. Integrated thermal exposure of an object subjected to the ASTM E119
temperature curve.

. Thermal
Err:_:?n"; E)(p-:’su2 re
(MJ/m?)
5 6
10 23
15 47
20 75
25 104
30 135
35 167
40 200
45 235
50 270
55 307
60 346

I Step 5. Sensitivity and Uncertainty Analysis

Table C-5. Summary of the model predictions of the pump room scenario.
Bias Standard . . .
Predicted Critical Probability of

Model Fa(‘:stor, Deviation, Value Value Exceeding
Ty
Cable Temperature (°C)

MAGIC 1.19 0.27 135 205 0.000

FDS 1.02 0.13 145 205 0.000
Fire PRA Workshop, 2012, Washington, D.C. : S.lrde '20' i A Coliaboration of U.S, NRC Office of Nuclear Regulatory

Example C: Lube Qil Fire in Pump Room
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Step 5. Sensitivity and Uncertainty Analysis

« Sensitivity of ERFBS construction
— Comparing Figure C-11 and C-12 shows that ERFBS has large
impact on temperature of target cable
— Additional MAGIC cases run for:
+ Reduced ERFBS thickness by 25% to 0.0375 m

» Reduced thickness (25%) with increased density to 171 kg/m3 to
maintain constant mass per unit area

+ Results plottedin Figure C-13 show that both cases lead to higher
cable temperatures

Fire PRA Warkshop, 2012, Washington, D.C | Slide 21 A Collaboration of U.S. NRC Office of Nucfea:' Regulatory
Example C: Lube Oil Fire in Pump Room i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 5. Sensitivity and Uncertainty Analysis

« Sensitivity of ERFBS construction

Cable Surface Temperature

Inside ERFBS
160 -
e
140 e 1
Ve ” - /_-—
o 120 .-, 7
@ 100 £
=S 4
w® 80 i
; y 4 MAGIC Base Case
2 60 .
E ----- 25% Tighter
- 40 = Wrapping
i 25% Thi
20 \.’\Jlappln;ner
0

0 600 1200 1800 2400 3000 3600

Time (s)

Figure C-13. Cable surface temperature predicted by MAGIC for changes to insulation
wrapping.

Fire PRA Workshop, 2012, Washington, D.C. Slide 22 A Gollaboration of U.S. NRG Office of NucFea:' Regulatory
Example C: Lube Oil Fire in Pump Room i ioon i Research (RES) & Electric Power Research Institute (EPRI)
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Step 5. Sensitivity and Uncertainty Analysis

« Sensitivity of door size
— Equivalence ratio falls outside of validation range

— As sensitivity study, MAGIC run with door area doubled
« This brings equivalence ratio within validation range when doors open

g, = 0.23 0.54,/h, = 0.23 x 0.5 x 4.62m? V2.1 m = 0.77 kg/s (C-12)
Qe 4934 kW - 05
? = BH,, mo, 13.100K)/kg X 0.77 kg/s (C-13)

— Figure C-14 shows temperature comparisons for base case and
case with double-wide doors

« Plots show results are very similar, indicating that door size does not
significantly affect results

« Consistent with experimental data that scenario with equivalence ratio
near unity produces highest enclosure temperatures

Fire PRA Warkshop, 2012, Washington, D.C | Slide23 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example C: Lube Oil Fire in Pump Room i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

Step 5. Sensitivity and Uncertainty Analysis

HGL Temperature Cable Surface Temperature
Inside ERFBS
700 160 :
BGD T MAGIC Base Case =] I4D “_ MAGIC Base Case i |
g 500 s pay Bkl DovsieDoon | — g 120 4 ===== SousieDoors | = goren )
g 400 s 100 ,
s 2
& 300 g 80
@ o
% K k E b
@ 4
" 100 = 40
20
0 . . v v . 0
1
D o R D B AO0OT D 0 600 1200 1800 2400 3000 3600
Time (s) Time (s)
Figure C-14. Temperature predicted by MAGIC for increased door size.
Fire PRA Workshop, 2012. Washington, D.C. Slide 24 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Example C: Lube Oil Fire in Pump Room Research (RES) & Electric Power Research Institute (EPRI)

3-50



Step 5. Sensitivity and Uncertainty Analysis

* Sensitivity of HRR profile

— Ventilation-limited HRR may also cause reduction in fuel mass
loss rate, such that fuel remains until door is opened

— This concept is illustrated in Figure C-15

Base Case Heat Release Rate Sensitivity Case Heat Release Rate
6000 6000
5000 rerewerree— ------ Input HRR | 5000 y——m———0 === Extended |
— AGIC MAGIC
4000 4000 u
g :
o 3000 o 3000
o x
I S
2000 2000
1000 1000
a T T V] T T
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time (s) Time (s)
Figure C-15. HRR for base case and HRR sensitivity case.
Fire PRA Warkshop, 2012, Washington, D.C | Slide25 | A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example C: Lube Oil Firé in Pump Room i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 5. Sensitivity and Uncertainty Analysis

* With extended HRR shown in Figure C-15, gas and cable
temperatures increase as shown in Figure C-16

— Cable temperature now close to failure temperature of 205C so
sensitivity of thermal properties becomes more important

HGL Temperature Cable Surface Temperature
Inside ERFBS
700 250
P | MAGIC Base 1
600 / - T Caze 1 0 MAGIC Base Case ‘
8 | cuseuegi i ] -

o 500 : Fri- il g Extended HAR - |
= LY
@ 400 78 5 150
£ 300 e e
g o L g 100
£ 200 S ——m E
= \ = 50

100

0 0 ‘

0 600 1200 1800 2400 3000 3600 0 800 1200 1800 2400 3000 3600

Time (s) Time (s)
Figure C-16. Temperature for base case and HRR sensitivity case.

Fire PRA Workshop, 2012, Washington, D.C. Slide 26 A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example C: Lube Oil Fire in Pump Room {iatsioo Research (RES) & Electric Power Research Institute (EPRI)
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Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references

Fire PRA Workshop, 2012, Washington, D.C | Slide 27 A Collaboration of U. 8. NRC Office of Nucfearr Regulatory
Example C: Lube Oil Fire in Pump Room i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 6. Document the Analysis

* Conclusions (C.6)
— Analysis considers potential for relatively large lubricating oil spill
fire in small enclosure to damage cable tray with ERFBS
— Algebraic calculations, MAGIC and FDS all used to evaluate fire
conditions within the enclosure

— MAGIC and FDS also used to calculate thermal response of
cables to calculated fire conditions

— Based on assumed spill area and lube oil burning characteristics,
a 5 MW fire is calculated

+ However, ventilation limited burning rate of about 1 MW calculated
based on mechanical ventilation rate until door opened at 10 minutes

+ Doors to such rooms should not be opened until firefighters are
prepared to suppress fire that will increase with added ventilation

Fire PRA Workshop, 2012, Washington, D.C. Slide 28 A Gollaboration of U.S. NRG Office of NucFearr Regulatory
Example C: Lube Oil Fire in Pump Room § eS| Research (RES) & Electric Power Research Institute (EPRI)
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Step 6. Document the Analysis
N
* Two strategies used to assess integrity of ERFBS

— Integrated heat flux calculation performed to demonstrate that
thermal exposure to ERFBS is approximately 10 times greaterin
standard fire endurance test than is predicted by MAGIC or FDS

— Direct calculation of heat penetration through insulating blankets
using blanket and cable thermal properties

+ Both models predict cable temperatures below critical values
* Base case for both approaches show ERFBS is expected
to prevent cables from reaching critical temperature as a
result of a fire involving spilled lubricating oil

— However, sensitivity study of extended HRR for underventilated
conditions shows results could change

* Further analysis of ERFBS thermal properties warranted

Fire PRA Warkshop, 2012, Washington, D.C | Slide 29 A Collaboration of U.:S‘ NRC Office of Nucfearr Regulatory
Example C: Lube Oil Fire in Pump Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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3.4 Example D: MCC Fire in Switchgear Room

USNRC ERPR [wseic wsmr

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

@ o e
EPRI/NRC-RES Fire PRA
Methodology

Module V:

Advanced Fire Modeling
Example D: MCC Fire in Switchgear Room

~ Joint RES/EPRI Fire PRA Workshop

~ 2w 2012

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)
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Step 1. Define Fire Modeling Goals

* Determine if a fire in the Motor Control Center damages
nearby cables and cabinets in a switchgear room

+ Define damage to both cables and cabinets as a surface

temperature of 400 °C

Fire PRA Warkshop, 2012, Washington, D.C | Slide 3
Example D: MCR Fire in Switchgear Room L

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)

Step 2. Characterize Fire Scenarios

* General Description

» Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire

Fire PRA Workshop, 2012, Washington, D.C. Slided

Example D: MCR Fire in Switchgear Room

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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I Material Properties

Table 3-1. Material Properties

Thermal
Material Conductivity Dke naisy Sp:f:liﬁc Heat Source
(W/m/K) (kg/m®) (kJIkg/K)
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 017 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 540 2.5 NUREG-1805, Table 2-3
PVC 0.192 1380 1,289 NUREG/CR-6850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R

Fire PRA Warkshop, 2012, Washington, D.C | Slide 7 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room i i Research (RES) & Electnic Power Research Insfitufe (EPRI)
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I Material Properties

Cables: The cable trays are filled with cross-linked polyethylene (XPE or XLPE) insulated
cables with a neoprene jacket. These are considered thermoset (TS) materials. These cables
have a diameter of approximately 1.5 cm (0.6 in), a jacket thickness of approximately 2 mm
(0.79 in), 3 conductors, and a mass per unit length of 0.4 kg/m. Tray locations are shown in the
compartment drawing. These particular cables have been shown to fail when the temperature
just underneath the jacket reaches approximately 400 °C (750 °F) (NUREG/CR-6931, Vol. 2,
Table 5.10'%). A second criterion for damage is exposure to a heat flux that exceeds 11 kW/m?
(NUREG-1805, Appendix A, Section A.5.4). Damage criteria for the adjacent cabinet are the
same as for the cable trays because the cables within the cabinet are subjected to similar
thermal exposure conditions as the steel cabinet housing.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 8 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

I Ventilation

+ 3 Air Changes Per Hour (ACH)
* Doors closed

» Compartment volume is 882 m3
* Volume flow rate is 0.735 m?/s

Fire PRA Warkshop, 2012, Washington, D.C | Slide 9 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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Fire

What is burning?

Cables made of polyethylene (C5H,) and neoprene (C,H5Cl)

Assume effective fuel: CsH, 5Cly 5

Table D-1. Products of combustion for the MCC fire.

Parameter Value Source
Effective Fuel Formula C3H:sClg 5 Combination of polyethylene and neoprene
Peak HRR 702 kW NUREG/CR-6850 (EPRI 1011989), App. G
Time to reach peak HRR 720s NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 10,300 kd/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 Handbeook, 4th Ed., Table 3-4.16
Fire PRA Workshop, 2012, Washington, D.C. SHde ,'”' ’ A Gollaboration of U.5. NRC Office of Nuclear Regulatory

Example D: MCR Fire in Switchgear Room Research (RES) & Electric Power Research Institute (EPRI)

I Step 3. Select Fire Models

» Algebraic Models: FDTs can be used for the heat flux
calculation. Non-uniform ceiling height a problem for HGL
calculations in both FDTs and FIVE-rev1.

» Zone Models: Non-uniform ceiling is a problem. However,
CFAST can model the ceiling in terms of a non-uniform
cross-section or as adjacent compartments

* CFD: No particular issues for FDS. Two level ceiling is not
a problem. May want to use multiple grids.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 12 A Coliaboration of U.8. NRC Office of Nucfea:' Regulatory
Example D: MCR Fire in Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

Heat flux to adjacent cabinet using point source method

i K@ _0.53 X 702 KW
C4mr? 4w X (1.1 m)2

= 24.5 KW/m?*

Fire PRA Warkshop, 2012, Washington, D.C. | Slide 14 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room H i Research (RES) & Eleciric Power Research Insfitufe (EPRI)

I CFAST - Smokeview rendering of SWGR fire

......

Figure D-4. Geometry of two-height ceiling Switchgear Room as modeled in CFAST.

Fire PRA Warkshop, 2012, Washington, D.C. | Slide 15 | A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room H i Research (RES) & Eleciric Power Research Insfitufe (EPRI)
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FDS - Smokeview rendering of SWGR fire

Figure D-5. FDS/Smokeview representation of the MCC/Switchgear Room scenario.

Fire PRA Workshop, 2012, Washington, D.C. U Slide 16 | A Goliaboration of U.S, NRG Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room Rttt N Research (RES) & Electric Power Research Institute (EPRI)

Step 4. Calculate Fire-Generated Conditions

Cabinet Heat Flux Cabinet Temperature

30 500

25 400 e CFAST 1
= i \ %) — DS
£ 20 FAST | — y i
E 15 l \ —FDS 3 / \
o B i
% 10 / \ s FDTs g 200
2 X X & [/~ \
@ 54 =

0 T T v T T 0 T T v T T
0 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time (s) Time (s)
Figure D-10. Heat flux and temperature predictions for the adjacent cabinet.
Fire PRA Workshop, 2012, Washington, D.C. U Slide 17 | A Collaboration of U.8. NRC Office of Nuclear Regulatory

Example D: MCR Fire in Switchgear Room Research (RES) & Electric Power Research Institute (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

Cable A Heat Flux Cable A Temperature

400

—
ot
Temperature (G}

%)
=1
=

Heat Flux (kKWim?)

\L

=

0 GO0 1200 1800 2400 3000 3600 o 600 1200 1800 2400 3000 3600
Time (s} Time (s}
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400
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= E 200
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Fire PRA Warkshop, 2012, Washington, D.C | Slide 18 | A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example D: MCR Fire in Switchgear Room Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

Cable C Heat Flux Cable C Temperature

5 100
M —CFAST cFAST
20 H B0

| " ’ ’\ —F 05 % — 0T
2 s E w0 S
g 10 / \ £ w0 Pl S
E
§ os / \ & 2 /
- 3 N
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0 600 1200 1800 2400 3000 3600 1] €00 1200 1800 2400 3000 3600
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Figure D-11. Summary of the cable predictions for the MCC/Switchgear Room.

Fire PRA Warkshop, 2012, Washington, D.C | Slide19 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)
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I Step 5. Sensitivity and Uncertainty Analysis

Table D-3. Summary of the model predictions of the MCC fire scenario.

Bias Standard Predicted | Critical | Probability of
il Factor, 8 | Deviation, Gy larget Value Value Exceeding
Surface Temperature (°C), Initial Value = 20 °C
CFAST i 0.27 — 390 400 0.460
FDS 1.02 0.13 170 400 0.000*
CFAST 1 0.27 Eabia 705 400 0.950
_FDS_ 1.02 0.13 620 400 0.997
CFAST 1 0.27 Etiheh 305 400 0.112
FDS 1.02 0.13 280 400 0.000
CFAST 1 0.27 Cear 40 400 0.000
FDS 1.02 0.13 65 400 0.000
Heat Flux (kW/m?)
CFAST 0.81 0.47 . 243 11 0.911
FDS 0.85 0.22 Sabinet 6.0 11 0.006
CFAST 0.81 0.47 104 11 0.974
FDS 0.85 0.22 CatlecA 75.0 11 1.000
CFAST 0.81 047 15.8 11 0.823
FDS 0.85 022 CableB 537 1 0.997
CFAST 0.1 0.47 0.2 11 0.000
FDS 0.85 0.22 Calyed 25 11 0.000

* These results require closer scrutiny. See discussion below.

Fire PRA Warkshop, 2012, Washington, D.C | Slide20 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 5. Sensitivity and Uncertainty Analysis

D.5.2 Cable Damage Based on Temperature Alone

The predicted cable temperatures for the three trays are shown in Figure D-11. CFAST and
FDS estimate cable temperatures using the THIEF methodology (NUREG/CR-6931, Vol. 3).
Both models predict that the cables in Tray A are likely to fail.

Neither model predicts that the cables in Tray B will reach the failure temperature of 400 °C
(750 °F), but the CFAST prediction of 300 °C (572 °F) suggests that there is a 9% probability
that the cable temperature could be as high as the critical value. Note that these predictions are
sensitive to the exact location of the target cable within the tray, its view of the fire, and the HGL
temperature. In this case, the cables in Tray B are heated primarily by convection and radiation
from the HGL. Given that the HRR is the most important parameter controlling the temperature
of the HGL, how much would the HRR have to increase to increase the CFAST prediction from
300 °C (572 °F) to 400 °C (752 °F)? Table 4-3 indicates that the rise in the HGL temperature is
praportional to the HRR to the 2/3 power. Following the methodology in Section 4.4 1, in order
to increase the predicted HGL temperature by 100 °C (212 °F), the peak HRR, @, must increase

by approximately:
. 3. AT 3 100°C
AQ_EQTTTO_E TOZkWXm=376kW (D-3)
Fire PRA Warkshop, 2012, Washington, D.C | Slide21 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Example D: MCR Fire in Switchgear Room Research (RES) & Elecine Power Research Institufe (EPRI)
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I Step 6. Document the Analysis

D.6 Conclusion

The purpese of the calculations in this example is to predict if and when various components
within a compartment will become damaged due to a fire in the MCC. The fire model analyses
performed for this scenario indicate that the fire would damage the cables in Tray A because all
the models (FDT®, CFAST, FDS) predict that the flames would directly impinge on the cables
themselves.

CFAST and FDS predict that the cables in Tray B are likely to be damaged based on the
heat flux criterion. However, neither model predicts that the interior cable temperatures are
likely to be high enough to cause failure.

Neither FDS nor CFAST predicts that the cables in Tray C would be damaged.

A point source heat flux analysis indicates that the adjacent cabinet housing would be
exposed to a heat flux that would cause damage. Even though FDS does not predict
damage, its predictions of heat flux to surfaces very near the adjacent cabinet are
sufficiently high to cast doubt on the conclusion that the cabinet would not be damaged.
Small changes in the positions of various obstructions could easily change the predicted
heat flux by an order of magnitude. Even though the point source method tends to over-
predict the heat flux to targets close to the fire, there is too much uncertainty in the
geometric configuration to accept the validity of the more detailed calculation.

Fire PRA Warkshop, 2012, Washington, D.C | Slide22 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example D: MCR Fire in Switchgear Room i Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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3.5 Example E: Transient Fire in Cable Spreading Room
U S NRC EPEI ELECTRIC POWER
RESEARCH INSTITUTE
) AL ot
Laboratories
EPRI/NRC-RES Fire PRA
Methodology

Module 5: Advanced Fire Modeling
Example E: Transient Firein Cable
Spreading Room

Joint RES/EPRI Fire PRA Workshop

~' 2% 2012
Tl Wotirsinoc

A Collaboration of U.5. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Step 1. Define Fire Modeling Goals

« Estimate the impact on safe-shutdown cables due to a fire
in a trash bin inside a Cable Spreading Room.

* Transient combustibles have been identified as a possible
source of fire that may impact the cables. The purpose of
the calculation is to analyze this condition and determine
whether the cable targets will fail, and, if so, at what time
failure occurs.

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, “Detailed Fire Modeling
(Task 11).”

Fire PRA Warkshop, 2012, Washington, D.C | Slide 2 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)
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I Step 2. Characterize Fire Scenarios

* General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire

Fire PRA Warkshop, 2012, Washington, D.C | Slide 3 i A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

3-68



e

1 1
.Euomm_nﬂvmmummm._..nmu_n- NL

b2 b
e [rmeeea mews - W I - 33
na[ = Lt w = e e o w oo - - G
Joelan . =4 . H R - ) . " @
Uw mN ] m = W ..H o e - = o i 5 BB = - o =
H B B B . = KR g8 8
PR g o ! 2 ' 7 3T
i i ; : i I H bl “ : I
1Tes ln-nhsonvl/.l .._.... PECHT SR -. 2 K is .._ | TR RIS A ST AT LA R PO ._L A AT ..._ﬁ TR WA .&.IIui oo
1 zoo0a 'pesora) 1 | | T _ G
L Il L { | 2000 PREOTD
T & —— 1 " 1 1 "
E 1
T 1] L] T
B W " f— bt e — — = — - Py X R G
e s
b P T T T o
Awzz apqe, 7 EYTE T A L : T | ; “auap A1ddng ol letdhz m g0
s o o e v n L} L) ! | b .
| i e S
: 3
1 A
bl S o i 1 1 ] [ t ] .
i vgn ] ]
L -s_.._q_u”b. == |&. wooy Iayndmog .ﬁ| -—
LT T | [ 1 1
“ETTUIep Io7 7 e0US 3 : q K
PuT MaTA OpTs bTH oz " 0 Il — —— _ _ —— 14— 371
+K3TINTD 2 quos wInjeR | I k
207 KOTA OTAIGWOET PUV B g pi—fe—— . . n
matp dogp woay pescwmez e : L L1 - 1 l r
azw 3gbtoy Buyres el i |aw|||lwp._|&| ||I|$|I|I|W|ﬂ_|||||||. ——i¥ | 0°§1
IF FUOTIDOIIRQD TILON Ll oy, - p—— (= P o] [T--IX W §'GT
L ) g
G e I 12 i I —1 i
W g4 " —
A I i e (p1%}, 10358300 ayoug- [ i 7 | :
e ._._|._.. A ._.rn___ .d_ B T LA TPy SO LT BT LR PR ALY CMIFET st gt B 1)
¥ .__ 1
& A PR— 1 i ]
L 5 = ] [ -
- -~ = £ =
3 L] B x B8
® » a2 %
L w B " {~]
b
B = = MITA 9PTS IybrE |
g - i
a o - - -~ L
8 = 5 = g g dmESO
;_ | L 1 | 1 L
; e T o P PR ST T
o PP.HJP!IFI&ILF#L?LILrF thrI1l*r .ILLLW?JILf
7 I K tutbrao eata) | | :
- _ = ey gessy | | b
m% 3300 ufa>_=u=uu¢ 3ong 3gap Arddng
—xs~.~.|r+|_l_ e FPaL_iF oy = Sl tea e
e MIIEELE E E EBLOEWE
— — =
1T 107 Y-V USTIZDG 095 e I I I T . izt | L iil) i P
(twaos 09} dwag erqeo—71T 17 1 LT G0 i i0 1 e R
a3 ﬁhrﬂ -1 -ﬂhss ﬂﬂ —_— -._.-ﬂvﬂﬂﬂaﬂa . abl Es e . bad L L ok ERs b i ——
saubTen BUTTTeD IV BI¥ BI0IDOIBQ BYOWS °f H ”n.u = = 5L = e - i =
0935 JO OpTE 0IV 8300 "7 b - - a o b . Ly -
"B3RIIUCT JO BPVE BIT STIVM 1 u M ] 'l ¥ " o ® "

FEEETT

3-69

-
4
< =
Le
-



INENZHTA IWBA—.,

J1117]

r(’
7

ekpiy piw eybnoli eTqed -
faaom 3000 ‘emwed jo iETEuOD
BLOFINIIEEO TOABT BUTITeD

7o
7

=

PR .o
(usbyan aaga) \\
UR) YERIL- 1 ey
afy w grg— o Pt -z w0
o
hl]lllllllllu.ﬂ
2 T
"y ———— e
¥ m m
E E°F

|——= £z
i ¥ Avil a1qey

—

S

—= 8°2

|——u 17

= Aw2l aTOES

20339380 WYO=3-

s _

(+ddz) = g p- -

- —dir) = g0- ...__..Ill.. - diy w £'¢

3-70



Ventilation

* The CSR has two doors on the east wall that are normally
closed.

« Standard procedure calls for an operator to investigate
the fire within 600 s (10 min) of an alarm condition.

» Two supply vents and two return vents. 1.4 m®/s for each.

» Leakage — often the “leakage area” is the area of the
crack under the door.

« Exact supply and exhaust location only important for CFD.

« Zone models usually only consider height of ducts off floor
and orientation of the vent.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 6 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires i Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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What is burning?

A trash fire ignites within a cylindrical steel waste bin 0.8 m (2.6 ft) high and 0.6
m (2.0 ft) in diameter, containing 5 kg of trash.

Duration of Fire

Total energy released is 5 kg x 30,400 kJ/kg = 152,000 kJ
L t 32 o 480 s
Q = 152,000 k] =J; d, (m) de + J:m Q, dt = 317 kW (T+ (tr — 480 s)) (E-1)
Solving for ¢, yields a total burning time of 800 s.

Table E-1. Products of combustion for CSR fire.

Parameter Value Source

Effective Fuel Formula CiH7O0z5 Assumption

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 Hancdbook, 4th ed., Table 3-4.16

I Step 3. Select Fire Models

* Algebraic Models: FPA algorithm in FIVE provides
estimate of HGL temperature within a closed, ventilated
compartment. FDTs do not allow for time-dependent
HRR. Both FIVE and FDTs can estimate smoke detector
activation time.

» Zone Models: Both CFAST and MAGIC include
algorithms to estimate the temperature of cable targets.

* CED: Typical application of FDS. The primary advantage
of a CFD model for this fire scenario is that the CFD
model can predict local conditions at the specific location
of the target cables and includes more complete radiation
calculations from the fire to the cable targets.

Fire PRA Workshop, 2012, Washington, D.C. Slided A Gollaboration of U.S. NRG Office of NucFearr Regulatory
Example E: Cable Spreading Room Fires it Research (RES) & Electric Power Research Institute (EPRI)
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Step 4. Calculate Fire-Generated Conditions

=

LIS

Figure E-4. Schematic diagram of transient trash fire in cable spreading room.

Fire PRA Workshop, 2012, Washington, D.C.
Example E: Cable Spreading Room Fires

Temperature (°C)

1400

1200 +

1000 +

800 |

600

400 +

200 —+

Slide 11 A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Bt R0 Research (RES) & Electric Power Research Institute (EPRI)

Plume temperatures - Heskestad correlation

600

==Bottom
—=Tray A
~——Tray B

1200 1800 2400 3000 3600
Time (s)

Step 4. Calculate Fire-Generated Conditions

Figure E-5. Plume temperatures at cable trays located above transient trash fire.

Fire PRA Workshop, 2012, Washington, D.C
Example E: Cable Spreading Room Fires

| Slide 12 A Collaboration of U.5. NRC Office of Nuclear Regulatory
i Research (RES) & Elecine Power Research Institufe (EPRI)
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Step 4. Calculate Fire-Generated Conditions

HGL temperature calculation - FPA correlation
60 350
56 [ - 300
)/ - 250
T 40
- i
g - 200%
30 = —
g L 150 £ —FPALD
E w=HRR [kW]
820
- 100
10 1 -
0 T T 0
0 600 1200 1800 2400 3000 3600
Time (s)

Figure E-6. Average HGL temperature from FPA correlation for CSR trash fire scenario.

Fire PRA Workshop, 2012, Washington, D.C

| Slide 13 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires L i

Research (RES) & Electnic Power Research Insfitufe (EPRI)

Step 4. Calculate Fire-Generated Conditions

Figure E-7. CFAST rendering of the Cable Spreading Room scenario.

Fire PRA Workshop, 2012, Washington, D.C.

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires

Research (RES) & Electric Power Research Institute (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

FDS simulation, elevation view.

A Collaboration of U.5. NRC Office of Nuclear Regulatory

Fire PRA Workshop, 2012, Washington, D.C H =T
" 9 | Slide 15 Research (RES) & Electric Power Research Insfilufe (EPRY)

Example E: Cable Spreading Room Fires

I Step 4. Calculate Fire-Generated Conditions

Heat Release Rate HGL Temperature
400 50
300 — ~ 40 /\
o e
= I o / \ e CFAST
= o CFAST Fnn |
5 200 i E 30 H
o @ — 0S5
L] / —FDS E fi ! :;.
100 ] @ 20
-
0 T 10 T T T T T
0 600 1200 1800 2400 3000 3500 0 600 1200 1800 2400 3000 3600
Time (s) Time (s}

Figure E-14. Heat release rate and estimated HGL temperature for Cable Spreading Room
scenario.

A Collaboration of U. 5. NRC Office of Nuclear Regulatory

Fire PRA Workshop, 2012, Washington, D.C. Slide 16 ; _
Bt Research (RES) & Electric Power Research Institute (EPRI)

Example E: Cable Spreading Room Fires
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* Smoke detection (E.5.1)

Step 4. Calculate Fire-Generated Conditions

— Table E-6 shows CFAST/FDS results for detector activation
— CFAST models smoke detector as heat detector with low RTI and
activation temperature
» No consensus in literature on appropriate RTI / activation temperature

— FDS uses smoke concentration to predict detector activation

* Given presence of beam pockets and obstructions, even FDS is
subject to significant uncertainty for detector activation prediction

Table E-6. Smoke detector activation times, Cable Spreading Room.

Model Time (s)
CFAST 170s
FDS 160 s

Fire PRA Workshop, 2012, Washington, D.C
Example E: Cable Spreading Room Fires

350
300
250
200
150
100
50
0

Temperature (C)

Bottom CableTemperature

' Slide 17

/\ e CFAST | |
/ \ —FDS
[\
[\
/ ~
W
0 E»(I]ﬂ 'IZ‘UO 'IB‘OO 24‘00 3d00 3600

Time (s)

Fire PRA Workshop, 2012, Washington, D.C.
Example E: Cable Spreading Room Fires

. Slide 18

Flame Height (m)
o
w
[ ——

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Elecine Power Research Institufe (EPRI)

Step 4. Calculate Fire-Generated Conditions

Flame Height

—CEAST

~

=
—

o
=]

600 1200 1800 2400 3000 3600

=]

Time (s)

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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I Step 4. Calculate Fire-Generated Conditions

Cable A Temperature Cable A Heat Flux
250 5
200 —CFAST  — 4
@ / \ . e CFAST
® 150 —r0s 2 3 [—
|- / \\ £ —:
©
g 100 / \ E 2 /
£ k-]
" 50 . z
0 ; ) ; ; ; 0 - ‘ - r
1] 600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000 3600
Time (s) Time (s)
Fire PRA Warkshop, 2012, Washington, D.C | Slide19 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

I Step 4. Calculate Fire-Generated Conditions

Cable B Temperature Cable B Heat Flux
140 240
120 /\\ aeast I —CFAST
ol | 15 -
g 100 \ £ —FDS
o — 05
5 80 H =
w / \ x 1.0
£ 60 z
E— A /1/ \\ § ﬂ
& \_‘ £ 05
20 1
0 T T T T T 0.0 T T T
0 B00 1200 1800 2400 3000 3600 a 600 1200 1800 2400 3000 3600
Time (s) Time (s)
Figure E-15. Estimated cable conditions for the Cable Spreading Room.
Fire PRA Workshop, 2012. Washington, D.C. U Slide20 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Example E: Cable Spreading Room Fires Research (RES) & Electric Power Research Institute (EPRI)
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Step 5. Sensitivity and Uncertainty Analysis

Table E-5. Summary of the model predictions of the CSR scenario.

Bias Standard . Probabilit
Model Factor, Deviation, | Location Prs:;ucteed Cvr;tliszl of Y
(<] O 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
CFAST I 0.27 202 205 0.472
FDS 1.02 0.13 Sablair 36 205 0.000
CFAST 1 0.27 Cable B 126 205 0.003
FDS 1.02 0.13 i 61 205 0.000
Heat Flux (kW/m?)
CFAST 0.81 0.47 Bottom 4.2 6 0.367
FDS Cable
CFAST 0.81 0.47 Cable A 3.0 6 0.091
FDS 0.85 0.22 0.3 6 0.000
CFAST 0.81 0.47 cableB 2.0 6 0.000
FDS 0.85 0.22 0.8 6 0.001
Fire PRA Workshop, 2012, Washington, D.C | Slide 21 A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example E: Cable Spreading Room Fires

Alternative Analysis — Parameter Propagation

Probability Density Function

HRR Distribution

o 100

200

300

Heat Release Rate (kW)

Figure E-16. Distribution of HRR for a trash fire.

=
=
3

Probability Density Function

g

:

EE 2

Research (RES) & Elecine Power Research Institufe (EPRI)

Plume Temperature Distribution at Tray A

100 200

300 400

Plume Temperature (C)

Figure E-17. Distribution of plume temperatures at Trays 3 and 6, respectively.

Fire PRA Workshop, 2012, Washington, D.C.
Example E: Cable Spreading Room Fires

. Slide22 |

500

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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Plume Temperature Distribution at Tray B
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Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references

Fire PRA Warkshop, 2012, Washington, D.C | Slide 23 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires i Research (RES) & Elecine Power Research Institufe (EPRI)

Step 6. Document the Analysis

* Conclusions:

* Analysis shows that a 317 kW waste bin fire located
beneath a vertical array of cable trays is unlikely to
damage cables in the trays 3 and 6 levels above the fire
— Both CFAST and FDS estimate peak temperatures and heat

fluxes below the failure criteria for cables in 3 tray from bottom

* FDS calculates temperatures and heat fluxes well below
critical values at the protected lowest cable tray

* CFAST calculations for unprotected cables demonstrate
importance of protection provided by solid metal lower
surface of lowest cable tray

Fire PRA Workshop, 2012, Washington, D.C. Slide 24 A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example E: Cable Spreading Room Fires {BEsiatsioa N Research (RES) & Electric Power Research Institute (EPRI)
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3.6 Example F: Lube Oil Fire in Turbine Building

USNRC EPRI| .

Protecting People and the Environmen ¢

Sandia
National
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

Module V:

Advanced Fire Modeling
Example F: Lube Oil Fire in Turbine
Building

Joint RES/EPRI Fire PRA Workshop
2012

.o

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Step 1. Define Fire Modeling Goals

* Determine the heat flux to and temperature of structural
steel columns in a turbine hall due to a lube oll fire.

» Evaluate structural steel response for two potential curb
locations.

* This type of analysis may arise when addressing
ASME/ANS RA-Sa-2009

Fire PRA Workshop, 2012, Washington, D.C. CSlide? A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example F: Lube Oil Fire in Turbine Building § SRR Research (RES) & Electric Power Research Institute (EPRI)
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I Step 2. Characterize Fire Scenarios

* General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire

Fire PRA Warkshop, 2012, Washington, D.C | Slide 3 i A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example F: Lube il Fire in Turbine Building H Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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Figure F-3. Main Turbine Lubricating Oil Tanks in the Turbine Building.
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I Material Properties

Table F-1. Structural steel failure criteria (ASTM E119-10a).

Maximum Cross-Section
Member Average Temperature
OC (OF)
Beam 593 (1,099)
Column 538 (1,000)
Fire PRA Warkshop, 2012, Washington, D.C | Slide 7 i A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example F: Lube Oil Fire in Turbine Building i Research (RES) & Elecine Power Research Institufe (EPRI)

I Ventilation

* Large, open area
* Forced ventilation intentionally shut down at start of fire
* 18 exhaust vents to the outside around the perimeter

Fire PRA Workshop, 2012, Washington, D.C. : S.lrde 8 T A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example F: Lube il Fire in Turbine Building Wit S Research (RES) & Electric Power Research Institute (EPRI)
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I Fire

Table F-2. Data for lubricating oil fire.

Parameter Value Source

Effective Fuel Formula CoHzne2 Developed from fuel chemistry (n in range of
12-15)

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 Table 3-4
Heat of Combustion 46,000 kJ/kg | NUREG-1805 Table 3-4
CO; Yield 2.64 kg/kg SFPE Handbook, 4th ed., Table 3-4.16
Soot Yield 0.059 kg/lkg | SFPE Handbook, 4th ed., Table 3-4.16
CO Yield 0.019 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
Radiative Fraction 0.34 SFPE Handbook, 4th ed., Table 3-4.16
Mass Extinction Coefficient 8,700 mszg Mulholland and Croarkin (2000)

The peak heat release rate (HRR), 0, is computed from the fuel mass burning rate, 1", the heat
of combustion, AH, and the specified area of the spill, A:

Q¢ =m" AH A = 0.039 kg/m? /s x 46,000 k] /kg x 28.1 m? = 50,400 kW (F-1)
The fire duration, At, is determined from the pool depth, &, density, p, and burning rate, '

_ 5_,0 _ 0.11m x 760 kg/m®

At = = = 2,144 35.7 mi F-2
" 0.039 kg/m?/s LS o i F-2)

Fire PRA Warkshop, 2012, Washington, D.C | Slide 9 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example F: Lube Oil Fire in Turbine Building i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

I Step 3. Select Fire Models

« Algebraic Models: Fire resistance calculations typically
use a pre-defined time-temperature curve, like ASTM E
119. Not appropriate here. However, heat flux calculations
are valid.

« Zone Models: Challenging case — too many assumptions
violated, in particular the ratio of flame height to ceiling
height. Zone models not used.

* CED: Near-field or engulfing fire heat flux is a challenge
for any model

Fire PRA Workshop, 2012, Washington, D.C. U Slide10 | A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example F: Lube Oil Fire in Turbine Building § SRR Research (RES) & Electric Power Research Institute (EPRI)
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The calculation of the equivalence ratio is challenging because natural ventilation is provided
through the 18 roof vents located around the perimeter of the turbine deck level. To evaluate
the potential impact of ventilation on the fire for this scenario, the quantity of oxygen available in
the turbine building is compared to the amount of oxygen that would be consumed by the
specified lubricating oil fire. Given a total volume of approximately 209,600 m®, the mass of
oxygen within the turbine building is estimated to be:

Mo, ot = PV Yo, = L1kg/m? x 209,600 m* x 0.23 = 53,030 kg (F-3)
The mass of oxygen required to burn all the fuel is estimated to be:

Q At 50,400kW x 2,144s

Mourea = 3. = 13100K/kg o o0 K 4

I Step 4. Calculate Fire-Generated Conditions

Hatches and stairs
/ between levels

HVACroom

Upper level

Curb
Location 1

Figure F-5. FDS Geometry for the Turbine Building Fire Scenario.

Fire PRA Workshop, 2012, Washington, D.C. | Slide13 | A Collaboration of U.8. NRC Office of Nuclear Regulatory
Example F: Lube Oil Fire in Turbine Building Research (RES) & Eleciric Power Research Institute (EPRI)
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Flame extension beneath turbine deck

Unobstructed
flame height

Effective flame
length beneath
ceiling

Figure F-4. Schematic diagram of the fire impinging on the ceiling.

Flame extension beneath turbine deck

62.0 EI"/! ' Turbine~” gy
59.0 | I Sen
56.3 x10— —— —| - '
53.1 Cf_l "II
A
47.0 __ 1" Curb Location 1
44.0 |
42:0 3] HVAC F
@ @ Curb Location 2
32.7 x10— —}— — g ___{ var 5
| I_K’ I‘urb.ine\
26.0 ——r
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16.0
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Figure F-5. Detail from Figure F-1 with estimated flame extension beneath ceiling
superimposed.
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Radiative heat flux — hand calculation

For the point source method, the estimated peak HRR is 50,400 kW, the radiative fraction is
0.33, and the horizontal distance from the center of the lubricating oil pool to the nearest column
(Column D) is approximately 4.2 m (13.8 ft):

., X @ 033 x50400kwW
dr = =

T 4mr?T 4m x 4.22m?

= 75.0 kW/m? (F-3)

Column heating — hand calculation

In order to estimate an approximate time for a column to reach the specified failure temperature
of 538 °C when subjected to different radiant heat fluxes, a simple energy balance is used to
calculate the rate of temperature rise of the steel in response to this imposed heat flux:

dT, -
Psc.sv.'sd_: =gy As (F-6)

The subscript s refers to steel. For a constant heat flux, this differential equation can be readily
integrated to yield the steel temperature as a function of time:

__ at 5
T T = o i7AD 1

To calculate the time, t.;, , when the steel failure temperature is reached, this equation is
rearranged, with the critical steel temperature, T.,;,, inserted for the steel temperature.

PsCs Vel A) (Tew = To) _ €a(W/D)(Terse — To)

" air F-a
qr Gr A

Lerit =

The term ¥, /A, is sometimes called the section factor and is the effective thickness of the steel
member; it is calculated as the cross-sectional area of a steel member divided by the heated
perimeter of the member. In the US, it is more common to use a parameter referred to as the
W/D ratio, which is simply the section factor multiplied by the steel density. For a W14x145
steel column, the W/D ratio has a value of approximately 96 2 kg/m? (1.64 Ib/ft/in). With this
value used for the W/D ratio, the time to reach the critical steel temperature for the column can
be estimated, based on the radiant heat flux estimated in equation F-5, as:

0.465 k] /kg/“C)(96.2 2)(538°C — 36 °C
L I/kg/ )(7 L. l:;m ) X it s
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Column heating — FDS calculation

FDS Results, Curb Location 2

Heat FI f Col D
eat Flux ot L-olumn Temperature of Column D

100

Q@ 800

a0 _?—m_ —— 700 ez [
T 1 o 600 /—-'—'_—‘\ =
5 & = s
= 50 5 / \
x 2 400
S 40 [id / \
[ o 300
< 30 o /
o
i E 201

10 =100 i

0 - T T T T 0 T T T T T

0 600 1200 1800 2400 2000 3600 0 800 1200 1800 2400 3000 3600
Time (s) Time (s)

I Step 5. Sensitivity and Uncertainty Analysis

Table F-4. Summary of results for the Turbine Building fire scenarios.

Bias Standard
Predicted Critical | Probability of
Model Fac;or, Dev?':lon. Target Value Value Exceeding
Surface Temperature (°C), Initial Value = 36 °C
Curb Location 1
FDS 1.02 0.13 Column A 270 538 0.000
FDS 1.02 0.13 Column B 260 538 0.000
FDS 1.02 0.13 Column C 170 538 0.000
FDS 1.02 0.13 Column D 150 538 0.000
FDS 1.02 0.13 Column E 90 538 0.000
FDS 1.02 0.13 Column F 50 538 0.000
Curb Location 2
FDS 1.02 0.13 Column A 130 538 0.000
FDS 1.02 0.13 Column B 120 538 0.000
FDS 1.02 0.13 Column C 400 538 0.001
FDS 1.02 0.13 Column D 620 538 0.828
FDS 1.02 0.13 Column E 75 538 0.000
FDS 1.02 0.13 Column F 50 538 0.000
Fire PRA Workshop, 2012, Washington, D.C | Slide19 A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example F: Lube il Fire in Turbine Building i Research (RES) & Elecine Power Research Institufe (EPRI)
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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 reach the
critical steel temperature of the nearest column. These calculations indicate that damage could
occur within a time frame of approximately five minutes. These calculations indicate that a more
detailed analysis is warranted. The CFD model, FDS, was used to perform this more detailed
analysis because zone models do not have the necessary physical models to simlulate the
postulated fire.

Based on the FDS simulation of this scenario, a 50 MW lubricating oil fire in Curb Location 1 is
not predicted to cause the steel columns to exceed a temperature of 538 °C (1,000 °F). This is
not the case for the proposed Curb Location 2, which is located closer to Column D.
Consequently, the recommendation for the design package is to install the curbed area at Curb
Location 1.

3-93



3.7 Example G: Transient Fire in a Corridor

USNRC EPRI| s,

) T e
Laboratories
EPRI/NRC-RES Fire PRA
Methodology
Module V:

Advanced Fire Modeling

Example G: Transient Firein a Corridor

Joint RES/EPRI Fire PRA Workshop
2012

.o

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Step 1. Define Fire Modeling Goals

* Determine if important safe-shutdown equipment will fail
due to a fire involving a stack of pallets in a hallway

* Also determine time to smoke detector activation

Fire PRA Workshop, 2012. Washington, D.C. CSlide? | A Gollaboration of U.S. NRG Office of Nuclear Regulatory
§ SRR Research (RES) & Electric Power Research Institute (EPRI)

Example G: Transient Fire in a Corridor
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I Step 2. Characterize Fire Scenarios

* General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire

Fire PRA Warkshop, 2012, Washington, D.C | Slide 3 i A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example G: Transient Fire in a Corridor i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

3-95



IOPTII0OD-TITNH -

HaERTH
5alan

T AR ] e ——— — —

43 BZ'E

=W I

aouneeg eyouy = ()

"3 RI'E = W | 'EI0j0d uT adv suOjsUeETg ¢
CTE0NE JO 0PUE DI BIo0g P
"@jazouwnd IO apTE OT® STTEM L

[zx) Gug ysezz ebieg

do pRsOTd
2 8 55
- o H
4 2 Awigp _-.._nun-//. la-a :u.—umﬂHM- n..l
H mJ/ J —
[ )
L L S § _— ||||||||||9|||||||||||$ ™ -
\ '
% ; i 3 M_.l
= § e ———
ﬂ . o - I § SR —
| (HHDUOTEE TTom) = (- MM H <=
"] (dkz) = 5 p-- = - L
E/I = e nin
Ll u - 4\ aw
H
i g £viz atqud
B b = 1Tel— .
o oes
ﬂ o o {v=¢ 1TvI0qg sog)
o WE m W LT IDUTIED uuf..:r.:u
B
a +....n U# *U W v
s 9]
[9-0 T1esag asg) [m frar
v | 100 usdD yItA TTEN=| H | "
e ¥ Avar ayqua— L 1}
[T~
LT § B
-— bl-m yonz
i | ' | | IR e A Y
h a Aeag epqen— I _ _ _ | ) .nl WLy
= prpz— == i zvon pesota—f | 1= T &)
oL ady A siiida
55 ¥UE g5 o
b m:wu!‘o LR e S B ] Lo el = Az
T ]
panm WY AT oo, "o ssp ng Fi

Bi

L ek b A1 11
W e

EEEEMER

3-96




cable Tray ©

Supply Vent buct— [

4.9 m (Typ.)—+

Cable Tray A-
Supply Vent Diffuser- i
Foal sorfie

ER
2.
4

PR

{~—cable Tray B

HOC Cabinet
HEC Cabinet—__

.

SECTION A-A SECTION B-B

Cable Tray O Snoke Dotector (Typ.)

Closed Door

SECTION C-C - SECTION D-D

@ - smons sovector]

| EEEM | Multi-Corridor
T T

Ventilation and Detection

* 1.67 m3/s air flow

« All doors closed

* 9 smoke detectors with a sensitivity of 4.9 %/m
* No suppression system

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)

Fire PRA Workshop, 2012, Washington, D.C.
Example G: Transient Fire in a Corridor

3-97



I Fire

Table G-1. Products of combustion for a wood pallet fire.

Parameter Value Source
Effective Fuel Formula CeH100s Cellulose
Peak HRR 2500 kW SFPE Handbook, 4" Ed., Figs. 3-1.65, 3-1.100
Time to reach peak HRR 420s SFPE Handbook, 4" Ed., Figs. 3-1.64
Heat of Combustion 17,100 kd/kg | SFPE Handbook, 4™ Ed., Table 3-4.16

Heat of Combustion per unit 13,100 kd/kg | Hugget 1980, Average value
mass of oxygen consumed

CO; Yield 1.27 kg/kg | SFPE Handbook, 4" Ed., Table 3-4.16
Soot Yield 0.015 kglkg | SFPE Handbook, 4" Ed., Table 3-4.16
CO Yield 0.004 kg/kg | SFPE Handbook, 4" Ed., Table 3-4.16
Radiative Fraction 0.37 SFPE Handbook, 4™ Ed., Table 3-4.16

Heat Release Rate

HRR (kW)

[ 800 1200 1800 2400 300D 3600

Time (3)

Fire PRA Warkshop, 2012, Washington, D.C | Slide 7 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example G: Transient Fire in a Corridor i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

I Step 3. Select Fire Models

* Algebraic Models: Not designed for multiple compartment
scenarios, but can be used to assess room of origin or in
this case, the corridor containing the pallets

» Zone Models: Scenario consistent with physical
assumptions

* CED: No need in this case. All questions answered
satisfactorily with simpler models.

Fire PRA Workshop, 2012. Washington, D.C. Slides A Gollaboration of U.S. NRG Office of Nuclear Regulatory
Example G: Transient Fire in a Corridor Wit S Research (RES) & Electric Power Research Institute (EPRI)

3-98



JopLuo) e ul ail4 jusrsued] 19 sjdwexsg

(i3] apnppsu) yoseasay Jemod oujoel3 9 (53Y) yomeesay . : -
D°Q ‘uojburyses ZL0Z doysHIoN Y d 214

fiojembey Jeeponp Jo 820 OHN 'S Jo UORBIOGENC)

6 epls
“WiBua) awey 5.2y au) snid Jooy aul 4o 2y 3y o WBIRY By jo wWns auy st AT + Ay aubiad aud. syl ()
“stajjed SU J0 BaUe BUl 51 Y suaym 1 Pt = @ BUisn PSIBINOIED S| [ Sy SY) JO 95EQ SY O JMSWEID SANDaNE Sy (1) SeoN

a ‘Jslaweg

WiN L'S§=T¢2 YN 2414 8y} o) aAne|sd
1 'soueysi 1ebie

. . i 5 soney
oN L5-90 ot Mo L, M8 H

&6F0 = == . fpL=———=— wadsy waugedio;

wee M wzer 7 ¥ ®

/8 0p'0 = 8/ W £oT x /B TT X £7°0 = A0 €770 = “Ow
Sy uoneus A

s@4 a'0-+00 . 1 20,450 ay) Jo Jojedpul Ue se
0= 5/319%0 x 34/[ 00T'ET - H_HV = ih ‘th ‘oney asuaennbg
MY 00SZ 0
F H ybiay
\ ; Lo WMppp-wig H—H Buijien sy o) snnelsd
N chmet =" opy  fu ‘Praoueysiq fepey

[eluozUOH 181 Bulen

WEE = (Z0T — T T X LE)WET = ?3 = ol hmv a=" ———

SIA L=-20 Buiiag sy o) aane|al
mwia H ey b
20 1 ‘ybua awelq

“wgEtwiro 1+ 0
586 oW s £ DOLEGDOUBY/M 0D/ ZT) 6P epq@u®™d
- MM 0067 N 0 N

sa ) PZ=v0 | 21 0 Jaquiny apnoid aiid

iabuey afiuey
u uonepijes uonenaje) Jejalleied pazjjewloN Amueng

‘OURUSIS 011} JOPLLIOD JUsWLRdWOS-IINKY BY1 10} SUCHEINS|ED Jelewried pazijewioN Z-9 a|qeL

uonepijeA jo Ayjiqeslddy -

3-99



Step 4. Calculate Fire-Generated Conditions

K 30 view

Pasmetarzs Prnk

o |

Figure G-4. MAGIC rendering of the Corridor scenario.

Fire PRA Workshop, 2012, Washington, D.C
Example G: Transient Fire in a Corridor

| stide 10

A Collaboration of U.5. NRC Office of Nuclear Regulatory
Research (RES) & Electnic Power Research Insfitufe (EPRI)

Step 4. Calculate Fire-Generated Conditions

Figure G-3. Effective corridor layout for imp

in zone dels (not to scale).

Table G-3. Compartment dimensions for Corridor scenario.

Comp. | Length (m) | Width (m) Area (m?)
1 8.1 4.1 332
2 20 234 46 8
& 451 4.1 184 9
4 a1 6.0 48.6
5 10.3 6.6 68.0
6 10.3 6.6 680
T 12.2 8.2 100.0
8 3 15.2 456
Fire PRA Warkshop, 2012, Washington, D.C A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example G: Transient Fire in a Corridor

| stide 11

Research (RES) & Electnic Power Research Insfitufe (EPRI)
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Step 4. Calculate Fire-Generated Conditions

* Algebraic models (G.4.1)
— HGL temperature in fire compartment calculated with MQH
correlation corrected for fire locationin corner

+ Reasonable to assume that if HGL temperature in fire compartment is
below cable temperature, then cables will not be damaged in any
compartment

— Alpert ceiling jet correlation used to calculate time when ceiling jet
temperature is 30C; detection assumed at this temperature

+ Because of corridor geometry, Delichatsios confined ceiling jet
correlation also used

Fire PRA Warkshop, 2012, Washington, D.C | Slide 12 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example G: Transient Fire in a Corridor i Research (RES) & Elecinic Power Research Insfitufe (EPRI)

Step 4. Calculate Fire-Generated Conditions

HGL Temperature Fire HGL Temperature Compartment 7
Room
300 200
250 4 o — 1 AGIC
P e FIVE (MIQH} 160
g 200 [ \\ % /\
= = 120
§ 150 l \\ 2 / \
E @
s 100 o 80
01 \ )
) /
a 600 1200 1800 2400 0 T T T
Time (s) 0 600 1200 1800 2400

Time (s)

Figure G-9. Hot Gas Layer Temperature Predictions by MAGIC for the Corridor Scenario.

Fire PRA Warkshop, 2012, Washington, D.C | Slide 13 A Collaboration of U.5. NRC Office of Nuclear Regulatory
Example G: Transient Fire in a Corridor i Research (RES) & Elecinic Power Research Insfitufe (EPRI)
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Step 4. Calculate Fire-Generated Conditions

G.5.2 Smoke Detection

The smoke detector activation time in the corridor containing the fire is based on the time for the
ceiling jet temperature to reach 30°C at the detector location. The results, plotted in Figure G-
11, show that the two correlations from FIVE produce identical results of 50 s. MAGIC predicts

40 s.
Ceiling Jet Temperature
80
=== FIVE (Alpert)
70 1| e FIVE (Delichatsios) #
’

g0l = = MacIC
g
3
]
2
§
-

10

0

] 50 fimes) 100 150
Figure G-11. Detector temperature prediction by MAGIC for fire corridor.
Fire PRA Warkshop, 2012, Washington, D.C | Slide 14 A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example G: Transient Fire in a Corridor Research (RES) & Elecine Power Research Institufe (EPRI)

Step 5. Sensitivity and Uncertainty Analysis

Table G-2. Summary of the model predictions of the Corridor scenario.

Bias Standard Probabili
Model | Factor, | Deviation, | Ventilation | P'eaicted | Critical G
) Ty Exceeding
HGL Temperature (°C), Initial Value = 20 °C
FIVE (MQH) 1.56 0.32 Natural 256 330 0.001
MAGIC 1.01 0.07 Mechanical 240 330 0.000
Fire PRA Workshop, 2012, Washington, D.C | Slide 15 A Coliaboration of U8 NRC Office of Nuclear Regulatory

Example G: Transient Fire in a Corridor Research (RES) & Elecine Power Research Institufe (EPRI)
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Step 5. Sensitivity and Uncertainty Analysis

What happens if the room height is reduced?

300
250
200

150

Temperature (C)

100

50
0

HGL Temp

erature Fire

Room

N = Base Case |_|
//-\\ (H=6.1m) -
—Ceiling e
// \\ Height=5m g
B
/ \ 2
a
E
o
I %tn_ a
0 600 1200 1800 2400
Time (s)

200

160

120

80

40

HGL Temperature Compartment?

Base Case
(H=6.1)

sssee Height=5m
Fire Room

\

e

T T
1200 1800

Time(s)

T
600 2400

Figure G-10. Hot Gas Layer Temperature for Reduced Ceiling Height by MAGIC.

Fire PRA Workshop, 2012, Washington, D.C.
Example G: Transient Fire in a Corridor

. Slide 16

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)

Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
» Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references

Fire PRA Workshop, 2012, Washington, D.C.
Example G: Transient Fire in a Corridor

. Slide 17

A Collaboration of U. 5. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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EE——

* MQH correlation used to estimate conditions within fire
corridor
— HGL in corridor lower than cable damage temperature
— Temperatures in other compartments will be lower than in

corridor, so cable damage not expected in other compartments

* MAGIC used to predict HGL temperatures in all

interconnected compartments from pallet / trash fire

— MAGIC calculations also show HGL temperatures below cable
damage temperature

— Calculations account for model uncertainty and sensitivity to
variations in HRR
» Simplified model of smoke detector activation indicates
detector activation between 40 — 50 s after ignition

G.6. Conclusions

Fire PRA Workshop, 2012. Washington, D.C. | Slide 18 A Collaboration of U'.S NRC Office of Nuclear Regulatory
Example G: Transient Fire in a Corridor it Research (RES) & Electric Power Research Institute (EPRI)
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3.8 Example H: Cable Tray Fire in Annulus
ELECTRIC POWER
U S NRC EPEI RESEARCH INSTITUTE
) I
Laboratories

EPRI/NRC-RES Fire PRA
Methodology

Module V:
Advanced Fire Modeling

Example H: Cable Tray Fire in Annulus

Joint RES/EPRI Fire PRA Workshop
2012

.o

A Collaboration of U.8. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)

I Step 1. Define Fire Modeling Goals

* Determine potential for damage to redundant safe-
shutdown cables due to a fire in an adjacent tray in
annulus region of the containment building.

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, Appendix R, “Cable
Fires”

Fire PRA Workshop, 2012, Washington, D.C. CSlide? A Gollaboration of U.S. NRG Office of Nuclear Regulatory
§ SRR Research (RES) & Electric Power Research Institute (EPRI)

Example H: Cable Tray Fire in Annulus
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I Fire

HRR taken from Appendix R, NUREG/CR 6850 (EPRI 10111989)

R.4.1.2 Recommended Values for Flame Spread in Horizontal Cable Trays

Consider a single vertical cable tray ignited at the bottom. Assume a heating distance of 2 mm

and an incident heat flux of 70 kW/m".

¢ Flame spread for PVC cuble

Heat Release Rate

¢ Flame spread for XPLE cable = 0.3 mm/sec 1000
800
Table R-4 o 700+ f/ \
Flame Spread Estimates for PVC Cable E :Eg 7 \
[+
Flame % 400 '.’ \\
Bench Scale |Spread Rate 300 I L
Material HRR [kW/m?] [mm/s] 200
100 1f S
PE/PVC 395 156 S - . .
PE/PVC a50 137 0 €00 1200 1800 2400 3000 3600
PE/PVC 312 112 Time (s)
FEIENG 550 <258> Figure H-1. Heat release rate for a cable fire in the annulus.
Fire PRA Workshop, 2012, Washington, D.C. : S.lrde 5 B A Coliaboration of U.S. NRC Office of Nuclear Regulatory
; . 4 it Research (RES) & Electric Power Research Institute (EPRI)

Example H: Cable Tray Fire in Annulus

Whatis burning?

Cables made of polyethylene (C,H,) and polyvinylchloride (C,H;ClI).

Assume effective fuel: C,H; ;Cly 5

Table H-1. Products of combustion for a PE/PVC cable fire.

Parameter Value Source

Heat of Combustion 20,900 k/kg | SFPE Handbook, 4™ ed., Table 3-4.16
CO; Yield 1.29 kg/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
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I Material Properties

Cables: The cable trays are filled with PE-insulated, PVC-jacketed control cables. These
cables have a diameter of approximately 1.5 cm (0.6 in), a jacket thickness of approximately

1.5 mm (0.06 in), and 7.cenductors. There are approximatel in each tray. The
mass of each cable i TheTass fraction of copper is 0.67>These cables fail when
the internal temperature justunderneath the jacket reaches approximately 205 °C (400 °F) or
the exposure heat flux exceeds 6 kW/m? (NUREG-1805, Appendix A).

LN Y, (1—-v)m' _ 120 x 0.33 x (1 — 0) x 0.4 kg/m
& w B 0.6m

= 26.4 kg/m? (H-1)

“AH 264 kg/m? x 20,900k
L o g/m /%8 - 2648 s (H-2)

T 5Gug/6  5/6x 250 KW/m?

Fire PRA Warkshop, 2012, Washington, D.C | Slide 7 i A Collaboration of U.S. NRC Office of Nuclear Regulatory
Example H: Cable Tray Fire in Annulus i Research (RES) & Elecine Power Research Institufe (EPRI)

HRRPUA

0 At/6 5AL/6 At

Figure 9-1. Idealized time history of the local heat release rate per unit area.

NUREG/CR-7010
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I Step 3. Select Fire Models

» Algebraic Models: Point source heat flux

» Zone Models: Typically not used outside of a
compartment.

* CFD: FDS assumes rectangular geometry, but it can
approximate the curved wall using a series of “stair steps”

Fire PRA Warkshop, 2012, Washington, D.C | Slide 9 i A Coliaboration of U8 NRC Office of Nuclear Regulatory
Example H: Cable Tray Fire in Annulus i Research (RES) & Elecine Power Research Institufe (EPRI)

Table H-2. Normalized parameter calculations for the annulus fire scenario.

Quantity Normalized Parameter Calculation Vg:’:;':n Ra:;e?
Fire Froude N/A — The fire does not conform to classic fire plume theory. 04-24 No
Number ) ) '
Fire Height,
He + Ly, rglgtwe N/A — The fire does not conform te classic fire plume theory. 02-10 No
to the Ceiling
Height, H,
Ceiling Jet Radial
r[;:::’lc; :r?e N/A — The ceiling height is essentially infinite. 12-17 N/A
Ceiling Height, H.
Equivalence Ratio,
@, as an indicator N/A = The scenario is outside of a clearly defined 0.04- 06 NA
of the Ventilation compartment. . '
Rate
Compartment N/A — The scenario is outside of a clearly defined 06-57 NIA
Aspect Ratio compartment. ’ ’
Target Distance, r,
relative to the Fire See discussion in Section H.3.3. 22-57 Yes
Diameter, D
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CHRISTIFIRE 2, Vertical Tests

Two trays of PVC Instrument Cable

separated by 6 inches

October 2011, NIST Large Fire Lab

Step 4. Calculate Fire-Generated Conditions

Two forms of the point source radiation model

¥ Q049 x 945 kW
= = 9.2 kW/m? H-3
drr? 4w x 2.02 m? o 4

-1

Gpe =

s T4r i 4w
i

X0 0.49(255 1725 1725 1725 172.5)kw

kW _ 2 .
ST T T aE T om T o e —or (H-4)

Fire PRA Warkshop, 2012, Washington, D.C | Slide 12 A Collaboration of U.S. NRC Office of Nucfea:' Regulatory
Example H: Cable Tray Fire in Annulus i Research (RES) & Elecine Power Research Institufe (EPRI)
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FDS simulation.

I Step 5. Sensitivity and Uncertainty Analysis

Table H-2. Summary of model predictions for the annulus fire scenario.

Bias Standard : i Probability
Model Factor, | Deviation, | Target Prs:;ﬁzed %’:IIS:I of
é Gy Exceeding
Heat Flux (kW/m?)
Point Source 1.42 0.55 9.2 6.0 0.553
Distrouted Point | 1.42 055 | Cables 6.2 6.0 0.248
FDS 1.10 0.17 25 6.0 0.000
Target Temperature (°C)
FDS | 102 | 013 | Cables | 1200 [ 2050 [ 0.000
Plume Temperature (°C)
FDS | 115 | 011 | Sprinkler | 90.0 | 100.0 | 0.001
Fire PRA Workshop, 2012, Washington, D.C. U Slide 14 | A Collaboration of U.8. NRC Office of Nuclear Regulatory

Example H: Cable Tray Fire in Annulus Research (RES) & Electric Power Research Institute (EPRI)
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H.6 Conclusion

Simple point source heat flux calculations indicate that a fire in one of the cable trays within the
annulus region of the containment building might damage the cables in an adjacent tray.
However, an additional analysis using FDS indicates that cable damage is unlikely due to the
orientation of the target cables and the blockage of thermal radiation by the cable tray itself.
This suggests that the details of the cable tray location, orientation, and configuration can
significantly impact potential for damage.

FDS predicts that sprinkler activation above the fire is unlikely. However, its prediction is
sensitive to the exact location of the sprinkler relative to a fire plume that may be subject to
unpredictable air movements throughout the entire facility. Alternative protection strategies,
such as shielding between trays or other thermal barriers, should be considered to ensure the
protection of the redundant cables.
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