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ABSTRACT

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

In 2002, the National Fire Protection Association (NFPA) developed NFPA 805, Performance-
Based Standard for Fire Protection for Light-Water Reactor Electric Generating Plants,

2001 Edition. In July 2004, the NRC amended its fire protection requirements in Title 10,
Section 50.48, of the Code of Federal Regulations (10 CFR 50.48) to permit existing reactor
licensees to voluntarily adopt fire protection requirements contained in NFPA 805 as an alternative
to the existing deterministic fire protection requirements. In addition, the NPP fire protection
community has been using risk-informed, performance-based (RI/PB) approaches and insights to
support fire protection decision-making in general.

One key tool needed to further the use of RI/PB fire protection is the availability of verified and
validated fire models that can reliably predict the consequences of fires. Section 2.4.1.2 of
NFPA 805 requires that only fire models acceptable to the Authority Having Jurisdiction (AHJ)
shall be used in fire modeling calculations. Furthermore, Sections 2.4.1.2.2 and 2.4.1.2.3 of
NFPA 805 state that fire models shall only be applied within the limitations of the given model,
and shall be verified and validated.

This report is the first effort to document the verification and validation (V&V) of five fire models
that are commonly used in NPP applications. The project was performed in accordance with the
guidelines that the American Society for Testing and Materials (ASTM) set forth in ASTM E 1355,
Standard Guide for Evaluating the Predictive Capability of Deterministic Fire Models.

The results of this V&V are reported in the form of ranges of accuracies for the fire model
predictions.






FOREWORD

Fire modeling and fire dynamics calculations are used in a number of fire hazards analysis (FHA) studies and
documents, including fire risk analysis (FRA) calculations; compliance with, and exemptions to the regulatory
requirements for fire protection in 10 CFR Part 50; the Significance Determination Process (SDP) used in the
inspection program conducted by the U.S. Nuclear Regulatory Commission (NRC); and, most recently, the
risk-informed performance-based (RI/PB) voluntary fire protection licensing basis established under

10 CFR 50.48(c). The RI/PB method is based on the National Fire Protection Association (NFPA) Standard
805, “Performance-Based Standard for Fire Protection for Light-Water Reactor Generating Plants.”

The seven volumes of this NUREG-series report provide technical documentation concerning the predictive
capabilities of a specific set of fire dynamics calculation tools and fire models for the analysis of fire hazards in
postulated nuclear power plant (NPP) scenarios. Under a joint memorandum of understanding (MOU), the NRC
Office of Nuclear Regulatory Research (RES) and the Electric Power Research Institute (EPRI) agreed to develop
this technical document for NPP application of these fire modeling tools. The objectives of this agreement
include creating a library of typical NPP fire scenarios and providing information on the ability of specific fire models
to predict the consequences of those typical NPP fire scenarios. To meet these objectives, RES and EPRI initiated
this collaborative project to provide an evaluation, in the form of verification and validation (V&V), for a set of five
commonly available fire modeling tools.

The road map for this project was derived from NFPA 805 and the American Society for Testing and Materials
(ASTM) Standard E 1355, Standard Guide for Evaluating the Predictive Capability of Deterministic Fire
Models. These industry standards form the methodology and process used to perform this study. Technical
review of fire models is also necessary to ensure that those using the models can accurately assess the adequacy of
the scientific and technical bases for the models, select models that are appropriate for a desired use, and understand
the levels of confidence that can be attributed to the results predicted by the models. This work was performed
using state-of-the-art fire dynamics calculation methods/models and the most applicable fire test data. Future
improvements in the fire dynamics calculation methods/models and additional fire test data may impact the results
presented in the seven volumes of this report.

This document does not constitute regulatory requirements, and NRC participation in this study neither
constitutes nor implies regulatory approval of applications based on the analysis contained in this text.

The analyses documented in this report represent the combined efforts of individuals from RES and EPRI.

Both organizations provided specialists in the use of fire models and other FHA tools to support this work.

The results from this combined effort do not constitute either a regulatory position or regulatory guidance.

Rather, these results are intended to provide technical analysis of the predictive capabilities of five fire

dynamic calculation tools, and they may also help to identify areas where further research and analysis are needed.

Briam Wi B
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
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REPORT SUMMARY

This report documents the verification and validation (V&V) of five selected fire models
commonly used in support of risk-informed and performance-based (RI/PB) fire protection
at nuclear power plants (NPPs).

Background

Over the past decade, there has been a considerable movement in the nuclear power industry to
transition from prescriptive rules and practices toward the use of risk information to supplement
decision-making. [This move was initiated in the 1990's by the policy of the U.S. Nuclear
Regulatory Commission (NRC) to use risk-informed methods, where practicable, to make regulatory
decisions.] In the area of fire protection, this movement is evidenced by numerous initiatives by
the NRC and the nuclear power generation community worldwide. In 2001, the National Fire
Protection Association (NFPA) completed the development of NFPA Standard 805,
Performance-Based Standard for Fire Protection for Light-Water Reactor Electric Generating
Plants, 2001 Edition. Effective July 16, 2004, the NRC amended its fire protection requirements
in Title 10, Section 50.48(c), of the Code of Federal Regulations [10 CFR 50.48(c)] to permit
existing reactor licensees to voluntarily adopt fire protection requirements contained in NFPA
805 as an alternative to the existing deterministic fire protection requirements. RI/PB fire
protection often relies on fire modeling for determining the consequence of fires. NFPA 805
requires that the “fire models shall be verified and validated,” and “only fire models that are
acceptable to the Authority Having Jurisdiction (AHJ) shall be used in fire modeling
calculations.”

Objectives

The objective of this project is to examine the predictive capabilities of selected fire models.
These models may be used to demonstrate compliance with the requirements of 10 CFR 50.48(c)
and the referenced NFPA 805, or support other performance-based evaluations in NPP fire
protection applications. In addition to NFPA 805 requiring that only verified and validated fire
models acceptable to the AHJ be used, the standard also requires that fire models only be applied
within their limitations. The V&V of specific models is important in establishing acceptable
uses and limitations of fire models. This project has the following specific objectives:

e Perform V&YV studies of selected fire models using a consistent methodology (ASTM E
1355) and issue a joint report to be prepared by the NRC Office of Nuclear Regulatory
Research (RES) and the Electric Power Research Institute (EPRI).

e Investigate the specific fire modeling issues of interest to NPP fire protection applications.
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Quantify fire model predictive capabilities to the extent that can be supported by comparison
with selected and available experimental data.

The following fire models were selected for this evaluation: (1) NRC’s NUREG-1805 Fire Dynamics

Tools (FDTS), (2) EPRI’s Fire-Induced Vulnerability Evaluation Revision 1 (FIVE-Revl),

(3) National Institute of Standards and Technology’s (NIST) Consolidated Model of Fire Growth
and Smoke Transport (CFAST), (4) Electricité de France’s (EdF) MAGIC, and (5) NIST’s Fire
Dynamics Simulator (FDS).

Approach

This program is based on the guidelines of the ASTM E 1355, Standard Guide for Evaluating
the Predictive Capability of Deterministic Fire Models, for V&V of the selected fire models.
The guide provides four areas of evaluation:

e Define the model and scenarios for which the evaluation is to be conducted.
e Assess the appropriateness of the theoretical basis and assumptions used in the model.
e Assess the mathematical and numerical robustness of the model.

e Validate the model by quantifying the accuracy of the model results in predicting the course
of events for specific fire scenarios.

Traditionally, a V&V study reports the comparison of model results with experimental data, and
therefore, the V&V of the fire model is for the specific fire scenarios of the test series. While
V&V studies for the selected fire models exist, it is necessary to ensure that technical issues
specific to the use of these fire models in NPP applications are investigated. The approach
below was followed to fulfill this objective:

1. A set of general fire scenarios were developed. These fire scenarios establish the “ranges of
conditions” for which fire models will be applied in NPPs.

2. The next step summarizes the same attributes or “range of conditions” of the “fire scenarios”
in test series available for fire model benchmarking and validation exercises.

3. Once the above two pieces of information were available, the validation test series (or tests
within a series) that represents the “range of conditions” was mapped for the fire scenarios
developed in Step 1. The range of uncertainties in the output variable of interest as predicted
by the model for a specific “range of conditions” or “fire scenario” was calculated and
reported.

The scope of this V&V study is limited to the capabilities of the selected fire models. There are
potential fire scenarios in NPP fire modeling applications that do not fall within the capabilities
of these fire models and, therefore, are not covered by this V&V study.

Results

The results of this study are presented in the form of relative differences between fire model
predictions and experimental data for fire modeling attributes important to NPP fire modeling
applications (e.g., plume temperature). The relative differences sometimes show agreement, but
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may also show both under-prediction and over-prediction. These relative differences are
affected by the capabilities of the models, the availability of accurate applicable experimental
data, and the experimental uncertainty of this data. The relative differences were used, in
combination with some engineering judgment as to the appropriateness of the model and the
agreement between model and experiment, to produce a graded characterization of the fire
model’s capability to predict attributes important to NPP fire modeling applications.

This report does not provide relative differences for all known fire scenarios in NPP applications.
This incompleteness is attributable to a combination of model capability and lack of relevant
experimental data. The first can be addressed by improving the fire models, while the second
needs more applicable fire experiments.

EPRI Perspective

The use of fire models to support fire protection decision-making requires that their limitations
and confidence in their predictive capability are well-understood. While this report makes
considerable progress toward that goal, it also points to ranges of accuracies in the predictive
capability of these fire models that could limit their use in fire modeling applications. Use of
these fire models presents challenges that should be addressed if the fire protection community is
to realize the full benefit of fire modeling and performance-based fire protection. This requires
both short-term and long-term solutions. In the short-term, a methodology will be to educate
users on how the results of this work may affect known applications of fire modeling. This may
be accomplished through pilot application of the findings of this report and documentation of the
insights as they may influence decision-making. Note that the intent is not to describe how a
decision is to be made, but rather to offer insights as to where and how these results may, or may
not be used as the technical basis for a decision. In the long-term, additional work on improving
the models and performing additional experiments should be considered.

Keywords

Fire Fire Modeling Verification and Validation (V&V)
Performance-Based Risk-Informed Regulation  Fire Hazard Analysis (FHA)

Fire Safety Fire Protection Nuclear Power Plant

Fire Probabilistic Risk Assessment (PRA) Fire Probabilistic Safety Assessment
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PREFACE

This report is presented in seven volumes. Volume 1, the Main Report, provides general
background information, programmatic and technical overviews, and project insights and
conclusions. Volume 2 quantifies the uncertainty of the experiments used in the V&V study of
these five fire models. Volumes 3 through 7 provide detailed discussions of the verification and
validation (V&V) of the following five fire models:

Volume 3

Volume 4

Volume 5

Volume 6

Volume 7

Fire Dynamics Tools (FDT")

Fire-Induced Vulnerability Evaluation, Revision 1 (FIVE-Rev1)
Consolidated Model of Fire Growth and Smoke Transport (CFAST)
MAGIC

Fire Dynamics Simulator (FDS)
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1

INTRODUCTION

As the use of fire modeling increases in support of day-to-day nuclear power plant (NPP)
applications and fire risk analyses, the importance of verification and validation (V&V)

also increases. V&V studies build confidence in a model by evaluating its underlying assumptions,
capabilities, and limitations, and quantifying its performance in predicting the fire conditions
that have been measured in controlled experiments.

This volume documents a V&V study for the Fire Dynamics Simulator (FDS), a computational
fluid dynamics (CFD) model, for applications relevant to NPPs. Guidance has been provided by
ASTM E 1355, Standard Guide for Evaluating the Predictive Capability of Deterministic Fire
Models [Ref. 1], including the basic structure of this report.

FDS was developed, and is maintained, by the National Institute of Standards and Technology (NIST).
Version 4 was officially released in July 2004, and several minor updates had been released

as of the time of publication of this report. All of the simulations performed for the current
V&V study were done with Version 4.06. With support from the U.S. Nuclear Regulatory
Commission (NRC), the FDS Technical Reference Guide for Version 4 [Ref. 2] was rewritten
to follow the basic outline suggested by ASTM E 1355. However, the Guide does not
specifically address NPPs. The primary purpose of this report is to document the accuracy

of FDS in predicting the results of six sets of large-scale fire experiments that are relevant to NPPs.
These results are found in Appendix A and discussed in Chapter 6 of this report. Chapters 2
through 5 provide brief summaries of corresponding chapters within the FDS Technical
Reference Guide, which discuss the underlying theory and the numerical methods:

Chapter 2 provides background information about FDS and the V&V process.

Chapter 3 presents a brief technical description of FDS, including a review of the underlying
physics and chemistry.

Chapter 4 discusses the mathematical and numerical robustness of FDS.

Chapter 5 addresses the sensitivity of FDS results to various numerical and physical input parameters,
the most important of which are the size of the numerical grid and the heat release rate.

Chapter 6 presents an assessment of the accuracy of FDS predictions of experimental
measurements made during fire tests that are relevant for nuclear facilities.
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2

MODEL DEFINITION

This chapter contains information about the Fire Dynamics Simulator (FDS), its development,
and its use in fire protection engineering. Most of the information has been extracted from

the FDS Technical Reference Guide [Ref. 2], which contains a comprehensive description

of the governing equations and numerical algorithms used to solve them. The format of this
chapter follows that of ASTM E 1355, Standard Guide for Evaluating the Predictive Capability
of Deterministic Fire Models.

2.1 Name and Version of the Model

Fire Dynamics Simulator (FDS) is a computer program that solves the governing equations

of fluid dynamics with a particular emphasis on fire and smoke transport. Smokeview is

a companion program that produces images and animations of the FDS calculations. Version 1
of FDS/Smokeview was publicly released in February 2000, Version 2 in December 2001, and
Version 3 in November 2002. The present version of FDS/Smokeview is Version 4, which was
released in July 2004. Changes in the version number correspond to major changes in the physical
model or input parameters. For minor changes and bug fixes, incremental versions are released,
referenced according to fractions of the integer version number. Version 4.06 was used for the
current study.

2.2 Type of Model

FDS is a computational fluid dynamics (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. The partial derivatives
of the conservation equations of mass, momentum, and energy are approximated as finite differences,
and the solution is updated in time on a three-dimensional, rectilinear grid. Thermal radiation
is computed using a finite volume technique on the same grid as the flow solver. Lagrangian
particles are used to simulate smoke movement and sprinkler sprays.

2.3 Model Developers

FDS was developed, and is currently maintained, by the Fire Research Division in the Building
and Fire Research Laboratory (BFRL) at the National Institute of Standards and Technology (NIST).
A substantial contribution to the development of the model was made by VTT Building and Transport
in Finland.
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2.4 Relevant Publications

FDS is documented by two publications, the Technical Reference Guide [Ref. 2] and the FDS
User’s Guide [Ref. 3]. Smokeview is documented in the Smokeview User’s Guide [Ref. 4].
The FDS User’s Guide describes how to use the model, and the Technical Reference Guide
describes the underlying physical principles, provides a comparison with some experimental data,
and discusses the limitations of the model.

NIST has developed a public Web site to distribute FDS and Smokeview and support users
of the programs. The Web site (http://fire.nist.gov/fds/) also includes documents that describe
various parts of the model in detail.

2.5 Governing Equations and Assumptions

Hydrodynamic Model: FDS 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. The core algorithm is an explicit predictor-corrector scheme, second-order accurate
in space and time. Turbulence is treated by means of the Smagorinsky (1963) form of large eddy
simulation (LES). It is possible to perform a direct numerical simulation (DNS) if the underlying
numerical grid is fine enough.

Combustion Model: For most applications, FDS uses a mixture fraction combustion model.

The mixture fraction is a conserved scalar quantity that is defined as the fraction of gas at a given
point in the flow field that originated as fuel. The model assumes that combustion is mixing-
controlled, and the reaction of fuel and oxygen is infinitely fast. The mass fractions of all

of the major reactants and products can be derived from the mixture fraction by means of

“state relations,” empirical expressions arrived at by a combination of simplified analysis

and measurement.

Radiation Transport: Radiative heat transfer is included in the model via the solution of

the radiation transport equation for a non-scattering gray gas. In a limited number of cases,

a wide band model can be used in place of the gray gas model. The radiation equation is solved
using a technique similar to a finite volume method for convective transport, thus the name given
to it is the finite volume method.

Geometry: FDS approximates the governing equations on one or more rectilinear grids.
The user prescribes rectangular obstructions that are forced to conform to the underlying grid.

Boundary Conditions: All solid surfaces are assigned thermal boundary conditions, plus information
about the burning behavior of the material. Usually, material properties are stored in a database
and invoked by name. Heat and mass transfer to and from solid surfaces is usually handled

with empirical correlations.
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Sprinklers and Detectors: The activation of sprinklers and heat and smoke detectors are modeled
using fairly simple correlations based on thermal inertia in the case of sprinklers and heat detectors,
and the lag in smoke transport through smoke detectors. Sprinkler sprays are modeled by
Lagrangian particles that represent a sampling of the water droplets ejected from the sprinkler.

2.6 Input Data Required To Run the Model

All of the input parameters required by FDS to describe a particular scenario are conveyed via
one or two text files created by the user. These files contain information about the numerical grid,
ambient environment, building geometry, material properties, combustion kinetics, and desired
output quantities. The numerical grid is one or more rectilinear meshes with (usually) uniform cells.
All geometric features of the scenario have to conform to this numerical grid. An obstruction
that is smaller than a single grid cell is either approximated as a single cell or rejected. The building
geometry is input as a series of rectangular obstructions. Materials are defined by their thermal
conductivity, specific heat, density, thickness, and burning behavior. There are various ways
that this information is conveyed, depending on the desired level of detail. A significant part

of the FDS input file directs the code to output various quantities in various ways. Much like

in an actual experiment, the user must decide before the calculation begins what information to save.
There is no way to recover information after the calculation is over if it was not requested at the start.
A complete description of the input parameters required by FDS can be found in the FDS

User’s Guide [Ref. 3].

2.7 Property Data

A number of material properties are needed as inputs for FDS, most related either to solid objects
or the fuel. In many fire scenarios, the solid objects are the fuel. For solid surfaces, FDS needs
the density, thermal conductivity, specific heat, and emissivity. Note that FDS does not
distinguish between walls and various other solid objects, sometimes regarded as “targets”

in simpler models.

For the fuel, FDS needs to know whether it is a solid, liquid, or gas; its heat of combustion;

its heat of vaporization (liquids and solids); the stoichiometric coefficients of the ideal reaction;
the soot and carbon monoxide (CO) yields; and the fraction of energy released in the form

of thermal radiation. The radiative fraction is not an inherent property of the fuel, but rather

a measured quantity that varies with the size and geometric configuration of the fire. It can be
computed directly by FDS, but it is often input directly because it cannot be predicted reliably
with the present form of the combustion model.

Some of the property data needed by FDS are commonly available in fire protection engineering
and materials handbooks. Depending on the application, properties for specific materials

may not be readily available (especially burning behavior at different heat fluxes). A small file
distributed with the FDS software contains a database with thermal properties of common materials.
This data are given as examples, and users should verify the accuracy and appropriateness

of the data.
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2.8 Model Results

FDS computes the temperature, density, pressure, velocity and chemical composition within each
numerical grid cell at each discrete time step. There are typically hundreds of thousands

to several million grid cells and thousands to hundreds of thousands of time steps. In addition,
FDS computes at solid surfaces the temperature, heat flux, mass loss rate, and various other quantities.
The user must carefully select what data to save, much like one would do in designing an actual
experiment. Even though only a small fraction of the computed information can be saved,

the output typically consists of fairly large data files. Typical output for the gas phase includes
the following quantities:

gas temperature

gas velocity

gas species concentration [water vapor, carbon dioxide (CO,), CO, and nitrogen (N3)]
smoke concentration and visibility estimates

pressure

heat release rate per unit volume

mixture fraction (or air/fuel ratio)

gas density

water droplet mass per unit volume

On solid surfaces, FDS predicts additional quantities associated with the energy balance between
gas and solid phases, including the following examples:

surface and interior temperature

heat flux, both radiative and convective
burning rate

water droplet mass per unit area

In addition, the program records the following global quantities:

e total heat release rate (HRR)
e sprinkler and detector activation times
e mass and energy fluxes through openings or solids

Time histories of various quantities at a single point in space or global quantities like the fire’s
heat release rate (HRR) are saved in simple, comma-delimited text files that can be plotted using
a spreadsheet program. However, most field or surface data are visualized with a program called
Smokeview, a tool specifically designed to analyze data generated by FDS. FDS and Smokeview
are used in concert to model and visualize fire phenomena. Smokeview performs this visualization
by presenting animated tracer particle flow, animated contour slices of computed gas variables
and animated surface data. Smokeview also presents contours and vector plots of static data
anywhere within a scene at a fixed time.

The FDS User’s Guide [Ref. 3] provides a complete list of FDS output quantities and formats.
The Smokeview User’s Guide [Ref. 4] explains how to visualize the results of an FDS simulation.
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2.9 Model Limitations

Although FDS can address most fire scenarios, there are limitations in all of its various algorithms.
Some of the more prominent limitations of the model are listed here. More specific limitations
are discussed as part of the description of the governing equations in the FDS Technical
Reference Guide [Ref. 2].

Low-Speed Flow Assumption: The use of FDS is limited to low-speed’ flow with an emphasis
on smoke and heat transport from fires. This assumption rules out using the model for any
scenario involving flow speeds approaching the speed of sound, such as explosions, choke flow
at nozzles, and detonations.

Rectilinear Geometry: The efficiency of FDS is attributable to the simplicity of its rectilinear
numerical grid and the use of fast, direct solvers for the pressure field. This can be a limitation
in some situations where certain geometric features do not conform to the rectangular grid,
although most building components do. There are techniques in FDS to lessen the effect

of “sawtooth” obstructions used to represent nonrectangular objects, but these cannot be
expected to produce good results if, for example, the intent of the calculation is to study
boundary layer effects. For most practical large-scale simulations, the increased grid resolution
afforded by the fast pressure solver offsets the approximation of a curved boundary by small
rectangular grid cells.

Fire Growth and Spread: FDS was originally intended for design scenarios where the heat
release rate of the fire is specified and the transport of heat and exhaust products is the principal
aim of the simulation. However, for fire scenarios where the heat release rate is predicted rather
than prescribed, the uncertainty of the model is higher. There are several reasons for this:

(1) properties of real materials and real fuels are often unknown or difficult to obtain,

(2) the physical processes of combustion, radiation, and solid phase heat transfer are more
complicated than their mathematical representations in FDS, and (3) the results of calculations
are sensitive to both the numerical and physical parameters.

Combustion: For most applications, FDS uses a mixture fraction combustion model.

The mixture fraction is a conserved scalar quantity that is defined as the fraction of gas at a given
point in the flow field that originated as fuel. The model assumes that combustion is mixing-
controlled, and that the reaction of fuel and oxygen is infinitely fast, regardless of the temperature.
For large-scale, well-ventilated fires, this is a good assumption. However, if a fire is in an under-
ventilated compartment, or if a suppression agent like water mist or CO; is introduced, fuel

and oxygen may mix but may not burn. Also, a shear layer with high strain rate separating

the fuel stream from an oxygen supply can prevent combustion from taking place. The physical
mechanisms underlying these phenomena are complex, and even simplified models still rely on
an accurate prediction of the flame temperature and local strain rate. Sub-grid scale modeling

of gas phase suppression and extinction is still an area of active research in the combustion community.
Until reliable models can be developed for building-scale fire simulations, simple empirical rules
can be used that prevent burning from taking place when the atmosphere immediately surrounding
the fire cannot sustain the combustion.

Mach numbers less than about 0.3
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Radiation: Radiative heat transfer is included in the model via the solution of the radiation
transport equation for a non-scattering gray gas, and in some limited cases using a wide band model.
The equation is solved using a technique similar to finite volume methods for convective transport,
thus the name given to it is the finite volume method. There are several limitations of the model.
First, the absorption coefficient for the smoke-laden gas is a complex function of its composition
and temperature. Because of the simplified combustion model, the chemical composition

of the smoky gases, especially the soot content, can affect both the absorption and emission

of thermal radiation. Second, the radiation transport is discretized via approximately 100 solid angles.
For targets far away from a localized source of radiation, like a growing fire, the discretization
can lead to a non-uniform distribution of the radiant energy. This can be seen in the visualization
of surface temperatures, where “hot spots” show the effect of the finite number of solid angles.
The problem can be lessened by the inclusion of more solid angles, but at a price of longer
computing times. In most cases, the radiative flux to far-field targets is not as important as those
in the near-field, where coverage by the default number of angles is much better.
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THEORETICAL BASIS FOR FDS

This chapter provides a brief overview of the major routines within FDS. A comprehensive

description is given in the FDS Technical Reference Guide [Ref. 2], including the assumptions
and approximations behind the governing equations, a review of the relevant literature,
and the availability of required input data. However, not all of FDS capabilities have been

verified and validated in this study.

Table 3-1: FDS Capabilities Included in the V&V Study

Fire Phenomena Algorithm/Methodology V&V
Predicting Hot Gas Layer Temperature Large Eddy Simulation transport for
and Smoke Layer Height in a Room Fire a specified fire Yes
With Natural Ventilation Compartment
Predicting Hot Gas Layer Temperature in a LES transport with forced flow
Room Fire With Forced Ventilation boundary condition Yes
Compartment
Predicting Hot Gas Layer Temperature in a LES transport, Mixture Fraction Yes
Fire Room With Door Closed combustion model
Estimating Burning Characteristics of Liquid Mixture Fraction combustion model
Pool Fire, Heat Release Rate, Burning Yes
Duration and Flame Height
Estimating Wall Fire Flame Height, Line Fire | Mixture Fraction combustion model
Flame Height Against the Wall, and Corner No
Fire Flame Height
Estimating Radiant Heat Flux From Fire to a Finite Volume Radiation Model Yes
Target
Estimating the Ignition Time of a Target Fuel | One dimensional heat conduction in

solid with global one-step pyrolysis No
Estimating Burning Duration of Solid Same
Combustibles No
Estimating Centerline Temperature of a Large Eddy Simulation of a specified | vyeg

Buoyant Fire Plume

fire
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Fire Phenomena Algorithm/Methodology V&V
Estimating Sprinkler Activation RTI/C-Factor Algorithm
No
Suppression by water spray Surface cooling or empirical
correlation No
Estimating Smoke Detector Response Time Heskestad smoke detector model
No
Predicting Compartment Flashover Mixture Fraction combustion with
local extinction No
Estimating Pressure Rise Attributable to a Fire | Global conservation of mass and
in a Closed Compartment energy, plus leakage algorithm Yes
Calculating the Fire Resistance of Structural One-Dimensional conduction and
Members radiative/convective heat flux No
Estimating Visibility Through Smoke Fixed smoke yield from fire and basic |  yeg

LES transport

3.1 Hydrodynamic Model

FDS solves conservation equations of mass, momentum, and energy for an expandable mixture
of ideal gases in the low Mach number limit [Ref. 5]. This means that the equations do not
permit acoustic waves, the result of which is that the time step for the numerical solution is
bounded by the flow speed, rather than the sound speed. The assumption also reduces the number
of unknowns by one, as density and temperature can be related to a known background pressure.
Flow turbulence is treated by large eddy simulation, specifically, Smagorinsky’s method [Ref. 6].

3.2 Combustion Model

For most simulations, FDS uses a mixture fraction combustion model. The mixture fraction
is a conserved scalar that represents the mass fraction of gases at a given point that originate
in the fuel stream. In short, the combustion is assumed to be controlled by the rate at which
fuel and oxygen mix, and the reaction is instantaneous, regardless of temperature. The reaction

occurs at an infinitely thin “flame sheet,” for which the location in the flow is dictated by

the basic stoichiometry of the reaction.

Because the mixture fraction model assumes that fuel and oxygen react readily on contact,

it is necessary to supplement the model with an empirical description of flame extinction

in oxygen-limited compartments. A simple model, based on the work of Quintiere [Ref. 7]
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and Beyler [Ref. 8], uses the local temperature and oxygen concentration near the flame sheet
to determine if combustion can be sustained.

3.3 Thermal Radiation Model

Soot is the combustion product that contributes the most to thermal radiation in large-scale fire
scenarios. FDS treats the combustion product mixture as a gray medium because the radiation
spectrum of soot is continuous. Using the gray gas approximation, FDS solves the radiation
transport equation (RTE) using a finite volume numerical algorithm supplemented by

a “look-up” table of absorption coefficients from a narrow-band model called RadCal [Ref. 9].
The spatial discretization of the RTE is achieved by dividing the unit sphere into roughly

100 solid angles by default. This is a user-controlled parameter.

3.4 Thermal Boundary Conditions

FDS applies different boundary conditions depending on the type of surface. Sometimes the user
specifies that a fuel surface heats up and burns according to the heat feedback from the fire

and the surrounding gases. At other times, fuel surfaces are simply assumed to burn

at a prescribed rate. Some surfaces, like inert walls, do not burn at all. For an LES calculation,
FDS uses a combination of natural and forced convection correlations to determine the convective
heat flux to a surface. If a solid material is assumed to be thermally thick, a one-dimensional
heat conduction equation determines its temperature and burning rate. If a material is assumed
to be thermally thin, its temperature is assumed to be uniform throughout its thickness.

The burning rate of liquid fuels is dictated by the Clausius-Clapeyron relationship of partial pressures
[Ref. 10]. Heat transfer and burning of charring materials are modeled using a one-dimensional
model from Atreya [Ref. 11] and modified by Ritchie et al. [Ref. 12].

3.5 Numerical Methods

Spatial derivatives in the Navier-Stokes equations are written as second-order finite differences
on the rectilinear grid. Scalar quantities are assigned in the center of a cell, whereas vector quantities
are assigned on the face of a cell. The flow variables are updated in time with an explicit,
second-order predictor-corrector scheme. The convective terms of the mass transport equations
are written as upwind-biased differences in the predictor step and downwind-biased differences
in the corrector step. Thermal and material diffusion terms are pure central differences.

The temperature is extracted from the density via the equation of state, and the heat release rate
is extracted from the gradient of the mixture fraction across the flame sheet (essentially the mass flux
of either fuel or oxygen times the heat of combustion). The temperatures of a solid are updated
in time with an implicit Crank-Nicholson scheme. Wall temperatures are coupled to the fluid
calculation via a “ghost” cell inside the wall, where temperatures and densities are specified
based on empirical correlations. The time step is constrained by one condition, which ensures
that the solution of the equations cannot be updated with a time step larger than the amount of time
a parcel of fluid can cross a grid cell (Courant condition), and by another condition for very small
grid cells typical of explicit, second-order schemes for solving parabolic partial differential equations.
The Poisson equation for pressure is derived by taking the divergence of the momentum equation.
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This equation is an elliptic partial differential equation solved with a direct Fast Fourier
Transform (FFT) method.

3.6 Theoretical Development of the Model

ASTM E 1355 includes guidance on assessing the theoretical basis of the model including a review
of the model “by one or more recognized experts fully conversant with the chemistry and physics
of fire phenomenon, but not involved with the production of the model.” FDS has been subjected
to independent review both internally (at NIST), and externally. NIST documents and products
receive extensive reviews by NIST staff who are not directly associated with their development.
Internal reviews have been conducted on all previous versions of the FDS Technical Reference
Guide over the last decade. Externally, the theoretical basis for the model has been published

in peer-reviewed journals and conference proceedings. In addition, FDS is used worldwide

by fire protection engineering firms, which validate the model for their particular applications.
Some of these firms also publish in the open literature reports documenting internal efforts

to validate the model for a particular use. Finally, FDS is referenced in the NFPA 805 standard.

3.6.1 Assessment of the Completeness of Documentation

The two primary documents on FDS are the FDS Technical Reference Guide [Ref. 2]

and the FDS User’s Guide [Ref. 3]. The Technical Reference Guide documents the governing
equations, assumptions, and approximations of the various sub-models. At the request of the NRC,
the Technical Reference Guide was formatted according to the outline suggested in ASTM E 1355.
It describes the fundamental governing equations of the model and how they are solved numerically,
but refers to papers and books for the full derivations of equations or numerical techniques used.
The FDS User’s Guide provides details on the actual execution of the program, the input parameters,
output, and so forth.

Most FDS users are able to read the manuals and perform simulations without the benefit
of a formal training course. The users frequently contact the developers at NIST to request
further explanation of the documentation or to suggest clarifications.

3.6.2 Assessment of Justification of Approaches and Assumptions

The technical approach and assumptions of FDS have been presented in the peer-reviewed
scientific literature and at technical conferences. All documents released by NIST go through

an internal editorial review and approval process. FDS is subjected to continuous scrutiny
because it is available to the general public and is used internationally by specialists in fire safety
design and post-fire reconstruction. The source code for FDS is released publicly, and has been
used at various universities worldwide, both in research and the classroom as a teaching tool.

As a result, flaws in the theoretical development and the computer program itself have been
identified and fixed.
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3.6.3 Assessment of Constants and Default Values

No single document provides a comprehensive assessment of the numerical and physical
parameters used in FDS. Specific parameters have been tested in various V&V studies
performed at NIST and elsewhere. Numerical parameters are taken from the literature

and do not undergo formal review. The model user is expected to assess the appropriateness
of the FDS default values and change them if necessary.
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MATHEMATICAL AND NUMERICAL ROBUSTNESS

4.1 Introduction
This chapter briefly describes how the mathematical and numerical robustness of FDS has been
verified in accordance with the general criteria listed in ASTM E 1355:

Analytical Tests: Comparison of the computed solutions with closed-form solutions
of the governing equations.

Code Checking: Verification of the basic structure of the computer code, either manually
or automatically with a code-checking program, to detect irregularities and inconsistencies.

Numerical Tests: Assessment of the magnitude of the residuals from the solution
of a numerically solved system of equations (as an indicator of numerical accuracy)
and the reduction in residuals (as an indicator of numerical convergence).

4.2 Analytical Tests

There are no closed-form mathematical solutions for the fully turbulent, time-dependant Navier-
Stokes equations. CFD provides an approximate solution for the non-linear partial differential
equations by replacing them with discretized algebraic equations that can be solved using

a powerful computer. Certain sub-models address phenomena that have analytical solutions
(e.g., one-dimensional heat conduction through a solid). The developers of FDS routinely use
analytical solutions to test sub-models to verify the correctness of the coding of the model
[Refs. 13 and 14]. Such routine verification efforts are relatively simple and the results may not
always be published or included in the documentation. With each new release of FDS,

a standard set of verification calculations is run to ensure that no new errors have been
introduced into the source code. Some of these include the following examples:

heat conduction into a semi-infinite solid

evaporation of water droplets in uniform temperature environment

radiation heat transfer from a uniform temperature hot object

pressure increase in a sealed or slightly leaky compartment attributable to fire or fan
idealized reaction of fuel and oxygen in an adiabatic chamber
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The common thread in all of these exercises is the well-defined initial and final states, which test
the basic conservation laws. Less straightforward is the simulation of fluid motion. Rehm,
Baum, and coworkers checked the hydrodynamic solver that evolved to form the core of FDS
against analytical solutions of simplified fluid flow phenomena [Refs. 16, 17, and 18].

This early work tested the stability and consistency of the basic hydrodynamic solver, especially
the velocity-pressure coupling that is vitally important in low Mach number applications.

Many numerical algorithms developed up to that time were intended for high-speed flow applications
(e.g., aerospace applications). The developers of FDS adopted many techniques originally developed
for meteorological models, and the techniques had to be tested to determine whether they were
appropriate for describing relatively low-speed flow within enclosures. In more recent years,
simulations of plumes, ceiling jets, and other commonly studied fire-driven flows have replaced
the analytical solutions of simplified flows because of the need to consider turbulence.

4.3 Code Checking

FDS has been compiled and run on computers manufactured by several companies and run under
various operating systems, including UNIX®, Linux”, Microsoft Windows®, and Macintosh OSX".
Various FORTRAN compilers have been used as well. Each combination of hardware,
operating system, and compiler involves a slightly different set of compiler and run-time options.
Compliance with the FORTRAN 90 ISO/ANSI standard improves the portability of the program.
By adhering to the standard, the code is streamlined and outdated or potentially harmful code

is removed.

NIST also publicly releases the FDS source code. Individual users have modified the source code
for their specific applications and compiled and run it successfully, have provided useful feedback
to NIST on the organization of the code, and increased the code’s portability.

This V&V project began using Version 4.05 of FDS. As part of the V&V process, several
improvements were made and a minor bug was corrected in this version. The improvements
were mostly to expand the output options, as illustrated by the following examples:

e FDS can automatically compute hot gas layer (HGL) temperature and height. These are not
part of a CFD calculation.

e FDS can now predict thermocouple temperatures, rather than gas temperatures. Because
temperatures are usually measured by thermocouples, this capability is useful when
comparing FDS temperature outputs to experimental data.

e FDS now has the capability to mimic radiometers, net heat flux gauges, and total heat flux
gauges. These are the most common measurement tools for heat flux. This capability
is useful when comparing FDS heat flux outputs to experimental data.

A minor bug was identified and fixed as a result of using FDS in this V&V process. The bug
involved a flaw in the smoke species boundary condition, which allowed the smoke concentration
to increase even after the fire was suppressed. This bug only occurred in simulations of sealed
compartments, something not commonly done with FDS to date.
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The final version of FDS used in this study is Version 4.06 and includes the changes described
above.

4.4 Numerical Tests

The use of finite differences to approximate spatial and temporal partial derivatives

introduces error into the FDS calculation. This numerical error is dependent on the grid size.

As the numerical grid is refined, the numerical error decreases. If the grid is refined to about 1 mm
(0.04 inch) or less, the simulation becomes a direct numerical simulation (DNS), where no assumptions
about the underlying turbulence need to be made. While DNS simulations are too costly

for practical fire calculations, they can be useful in checking the numerics because there exist

in the literature a variety of small-scale fluid flow and combustion experiments that can be simulated
in great detail. Numerous comparisons between experiments and DNS solutions using FDS
[Refs. 19, 20, 21, and 22] have shown that the hydrodynamic solver is robust and without

serious flaws.
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MODEL SENSITIVITY

This chapter discusses the issue of model sensitivity, or how changes in the FDS input parameters
affect the model’ss results. Input parameters can be divided into two groups, namely numerical

and physical. For a CFD model, an important numerical parameter is the size of the underlying
numerical grid. Physical parameters range from the size of the fire, wall material properties,

and product yields. Chapter 5 of the FDS Technical Reference Guide [Ref. 2] reviews sensitivity
studies of the various numerical parameters in FDS. Chapter 6 of the Reference Guide discusses
the influence of the dozens of physical parameters that are input to the model. The present chapter
considers both numerical and physical parameters, in light of the validation experiments that are
discussed in the next chapter.

5.1 Sensitivity to Grid Size

The most important numerical parameter in FDS is the grid cell size. CFD models solve

an approximate form of the conservation equations of mass, momentum, and energy

on a numerical grid. The error associated with the discretization of the partial derivatives

is a function of the size of the grid cells and the type of differencing used. FDS uses second-order
accurate approximations of both the temporal and spatial derivatives of the Navier-Stokes equations,
meaning that the discretization error is proportional to the square of the time step or cell size.

In theory, reducing the grid cell size by a factor of 2 reduces the discretization error by a factor
of 4. However, it also increases the computing time by a factor of 16 (a factor of 2 for the temporal
and each spatial dimension). Clearly, there is a point of diminishing returns as one refines

the numerical mesh. Determining what size grid cell to use in any given calculation is known as
a grid sensitivity study.

A grid sensitivity study was performed for all of the experimental test series that are discussed
in Chapter 6. For example, Figure 5-1 displays predictions of the plume temperature for Test 5
of the FM/SNL series, computed on 10-cm, 7.5-cm, and 5-cm (4-inch, 3-inch, and 2-inch) grids.
The 10-cm simulation required a few hours to complete on a single 2.4-GHz Pentium processor,
whereas the 5-cm (2-inch) simulation required a few days. The prediction is noticeably better
on the 5-cm (2-inch) grid because the entrainment of air into the hot plume is described

with much greater fidelity in the 5-cm (2-inch) case. Refining the mesh further does not make

a noticeable difference in the results, even though the fidelity of the simulation continues to improve.
With any grid resolution study, a point of diminishing returns is reached when the improvement
in the quality of the results is outweighed by the “cost” of the computation. When this point

is reached depends on the application. It also depends on the quantities that are of interest.
Some quantities, like HGL temperature or height, do not typically require as fine a numerical grid
as quantities such as the heat flux to targets near the fire.
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Figure 5-1: Grid Sensitivity Study for FM/SNL Test 5

A case in point is Test 3 of the International Collaborative Fire Model Project (ICFMP)
Benchmark Exercise (BE) #3. This simulation has been performed with a variety of different
input parameters, most notably a 10-cm grid versus a 20-cm grid (4-inch vs. 8-inch). Sample
results of the 10-cm and 20-cm grids are shown in Figure 5-2. Even on the coarse grid, the basic
conservation equations still ensure a reasonably good prediction of the average HGL temperature,
and there are no steep gradients in the selected quantities that would have been more sensitive
to the grid size. So why is the 10-cm grid chosen for the final validation study? Consider what
is not shown in Figure 5-2. The cable trays and other targets, which are difficult to resolve
even on the fine grid, are simply too small to include on the coarse grid. The door and vent

are less accurately prescribed on the coarse grid, leading to greater error in the computation

of the compartment pressure. Still worse, had the fire scenario required a prediction of the heat
release rate or flame spread along the cable trays, even the fine grid is not necessarily fine enough
to predict these parameters accurately.

Coarse grid CFD can provide reasonable predictions of certain quantities, especially those that
can be traced directly to conservation equations of mass and energy, like average temperatures
and pressures. However, the user has to be aware that the results are generally less reliable than
those obtained from a finer grid, and certain results cannot be obtained at all.
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5.2 Sensitivity to Radiation Parameters

The grid size determines the fidelity of the finite-difference approximation of the governing
hydrodynamic equations. The spatial resolution of the discretized radiation transport equation
is another important consideration for applications in which heat flux to targets is important.
FDS uses about 100 solid angles with which to distribute radiant energy from the fire and hot gases
throughout the compartment and beyond. The decision to use 100 angles as a default is based on
a desire for both accuracy and practicality. It has been observed that the use of 100 angles

is consistent with the degree of spatial resolution afforded by the grid for the hydrodynamics solver.
As an example, for ICFMP BE #3, Test 3, a simulation using 200 radiation angles can be compared
with one using the default 100 angles (see Figure 5-3). The absence of any noticeable change
in the results confirms, in this case, that the default number of angles is adequate. However,
this does not mean that the default settings are always appropriate. Sensitivity studies like

the one performed here ought to be used to determine if and when to change the default settings.

—— Exp Time vs 48 F1 —— Exp Time vs 48 F1
Test 3, Floor Heat Flux e Tmevedor2 Test 3, Floor Heat Flux T e Tmevedor2
1 0 4 Exp Time vs 51 F4 10 4 Exp Time vs 51 F4
------ FDS Time vs Floor U-1 +++=++ FDS Time vs Floor U-1
------ FDS Time vs Floor U-2 o~ «+--++ FDS Time vs Floor U-2

8 FDS Time vs Floor U-4 s | FDS Time vs Floor U-4

& &
£ £
S E
= =
x 6 x 6
= =
[ [
- -
© [
[0} Q
T T

0 500 1000 1500 2000 0 500 1000 1500 2000

Time (s) Time (s)

Figure 5-3: ICFMP BE #3 Test 3 Results Using 200 Radiation Angles (Left) and 100 (Right)

5.3 Sensitivity to Turbulence Parameters

FDS uses the Smagorinsky form of the LES technique, in which the viscosity of the gas mixture
is modeled with a mathematical expression involving the grid cell size, the local strain rate,

and an empirical constant. The thermal conductivity and material diffusivity are related to

the modeled viscosity by way of “turbulent” Prandtl and Schmidt numbers. In all, three
empirical parameters are needed in the model, all of which are assumed to be constant even though
there is considerable debate as to what their values ought to be. The default values in FDS
Version 4 are based on simulations of smoke movement in various compartments [Ref. 23].

A typical user of FDS does not modify the turbulence parameters. Nonetheless, it is important
to consider their effect on the results of different types of calculations, especially those in which
the mixing of different gas species or gases of different temperatures play a key role in the outcome.
For example, the simulations of ICFMP BE #2 are time-consuming because of the need

for a fairly fine numerical grid to well-resolve the 19-m (62.3-ft) high smoke plume. For one
of these cases, the Smagorinsky coefficient (the empirical constant in the expression
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for the viscosity) can be reduced from 0.20 to 0.15 to determine its effect on the results.

This reduces the magnitude of the “artificial” viscosity added to the numerical solution, allowing
for a greater level of eddy formation and, thus, greater mixing. In this case, the reduction

in the coefticient leads to about a 15% reduction in the plume temperature, moving the simulation
closer to the experiment. While the rationale for reducing the coefficient is grounded in physics,
it has been found over the years that the lower value makes FDS more prone to numerical instabilities.
Because FDS is used for a wide variety of applications, the Smagorinsky coefficient has been
chosen to balance accuracy and numerical stability.

5.4 Sensitivity to Heat Release Rate

Of all the physical input parameters, the simulation results are most sensitive to the heat release
rate. In this section, one of the validation experiments (ICFMP BE #3, Test 3) is used to demonstrate
the result of increasing and decreasing the specified heat release rate by 15%. Shown in Figure 5-4
are plots of various output quantities demonstrating their sensitivity to the change in heat release rate.
Gas and surface temperatures, oxygen concentration, and compartment pressure show roughly
10% diversions from baseline, whereas the heat fluxes show roughly 20% diversions. The height
of the hot gas layer is relatively insensitive to changes in the heat release rate. These results

are not unexpected, and are consistent with the analysis described in Volume 2 to assess the sensitivity
of the quantities of interest to the uncertainty in the measured heat release rate.
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5.5 Sensitivity to Other Physical Input Parameters

This chapter describes the sensitivity of FDS results to changes in the major numerical and physical
input parameters. Throughout Chapter 6 (Model Validation) and Appendix A are additional
examples that demonstrate how changes in various input parameters affect the FDS predictions,
as illustrated by the following examples:

e Figure A-13 shows how the temperature of the hot gas layer changes as a result of increased
ventilation in the FM/SNL test series.

e Figure A-15 through Figure A-17 show how the temperature of the hot gas layer changes
as a result of the opening of a door in the NBS Multi-Room test series.

e Figure A-26 and Figure A-27 show how the upper-layer oxygen and carbon dioxide
concentrations change as a result of increased ventilation in the ICFMP BE #3 test series.

e Figure A-31 and Figure A-32 show how the compartment pressure is very sensitive
to the leakage rate in the closed-door tests of the ICFMP BE #3 test series.

e Section A.8 shows how the cable surface temperature is sensitive to the surrounding
gas temperature and the diameter of the cable.
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MODEL VALIDATION

This chapter summarizes the results of a validation study conducted for FDS, in which its
predictions are compared with measurements collected from six sets of large-scale fire
experiments. A brief description of each set of experiments is given here. Further details can be
found in Volume 2 and in the individual test reports.

ICFMP BE #2: Benchmark Exercise #2 consists of eight experiments, representing three sets
of conditions, to study the movement of smoke in a large hall with a sloped ceiling. The results
of the experiments were contributed to the International Collaborative Fire Model Project
(ICFMP) for use in evaluating model predictions of fires in larger volumes representative of
turbine halls in NPPs. The tests were conducted inside the VTT Fire Test Hall, which has
dimensions of 19 m high x 27 m long x 14 m wide (62 ft x 88.5 ft x 46 ft). Each case involved
a single heptane pool fire, ranging from 2 MW to 4 MW.

ICFMP BE #3: Benchmark Exercise #3, conducted as part of the ICFMP and sponsored by the NRC,
consists of 15 large-scale tests performed at NIST in June 2003. The fire sizes range from 350 kW
to 2.2 MW in a compartment with dimensions of 21.7 m high x 7.1 m long x 3.8 m wide (71.2 ft x
23.3 ft x 12.5 ft), designed to represent a variety of spaces in a NPP containing power and control
cables. The walls and ceiling are covered with two layers of marinate boards, while the floor is
covered with one layer of gypsum board on top of plywood. The room has one door with
dimensions of 2 m x 2 m (6.6 ft x 6.6 ft), and a mechanical air injection and extraction system.
Ventilation conditions and fire size and location are varied, and the numerous experimental
measurements include gas and surface temperatures, heat fluxes, and gas velocities.

ICFMP BE #4: Benchmark Exercise #4 consists of kerosene pool fire experiments conducted at
the Institut fiir Baustoffe, Massivbau und Brandschutz (iBMB) of the Braunschweig University
of Technology in Germany. The results of two experiments were contributed to the ICFMP.
These fire experiments involve relatively large fires in a relatively small [3.6 mx 3.6 mx 5.7 m
(12 ftx 12 ft x 19 ft)] concrete enclosure. Only one of the two experiments (Test 1) was selected
for the present V&V study.

ICFMP BE #5: Benchmark Exercise #5 consists of fire experiments conducted with realistically
routed cable trays in the same test compartment as BE #4. The compartment was configured
slightly differently, and the height was 5.6 m (18.4 ft) in BE #5. Only Test 4 was selected

for the present evaluation, and only the first 20 minutes, during which an ethanol pool fire
pre-heated the compartment.

FM/SNL Series: The Factory Mutual & Sandia National Laboratories (FM/SNL) Test Series is a
series of 25 fire tests conducted for the US NRC by Factory Mutual Research Corporation
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(FMRC), under the direction of Sandia National Laboratories (SNL). The primary purpose of
these tests was to provide data with which to validate computer models for various types of NPP
compartments. The experiments were conducted in an enclosure measuring 18 m long x 12 m wide
x 6 m high (60 ft x 40 ft x 20 ft), constructed at the FMRC fire test facility in Rhode Island.

All of the tests involved forced ventilation to simulate typical NPP installation practices. The fires
consist of a simple gas burner, a heptane pool, a methanol pool, or a polymethyl-methacrylate
(PMMA) solid fire. Four of these tests were conducted with a full-scale control room mockup in
place. Parameters varied during testing are the heat release rate, enclosure ventilation rate, and
fire location. Tests 4, 5 and 21 were used in the present evaluation. Test 21 involved the full-
scale mockup. All were gas burner fires.

NBS Multi-Room Series: The National Bureau of Standards (NBS, now the National Institute of
Standards and Technology, NIST) Multi-Compartment Test Series consists of 45 fire tests
representing 9 different sets of conditions, with multiple replicates of each set, which were
conducted in a three-room suite. The suite consists of two relatively small rooms, connected via a
relatively long corridor. The fire source, a gas burner, is located against the rear wall of one of the
small compartments. Fire tests of 100, 300, and 500 kW were conducted, but only three 100-kW
fire experiments (Tests 100A, 1000, and 100Z) were used for the current V&V study.

This chapter documents the comparison of FDS predictions with the experimental measurements
for the six test series. Technical details of the calculations, including output of the model

and comparison with experimental data are provided in Appendix A. The results are organized
by quantity as follows:

hot gas layer (HGL) temperature and height

ceiling jet temperature

plume temperature

flame height

oxygen and carbon dioxide concentration

smoke concentration

compartment pressure

radiation heat flux, total heat flux, and target temperature
wall heat flux and surface temperature

The model predictions are compared to the experimental measurements in terms of the relative
difference between the maximum (or where appropriate, minimum) values of each time history:

AM-AE M, -M,)-(E, -E,)
- AE (£,-E,)

g

AM is the difference between the peak value of the model prediction, M,, and its original value,
M,. AE is the difference between the experimental measurement, E,, and its original value, E,.
A positive value of the relative difference indicates that the model over-predicted the severity

of the fire (e.g., a higher temperature, lower oxygen concentration, higher smoke concentration, etc.).

The measure of model “accuracy” used throughout this study is related to experimental uncertainty.
Volume 2 discusses this issue in detail. In brief, the accuracy of a measurement, for example,
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a gas temperature, is related to the measurement device, a thermocouple. In addition, the accuracy
of the model prediction of the gas temperature is related to the simplified physical description
of the fire and the accuracy of the input parameters, especially the specified heat release rate.
Ideally, the purpose of a validation study is to determine the accuracy of the model in the absence
of any errors related to the measurement of both its inputs and outputs. Because it is impossible
to eliminate experimental uncertainty, at the very least a combination of the uncertainty

in the measurement of model inputs and output can be used as a yardstick. If the numerical prediction
falls within the range of uncertainty attributable to both the measurement of the input parameters
and the output quantities, it is not possible to further quantify its accuracy. At this stage, it is said
that the prediction is within experimental uncertainty.

Each section in this chapter contains scatter plots that summarize the relative difference results
for all of the predictions and measurements of the quantity under consideration. Details of

the calculations, the input assumptions, and the time histories of the predicted and measured output
are included in Appendix A. Only a brief discussion of the results is included in this chapter.

At the end of each section, a color rating is assigned to each of the output categories, indicating,
in a very broad sense, how well the model treats these quantities. A detailed discussion of this
rating system is included in Volume 1. For FDS, only the Green and Yellow ratings have been
assigned to the 13 quantities of interest. The color Green indicates that the research team

has concluded that the model physics accurately represent the experimental conditions,

and the differences between model prediction and experimental measurement are less than

the combined experimental uncertainty. The color Yellow suggests that one should exercise
caution when using the model to evaluate this quantity; consider carefully the assumptions made
by the model, how the model has been applied, and the accuracy of its results. There is specific
discussion of model limitations for the quantities assigned a Yellow rating.

In assessing the accuracy of FDS in predicting the 13 quantities, it is important to keep in mind
that a CFD model, unlike a zone model or empirical correlation, has the potential to produce
ever-more accurate results as the numerical grid is refined. However, FDS calculations require
hours or days to complete, depending on the size of the numerical grid and the desired level

of accuracy. Engineers using FDS need results in a reasonable amount of time; thus, they need
guidance on what size grid to use for a given application that will produce good results

in a timely manner. A few simple rules have been developed over the past few years that provide
this information, and these rules have been applied in the calculations for which results

are included in Appendix A and summarized below.

Table 6-1 lists some common metrics used to assess the size of the fire relative to the size
of the compartment. The following is a brief description of the various quantities included
in Table 6-1:

Heat Release Rate (HRR or O): The most important parameter of any fire experiment

is the overall heat release rate. In some cases, the fire model is used to predict the heat release rate.
In the present study, however, the heat release rate is specified, and the model is used to predict
how the fire’s energy is transported throughout the compartment. A non-dimensional quantity
relating the HRR to the diameter of the fire, D, is commonly known as Q *:
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pac,T. \/g_DD2

where Q is the heat release rate, p,, is the ambient density, 7, is the ambient temperature,

oo}

¢, 1s the specific heat, and g is the acceleration of gravity. A large value of O* describes a fire

for which the energy output is relatively large compared to its physical diameter, like an oil well
blowout fire. A low value describes a fire for which the energy output is relatively small
compared to its diameter, like a brush fire. Most common accidental fire scenarios have O* values
on the order of 1. Its relevance to the current validation study is mainly in the assessment

of flame height.

Table 6-1: Summary of the Fire Experiments in Terms of Commonly Used Metrics

Test Series (k%V) Q* (ln?) (lr)n ) (?nx) % (IanI ) ZI;{
ICFMP BE #2 1800--3600 1.0 1.2-1.6 1.2-1.6 0.13 | 912 19 12-16
ICFMP BE #3 400--2300 0.4-1.9 1.0 0.7-1.3 010 | 713 | 3.8 3-5
ICFMP BE #4 3500 2.6 1.1 1.6 0.10 16 57 3.6
ICFMP BE #5 400 0.6 0.8 0.7 0.10 7 5.6 8

FM/SNL 500 0.5 0.9 0.7 0.05 14 6.1 9
NBS Multi-Room 100 1.3 0.34 04 0.10 4 24 6
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Fire Diameter: The physical diameter of the fire is not always a well-defined property.

A compartment fire does not have a well-defined diameter, whereas a circular pan filled with

a burning liquid fuel has an obvious diameter. Regardless, it is not the physical diameter

of the fire that matters when assessing the “size” of the fire, but rather its characteristic diameter, D*:

2/5

D*:L

puc,ToNlg

In many instances, D* is comparable to the physical diameter of the fire (in which case, O*

is on the order of 1). FDS employs a numerical technique known as large eddy simulation (LES)
to model the unresolvable or “sub-grid” motion of the hot gases. The effectiveness of the technique
is largely a function of the ratio of the fire’s characteristic diameter, D*, to the size of a grid cell,
ox. In short, the greater the ratio D*/dx, the more the fire dynamics are resolved directly,

and the more accurate the simulation. Past experience has shown that a ratio of 5 to 10

usually produces favorable results at a moderate computational cost [Ref. 24].

Compartment Size: The quantities O* and D* relate the fire’s HRR to its physical dimensions.
Equally important in determining the right numerical grid for a CFD simulation is the relationship
between the fire “size” and the size of the overall compartment, particularly its height, H.

The height of the compartment relative to D* indicates the relative importance of the fire plume
to the overall transport of the hot gases. Much of the mixing of fresh air and combustion products
takes place within the plume, and this dilution of the smoke and the decrease in the gas temperature
ultimately determine the hot gas layer temperature. Thus, the parameter H/D* can be used

to assess the importance of the plume relative to other features of the fire-driven value of flow,
like the ceiling jet or doorway flow.

The rule of thumb about the parameter D*/ox is not a substitute for a grid resolution study.
For all of the simulations described in this report, the numerical grid was gradually refined
until the results were not observed to change from run to run. Of the six test series, the most
challenging were BE #2 and the FM/SNL series because each involved a fairly large space
and a relatively small fire. To achieve the desired level of resolution in the plume, a fine grid
was used to capture the very important entrainment of fresh air, while coarse grids were used
elsewhere. Ironically, the least challenging simulations in terms of computational effort were
the NBS Multi-Room experiments, even though they required the lowest value of D*/ox

to obtain suitably converged results. For these tests, the ceiling height was relatively low,
and the plume dynamics were not as important in dictating the average compartment quantities.
Thus, even though the burner was spanned by only four grid cells, the predicted temperatures
in all three compartments were within experimental uncertainty.
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6.1 Hot Gas Layer (HGL) Temperature and Height

All six sets of fire experiments include several floor-to-ceiling arrays of thermocouples

for measuring the compartment temperature. From these measurements, it is possible to calculate
an average upper-layer temperature, as well as an estimate of the height of the hot gas layer
above the floor. The FDS simulations predict the time history of each thermocouple,

and the predicted temperatures are then used to derive an average HGL temperature and height
in the exact same manner as the measured temperatures. Figure 6-1 summarizes the relative
differences between the predicted and measured HGL properties for the six test series. Note that
a positive value of the relative difference means that the numerical prediction is greater than
the corresponding measurement. Note also that the layer depth is the ceiling height minus

the layer height. Figure 6-2 presents the same results in a different format, emphasizing

the actual values of the HGL temperature and depth.
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Figure 6-1: Summary of FDS Predictions of HGL Temperature and Depth
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ICFMP BE #2: FDS over-predicts the HGL temperature by about 20% for all three cases.

This falls outside of the experimental uncertainty range and can be traced to an over-prediction
in the flame height and plume temperature. These errors are discussed below in the appropriate
sections. FDS predicts the HGL height for all three cases in BE #2 to within experimental
uncertainty.

ICFMP BE #3: FDS predicts the HGL temperature and height to within experimental
uncertainty for all 15 tests.

ICFMP BE #4: FDS predicts the HGL temperature and height to within experimental
uncertainty for the single test (BE 4-1), but there is some discrepancy in the shapes of the curves.
It is not clear whether this is related to the measurement or the model. See further discussion

in Appendix A.

ICFMP BE #5: FDS predicts the HGL temperature and height to within experimental
uncertainty for the single test (BE 5-4), although again there is a noticeable difference
in the overall shape of the temperature curves.

FM/SNL: FDS predicts the HGL temperature to within experimental uncertainty for Tests 4
and 5. For Test 21, there is an apparent 20% under-prediction, but this appears to be attributable
to an error in the HRR measurement for this test. FDS predicts the HGL height to within
experimental uncertainty for Tests 4 and 21. Both of these tests have a low ventilation rate.

For Test 5, with a high ventilation rate, FDS over-predicts the HGL depth by 26%. However,
the uncertainty in the HGL depth measurement is about 25% for the FM/SNL series because
only five thermocouples in the vertical direction are used to assess the height of the smoke layer,
and these five TCs are relatively close to the ceiling. See Volume 2 and the FM/SNL test report
for details.

NBS Multi-Room: FDS predicts the HGL temperature and height to within experimental
uncertainty for all three tests considered. Note that individual calculations of the temperature
and depth have been made at four locations [one in the burn room, two in the corridor, and one
in the target room (or exit if the target room is closed)].

Summary: FDS is suitable for predicting HGL temperature and height, with no specific caveats,
in both the room of origin and adjacent rooms. In terms of the ranking system adopted in this report,
FDS merits a Green for this category, based on the following:

e The FDS low Mach number hydrodynamic model is appropriate for predicting compartment
temperatures and smoke filling. Note that FDS does not require the ceiling to be flat, and it
can directly incorporate ceiling obstructions like ducts, beam pockets, and cable trays so long
as they can be approximated as rectangular objects that conform to the overall numerical grid.

e The FDS predictions of the HGL temperature and height are, with a few exceptions,
within experimental uncertainty.
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For some of the test series, like the NBS Multi-Room experiments, the simulations require
only about half a day to complete, whereas others require several days. This is not atypical
of CFD models. Whenever FDS is used, the numerical grid should be determined

by performing a grid resolution study. A description can be found in Chapter 5.
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6.2 Ceiling Jet Temperature

FDS does not have a ceiling jet algorithm per se. Rather, it predicts the temperature and velocity
of the gases anywhere in the compartment, including near the ceiling. Two of the six test series
(ICFMP BE #3 and FM/SNL) involve a ceiling jet that forms over a relatively wide, flat ceiling.
The results of these simulations are summarized in Figure 6-3.

ICFMP BE #3: FDS predicts the ceiling jet temperature to within experimental uncertainty

for the closed-door tests, except Tests 5 and 17. Test 5 is ventilated with a fan that is not well-
characterized in terms of its flow rate and direction. A number of spurious results can be linked
to the difficulty in modeling the fan. Test 17 is a short test with no replicates. It is difficult

to draw any firm conclusions from it. FDS over-predicts the ceiling jet for the open-door tests
by about 15%. Although this is within the experimental uncertainty bounds, the trend is consistent
in all the open-door tests. The trend cannot be explained solely in terms of measurement

or model input uncertainty. Rather, it is most likely caused by a lack of resolution

in the numerical grid. Near the fire, the grid cells are about 10 cm (4 in) in all dimensions.
However, the grid cells stretch in the horizontal dimensions away from the plume to save

on computational cost (see Figure 6-4). In addition, the 10-cm grid spans the relatively shallow
ceiling jet with just a few grid cells. As a result, the mixing of hot and cooler gases within the jet
is slightly under-predicted and the temperature, thus, slightly over-predicted. While the slight
over-prediction of ceiling jet temperature could be considered conservative for some applications,
for scenarios involving sprinkler or heat detector activation, the increased temperature

in the ceiling jet would lead to a quicker response of the simulated sprinkler or heat detector.

FM/SNL: FDS predicts the ceiling jet temperature at two locations in Test 4 and 5 to within

experimental uncertainty. FDS under-predicts Test 21 by about 20%, but this discrepancy
is likely attributable to a flaw in the HRR measurement for this particular test.
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Summary: FDS merits a Green ranking for ceiling jet temperature prediction, for the following
reasons:

e The FDS hydrodynamic solver is suited for this application, assuming that the user performs
a grid sensitivity study to determine a suitable grid cell size.

e Overall, FDS is slightly less accurate in its prediction of the near-ceiling temperature than
of the overall HGL temperature. This makes sense because the ceiling jet, as with the fire plume,
is a region of the flow field exhibiting relatively high levels of buoyancy and/or shear-
induced turbulence. Inaccuracies in its prediction tend to be averaged out when examining
the bulk HGL temperature, but it is important to consider this higher degree of inaccuracy
if the objective of the calculation is to assess the damage to or activation of some object
or device near the ceiling.

i _ — I —
e S e e

Figure 6-4: Snapshot of FDS Simulation of ICFMP BE #3, Test 3
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6.3 Plume Temperature

As with the ceiling jet, FDS has no specific plume algorithm. It simply computes the temperature
and velocity everywhere. However, predicting temperatures within the fire plume is particularly
important because this is where much of the mixing of the hot combustion products

and surrounding air takes place. Data from ICFMP BE #2 and the FM/SNL test series have been
used to assess the accuracy of plume temperature predictions. Figure 6-5 summarizes the results.

ICFMP BE #2: As previously discussed, FDS over-predicts the HGL temperature in this test series.
Not surprisingly, FDS also over-predicts the plume temperature, especially at the lower thermocouple,
6 m (19.7 ft) above the fire pan. The flame height of the fires has been estimated to vary from
4mto5Sm(13.1 ft to 16.4 ft), whereas FDS predicts the height to vary from 5 m to 6 m (16.4 ft
to 19.7 ft). Consequently, FDS predicts higher temperatures in the region just beyond the flame tip
where the temperatures decrease rapidly with height. At the higher thermocouple location,

the relative difference between the predicted and measured temperatures is about 15%, just at
the upper edge of the experimental uncertainty range.

FM/SNL: FDS predicts the plume temperatures in Test 4 and 5 to within experimental
uncertainty, with the same under-prediction in Test 21 as for the HGL and ceiling jet temperatures,
about 20%. FDS uses 5-cm (2-in) grid cells in the vicinity of the plume to achieve these results.
As discussed above, D*/0x=14, a fairly high value requiring several days of computing time.

Summary: FDS merits a Yellow (Caution) ranking in this category for the following reasons:
e The FDS hydrodynamic solver is well-suited for this application.

e FDS over-predicts the lower plume temperature in BE #2 because it over-predicts the flame
height. FDS predicts the FM/SNL plume temperature to within experimental uncertainty.

e The simulations of BE #2 and the FM/SNL series are the most time-consuming of all six
test series, mainly because of the need for a fairly fine numerical grid near the plume. It is
important that a user understand that considerable computation time may be necessary
to well-resolve temperatures within the fire plume. Even with a relatively fine grid, it is still
challenging to accurately predict plume temperatures, especially in the fire itself or just above
the flame tip.

e There are only nine plume temperature measurements in the data set. A more definitive
conclusion about the accuracy of FDS in predicting plume temperature would require more
experimental data.
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6.4 Flame Height

Flame height is recorded by visual observations, photographs, or video footage. Videos

and photographs from the ICFMP BE #3 test series and photographs from BE #2 are available.
Several photographs from both test series are included in Section A.4 of Appendix A. Itis
difficult to precisely measure the flame height, but the photos and videos allow one to make
estimates accurate to within roughly a pan diameter.

ICFMP BE #2: The height of the visible flame in the photographs of BE #2 has been estimated
to be between 2.4 and 3 pan diameters [3.8 m to 4.8 m (12.5 ft to 15.7 ft)]. The height of the
simulated fire fluctuates from 5 m to 6 m (16 ft to 19 ft) during the peak heat release rate phase.
This over-prediction is attributable to the simplified combustion model in FDS along with

the limited grid resolution spanning the fire itself. In this type of simulation (small fire in a large
compartment), it is challenging to design a numerical grid that spans the entire volume,

but at the same time provides adequate resolution over the fire. In this case, the volume

of the test hall is about 6,000 m’ (200,000 ft’) while the fire occupies roughly 6 m® (200 ft*).

The over-prediction of flame height, in this test series, contributes to the over-prediction

of plume and HGL temperature discussed above.

ICFMP BE #3: FDS correctly predicts the flame height in this test series, at least to the accuracy
of visual observations and a few photographs taken before the HGL obscures the upper part

of the flame. The experiments were not designed to measure the flame height other than through
visual observation.

Summary: FDS merits a Yellow (Caution) for Flame Height prediction, for the following
reasons:

e The FDS mixture fraction combustion model assumes that fuel and oxygen mix along a thin
“flame sheet.” Although a simple description of the combustion, the model is capable of
predicting the flame height of a well-ventilated fire.

e FDS over-predicts the flame height of the only BE #2 fire for which photographs are available.
FDS predicts the flame height for the BE #3 tests to an accuracy commensurate with visible
observations. The uncertainty in interpreting the photographs, videos, and eye-witness accounts
is considerable, as is the very definition of “flame height.”

e There is not enough information about flame heights in the data sets to reach any definite
conclusions about FDS predictions of flame height.
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6.5 Oxygen and Carbon Dioxide Concentration

FDS uses a mixture fraction combustion model, meaning that the concentrations of all of

the major gas species are related to a single scalar variable for which a single transport equation
is solved. Assuming that the basic stoichiometry of the combustion process is known, predicting
oxygen and carbon dioxide concentrations is similar, mathematically, to predicting temperatures.
Gas sampling data is available from ICFMP BE #3 and BE #5. A summary of the FDS predictions
is presented in Figure 6-6.

ICFMP BE #3: FDS predicts the upper-layer concentrations of oxygen and carbon dioxide
close to experimental uncertainty, with the notable exception of Test 5 (BE 3-5), for which

the relative difference between FDS and measurement is about 60% for both species. This over-
prediction of the gases in the upper layer is most likely the result of the specification of boundary
conditions at the ventilation duct. The fan, mounted halfway up the long wall of the compartment,
blew air upward at roughly a 45° angle from the horizontal. The velocity profile was measured
before the test began, but this profile (and the flow rate) changed during the test as a result of
changing compartment conditions. As a result, both the volume flow rate and the flow direction
are subject to considerable uncertainty, and this is reflected in the results of Test 5, the only
open-door test involving the ventilation system. The large FDS over-prediction does not occur
for the closed-door tests with ventilation (Tests 4, 10, and 16).

FDS predictions of the lower gas layer (LGL) oxygen concentration are close to experimental
uncertainty except for Tests 1, 7, and 5. Tests 1 and 7 are replicate tests. They are relatively
small fires (400 kW), the doors are closed, there is no ventilation, and the lower-layer oxygen
concentration gradually decreases to about 15% in about 25 minutes. There is nothing

in particular that might explain the over-prediction. Test 5 has the fan blowing into the upper layer,
and the lower-layer concentration is over-predicted by about the same percentage as the upper-
layer oxygen and carbon dioxide concentrations.

ICFMP BE #5: FDS predicts the upper-layer oxygen concentration in Test 4 of this test series
(BE 5-4) to within experimental uncertainty. The carbon dioxide is slightly over-predicted
by about 20%, but the concentrations are relatively low (0.013 measured, 0.016 predicted).

Summary: FDS merits a Green ranking for prediction of major gas species, for the following
reasons:

e The FDS mixture fraction model is capable of making predictions of major gas species
concentrations, assuming that the basic stoichiometry of the combustion reaction is known
and that the fire is well-ventilated.

e With a few exceptions, the FDS predictions of major gas species concentrations are within
experimental uncertainty.
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FDS has only been evaluated for oxygen and carbon dioxide. The conclusions should not be
extended to carbon monoxide, smoke, or other exhaust products whose yields and/or
transport properties are not as well-characterized as oxygen and carbon dioxide.

Relative Difference (%)
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6.6 Smoke Concentration

FDS treats smoke like all other combustion products, basically a tracer gas for which the local
mass concentration is a function of the local mixture fraction. To model smoke movement,
the user need only prescribe the smoke yield (that is, the fraction of the fuel mass that is
converted to smoke particulate).

Only ICFMP BE #3 was used to assess predictions of smoke concentration. For these tests,

the smoke yield was specified as one of the input parameters. A summary of the results is shown
in Figure 6-7. There are two obvious trends in the results: first, the predicted concentrations are
about 50% higher than the measured in the open-door tests. Second, the predicted concentrations
are as much as six times the measured concentrations in the closed-door tests. The experimental
uncertainty for these measurements has been estimated to be 33% (see Volume 2). It may be possible
to explain the open-door results in terms of uncertainty in the measurement and the specified
smoke yield, but the closed-door tests cannot be explained in these terms.

Assuming that the mixture fraction model is valid, at least for the open-door tests, it can be assumed
that virtually all of the carbon atoms in the fuel are transported either by the CO; or the soot
(with relatively small amounts in the CO, unburned hydrocarbons, etc.). It can also be assumed
that the soot (smoke) and CO, are transported together with no significant separation or reaction.
If these assumptions are true, there is no reason to expect the predicted smoke concentration

to be roughly 50% higher than the measured value unless the soot yield uncertainty

and the measurement uncertainty combine to cause it. Indeed, in Figure A-30 the predicted

CO concentrations, also based on a fixed yield, do not exhibit the same behavior as the smoke
predictions in either the open or closed-door tests.

The difference between model and experimental predictions of smoke concentration is far more
pronounced in the closed-door tests. Given that the oxygen, carbon dioxide, and carbon monoxide
predictions are no worse in the closed-door tests, there is evidence that the smoke does not behave
like the other exhaust gases, or that there are flaws in the data reduction for closed-door

(i.e., under-ventilated) fires. Consider, for example, Figure 6-8, which shows the smoke

and oxygen concentrations for a closed-door test with no ventilation (Test 8). The HRR

is ramped up to 1,190 kW in 176 seconds, followed by 434 seconds of steady burning and then
a rapid shutdown of the fuel supply. Assuming a 1.5% smoke yield, no smoke loss, and a uniform
distribution of smoke throughout the compartment, the maximum smoke concentration ought to be
about 360 mg/m’. FDS does allow for smoke to escape through leakage paths; thus, it predicts

a lower peak concentration at the measurement location, about 300 mg/m3, at about 10 minutes
after ignition when the fuel is shut off. The measured smoke concentration peaks at 100 mg/m’
at about 8 minutes and then decreases. At about this same time, the oxygen concentration

near the fire drops to about 15%, at which point the fire becomes under-ventilated,

and the combustion chemistry presumably changes. Curiously, the smoke production rate
appears to decrease as the fire becomes more oxygen-starved, or possibly the optical properties
of the smoke change, leading to a misleading measurement of the smoke mass per unit volume.
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Figure 6-8: Smoke and Oxygen Concentration, ICFMP BE #3 Test 8

Summary: FDS merits a Yellow (Caution) for predicting smoke concentration, for the following
reasons:

e FDS is capable of transporting smoke throughout a compartment, assuming that
the production rate is known and that its transport properties are comparable to gaseous
exhaust products. This assumption may break down in closed-door fires, or if an appreciable
part of the flame extends into the upper layer.

e FDS over-predicts the smoke concentration in all of the BE #3 tests. For the open-door tests,
it is possible to explain the discrepancy in terms of the uncertainty of both the specified
smoke yield and the optical measurement of the smoke concentration. There is no clear
explanation for the discrepancy in the closed-door tests. FDS does not over-predict
the CO concentration, another fixed yield product of incomplete combustion, in either
the open- or closed-door tests.

e No firm conclusions can be drawn from this one data set. The measurements in the closed-
door experiments are inconsistent with basic conservation of mass arguments, or there is
a fundamental change in the combustion process as the fire becomes oxygen-starved.
FDS does not have a sub-model to adjust the production rate or the optical properties
of smoke, regardless of whether or not this would explain the discrepancy between
the measurements and the model predictions.
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6.7 Compartment Pressure

Comparisons between measurement and prediction of compartment pressure for BE #3 are shown
in Section A.7 of Appendix A, and the results are summarized in Figure 6-9. For those tests

in which the door to the compartment is open, the over-pressures are only a few Pascals,
whereas when the door is closed, the over-pressures are several hundred Pascals.

In general, the predicted pressures are within 50% of the measured pressures, consistent with

the reported uncertainties in the leakage area and the ventilation rate (see Volume 2). The one
notable exception is Test 16. This experiment was performed with the door closed

and the ventilation on, and there is considerable uncertainty in the magnitude of both the supply
and exhaust flow rates. Test 16 is a 2.3-MW fire, whereas Test 10 is a 1.2-MW fire.

The measured supply velocity is greater and the measured exhaust velocity is less in Test 10,
compared to Test 16. This is probably the result of the higher pressure caused by the larger fire
in Test 16. FDS does not adjust the ventilation rate based on the compartment pressure, which is
why the specified fan velocities are comparable in Tests 10 and Test 16. This also is the most
likely explanation for the over-prediction of compartment pressure in Test 16. Figure 6-10
presents the measured (solid lines) and specified (dashed lines) air velocities 15 ¢cm (5.9 inches)
from the lower edge of the supply duct, and 35 cm (13.8 inches) from the lower edge

of the exhaust duct, for Tests 10 and 16. Also shown are the measured (solid lines) and predicted
(dashed lines) compartment over-pressures for these tests.

6-21



Model Validation

200
i FDS Compartment Pressure
50 +
e L o
Y °
o [ J o
= ° ®
£ 0 ®
S °
.02’ o o
E .-.
(0] e ____-"__________
X 5
°
-100
TARTNNBRYTONONQPOIOD T Y YOO LQN
AAAAGdDDT T T TddoT TS0l N8388
mmmmmmmm$$$$mmm$$$mm%%zx—Fx—
mmmmmmmmmmmmmmmmmmmm55§8$%
'-'-'-'-U_ZZZ
300
FDS Compartment Over-Pressure //
n
250 /
n / -
/
200 /.
o /
L J/ -
o 150 - / -
> / ~
? / 4~
2 100 | / -7
o / e
7
g e
(&) 50‘ / ~
S 1 W
9] el
o /
0 e
Yy
//
/ o/
s ®  |CFMP BE #3 (Closed Door Tests)
s/ O ICFMP BE #3 (Open Door Tests)
-5 : : : : :
-5 0 50 100 150 200 250 300

Measured Pressure (Pa)

+40 %

-40 %

Figure 6-9: Summary of FDS Predictions of Compartment Pressure

6-22



Model Validation

12 12
Supply and Exhaust Duct Velocities Supply and Exhaust Duct Velocities
10 ICFMP BE #3, Test 10 10 ICFMP BE #3, Test 16
s 8 WA —— a /MA e
E E
2 6 =
5} i}
o o
2 4 2
—— Exp Time vs BP Supply Vent-16 —— Exp Time vs BP Supply Vent-16
2 T Exp Time vs BP Exhaust Vent Exp Time vs BP Exhaust Vent
------ FDS Time vs BP Supply 16 +++++= FDS Time vs BP Supply 16
0 ~~~~~~ FDS Time vs BP Exhaust17 | F e FDS Time vs BP Exhaust 17
0 5 10 15 20 25 30 15 20 25 30
Time (min) Time (min)
200 200
Compartment Pressure Compartment Pressure
ICFMP BE #3, Test 10 ICFMP BE #3, Test 16
150 150
© ©
S S
£ 100 5 100
3 3
13 13
o o i
o o H
50 i
Exp Time vs CompP Exp Time vs CompP
«+++==- FDS Time vs Pressure 0 £ FDS Time vs Pressure
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)

Figure 6-10: Ventilation Rates and Pressures for BE #3, Tests 10 and 16

Summary: FDS merits a Green rating in predicting compartment pressure, for the following
reasons:

e The basic mass and energy conservation equations solved by FDS ensure reliable predictions
of compartment pressure.

e The FDS pressure predictions for BE #3 are within experimental uncertainty, with an exception
related to the behavior of a ventilation fan.

e Compartment pressure predictions are extremely sensitive to the leakage area and forced
ventilation. The fractional uncertainty in predicted pressure is roughly double that
of the leakage area or ventilation rate.
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6.8 Radiation and Total Heat Flux and Target Temperature

Target temperature and heat flux data are available from ICFMP BE #3, #4, and #5. In BE #3,
the targets are various types of cables in various configurations — horizontal, vertical, in trays,
or free-hanging. In BE #4, the targets are three rectangular slabs of different materials
instrumented with heat flux gauges and thermocouples. In BE #5, the targets are again cables,
in this case, bundled power and control cables in a vertical ladder.

Figure 6-11 summarizes the relative differences between predicted and measured radiative
and total heat flux and surface temperature.

ICFMP BE #3: There are nearly 200 comparisons of heat flux and surface temperature on four
different cables that are graphed in Appendix A and summarized above. It is difficult to make
sweeping generalizations about the accuracy of FDS. At best, one can scan the graphs, tables,
and summary charts to get a sense of the overall performance. The experimental uncertainty

is about 20% for both heat flux and surface temperature. Discounting those comparisons

for which the relative difference is less than 20%, the rest need to be examined on a case-by-case
basis. Note the following trends:

e There is an overall trend toward over-prediction of radiative heat flux and under-prediction
of total heat flux. From this observation, it is assumed that the convective heat flux,
the difference between the total and the radiative heat flux, is generally under-predicted.
It is difficult to more accurately quantify this observation because the heat flux gauges
in the experiment are mounted on steel, L-shaped brackets while the convective heat flux
prediction by FDS is based on a flat plate empirical correlation. Thus, the model does not
predict, nor does the experiment measure, the true convective heat flux to the cables themselves.

e The predicted and measured cable surface temperatures are often virtually identical to
the local gas temperature (see graphs in Appendix A). Good predictions of the gas temperature
often lead to good predictions of the cable temperature, regardless of the accuracy of the heat flux.
Indeed, the scatter in the temperature predictions is less than that in the heat flux predictions.

e Most of the over-predictions of cable surface temperatures occur in Tests 4, 5, 10, and 16,
which include the ventilation fan. Cables B, D, and F are located near the supply vent,
and the air blows over the measurement locations. The fan’s flow rate and direction are not
well-characterized in the test specification; thus, there is more uncertainty in these tests than
in the others. It is difficult to quantify this uncertainty, however, other than to look at similar
tests that do not have the fan turned on. Tests 2 and 8 are the same as 4 and 10, but without
the fan. Test 3 is Test 5 without the fan. Test 13 is Test 16 without the fan. The cable
surface temperatures are not over-predicted in these unventilated tests.
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Figure 6-11: Summary of FDS Predictions of Target Temperature
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ICFMP BE #4: FDS over-predicts both the heat flux and surface temperature of three “slab” targets
located about 1 m (3.3 ft) from the fire. The trend is consistent, but it cannot be explained
solely in terms of experimental uncertainty. Part of the discrepancy appears to be attributable to
the plume lean in FDS, which leads to the significant over-prediction of heat flux to the steel target
in the back of the compartment.

ICFMP BE #5: Predictions and measurements of gas temperature, total heat flux and cable
surface temperature are available at four vertical locations along a cable tray. FDS over-predicts
the gas temperatures by about 10% at these locations, under-predicts heat flux by about 50%,
and under-predicts the cable surface temperature by 10% to 20%. Although the surface temperature
predictions are within experimental uncertainty, the heat flux predictions are not. It is possible
that in this case, two wrongs (gas temperature and heat flux) make a right (surface temperature).
However, only one test from this series has been used in the evaluation, thus, it is hard to draw
any firm conclusions. Also, given that BE #5 uses the same compartment as BE #4, it is curious
that FDS over-predicts the heat fluxes in BE #4, but under-predicts in BE #5.

Summary: FDS merits a Yellow (Caution) in this category, for the following reasons:

e FDS has the appropriate radiation and solid phase models for predicting the radiative
and convective heat flux to targets, assuming the targets are relatively simple in shape.
FDS is capable of predicting the surface temperature of a target, assuming that its shape
is relatively simple and its composition fairly uniform.

e FDS predictions of heat flux and surface temperature are generally within experimental
uncertainty, but there are numerous exceptions attributable to a variety of reasons.
The accuracy of the predictions generally decreases as the targets move closer to, or go inside of,
the fire. There is not enough near-field data to challenge the model in this regard.
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6.9 Wall Heat Flux and Surface Temperature

Heat flux and wall surface temperature measurements are available from ICFMP BE #3,

and wall surface temperature measurements are also available from BE #4 and BE #5. As with
target heat flux and surface temperature (discussed above), there is a considerable amount of data
to consider. Figure 6-12 summarizes the relative differences for the wall (total) heat flux

and wall surface temperature predictions.

ICFMP BE #3: FDS generally predicts the heat flux and surface temperature of the compartment
walls and ceiling to within experimental uncertainty (20%). However, the predicted floor temperatures
are as much as 90% higher than the measurements. In fact, the over-predicted surface temperatures
are almost all for the floor, both near and far-field. The predicted heat fluxes to the floor do not
indicate this level of error, which means that the material properties of the floor need to be considered.
The compartment walls and ceiling are constructed of Marinite I, an industrial-strength
insulating material for which the properties have been measured by the manufacturer

(BNZ Materials, Inc.) for the range of temperatures experienced in the tests. The floor

is constructed of one layer of ordinary gypsum board atop common construction-grade plywood.
(It is assumed in the simulations that the gypsum board is twice as thick because FDS cannot
accept two layers of materials.) The thermal properties of the gypsum board and the plywood
were not measured, and the exact composition of each batch changes depending on the supply of
raw materials. Therefore, it cannot be concluded that FDS is less accurate in predicting floor
temperatures than it is predicting wall or ceiling temperatures.

ICFMP BE #4: FDS predicted two wall surface temperatures to within 4% of the measured values.
The two points are presumably very close to the fire because the temperatures are 600 °C to 700 °C
(1,100 °F to 1,300 °F) above ambient. This is a curious result because FDS does not predict

the temperatures of the nearby slab targets this accurately.

ICFMP BE #5: FDS under-predicts wall temperatures at two locations in the compartment
by about 30%. However, FDS slightly over-predicts the gas temperatures at these same vertical
locations. These results are similar to those discussed above for the cable targets in BE #5.

Summary: FDS merits a Yellow (Caution) rating in this category, for reasons similar to those
for target flux and temperature (discussed above):

e FDS has the necessary radiation and solid phase sub-models for predicting the radiative
and convective heat flux to walls, and the subsequent temperature rise within the walls.
It is assumed that the composition of the wall liner is fairly uniform, and its thermal properties
are well-characterized.

e FDS predictions of heat flux and surface temperature are generally within experimental
uncertainty, but there are several exceptions attributable to a variety of reasons. As with targets,
the accuracy of the predictions typically decreases closer to the fire or plume impingement
region. Although there is no clear difference in near and far field predictions in the current
study, past experience urges caution when making near-field predictions.
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6.10 Summary

The results presented in this chapter validate the basic hydrodynamic and radiative heat transport
algorithms within FDS. For a fire for which the heat release rate is known, FDS can reliably predict
gas temperatures, major gas species concentrations, and compartment pressures to within about 15%,
and heat fluxes and surface temperatures to within about 25%.

For the experiments considered, the FDS predictions are not significantly better than those of
the two-zone models (CFAST and MAGIC) that are also evaluated in this study. Only in

the predictions of heat flux and surface temperature is FDS noticeably better. The reason is that
the experiments used in the evaluation conform to the simple two-layer assumption that is the basis
of CFAST and MAGIC. In addition, two-zone models use well-established empirical correlations
to predict the plume, ceiling jet, and flame height; whereas FDS simply solves the basic transport
equations. In this sense, FDS truly is a predictive model. However, the cost of solving the basic
equations is substantial. The two-zone models produce answers in seconds to minutes, whereas
FDS produces comparable answers in hours to days. An obvious question to ask is why use FDS
or any CFD model? The answer is that these experiments were designed to evaluate all types

of fire models, from simple hand calculations to CFD. Rarely do real fire scenarios conform

as neatly to the simplifying assumptions inherent in the models. Fire plumes are rarely free

and clear of obstacles because fires often occur in cabinets or near walls. Ceilings are rarely flat
and unobstructed because duct work and cable trays often block the clear paths. Although two-
zone models can be applied in some of these instances, their accuracy cannot be ensured.

Indeed, in the present study the heat flux and surface predictions by FDS are more accurate

than those of the two-zone models because FDS computes the local temperature within the hot
gas layer, and the radiative heat flux is a function of this local temperature raised to the fourth power.
Obstructions near the ceiling create pockets of hotter gases, which can have a substantial effect
on the local heat flux to targets and walls.

Most practicing fire protection engineers use a combination of models to assess the hazards of fire.
For the fire scenarios considered in the current validation study, and for the output quantities

of interest, the two-layer models are most suitable. The hand calculations are limited in applicability,
and FDS is overly time-consuming. However, the experiments do provide a means to validate
all of the models in a consistent way. Once validated for the simple compartment geometries,
FDS can then be used to look at more complicated geometries where non-uniformities of temperature,
and non-idealized gas flows cannot be addressed by simple two-zone models.
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