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Preface

This document provides the theoretical basis for the Fire Dynamics Simulator (FDS), following the general
framework set forth in the “Standard Guide for Evaluating the Predictive Capability of Deterministic Fire
Models,” ASTM E 1355 [1]. It is the first of a four volume set of companion documents, referred to
collectively as the FDS Technical Reference Guide [2]. Volumes 2, 3 and 4 describe the model verification,
experimental validation, and configuration management, respectively.

A separate document, Fire Dynamics Simulator, User’s Guide [3] describes how the FDS software is
actually used.
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Disclaimer

The US Department of Commerce makes no warranty, expressed or implied, to users of the Fire Dynamics
Simulator (FDS), and accepts no responsibility for its use. Users of FDS assume sole responsibility under
Federal law for determining the appropriateness of its use in any particular application; for any conclusions
drawn from the results of its use; and for any actions taken or not taken as a result of analysis performed
using these tools.

Users are warned that FDS is intended for use only by those competent in the fields of fluid dynamics,
thermodynamics, heat transfer, combustion, and fire science, and is intended only to supplement the in-
formed judgment of the qualified user. The software package is a computer model that may or may not have
predictive capability when applied to a specific set of factual circumstances. Lack of accurate predictions
by the model could lead to erroneous conclusions with regard to fire safety. All results should be evaluated
by an informed user.

Throughout this document, the mention of computer hardware or commercial software does not con-
stitute endorsement by NIST, nor does it indicate that the products are necessarily those best suited for the
intended purpose.
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Chapter 1

Introduction

Howard Baum, NIST Fellow Emeritus

The idea that the dynamics of a fire might be studied numerically dates back to the beginning of the com-
puter age. Indeed, the fundamental conservation equations governing fluid dynamics, heat transfer, and
combustion were first written down over a century ago. Despite this, practical mathematical models of fire
(as distinct from controlled combustion) are relatively recent due to the inherent complexity of the problem.
Indeed, in his brief history of the early days of fire research, Hoyt Hottel noted “A case can be made for fire
being, next to the life processes, the most complex of phenomena to understand” [4].

The difficulties revolve about three issues: First, there are an enormous number of possible fire scenarios
to consider due to their accidental nature. Second, the physical insight and computing power required to
perform all the necessary calculations for most fire scenarios are limited. Any fundamentally based study
of fires must consider at least some aspects of bluff body aerodynamics, multi-phase flow, turbulent mixing
and combustion, radiative transport, and conjugate heat transfer; all of which are active research areas in
their own right. Finally, the “fuel” in most fires was never intended as such. Thus, the mathematical models
and the data needed to characterize the degradation of the condensed phase materials that supply the fuel
may not be available. Indeed, the mathematical modeling of the physical and chemical transformations of
real materials as they burn is still in its infancy.

In order to make progress, the questions that are asked have to be greatly simplified. To begin with,
instead of seeking a methodology that can be applied to all fire problems, we begin by looking at a few
scenarios that seem to be most amenable to analysis. Hopefully, the methods developed to study these “sim-
ple” problems can be generalized over time so that more complex scenarios can be analyzed. Second, we
must learn to live with idealized descriptions of fires and approximate solutions to our idealized equations.
Finally, the methods should be capable of systematic improvement. As our physical insight and computing
power grow more powerful, the methods of analysis can grow with them.

To date, three distinct approaches to the simulation of fires have emerged. Each of these treats the
fire as an inherently three dimensional process evolving in time. The first to reach maturity, the “zone”
models, describe compartment fires. Each compartment is divided into two spatially homogeneous volumes,
a hot upper layer and a cooler lower layer. Mass and energy balances are enforced for each layer, with
additional models describing other physical processes appended as differential or algebraic equations as
appropriate. Examples of such phenomena include fire plumes, flows through doors, windows and other
vents, radiative and convective heat transfer, and solid fuel pyrolysis. Descriptions of the physical and
mathematical assumptions behind the zone modeling concept are given in separate papers by Jones [5] and
Quintiere [6], who chronicle developments through 1983. Model development since then has progressed to
the point where documented and supported software implementing these models are widely available [7].

The relative physical and computational simplicity of the zone models has led to their widespread use in
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the analysis of fire scenarios. So long as detailed spatial distributions of physical properties are not required,
and the two layer description reasonably approximates reality, these models are quite reliable. However, by
their very nature, there is no way to systematically improve them. The rapid growth of computing power
and the corresponding maturing of computational fluid dynamics (CFD), has led to the development of CFD
based “field” models applied to fire research problems. Virtually all this work is based on the conceptual
framework provided by the Reynolds-averaged form of the Navier-Stokes equations (RANS), in particular
the k — € turbulence model pioneered by Patankar and Spalding [8]. The use of CFD models has allowed the
description of fires in complex geometries, and the incorporation of a wide variety of physical phenomena.
However, these models have a fundamental limitation for fire applications — the averaging procedure at the
root of the model equations.

RANS models were developed as a time-averaged approximation to the conservation equations of fluid
dynamics. While the precise nature of the averaging time is not specified, it is clearly long enough to require
the introduction of large eddy transport coefficients to describe the unresolved fluxes of mass, momentum
and energy. This is the root cause of the smoothed appearance of the results of even the most highly resolved
fire simulations. The smallest resolvable length scales are determined by the product of the local velocity
and the averaging time rather than the spatial resolution of the underlying computational grid. This property
of RANS models is typically exploited in numerical computations by using implicit numerical techniques
to take large time steps.

Unfortunately, the evolution of large eddy structures characteristic of most fire plumes is lost with
such an approach, as is the prediction of local transient events. It is sometimes argued that the averaging
process used to define the equations is an “ensemble average” over many replicates of the same experiment
or postulated scenario. However, this is a moot point in fire research since neither experiments nor real
scenarios are replicated in the sense required by that interpretation of the equations. The application of
“Large Eddy Simulation” (LES) techniques to fire is aimed at extracting greater temporal and spatial fidelity
from simulations of fire performed on the more finely meshed grids allowed by ever faster computers.

The phrase LES refers to the description of turbulent mixing of the gaseous fuel and combustion prod-
ucts with the local atmosphere surrounding the fire. This process, which determines the burning rate in
most fires and controls the spread of smoke and hot gases, is extremely difficult to predict accurately. This
is true not only in fire research but in almost all phenomena involving turbulent fluid motion. The basic
idea behind the LES technique is that the eddies that account for most of the mixing are large enough to be
calculated with reasonable accuracy from the equations of fluid dynamics. The hope (which must ultimately
be justified by comparison to experiments) is that small-scale eddy motion can either be crudely accounted
for or ignored.

The equations describing the transport of mass, momentum, and energy by the fire-induced flows must
be simplified so that they can be efficiently solved for the fire scenarios of interest. The general equations of
fluid dynamics describe a rich variety of physical processes, many of which have nothing to do with fires.
Retaining this generality would lead to an enormously complex computational task that would shed very
little additional insight on fire dynamics. The simplified equations, developed by Rehm and Baum [9], have
been widely adopted by the larger combustion research community, where they are referred to as the “low
Mach number” combustion equations. They describe the low speed motion of a gas driven by chemical
heat release and buoyancy forces. Oran and Boris provide a useful discussion of the technique as applied
to various reactive flow regimes in the chapter entitled “Coupled Continuity Equations for Fast and Slow
Flows” in Ref. [10]. They comment that “There is generally a heavy price for being able to use a single
algorithm for both fast and slow flows, a price that translates into many computer operations per time step
often spent in solving multiple and complicated matrix operations.”

The low Mach number equations are solved numerically by dividing the physical space where the fire
is to be simulated into a large number of rectangular cells. Within each cell the gas velocity, temperature,
etc., are assumed to be uniform; changing only with time. The accuracy with which the fire dynamics can
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be simulated depends on the number of cells that can be incorporated into the simulation. This number is
ultimately limited by the computing power available. Present day, single processor desktop computers limit
the number of such cells to at most a few million. This means that the ratio of largest to smallest eddy
length scales that can be resolved by the computation (the “dynamic range” of the simulation) is on the
order of 100. Parallel processing can be used to extend this range to some extent, but the range of length
scales that need to be accounted for if all relevant fire processes are to be simulated is roughly 10* to 10°
because combustion processes take place at length scales of 1 mm or less, while the length scales associated
with building fires are of the order of tens of meters. The form of the numerical equations discussed below
depends on which end of the spectrum one wants to capture directly, and which end is to be ignored or
approximated.






Chapter 2

Model Overview

This chapter presents general information about the Fire Dynamics Simulator, following the basic frame-
work set forth in ASTM E 1355 [1].

2.1 Basic Description of FDS

2.1.1 Type of Model

FDS is a Computational Fluid Dynamics (CFD) model of fire-driven fluid flow. The model solves nu-
merically 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, sprinkler
discharge, and fuel sprays.

Smokeview is a companion program to FDS that produces images and animations of the results. In
recent years, its developer, Glenn Forney, has added to Smokeview the ability to visualize fire and smoke in
a fairly realistic way. In a sense, Smokeview now is, via its three-dimensional renderings, an integral part of
the physical model, as it allows one to assess the visibility within a fire compartment in ways that ordinary
scientific visualization software cannot.

Although not part of the FDS/Smokeview suite maintained at NIST, there are several third-party and
proprietary “add-ons” to FDS either available commercially or privately maintained by individual users.
Most notably, there are several Graphical User Interfaces (GUIs) that can be used to create the input file
containing all the necessary information needed to perform a simulation.

2.1.2 Version History

Version 1 of FDS was publicly released in February 2000, version 2 in December 2001, version 3 in Novem-
ber 2002, and version 4 in July 2004. The present version of FDS is 5, first released in October, 2007.

Starting with FDS 5, a formal revision management system has been implemented to track changes
to the FDS source code. The open-source program development tools are provided by an Internet-based
organization known as Google Code (code.google.com).

The version number for FDS has three parts. For example, FDS 5.2.12 indicates that this is FDS 5, the
fifth major release. The 2 indicates a significant upgrade, but still within the framework of FDS 5. The 12
indicates the twelveth minor upgrade of 5.2, mostly bug fixes and minor user requests.
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2.1.3 Model Developers

Currently, FDS is maintained by the Building and Fire Research Laboratory (BFRL) of National Institute
of Standards and Technology. The developers at NIST have formed a loose collaboration of interested
stakeholders, including:

* VTT Technical Research Centre of Finland, a research and testing laboratory similar to NIST

* The Society of Fire Protection Engineers (SFPE) who conduct training classes on the use of FDS
* Fire protection engineering firms that use the software

* Engineering departments at various universities with a particular emphasis on fire

BFRL awards grants on a competitive basis to external organizations who conduct research in fire science
and engineering. Some of these grants have been used to assist the development of FDS. The role of the
grantee in supporting day to day development varies. Not all of the developers outside of NIST are grantees.

Starting with Version 5, the FDS development team uses an Internet-based development environment
called GoogleCode, a free service of the search engine company, Google. GoogleCode is a widely used
service designed to assist open source software development by providing a repository for source code,
revision control, program distribution, bug tracking, and various other very useful services.

Each member of the FDS development team has an account and password access to the FDS repository.
In addition, anonymous access is available to all interested users, who can receive the latest versions of the
source code, manuals, and other items. Anonymous users simply do not have the power to commit changes
to any of these items. The power to commit changes to FDS or its manuals can be granted to anyone on a
case by case basis.

The FDS manuals are typeset using ISIEX, specifically, PDF ISTEX. The IATgXfiles are essentially text
files that are under SVN (Subversion) control. The figures are either in the form of PDF or jpeg files,
depending on whether they are vector or raster format. There are a variety of I&TgXpackages available,
including MiKTeX. The FDS developers edit the manuals as part of the day to day upkeep of the model.
Different editions of the manuals are distinguished by date.

2.1.4 Intended Uses

Throughout its development, FDS has been aimed at solving practical fire problems in fire protection engi-
neering, while at the same time providing a tool to study fundamental fire dynamics and combustion. FDS
can be used to model the following phenomena:

* Low speed transport of heat and combustion products from fire

* Radiative and convective heat transfer between the gas and solid surfaces

* Pyrolysis

* Flame spread and fire growth

* Sprinkler, heat detector, and smoke detector activation

* Sprinkler sprays and suppression by water
Although FDS was designed specifically for fire simulations, it can be used for other low-speed fluid flow
simulations that do not necessarily include fire or thermal effects. To date, about half of the applications

of the model have been for design of smoke control systems and sprinkler/detector activation studies. The
other half consist of residential and industrial fire reconstructions.



2.1.5 Input Parameters

All of the input parameters required by FDS to describe a particular scenario are conveyed via a single
text file created by the user. The file contains information about the numerical grid, ambient environment,
building geometry, material properties, combustion kinetics, and desired output quantities. The numeri-
cal grid consists of one or more rectilinear meshes with (usually) uniform cells. All geometric features
of the scenario must conform to this numerical grid. Objects smaller than a single grid cell are either ap-
proximated as a single cell, or rejected. The building geometry is input as a series of rectangular blocks.
Boundary conditions are applied to solid surfaces as rectangular patches. 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.

Any simulation of a real fire scenario involves specifying material properties for the walls, floor, ceiling,
and furnishings. FDS treats all of these objects as multi-layered solids, thus the physical parameters for
many real objects can only be viewed as approximations to the actual properties. Describing these materials
in the input file is the single most challenging task for the user. Thermal properties such as conductivity,
specific heat, density, and thickness can be found in various handbooks, or in manufacturers literature,
or from bench-scale measurements. The burning behavior of materials at different heat fluxes is more
difficult to describe, and the properties more difficult to obtain. Even though entire books are devoted to the
subject [11], it is still difficult to find information on a particular item.

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 [3].

2.1.6 Output Quantities

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 millions of 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
quantities for the gas phase include:

* Gas temperature

* Gas velocity

* QGas species concentration (water vapor, CO,, CO, N»)

* Smoke concentration and visibility estimates

* Pressure

* Heat release rate per unit volume

e 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 phase, including



* Surface and interior temperature
e Heat flux, both radiative and convective
* Burning rate

* Water droplet mass per unit area
Global quantities recorded by the program include:

e Total Heat Release Rate (HRR)
 Sprinkler and detector activation times

* 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 visu-
alize 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.

A complete list of FDS output quantities and formats is given in Ref. [3]. Details on the use of Smoke-
view are found in Ref. [12].

2.1.7 Governing Equations, Assumptions and Numerics

Following is a brief description of the major components of FDS. Detailed information regarding the as-
sumptions and governing equations associated with the model is provided in Section 3.1.

Hydrodynamic Model FDS solves numerically a form of the Navier-Stokes equations appropriate for low-
speed, thermally-driven flow with an emphasis on smoke and heat transport from fires. The core
algorithm is an explicit predictor-corrector scheme that is second order accurate in space and time.
Turbulence is treated by means of the Smagorinsky form of Large Eddy Simulation (LES). It is possi-
ble to perform a Direct Numerical Simulation (DNS) if the underlying numerical grid is fine enough.
LES is the default mode of operation.

Combustion Model For most applications, FDS uses a combustion model based on the mixture fraction
concept. 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 originates as fuel. Unlike versions of FDS prior to 5, the reaction of
fuel and oxygen is not necessarily instantaneous and complete, and there are several optional schemes
that are designed to predict the extent of combustion in under-ventilated spaces. The mass fractions
of all of the major reactants and products can be derived from the mixture fraction by means of “state
relations,” 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 trans-
port equation for a gray gas. In a limited number of cases, a wide band model can be used in place
of the gray gas model to provide a better spectral accuracy. 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 (FVM). Using approximately 100 discrete angles, the finite volume solver
requires about 20 % of the total CPU time of a calculation, a modest cost given the complexity of
radiation heat transfer. Water droplets can absorb and scatter thermal radiation. This is important in



cases involving mist sprinklers, but also plays a role in all sprinkler cases. The absorption and scat-
tering coefficients are based on Mie theory. The scattering from the gaseous species and soot is not
included in the model.

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

Boundary Conditions All solid surfaces are assigned thermal boundary conditions, plus information about
the burning behavior of the material. Heat and mass transfer to and from solid surfaces is usually
handled with empirical correlations, although it is possible to compute directly the heat and mass
transfer when performing a Direct Numerical Simulation (DNS).

Sprinklers and Detectors The activation of sprinklers and heat and smoke detectors is modeled using fairly
simple correlations of thermal inertia for sprinklers and heat detectors, and transport lag for smoke
detectors. Sprinkler sprays are modeled by Lagrangian particles that represent a sampling of the water
droplets ejected from the sprinkler.

2.1.8 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 Section 3.1.

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 detona-
tions.

Rectilinear Geometry The efficiency of FDS is due to the simplicity of its rectilinear numerical grid and
the use of a fast, direct solver 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 non-
rectangular 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 Because the model was originally designed to analyze industrial-scale fires, it
can be used reliably when the heat release rate (HRR) of the fire is specified and the transport of
heat and exhaust products is the principal aim of the simulation. In these cases, the model predicts
flow velocities and temperatures to an accuracy within 10 % to 20 % of experimental measurements,
depending on the resolution of the numerical grid 2. However, for fire scenarios where the heat release
rate is predicted rather than specified, 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, (3) the results of calculations are sensitive to both

'Mach numbers less than about 0.3

2]t is extremely rare to find measurements of local velocities and/or temperatures from fire experiments that have reported error
estimates that are less than 10 %. Thus, the most accurate calculations using FDS do not introduce significantly greater errors in
these quantities than the vast majority of fire experiments.



the numerical and physical parameters. Current research is aimed at improving this situation, but it is
safe to say that modeling fire growth and spread will always require a higher level of user skill and
judgment than that required for modeling the transport of smoke and heat from specified fires.

Combustion For most applications, FDS uses a mixture fraction-based 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. In its simplest form, 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 are
allowed to mix and not burn, according to a few empirically-based criteria. The physical mechanisms
underlying these phenomena are complex, and are tied closely to the flame temperature and local strain
rate, neither of which are readily-available in a large scale fire simulation. Subgrid-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. Details are found in Section 6.

Radiation Radiative heat transfer is included in the model via the solution of the radiation transport equa-
tion (RTE) for a gray gas, and in some limited cases using a wide band model. The RTE is solved
using a technique similar to finite volume methods for convective transport, thus the name given to it is
the Finite Volume Method (FVM). There are several limitations of the model. First, the absorption co-
efficient 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 smokey gases, especially the
soot content, can effect both the absorption and emission of thermal radiation. Second, the radiation
transport is discretized via approximately 100 solid angles, although the user may choose to use more
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 error is called “ray effect” and 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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2.2 Peer Review Process

FDS is reviewed both internally and externally. All documents issued by the National Institute of Standards
and Technology are formally reviewed internally by members of the staff. The theoretical basis of FDS
is laid out in the present document, and is subject to internal review by staff members who are not active
participants in the development of the model, but who are members of the Fire Research Division and are
considered experts in the fields of fire and combustion. Externally, papers detailing various parts of FDS
are regularly published in peer-reviewed journals and conference proceedings. In addition, FDS is used
world-wide by fire protection engineering firms who review the technical details of the model related to
their particular application. Some of these firms also publish in the open literature reports documenting
internal efforts to validate the model for a particular use. Many of these studies are referenced in Volume 3
of the FDS Technical Reference Guide [2].

2.2.1 Survey of the Relevant Fire and Combustion Literature

FDS has two separate manuals — the FDS Technical Reference Guide [2] and the FDS User’s Guide [3].
The Technical Reference Guide is broken into three volumes: (1) Mathematical Model, (2) Verification,
and (3) Experimental Validation. Smokeview has its own User’s Guide [12]. The FDS and Smokeview
User Guides only describe the mechanics of using the computer programs. The Technical Reference Guides
provides the theory, algorithm details, and verification and validation work.

There are numerous sources that describe various parts of the model. The basic set of equations solved in
FDS was formulated by Rehm and Baum in the Journal of Research of the National Bureau of Standards [9].
The basic hydrodynamic algorithm evolved at NIST through the 1980s and 1990s, incorporating fairly
well-known numerical schemes that are documented in books by Anderson, Tannehill and Pletcher [13],
Peyret and Taylor [14], and Ferziger and Peri¢ [15]. This last book provides a good description of the large
eddy simulation technique and provides references to many current publications on the subject. Numerical
techniques appropriate for combustion systems are described by Oran and Boris [10]. The mixture fraction
combustion model is described in a review article by Bilger [16]. Basic heat transfer theory is provided by
Holman [17] and Incropera [18]. Thermal radiation is described in Siegel and Howell [19].

Much of the current knowledge of fire science and engineering is found in the SFPE Handbook of
Fire Protection Engineering [20]. Popular textbooks in fire protection engineering include those by Drys-
dale [21] and Quintiere [22]. On-going research in fire and combustion is documented in several periodicals
and conference proceedings. The International Association of Fire Safety Science (IAFSS) organizes a
conference every two years, the proceedings of which are frequently referenced by fire researchers. In-
terscience Communications, a London-based publisher of several fire-related journals, hosts a conference
known as Interflam roughly every three years in the United Kingdom. The Combustion Institute hosts an
international symposium on combustion every two years, and in addition to the proceedings of this sym-
posium, the organization publishes its own journal, Combustion and Flame. The papers appearing in the
TAFSS conference proceedings, the Combustion Symposium proceedings, and Combustion and Flame are
all peer-reviewed, while those appearing in the Interflam proceedings are selected based on the submission
of a short abstract. Both the Society for Fire Protection Engineers (SFPE) and the National Fire Protection
Association (NFPA) publish peer-reviewed technical journals entitled the Journal of Fire Protection Engi-
neering and Fire Technology. Other often-cited, peer-reviewed technical journals include the Fire Safety
Journal, Fire and Materials, Combustion Science and Technology, Combustion Theory and Modeling and
the Journal of Heat Transfer.

Research at NIST is documented in various ways beyond contributions made by staff to external journals
and conferences. NIST publishes several forms of internal reports, special publications, and its own journal
called the Journal of Research of NIST. An internal report, referred to as a NISTIR (NIST Inter-agency
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Report), is a convenient means to disseminate information, especially when the quantity of data exceeds
what could normally be accepted by a journal. Often parts of a NISTIR are published externally, with the
NISTIR itself serving as the complete record of the work performed. Previous versions of the FDS Technical
Reference Guide and User’s Guide were published as NISTIRs. The current FDS and Smokeview manuals
are being published as NIST Special Publications, distinguished from NISTIRs by the fact that they are
permanently archived. Work performed by an outside person or organization working under a NIST grant
or contract is published in the form of a NIST Grant/Contract Report (GCR). All work performed by the
staff of the Building and Fire Research Laboratory at NIST beyond 1993 is permanently stored in electronic
form and made freely available via the Internet and yearly-released compact disks (CDs) or other electronic
media.

2.2.2 Review of the Theoretical Basis of the Model

The technical approach and assumptions of the model have been presented in the peer-reviewed scientific
literature and at technical conferences cited in the previous section. The major assumptions of the model, for
example the large eddy simulation technique and the mixture fraction combustion model, have undergone
a roughly 40 year development and are now documented in popular introductory text books. More specific
sub-models, like the sprinkler spray routine or the various pyrolysis models, have yet to be developed to
this extent. As a consequence, all documents produced by NIST staff are required to go through an internal
editorial review and approval process. This process is designed to ensure compliance with the technical
requirements, policy, and editorial quality required by NIST. The technical review includes a critical eval-
uation of the technical content and methodology, statistical treatment of data, uncertainty analysis, use of
appropriate reference data and units, and bibliographic references. The FDS and Smokeview manuals are
first reviewed by a member of the Fire Research Division, then by the immediate supervisor of the author
of the document, then by the chief of the Fire Research Division, and finally by a reader from outside the
division. Both the immediate supervisor and the division chief are technical experts in the field. Once the
document has been reviewed, it is then brought before the Editorial Review Board (ERB), a body of repre-
sentatives from all the NIST laboratories. At least one reader is designated by the Board for each document
that it accepts for review. This last reader is selected based on technical competence and impartiality. The
reader is usually from outside the division producing the document and is responsible for checking that
the document conforms with NIST policy on units, uncertainty and scope. He/she does not need to be a
technical expert in fire or combustion.

Recently, the US Nuclear Regulatory Commission (US NRC) published a seven-volume report on its
own verification and validation study of five different fire models used for nuclear power plant applica-
tions [23]. Two of the models are essentially a set of empirically-based correlations in the form of engi-
neering “spread sheets.” Two of the models are classic two-zone fire models, one of which is the NIST
developed CFAST. FDS is the sole CFD model in the study. More on the study and its results can be found
in Volume 3 of the FDS Technical Reference Guide [2].

Besides formal internal and peer review, FDS is subjected to continuous scrutiny because it is available
free of charge to the general public and is used internationally by those involved in fire safety design and
post-fire reconstruction. The quality of the FDS and Smokeview User Guides is checked implicitly by the
fact that the majority of model users have not taken a formal training course in the actual use of the model,
but are able to read the supporting documents, perform a few sample simulations, and then systematically
build up a level of expertise appropriate for their applications. The developers receive daily feedback from
users on the clarity of the documentation and add clarifications when needed. Before new versions of the
model are released, there is a several month “beta test” period in which users test the new version using
the updated documentation. This process is similar, although less formal, to that which most computer
software programs undergo. Also, the source code for FDS is released publicly, and has been used at various
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universities world-wide, both in the classroom as a teaching tool as well as for research. As a result, flaws
in the theoretical development and the computer program itself have been identified and corrected. As FDS
continues to evolve, the user base will continue to serve as a means to evaluate the model. We consider this
process as important to the development of FDS as the formal internal and external peer-review processes.
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2.3 Development Process

Changes are made to the FDS source code daily, and tracked via revision control software. However, these
daily changes do not constitute a change to the version number. After the developers determine that enough
changes have been made to the source, they release a new minor upgrade, 5.2.12 to 5.2.13, for example. This
happens every few weeks. A change from 5.2 to 5.3 might happen only a few times a year, when significant
improvements have been made to the model physics.

There is no formal process by which FDS is updated. Each developer works on various routines, and
makes changes as warranted. Minor bugs are fixed without any communication (the developers are in
different locations), but more significant changes are discussed via email or telephone calls. A suite of
simple verification calculations (included in this document) are routinely run to ensure that the daily bug
fixes have not altered any of the important algorithms. A suite of validation calculations (also included here)
are run with each significant upgrade. Significant changes to FDS are made based on the following criteria,
in no particular order:

Better Physics: The goal of any model is to be predictive, but it also must be reliable. FDS is a blend of
empirical and deterministic sub-models, chosen based on their robustness, consistency, and reliability.
Any new sub-model must demonstrate that it is of comparable or superior accuracy to its empirical
counterpart.

Modest CPU Increase: If a proposed algorithm doubles the calculation time but yields only a marginal
improvement in accuracy, it is likely to be rejected. Also, the various routines in FDS are expected
to consume CPU time in proportion to their overall importance. For example, the radiation transport
algorithm consumes about 25 % of the CPU time, consistent with the fact that about one-fourth to
one-third of the fire’s energy is emitted as thermal radiation.

Simpler Algorithm: If a new algorithm does what the old one did using less lines of code, it is almost
always accepted, so long as it does not decrease functionality.

Increased or Comparable Accuracy: The validation experiments that are part of this guide serve as the
metric for new routines. It is not enough for a new algorithm to perform well in a few cases. It must
show clear improvement across the suite of experiments. If the accuracy is only comparable to the
previous version, then some other criteria must be satisfied.

Acceptance by the Fire Protection Community: Especially in regard to fire-specific devices, like sprin-
klers and smoke detectors, the algorithms in FDS often are based on their acceptance among the
practicing engineers.
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Chapter 3

Governing Equations and Solution
Procedure

This chapter presents the governing equations of FDS and an outline of the general solution procedure.
Details of the individual equations are described in later chapters. The governing equations are presented
as a set of partial differential equations, with appropriate simplifications and approximations noted. The
numerical method essentially consists of a finite difference approximation of the governing equations and a
procedure for updating these equations in time.

3.1 Governing Equations

This section introduces the basic conservation equations for mass, momentum and energy for a Newtonian
fluid. These are the same equations that can be found in almost any textbook on fluid dynamics or CFD. A
particularly useful reference for a description of the equations, the notation used, and the various approxi-
mations employed is Anderson et al. [13]. Note that this is a set of partial differential equations consisting
of six equations for six unknowns, all functions of three spatial dimensions and time: the density p, the three
components of velocity u = [u,v,w]”, the temperature T, and the pressure p.

3.1.1 Mass and Species Transport

Mass conservation can be expressed either in terms of the density, p,

?;;—l—V-pu:mZ' 3.1)

or in terms of the individual gaseous species, Yy:

0
5 (PYa) +V - pYou = V- pD VYy + rity +1it)), (3.2)

Here ri1)’ = Yo 1), is the production rate of species by evaporating droplets or particles. Summing these

equations over all species yields the original mass conservation equation because Y Yo = 1 and Y.z, =0

and Y riy’ = rizy, by definition, and because it is assumed that } pDg VY, = 0. This last assertion is not true,
in general. However, transport equations are solved for total mass and all but one of the species, implying
that the diffusion coefficient of the implicit species is chosen so that the sum of all the diffusive fluxes is

ZEro.
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3.1.2 Momentum Transport

The momentum equation in conservative form is written:

d

g(pu)+V-puu+Vp:pg—i—fb—l—V-‘cij 3.3)
The term uu is a diadic tensor. In matrix notation, with u = [u,v,w]”, the diadic is given by the tensor
product of the vectors u and u’. The term V - puu is thus a vector formed by applying the vector operator
V= (a%, a%, a%) to the tensor. The force term f}, in the momentum equation represents external forces such
as the drag exerted by liquid droplets. The stress tensor 7T;; is defined:

2 1 i=j 1 au,- ou;
Ti.i=M<2Sij—35ij(V'u)) ; 5ij={0 i#j- ; Si,i:2< =

The term S;; is the symmetric rate-of-strain tensor, written using conventional tensor notation. The symbol
u is the dynamic viscosity of the fluid.

The overall computation can either be treated as a Direct Numerical Simulation (DNS), in which the
dissipative terms are computed directly, or as a Large Eddy Simulation (LES), in which the large-scale eddies
are computed directly and the subgrid-scale dissipative processes are modeled. The numerical algorithm
is designed so that LES becomes DNS as the grid is refined. Most applications of FDS are LES. For
example, in simulating the flow of smoke through a large, multi-room enclosure, it is not possible to resolve
the combustion and transport processes directly. However, for small-scale combustion experiments, it is
possible to compute the transport and combustion processes directly.

Chapter 5 contains a detailed description of the numerical solution of the momentum and pressure equa-
tions. For the purpose of outlining the solution procedure below, it is sufficient to consider the momentum
equation written as:

,j=1,2,3 (34
axj+axi> L,J )< ( )

d
S +F+VIH =0 (3.5)
and the pressure equation as
d
vzﬂz—g(v-u)—v-F (3.6)

which is obtained by taking the divergence of the momentum equation.

3.1.3 Energy Transport

The energy conservation equation is written in terms of the sensible enthalpy, hy:

d Dp w . .
o P +Vophau =" 44" —dy =V 4" +e (37
The sensible enthalpy is a function of the temperature:
T
ho=Y Yoo i o) = [ cpa(T)aT” (3.8)
o 0

Note the use of the material derivative, D()/Dt = d()/dt +u- V(). The term ¢ is the heat release rate per

unit volume from a chemical reaction. The term ¢’ is the energy transferred to the evaporating droplets.

The term q” represents the conductive and radiative heat fluxes:

q" = —kVT =Y hsapDoVYe+q) (3.9)
o
where k is the thermal conductivity.
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3.1.4 Equation of State

PRT
w
An approximate form of the Navier-Stokes equations appropriate for low Mach number applications is
used in the model. The approximation involves the filtering out of acoustic waves while allowing for large
variations in temperature and density [9]. This gives the equations an elliptic character, consistent with low
speed, thermal convective processes. In practice, this means that the spatially resolved pressure, p(x,y,z),
is replaced by an “average” or “background” pressure, p,,(z,t), that is only a function of time and height

above the ground.

p= (3.10)

Pn(z:1) = pTRY Yo /Wy 3.11)

Taking the material derivative of the background pressure and substituting the result into the energy con-
servation equation yields an expression for the velocity divergence, Vu, that is an important term in the
numerical algorithm because it effectively eliminates the need to solve a transport equation for the specific
enthalpy. The source terms from the energy conservation equation are incorporated into the divergence,
which appears in the mass transport equations. The temperature is found from the density and background
pressure via the equation of state.

3.2 Solution Procedure

FDS uses a second-order accurate finite-difference approximation to the governing equations on a series of
connected recti-linear meshes. The flow variables are updated in time using an explicit second-order Runge-
Kutta scheme. This section describes how this algorithm is used to advance in time the density, species
mass fractions, velocity components, and background and perturbation pressure. Let p”, Y7, u”, pl}, and H"
denote these variables at the nth time step.

1. Compute the “patch-average” velocity field u” (see Section 5.6.3).

2. Estimate p, Yy, and p,, at the next time step with an explicit Euler step. For example, the density is
estimated by
pr—p"
ot

+V.p" =0 (3.12)

3. Exchange! values of p* and ¥} at mesh boundaries.
4. Apply boundary conditions for p* and Y.

5. Compute the divergence, V -0, using the estimated thermodynamic quantities. Note that at this stage,
the velocity field has not been estimated at the next time step, only its divergence.

6. Solve the Poisson equation for the pressure fluctuation with a direct solver on each individual mesh:

Vur-V.-a"

2gm _
V2 = [ -

} v (3.13)

Note that the vector F” = F(p",@") is computed using patch-averaged velocities and that the diver-
gence of the patch-averaged field is computed explicitly.

UIn this context, the word “exchange” implies that information is to be passed from one mesh to another via MPI (Message
Passing Interface) routines.

17



7. Estimate the velocity at the next time step

* /!

Y LV =0 (3.14)

ot

Note that the divergence of the estimated velocity field is identically equal to the estimated divergence,
V -u*, that was derived from the estimated thermodynamic quantities.

8. Check the time step at this point to ensure that

luf [ Iwl . 1,1 .1
8tmax<6x’8y’6z <1l ; 2&v 5x2+8y2+5z2 <1 (3.15)

If the time step is too large, it is reduced so that it satisfies both constraints and the procedure returns

to the beginning of the time step. If the time step satisfies the stability criteria, the procedure continues
to the corrector step. See Section 5.5 for more details on stability.

This concludes the “Predictor” stage of the time step. At this point, values of A" and the components of u*
are exchanged at mesh boundaries via MPI calls.

1. Compute the “patch-average” velocity field a* (see Section 5.6.3).

2. Apply the second part of the Runge-Kutta update to the mass variables. For example, the density is
corrected
pn+l _ % (pn+p*)
ot/2

+V.pfi* =0 (3.16)

3. Exchange values of p” and Y] at mesh boundaries.
4. Apply boundary conditions for p” and Y.

5. Compute the divergence V -u"*! from the corrected thermodynamic quantities. Note again that the
velocity field has not been corrected at the point.

6. Compute the pressure fluctuation using estimated quantities

Vot - (V.o + Vo) _

VEH* =~ ~V-F* 3.17
ot /2 (3-17)
7. Update the velocity via the second part of the Runge-Kutta scheme
un+1 1 o " _
A LS e (3.18)

ot /2

Note again that the divergence of the corrected velocity field is identically equal to the divergence that
was computed earlier.

8. At the conclusion of the time step, values of #* and the components of u”*! are exchanged at mesh
boundaries via MPI calls.
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3.3 Spatial Discretization

Spatial derivatives in the governing equations are written as second-order accurate finite differences on a
rectilinear grid. The overall domain is a rectangular box that is divided into rectangular grid cells. Each cell
is assigned indices i, j and k representing the position of the cell in the x, y and z directions, respectively.
Scalar quantities are assigned in the center of each grid cell; thus, pf’jk is the density at the nth time step
in the center of the cell whose indices are i, j and k. Vector quantities like velocity are assigned at their
appropriate cell faces. For example, u;?jk is the x-component of velocity at the positive-oriented face of the
ijkth cell; u;.ﬂh i is defined at the negative-oriented face of the same cell.
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Chapter 4

Mass and Species Transport Equations

A distinguishing feature of a CFD model is the regime of flow speeds (relative to the speed of sound) for
which it is designed. High speed flow codes involve compressibility effects and shock waves. Low speed
solvers, however, explicitly eliminate compressibility effects that give rise to acoustic (sound) waves. The
Navier-Stokes equations describe the propagation of information at speeds comparable to that of the fluid
flow (for fire, 10-20 m/s), but also at speeds comparable to that of sound waves (for still air, 300 m/s).
Solving a discretized form of these equations would require extremely small time steps in order to account
for information traveling at the speed of sound, making practical simulations difficult.

4.1 The Low Mach Number Assumption

Following the work of Rehm and Baum [9], an approximation to the equation of state (3.10) is made by
decomposing the pressure into a “background” component and a perturbation. The original version of FDS
assumed that the background component of the pressure applied to the entire computational domain, most
often a single compartment. Starting in FDS version 5, it is now assumed that the background component
of pressure can differ from compartment to compartment. If a volume within the computational domain
is isolated from other volumes, except via leak paths or ventilation ducts, it is referred to as a “pressure
zone” and assigned its own background pressure. The pressure within the mth zone, for example, is a linear
combination of its background component and the flow-induced perturbation:

p(x,1) = P(2,1) + p(%,1) 4.1

Note that the background pressure is a function of z, the vertical spatial coordinate, and time. For most
compartment fire applications, p,, changes very little with height or time. However, for situations where the
pressure increases due to a fire in a tightly sealed enclosure, or when the height of the domain is significant,
D, takes these effects into account [24]. The ambient pressure field is denoted p,(z). Note that the subscript
0 denotes the exterior of the computational domain, not time 0. This is the assumed atmospheric pressure
stratification that serves as both the initial and boundary condition for the governing equations.

The purpose of decomposing the pressure is that for low-Mach number flows, it can be assumed that the
temperature and density are inversely proportional, and thus the equation of state (in the mth pressure zone)
can be approximated
_PTR

W 4.2)

_ Yo
=0T z @
Pn=PTR o Vo

The pressure, p, in the state and energy equations is replaced by the background pressure p,, to filter out
sound waves that travel at speeds that are much faster than typical flow speeds expected in fire applications.
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The low Mach number assumption serves two purposes. First, the filtering of acoustic waves means that the
time step in the numerical algorithm is bound only by the flow speed as opposed to the speed of sound, and
second, the modified state equation leads to a reduction in the number of dependent variables in the system
of equations by one. The energy equation (3.7) is never explicitly solved, but its source terms are included
in the expression for the flow divergence, to be derived presently.

The stratification of the atmosphere is derived from the relation

-
0~ —po(a)g (4.3)
Z

where py is the background density and g = 9.8 m/s?. Using Eq. (4.2), the background pressure can be
written as a function of the background temperature, 7p(z),

— ¢ Wg /)
7) = P €Xp | — dz “4.4)
pO( ) p p < . RTO(Z,)

where the subscript infinity generally refers to the ground. A linear temperature stratification of the atmo-
sphere may be specified by the user such that Ty(z) = T.. + 'z where T, is the temperature at the ground
and I is the lapse rate (e.g., I = —0.0098 K/m is the adiabatic lapse rate). In this case p, and pg are de-
rived from Egs. (4.4) and (4.2), respectively. It can then be shown that for I = 0 the pressure stratification

becomes Ta/RT
_ To(z)\ "¢
Po(2) = P ( OT( )) (4.5)

4.2 Combination of the Mass and Energy Equations via the Divergence

Because of the low Mach number assumption, the divergence of the flow, V - u, plays a very important role
in the overall solution scheme. The divergence is obtained by taking the material (substantial) derivative
of the modified Equation of State (4.2), and then substituting terms from the mass and energy conservation
equations. As shown in Appendix B, for the mth zone with background pressure p,,, the divergence may be
written as

35
V-u:@—?% (4.6)
where .
P— <1 - K) 4.7)
DPm Wep
and
/// W W 577 hyoc
D= V- (pDoV[Yo,/Wa) - i + P
pr+ ; poc [oc/oc + - Z(Wa CpT> my + Pwpg
Wepp, q" —dy' — V‘q//_thv'PDaVYa‘FmZ/ZYbuCp,a(Tb—T)} “48)
PFm o o

Contributions to the divergence of the flow include the heat release rate of the fire, q’ ", heat losses to evap-

orating droplets, ¢;’, the net heat flux from thermal conduction and radiation, V - ¢”, updrafts of air over
considerable heights of the atmosphere, the net mass flux from gas species diffusion and production, and
global pressure changes. The change in the background pressure with time, dp,,/dt, is non-zero only if it
assumed that the compartment is tightly sealed, in which case the background pressure, p,,, can no longer
be assumed constant due to the increase (or decrease) in mass and thermal energy within the enclosure. The
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time derivative of the background pressure of the mth pressure zone, €2, is found by integrating Eq. (4.6)

over the zone volume: B
P

2 — (/QmQ)dV—/anu-dS>//Qm£PdV 4.9)

Equation (4.9) is essentially a consistency condition, ensuring that blowing air or starting a fire within a
sealed compartment leads to an appropriate decrease in the divergence within the volume.
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4.3 Numerical Method

Due to the use of the low Mach number approximation, the mass and energy equations are combined through
the divergence. The divergence of the flow field contains many of the fire-specific source terms described
above.

4.3.1 Discretizing the Convective and Diffusive Transport Terms

The density at the center of the ijkth cell is updated in time with the following predictor-corrector scheme.
In the predictor step, the density at the (n+ 1)st time level is estimated based on information at the nth level

p(n+1)e n
lk ij n n n
L+ (u- V) = =Pl (V-u)fy, (4.10)

Following the prediction of the velocity and background pressure at the (n+ 1)st time level, the density is

corrected
(n+1)

n+1),
P (n+1)

1
—2 (p?jk 1Pk
1
>0t
The species conservation equations are differenced the same way, with the addition of the diffusion term
(including turbulent diffusion):

) +(u-Vp) e = —plFle (v ) (4.11)

(PYa)jy " — (Y
e = (V- DV (4.12)

at the predictor step, and

(pYa) i = 4 (Yl + (Y )

= Foi = (V- pDo V) Ve (4.13)
2

ijk

at the corrector step. Mass source terms due to chemistry or evaporation, for example, are time split and
applied after the corrector step (see Section 4.3.4).

The convective terms are written as upwind-biased differences in the predictor step and downwind-
biased differences in the corrector step [25]. In the definition to follow, the symbol £ means + in the
predictor step and — in the corrector step. The opposite is true for .

1Fe,  Pir1jk—Pijk 1€, Pijk — Pi—1jk
-Vp)ine = i : i
(w-Vp)iji S Uik e T T il
IFe,  Pijtik—Pijk 1€ Pijk — Pi,j—1k
IFe,  Pijr+r1—Pijk 18 Pijk — Pijk—1
. ’ P S e 4.14
) Wik &2 + > wij, 52 ( )

The convective term in the species transport equation, (u- VpYy);jx is differenced the exact same way. Note
that without the inclusion of the €’s, these are simple central difference approximations. The €’s are local
Courant numbers, €, = udt/dx, €, = vdt/dy, and €,, = wdt/dz, where the velocity components are those
that immediately follow. Their role is to bias the differencing upwind at the predictor step. Where the
local Courant number is near unity, the difference becomes nearly fully upwinded. Where the local Courant
number is much less than unity, the differencing is more centralized.
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4.3.2 Flux Correction

The second-order finite-differencing scheme used in FDS cannot fully resolve sharp gradients on a relatively
coarse grid. Instead, steep gradients cause local over-shoots and under-shoots of quantities like temperature,
density and species mass fraction. For mass fraction in particular, this can result in a solution where the mass
fraction exceeds its permissible limits (i.e. the numerical method transports into or out of a grid cell more
mass than is physically possible). The overall numerical scheme is still mass conserving, but non-physical in
regions of high gradients. This problem can be reduced, but not eliminated, by using higher order numerical
methods. These methods are, however, more expensive. Another solution is to perform a flux transport
correction. This involves examining the solution and locating regions where a non-physical solution exists
and then redistributing mass to correct it. Typically this results in some increased numerical diffusion;
however, this is partially mitigated since at any one time step, the correction is applied to a small number of
cells.

The flux correction scheme (see Appendix E for details) is performed in both the predictor and corrector
steps after updating the species mass fractions, Y. For each species, two loops are performed over each
computational mesh. The first loop searches for and corrects under-shoots, and the second loop searches for
and corrects over-shoots. An under-shoot occurs if the mass fraction of a species is less than its permissible
minimum, typically 0, or if there was an outflux of that species in the prior time step, VpYy;jx < 0, and
the new species mass fraction is less than all of its surrounding cells. An over-shoot occurs if the mass
fraction of a species is greater than its permissible maximum, or if there was an influx of that species in the
prior time step, VpYy;jx > 0, and the new species mass fraction is greater than all of its surrounding cells.
In each loop a temporary array is used to store the corrected values which are then applied globally at the
end of each loop. Using a temporary array rather than a cell by cell immediate correction ensures that cells
requiring correction are not bypassed due to the sweep direction of the loop. Under-shoots are corrected
first because in a typical mixture fraction computation it is more likely to have an under-shoot with a value
less than the absolute minimum for the species than it is for an over-shoot to exceed the absolute maximum
for the species.

4.3.3 Flux Limiters

The reader may think of a flux limiter as a form of interpolation scheme which depends on the local state
of the flow field and scalar data. Simple linear interpolation of the cell-centered scalar data to the cell face
would result in a central differencing scheme. Such purely centered schemes are known to generate intoler-
able levels of dispersion error (spurious wiggles) leading to unphysical results such as negative densities or
mass fractions outside the range of [0,1]. To address this issue, FDS has relied on a flux correction scheme
(see Section 4.3.2) which adds a sufficient amount of numerical diffusion to maintain boundedness. There
is, however, more to the problem.

For uniform flow velocity, a fundamental property of the exact solution to the equations governing scalar
transport is that the total variation of the scalar field (the sum of the absolute values of the scalar differences
between neighboring cells) is preserved or diminished (never increased). In other words, no new extrema
are created. Numerical schemes which preserve this property are referred to as total variation diminishing
(TVD) schemes. The practical importance of using a TVD scheme for fire modelling is that such a scheme is
able to accurately track coherent vortex structure in turbulent flames and does not develop spurious reaction
zones.

FDS employs two popular second-order TVD schemes as options for scalar transport: Superbee and
CHARM. Superbee [26] is recommended for LES because it more accurately preserves the scalar variance
for coarse grid solutions which are not expected to be smooth. Due to the gradient steepening applied in
Superbee, however, the convergence degrades at small grid spacing for smooth solutions (the method will
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revert to a stair-step pattern instead of the exact solution). CHARM [27], though slightly more dissipative
than Superbee, is convergent, and is therefore the better choice for DNS calculations where the flame front
is well resolved.

When a flux limiter is chosen for scalar transport (set FLUX_LIMITER=1-4 on MISC), FDS formulates
the density and species advection terms in “flux divergence” form. For example, the predictor step of the
continuity equation is discretized as

p('.lﬂ)“—p’.l.
ijk 5 l]k—}—V-(ﬁFLll)?/k:O (4.15)
In 1D, we would have
(e _on PrAu =P
P 5 PL TR (4.16)

Note that the ‘1/2’ indicates a face value for a particular cell (i, j, k). A flux-limited scalar value (density in
this case) premultiplies the staggered, face-centered velocity to form the scalar advective flux.

Consider face i + % between cells i and i+ 1 and let ¢ denote a general scalar variable. The local (loc)
and upstream (up) data variations are

roc = Giy1—0;
80, = {¢i—¢i—1 if ;>0

Oiv2— i1 if u; <0

The limiter function B(r) depends on the upstream-to-local data ratio, r = 8¢y, /80, [28]. In FDS, options
for this function are:

FLUX_LIMITER=0 Central Differencing

B(r)=1 (4.17)

FLUX_LIMITER=1 First-order Upwinding (Godunov’s Scheme)

B(r)=0 (4.18)

FLUX_LIMITER=2 Superbee (recommended for LES)

B(r) = max(0,min(2r,1),min(r,2)) (4.19)

FLUX_LIMITER=3 MINMOD

B(r) = max(0,min(1,r)) (4.20)

Once B(r) has been determined, the scalar face value is found from

—FL {¢i + B(r)3(¢ir1—¢:;) if ;>0

4.21
(0 —iy1) if ;<O @20

Piri2 = oiv1 + B(r)

[STE ST
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Special Case [FLUX_LIMITER=4] CHARM (recommended for DNS) For this limiter the FDS imple-
mentation uses the reciprocal definition of the data ratio, r = 8Cj,./8C,p. The limiter function is given by
[27, 29]

r(3r+1)
B(r)= ———~ 4.22
(r) (r+1)>? (4.22)
and the scalar face value is then determined from
5 O+ B(r)i(0i—¢i1) if ;>0 423
i+1/2 = ) .
a 0ir1 + B(r)5(0i1—0iy2) if <0

Remark In practice, we set r = 0 initially and only compute r if the denominator is not zero. Note that for
80, = 0 it does not matter which limiter (0-3) is used: all the limiters yield the same scalar face value. For
CHARM, we set both r = 0 and B = 0 initially and only compute B if r > 0 (this requires data variations to
have the same sign), else CHARM reduces to Godunov’s scheme.

Remark Central differencing (FLUX_LIMITER=0), Godunov’s scheme (FLUX_LIMITER=1), and MIN-
MOD (FLUX_LIMITER=3) are essentially included for completeness, debugging, and educational purposes.
These schemes have little utility in practice.

4.3.4 Time Splitting for Mass Source Terms

After the corrector step for the transport scheme, source terms are applied to the scalars. The source terms
are evaluated using the results from the corrected scalar transport scheme (denoted with an asterisk *):

1 *
(PYa)i — (PYo) L

5 W-J-k(Y*, ") (4.24)

4.3.5 Discretizing the Divergence

The divergence (see Eq. (4.6)) in the mth pressure zone in both the predictor and corrector step is discretized

R 1/ R ap
V' iy — — . V‘va cee i j_l —_=m_ I 7 4.25
(V-w)ije Werb, (q,Jk +( )ijk + ) + 7, o WijkPok8 (4.25)
The thermal and material diffusion terms are pure central differences, with no upwind or downwind bias,
thus they are differenced the same way in both the predictor and corrector steps. For example, the thermal
conduction term is differenced as follows:

(V-AYT )i = é _klﬂ’jkTiHaﬂgx_Tiﬂ< _ ki;,jkW: N
51), _ki,j+§,kW _ki,j;,kwc +
51Z _kij,k-&-% W - kij,k—% TZJkS?Jkl (4.26)
The temperature is extracted from the density via the equation of state
Tij = P (4.27)

PR LN (Yaije/Wer)
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Because only species 1 through N; are explicitly computed, the summation is rewritten
N, N,
— s Yo ijk 1 4 ( 1 1 )
W= = — 4 — Y (4.28)
EO Wo Wo )3 Wo Wo) ©

a=1

In isothermal calculations involving multiple species, the density can be extracted from the average molec-
ular weight

Pm WO Pm
= - 4 1—— ) (pYa): 4.29
Pijk T.RW TR Z( ) (PYa)iji (4.29)

To descibe how the background pressure of the mth pressure zone, p,,, is updated in time, consider the
expression for the divergence written in compact notation:

P
ot
The terms D and P are defined by Eqs. (4.8) and (4.7), respectively. The subscript m refers to the number
of the pressure zone; that is, a volume within the computational domain that is allowed to have its own
background pressure rise. A closed room within a building, for example, is a pressure zone. The time
derivative of the background pressure of the mth pressure zone is found by integrating Eq. (4.30) over the

zone volume (denoted by Q,,):

apm_</ @dv/ .ds>//gm§pdv 4.31)

Equation (4.31) is essentially a consistency condition, ensuring that blowing air or starting a fire within a
sealed compartment leads to an appropriate decrease in the divergence within the volume.

In the event that the barrier separating two pressure zones should rupture, Eq. (4.31) is modified so that
the pressure in the newly connected zones is driven towards an equilibrium pressure:

YoV

Vu=D—P (4.30)

H = em 432
Pea = Vi) P (432
Note that v
/ PV ~ (4.33)
m Ypln

which allows us to write an expression for the equilibrium pressure using quantities that have already been

calculated:
Peg = Y Pm /Q ?av /Y, /Q Pdv (4.34)

The pressure in connected zones is driven towards the equilibrium at each time step according to

aﬁm _ ﬁeq —Pm
5 s (4.35)

where r is a relaxation factor of 0.2, a somewhat arbitrary value designed to slow down the fairly rapid
pressure equilibration.

4.3.6 Enthalpy and Specific Heat

Enthalpy, &, and specific heat, ¢, are computed by doing a mass weighted average of the values for 4 or ¢,
for the individual species present. The species values are obtained by table lookup using the nearest integer
to the local temperature. Values for 4 and ¢, were obtained from the NIST-JANAF tables [30].
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4.3.7 Coupling the Gas and Solid Phase

Gas phase temperatures are defined at cell centers; solid surfaces lie at the interface of the bordering gas
phase cell and a “ghost” cell inside the solid. As far as the gas phase calculation is concerned, the normal
temperature gradient at the surface is expressed in terms of the temperature difference between the “gas”
cell and the “ghost” cell. The solid surface temperature is not used directly in the gas phase calculation.
Rather, the ghost cell temperature is used to couple the gas and solid phases. The ghost cell temperature has
no physical meaning on its own. It is purely a numerical construct. It does not represent the temperature
within the wall, but rather establishes a temperature gradient at the solid surface consistent with the empirical
correlation. Only the difference between ghost and gas cell temperatures matters, for this defines the heat
transfer to the wall.

In a DNS calculation, the solid surface temperature is assumed to be an average of the ghost cell tem-
perature and the temperature of the first cell in the gas, thus the ghost cell temperature is defined

Tghost =2T; — Tgas (436)

For an LES calculation, the numerical expression for the heat lost to the boundary is equated with the
empirical convective heat transfer

Tas_T 0S| — — N - —
805 TSN S ()T = h (Tgas — Ty) — ptn &y (Ty) Ty (4.37)

kigs Sn gas

where On is the distance between the center of the ghost cell and the center of the gas cell, and the bar over
the T and p indicate the average of the gas and ghost values:

T — Tgas + Tghost : ﬁ _ pgas + p;host (438)
2 2
The specific heat is defined:
1 (T
&p(T) = /0 cp(T")dT" (4.39)

Equation (4.37) is solved for Ty, so that when the conservation equations are updated, the amount of heat
lost to the wall is equivalent to the empirical expression on the right hand side. Note that the asterisk in the
equations above denotes that the value is taken from the previous time step.
At solid walls there is no transfer of mass, thus the boundary condition for the /th species at a wall is
simply
Yl,ghost = Yl,gas (440)

where the subscripts “ghost” and “gas” are the same as above since the mass fraction, like temperature, is
defined at cell centers. At forced flow boundaries either the mass fraction Y} ,, or the mass flux m;’ of species
[ may be prescribed. Then the ghost cell mass fraction can be derived because, as with temperature, the
normal gradient of mass fraction is needed in the gas phase calculation. For cases where the mass fraction
is prescribed

Yl,ghost = 2Yl,w - Yl,gas (4.41)

For cases where the mass flux is prescribed, the following equation must be solved iteratively

2
m// o pghostYl,ghost + pgasYl,gas . pDYl,gas - Yl,ghnst + ot Uy, pgasYl,gas - pghnstYl,ghnst

[ 2 on 2 on (4.42)

where rir] is the mass flux of species [ per unit area, u, is the normal component of velocity at the wall
pointing into the flow domain, and dn is the distance between the center of the ghost cell and the center of
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the gas cell. Notice that the last term on the right hand side is subtracted at the predictor step and added at
the corrector step, consistent with the biased upwinding introduced earlier.

Once the temperature and species mass fractions have been defined in the ghost cell, the density in the
ghost cell is computed from the equation of state

Po
Pghost =
ghost RTghost Zl(yhghost/vvl)

(4.43)

4.3.8 Mass and Energy Transfer at Interpolated Mesh Boundaries

In simulations involving more than one numerical mesh, information has to be passed between meshes, even
when the meshes are being processed by separate computers. If two meshes abut each other, and the mesh
cells are aligned and the same size, then one mesh simply uses the density and species mass fractions of the
adjacent mesh as the “ghost” cell values. However, in cases where the mesh cells are not the same size, the
exchange of information must be done more carefully. Consider a case where two meshes meet:

Mesh 1 Mesh 2

We want the total and species mass fluxes between meshes to be the same, or as close as possible. Let the
density in cell (1, ',k’) of Mesh 2 be denoted p(zj., - Assume that this cell abuts four cells in Mesh 1. The

17
densities in the four abutting cells of Mesh 1 are denoted p§1])k Note that j and k are not the same as j’ and

k'. I is the number of cells in the x direction of Mesh 1. The ghost cell quantities in Mesh 1 have an i index
of I+ 1. The ghost cell quantities in Mesh 2 have an i index of 0. We want to assert mass conservation at
the mesh interface:

(1) (1) 2 (2)

.+ : g+ S
Y 7’“71"2 P 531 520 = uf Piyi T Poyie 5 Posk 5.2) 5, (4.44)
Jk

When solving for pézj)-/k,, the ghost cell value for Mesh 2, we have to assume that the ghost cells values for
Mesh 1 are simply linearly interpolated from the gas phase values of Mesh 1 and Mesh 2:

m g 2&W e
Protjk =Prjx T ) 1+ ox@ (pl,j’k’ - pl,jk) (4.45)

Rearranging terms in Eq. (4.44) and using the expression for the ghost cells from Eq. (4.45), we get:

2

P {

N )
ik _pl,j/k, +

1 1 28}C(1) 2 1
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@ S+ ox
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Chapter 5

Momentum Transport and Pressure

This chapter describes the solution of the momentum equation. This consists of two major parts — the dis-
cretization of the flux terms and then the solution of an elliptic partial differential equation for the pressure.
5.1 Simplifying the Momentum Equation

First, we start with the non-conservative form of the momentum equation introduced above

Jdu
p<at+(u-V)u>+Vp=pg+fb+v‘r,-j (5.1)
Next, we make the following substitutions:

1. Subtract the hydrostatic pressure gradient of the nth pressure zone, p,(z,t)g, from both sides. Note
that Vp = p,g+ Vp.

2. Apply the vector identity: (u-V)u = V[u|>?/2 —ux ®
3. Divide all terms by the density, p
4. Decompose the pressure term:
r-v(2)m()
p p p
5. Define # = |u|?/2+p/p

Now the momentum equation can be written

Ju 1 1
g—uxm—l—V}[—ﬁV <p> :B[(p_pn)g+fb+VT,]:| (5.2)
It is convenient to write this equation in the form:

du

5 +F+VH =0 5.3)

31



The vector F is referred to collectively as the momentum flux terms, and the term V# is referred to as the
pressure gradient. The spatial discretization of the momentum equations takes the form

Ju Hit e — Hijp

= TRkt =" =0 54)
ov Hij1x— Hiji

— L Fy g L TR .
a[ + V,ijk + 5)) 0 (5 5)
ow Hijkrr = Hije _

5 et == =0 (5.6)

where #; jk 1s taken at center of cell ijk, u;jx and Fy ;i are taken at the side of the cell facing in the forward x
direction, v;j; and F; ;i at the side facing in the forward y direction, and w;x and F_ ;i at the side facing in
the forward z (vertical) direction. The flux terms are discretized:

B O0Tyx 8% oT,,
= wo,—vo <fx ay + 8z) (5.7)
acx ot ot
F, = uo,—wo,— (fy - a;“r af) (5.8)
FE = vo —um,—— f+&+arzy+& (5.9)
¢ * Top U ox dy 0z

In the definitions to follow, the components of the vorticity (®,,®,,®;) are located at cell edges pointing
in the x, y and z directions, respectively. The same is true for the off-diagonal terms of the viscous stress
tensor: Ty, = Ty, Tx; = Tz, and Ty, = Ty,. The diagonal components of the stress tensor Ty, Tyy, and T.; the
external force components (fy, fy, fz); and the Courant numbers €, €,, and €,, are located at their respective
cell faces.

1Fe, 1+e,
Frijk = < 5 Withjk Ovijk + T Wirdjk-1 Ovijk-1

1Fe, 1+e,
- <2 1+ Jjk Ozijk +— > 1+%,j—1,k Wz, j—1.k
1 Tux,it1,jk = Texijk | Topijk = Topij— 1k | Tazijk — Tazi jk—1
s 5J XX,1] XY,L] Xyt —1, XZ,1) X205 05
- Srjijk + 5 + 5 + 5 (5.10)
Pit 1 ji X y Z
1Fg, 1+¢,
Fyije = <2“i,j+§,k @ jk + T Hi1jthk Oz,i—1,jk
1Fe, l1+e,
- ( 5 Wij+ik Oy jk + 5 Wijtik-1 Or,ij k-1
R Tyxyijk — Ywi-Ljk | Tyi itk = Yyijk | Tyzijk = Tyzijk—1 511
pl,j+ k X y z
1Fe, 1+ ev
Foiji = <2 Vijkt s Ouijk T =57 Vi j1 g} Orij-1k
1Feg, 1+eg,
- ( 5 Yijk+} Oyijk +—5— 5 i1kt Wyi—1,jk
1 Toxjijk = Toxi—1jk | Tapijk = Tayij—1k | Tzzijkt+l — Tezijk
- Szije+ 5 + 5 + 5 (5.12)
Pijjetd X y 2
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The components of the vorticity vector are:

Wi j+1.k — Wijk — Vijk+1 — Vijk

Oy jk = 5.13
X, 8_)) 8Z ( )
_ Wijk+1 — Uijke Wit 1, jk — Wijk
Wy ijk = o2 - S (5.14)
Vigl,jk — Vijk Wi j+1k — Uijk
Wz ijk = ox - 5y (5.15)
The components of the viscous stress tensor are:
4 Vijk — Vi,j—1,k Wijk — Wl/ k—1
Tevijk = Mijk | 5 (V-w)ijx—2 -2 (5.16)
3 oy
4 Ujjk — Uj—1, Jk Wl]k Wl] k—1
Tyyijk = Mijk | (V- @)ije—2 (5.17)
3 ox
4 Wijk —Ui—1,jk Vt]k Vl j—1,k
Tozije = Mijk | 5 (V-w)ix —2 (5.18)
3 ox
. . Ui j+1.k — Ui jk Vitl, jk Vijk
Tayijk = Tyxijk = Mip L il g < 5y (5.19)
P Uijk+1 — Uijk  Witl,jk — Wijk
Tazijk = Taxjijk = Mg ] j kvt < o2 + S (5.20)
Vijk+1 = Vijk = Wi j+1k — Wijk
Tyziik = Tovijk = M; ; : Y 5.21
yz,ijk vijk = M jd gy ] ( 5z + Sy ( )

The variables g,, €, and €,, are local Courant numbers evaluated at the same locations as the velocity compo-
nent immediately following them, and serve to bias the differencing of the convective terms, upwind biasing
for the predictor step and downwind biasing for the corrector step, resulting in a second-order scheme which
is consistent with the scheme used for the continuity equation.

udt v Ot wot
&= g v &= 57)) ;o Ew = TZ (522)

The subscript i + % indicates that a variable is an average of its values at the ith and the (i + 1)th cell. By
construction, the divergence defined in Eq. (4.25) is identically equal to the divergence defined by

Wijk — Wi—1jk . Vijk—Vij—-1k = Wijk — Wijk—1
j Jk 4 Vij J 4 Wi j

ox dy oz (5.23)

(V)i =

The equivalence of the two definitions of the divergence is a result of the form of the discretized equations,
the time-stepping scheme, and the direct solution of the Poisson equation for the pressure.

5.2 Large Eddy Simulation (LES)

The most distinguishing feature of any CFD model is its treatment of turbulence. Chapter 1 contains a brief
history of turbulence modeling as it has been applied to the fire problem. Of the three main techniques of
simulating turbulence, FDS contains only Large Eddy Simulation (LES) and Direct Numerical Simulation
(DNS). There is no Reynolds-Averaged Navier-Stokes (RANS) capability in FDS.

LES is a technique used to model the dissipative processes (viscosity, thermal conductivity, material
diffusivity) that occur at length scales smaller than those that are explicitly resolved on the numerical grid.
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This means that the parameters y, k and D in the equations above cannot be used directly in most practical
simulations. They must be replaced by surrogate expressions that “model” their impact on the approximate
form of the governing equations. This section contains a simple explanation of how these terms are modeled
in FDS. Note that this discussion is quite different than what it typically found in the literature, thus the
reader is encouraged to consider other explanations of the technique in the references that are listed in a
review article by Pope [31].

There is a small term in the energy equation known as the dissipation rate, €, the rate at which kinetic
energy is converted to thermal energy by viscosity:

3
ou\ 2 2 ow 2
—ul2 = 2 = 27 ==
() ) ()
8v+au 2+ aw+av 2+ au+aw ) au+av+8w 2 (5.24)
ox dy dy 0z dz Ox 3\0x dy o0z '
This term is usually neglected in the energy conservation equation because it is very small relative to the heat

release rate of the fire. To understand where this term originates, form an evolution equation for the kinetic
energy of the fluid by taking the dot product of the momentum equation (3.3) with the velocity vector!:

2
SETij°Vll = ,u<2$,-j~S,-j—(V-u)2)

Du D (|u?/2)

D—t-u:pT:pf;,-u—Vp'u—l—V-(‘C,'j'u)—e (525)
As mentioned above € is a negligible quantity in the energy equation. However, its functional form is useful
in representing the dissipation of kinetic energy from the resolved flow field. Following the analysis of

Smagorinsky [32], the viscosity u is modeled

. _ 9 2

3
where C; is an empirical constant and A is a length on the order of the size of a grid cell. The bar above
the various quantities denotes that these are the resolved values, meaning that they are computed from the
numerical solution sampled on a coarse grid (relative to DNS). The other diffusive parameters, the thermal
conductivity and material diffusivity, are related to the turbulent viscosity by

LES = HresCp ; (pD)l,LEs = b (5.27)
Sc;

The turbulent Prandtl number Pr; and the turbulent Schmidt number Sc; are assumed to be constant for a

given scenario.

The model for the viscosity, t g, serves two roles: first, it provides a stabilizing effect in the numerical
algorithm, damping out numerical instabilities as they arise in the flow field, especially where vorticity is
generated. Second, it has the appropriate mathematical form to describe the dissipation of kinetic energy
from the flow. Note the similar mathematical form of ;g5 and the dissipation rate, €, defined in Eq. (5.24).
In the parlance of the turbulence community, the dissipation rate is related to the turbulent kinetic energy
(most often denoted by k) by the relation € ~ k3/2 /L, where L is a length scale.

There have been numerous refinements of the original Smagorinsky model [33, 34, 35], but it is difficult
to assess the improvements offered by these newer schemes for fires. There are two reasons for this. First,

'In this section it is convenient to work with the Lagrangian form of the conservation equations.
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the structure of the fire plume is so dominated by the large-scale resolvable eddies that even a constant eddy
viscosity gives results comparable to those obtained using the Smagorinsky model [36]. Second, the lack of
precision in most large-scale fire test data makes it difficult to assess the relative accuracy of each model.
The Smagorinsky model with constant C; produces satisfactory results for most large-scale applications
where boundary layers are not well-resolved (see Volume 3, Experimental Validation). In fact, experience
to date using the simple form of LES described above has shown that the best results are obtained when the
Smagorinsky constant Cy is set as low as possible to maintain numerical stability. In other words, the most
realistic flow simulations are obtained when resolvable eddies are not “damped” by excessive amounts of
artificial viscosity.

In the discretized form of the momentum equation, the LES form of the dynamic viscosity is defined at
cell centers

tijk = Piji (CsA)*|S] (5.28)

where Cj is an empirical constant, A = (8x 8y dz) 5 , and

ou\ > o\ 2 ow\ 2 ou  Iv\> du  Iw\?> v ow\’ 2
2 _ i had haid s had s e had i _“ )2
181 _2<ax> +2 <ay> +2<az> +<ay+8x> +(az+ax> +<az+8y> 3(V u)” (5.29)

The quantity |S| consists of second order spatial differences averaged at cell centers. For example

ou Ujjk — Ui—1, jk

—_ R 5.30
0x Ox; (5.30)
3M < 1 i jn g — wiji | Uik — Wik (531)

Y 2 0yt Oy 1

The divergence is described in Section 4.3.5.
The thermal conductivity and material diffusivity of the fluid are related to the viscosity by

Cp,0 lijk Mijk
k= 2= D) = 5.32
ijk PI‘, (P )z;k SC; ( )

where Pr; is the turbulent Prandtl number and Sc; is the turbulent Schmidt number, both assumed constant.
Note that the specific heat ¢, is that of the dominant species of the mixture. Based on simulations of
smoke plumes, C; is 0.20, Pr; and Sc; are 0.5. There are no rigorous justifications for these choices other
than through comparison with experimental data [37].

5.3 Direct Numerical Simulation (DNS)

There are some flow scenarios where it is possible to use the molecular properties u, k and D directly.
Usually, this means that the numerical grid cells are on the order of 1 mm or less, and the simulation
is regarded as a Direct Numerical Simulation (DNS). For a DNS, the viscosity, thermal conductivity and
material diffusivity are approximated from kinetic theory because the temperature dependence of each is
important in combustion scenarios. The viscosity of the species o is given by

26.69 x 107 (W T)? kg
Mo = o

5.33
c2Q, ms (5-33)

where G, is the Lennard-Jones hard-sphere diameter () and Q, is the collision integral, an empirical function
of the temperature 7. The thermal conductivity of species o is given by

c W
k(x _ Mo, p,a

5.34
Pr mK ( )
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where the Prandtl number Pr is 0.7. The viscosity and thermal conductivity of a gas mixture are given by

Mpns = Z Yora 5 kons = Z Yo ko, (5.35)
o o

The binary diffusion coefficient of species o diffusing into species P is given by

2.66 x 1077 T3/2 m?2
Dgp =

(5.36)
s

1

2 <2
WO‘B GOLB .Q.D
where Wop =2(1/W+1/Wp) ™!, Oup = (66 +0p) /2, and Qp is the diffusion collision integral, an empirical
function of the temperature, T [38]. It is assumed that nitrogen is the dominant species in any combustion
scenario considered here, thus the diffusion coefficient in the species mass conservation equations is that of
the given species diffusing into nitrogen

(PD)oons = P Dao (5.37)

where species 0 is nitrogen.

5.4 Velocity Boundary Conditions

5.4.1 Smooth Walls

When the momentum equation is integrated over a cell adjacent to the wall in an LES it turns out that the
most difficult term to handle is the viscous stress at the wall, e.g. T,.|,—o, because the wall-normal gradient
of the streamwise velocity component cannot be resolved. Note that the sgs stress at the wall is identically
zero. We have, therefore, an entirely different situation than exists in the bulk flow at high Reynolds number
where the viscous terms are negligible and the sgs stress is of critical importance. The fidelity of the sgs
model still influences the wall stress, however, since other components of the sgs tensor affect the value of
the near-wall velocity and hence the resulting viscous stress determined by the wall model. The model used
for T,, = T,;|,—0 in FDS is the Werner and Wengle model [39] which we now describe.

An important scaling quantity in the near-wall region is the friction velocity, defined as u* = \/1,,/p.
From the friction velocity we define the nondimensional streamwise velocity u™ = u/u* and nondimensional
wall-normal distance z* = z//¢, where £ = u/(pu*). The law of the wall is then given by [40, 41]

ut = 7 for z7 <5 (5.38)
ut = 24Inz"+52 for z'>30 (5.39)

The region 5 < z+ < 30, where both viscous and inertial stresses are important, is referred to as the buffer
layer. The upper range of the log law depends on the Reynolds number [40, 42].

Werner and Wengle [39] propose a simplification to the law of the wall to eliminate the mathematical
difficulties of handling the buffer and log layers. Furthermore, WW suppose that their simplified formula
for the streamwise velocity holds instantaneously within the LES. The WW wall law is given by [43]

ut = z for z7 <11.81 (5.40)
ut = A@EHE for 77 >11.81, (5.41)

where A = 8.3 and B = 1/7. Note that a power law has been substituted for the log law and the viscous
sublayer and the power law region are matched within the buffer region. A comparison of the log law and the
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Figure 5.1: The law of the wall. We have omitted the buffer layer since it is not considered in the WW model. For
zT < 11.81 we have the viscous sublayer. For z+ > 11.81 we show a comparison of the log law (5.39) (red dashed
line) and the WW power law (5.41) (blue solid line) withA = 8.3 and B=1/7.

power law is shown in Figure 11.1. In the region 11.81 < z* < 103 the power law is a good approximation to
the log law and for z* > 10° the power law loosely exhibits wake region behavior for a flow with Re =~ 5¢5
[40, 42]. As we see below, this functional behavior has consequences for high Re flows.

For the purposes of adapting the WW model to FDS we suppose that the first off-wall velocity compo-
nent i represents the WW profile averaged in the wall-normal direction (refer to Figure 5.2). The density
is taken as the average of the neighboring cell values and uniform along the face. The WW model as
implemented in FDS is then given by

| = 2‘;’”' for 7zt <11.81 (5.42)
Z
_ \B _ \ B v
o p[a<§“&> 1 (ﬁ“&) \u|] for z%>11.81, (5.43)
where

— I_TBA% (5.44)
B = 1+B (5.45)

1+B
no= —— (5.46)

2
Y = g (5.47)

Note that i is the average of the molecular viscosity from the neighboring cells. A detailed derivation of
(5.43) is given in Appendix D.
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Figure 5.2: Near-wall grid.

In order to decide which formula to use for the wall stress, (5.42) or (5.43), we must know z*, which
of course depends on T,,. As a practical matter of implementation, given that most boundary layers in FDS
are under-resolved, we first calculate t,, from (5.43); we then obtain z* = /1,,/p ; if zt > 11.81, then
the computed value of T, is retained, else T, is taken from (5.42), which actually involves no additional
computation since the ghost cell value for the velocity is prescribed for a no-slip wall by default.

5.4.2 Rough Walls

For rough walls we employ the log law presented in Pope [40],

=1 <Z> +B (5.48)
K 20
The von K4rméan constant is k¥ = 0.41. The dimensional roughness height is denoted zy (prescribed by
setting ROUGHNESS [in meters] on the SURF line). The distance to the wall z is taken as 8z/2 for the first
off-wall grid cell (in the wall-normal direction). Pope notes that the parameter B varies with zo /¢ but attains
a constant value in the fully rough limit. Experiments suggest this limiting value is 8.5. However, in order
for FDS to reproduce the friction law over a broad range of Reynolds numbers, roughness heights, and grid
resolutions, this parameter is adjusted to B = 7.44 (see the FDS Verification Guide).
With these parameters set, the stress for the rough wall case may be obtained from

2
u
<2.44 In(0.58z/z9) + 7.44>

Tw =P

(5.49)
where u is the streamwise velocity stored at dz/2.

5.4.3 The Transition Region

As can be seen by studying the Moody diagram for the friction law in rough wall pipes (see e.g. [40, 44]), the
transition region where neither the smooth wall limit nor the rough wall limit is accurate spans but a small
range of Reynolds numbers. Therefore, instead of trying to approximate the variation in B, the maximum
between the smooth wall (5.43) and rough wall (5.49) stress is used.
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5.5 Time Step and Stability Constraints

The time step is constrained by the convective and diffusive transport speeds via two conditions. The first is
known as the Courant-Friedrichs-Lewy (CFL) condition:

5t max(”"f"‘ Vi ‘W"f"‘|> <1 (5.50)

& 7 8y ' &z

The estimated velocities ut1)e, (e and w(t1e are tested at each time step to ensure that the CFL
condition is satisfied. If it is not, then the time step is set to 0.8 of its allowed maximum value and the
estimated velocities are recomputed (and checked again). The CFL condition asserts that the solution of
the equations cannot be updated with a time step larger than that allowing a parcel of fluid to cross a grid
cell. For most large-scale calculations where convective transport dominates diffusive, the CFL condition
restricts the time step.

However, in small, finely-gridded domains, a second condition often dominates:

k 1 1 1
2 D,— ) &t —+—+— 1 5.51
max <v, ,pcp> t<8x2+dy2+&2> < (5.51)

Note that this constraint is applied to the momentum, mass and energy equations via the relevant diffusion
parameter — viscosity, material diffusivity or thermal conductivity. This constraint on the time step, often
referred to as the Von Neumann criterion, is typical of any explicit, second-order numerical scheme for
solving a parabolic partial differential equation. To save CPU time, the Von Neumann criterion is only
invoked for DNS calculations or for LES calculations with grid cells smaller than 5 mm.
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5.6 The Equation for Pressure (Poisson Equation)

An elliptic partial differential equation (known as a Poisson equation) is obtained by taking the divergence
of the momentum equation

d(V-u) (1 1
2 [ — . . —_— — J— J— _ J— . ..
VoH = 5 V.F ; F=-uxo pV<p> p((p po)g+f,+V r,J) (5.52)

Note that the pressure p appears on both sides of Eq. (5.52). The pressure on the right hand side is taken from
the previous time step of the overall explicit time-marching scheme. It can be neglected if the baroclinic
torque is not considered important in a given simulation. The pressure on the left hand side (incorporated
in the variable ) is solved for directly. The reason for the decomposition of the pressure term is so that
the linear algebraic system arising from the discretization of Eq. (5.52) has constant coefficients (i.e. it is
separable) and can be solved to machine accuracy by a fast, direct (i.e. non-iterative) method that utilizes
Fast Fourier Transforms (FFT).
The discretized form of the Poisson equation for the modified pressure, #, is:

Hiv1 jk — 2Hju + Hior e n Hi jirk — 2Hije+ Hi j- 1k . Hijr = 2Hju + Hij
2

o2 dy? oz
Frije —Friovje — Fyije—Frij1x  Fijg—Fije1 0
_ B Feicvge B Fajok P Faijeer 0 g 553
5 Sy SZ Bt( )l]k ( )

The lack of a superscript implies that all quantities are to be evaluated at the same time level. This elliptic
partial differential equation is solved using a direct (non-iterative) FFT-based solver [45] that is part of a
library of routines for solving elliptic PDEs called CRAYFISHPAK?. To ensure that the divergence of the
fluid is consistent with the definition given in Eq. (4.6), the time derivative of the divergence is defined

d (V)i — (V-u)f;
= (Vo) = Fa—— (5.54)
at the predictor step, and then
2 Vw4V (Vg
g(v‘u)ijk = ) (5.55)

at the corrector step. The discretization of the divergence is given in Eq. (4.25).

5.6.1 Open Boundary Conditions

Outflow: The outflow condition is quite simple. Let ¢ = |u|. By definition, H = %qz + p/p. The pressure p
is set to P,y by the user (DYNAMIC_PRESSURE, 0 by default).

Inflow: When fluid is entering the domain at an OPEN vent we make the assumption that Bernoulli holds
(i.e. inviscid, steady, incompressible) and that the fluid element on the boundary has accelerated from the

state { p1,p1,91} along a streamline:

P+ 3P1qi = P2+ 3P245 (5.56)

ZCRAYFISHPAK, a vectorized form of the elliptic equation solver FISHPAK, was originally developed at the National Center
for Atmospheric Research (NCAR) in Boulder, Colorado.
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Let’s say the fluid has kinetic energy %p lq% at point 1 with ambient pressure p; = p.,; and accelerates to ¢
at point 2 which is on an inflow boundary. Substituting the definition of # for point 2 we obtain

Pext + 30141 = P2(%h — 343) + 30245 (5.57)
which rearranges to
ﬁext 1 zpl
Hh = +—qi— (5.58)
>~ o, 27y,
——
Ho

The density p; is taken as the average density between the gas-phase and ghost cells adjacent to the boundary.
In practice, the second term is specified by the user, Hy = %(u% + v% + w(z)), by setting the initial velocity
components on the MISC line. It is assumed that the initial velocity also applies outside the domain at point
1 along the streamline.

5.6.2 Solid Boundary Conditions

Direct Poisson solvers are most efficient if the domain is a rectangular region, although other geometries
such as cylinders and spheres can be handled almost as easily. For these solvers, a no-flux condition is
simple to prescribe at external boundaries. Using the x = x,,,, boundary as an example:

oH ou
x . w

where F, is the x-component of F at the vent or solid wall, and du/0t is the user-specified rate of change in
the x-component of velocity. In discretized form, the Poisson solver is supplied with the Neumann boundary

condition Py
fﬂﬁfmﬁ:_ﬂﬁ (5.60)
X

because the normal component of velocity is zero at this boundary from the start of the calculation. How-
ever, many practical problems involve more complicated geometries. For building fires, doors and win-
dows within multi-room enclosures are very important features of the simulations. These elements may
be included in the overall domain as masked grid cells, but the no-flux condition (5.60) cannot be directly
prescribed at the boundaries of these blocked cells. Fortunately, it is possible to exploit the relatively small
changes in the pressure from one time step to the next to enforce the no-flux condition. At the start of a
time step, the components of the convection/diffusion term F are computed at all cell faces that do not cor-
respond to walls. At those cell faces that do correspond to solid walls but are not located at the exterior of
the computational grid, we prescribe (using the same example as above, but now with i # I):

(5.59)

n—1 n—1 * n
H —H | Ui~ My

n i+1,jk i jk
k= — 5.61
x,ijk Sx ot ( )
at the predictor step, and
_ _ 1 1 * n
L et —§<uijk+ui/.k)
* i+1, jk ijk . (562)

ik = Sx 5t/2

at the corrector step. Note that * — 1 denotes the pressure term used in the corrector part of the previous time
step. In both of these cases, the value of #" or #* is not known. That is what we are solving for. Instead, the
value of # from the previous time step is used to estimate the pressure gradient. Equations (5.61) or (5.62)
assert that following the solution of the Poisson equation for the pressure, the desired normal component
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of velocity at the next time step, u* or #"*!, will be driven towards zero. This is approximate because the

true value of the velocity time derivative depends on the solution of the pressure equation, but since the
most recent estimate of pressure is used, the approximation is fairly good. Also, even though there are small
errors in normal velocity at solid surfaces, the divergence of each blocked cell remains exactly zero for the
duration of the calculation. In other words, the total flux into a given obstruction is always identically zero,
and the error in normal velocity is usually at least several orders of magnitude smaller than the characteristic
flow velocity. When implemented as part of a predictor-corrector updating scheme, the no-flux condition at
solid surfaces is maintained fairly well. If greater accuracy is required, the Poisson equation can be solved
iteratively as the boundary condition (5.61) or (5.62) is updated with each successive approximation of the
pressure gradient at the solid wall.

5.6.3 Interpolated Boundary Conditions

The time advancement scheme for multiple meshes involves averaging of the velocity components at a patch
boundary in order to maintain stability. It is extremely important to note that — because of the staggered grid
storage arrangement — two values of the numerical solution for the velocity exist at a given point on a
mesh interface. Consider meshes m (left) and om (right) which are joined side by side in the x direction.
The values u§ ,1 and u(() Jk) therefore live at the same physical location, but are advanced separately (and
by different processes) during the course of the algorithm. In the ideal circumstance these velocities are
identical, as is the case if the PDEs are enforced at the mesh interface. To improve the speed of our parallel
algorithm, our strategy is instead to keep the difference between these values small while still enforcing
global volume conservation. Our strategy recovers the ideal case in the limit & — 0. While the primitive
velocity components are indeed unique to a given mesh, for each mesh we may define the discrete “patch-
averaged” field @ which includes ghost cell data and is identical at all overlapping mesh points. To do this
we simply average the coincident values of the velocity components at the mesh interfaces and inject the
ghost cell values from the neighboring mesh. For instance, considering the same side-by-side meshes m and
om as before,
~(m) _

mn 1 om
iy g = u(() k) =3 (ug ],)(—F (()jk)> (5.63)

for all patch boundary cells j and k. Here, for simplicity, we are only considering the case in which the cell
sizes are equivalent for the adjoining meshes (coarse-fine mesh interfaces are currently handled by the code,
but details will be documented at a later date).

To see how the new patch-averaged fields are used, consider the predictor step in the time advancement,
which may now be written as

ut =u" -8 (F(u") + VH") (5.64)

Note that (5.64) updates a u field to a u field. Though this is perfectly legitimate, we should be aware
of the following issues. First, the patch-averaging procedure is slightly dissipative. But as long as we
are accurate, this numerical dissipation is minimal and acceptable (much smaller than physical [molecular,
viscous] dissipation). Second, we must now think of the time update in terms of a projection scheme in order
to repair the damage made to the divergence by the averaging procedure (after the averaging procedure, the
divergence for mesh boundary cells no longer exactly matches the divergence obtained from the equation of
state). In practical terms, this means that the Poisson equation for the pressure fluctuation (in the predictor
step) is given by

V.ut-Vv.-a"

2qm __
Vit = ( ot

> —F(") (5.65)

In Eq. (5.65), note that F is computed using the patch-averaged velocity field. Further, only the V - u* term
is obtained from the equation of state (4.6). The divergence of the patch-averaged field, V -@", is obtained
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by explicitly applying the discrete divergence operator to w”. Similarly, in the corrector Poisson equation,
only the V-u"*! term is obtained from the equation of state; V -i* and V - " are obtained explicitly:

voutl - L v.ar+v.oa”
ViH* = — ( 25(1‘/2 >> —F(u") (5.66)

Finally, the velocity corrector step is
1
T G 3 [@"+a*— ot (F(a*) + VAH™)] (5.67)

The benefit of the averaging procedure is that F is now the same on each mesh for a given location along
a mesh interface, since all force terms are determined using the patch-averaged field. This also means
that stress tensors computed at a mesh interface (which are buried in F) are symmetric; this symmetry
is a requirement for angular momentum conservation. Thus, the patch-averaging procedure prevents the
production of spurious vorticity at mesh interfaces.
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Chapter 6

Combustion

There are two types of combustion models used in FDS. The default model makes use of the mixture fraction,
a quantity representing the fuel and the products of combustion. For the second model, individual gas species
react according to specified Arrhenius reaction parameters. This latter model is most often used in a direct
numerical simulation (DNS) where the diffusion of fuel and oxygen can be modeled directly. However,
most often for large eddy simulations (LES), where the grid is not fine enough to resolve the diffusion of
fuel and oxygen, the mixture fraction-based combustion model is assumed.

6.1 Mixture Fraction Combustion Model

Given a volume containing a mixture of gas species, a mixture fraction can be defined that is the ratio of
the mass of a subset of the species to the total mass present in the volume. In combustion, the mixture
fraction is a conserved quantity traditionally defined as the (mass) fraction of the gas mixture that originates
in the fuel stream. Thus, at a burner surface the mixture fraction is 1 and in fresh air it is 0. In a region
where combustion has occurred this fraction will be comprised of any unburned fuel and that portion of
the combustion products that came from the fuel. The mixture fraction is a function of space and time,
commonly denoted Z(x,7). If it can be assumed that, upon mixing, the reaction of fuel and oxygen occurs
rapidly and completely, the combustion process is referred to as “mixing-controlled.” This implies that all
species of interest can be described in terms of the mixture fraction alone. The correspondence between the
mass fraction of an individual species and the mixture fraction is called its “state relation.” FDS versions
2 through 4 assumed that the gas mixture could be uniquely determined by the mixture fraction alone, an
assumption that implies that fuel and oxygen react instantaneously upon mixing.

For many applications, “mixed is burned” is a reasonable assumption. However, for fire scenarios where
it cannot be assumed that fuel and oxygen react completely upon mixing, for example in under-ventilated
compartments. The mixture fraction itself remains a valid quantity, but it can no longer be assumed that it
completely defines the composition of the gas mixture. If fuel and oxygen are to mix and not burn, at least
two scalar variables are needed to describe the extent to which the fuel and oxygen react. The strategy for
moving beyond the “mixed is burned” model is as follows. Instead of solving a single transport equation for
the mixture fraction Z, multiple transport equations are solved for components of the mixture fraction Z.
Fuel mass is still conserved, since Y Z, = Z. For example, if Z; represents the (unburned) fuel mass fraction,
Y:, and we define Z, = Z — Z;, then Z; is the mass fraction of burned fuel and is the component of Z that
originates from the combustion products. With this approach it is possible to account for the mixing of fuel
and oxygen without burning. In the sections to follow, various multi-step reaction mechanisms are discussed
using this system of accounting. First, however, the single-step mixture fraction model is described.
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6.1.1 A Single-Step, Instantaneous Reaction

Consider a simple, one-step reaction of fuel and oxygen:
CxHyOZNaMb + V02 02 — VCOZ C02 + VHZO HZO + VCO CO + VS S + VNZ N2 + VMM (6. 1)

Note that the nitrogen in the fuel molecule is assumed to form Nj only. Addition product species can be
specified as some number of moles of an average molecular weight species M. These products are presumed
to not consume oxygen during their formation. Soot is assumed to be a mixture of carbon and hydrogen
with the hydrogen atomic fraction given by Xy;. The stoichiometric coefficient, v, represents the amount of
fuel that is converted to soot. It is related to the soot yield, ys, via the relation:

We

Vg = W ys 5 We=XyWy+ (1 _XH>WC (6.2)
S

Likewise, the stoichiometric coefficient of CO, Vo, is related to the CO yield, y.o, via:

We

Veo = Wico Yco (6.3)

The yields of soot and CO are based on “well-ventilated” or “post-flame” measurements. The increased

production of CO and soot in an under-ventilated compartment will be addressed in the following sections.

The traditional way of expressing the mixture fraction, Z, is as a linear combination of fuel and oxygen
mass fractions: .

Z:SYF_(Yoz_Yoz) . S:VOZWOZ

S YFI + Y(;; ’ verWr

vp =1 6.4)
where Y/ is the fuel mass fraction in fuel stream.! However, the mixture fraction can also be defined in
terms of the mass fraction of fuel and the carbon-carrying products of combustion:

1 W, W, W,
Zzil <YF+FYC02+FYC0+FY5> (6.5)
Y: xWeo, X
Note that x is the number of carbon atoms in the fuel molecule. The mixture fraction satisfies the conserva-
tion equation

DZ
P, =V PDVZ (6.6)

obtained by taking a linear combination of the transport equations for the fuel and the carbon carrying
products. If it is assumed that combustion occurs so rapidly that the fuel and oxygen cannot co-exist, then
both simultaneously vanish at a flame surface:

oo
Yo,

Z(th) :Zf ; Zf: SY[+Y°°
F 0

(6.7)
and all species can be related to Z via the “state relations” shown in Fig. 6.1. In versions of FDS prior to 5,
this one-step, instantaneous reaction of fuel and oxygen was assumed. However, starting in version 5, a more
generalized formulation has been implemented and is described next. For this reason, it is more convenient
to work with the definition of Z in Eq. (6.5). The traditional definition, Eq. (6.4), is more convenient when
it is assumed that fuel and oxygen cannot co-exist and that the combustion occurs at an infinitely thin flame
sheet.

Tt is assumed throughout that nitrogen is the only possible diluent in the fuel stream, and its mass fraction is denoted by Yl\ﬂz,
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Figure 6.1: State relations for methane.

6.1.2 A Single-Step Reaction, but with Local Extinction

The physical limitation of the single-step reaction model described in the previous section is that it assumes
fuel and oxygen burn instantaneously when mixed. For large-scale, well-ventilated fires, this is a good as-
sumption. However, if a fire is in an under-ventilated compartment, or if a suppression agent like water mist
or CO; is introduced, or if the shear layer between fuel and oxidizing streams has a sufficiently large local
strain rate, fuel and oxygen may mix but may not burn. The physical mechanisms underlying these phenom-
ena are complex, and even simplified models still rely on an accurate prediction of the flame temperature
and local strain rate. Subgrid-scale modeling of gas phase suppression and extinction is still an area of active
research in the combustion community.

Simple empirical rules can be used to predict local extinction based on the oxygen concentration and
temperature of the gases in the vicinity of the flame sheet. Figure 6.2 shows values of temperature and
oxygen concentration for which burning can and cannot take place. A derivation of the model, based on the
critical flame temperature concept, is given in Appendix C. Note that once the local state of the gases falls
into the “No Burn” zone, the state relations (Fig. 6.1) are no longer valid for values of Z below stoichio-
metric, since now some fuel may be mixed with the other combustion products. Essentially, there are now
two reactions to consider — the “null” reaction, where fuel and oxygen simply mix and do not burn; and the
“complete” reaction, where fuel and oxygen react and form products according to Eq. (6.1). Note that the
term “complete” does not imply that no soot or CO is formed, but rather that their respective production
rates are proportional to the fuel consumption rate.

With the definition of the mixture fraction, Eq. (6.5), in mind, consider a partitioning of Z into the
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following components:

Ye
ZT = — 6.8
1 7 (6.8)
l Wp WF WF
Z, = —|—Y, —Y —Y. 6.9
2 Yp{ (XWC02 COy + XWco cot XWS s) ( )

such that Z = Z; + Z,. Transport equations are required for both Z; and Z,. At the burner surface, Z; is
assigned the mass flux of fuel, while the mass flux for Z; is zero. In other words, no combustion products
are generated at the fuel source. Where fuel and oxygen co-exist, a reaction occurs if conditions are favorable
in the sense shown by Fig. 6.2. If a reaction occurs, Z; is converted to Z, representing the conversion of fuel
to products. The heat release rate of the fire is obtained by multiplying the fuel consumption rate by the heat

of combustion.

If it is assumed that the yields of CO and soot are fixed, Eq. (6.8) and Eq. (6.9) can be simplified further:

Ye

Z, = —
1 YFI

W
Z, = r

In this way, CO, becomes the surrogate for all combustion products.

(X = Veo — (1= Xu)Vs| Weo, ¥

(6.10)

Y,
o2 (6.11)

Since the mixture fraction variables result from linear combinations of the species transport equations,
the converse is also true — that species mass fractions are linear combinations of the mixture fraction vari-
ables. The mass fractions of the species in the mixture, Yy (Z,Z,), are found via:
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Y, = YFIZ1 Yio = TYFI 7 (6.12)
F
Yoo = (1=2)Y>2+YL Z +L2WN2 Y! 7 VeoWeo 1
w = (1-2)Y3+Y, Z W, 2 Yo = ~ YD (6.13)
F
~ Vo Wo 1 W.
Yo = (1=-2)Yg-— =Y 2 Yo = Yyl (6.14)
F WF
Veo, Weo 1 VW,
Yoo, = 7;% *Y: Zn Yy = “;VMYF’ Z (6.15)
F

The stoichiometric coefficients are defined:

_ 4 y
VN, = 5 Vo = > — Xy Vs (6.16)
. Vco + V0 — Z W
Vo, = Vco,+ 5 Veo = —0— Yeo (6.17)
Weo
VCOZ == X — VCO - (1 - XH)VS WF
VM == b S

Remember that x is the number of carbon atoms and z is the number of oxygen atoms in the fuel molecule.
It is important to note that the definitions of Z; and Z,, unlike in the single parameter model, do not imply
anything regarding the rate of combustion, only that the combustion occurs in a single step.

6.1.3 CO Production (Two-Step Reaction with Extinction)

The previous section describes the “complete” reaction as the conversion of fuel to products such that the
production rate of each product species is proportional to the fuel consumption rate. This means that for
each fuel molecule, fixed amounts of CO,, H,O, CO, and soot are formed and these products persist in the
plume indefinitely with no further reaction. This is not an unreasonable assumption if the purpose of the fire
simulation is to assess the impact of the fire on the larger space. However, in under-ventilated fires, soot and
CO are produced at higher rates, and exist within the fuel-rich flame envelope at higher concentrations, than
would otherwise be predicted with a single set of fixed yields that are based on post-flame measurements.
To account for the production of CO and its eventual oxidation at the flame envelope or within a hot upper
layer, an additional reaction is now needed:

CXHyOZNaMb + V6202 — VHonzo + (V/CO + Vco> CO + VS S + VNZ N2 + VMM (6 19)
1
Voo |CO+50; — coz} (6.20)

The brackets around the second reaction are there merely to emphasize that the sum of the two reactions
equal Eq. (6.1). There are two stoichiometric coefficients for CO — the first, v{.,;, = x — (1 — X;)Vs — Vco,
represents CO that is produced in the first step of the reaction that can potentially be converted to CO,
assuming the conditions are favorable. Vv, is equivalent to V¢, in Eq. (6.1). The second coefficient, Vo,
is the so-called “well-ventilated,” or “post-flame,” value that was introduced in the previous section. The
proposed model of CO production still does not contain the necessary kinetic mechanism to predict the
“post-flame” concentration of CO without the prescription of the measured value of the post-flame CO
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yield. Rather, the proposed model includes the production of large amounts of CO in the first step of a
two-step reaction, followed by a partial conversion to CO; if there is a sufficient amount of oxygen present.

To describe the composition of the gas species, the mixture fraction, Z, must now be decomposed into
three components:

Ye
Z = — 6.21
1 Y] (6.21)
W Y,
Z, = d = (6.22)
[X —(1 _XH)VS] Weo Ye
Z; = ids Yeo, (6.23)

[x = (1= Xu)Vs| Weo, V!

Here, x — (1 — X} ) Vv represents the number of carbon atoms in the fuel molecule that are oxidized; that is, the
carbon atoms that are not converted to soot. The decomposition of Z into three components is numerically
convenient. However, the recovery of the individual species mass fractions requires some care. The mass
fraction of any species in the mixture, Yy(Z,Z,,73), is still found via linear combinations of the mixture
fraction variables:

VoW,
o = 27! Yo = %YF’ (Zo+23) (6.24)
F
vyl 24 YWy v VLR
YN2 - (1 Z) YN2+YN2 Zl+ WF YF (ZZ +Z3) YCO —_ ( Cco +‘/VCO) CO2 YFI Z2 (625)
F
_ oo WO2 YFI / Vv W
Yoo = (1=2)¥5 = == Vo, 24V, 23) Y, = ;VFS Y! (2, +Z5) (6.26)
Ve, Weo, o1 v W,
Yoo, = W Y; Z3 Yy = “;VFM Y (2o + Z3) (6.27)
The stoichiometric coefficients are defined:
e — a
“ = =
’ 2 Vio = %—XHVS (6.28)
Veo +Vino — 2
/ HyO
Vo, = —5 Vi = x—Veo— (1—Xu)Vs (6.29)
Veo +V —Z Wk
Vo, = ch"‘% Vo = Weo Yco (6.30)
= x—(1-X W,
Veo, x — (1 —=Xu)Vs vy = oy (6.31)
Ws
VM - b

Although these formulae appear complicated, most are determined directly from the composition of the fuel
molecule. The only information expected of the modeler are the fuel composition, the soot and CO yields,
and the atomic fraction of hydrogen in the soot.

6.1.4 Heat Release Rate

The discussion of the various multi-step reactions above is essentially book-keeping, the accounting of the
gas molecules formed in the combustion process. But what of the heat released?

50



When the gas constituents are characterized by two mixture fraction variables, there is a single step
reaction that converts fuel and oxygen into a fixed, predefined set of combustion products. Combustion is
either allowed or disallowed? using the relation shown in Fig. 6.2. If combustion is allowed to occur in a grid
cell, the single-step reaction is assumed to be infinitely fast, and the rate of fuel consumption is controlled
only by the mixing rate of fuel and oxygen. This rate is modeled as described below.

In the case of the two-step, three parameter mixture fraction model, the first step converts the fuel to CO
and other combustion products, and the second step oxidizes the CO into CO,. The first step is determined
as it is in the single step reaction case. The second step, however, is assumed to be rate-dependent.

One-Step, Fast Reaction

When the mixture fraction is divided into two components, Z; and Z,, there is one chemical reaction that
converts Z; to Z,. Recall from Section 6.1.2 that this represents single-step combustion with the possibility
of local extinction. From the mixture fraction variables one can determine the amount of fuel and oxygen
present in a grid cell. Ideally, we could use these values in a finite-rate computation to determine the heat
release rate; however, for most computations, the grid resolution is too coarse to resolve the flame. Thus,
flame temperatures will not be realized and a finite-rate computation will not succeed. Instead, if any grid
cell surrounding one containing both fuel and oxygen satisfies the “Burn” criteria depicted in Fig. 6.2,
combustion is assumed to occur. The heat release rate is computed as

q-///: pmin(YFvYOz/s)AH - We (6.32)
T Vo, Wo,
Here, T is a mixing time scale [46] given by
Sx8ydz) 7
o C(Bx8y8z)s (6.33)
DLES

The coefficient, C, is taken as 0.1 in FDS by default, based on comparisons to various flame height correla-
tions.

While the mixing time scale given in Eq. (6.33) is an easily computed and robust subgrid-scale model
of turbulent combustion, there is still a need, in certain situations, to put an upper bound on the local heat
release rate per unit volume. The reason for this is that FDS is applied over length scales ranging from
millimeters to tens of meters, and the resolution of the numerical grid is sometimes too coarse to expect the
simple mixing time model to work effectively. A scaling analysis of pool fires by Orloff and De Ris [47]
suggests that the spatial average of the heat release rate of a fire is approximately 1200 kW/m?. FDS uses
by default a value of 2500 kW/m?> as an upper bound® on the local value of the heat release rate per unit
volume. Typically, this bound only affects fires whose value of Q* is less than one®.

Once the heat release rate is computed, the mixture fraction variables are updated:
q-/// Al,

'///At
4 =z 42 (6.35)

Zn+1:Zn_ :
! ! pAH pAH

Note that the total fuel mass is conserved in this process; Z = Z; + Z; is still a conserved quantity.

ZNote that the user has control over the parameters associated with local gas phase extinction.
3Note that for DNS, FDS imposes a less restrictive upper bound on the local heat release rate per unit volume. It is

G =200/8x+2500 kW/m’ (6.34)

The value of 200 kW/m? is an upper bound on the heat release rate per unit area of flame sheet.
4The non-dimensional quantity, Q*, is a measure of the fire’s heat release rate divided by the area of its base. It is expressed as

o= Q/(pmﬂ'me\/@Dz)-
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Two-Step, Fast-Slow Reaction

When the mixture fraction is divided into three components, Z;, Z;, and Z3, there are two chemical reactions
that convert Z; to Z; and Z, to Z;. Recall from Section 6.1.3 that this represents two-step combustion
(fuel to CO and CO to CO,). The first step occurs as it does for the two-parameter mixture fraction with
a modified heat of combustion that accounts for the conversion of fuel to CO rather than CO,. The second
step is performed for all grid cells that contain CO and O,. If ¢’ # 0 in a grid cell after the first step, then
additional heat is released according to

. .| max (pZz, spY ) )
4! = min | 2P e %) Aty , 1, — " (6.36)

If ¢ = 0 after the first step, then it is presumed that the cell is out of the combustion region (say in the upper

layer of smoke-filled compartment), and a finite-rate reaction computation is performed to convert CO to

CO; (see the next section for a discussion of the algorithm for computing a finite-rate reaction). The ¢,

computed using the finite-rate reaction is still limited by ¢/... Once ¢/, is computed the mixture fraction

variables are updated:
-///At -1 At
_ dco Z3n+1 =Z3n+ dco (6.37)

Z n+1 :Z n ;
2 2 pAHc pAHo
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6.2 Finite-Rate, Multiple-Step Combustion Model

In a DNS calculation, the fine grid resolution enables the direct modeling of the diffusion of chemical species
(fuel, oxygen, and combustion products). Since the flame is being resolved in a DNS calculation, the local
gas temperatures can be used to determine the reaction kinetics. Thus, it is possible to implement a relatively
simple set of one or more chemical reactions to model the combustion. Consider the reaction of oxygen and
a hydrocarbon fuel

CXHy +Vo, 02 — Vo, CO2 +vi,0 H2O0 (6.38)

If this were modeled as a single-step reaction, the reaction rate would be given by the expression

d[CxHy]

o = —BICH," [0,)? e E/RT (6.39)

Suggested values of B, E, a and b for various hydrocarbon fuels are given in Refs. [48, 49]. It should be
understood that the implementation of any of these one-step reaction schemes is still very much a research
exercise because it is not universally accepted that combustion phenomena can be represented by such a
simple mechanism. Improved predictions of the heat release rate may be possible by considering a multi-
step set of reactions. However, each additional gas species defined in the computation incurs a roughly 5 %
increase in the CPU time.

For finite-rate chemistry, it is assumed that the chemical reaction time scale is much shorter than any
convective or diffusive transport time scale. Thus, it makes sense to calculate the consequences of the
reaction assuming all other processes are frozen in a state corresponding to the beginning of the time step.
For each grid cell, at the start of a time step where =" and Y H, i jkPijk /Wp = Xi(¢") and YZ iikPijk Wo, =
Xo, (1), the following set of ODEs is solved numerically with a second-order Runge-Kutta scheme

dXF

= BX(0) Xoy (1) TR (6.40)
= Yo 4% 6.41
dt Ve dt ( )

The temperature 7;jx and density p; i are fixed at their values at time " and the ODEs are iterated from ¢" to

"+1 in about 20 time steps. The pre-exponential factor B, the activation energy E, and the exponents a and

b are input parameters which are in typically assigned the values of vi and v,,. At the end of each sub-time
step the values of X and X, are updated.

The average heat release rate over the entire time step is given by

" Ye(t") — Ve (e )

n n

Gijk = AH pjjy &

(6.42)
where 8 = 1"*! —¢". The species mass fractions are adjusted at this point in the calculation (before the
convection and diffusion update)

Vo Wo
VF WF

wijk = Ya(t") — (YF(tn)—YF(fn+l)) (6.43)

If multiple chemical reactions have been specified, equations 6.40 and 6.41 are evaluated for each reaction
during each of the 100 time steps. The reactions are evaluated in the order that they are entered in the input
file.
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Chapter 7

Thermal Radiation

Energy transport consists of convection, conduction and radiation. Convection of heat is accomplished via
the solution of the basic conservation equations. Gains and losses of heat via conduction and radiation are
represented by the divergence of the heat flux vector in the energy equation, V - q”. This section describes
the equations associated with the radiative part, ¢/

7.1 Radiation Transport Equation

The Radiative Transport Equation (RTE) for an absorbing/emitting and scattering medium is

os(x,A
s-VI(x,s) = — [K(x,?») +0,5(x,A) | L(x,8) +B(x,A) + SE:;’) O(s,s') b (x,s') ds' (7.1)
47
where I (X,s) is the radiation intensity at wavelength A, s is the direction vector of the intensity, K(x,A) and
G,(x,A) are the local absorption and scattering coefficients, respectively, and B(x, ) is the emission source
term. The integral on the right hand side describes the in-scattering from other directions. In the case of a
non-scattering gas the RTE becomes

s- VI (x,8) =K(x,A) |I(x) — L (x,s) (7.2)

where I,(x) is the source term given by the Planck function (see below).

In practical simulations the spectral (A) dependence cannot be solved accurately. Instead, the radiation
spectrum is divided into a relatively small number of bands and a separate RTE is derived for each band.
The band specific RTE is

s-VI,(x,8) = K,(X) [lpn(x) —I,(x,8)], n=1..N (7.3)

where [, is the intensity integrated over the band n, and x,, is the appropriate mean absorption coefficient
inside the band. The source term can be written as a fraction of the blackbody radiation

Ib,n - Fn(kmina xmax) 9 T4/7'E (74)

where G is the Stefan-Boltzmann constant. The calculation of factors F;, is explained in Ref. [19]. When the
intensities corresponding to the bands are known, the total intensity is calculated by summing over all the
bands

M=

I(x,s) =) I,(x,s) (7.5)

n=1
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Even with a reasonably small number of bands, solving multiple RTEs is very time consuming. For-
tunately, in most large-scale fire scenarios soot is the most important combustion product controlling the
thermal radiation from the fire and hot smoke. As the radiation spectrum of soot is continuous, it is pos-
sible to assume that the gas behaves as a gray medium. The spectral dependence is then lumped into one
absorption coefficient (N = 1) and the source term is given by the blackbody radiation intensity

I(x)=cT(x)*/n (7.6)

This is the default mode of FDS and appropriate for most problems of fire engineering. In optically thin
flames, where the amount of soot is small compared to the amount of CO; and water, the gray gas assumption
may produce significant overpredictions of the emitted radiation. From a series of numerical experiments it
has been found that six bands (N = 6) are usually enough to improve the accuracy in these cases. The limits
of the bands are selected to give an accurate representation of the most important radiation bands of CO,
and water. If the absorption of the fuel is known to be important, separate bands can be reserved for fuel,
and the total number of bands is increased to nine (N = 9). For simplicity, the fuel is assumed to be CHy.
The limits of the bands are shown in Table 7.1.

Table 7.1: Limits of the spectral bands.

9 Band Model 1 2 3 4 5 6 7 8 9
. . Soot CO, CHy | Soot | CO, | H,O H,O Soot | Soot
M S
AJ0r Species H,0, Soot | Soot Soot | Soot | CHy4, Soot
v (1/cm) 10000 3800 3400 2800 2400 2174 1429 1160 1000 50
A (um) 1.00 2.63 294 357 417 470 7.00 8.62 10.0 200
6 Band Model 1 2 3 4 5 6
. . Soot CO, CHy CO, H,0, CHy4, Soot Soot
M
ajor Species H,0, Soot Soot Soot

For the calculation of the gray or band-mean absorption coefficients, k,, a narrow-band model, Rad-
Cal [50], has been implemented in FDS. At the start of a simulation the absorption coefficient(s) are tabulated
as a function of mixture fraction and temperature. During the simulation the local absorption coefficient is
found by table-lookup.

In calculations of limited spatial resolution, the source term, /p,, in the RTE requires special treatment in
the neighborhood of the flame sheet because the temperatures are smeared out over a grid cell and are thus
considerably lower than one would expect in a diffusion flame. Because of its fourth-power dependence
on the temperature, the source term must be modeled in those grid cells cut by the flame sheet. Elsewhere,
there is greater confidence in the computed temperature, and the source term can be computed directly

ko T*/n Outside flame zone

ey = { max(x,¢" /4 , x6T*/n) Inside flame zone (7.7)

Here, ¢"" is the chemical heat release rate per unit volume and ¥ is an empirical estimate of the local fraction
of that energy emitted as thermal radiation.! Near the flame in large scale calculations, neither k nor T’ can
be computed reliably, hence the inclusion of the empirical radiation loss term which is designed to partition
the fire’s heat release rate in accordance with measured values.

IThe radiative fraction, ¥, is a useful quantity in fire science. Usually, it is understood to be the fraction of the total heat
release rate that takes the form of thermal radiation. For most combustibles, 7 is between 0.3 and 0.4. However, in Eq. (7.7), % is
interpreted as the fraction of energy radiated from the combustion region. For a small fire (D < 1 m), the local ), is approximately
equal to its global counterpart. However, as the fire increases in size, the global value will typically decrease due to a net re-
absorption of the thermal radiation by the increasing smoke mantle.
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The radiant heat flux vector q/ is defined

q’(x) = / s'I(x,s') ds' (7.8)
47
The gas phase contribution to the radiative loss term in the energy equation is

~V-q!(x)(gas) = x(x) [U(x) —4nl,(x)] ; U(x)= [ I(x,5)ds (7.9)
47
In words, the net radiant energy gained by a grid cell is the difference between that which is absorbed and
that which is emitted.

7.2 Numerical Method

This section describes how V - (the radiative loss term) is computed at all gas-phase cells, and how the
the radiative heat flux ¢/ is computed at solid boundaries.

The radiative transport equation (7.3) is solved using techniques similar to those for convective transport
in finite volume methods for fluid flow [51], thus the name given to it is the Finite Volume Method (FVM).
More details of the model implementation can be found from [52]. To obtain the discretized form of the
RTE, the unit sphere is divided into a finite number of solid angles. In each grid cell a discretized equation
is derived by integrating Eq. (7.3) over the volume of cell i jk and the control angle 8Q!, to obtain

/ / s'-VI(X,s')dx'ds' = / / k(X)) [I(x)—1(x',s")] dx'as’ (7.10)
3Q! JVijx 3Q! Vi
The volume integral on the left hand side is replaced by a surface integral over the cell faces using the
divergence theorem. Note that the procedure outlined below is appropriate for each band of a wide band
model, thus the subscript n has been removed for clarity.

Assuming that the radiation intensity /(X,s) is constant on each of the cell faces, the surface integral can
be approximated by a sum over the cell faces. Assuming further that I(x,s) is constant within the volume
Vi ik and over the angle 3Q! we obtain

6
Y Anl, /9 (5 my)ds' =i [Ibi " —I}jk} Vi 8 (7.11)
m=1
where
Iil " radiant intensity in direction /
I, radiant intensity at cell face m
I jjk radiant blackbody Intensity in cell
3Q! solid angle corresponding to direction [
Vijk volume of cell i jk
An area of cell face m
n, unit normal vector of the cell face m

Note that while the intensity is assumed constant within the angle 8/, its direction covers the angle Q'
exactly.The local incident radiation intensity is

No
Ui = Y1389/ (7.12)
I=1
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In Cartesian coordinates?, the normal vectors n,, are the base vectors of the coordinate system and the
integrals over the solid angle do not depend on the physical coordinate, but the direction only. The intensities
on the cell boundaries, I}, are calculated using a first-order upwind scheme. If the physical space is swept
in the direction s', the intensity Iil i can be directly obtained from an algebraic equation. This makes the
numerical solution of the FVM very fast. Iterations are needed only to account for the reflective boundaries.
However, this is seldom necessary in practice, because the time step set by the flow solver is small.

The grid used for the RTE solver is the same as for the fluid solver. The coordinate system used to

discretize the solid angle is shown in Figure 7.1. The discretization of the solid angle is done by dividing

Figure 7.1: Coordinate system of the angular discretization.

first the polar angle, 0, into Ny bands, where N is an even integer. Each 8-band is then divided into N(6)
parts in the azimuthal (¢) direction. Ny(6) must be divisible by 4. The numbers Ny and N (6) are chosen to
give the total number of angles Ng as close to the value defined by the user as possible. N is calculated as

Neg
No =) Ny(6;) (7.13)
i=1

The distribution of the angles is based on empirical rules that try to produce equal solid angles 8Q/ = 41 /Nq,.
The number of 6-bands is

No = 1.17 NJ/** (7.14)

rounded to the nearest even integer. The number of ¢-angles on each band is
Ny(8) = max {4,0.5Nq [cos(67) —cos(6%)] } (7.15)

rounded to the nearest integer that is divisible by 4. 8~ and 6™ are the lower and upper bounds of the 6-
band, respectively. The discretization is symmetric with respect to the planes x =0, y =0, and z = 0. This
symmetry has three important benefits: First, it avoids the problems caused by the fact that the first-order
upwind scheme, used to calculate intensities on the cell boundaries, is more diffusive in non-axial directions
than axial. Second, the treatment of the mirror boundaries becomes very simple, as will be shown later.
Third, it avoids so called “overhang” situations, where s-1i, s j or s - k changes sign inside the control angle.
These “overhangs” would make the resulting system of linear equations more complicated.

%In the axisymmetric case equation (7.11) becomes a little bit more complicated, as the cell face normal vectors n,, are not
always constant. However, the computational efficiency can still be retained.
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In the axially symmetric case these “overhangs” can not be avoided, and a special treatment, developed
by Murthy and Mathur [53], is applied. In these cases Ny(6;) is kept constant, and the total number of angles
is No = Np X Ny. In addition, the angle of the vertical slice of the cylinder is chosen to be same as 8¢.

The cell face intensities, I, appearing on the left hand side of (7.11) are calculated using a first order
upwind scheme. Consider, for example, a control angle having a direction vector s. If the radiation is
traveling in the positive x-direction, i.e. s-i > 0, the intensity on the upwind side, I/, is assumed to be the

> XU
intensity in the neighboring cell, Ii’_1 jk» and the intensity on the downwind side is the intensity in the cell

itself Ij;,.

On a rectilinear grid, the normal vectors n,, are the base vectors of the coordinate system and the
integrals over the solid angle can be calculated analytically. Equation (7.11) can be simplified

i = dily, + ally, + all, + by (7.16)
where
aly = AxDL+A DY+ A DL 4w Vi dQ! (7.17)
@, = AJDY (7.18)
d, = A,|D}] (7.19)
a, = A[D] (7.20)
bl = Wi o Vije 8@ (7.21)
Q! = / dQ = / / sin® d6 do (7.22)
Q! 50 J 36
D, = /Q [(s’ 1)dQ (7.23)
- / / (s' i) sin® d6d¢
59 /60
= / / cos 0sin0sin® d0dd
5 /80
1
= 3 (sing™ —sin¢~) [A® — (cosO sin®" —cosB” sin6 )]
D, = /Q l(s’~j)dQ (7.24)
= / / sinsin0sin® d0d0
5 /80
1
= 5 (cos o — cos(j)*) [AG — (Cos 0" sin@" —cos®~ sinef)}
D, = /Q [(sl -k)dQ (7.25)
- / / cosBsin® dBdo
50 ./860

- e

Here i, j and k are the base vectors of the Cartesian coordinate system. 61,07, 0" and ¢~ are the upper and
lower boundaries of the control angle in the polar and azimuthal directions, respectively, and A® = 61 — 6~
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and A = 0 — ¢ . In the cells next to a wall, the areas A,, of the faces, that are perpendicular to the wall,
are multiplied by 0.5.

The solution method of (7.16) is based on an explicit marching sequence [54]. The marching direction
depends on the propagation direction of the radiation intensity. As the marching is done in the “down-
wind” direction, the “upwind” intensities in all three spatial directions are known, and the intensity Il.l i can
be solved directly. Iterations may be needed only with the reflective walls and optically thick situations.
Currently, no iterations are made.

7.3 Boundary Conditions
The boundary condition for the radiation intensity leaving a gray diffuse wall is given as

_SGvaJrl—S

L,(s) L,(s') |s'-m,,| ds’ (7.26)

T L s’-n,, <0

where 1,,(s) is the intensity at the wall, € is the emissivity, and 7,, is the wall surface temperature.
In discretized form, the boundary condition on a solid wall is given as

GT4 1—¢ ’ /
IL=¢ S — Y 1, |D,| (7.27)
Dl <0

where D{; = [or (s-m,,)dQ2. The constraint D{; < 0 means that only the “incoming” directions are taken into
account when calculating the reflection. The net radiative heat flux on the wall is

No No
=Y, / (s'-m,)ds' =Y I.D, (7.28)
=1 /8 =1

where the coefficients D/, are equal to +D/, j:Di or D!, and can be calculated for each wall element at the
start of the calculation.

The open boundaries are treated as black walls, where the incoming intensity is the black body intensity
of the ambient temperature. On mirror boundaries the intensities leaving the wall are calculated from the
incoming intensities using a predefined connection matrix:

1 iy
Ly =1 (7.29)
Computationally intensive integration over all the incoming directions is avoided by keeping the solid angle
discretization symmetric on the x, y and z planes. The connection matrix associates one incoming direction

[’ to each mirrored direction on each wall cell.
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Chapter 8

Solid Phase

FDS assumes that solid obstructions consist of multiple layers, with each layer composed of multiple mate-
rial components that can undergo multiple thermal degradation reactions. Each reaction forms a combina-
tion of solid residue (i.e. another material component), water vapor, and/or fuel vapor. Heat conduction is
assumed only in the direction normal to the surface. This section describes the single mass and energy con-
servation equation for solid materials, plus the various coefficients, source terms, and boundary conditions,
including the computation of the convective heat flux ¢ at solid boundaries.

8.1 The Heat Conduction Equation for a Solid

A one-dimensional heat conduction equation for the solid phase temperature 7;(x,?) is applied in the direc-
tion x pointing into the solid (the point x = 0 represents the surface)'

M, 3, A, .,

PsCs ? = axksg qs (8.2)

Section 8.1.4 describes the component-averaged material properties, k; and pyc;. The source term, ¢,
consists of chemical reactions and radiative absorption:

ds = dse+dsy (8.3)

Section 8.2 describes the term qg”c which is essentially the heat production (loss) rate given by the pyrolysis
models for different types of solid and liquid fuels. Section 8.1.2 describes the term q’s”,, the radiative

absorption and emission in depth. Section 8.1.3 describes the convective heat transfer to the solid surface.

8.1.1 Numerical Model

A one dimensional heat transfer calculation is performed at each solid boundary cell for which the user has
prescribed thermal properties. The solid can consist of multiple layers of materials. Each layer is partitioned

'In cylindrical and spherical coordinates, the heat conduction equation is written

10 (ALY 0L 10 (0 0L L,
PS5 =V or (rks ar)+qs C PSS T2y rks or tds @1

FDS offers the user these options, with the assumption that the obstruction is not actually recti-linear, but rather cylindrical or
spherical in shape. This option is useful in describing the behavior of small, complicated “targets” like cables or heat detection
devices.
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into non-uniform cells, clustered near the front and back faces. The smallest cells are chosen based on the
criteria

dx < Sy s (8.4)
sCs
where S; is a cell size factor defined by the user. By default, S is 1.0. Interior cells increase in size by a
user-defined stretch factor when moving inwards from the surfaces. By default, the stretch factor is 2.0. The
cell boundaries are located at points x;. The temperature at the center of the ith cell is denoted T;;. The
(temperature-dependent) thermal conductivity of the solid at the center of the ith cell is denoted k; ;. The
temperatures are updated in time using an implicit Crank-Nicolson scheme

+1
R _ 1 1 I — Tvlfii o N n
ot 2(pscs)idx; . 8xs,i+% v st,if%
n+1 n+1 n-+1 n—+1 .
Ts,i+1 - T:v,i Tv,i - Ts,ifl 61;"
T T + (8.5)
Tl Xipl n Xl PsCs

for 1 <i < N. The width of each cell is dx;. The distance from the center of cell i to the center of cell i + 1
is &x;, 1. However, the material properties ;, cs, ps and source terms ¢! are updated in an explicit manner,
using the temperature information from time step n.

The boundary condition on the front surface is

Ty "y
—ks5=(0,1) = g + 4y (8.6)

If the internal radiation is solved for a solid, the radiation boundary condition ¢/’ is not used.

On the back surface, two possible boundary condition types may be specified by the user. (1) If the back
surface is assumed to be open either to an ambient void or to another part of the computational domain,
the back side boundary condition is similar to that of the front side. (2) If the back side is assumed to be

perfectly insulated, an adiabatic boundary condition is used

ksa—x‘ =0 8.7
The boundary condition is discretized
o =T _ rntl) o pr(ntl)
=4 +4; (8.8)

—Rs, 1
’ ox

NI—=

The convective flux at the next time step is computed as
/(1) :h(Tg—O.S (Ts’f% +Ts'f%+1)) (8.9)
and the radiative flux at the next time step is approximated with a linearized form

q./r/(n+l) ~q"—4deo 7~le3l (Tsnirl _ Tgnl) (8.10)
5.5 s, 5,3
The wall temperature is defined 7,, = TS% = (Tio0+T51)/2.

The size and number of solid phase cells can change during the course of a calculation as solid material
is converted to gas. The size of each cell is reduced such that the cell density remains equal to the density
of the virgin material. If the cell size gets below a pre-defined threshold (1 um), the cell is completely
removed. Following cell shrinking or cell removal, the solid phase mesh is re-gridded and the mass and
enthalpy values are interpolated from the old mesh to the new mesh.

62



8.1.2 Radiation Heat Transfer to Solids

If it is assumed that the thermal radiation from the surrounding gases is absorbed within an infinitely thin
layer at the surface of the solid obstruction, then the net radiative heat flux is the sum of incoming and
outgoing components, ¢, = gy, — 4y ,;» Where:

drin = 8/ 1,(s) |s' -m,,| dQ (8.11)
s’-n,, <0
dtow = €oT, (8.12)

However, many common materials do not have infinite optical thickness. Rather, the radiation penetrates
the material to some finite depth. The radiative transport within the solid (or liquid) can be described as
a source term in Eq. (8.2). A “two-flux” model based on the Schuster-Schwarzschild approximation [19]
assumes the radiative intensity is constant inside the “forward” and “backward” hemispheres. The transport
equation for the intensity in the “forward” direction is

1dI(x
3 d)g ) =K, (I, — I (x)) (8.13)

where x is the distance from the material surface and «; is the absorption coefficient

]Vm
K=Y Xo K (8.14)

a=1

A corresponding formula can be given for the “backward” direction. Multiplying Eq. 8.13 by & gives us the

“forward” radiative heat flux into the solid
1dg; (v
2 dx

The radiative source term in the heat conduction equation is a sum of the “forward” and “backward” flux
gradients

=k (6T, — ¢, (x)) (8.15)

_dif ) | i)

/e 8.16
qs,r (x) dx dx ( )
The boundary condition for Eq. 8.15 at the solid (or liquid) surface is given by

47 (0) = g+ (1-€) ¢, (0) (8.17)

where ¢, (0) is the “backward” radiative heat flux at the surface. In this formulation, the surface emissivity
and the internal absorption are assumed to be independent properties of the material.

8.1.3 Convective Heat Transfer to Solids

The calculation of the convective heat flux depends on whether one is performing a Direct Numerical Sim-

ulation (DNS) or a Large Eddy Simulation (LES). In a DNS calculation, the convective heat flux to a solid

surface ¢/ is obtained directly from the gas temperature gradient at the boundary
oT kTw —T,

g =—k ==

on  &n/2

(8.18)

where k is the thermal conductivity of the gas, n is the spatial coordinate pointing into the solid, dn is the
normal grid spacing, T, is the gas temperature in the center of the first gas phase cell, and 7, is the wall
surface temperature.
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In an LES calculation, the convective heat flux to the surface is obtained from a combination of natural
and forced convection correlations

N/ 2 1 k 4 1 2
. =h(T,—T,) Wm* ; h=max |C|T,—T,|?, 7 0.037 Res Pr3 W/m=/K (8.19)

where C is the coefficient for natural convection (1.52 for a horizontal surface and 1.31 for a vertical sur-
face) [17], L is a characteristic length related to the size of the physical obstruction, k is the thermal con-
ductivity of the gas, and the Reynolds Re and Prandtl Pr numbers are based on the gas flowing past the
obstruction. Since the Reynolds number is proportional to the characteristic length, L, the heat transfer
coefficient is weakly related to L. For this reason, L is taken to be 1 m for most calculations.

8.1.4 Component-Averaged Thermal Properties

The conductivity and volumetric heat capacity of the solid are defined

N N
ks = Z Xo kx,oc 5 PsCs = Z Ps,a Cs,o (8.20)
a=1 a=1

N, is the number of material components forming the solid. py ¢ is the component density

Ps,o0 = Ps Yo (821)
where pj is the density of the composite material and Yy, is the mass fraction of material component o.. The
solid density is the sum of the component densities

]\]"l
Ps = Z Ps,a (822)

a=1

Xy 1s the volume fraction of component ¢
N )
Xo= P2 [y Poo (8.23)
Po w=1 Po

where pg, is the density of material o in its pure form. Multi-component solids are defined by specifying the
mass fractions, Yy, and densities, pq, of the individual components of the composite.

8.2 Pyrolysis Models

This section describes how solid phase reactions and the chemical source term in the solid phase heat con-
duction equation, ¢;"., are modeled. This is what is commonly referred to as the “pyrolysis model,” but
it actually can represent any number of reactive processes, including evaporation, charring, and internal

heating.

8.2.1 Specified Heat Release Rate

Often the intent of a fire simulation is merely to predict the transport of smoke and heat from a specified fire.
In other words, the heat release rate is a user input, not something the model predicts. In these instances, the
desired HRR is translated into a mass flux for fuel at a given solid surface, which can be thought of as the
surface of a burner: ) d
-1 user

=" (8.24)
Usually, the user specifies a desired heat release rate per unit area, ¢{jger, plus a time ramp, f(), and the
mass loss rate is computed accordingly.
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8.2.2 Solid Fuels
Solids can undergo simultaneous reactions under the following assumptions:

* instantaneous release of volatiles from solid to the gas phase,
* local thermal equilibrium between the solid and the volatiles,
* no condensation of gaseous products, and

* no porosity effects’

Each material component may undergo several competing reactions, and each of these reactions may pro-
duce some other solid component (residue) and gaseous volatiles according to the yield coefficients v, and
V¢, respectively. These coefficients should usually satisfy vs+ 3., v,y = 1, but smaller yields may also be
used to take into account the gaseous products that are not explicitly included in the simulation.

Consider material component o that undergoes N separate reactions. We will use the index B to
represent one of these reactions:

Materialy, — Vo Residueqgg + Vg op, H2O + Vg op r HC (8.25)

In this his particular reaction, condenced phase residue, water vapor and hydrocarbon fuel are produced.
The local density of material component o evolves in time according to the solid phase species conser-
vation equation

9 (Psa ——I%ir +S (8.26)
at pSO N le OCB * '

which says that the mass of conponent o is consumed by the solid phase reactions rqg and produced by
other reactions. rgg is the rate of reaction B in units (1/s) and pyo is the initial density of the material layer.
S« 1s the production rate of material component o as a result of the reactions of the other components. The
reaction rates are functions of local mass concentration and temperature, and calculated as a combination of
Arrhenius and power functions:

s sap E 4 0
s — (F;()) Aa oxP <_RTB> max [0,T; — Typ] " (827)

where Tj,.qp is a threshold temperature that can be used to dictate that the reaction must not occur below
a user-specified temperature. By default, the term is deactivated (T3 = 0 K). The chapter on pyrolysis
in the FDS Verification Guide describes methods for determining the kinetic parameters Agg and Eqg using
bench-scale measurement techniques.

The production term Sy, is the sum over all the reactions where the solid residue is material o

N N
Sa=Y ) Viwprap  (where Residueyp = Materialy) (8.28)
o'=1p=1

The volumetric production rate of each gaseous volatile is

Ny Nra
iy =050 Y, Y VeopyTap (8.29)
o=1 B:l

2 Although porosity effects are not explicitly included in the model, it is possible to account for it because the volume fractions
defined by Eq. (8.23) need not sum to unity, in which case the thermal conductivity and absorption coefficient are effectively
reduced.
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It is assumed that the gases are transported instantaneously to the surface, where the mass fluxes are given
by: 3

L
m;’:/o m({"(x)dx (8.31)

where L is the thickness of the surface. The chemical source term of the heat conduction equation consists

of the heats of reaction
Nm Nﬁ,a
-

doe(x) =—ps0 Y. Y rap(x)H,ap (8.32)
o=1p=1

8.2.3 Liquid Fuels

The rate at which liquid fuel evaporates when burning is a function of the liquid temperature and the con-
centration of fuel vapor above the pool surface. According to the Clausius-Clapeyron relation, the volume
fraction of the fuel vapor above the surface is a function of the liquid boiling temperature

WWr (11
X; = exp {— Rf (T—Tbﬂ (8.33)

where h, is the heat of vaporization, Wy is the molecular weight, T is the surface temperature, and 7}, is the
boiling temperature of the fuel [55].
In the beginning of the simulation, an initial guess is made for the fuel vapor mass flux

" ViNVVf
m; =
RT./po

(8.34)

where V/ is the initial vapor volume flux, defined by the user (default V = 5-10~* m?/(sm?)). During
the simulation, the evaporation mass flux is updated based on the difference between current close-to-the-
surface volume fraction of fuel vapor and the equilibrium value given by Eq. 8.33.

For simplicity, the liquid fuel itself is treated like a thermally-thick solid for the purpose of computing
the heat conduction. There is no computation of the convection of the liquid within the pool.

3In cylindrical and spherical coordinates, the mass fluxes are

1

1 R R
mg = E/O mg(”(x) rdr ; mg = ﬁ/o m:{”(x) dr (8.30)
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Chapter 9

Lagrangian Particles

Lagrangian particles are used to represent a wide variety of objects that cannot be resolved on the numerical
grid. Some are solid; some are liquid. This chapter outlines the treatment of the transport, size distribution,
and mass, momentum and energy transfer of the droplets or particles.

9.1 Droplet/Particle Transport in the Gas Phase
For a spray, the force term f;, in Eq. (3.3) represents the momentum transferred from the droplets to the gas.

It is obtained by summing the force transferred from each droplet in a grid cell and dividing by the cell
volume

_ EZpCDnrﬁ(ud —u)uy —u|

bh=3 51y 0z

O.1)
where Cp is the drag coefficient, r; is the droplet radius, u, is the velocity of the droplet, u is the velocity
of the gas, p is the density of the gas, and dxdydz is the volume of the grid cell. The acceleration of an
individual droplet is governed by the equation

d 1
E(mdud) :mdg—EpCDanw (lld—ll)|ud—ll‘ (92)

where my is the mass of the droplet. The trajectory of the droplet is governed by the equation

dx,
— 3
I uy 9.3)

The drag coefficient (default based on a sphere) is a function of the local Reynolds number (based on droplet
diameter)

24/Red Rey < 1

Cp = < 24(0.85+0.15Rel) /Rey 1 < Rey < 1000 (9.4)
0.44 1000 < Reg
—ul2

Re, — Plba—ul2ra 9.5)

u(T)
where u(T) is the dynamic viscosity of air at temperature 7.
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9.2 Droplet Size Distribution

A spray consists of a sampled set of spherical droplets. The size distribution is expressed in terms of its Cu-
mulative Volume Fraction (CVF), a function that relates the fraction of the liquid volume (mass) transported
by droplets less than a given diameter. Researchers at Factory Mutual have suggested that the CVF for a
sprinkler may be represented by a combination of log-normal and Rosin-Rammler distributions [56]

1 /d | )2 i (d<dy)
—_— — 2c
F(d)={ V&), o@°¢ y = m (9.6)
1— e 0693(d) (dn < d)
where d,, is the median droplet diameter (i.e. half the mass is carried by droplets with diameters of d,, or
less), and y and & are empirical constants equal to about 2.4 and 0.6, respectively.! The median droplet
diameter is a function of the sprinkler orifice diameter, operating pressure, and geometry. Research at
Factory Mutual has yielded a correlation for the median droplet diameter [57]

dn, 1
— o<« We™ 3 9.7
D e 9.7

where D is the orifice diameter of the sprinkler. The Weber number, the ratio of inertial forces to surface
tension forces, is given by

_ PattgD
= o

We 9.8)
where py is the density of liquid, ug is the discharge velocity, and 6 is the liquid surface tension (72.8 x 1073
N/m at 20 °C for water). The discharge velocity can be computed from the mass flow rate, a function of the
sprinkler’s operating pressure and orifice coefficient known as the “K-Factor.” FM reports that the constant
of proportionality in Eq. (9.7) appears to be independent of flow rate and operating pressure. Three different
sprinklers were tested in their study with orifice diameters of 16.3 mm, 13.5 mm, 12.7 mm and the constants
were approximately 4.3, 2.9, 2.3, respectively. The strike plates of the two smaller sprinklers were notched,
while that of the largest sprinkler was not [57].

In real sprinkler systems, the operating pressure is affected by the number of open nozzles. Typically,
the pressure in the piping is high when the first sprinkler activates, and decreases when more and more
sprinkler heads are activated. The pipe pressure has an effect on flow rate, droplet velocity and droplet size
distribution. FDS tries not to predict the variation of pipe pressure; it should be specified by the user; but the
following dependencies are used to update the droplet boundary conditions for mass flow i, droplet speed
uy and median diameter d,,

ug =< \/p (9.10)
dy o< p /3 9.11)

In the numerical algorithm, the size of the droplets are chosen to mimic the Rosin-Rammler/log-normal
distribution. A Probability Density Function (PDF) for the droplet diameter is defined

F'(d = F'(d') ., . _dF
fld)= di)//o d(,3)dd s Fl=7 (9.12)

!'The Rosin-Rammler and log-normal distributions are smoothly joined if 6 = 2/(v/2rn(In2) y) = 1.15/y..
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Figure 9.1: Cumulative Volume Fraction and Cumulative Number Fraction functions of the droplet size
distribution from a typical industrial-scale sprinkler. The median diameter d,,, is 1 mm, ¢ = 0.6 and y=2.4.

Droplet diameters are randomly selected by equating the Cumulative Number Fraction of the droplet distri-
bution with a uniformly distributed random variable U

d
U(d) = /O F(d)dd 9.13)

Figure 9.1 displays typical Cumulative Volume Fraction and Cumulative Number Fraction functions.

In most cases, a sampled set of the droplets or particles is explicitly tracked in the model. The procedure
for selecting droplet sizes is as follows: Suppose the mass flow rate of the liquid is 7z. Suppose also that the
time interval for droplet insertion into the numerical simulation is o8¢, and the number of droplets inserted
each time interval is N. Choose N uniformly distributed random numbers between 0 and 1, call them Uj,
obtain N droplet diameters d; based on the given droplet size distribution, Eq. (9.13), and then compute a
weighting constant C from the mass balance

4 di\’
mdt=CY 3w <2> (9.14)
i=1

The mass and heat transferred from each droplet will be multiplied by the weighting factor C.

9.3 Heating and Evaporation of Liquid Droplets

Liquid “droplets” are represented either as discrete airborne spheres propelled through the gas, or as rectan-
gular blocks that collectively form a thin liquid film on solid objects. These “droplets” are still individually
tracked as lagrangian particles, but the heat and mass transfer coefficients are different. In the discussion to
follow, the term “droplets” will be used to describe either form.

Over the course of a time step of the gas phase solver, the droplets in a given grid cell evaporate as a
function of the liquid equilibrium vapor mass fraction, Y}, the local gas phase vapor mass fraction, Yg, the
(assumed uniform) liquid temperature, 7;, and the local gas temperature, T,. If the droplet is attached to a
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surface, T is the solid temperature. The mass and energy transfer between the gas and the liquid can be
described by the following set of equations [58]

dmy

dT; d
m c,d—tl:Ah(Tg—Tl)—i—Ahs(Ts—Tl)—kq'r—F%hv (9.16)

Here, m; is the mass of the liquid droplet (or that fraction of the surface film associated with the formerly
airborne droplet), A is the surface area of the liquid droplet (or that fraction of the film exposed to the gas
and to the wall), &, is the mass transfer coefficient to be discussed below, p is the gas density, c; is the
liquid specific heat, & is the heat transfer coefficient between the liquid and the gas, /A, is the heat transfer
coefficient between the liquid and the solid surface, ¢, is the rate of radiative heating of the droplet, and A,
is the latent heat of vaporization of the liquid. The vapor mass fraction of the gas, Y,, is obtained from the
gas phase mass conservation equations, and the liquid equilibrium vapor mass fraction is obtained from the
Clausius-Clapeyron equation

W (1 1 X
’ e"p[ﬂi (Tb Tzﬂ X (T = Wa/Wi) + Wa W ©17

where X, is the equilibrium vapor volume fraction, W, is the molecular weight of the evaporated liquid, W, is
the molecular weight of air, & is the universal gas constant, and 7} is the boiling temperature of the liquid.

Mass and heat transfer between liquid and gas are described with analogous empirical correlations. The
mass transfer coefficient, 4,,, is described by the empirical relationships [18]:

1 1
hD 24+0.6Rej, Sc3  droplet
_ ¥ . Sh= b 9.18)

A, .
0.037Re; Sc3  film

Sh is the Sherwood number, Dy, is the binary diffusion coefficient between the liquid vapor and the sur-
rounding gas (usually assumed air), L is a length scale equal to either the droplet diameter or 1 m for a
surface film, Rep is the Reynolds number of the droplet (based on the diameter, D, and the relative air-
droplet velocity), Rey, is the Reynolds number based on the length scale L, and Sc is the Schmidt number
(v/Dyg, assumed 0.6 for all cases).

An analogous relationship exists for the heat transfer coefficient:

1 1
Nu k 2+40.6 Re? Pr3  droplet
=% Nu= P (9.19)

4
0.037Re; Prs  film

Nu is the Nusselt number, & is the thermal conductivity of the gas, and Pr is the Prandtl number (assumed
0.7 for all cases).

The exchange of mass and energy between liquid droplets and the surrounding gases (or solid surfaces)
is computed droplet by droplet. After the temperature of each droplet is computed, the appropriate amount
of vaporized liquid is added to the given mesh cell, and the cell gas temperature is reduced slightly based on
the energy lost to the droplet.

Equation (9.16) is solved semi-implicitly over the course of a gas phase time step as follows. Note that
a few terms have been left out to make the algorithm more clear.

Tl T T vty
el GU S el R e e I 620
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The equilibrium vapor mass fraction, ¥;", is a function of 7;" via Eq. (9.17), and its value at the next time
step is approximated via

n+l  yn le " n+1 n
A R (1 =) 9.21)
where the derivative of ¥; with respect to temperature is obtained via the chain rule:
dy, dY; dX; W, /W h,W, nhwy /11
an _ dvidX, S 2 exp e 9.22)
at; — dX; dT; — (Xi(1—Wa/Wp) +We/W))? R T, R \T, T
The amount of evaporated liquid is given by
1 /dv\" 1
Sy = 8t Ay p [Y[’ +3 <dTl) (r+t =) 9.23)
The amount of heat extracted from the gas is
"+ 1!
8qg==5tAh (Tg — % (9.24)

9.4 Absorption and Scattering of Thermal Radiation by Droplets

The attenuation of thermal radiation by liquid droplets is an important consideration, especially for water
mist systems [59]. Liquid droplets attenuate thermal radiation through a combination of scattering and
absorption [60]. The radiation-droplet interaction must therefore be solved for both the accurate prediction
of the radiation field and for the droplet energy balance.

If the gas phase absorption and emission in Eq. (7.1) are temporarily neglected for simplicity, the radia-
tive transport equation becomes

Gd(X,X)

s- VL (x,s) = — [ks(x,A) + 64(X, M) [ (X,8) + Kq (X, A) I g (X,A) + o

®(s,s') I(x,s') ds’ (9.25)
4n
where Kk, is the droplet absorption coefficient, 6, is the droplet scattering coefficient and I, 4 is the emission
term of the droplets. ®(s,s’) is a scattering phase function that gives the scattered intensity from direction
s’ to s. The local absorption and scattering coefficients are calculated from the local droplet number density
N(x) and mean diameter d,,(x) as

Ka(%,A) = N(x) / F(rdm(x)) Ca(r,\) dr (9.26)
0
Ga(x,\) = N(x) / F(rdw(x)) Cs(r ) dr (9.27)
0
where r is the droplet radius and C, and C; are absorption and scattering cross sections, respectively, given
by Mie theory. The droplet number density function f(r,d,,) is assumed to have the same form as the initial

droplet size distribution, but a mean diameter depending on the location x. For the numerical implementa-
tion, the above equations are written in the form

dr (9.28)

dr (9.29)
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where A, is the total cross sectional area per unit volume of the droplets. A; is computed simply by summing
the cross sectional areas of all the droplets within a cell and divided by the cell volume. For practical reasons,
a relaxation factor of 0.5 is used to smooth slightly the temporal variation of A,.

An accurate computation of the in-scattering integral on the right hand side of Eq. (9.25) would be
extremely time consuming. It is here approximated by dividing the total 47 solid angle to a “forward angle”
8Q! and “ambient angle” 8Q* = 41 — 8Q/. For compatibility with the FVM solver, 8Q! is set equal to the
control angle given by the angular discretization. However, it is assumed to be symmetric around the center
of the control angle. Within 8Q' the intensity is I, (x,s) and elsewhere it is approximated as

U(x,A) —8Q' I (x,s)

U*(x,A) = 9.30
where U (x) is the total integrated intensity. The in-scattering integral can now be written as
o4(X,A %
LR [ s,) I8 4 = 60l 1) oty )+ (1= 1)U (5,0 ©31)
T

where )¢ = x(r,A) is a fraction of the total intensity originally within the solid angle 3Q' that is scattered
into the same angle 8Q/. Defining an effective scattering coefficient section

4nN(x) [

Salx ) = e | (1=2) Gl dr ©932)

the spray RTE becomes
— o7} (X7 }\’)
s- VL (x,s) = — [k (x,A) + G4 (X, M) [ (x,8) + Ka (X, A) Ip g (x,A) + TU(X,X) (9.33)

This equation can be integrated over the spectrum to get the band specific RTE’s. The procedure is exactly

the same as that used for the gas phase RTE. After the band integrations, the spray RTE for band n becomes

(X, %)
47

$-VIL,(x,8) = — [Kg.0(X) + Gz (X)] I (X,8) + Kgn(X) Ip.a.n(X) + Uy (x) (9.34)
where the source function is based on the average droplet temperature within a cell. The droplet contribution
to the radiative loss term is

—V - q/(x)(droplets) = K4 (x) [U(x) — 471y 4(X)] (9.35)

For each individual droplet, the radiative heating/cooling power is computed as

my
pa(x)

where my is the mass of the droplet and p,(x) is the total density of droplets in the cell.

The absorption and scattering cross sections and the scattering phase function are calculated using the
MieV code developed by Wiscombe [61]. Currently, the spectral data is only included for water. The
values of the imaginary part of the complex refractive index (related to absorption coefficient) are taken
from Ref. [62]. Value 1.33 is used for the real part (index of refraction).

Before the actual simulation, both x; and G, are averaged over the possible droplet radii and wavelength.
A constant “radiation” temperature, 7,4, is used in the wavelength averaging. T,,s should be selected
to represent a typical radiating flame temperature. A value of 1173 K is used by default. The averaged
quantities, now functions of the droplet mean diameter only, are stored in one-dimensional arrays. During
the simulation, the local properties are found by table look-up using the local mean droplet diameter.

4r = Ka(x) [U(x) =47y q(x)] (9.36)
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The computation of ) s for a similar but simpler situation has been derived in Ref. [63]. It can be shown
that here ¥ s becomes

1 il i Py(0,) /
= 7/ / / dugdudu 9.37)
f Q! Jo Jo Hd.0 [(1 —/,12)(1 _“/2) - (,Ud _.U:U/)z]l/2 ’

where uy is a cosine of the scattering angle 6, and Py(8,) is a single droplet scattering phase function

A (11(84) 2+ 152(84)]%)

S1(84) and S,(8y) are the scattering amplitudes, given by Mie-theory. The integration limit ' is a cosine of
the polar angle defining the boundary of the symmetric control angle Q'

2
u =cos(8)=1—— (9.39)
Ng

The limits of the innermost integral are

pao = + /1 =21 —=p? 5 pgn=pd — /1=y 1—y? (9.40)

When ) is integrated over the droplet size distribution to get an averaged value, it is multiplied by Cy(r,X).
It is therefore |S1|? + |S2|?, not Py(8y), that is integrated. Physically, this means that intensities are added,
not probabilities [61].

9.5 Fire Suppression by Water

The previous two sections describe heat transfer from a droplet of water to a hot gas, a hot solid, or both.
Although there is some uncertainty in the values of the respective heat transfer coefficients, the fundamental
physics are fairly well understood. However, when the water droplets encounter burning surfaces, simple
heat transfer correlations become more difficult to apply. The reason for this is that the water is not only
cooling the surface and the surrounding gas, but it is also changing the pyrolysis rate of the fuel. If the
surface of the fuel is planar, it is possible to characterize the decrease in the pyrolysis rate as a function of
the decrease in the total heat feedback to the surface. Unfortunately, most fuels of interest in fire applications
are multi-component solids with complex geometry at scales unresolvable by the computational grid.

9.5.1 Droplet Transport on a Surface

When a liquid droplet hits a solid horizontal surface, it is assigned a random horizontal direction and moves
at a fixed velocity until it reaches the edge, at which point it drops straight down at the same fixed velocity.
This “dripping” velocity has been measured for water to be on the order of 0.5 m/s [64, 65]. While attached
to a surface, the “droplet” is assumed to form a thin film of liquid that transfers heat to the solid, and heat
and mass to the gas.

9.5.2 Reduction of Pyrolysis Rate due to Water

To date, most of the work in this area has been performed at Factory Mutual. An important paper on
the subject is by Yu ef al. [66]. The authors consider dozens of rack storage commodity fires of different
geometries and water application rates, and characterize the suppression rates in terms of a few global
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parameters. Their analysis yields an expression for the total heat release rate from a rack storage fire after
sprinkler activation

O = Qe K= (9.41)

where Q is the total heat release rate at the time of application 7o, and k is a fuel-dependent constant. For
the FMRC Standard Plastic commodity & is given as

k=0.716 !, —0.0131 s~ (9.42)

where ri1]}, is the flow rate of water impinging on the box tops, divided by the area of exposed surface (top
and sides). It is expressed in units of kg/m?/s. For the Class IT commodity, & is given as

k=0.5361", —0.0040 s7! (9.43)

Unfortunately, this analysis is based on global water flow and burning rates. Equation (9.41) accounts
for both the cooling of non-burning surfaces as well as the decrease in heat release rate of burning surfaces.
In the FDS model, the cooling of unburned surfaces and the reduction in the heat release rate are computed
locally. Thus, it is awkward to apply a global suppression rule. However, the exponential nature of suppres-
sion by water is observed both locally and globally, thus it is assumed that the local burning rate of the fuel
can be expressed in the form [64, 65]

ritf(t) = st o (¢) e TKO 4 (9.44)

Here m’; o(t) is the burning rate per unit area of the fuel when no water is applied and k(¢) is a linear function
of the local water mass per unit area, m!,, expressed in units of kg/m?,

k(t)=aml(t) s (9.45)

w

Note that a is an empirical constant.

9.6 Beyond Droplets — Using Lagrangian Particles to Model Complex Ob-
jects

There are many real objects that participate in a fire that cannot be modeled easily as solid obstructions
that conform to the rectilinear mesh. For example, electrical cables, dry brush, tree branches and so on, are
potential fuels that cannot be well-represented as solid cubes, not only because the geometry is wrong, but
also because the solid restricts the movement of hot gases through the complex collection of objects. As a
potential remedy for the problem, these objects can be modeled as discrete particles that are either spheres,
cylinders or small sheets. Each particle can be assigned a surface type in much the same way as is done for
solid obstructions that conform to the numerical grid. The particle is assumed to be thermally-thick, but for
simplicity the heat conduction within the particle is assumed to be one-dimensional in either a cylindrical,
spherical or cartesian coordinate system.

It is assumed that the particles interact with the surrounding gas via an additional source term in the
energy conservation equation. For a grid cell with indices i jk, the source term is:

(=V-a))i =Y. [ (Ui —40T,)] (9.46)

where the summation is over all the particles within the cell. The effective absorption coefficient for a single
particle is given by
A
K

P 4 8x8ydz ©47)
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where A is the surface area of the particle and 6xdydz is the volume of the cell. The net radiative heat flux
onto the surface of the particle is

Ui
gL, = < 4f" — cT;‘) (9.48)
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Chapter 10

Fire Detection Devices

FDS predicts the thermal environment resulting from a fire, but it relies on various empirical models that
describe the activation of various fire detection devices. These models are described in this section.

10.1 Sprinklers

The temperature of the sensing element (or “link”) of an automatic fire sprinkler is estimated from the
differential equation put forth by Heskestad and Bill [67], with the addition of a term to account for the
cooling of the link by water droplets in the gas stream from previously activated sprinklers

dT;  +/|u] C G
—=— AT, -T) — == (11— Ty) — == 10.1

Here T; is the link temperature, T, is the gas temperature in the neighborhood of the link, 7,, is the temper-
ature of the sprinkler mount (assumed ambient), and B is the volume fraction of (liquid) water in the gas
stream. The sensitivity of the detector is characterized by the value of RTI. The amount of heat conducted
away from the link by the mount is indicated by the “C-Factor”, C. The RTI and C-Factor are determined
experimentally. The constant C; has been empirically determined by DiMarzo and co-workers [68, 69, 70]
to be 6 x 10° K/(m/s)%, and its value is relatively constant for different types of sprinklers.

The algorithm for heat detector activation is exactly the same as for sprinkler activation, except there
is no accounting for conductive losses or droplet cooling. Note that neither the sprinkler nor heat detector
models account for thermal radiation.

10.2 Heat Detectors

As far as FDS is concerned, a heat detector is just a sprinkler with no water spray. In other words, the
activation of a heat detector is governed by Eq. (10.1), but with just the first term on the right hand side:

a1 _ el oy (10.2)

dt ~ RTI

Both the RTT and activation temperature are determined empirically.

10.3 Smoke Detectors

An informative discussion of the issues associated with smoke detection can be found in the SFPE Handbook
chapter “Design of Detection Systems,” by Schifiliti, Meacham and Custer [20]. The authors point out that
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the difficulty in modeling smoke detector activation stems from a number of issues: (1) the production and
transport of smoke in the early stage of a fire are not well-understood, (2) detectors often use complex
response algorithms rather than simple threshold or rate-of-change criteria, (3) detectors can be sensitive to
smoke particle number density, size distribution, refractive index, composition, efc., and (4) most computer
models, including FDS, do not provide detailed descriptions of the smoke besides its bulk transport. This
last point is the most important. At best, in its present form, FDS can only provide to an activation algorithm
the velocity and smoke concentration of the ceiling jet flowing past the detector. Regardless of the detailed
mechanism within the device, any activation model included within FDS can only account for the entry
resistance of the smoke due to the geometry of the detector. Issues related to the effectiveness of ionization
or photoelectric detectors cannot be addressed by FDS.

Consider the simple idealization of a “spot-type” smoke detector. A disk-shaped cover lined with a fine
mesh screen forms the external housing of the device, which is usually mounted to the ceiling. Somewhere
within the device is a relatively small sensing chamber where the smoke is actually detected in some way.
A simple model of this device has been proposed by Heskestad [20]. He suggested that the mass fraction of
smoke in the sensing chamber of the detector Y, lags behind the mass fraction in the external free stream Y,
by a time period &t = L/u, where u is the free stream velocity and L is a length characteristic of the detector
geometry. The change in the mass fraction of smoke in the sensing chamber can be found by solving the

following equation:
ch _ Ye(t)*Yc(t) (10‘3)
dt L/u

The detector activates when Y, rises above a detector-specific threshold.

A more detailed model of smoke detection involving two filling times rather than one has also been
proposed. Smoke passing into the sensing chamber must first pass through the exterior housing, then it must
pass through a series of baffles before arriving at the sensing chamber. There is a time lag associated with
the passing of the smoke through the housing and also the entry of the smoke into the sensing chamber. Let
dt, be the characteristic filling time of the entire volume enclosed by the external housing. Let &z, be the
characteristic filling time of the sensing chamber. Cleary et al. [71] suggested that each characteristic filling
time is a function of the free-stream velocity u outside the detector

&t, = auPe o 8. = ouPe (10.4)

The o’s and B’s are empirical constants related to the specific detector geometry The change in the mass
fraction of smoke in the sensing chamber Y, can be found by solving the following equation:
dy,  Y.(t—dt.)—Y.(t)

= 5 (10.5)

where Y, is the mass fraction of smoke outside of the detector in the free-stream. A simple interpretation of
the equation is that the concentration of the smoke that enters the sensing chamber at time ¢ is that of the
free-stream at time ¢ — 0f,.

An analytical solution for Eq. (10.5) can be found, but it is more convenient to simply integrate it
numerically as is done for sprinklers and heat detectors. Then, the predicted mass fraction of smoke in the
sensing chamber, Y,(¢), can be converted into an expression for the percent obscuration per unit length by
computing:

(1-e7%) x 100 (10.6)

where ¥ is the specific extinction coefficient, p is the density of the external gases in the ceiling jet, and
[ is the preferred unit of length (typically 1 m or 1 ft). For most flaming fuels, a suggested value for « is
8700 m?/kg & 1100 m?/kg at a wavelength of 633 nm [72].
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The SFPE Handbook has references to various works on smoke detection and suggested values for the
characteristic length L. FDS includes the one parameter Heskestad model as a special case of the four
parameter Cleary model. For the Cleary model, one must set o, B., ¢, and ., whereas for the Heskestad
model only L = o, needs to be specified. Eq. (10.5) is still used, with o, = 0 and B, = . = —1. Proponents
of the four-parameter model claim that the two filling times are needed to better capture the behavior of
detectors in a very slow free-stream (u# < 0.5 m/s). Rather than declaring one model better than another, the
algorithm included in FDS allows the user to pick these various parameters, and in so doing, pick whichever
model the user feels is appropriate [73].

Additionally, FDS can model the behavior of beam and aspiration smoke detectors. For a beam detector
the user specifies the emitter and receiver positions and the total obscuration at which the detector will alarm.
FDS will then integrate the obscuration over the path length using the predicted soot concentration in each
grid cell along the path. For an aspiration detector the user specifies the sampling locations, the flow rate at
each location, the transport time from each sampling point to the detector, the flow rate of any bypass flow,
and the total obscuration at which the detector will alarm. FDS will compute that soot concentration at the
detector by weighting the predicted soot concentrations at the sampling locations with their flow rates after
applying the appropriate time delay.
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Chapter 11

Heating, Ventilation, and Air Conditioning
(HVACO)

HVAC systems are found throughout the built environment. During a fire, HVAC ducts can serve as a path
for heat and combustion products to be moved through a building. In some facilities, such as data centers
and clean rooms, fire detection devices are placed inside of HVAC ducts. Lastly, HVAC systems may
serve as part of the fire protection system for a building when used to exhaust smoke or maintain stairwell
pressurization.

Previous versions of FDS, have only had the ability to specify either fixed flow boundary conditions (ve-
locity or mass flux) or a simple pressure boundary condition. While these inputs could adequately represent
very simple HVAC features, they could not model an entire multi-room system. There was no coupling of
the mass, momentum, and energy solutions amongst the multiple inlets and outlets comprising the HVAC
network. To address this limitation, an HVAC network solver has been added to FDS.

11.1 HVAC Governing Equations

The overall HVAC solver is based on the MELCOR [74] thermal hydraulic solver. MELCOR is a computer
code for simulating accidents in nuclear power plant containment buildings. The Fire and Smoke Simulator
(FSSIM) [75], a network fire model, has shown prior success in using the MELCOR solver to model fire
spread and smoke movement in the presence of complex ventilation systems.

The MELCOR solver uses an explicit conservation of mass and energy combined with an implicit solver
for the conservation of momentum. An HVAC system is represented as network of nodes and ducts where a
node represents where a duct joins with the FDS computational domain or where multiple ducts are joined
such as a tee. A duct segment in the network represents any continuous flow path not interrupted by a node
and as such may include multiple fittings (elbows, expansion or contractions, etc.) and may have varying
area over its length. The current implementation of the model does not account for mass storage with an
HVAC network. The nodal conservation equations are:

Mass:

) pjujA;=0 (11.1)

J connected to node i

Energy:

o

Z ijjAjhj: (11.2)

J connected to node i
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Momentum:

duj _

1
piLj— " = (Pi—P) + (pghz) ;+ AP — SK;p; [uj| u; (11.3)

2

where u is the duct velocity, A is the duct area, / is the enthalpy of the fluid in the duct, the subscript
Jj indicates a duct segment, the subscripts i and k indicate nodes (where one or more ducts join or where a
duct terminates in a compartment), AP is a fixed source of momenumt (a fan or blower), L is the length of
the duct segment, and K is the friction loss of the duct segement.

Since nodes have no volume, the mass and energy conservation equations are merely that what flows
into a node, must also flow out of the node. In the momentum equation the terms on the right hand side are:
the pressure gradient between the upstream and the downstream node, the buoyancy head, pressure rise due
to an external source (e.g. a fan or blower), and the pressure losses due to wall friction or the presence of
duct fittings.

11.2 HVAC Solution Procedure

The momentum equation, Eq. 11.3, is non-linear with respect to velocity due to the loss term. Additionally,
the pressure difference between two nodes in the network is impacted by the pressure change at all nodes
coupled to that duct either directly (part of the same duct network) or indirectly (connected to the same
compartment as another duct network). Solving the momentum equation, requries accounting for both of
these. This is done with the following discretization:

n+
J

At ~ _ 1
iy = (B B+ (pgAc)y AP -k = u

Lo Lyt 2

uT) (11.4)

n—
Mj u

The superscripts n+ and n— on the velocity are used to linearize the flow loss in a duct to avoid a non-
linear differential equation for velocity. The n+ superscript is the prior iteration value and the n— is either
the prior iteration value or zero if flow reversal occurred. This approach, rather than u?z, is used to speed
convergence when duct flows are near zero to avoid large changes in K if the forward and reverse losses are
markededly different.

Note that the node pressures are not expressed as P!, but rather as P. This indicates an extrapolated
pressure at the end of the current timestep rather than the actual end of time step pressure. The pressure
in a compartment is a function of the mass and energy flows into and out of that compartment. If that
compartment is connected to other compartments by doors or other openings, then the pressure is also
dependent upon flows into and out those other compartments. Those mass and energy flows include both
those being predicted by the HVAC model and those being predicted by the CFD model. For example, in ??,
the un-shaded compartments have pressure solutions that are dependent upon the flows predicted by both
the HVAC model and the CFD model and all of those compartments need to be included in the extrapolated
pressure for those compartments. Since the two models are not fully coupled, the extrapolated pressure is
an estimate of the pressure at the end of the time step based upon the pressure rise for the prior time step.

The extrapolated pressure for a compartment can be determined by using 4.9 and correcting the integral
over velocity for the current solution of all interdependent HVAC flows into or out of an FDS pressure zone:

n

P dPl."—l N Y jin zone muj’lA;?’l — Y. J in zone mu'jA’ A"
' ! dt Jo, PdV

(11.5)
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Figure 11.1: Tllustration of interdependent pressure solutions. All unshaded compartments have pressures that are
dependent upon each other.
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If we seperate the HVAC sovled velocities into a pressure zone from the FDS solved velocities into a
pressure zone and then substitute 11.5 into 11.4 we obtain the following:

n+
J

n—
l/lj u

) B At"? Y. j in zone wjA" — Y. j in zone ku'}A’} o

N ( -
p;L; Jo, AV o pjL;

u'} (1 —l—fracKjZLj

(11.6)

If node i or node k for duct j in 11.6 is an internal duct node, then extrapolated pressures are not
computed and the actual node pressure is solved for. Applying 11.6 to each duct results in a linear set of
equations. Adding additional equations to the set for the mass conservation at internal duct nodes, results in
complete set of equations.

The solution scheme is as follows. Determine the boundary conditions at all points where the HVAC
network joins the FDS computational domain using the previous timestep values. Compute the extrapolated
pressures for each pressure zone using the previous iteration (previous timestep if the first iteration). Assem-
ble the linear set of equations for conservation of momentum and conservation of mass. Solve the equation
and check the solution for errors in mass conservation, flow reversal over the time step, and the magnitude
of change in the velocity solution for each duct. If any convergence check fails, the solution is re-iterated
wiht new extrapolated pressures. Densities and enthalpies are taken as the upwind values in each iteration.

11.3 HVAC Boundary Conditions (Coupling the HVAC solver to the FDS
solver)
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Chapter 12

Conclusion

The equations and numerical algorithm described in this document form the core of an evolving fire model.
As research into specific fire-related phenomena continues, the relevant parts of the model can be improved.
Because the model was originally designed to predict the transport of heat and exhaust products from fires,
it can be used reliably when the fire is prescribed and the numerical grid is sufficiently resolved to capture
enough of the flow structure for the application at hand. It is the job of the user to determine what level of
accuracy is needed.

Any user of the numerical model must be aware of the assumptions and approximations being employed.
There are two issues for any potential user to consider before embarking on calculations. First, for both real
and simulated fires, the growth of the fire is very sensitive to the thermal properties (conductivity, specific
heat, density, burning rate, efc.) of the surrounding materials. Second, even if all the material properties are
known, the physical phenomena of interest may not be simulated due to limitations in the model algorithms
or numerical grid. Except for those few materials that have been studied to date at NIST, the user must supply
the thermal properties of the materials, and then validate the performance of the model with experiments to
ensure that the model has the necessary physics included. Only then can the model be expected to predict
the outcome of fire scenarios that are similar to those that have actually been tested.
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Appendix A

Nomenclature

A droplet surface area

Ao pre-exponential factor for solid phase Arrhenius reaction
B pre-exponential factor for gas phase Arrhenius reaction
C Sprinkler C-Factor

Cp drag coefficient

o Smagorinsky constant (LES)

Cs Solid material specific heat

Cp constant pressure specific heat

D diffusion coefficient

dn median volumetric droplet diameter

E activation energy

f;, external force vector (excluding gravity)

g acceleration of gravity

g gravity vector, normally (0,0, —g)

H total pressure divided by the density

H,op heat of reaction for a solid phase reaction

h enthalpy; heat transfer coefficient

ho, enthalpy of species o

Y, heat of formation of species o

1 radiation intensity

Iy radiation blackbody intensity

k thermal conductivity; suppression decay factor
mg’ o mass production rate of species & by evaporating droplets/particles
riy fuel mass flux

iy, mass production rate of species o per unit volume
), water mass flux

m., water mass per unit area

Nu Nusselt number

Pr Prandtl number

p pressure

Po atmospheric pressure profile

D background pressure of mth pressure zone

p pressure perturbation

q’ heat flux vector
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q" heat release rate per unit volume

q! radiative flux to a solid surface

q’ convective flux to a solid surface

0) total heat release rate

o characteristic fire size

R universal gas constant

Re Reynolds number

rd droplet radius

) solid phase reaction rate

RTI Response Time Index of sprinkler

S unit vector in direction of radiation intensity
Sc Schmidt number

Sh Sherwood number

So. solid component production rate

T temperature

t time

U integrated radiant intensity

u=(u,v,w) velocity vector

Wa molecular weight of gas species o

w molecular weight of the gas mixture

We Weber number

x = (x,,2) position vector

X volume fraction of species o

Yo mass fraction of species o

Ys mass fraction of oxygen in the ambient

y! mass fraction of fuel in the fuel stream

Vs soot yield

z mixture fraction

Zy stoichiometric value of the mixture fraction
Y ratio of specific heats; Rosin-Rammler exponent
AH heat of combustion

AH,, energy released per unit mass oxygen consumed
) wall thickness

S dissipation rate

K absorption coefficient

u dynamic viscosity

Vo stoichiometric coefficient, species o

Vy yield of solid residue in solid phase reaction
Vg, Y yield of gaseous species 7y in solid phase reaction
p density

Tij viscous stress tensor

Ar radiative loss fraction

G Stefan-Boltzmann constant; constant in droplet size distribution; surface tension
Gy droplet scattering coefficient

Cs scattering coefficient

0 = (0, Wy, ®;)  vorticity vector
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Appendix B

Derivation of the Velocity Divergence
Constraint

In this appendix we derive the divergence of the velocity field as presented in Eq. (4.6). Note that the
constitutive relationships presented here for the mass diffusion and thermal heat fluxes are valid for direct
numerical simulations (i.e., well-resolved calculations). The minor modifications required of the transport
coefficients for large-eddy simulation are presented in Section 5.2. We start the derivation by rearranging the
continuity equation. Next, we differentiate the equation of state to reveal the relationship between transport
equations for mass and energy. We then show how the transport equations may be combined to yield the
velocity divergence constraint. In the last section we present the final result in FDS notation.

Continuity Equation

Let p denote the fluid mass density; let u = [u,v,w]” denote the fluid mass-average velocity; and let ity

denote a bulk source of mass per unit volume (which may come from the evaporation of water droplets, for
example). The continuity equation may be rearranged to yield the following divergence constraint on the

velocity
1 D
V.u:<mg’—p> (B.1)
P Dt

where D( )/Dt =d( )/dt+u-V( ) is the material derivative.

Equation of State

We consider the transport of iy species mass fractions Yy, foroo = {1,...,ns}, ny— 1 of which are independent.
The molecular weight of a given species is denoted W,, and the molecular weight of the mixture, W, is given
by
~1
_ Yo >
W= — (B.2)
(T

where as a shorthand notation, which is used throughout this document, we write ¥, for Y0, Let p;(x,1)
denote the hydrostatic pressure in the ith zone of the domain, which in general we take to be a function
of space and time. In practice, however, p; = p;(¢) for closed (i.e., sealed or pressurized) domains and

D; = Pi(z), where z represents the coordinate aligned with the gravity vector, for large, open domains (e.g.,
forest fires large enough to interact with the stratified atmosphere). The divergence constraint derived below
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is based on the ideal gas equation of state (EOS), which, for low-Mach flows, we write as

_  PRT
Pi= 7 (B.3)
where R = 8.3145 kJ/(kmol K) is the gas law constant.
Differentiating the EOS (B.3) we obtain
Dp; D /1 pR DT RTDp
- = T* fr— —_— —_— B.4
Dr pKDt<W>+WDt+WDt B4
which rearranges to
D W Dp;, D /1 DT
op_ W Dpi w—(— _pDr (B.5)
Dt RT Dt Dt \ W T Dt

Species Transport Equation

The species transport equation plays a role in both the second and third terms on the RHS of (B.5). Including
the bulk mass source, the evolution of species mass fractions is governed by

J(pYy)
ot

+ V- (pYau) = =V - Jo +ritg +1it) (B.6)

where J, is the diffusive mass flux vector for species o (relative to the mass-average velocity), rirfy, is the

chemical mass production rate of o per unit volume [kg-o produced /(sec m?)], and nty', is the bulk mass

0
source of @, per unit volume [kg-o introduced /(sec m?)]. Note that

. I W/
mp o =My (B.7)
o

and
Y g/ =0 (B.8)
o

Additionally, by construction, the ith component of the species diffusive fluxes sum to zero,

Y Joi=0 (B.9)

Thus, as must be the case, summing (B.6) over o yields the continuity equation.

It is convenient to work in terms of the material derivative of the mass fraction. Care must be exercised
in obtaining this expression because the continuity equation is of a non-standard form. Expanding (B.6) we
obtain

oY, 0 ) .
pT;+Y“7?+pu-VYa+YaV-(pu) = —V-Jo iy +ityg,
DY, p)
p]):qya{a‘;w.(pu)} _ (B.10)
—_—
)

Thus, the material derivative of the mass fraction can be written as

DY, 1
2 il 4 1) — Yart)

Dt p ~Vda) =

1
5 (rivg) + 1ty [Ypo— Yo] = V- Ja) (B.11)
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where in the second step we use the identity 71, , = Yori,’ with Y}, o being the mass fraction of o in the bulk

prior to its introduction into the fluid mixture.
Utilizing (B.2) and (B.11) we obtain

2(3) - 2(ze).

1 Dr,
~ Wy, Dt ’

[
= =) o (g i [Ypu = Yol = V- Jo) (B.12)
p o WOL
which is needed in the second term on the RHS of (B.5).

Enthalpy Transport Equation

The specific sensible enthalpy of species « relative to reference temperature Tp is

T
hso(T) = /T cpa(T")dT’, (B.13)
0
where the specific heat of o is
ohy
Cpa = —a;“ . (B.14)

The specific sensible enthalpy of the mixture is then given by

h(Y,T) =Y Yahso(T). (B.15)

Neglecting viscous heating and the effect of the fluctuating pressure on dilation work (both assumptions
are valid for low-Mach flows), the transport equation for the sensible enthalpy is

s 11

Dp; . . . m
D‘;’ —v.q”—q;,”+m;”(hs,b—hs)+Tb|u,,—u]2 (B.16)

D
p— =Y Ay +
o

h
Dt
where AKY, is the heat of formation of o at reference temperature Tp, hy p 1s the specific sensible enthalpy of
the bulk mass source, ¢}’ is a volumetric heat sink due to convective heat transfer to the bulk phase, and ¢” is
the heat flux vector which contains contributions from conduction, molecular diffusion of sensible enthalpy,
and radiation,

q"=—kVT +) hsoJo+q) (B.17)
o
Here k is the thermal conductivity of the mixture and q is the radiant heat flux. The last term in (B.16)

accounts for the kinetic energy associated with the instantaneous mixing of the bulk and gas-phase momen-
tum.

Relating Enthalpy, Temperature, and Species

Using the chain rule of calculus, we may expand the derivative of the sensible enthalpy /,(Y,T') to obtain
Dhy  (0hy\ DT +Z ohy\ DYy (B.18)
Dt \dT ) Dt “\oy,) Dt ‘
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Note that since hy = Y, Yohi5 o We have

ohy, 0
3, — 7. %(Yﬁh =§hs,58agzhs,u (B.19)

where 8 is the Kronecker delta. Also,

ahsoc)
- Yohs Y, =) Yocpo= (B.20)
T aTZ alls,o = Z oc( Xa: aCp,a = Cp

defining the specific heat of the mixture. Thus, by rearranging (B.18) and utilizing (B.19) and (B.20) we
obtain

DT 1 | Dhy DYy
D ¢, [ Dr huopy,” ] (B2
o
Utilizing (B.11) and (B.16) in (B.21) yields
DT A
/// I n
ﬁ = pCp |: ;Ah _V q _Qb +mb (h I’ls)‘f‘T‘Ub—u’
—Zhs,a{m&’ +1ity [Vpo — Yo] — V'Joc}:| (B.22)
o
NOte that ZCC hs7amgl [Yb7a Ya] ///(hs,b - hS) == m/b// Z(X Yb7a(hs7a [Tb] - hS,(X[T]) ~ le Z(X Yb,an7(x(Tb - T),
leaving
DT 1 | Dp; q _ P )
= FCP th _v. g ZAham&/ Zhs o (" V.J(x) ‘f‘mZ/;Yb,(xCp,(x(Tb -T)+ Tb |up — u

Assembling Terms

We now have all the pieces we need to construct the divergence constraint which we introduced in Eq. (B.1).
Using (B.5) in (B.1) we obtain

1/, [WDp D1\ pDT
Vou = — (s | 2Pi_ (L) _PEL
S <mb LKT o PV (W) T Dr D
1
p

1Dp;, D /1 1 DT

p; Dt Dr \W T Dt
where in the second step the EOS (B.3) is used to simplify the second term on the RHS. Using (B.12) and

(B.23) in (B.23) yields

1 ID

V= L L0 [ £ (4 v =9 3]
| | D%, . i
T[pcp{Dlzl_ /// ZAhO . Zhsoc /// _V. J(x +mb ZYbacpa(Tb—T)—i-fzb ’ub—uF}}-
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Note that W Yo, (Yo/Wy) = 1 and also W Yo (Ys.0/Wo) = W /W, where W), is the molecular weight of the
bulk mixture prior to its introduction into the fluid mixture. Equation (B.24) thus simplifies to

1 1\Dp, I
V.ou — 1 i1 ///7 WY — i —v.
" <pcpT p,-> Di +p[ , " Z e =V Jo}

s 11

. m
[ ZAhamg’c’ th it —V-Jo) = V-4 qZ’—{—mZ/ZYb,acpﬂ(Tb—T)—}—Tb|ub—u]2

(B.25)

FDS Notation

The following relationships are used to rearrange (B.25) into the form shown in the FDS Technical Reference
Guide. We employ the binary form of Fick’s law using mixture-averaged diffusivities Dy, as a constitutive
relation for the diffusive flux,

Jo = —pDu VY. (B.26)

Note that summation is not implied over repeated suffixes. The heat release rate per unit volume is defined
by
= — Y ridy AR, (B.27)
o

Taking the z direction to be aligned with the gravity vector we have dp;/dz = —p;g, where g = 9.8 m/s?
and p; is a specified background density for the ith zone. Thus, the material derivative of the background
pressure may be written as

Dpi ap i

= i B.2
D1 5 "Pig- (B.28)

Hence, utilizing (B.26), (B.27), and (B.28), and noting 1/(pT) = R /(Wp;) from the EOS, for the ith zone
we may write the divergence (B.25) as

Vouzop_p%i (B.29)
ot
where . B .
fP:(l— Pi ):(1—5&) (B.30)
Di pcpT Di Wep,
and
' wo W Wk
D = b 7 DoV ([Yo/Wa)]) + — ( “’“) ' + Pw
oW, p Xa: (PDaV[Yo/Wal Z W, cpT Mg, P&
K N/ /i . ! i /b”
+ =—19 —4, —V-q _Zhs,av'pDaVYa‘i‘mb ZYb,chp,oc(Tb )‘f‘i‘ub_u‘
chpi o o
(B.31)

Equations (B.30) and (B.31) correspond to (4.7) and (4.8) in the FDS Tech Guide. Though, note that at
present the bulk kinetic energy term is not included in the code.

A brief remark on the of the sensible enthalpy & o vs. the [chemical + sensible] enthalpy Ay = Ahg +
hs«: The definition of the heat flux vector q” can be a key source of confusion. When transporting the
sensible enthalpy only, as we are doing here, the heat flux vector does not account for the molecular transport
of the chemical enthalpy (the enthalpy of formation). If we were working in terms of the [chemical +
sensible] enthalpy we would not have a “heat of reaction” ¢, the heat flux vector would account for the
transport of both the chemical and the sensible enthalpies, and the sensible enthalpies in (B.31) would be
replaced by the [chemical + sensible] enthalpy Aq,.
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Appendix C

A Simple Model of Flame Extinction

Frederick W. Mowrer, Department of Fire Protection Engineering, University of Maryland

A diffusion flame immersed in a vitiated atmosphere will extinguish before consuming all the available
oxygen from the atmosphere. The classic example of this behavior is a candle burning within an inverted jar.
This same concept has been applied within FDS to determine the conditions under which the local ambient
oxygen concentration will no longer support a diffusion flame. In this appendix, the critical adiabatic flame
temperature concept is used to estimate the local ambient oxygen concentration at which extinction will
occur.

Consider a control volume characterized by a bulk temperature, 7,,, a mass, m, an average specific heat,
¢,, and an oxygen mass fraction, Y,,. Complete combustion of the oxygen within the control volume would
release a quantity of energy given by:

0 =mY,, <AH) (C.1)

To,

where AH /r,, has a relatively constant value of approximately 13100 kJ/kg for most fuels of interest for
fire applications.! Under adiabatic conditions, the energy released by combustion of the available oxygen
within the control volume would raise the bulk temperature of the gases within the control volume by an
amount equal to:

Q=mc,(Ty—Tp,) (C2)
The average specific heat of the gases within the control volume can be calculated based on the composition
of the combustion products as:

I 1y
Cp = m Za:/T;n Cp,(x(T)dT (CS)

To simplify the analysis, the combustion products are assumed to have an average specific heat of 1.2 kJ/kg/K
over the temperature range of interest, a value similar to that of nitrogen, the primary component of the
products. The relationship between the oxygen mass fraction within the control volume and the adiabatic
temperature rise of the control volume is evaluated by equating Eqgs. (C.1) and (C.2):

02 AH /ro,

If the critical adiabatic flame temperature is assumed to have a constant value of approximately 1700 K for
hydrocarbon diffusion flames, as suggested by Beyler,? then the relationship between the limiting oxygen

(C4)

IC. Huggett, “Estimation of the Rate of Heat Release by Means of Oxygen Consumption,” Fire and Materials, Vol. 12, pp. 61-
65, 1980.

2C. Beyler, “Flammability Limits of Premixed and Diffusion Flames,” SFPE Handbook of Fire Protection Engineering (3rd
Ed.), National Fire Protection Association, Quincy, MA, 2003.
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mass fraction and the bulk temperature of a control volume is given by:

@(Tf,lim_Tm) ~ 12(1700—Tm)
AH /ro, 13100

(C5)

YOz,lim =

The relationship represented by Eq. (C.5) is shown qualitatively in Fig. 6.2. For a control volume at a
temperature of 300 K, i.e., near room temperature, the limiting oxygen mass fraction would evaluate to
Yo, 1im = 0.128. This value is consistent with the measurements of Morehart, Zukoski and Kubota,® who
measured the oxygen concentration at extinction of flames by dilution of air with combustion products.
They found that flames self-extinguished at oxygen concentrations of 12.4 % to 14.3 %. Note that their
results are expressed as volume, not mass, fractions. Beyler’s chapter in the SFPE Handbook references
other researchers who measured oxygen concentrations at extinction ranging from 12 % to 15 %. The
default value in FDS is 15 %.

3Morehart, J., Zukoski, E., and Kubota, T., “Characteristics of Large Diffusion Flames Burning in a Vitiated Atmosphere,” Third
International Symposium on Fire Safety Science, Elsevier Science Publishers, pp. 575-583, 1991.
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Appendix D

Derivation of the Werner Wengle Wall
Model

R. McDermott, BFRL

To obtain (5.43) we take the first off-wall value of the streamwise velocity to be

o 1 Az
- /0 u(z)dz, (D.1)

and then substitute the WW profile for u(z) and integrate.

Let z,, denote the dimensional distance from wall where z* = 11.81. Equation (D.1) becomes

Az

[ rzm
/0 u(z)dz+

S
/ ututdz+
0

u(z) dz] ,

Zm

Z
uut dz] ,

Zm

[ rzm Az
/ Zrurdz+ [ AZY)Bur dz] ;
0 Z”l

Zmz Az z B
oo % A d %
_/0 i dz—i—/zm (E) udz],

[ Zm Oy * Az 5%\ B
/ Zpfuu*dz—i— A(zp_u ) u'dz| ,
J0 lu Zm lu

— B B
?) (?) Bdz| . (D.2)
u p

El— RI=Ekl=kl-kIl-

Il
Bl~
O\é“
=8

N

o

IS

+
N\.
e >
o~

b
7 N

We will integrate I and /] separately. First, however, we must find a way to eliminate the unknown z,,,.
To do this we equate (5.40) and (5.41) at the point where the viscous and power law regions intersect, i.e.
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7F=11.81 =z} = z,pu*/pn.

im =

We now have z,, in terms of T,, and otherwise known values.
Integrating section / of (D.2) we find

Integrating section /7 yields

A /5\B 5 5\ 8 5
p TW p TW 1 1+BAZ
Al = — dz = (A= i -
/. <u> (p) < { ﬁ) ﬁ) }1+B[Z L
1
{

(D.3)

(D.4)

(D.5)

(D.6)



Rearranging for t,, we find

T\ 2 1+B/ a \?[/ 1 1\/ &
w u u 2 ~
— = - - - AT-B U
(5) = % 0w) [(5-3) (ie)a ]
_ 1+B — B
_ I—BA}+B<_‘U > +1+B<_/.1 > i
2 PAz A PAz
2
) 1—B s ,El 1+B l—I-B ,[l B 1+B
= — AT T i D.
Tw P ) ! ([SAZ) + A pAz u > (D.7)

which corresponds to Eq. (9.46) in [43].
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Appendix E

Scalar Boundedness Correction

R. McDermott, BFRL

Second-order central differencing of the advection term in the scalar transport equation leads to dispersion
errors (spurious wiggles) and these errors, if left untreated, can lead to scalar fields which are physically
not realizable, e.g., negative densities. To prevent this, FDS employs a boundedness correction to the scalar
fields after the explicit transport step. The correction, which we describe below, acts locally and effectively
adds the minimum amount of diffusion necessary to prevent boundedness violations. It is stressed that this
correction does not make the scalar transport scheme total variation diminishing (TVD); it only serves to
correct for boundedness. Similar schemes are employed by others (see e.g. [76]).

Optionally, the user may invoke TVD transport schemes by setting FLUX_LIMITER={1-4} on MISC
(1=first-order upwinding (Godunov), 2=Superbee [26] (recommended for LES), 3=MINMOD, 4=CHARM
[27] (recommended for DNS)). These TVD schemes are applied during the transport step and each can be
shown to be TVD in 1D under certain CFL constraints. However, except for Godunov’s scheme, the TVD
proofs do not extend to 3D [28]. Still, these schemes do a much better job than pure central differencing at
mitigating dispersion error. If the TVD schemes are applied, FDS still runs through the boundedness check
in case any small violations are not prevented by the flux limiter.

A simple case

For simplicity we start by considering a minimum boundedness violation for density in 1D. That is, some-
where we have p < p,. Let p; denote the resulting density from the explicit transport step for cell i with
volume V;. Our goal is to find a correction 8p; which:

(a) satisfies boundedness, p; = p; + 8p; > Poin for all i
(b) conserves mass, ¥;0p;V; =0

(c) minimizes data variation, }; |8p;| is minimized (i.e., we change the field as little as possible)

As mentioned, the basic idea is to apply a linear smoothing operator L to the density field in regions
where boundedness violations have occurred. So, the correction may be viewed as an explicit diffusion step
applied to the uncorrected field with diffusion coefficient c:

p=p"+cLp” (E.1)

To make matters simple, let us envision for the moment that the density in cell i is negative but that the
densities in cells i — 1 and i 4 1 are both safely in bounds (this actually is what happens most of the time
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with dispersion error). We therefore want a correction that takes mass away from i — 1 and i+ 1 and moves it
to i to make up the deficit. We know that for cell i the minimum change in mass and therefore the minimum
correction that will satisfy boundedness is 8p; = pmin — p;. The operator L takes the form of the standard
discrete Laplacian. The correction for cell i is simply

pi = p;+0p
Pf + Pmin — pl*
= P +eiPin —2p; +pivt) (E2)
Comparing the second and third lines, we find that the diffusion coefficient is given by
¢ = ——Pmin_Pi (E.3)

P 1 —2p; +Pi1
Based on the third line of (E.2), the correction for cell i may be thought of as the sum to two mass fluxes
from its neighboring cells. The change in mass of cell i is dm; = 8p;V; and is balanced by changes in mass
forcellsi—1 and i+ 1:

Smi—y = —ci(piy —P;)Vi
dmiy1 = —ci(pip1 —P;)Vi
In this case the sum of the mass corrections is zero, as desired:
i+1
Z 6mj = 6pi—lvi—l +5p,-Vi+6p,-+1V,-+1
j=i—1
= —ci(pim1 —P)Vitailpiny —2p; +pip1)Vi—ci(piyr — P)Vi
= 0

Realistic cases

The discussion above was to provide a simple case for understanding the basic idea behind the correction
method. In a realistic case we must account for multi-dimensional aspects of the problem and for the
possibility that neighboring cells may both be out of bounds. Here again we examine the case of a minimum
density boundedness violation. Consider the cell n = {i, j,k} in a 3D flow with volume V,, and density p};
obtained from the transport scheme. Let N denote the set of cells containing n and its neighbors excluding
diagonal neighbors (in other words, only include cells which share a face with n). We want to correct any
boundedness violations for the nth cell via

Pn = p;; + 8pn (E4)

Let 0p,,» denote the density change for cell m in N (the neighborhood of n) due to a boundedness violation
in n. We obtain the final correction for cell n by

3pn =Y Pum (E.5)

meN

where
max (0, Pin — P;) if m=n
P = e max{pmin, 0] — maxlpmin ) A £ *0

The smoothing parameter in (E.6) is obtained from

¢ = maX(O, Pmin — pn) (E.7)

- ZsEN,syén (max[pminv pﬂ *max[pmimp:ﬂ)
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