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Preface

This guide describes how to use the Fire Dynamics Simulator (FDS). It does not provide the background
theory. A companion document, called the FDS Technical Reference Guide [1], contains details about the
governing equations, numerical methods and validation work. Although the User’s Guide contains all the
information necessary to perform fire simulations, the reader should also become familiar with some of
the background theory in the Technical Reference Guide. The software and the User’s Guide provide only
limited guidance as to the proper prescription of input parameters.

The FDS User’s Guide contains limited information on how to operate Smokeview, the companion
visualization program for FDS. Its full capability is described in the “User’s Guide for Smokeview Version
4” [2]. This guide also contains information on how Smokeview can be used to design FDS calculations,
providing a short tutorial on the use of both models.






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 analyses performed
using these tools.

Users are warned that FDS is intended for use only by those competent in the fields of fluid dynamics,
thermodynamics, combustion, and heat transfer, and is intended only to supplement the informed 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

Fire Dynamics Simulator (FDS) is a computational fluid dynamics (CFD) model of fire-driven fluid flow.
The software described in this document solves numerically a form of the Navier-Stokes equations appro-
priate for low-speed, thermally-driven flow with an emphasis on smoke and heat transport from fires. The
formulation of the equations and the numerical algorithm are contained in a companion document, called
Fire Dynamics Simulator (Version 4.0) — Technical Reference (lide

Smokeview is a visualization program that is used to display the results of an FDS simulation. Some
examples of Smokeview are shown in this document. A detailed description can be found in a companion
document, calletUser’s Guide for Smokeview Versiotj2}.

1.1 Features of FDS

Version 1 of FDS was publicly released in February 2000. Version 2 was publicly released in December

2001. To date, about half of the applications of the model have been for design of smoke handling systems
and sprinkler/detector activation studies. The other half consist of residential and industrial fire reconstruc-

tions. Throughout its development, FDS has been aimed at solving practical fire problems in fire protection

engineering, while at the same time providing a tool to study fundamental fire dynamics and combustion.

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, second order accurate in space and time. Turbu-
lence is treated by means of the Smagorinsky form of Large Eddy Simulation (LES). It is possible 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 mixture fraction combustion model. The mixture
fraction is a conserved scalar quantity that is defined as the fraction of gas at a given point in the flow
field that originated as fuel. The model assumes that combustion is mixing-controlled, and that the
reaction of fuel and oxygen is infinitely fast. The mass fractions of all of the major reactants and
products can be derived from the mixture fraction by means of “state relations,” empirical expressions
arrived at by a combination of simplified analysis and measurement.

Radiation Transport Radiative heat transfer is included in the model via the solution of the radiation trans-
port equation for a non-scattering gray gas, and in some limited cases using a wide band model. The
equation is solved using a technique similar to finite volume methods for convective transport, thus
the name given to it is the Finite Volume Method (FVM). Using approximately 100 discrete angles,
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the finite volume solver requires about 15 % of the total CPU time of a calculation, a modest cost
given the complexity of radiation heat transfer. Water droplets can absorb thermal radiation. This is
important in cases involving mist sprinklers, but also plays a role in all sprinkler cases. The absorption
coefficients are based on Mie theory.

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

Multiple Meshes This is a term used to describe the use of more than one rectangular mesh in a calculation.
It is possible to prescribe more than one rectangular mesh to handle cases where the computational
domain is not easily embedded within a single mesh.

Boundary Conditions All solid surfaces are assigned thermal boundary conditions, plus information about
the burning behavior of the material. Usually, material properties are stored in a database and invoked
by name. Heat and mass transfer to and from solid surfaces is usually handled with empirical correla-
tions, although it is possible to compute directly the heat and mass transfer when performing a Direct
Numerical Simulation (DNS).

1.2 What's New in FDS 47?

FDS 4 has the same overall features as FDS 3, but there have been several refinements, re-organizations and
bug fixes. Among the more important are:

Parallel Processinglt is possible to run an FDS calculation on more than one computer using the Message
Passing Interface (MPI). Details can be found in Segtion 3.2.2.

Multiple Meshes Improvements have been made to the multiple mesh capability allowing more flexibility
in designing simulations. See Sectjon 4]2.3 for details.

Holes One can now specify a cutout in much the same way as an obstruction. This is useful for carving
doors and windows out of solid walls without having to break up the walls into pieces. See Sec-
tion[4.4.5 for details.

Char Model A char model has been implemented in which a thin pyrolysis front is tracked inside a solid
fuel. The front separates virgin fuel from char. Thermal properties for fuel and char must be provided
by the user. See Sectipn 5]7.2 for details.

Temperature-dependent Material Properties It is now possible to prescribe material properties of solids
as a function of temperature. Note that this refinement has altered some of the pyrolysis conventions
used in previous versions of FDS. Read Sedfion #.4.1 to see how old input files may be affected by
the changes.

Lagrangian Particles The format of the input file has changed in regard to the treatment of Lagrangian
particles, including sprinkler droplets and tracer particles. The underlying physical models are the
same, but the book keeping within the code is different to accommodate on-going research at NIST.
FDS 3 input files still run in FDS 4, but some of the effects have changed. See $ecfion 4.5 for details
about changes to particle parameters.

Layer Height A simple calculation of the layer (or interface) height has been added to FDS to enable users
to compare FDS and zone model calculations or to present FDS results in a simplified manner. See
Sectior 5. 111 for details.



Chapter 2

Getting Started

Fire Dynamics Simulator (FDS) is a Fortran 90 computer program that solves the governing equations for
thermally-induced fluid flow and fire. A detailed description of the equations and how they are solved
numerically is described in Ref.][1]. The output of FDS is visualized using a computer program called
Smokeview. The User’s Guide for Smokeview is Ref. [2].

2.1 Howto get FDS and Smokeview

All of the files associated with FDS and Smokeview are linked to the URL
http://ffire.nist.gov/fds

Information about new versions, bug fixese, is found at the web site. Since FDS is not always backward
compatible, the new executable name contains the version nuitid¥eexe Users may want to retain
copies of older FDS executables for the purpose of comparing new and old output. The graphics program
Smokeview is backward compatible, and users are urged to replace the old Smokeview files with the new.
The FDS distribution consists of a self-extracting set-up program for Windows-based PCs. Unix, Linux
and Mac users are directed to an anonymous FTP (File Transfer Protocol) site for source code, some com-
piled executables, Makefilesic. After downloading the set-up program to a PC, double-clicking on the
icon walks the user through a series of steps as the program pieces get installed. The most important part
of the installation is the creation of a directory (usually caltechist\fds) in which are installed the FDS
and Smokeview executables, the Smokeview preferencerfittkeview.iniand a few directories contain-
ing sample cases, reference manuals, and supplemental data files. The set-up program also defines PATH
variables and associates tremv file extension to the Smokeview program so that one may either type
Smokeview at any command line prompt or double click on.anyvfile.
Users who have already downloaded earlier versions of FDS retain the same file structure as before,
only now new files are distributed into various directories. To avoid naming conflicts, files associated with a
particular version usually have that number somehow worked into the name.

2.2 Computer Hardware Requirements

FDS requires a relatively fast CPU and a substantial amount of random-access memory (RAM). For a
Windows-based PC, the processor should be at least as fast as a 1 GHz Pentium lll, with at least 512 MB
RAM. Of course, more is better, and serious users ought to consider purchasing a computer with the fastest
available CPU and largest amount of RAM. Plus, a large hard drive is needed to store the output of cal-
culations. It is not unusual for a single calculation to generate on the order of 1 GB of output files. Most
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computers now come with hard drives of at least 20 GB. For Unix-based workstations, the processor and
memory should be at least as fast and as large as the PC specifications.

Most computers purchased within the past few years are adequate for running Smokeview with the
caveat that additional memory (RAM) should be purchased to bring the memory size up to at least 512 MB.
This is so the computer can display results without “swapping” to disk. For Smokeview it is more important
to obtain a fast graphics card than a fast CPU. If the computer is to run both FDS and Smokeview, then it is
important to obtain a fast CPU as well.

2.3 Computer Operating System (OS) and Software Requirements

The goal of making FDS and Smokeview publicly available has been to enable practicing fire protection
engineers to perform fairly sophisticated fire simulations at a reasonable cost. Thus, FDS and Smokeview
have been designed for computers running Microsoft Windows, Mac OS X, and various implementations of
Unix/Linux. Since most engineers use MS Windows, compiled versions of FDS and Smokeview are avail-
able for this OS. FDS/Smokeview run under any version of Windows except the initial release of Windows
95 that lacks the necessary libraries needed by Smol@view

Unix, Linux and Mac users can still run FDS and Smokeview by downloading the appropriate pre-
compiled executables and installing them wherever they see fit. If the pre-compiled FDS executable does not
work (usually because of library incompatibilities), the FDS source code can be downloaded and compiled
using a Fortran 90 and C compiler (See Appendix A for details). If Smokeview does not work on the Linux
or Unix workstation, one should use a Windows PC to view FDS output.

For those wishing to run FDS in parallel, MPI (Message Passing Interface) must be installed on each of
the computers within the cluster. Information about installing MP1 on a Windows PC is given in Appgndix A.
For other platforms, there are a variety of implementations of MPI that may be suitable. Consult the system
administrator or hardware/software vendor.

1Some users of Windows ME have noticed trouble manipulating the Smokeview window. If given a choice, one ought to run
under Windows 2000 or beyond.



Chapter 3

Running FDS

Running FDS is relatively simple. All of the parameters that describe a given fire scenario are typed into
a text file that is referred to as the “data” or “input” file. In this document, the data file is designated as
job_name.datg where “johname” stands for any character string that helps to identify the simulation. All
of the output files associated with the calculation have this common prefix.

In addition to the input file, there are often several external files containing input parameters for the
simulation. One such file is referred to as the “database” file, for it contains parameters describing common
materials and fuels. Usually, the database file is kept in a separate directory from that being used for the
calculation. Files containing information about specific sprinklers are also stored along with the database
file. The database and sprinkler files can be modified and/or moved to wherever appropriate.

It is suggested that a new user start with an existing data file, run it as is, and then make the appropriate
changes to the input file for the desired scenario. By running a sample case, the user becomes familiar
with the procedure, learn how to use Smokeview, and ensure that his/her computer is up to the task before
embarking on learning how to create new input files.

3.1 Creating the FDS Input Data File

The input data file provides the program with parameters to describe the scenario under consideration. The
parameters are organized into groups of related variables. For example, th&gheBpontains parameters

to describe the properties of solid surfaces. Each line of the input file contains parameters belonging to
the same group. These lines are written as Fortran namelist formatted records. Each record starts with
the characte& followed immediately by the name of the namelist grotfEAD, GRID, VENT, etc),

followed by a list of the input parameters corresponding to that group, and finally terminated with a slash.
Details about the input parameters can be found in Chppter 4.

3.2 Starting an FDS Calculation

There are two ways to run FDS — one way is to run on a single processor (CPU), the other way is to run
on multiple CPUs. The single CPU executalflis¢.exg works in a similar way to previous versions and
is described presently. The parallel executalfidis# mpi.exe) does not work in the traditional way; the
differences are explained below. Note that the input file for both single and parallel processing is the same.
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3.2.1 Starting an FDS Calculation (Single Processor Version)

Sample input files are provided with the program for new users who are encouraged to first run a sample
calculation before attempting to write an input file. Assuming that an input file calbedame.dataexists
in some directory, run the program either in a DOS or Unix command prompt as follows:

Windows Open up a Command Prompt window, and change directories (“cd”) to where the input file for
the case is, then run the code by typing

fds4 < job_name.data

The character stringpb _name is usually designated within the input file as @ElID. It is recommended

that the name of the input file and ti@HID be the same so that all of the files associated with a given
calculation have a consistent name. The input file is read by FDS as standard input (indicated<jy the “
sign), and diagnostic output is written out onto the screen. Unlike early versions of FDS, detailed diagnostic
information is automatically written to a fil€HID.out. Do not redirect the screen output to a file.

Unix/Linux: Change directories to where the data file for the case is, then run the code by typing
fds4 < job_name.data

The input parameters are read in as standard input, and error statements and other diagnostics are written
out to the screen. To run the job in the background:

fds4 < job_name.data > job_name.err &

Note that in the latter case, the screen output is stored in thpfilmame.err and the detailed diagnos-

tics are saved automatically in a fi@HID.out, whereCHID is a character string, usually the same as
job _name, designated in the input file. It is preferable to run jobs in the background so as to free the
console for other uses.

3.2.2 Starting an FDS Calculation (Multiple Processor Version)

Running FDS across a network using multiple processors and multiple banks of memory (RAM) is more
difficult than running the single processor version. More is required of the user to make the connections
between the machines as seamless as possible. This involves creating accounts for a given user on each
machine, sharing directories, increasing the speed of the network, making each machine aware of the others,
etc. Some of these details are handled by the parallel-processing software, others are not. Undoubtedly the
process will be simplified in years to come, but for the moment, parallel-processing is still relatively new and
requires more expertise in terms of understanding both the operating system and the network connections of
a given set of computers.

FDS uses MPI (Message-Passing Interface) [3] to allow multiple computers to run a single FDS job.
Actually, the job must be broken up into multiple meshes, and a processor is assigned to work on each
mesh. Each processor runs an FDS job (called a thread) for its given mesh, and the MPI handles the transfer
of information between meshes. There are different implementations of MPI, much like there are different
Fortran and C compilers. Each implementation is essentially a library of subroutines called from FDS that
transfer data from one thread to another across a fast network. The format of the subroutine calls has been
widely accepted in the community, allowing different vendors and organizations the freedom to develop
better software while working within an open framework.

The way FDS is executed in parallel depends on which implementation of MPI has been installed. To
avoid any conflicts, it was decided to do away with the simple command prompt style of running the single
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processor version of FDS. Instead, the parallel version of FDS looks for the name of the input file by opening
a one-line text file callefds.dataand reading the name of the input file on the first line. Thefditedata

should contain only the name of the real input fab_name.dataon the first line and nothing else. Note

that all these file names are case-sensitive.

At NIST, the parallel version of FDS is presently run on Windows PCs connected by the Local Area
Network (LAN, 100 Mbps), or on a cluster of Linux PCs linked together with a dedicated, fast (1000 Mbps)
network. The Windows computers use MPICH, a free implementation of MPI from Argonne National
Laboratory, USA. With MPICH, a parallel FDS calculation can be invoked either from the command line or
by using a Graphical User Interface (GUI). After the MPICH libraries are installed on each computer and
the necessary directories are shared, FDS is run using the command issued from one of the computers

mpirun config.txt

whereconfig.txt is a text file containing the name and location of the FDS executable, the working
directory, and the names of the various computers that are to run the job. For examptenftpext file
might look like this

exe \\machinel\nist\fds\fds4_mpi.exe
dir \\machinel\nist\fds\samples\
hosts

machinel 2

machine2 1

machine3 2

Note that all the computers must be able to access the executable and the working direstachoel .
This is achieved under Windows by “sharing.” Under Unix/Linux, the process involves cross-mounting the
file systems of the various machines. The numbers following the “host” machines represent the number of
threads to run on that particular machine. In this example, 5 threads are run for an FDS calculation that has
5 meshes.

On the Linux cluster in the Building and Fire Research Lab at NIST, LAM/MPI, a free implemenation
from Indiana University, is installed. With LAM/MPI, the computers to be used are linked prior to the actual
execution of FDS with a separate command called a “lamboot.” FDS is then run using the command

mpirun -np 5 fds4_mpi

where the 5 indicates that 5 processors are to be used. In this case, the exdédsdatlgi is located in the
working directory. To make the process run in the background

mpirun -np 5 fds4_mpi > job_name.err &

The filejob_name.err contains what is normally printed out to the screen.
In Appendix[A, there is a detailed description of how one compiles and runs FDS in parallel under
Windows using MPICH. For more information about LAM/MPI, visit the web site

http://www.lam-mpi.org/

Note that there are several other implementations of MPI, some free, some not. Support for the software
varies, thus FDS has been designed to run under any of the more popular versions without too much user
intervention. However, keep in mind that parallel processing is a relatively new area of computer science,

and there are bound to be painful growth spurts in the years ahead.
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3.3 Monitoring Progress

Diagnostics for a given calculation are written into a file cal@dID.out. The CPU usage and simulation

time are written here, so one can see how far along the program has progressed. At any time during a
calculation, Smokeview can be run and the progress can be checked visually. To stop a calculation before
its scheduled time, either kill the process, or preferably create a file in the same directory as the output files
calledCHID.stop. The existence of this file stops the program gracefully, causing it to dump out the latest
flow variables for viewing in Smokeview.

Since calculations can be hours or days long, there is a restart feature in FDS. Details of how to use this
feature are given in Sectign .1. Briefly, specify at the beginning of calculation how often a “restart” file
should be saved. Should something happen to disrupt the calculation, like a power outage, the calculation
can be restarted from the time the last restart file was saved.

3.4 Error Statements

An FDS calculation may end before the user-prescribed time limit. Following is a list of common error
statements and how to diagnose the problems:

Input File Error:  The most common errors in FDS are due to mis-typed input statements. These errors
result in the immediate halting of the program and a statement like, “ERROR: Problem with the
HEAD line.” For these errors, check the line in the input file named in the error statement. Make sure
the parameter names are spelled correctly. Make sure that a / is put at the end of the record. Make
sure that the right type of information is being provided for each parameter, like whether one real
number is expected, or several integers, or whatever. Make sure there are no non-ASCII characters
being used, as can sometimes happen when text is cut and pasted from other applications or word-
processing software. Make sure zeros are zeros and O’s are O’s. Make sure 1's are not I's. Make sure
apostrophes are used to designate character strings. Make sure the text file on a Unix/Linux machine
was not created on a DOS machine, aick versa Make sure that all the parameters listed are still
being used — new versions of FDS often drop or change parameters to force users to re-examine old
input files.

Numerical Instability: It is possible that during an FDS calculation the flow velocity at some location in
the domain can increase due to numerical error causing the time step size to decrease to a point where
logic in the code decides that the results are unphysical and stops the calculation with an error message
in the file CHID.out. In these cases, FDS ends by dumping out one final Plot3D file giving the user
some means by which to see where the error is occurring within the computational domain. Usually,
a numerical instability can be identified by fictitiously large velocity vectors emanating from a small
region within the domain. Common causes of such instabilities are grid cells that have an aspect ratio
larger than 2 to 1, high speed flow through a small opening, a sudden change in the heat release rate,
or any number of sudden changes to the flow field. There are various ways to solve the problem,
depending on the situation. Try to diagnose and fix the problem before reporting it. It is difficult for
anyone but the originator of the input file to diagnose the problem.

Inadequate Computer Resources:The calculation might be using more RAM than the machine has, or
the output files could have used up all the available disk space. In these situations, the computer may
or may not produce an intelligible error message. Sometimes the computer is just unresponsive. It
is the user's responsibility to ensure that the computer has adequate resources to do the calculation.
Remember, there is no limit to how big or how long FDS calculations can be — it depends on the
resources of the computer. For any new simulation, try running the case with a modest-sized grid, and
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gradually make refinements until the computer can no longer handle it. Then back off somewhat on
the size of the calculation so that the computer can comfortably run the case. Trying to run with 90

Run-Time Error: An error occurs either within the computer operating system or the FDS program. An
error message is printed out by the operating system of the computer onto the screen or into the
diagnostic output file. This message is most often unintelligible to most people, including the pro-
grammers, although occasionally one might get a small clue if there is mention of a specific problem,
like “stack overflow,” “divide by zero,” or “file write error, unit=...” These errors may be caused by
a bug in FDS, for example if a number is divided by zero, or an array is used before it is allocated,
or any number of other problems. Before reporting the error, try to systematically simplify the input
file until the error goes away. This process usually brings to light some feature of the calculation
responsible for the problem and helps in the debugging.

Poisson Initialization: Sometimes at the very start of a calculation, an error appears stating that there is a
problem with the “Poisson initialization.” The equation for pressure in FDS is known as the Poisson
equation. The Poisson solver consists of large system of linear equations that must be initialized at the
start of the calculation. Most often, an error in the initialization step is due to a grid dimension being
less than 4 (except in the case of a two-dimensional calculation). It is also possible that something
is fundamentally wrong with the coordinates of the computational domain. Diagnose the problem by
checking theGRID and Physical DIMensiorRDIM) lines in the input file.

3.5 Reporting Bugs

Because FDS development is on-going, problems will inevitably occur with various routines and features.
The developers need to know if a certain feature is not working, and bug reporting is encouraged. However,
the problem must be clearly identified. The best way to do this is to simplify the input file as much as
possible so that the bug can be diagnosed. Also, limit the bug reports to those features that clearly do not
work. Physical problems such as fires that do not ignite, flames that do not spieaday be related to the
grid resolution or scenario formulation and need to be investigated first by the user before being reported.

If an error message originates from the operating system as opposed to FDS, first investigate some of
the obvious possibilities, such as memory size, disk spcdf that does not solve the problem, report the
bug with as much information about the error message and circumstances related to the problem. The input
file should be simplified as much as possible so that the bug occurs early in the calculation. The input file
should have no references to external databases. In this way, the developers can quickly run the problem
input file and hopefully diagnose the problem.
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Chapter 4

Setting up the Input File for FDS

The first step in performing a calculation is to generate a text input file that provides the program with
all of the necessary information to describe the scenario under consideration. The most important inputs
determine the physical size of the overall rectangular domain, the grid dimensions, and the additional geo-
metrical features. Next, the fire and other boundary conditions must be specified. Finally, there are a number
of parameters that customize the output files to capture the most important flow quantities. Input data is pre-
scribed by writing a small file that uses the namelist formatted records. Each line of the file begins with
the characte& followed immediately by the name of the namelist grotfeAD, GRID, VENT, etc),

followed by a space or comma delimited list of the input parameters corresponding to that group. Each list
is terminated with a slash. Note that the parameters listed are only those that need to be changed from the
default. The structure of an input file is shown below.

&HEAD CHID="sample’,TITLE='"A Sample Input File’ /

&GRID IBAR=24,JBAR=24,KBAR=48 /

&PDIM XBARO=-.30,XBAR=0.30,YBARO=-.30,YBAR=0.30,ZBAR=1.2 /
&TIME TWFIN=10. /

&MISC RADIATION=.FALSE. /

&SURF ID="burner,HRRPUA=1000. /

&0OBST XB=-.20,0.20,-.20,0.20,0.00,0.05,SURF_IDS="burner’ INERT’,INERT" /
&VENT CB='XBAR’ ,SURF_ID="OPEN’ /

&VENT CB="ZBAR’ ,SURF_ID="OPEN’ /

&SLCF PBY=0.,QUANTITY="TEMPERATURE’ /

&BNDF QUANTITY="HEAT_FLUX' /

The parameters in the input file can be integeBAR=24), real numbers XBAR=0.30), groups of

real numbersXB=-.20,0.20,... ), character stringsgQHID="sample’ ), groups of character strings
(SUREIDS = ’burner 'INERT’ 'INERT’ ), or logicals RADIATION=.FALSE. ). A logical pa-

rameter is eitherTRUE. or .FALSE. - the periods are a Fortran convention. Character strings that are
listed in this User's Manual ought to be copied exactly as written — the code is case sensitive and underscores
do matter. Also note that character strings can be enclosed either by apostrophes or quotation marks. Be
careful not to create the input file by pasting text from something other than a simple text editor, in which
case the punctuation marks may not transfer properly into the text file.

Input parameters can be separated by either a comma, space, or line break. Comments and notes can be
written into the file so long as nothing comes between the ampesand the slash except appropriate
parameters corresponding to that particular namelist group. Note that FDS is case-sensitive. Copy exactly
the parameter names from this manual and do not assume that the program understands if the case is changed.

Rarely does anyone actually write an input file from scratch. Usually, one takes a sample input file that
has been distributed with the FDS release and modifies it appropriately. It is strongly encouraged that when

11



looking at a new scenario, first select a pre-written input file that resembles the case, make the necessary
changes, then run the case at fairly low resolution to determine if the geometry is set up correctly. It is best
to start off with a relatively simple file that captures the main features of the problem without getting tied
down with too much detail that might mask a fundamental flaw in the calculation. Initial calculations ought

to be gridded coarsely so that the run times are less than an hour and corrections can easily be made without

wasting too much time.
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4.1 Preliminaries

The first few lines in the input file handle some custodial details like naming the job and establishing the time
of the simulation. The name of the job is important because often a project involves numerous simulations
in which case the names of the individual simulations can help organize the effort.

4.1.1 Naming the Job: TheHEADNamelist Group

The first thing to do when setting up an input file is to give the job a nhame. The namelist iJEAD
contains two parametersCHID is character string of 30 characters or less used to tag output files with

a given character string. If, for exampleHID="sample’ , it is convenient to name the input data file
sample.dataso that the input file can be associated with the output files. No periods or spaces are allowed
in CHID because the output files are tagged with suffixes that are meaningful to certain computer operating
systemsTITLE is a character string of 60 characters or less that describes the problem.

&HEAD CHID="sample’,TITLE='A Sample Input File’ /

4.1.2 Setting Time Limits: The TIME Namelist Group

TIME is the name of a group of parameters defining the time duration of the simulation and the initial time
step used to advance the solution of the discretized equations. Usually, only the duration of the simulation
is required on this line, via the parame®VFIN (Time When FINished). The default is 1 s. TWWFINis
set to zero, only the set-up work is performed, allowing one to quickly check the geometry in Smokeview.
The initial time step size can also be prescribed \th This parameter is normally set automatically
by dividing the size of a grid cell by the characteristic velocity of the flow. During the calculation, the time
step is adjusted so that the CFL condition is satisfied. The default va'éieFS(E)xéyéz)%/\/g? s, where
ox, 0y, anddz are the dimensions of the smallest grid cEllis the height of the computational domain, and
g is the acceleration of gravity.
One additional parameter in tiéME group isSYNCHRONIZEa logical flag (TRUE. or.FALSE. )
indicating that in a parallel computation the time step for each mesh should be the same, thus ensuring that
each mesh is processed each iteration. More details can be found in $ectipn 4.2.3.
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4.2 The Numerical Grid

All FDS calculations must be performed within a domain that is made up of rectangular meshes, each with
its own rectilinear grid. All obstructions, ventstc. are forced to conform with the numerical grid(s). To
establish a grid, first specify the overall physical dimensions of the rectangular grid \Rétivenamelist

group. Second, specify the number of grid cells spanning each coordinate direction @R llb@amelist

group. Finally, if desired, the grid cells can be stretched or shrunk in two of three coordinate directions via
the TRNX TRNY, and/orTRNZgroups (See Sectign 5.2). For cases in which more than one grid is used in
the calculation, see Sectipn 4]2.3 below for guidelines.

4.2.1 Defining the Computational Domain: ThePDIM Namelist Group

PDIM is the name of the group of parameters defining the size of the physical domain. The coordinate
system spanned by these dimensions conforms to the right hand rule (See]Fig. 4.1). The physical domain is
a single right parallelepipedg. a box. The origin of the domain is the poiXBARO,YBARO,ZBARO) ,
and the opposite corner of the domain is at the pO{BAR, YBAR,ZBAR) . By default, XBARO, YBARO,
ZBAROare zero, in which case the physical dimensions of the domain are givéBA8 YBARandZBAR
in units of meters. Unless otherwise directed, the domain is subdivided uniformly to form a BidlRfby
JBARDby KBARCcells specified by th&RID namelist group. If it is desired that the grid cells not be uniform
in size, then the namelist group&®NX TRNYand/orTRNZmay be used to alter the uniform gridding (See
Sectior] 5.P).

Any obstructions or vents that extend beyond the boundary of the physical domain are cut off at the
boundary. There is no penalty for defining objects outside of the domain, but these objects do not appear in

Smokeview.

4.2.2 Setting the Grid Size: TheGRID Namelist Group

The namelist grouisRID contains the dimensions of the computational grid. The grid considBAR

cells in thex direction, JBAR cells in they direction, andKkBARcells in thez direction. Usually, the

direction is assumed to be the vertical direction. The longer horizontal dimension should be taken as the
x-direction. Note that it is best if the grid cells are close to cubes, that is, the length, width and height of the
cells ought to be roughly the same. Also, because an important part of the calculation uses a Poisson solver
based on Fast Fourier Transforms (FFTs), the dimensions of the grid should each be of thE3f®sf) 2
wherel, mandn are integers. For example, 6425, 72= 2332 and 108= 223° are good grid dimensions.

However, 37, 99 and 109 are not.
&GRID IBAR=64,JBAR=32,KBAR=32 /
Following is a list of numbers between 1 and 1024 that can be factored down to 2's, 3's and 5’s:

2 3 4 5 6 8 9 10 12 15
16 18 20 24 25 27 30 32 36 40
45 48 50 54 60 64 72 75 80 81
90 96 100 108 120 125 128 135 144 150

160 162 180 192 200 216 225 240 243 250
256 270 288 300 320 324 360 375 384 400
405 432 450 480 486 500 512 540 576 600
625 640 648 675 720 729 750 768 800 810
864 900 960 972 1000 1024
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Figure 4.1:An example of a multiple-mesh geometry.

Note thatIBAR, JBAR andKBARshould be at least 4, except for two-dimensional calculations, in which
caselBAR=1.

4.2.3 Multiple Meshes and Parallel Processing

The term “multiple meshes” means that the computational domain consists of more than one rectangular
mesh, usually connected although this is not required. In each mesh, the governing equations are solved
with a time step based on the flow speed within that particular mesh. Because each mesh can have different
time steps, this technique can save CPU time by requiring relatively coarse meshes to be updated only when
necessary. Coarse meshes are best used in regions where temporal and spatial gradients of key quantities
are small or unimportant. Also, to run FDS in parallel, one needs to break up the computational domain into
multiple meshes so that each processor receives one mesh to work on. Whether the calculation is to be run
on a single processor, or on multiple processors, the rules of prescribing multiple meshes are similar, with
some issues to keep in mind. Here is a list of guidelines and warnings about the use of multiple meshes.

e |f more than one mesh is used, there should KBRAD andPDIM line for each. The order in which
these lines are entered in the input file matters. In general, the meshes should be entered from finest
to coarsest. FDS assumes that a mesh listed first has precedence over a mesh listed second if the two
meshes overlap. Meshes can overlap, abut, or not touch at all. In the last case, essentially two separate
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calculations are performed with no communication at all between them. Obstructions and vents are
entered in terms of the overall coordinate system and need not apply to any one particular mesh. Each
mesh checks the coordinates of all the geometric entities and decides whether or not they are to be
included.

Avoid putting mesh boundaries where critical action is expected, especially fire. Sometimes fire
spread from mesh to mesh cannot be avoided, but if at all possible try to keep mesh interfaces relatively
free of complicating phenomena since the exchange of information across mesh boundaries is not as
accurate as cell to cell exchanges within one mesh.

Information from other meshes is received only at the exterior boundary of a given mesh. This means
that a mesh that is completely embedded within another receives information at its exterior boundary,
but the larger mesh receives no information from the mesh embedded within. Essentially, the larger,
usually coarser, mesh is doing its own simulation of the scenario and is not affected by the smaller,
usually finer, mesh embedded within it. Details within the fine grid, especially related to fire growth
and spread, may not be picked up by the coarse grid. In such cases, it is preferable to isolate the
detailed fire behavior within one mesh, and position coarser meshes at the exterior boundary of the
fine mesh. Then the fine and coarse meshes mutually exchange information.

Experiment with different mesh configurations using relatively coarse grid cells to ensure that infor-
mation is being transferred properly from mesh to mesh. There are two issues of concern. First, does
it appear that the flow is being badly affected by the mesh boundary? If so, try to move the mesh
boundaries away from areas of activity. Second, is there too much of a jump in cell size from one
mesh to another? If so, consider whether the loss of information moving from a fine to a coarse mesh
is tolerable.

Be careful when using the shortcut convention of declaring an entire face of the domain tOB&RN
vent. Every grid takes on this attribute. See Sedtion }4.4.6 for more details.

If more than one mesh is used in a calculation, there can be no background pressure rise. Essentially,
the different compartments are assumed to leak.

In a parallel calculation, one can force the time steps in all meshes to be the same by setting
SYNCHRONIZE=.TRUE.

on theTIME line. With this setting, all meshes are active each iteration. For a single-processor, multi-
ple mesh calculation, this strategy reduces and may even eliminate any benefit seen by using multiple
meshes. However, in a parallel calculation, if a particular mesh is inactive during an iteration because
itis not ready to be updated, then the processor assigned to that mesh is also inactive. Forcing the mesh
to be updated with a smaller than ideal time step does not cost anything since that processor would
have been idle anyway. The benefit is that there is a tighter connection between meshes. Itis also pos-
sible to synchronize the time step in a select set of meshes. To do thiSYMOHRONIZE=.TRUE.

to the appropriaté&sRID lines. Do not then ad®YNCHRONIZE=.TRUE.to the TIME line as it
over-rides th&SRID line settings.

If an planar obstruction is close to where two meshes abut, make sure that each mesh “sees” the
obstruction. If the obstruction is even a millimeter outside of one of the meshes, that mesh may not
account for it, in which case information is not transferred properly between meshes.

16



e When running a case with multiple meshes in parallel, the efficiency of the calculation can be checked
as follows: (1) SeSYNCHRONIZE=.TRUE.on theTIME line, (2) Let the program run several
hundred time steps, (3) Calculate the difference in wall clock time between two 100 iteration print
outs in the fileCHID.out (see Sectioh C|1). Divide the time difference by 100. This is the average
elapsed wall clock time per time step, (4) Look at @RU/step for each mesh. The largest value
should be less than, but close to, the average elapsed wall clock time. The efficiency of the parallel
calculation is the maximunCPU/step divided by the average wall clock time per step. If this
number is between 90 % and 100 %, the parallel code is working well.

4.3 Setting Global Parameters: ThavlISC Namelist Group

MISC is the namelist group of miscellaneous input parameters. OnhWHB€E line should be entered in

the data file. ThvISC parameters vary in scope and degree of importance. The most important parame-
ter in this category is the one that determines whether a Large Eddy Simulation (LES) calculation is to be
performed, or whether a Direct Numerical Simulation (DNS) is to be performed. By default, an LES calcu-
lation is performed. If a DNS calculation is desired, em®&tS=.TRUE. on theMISC line. An example of
aMISCline is

&MISC SURF_DEFAULT='CONCRETE’,REACTION="METHANE’,
DATABASE='c:\nist\fds\database4\database4.data’ /

This establishes that all bounding surfaces are to be mad®BICRETHnNless otherwise indicated, that the
combustion stoichiometry is faiETHANEand that the definition cEONCRETEMETHANEand various
other keywords throughout the input file are found in the file defineBAYABASEOther inputs found on
theMISC line include:

DATABASEA character string indicating the name of a file that contains information about surface materials
and reaction parameters for various fuels. TIRT ABASHile does not need to be designated if none
of its entries are to be used.

DATABASEDIRECTORYA character string indicating the full path name of the directory where the database
and sprinkler files are stored. IATABASEDIRECTORYis specified, there is no need to specify a
DATABASHile, it is assumed to bdatabase4.data

SUREDEFAULT Character string indicating which of the list&RF Ds is to be considered the default.
The default iSINERT’ . SURFis a hamelist group describing the properties of vents and surfaces,
and is discussed in Sectibn 414.1.

REACTION Character string indicating which of the listed groups of reactRiBAQJ parameters are to be
used. The default " ROPANE’, meaning that unleSREACTIONis specified, it is assumed that the
fuel is propane. See Sectipn 4]4.2 for a description of reaction parameters.

TMPA Ambient temperature in degrees Celsius. (Defaut @p

U0, VO and WO Initial values of velocity components in m/s. These can be used to prescribe an initial
wind through the domain. (Default 0 m/s)

TMPOTemperature outside the computational domain, in degrees Celsius. (Defadlt 20

NFRAMESDefault number of output dumps per calculation. Thermocouple data, slice data, particle data,
and boundary data is saved ev@WWFIN/NFRAMESunless otherwise specified wilhiT SAMon the
THCR SLCF, andBNDFnamelist lines. (Default 1000)
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DTPARTime increment in seconds between Lagrangian particle insertions at solid surfaces. If more parti-
cles are desired, lower the input value of this parameter. (Default 0.05 s)

DTSPARTIme increment in seconds between droplet insertions at sprinklers. (Default 0.05 s)

DTSAMPART Time increment between tracer particle (and sprinkler droplet) data dumps in seconds. These
dumps add to a file calle@HID.part which can be used to produce an animation of the flow field.
(Default TWFIN/NFRAME$

NPPS Number of particles per set. The maximum number of particles that can be output into the file
CHID.part everyDTSAMseconds. (Default 100000)

MAXIMUMDROPLETSMaximum number of Lagrangian particles per mesh. (Default 500000)
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4.4 Prescribing the Geometry and the Fire

Most of the work in setting up a calculation lies in specifying the geometry of the space to be modeled
and applying boundary conditions to these objects. The geometry is described in terms of rectangular
obstructions that can heat up, burn, conduct hetat,and vents from which air or fuel can be either injected

into, or drawn from, the flow domain. A boundary condition needs to be assigned to each obstruction
and vent describing its thermal properties. A fire is just one type of boundary condition. The following
namelist groups describe how to prescribe the boundary conditions and the obstructions and vents to which
the boundary conditions are assigned.

4.4.1 Prescribing Boundary Conditions: TheSURFNamelist Group

SUREFis the namelist group that defines boundary conditions for all solid surfaces or openings within or
bounding the flow domain. The physical coordinates of obstructions or vents are listedOB8iEand
VENTnamelist groups below. Boundary conditions for the obstructions and vents are prescribed by refer-
encing the appropriatBURFine(s) whose parameters are described presently.

The default boundary condition for all solid surfaces is that of a cold, inert wall. If only this boundary
condition is needed, there is no need to add 8\RFlines to the input file. If additional boundary con-
ditions are desired, they are to be listed one boundary condition at a time.SE&RHFline consists of an
identification stringD="...’ to allow references to it by an obstruction or vent. Thus, on €88Tand
VENTIine, the character strinQUREID="...’ indicates théD of the SURFline containing the desired
boundary condition parameters. If a particllRFline is to be applied as the default boundary condition,
CONCRETIHr example, sesSUREDEFAULT="CONCRETE®DN theMISC ine.

Fire (Mixture Fraction Model) A fire is basically modeled as the ejection of pyrolyzed fuel from a solid
surface or vent that burns when mixed with oxygen. This is the default mixture fraction model of com-
bustion. Specify either a heat release rate per unit areaheat of vaporization at the fuel surface. The
stoichiometry of the reaction is set by the param&EACTIONon theMISC line. All of the species as-
sociated with the combustion process are accounted for by way of the mixture fraction variable and should
not be explicitly prescribed. The exception to this rule is where a non-reacting gas is introduced into the
domain that merely serves as a diluent, like fm an extinguisher or O from evaporated sprinkler
droplets (see Sectidn %.5 for details). If a finite rate combustion model is desired instead of the default
mixture fraction model, see Sectipn}.6.

Following is a list of parameters that are prescribed &uU&Fline to designate a fire using the mixture
fraction approach.

HRRPUAHeat Release Rate Per Unit Area (kW)mThis parameter is used to control the burning rate of
the fuel, as in the case of a prescribed fire using a gas burner. If all one desires is a fire of a given size,
thenHRRPUAs the only thing that need be set, for example

&SURF ID="FIRE’,HRRPUA=500. /

applies 500 kW/rAto any surface with the attribuURFID='FIRE’ . See the discussion dime
Dependent Boundary Conditionsbelow to learn how to ramp the heat release rate up and down.

HEATOF.VAPORIZATION (kJ/kg). This is an alternative tdRRPUAThis is the amount of energy re-
quired to vaporize a solid or liquid fuel once it has reached its ignition temperaMiRIGN If it is
desired that the burning rate of the fuel be dependent on heat feedback from the fire, use this parameter
rather tharHRRPUADo not specifyHRRPUANdHEAT.OF VAPORIZATIONon the sam&URF
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line. They are mutually exclusive inputs. AlISOHEAT.OF VAPORIZATION:Is specified for a given
material, something else must serve as an ignition source to ignite the material.

BURNAWAYIf a burning object is to disappear from the calculation once it is exhausted of fuel, set
BURNAWAY=.TRUE. Use this parameter cautiously. If an object has the potential of burning away,
a significant amount of extra memory has to be set aside to store additional surface information as
the rectangular block is eaten away. Note that in previous versions of FDS (3 and lower), the param-
eterDENSITY or SURFACEDENSITY controlled both burn out and the removal of burnt objects.
This is no longer true. IBURNAWAMYSs prescribed as 8URFparameter, then a solid object with
this SURFEID disappears from a calculation as the mass of each of its grid cells is consumed. The
mass of each grid cell is the volume of the grid cell multiplied by BHeENSITY of the obstruction.
BURNAWAYcan be applied to thermally-thin or thick materials, as long BE&ISITY is also pre-
scribed and the obstruction is at least one grid cell wide. Note also tBRIRNAWANYSs prescribed,
the SURFshould be applied to the entire object, not just a face of the object because it is unclear how
to handle edges of solid obstructions that have diffeBMREID s on different faces. Also note that
the amount of combustible fuel equals DENSITY times the volume of the grid cell. If the volume
of the obstruction changes because it has to conform to the uniform grid, FDS$iolbadjust the
burning rate to account for this as it does with various quantities associated with areBRRERUA

Thermal Boundary Conditions: There are four types of thermal boundary conditions: fixed tempera-
ture solid surface, fixed heat flux solid surface, thermally-thick solid or thermally-thin sheet. For a given
boundary conditioni(e. for the sameSURFIine), choose only one of these. For a solid surface of fixed
temperature, s&tMPWALo be the surface temperature in unit§6f For a solid surface of fixed convective
heat flux, sesHEATFLUXto be the convective heat flux in units of KWImf HEATFLUXis positive, the

wall heats up the surrounding gasesHEAT.FLUXis negative, the wall cools the surrounding gases.

A solid surface that heats up due to radiative and convective heat transfer from the surrounding gas can
be either thermally-thick or thermally-thin. For a thermally-thick solid, prescribe the thermal conductivity
KS(W/m-K), DENSITY (kg/m?®), specific hea€_P (kJ/kg/K), and the thickne€BELTA(m) of the materiﬂ
Both KSandC_P can be functions of temperatur@ENSITY cannot be a function of temperature. See the
discussion oRAMB below for more details. The prescription of the thermal conductivity directs the code to
perform a one-dimensional heat transfer calculation across the thickness of the fRamithickness is
notthe same as the thickness of the entire wall, but rather the lining material that forms the outermost layer
of the wall. See discussion below for more details.

For thermally-thin wall linings, prescrib€ DELTARHQ the product of the specific heat (kJ/kg/K),
density (kg/nd), and thickness (m) of the liner. A thermally-thin liner is assumed to be the same temperature
throughout its width. These three parameters may be prescribed individually@$ir{gJ/kg/K), DELTA
(m) andDENSITY (kg/m?), in which caseC_P can be made temperature-dependent. Note that the absence
of thermal conductivity directs the code to assume the material is thermally-thin instead of thick. If the
thermal conductivity is prescribed, a thermally-thick calculation is performed.

Fixed temperature or fixed heat flux boundary conditions are easy to apply, but only of limited useful-
ness in real fire scenarios. In most cases, walls, ceilings and floors are made up of several layers of lining
materials, the most important of which is the outermost layer. FDS only considers the thermal properties for

1in older versions of FDS, the thermal diffusivis. PHA(m?/s) was used to represeiytp/cp. This parameter can still be used,
but individual prescription ok, p andcy is preferred.

2The default number of nodes used in the one-dimensional heat conduction calculation into a thermally-thick solid is 20. To
change this paramet&/ALLPOINTS can be added to tfeURFline. Note that the nodes are not uniformly spaced, but rather are
clustered so that the first cell in the solid is approximately 0.1 mm. This value may be changed by adding the paras®etdD
to theSURFline. See the FDS Technical Reference Guide [1] for details about the heat transfer calculation.
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this outermost layer. It is assumed that this layer backs up to an air gap at ambient temperature (like a sheet
of gypsum board attached to wood studs), or it backs up to an insulated material in which case no heat is lost
to the backing material, or it backs up to the room on the other side of the wall. By default, it is assumed
that the wall liner backs up to an air gap. If the wall liner is assumed to back up against an insulating ma-
terial, like a sheet of steel attached to a fiber insulating board, the expré&S@KING="INSULATED’
on the SURFline prevents any heat loss from the back side of the material. An example of where this
might be used is in home furnishing. Recent work by Fleischmann and Chen [4] on the ignition prop-
erties of upholstery suggests that treating a fabric covered slab of polyurethane foam as thermally-thin
produces a slightly better correlation than thermally-thick. If their thermally-thin data is used, the attribute
BACKING='INSULATED’ should be invoked. Finally, if it is desired that the heat transfer through the
wall into the space behind the wall, the attribACKING="EXPOSED’ should be listed. This feature
only works if the wall is one grid cell thick, and if there is a non-zero volume of computational domain on
the other side of the wall. Obviously, if the wall is an external boundary of the domain, the heat is lost to the
void.

The emissivity of a solid surface may be set WEMISSIVITY , which is 1 by default. If the wall
lining material is flammable, set its ignition temperature WitiPIGN the temperature®C) at which the
material begins burning. This is only set if the wall liner is thermally-thick or thermally-thin. Heat fluxes to
solid surfaces are both convective and radiativd.MPIGNis set, a heat release rate per unit dE&RPUA
or HEAT.OF.VAPORIZATIONshould also be given. (DefaultMPIGNis 5000°C, i.e. no burning occurs
unless this parameter is explicitly prescribed.)

The following are a few examples 8URFlines. These and several others are found irdAd ABASE
file.

&SURF ID = 'CONCRETFE’
FYI = 'Thermally-thick material’
KS = 1.0
CP = 0.88
DENSITY = 2000.
DELTA =02/
&SURF ID = 'UPHOLSTERY’
FYI = 'Assumed thermally-thin material’
C_DELTA_RHO = 1.29
BACKING = 'INSULATED’
TMPIGN = 280.
DENSITY = 20.0
HEAT_OF_VAPORIZATION=2500. /
&SURF ID = 'SHEET METAL’
FYI "Thermally-thin material’

C_DELTA_RHO = 4.7 /

Velocity Boundary Condition Velocity boundary conditions affect both the normal and tangential compo-
nents of the velocity vector at boundaries. The normal component of velocity is controlled by the parameter
VEL. If VEL is negative, the flow is entering the computational domaiWvBE is positive, the flow is exit-

ing the domain. Sometimes it is desired that a given volume flux through a vent be prescribed rather than a
velocity. If this is the case the’lOLUMBFLUX can be prescribed insteadEL. The units are fis. If the

flow is entering the computational domaMOLUMB-LUX should be a negative number. Note that either

VEL or VOLUMBE-LUX should be prescribed, not both. The choice depends on whether an exact velocity

is desired at a given vent, or whether the given volume flux is desired. The dimensions of the vent that are
prescribed usually change because the prescribed vent dimensions are sometimes altered so that the vent

21



edges line up with grid cells. Also note thaB&IRFgroup with aVvOLUMBFLUX prescribed should only be

called by aVENT, not anOBST Finally, note that iHRRPUAr HEAT.OF VAPORIZATION:Is prescribed,

no velocity should be prescribed. The combustible gases are ejected at a velocity computed by the code.
As an example, a simple blowing vent would be described by the line

&SURF ID="BLOWER’,VEL=-1.2, TMPWAL=50. /

The vent withSUREID="BLOWER’ would blow 50°C air at 1.2 m/s into the flow domain. MakingsL
positive would suck air out, in which ca38MPWAMould not be necessary.

The tangential velocity boundary condition controls how the gas “sticks” to a solid surface. In theory,
the tangential component of velocity is zero at the surface, but increases rapidly through a narrow region
called the boundary layer. For most practical problems, the grid is not fine enough to resolve the boundary
layer, which is typically a few millimeters thick. For this reason, in an LES calculation, the velocity at
the wall is set to be a fraction of its value in the grid cell adjacent to the wall. Only in a DNS calculation
is the velocity at the wall set to zero. To alter these defaults, set a parameter\da{ledhis parameter
ranges from -1 to 1. If a no-slip wall is desiredBC=-1. If a free-slip wall is desiredyBC=1 Numbers in
between -1 and 1 can represent partial slip conditions, which may be appropriate for simulations involving
large grid cells. (DefaulV/BCis 0.5 for LES, -1.0 for DNS)

In the case of a blowing vent (or even a solid surface), it is possible to prescribe both the normal and
tangential components of the flow (or just the tangential). The normal component is specifis&Elids
described above. The tangential is prescribed via a pair of real nuibBrd representing the desired
tangential velocity components. For example, the line

&SURF ID='LOUVER’,VEL=-1.2,VEL_T=0.5,-0.3 /

is a boundary condition for a louver vent that pushes air into the space with a normal velocity of 1.2 m/s, and
with a tangential velocity of 0.5 m/s in either tker y direction and -0.3 m/s in either thyeor z direction,
depending on what the normal direction is.

Time Dependent Boundary ConditionsAt the start of any calculation, the temperature is ambient every-
where, the flow velocity is zero everywhere, nothing is burning, and the mass fractions of all species are
uniform. When the calculation starts temperatures, velocities, burning eitesre ramped-up from their
starting values because nothing can happen instantaneously. By default, everything is ramped-up to their
prescribed values in roughly 1 s. However, control the rate at which things turn on, or turn off, by speci-
fying time histories for the boundary conditions that are listed on a gBléRFline. The above boundary
conditions can be made time-dependent using either prescribed functions or user-defined functions. The
parameter§ AU.QandTAU.V indicate that thermal or hydrodynamic quantities are to ramp up to their pre-
scribed values iTAUseconds and remain thefBAU Qis the characteristic ramp-up time of the heat release

rate per unit are’lRRPUAr wall temperaturd MPWALTAULV is the ramp-up time of the normal velocity

at a surfac&/EL or the volume fluyYOLUMB-LUX If TAU.Qis positive, then the heat release rate ramps

up like tantft /7). If negative, then the HRR ramps up likg't)2. If the fire ramps up following & curve, it

remains constant aftdtAU.Q seconds. These rules apply®aU_.V as well. The default value for allAls

is 1 s. If something other than a tanhtéramp up is desired, then a user-defined burning history must be
input. To do this, seRAMPQ or RAMPV equal to a character string designating the ramp function to use

for that particular surface type, then somewhere in the input file generate lines of the form:

&RAMP ID=rampnamel’, T= 0.0,F=0.0 /
&RAMP ID="rampnamel’,T= 5.0,F=0.5 /
&RAMP ID=rampnamel’, T=10.0,F=0.7 /
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&RAMP ID=rampname?2’, T= 0.0,F=0.0 /
&RAMP ID="rampname?2’,T=10.0,F=0.3 /
&RAMP ID=rampname2’, T=20.0,F=0.8 /

Here, T is the time, and- indicates the fraction of the heat release rate, wall temperature, velocity, mass
fraction, etc, to apply. Linear interpolation is used to fill in intermediate time points. Be sure that the
prescribed function starts dt=0. , the ignition time. Note that th&@ AlUs and theRAMB are mutually
exclusive. For a given surface quantity, both cannot be prescribed.

As an example, the simple blowing vent from above can be controlled via the lines

&SURF ID='BLOWER’,VEL=-1.2, TMPWAL=50.,
RAMP_V=BLOWER RAMP’,
RAMP_Q="HEATER RAMP’ /

&RAMP ID="BLOWER RAMP’,T= 0.0,F=0.0

&RAMP ID="BLOWER RAMP’, T=10.0,F=1.0

&RAMP ID="BLOWER RAMP’,T=80.0,F=1.0

&RAMP ID="BLOWER RAMP’,T=90.0,F=0.0

&RAMP ID="HEATER RAMP’,T= 0.0,F=0.0

&RAMP ID="HEATER RAMP’,T=20.0,F=1.0

&RAMP ID="HEATER RAMP’,T=30.0,F=1.0

&RAMP ID="HEATER RAMP’,T=40.0,F=0.0

/
/
/
/
/
/
/
/

Now the temperature and velocity of the incoming air stream would follow the same ramp functions. Note
that the temperature and velocity can be independently controlled by assigning diRédeli| to RAMPQ
andRAMPV, respectively.

Temperature-Dependent Boundary ConditionsCertain thermal parameters like the specific heat of the
solid (C_P) or the thermal conductivity of the solikk§) can be made temperature-dependent using the
RAMRconvention. As an example, take the material properties for marinite, a wall material suitable for high
temperature applications.

&SURF ID="MARINITE’
RGB = 0.70,0.70,0.70
BACKING = 'EXPOSED’
EMISSIVITY=0.8
DENSITY = 737.
RAMP_C_P='rampcp’
RAMP_KS="rampks’
DELTA=0.0254 /
&RAMP ID="rampks’,T= 24.,F=0.13 /
&RAMP ID="rampks’,T=149.,F=0.12 /
&RAMP ID="rampks’,T=538.,F=0.12 /
&RAMP ID="rampcp’, T= 93.,F=1.172 /
&RAMP ID="rampcp’, T=205.,F=1.255 /
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&RAMP ID="rampcp’, T=316.,F=1.339 /
&RAMP ID="rampcp’, T=425.,F=1.423 /

Notice that with temperature-dependent quantities RA&Pparamete now means Temperature, aRd
is the actual value of eith&z_P or KS. NeitherC_P nor KSis given on theSURFIline, but rather th&RAMP
names. One should prescribe either a constant value Por KS or aRAMPame, but not both.

4.4.2 Combustion Parameters: Thd(REACNamelist Group

There are two ways of designating a fire: the first is to prescribe a Heat Release Rate Per UHRRRIAA
on aSURFIline. The other is to prescribe MFEATOF VAPORIZATION in which case the burning rate
of the fuel depends on the net heat feedback to the surface. In both cases, the mixture fraction combus-
tion model is used. ThREACIine is used for various parameters associated with the gas phase reaction
of fuel and oxygen. Note that if only the fire’s heat release rate is specifiedHRIRPUAthen these
parameters usually do not require adjusting. However, if the burning behavior of a fuel is governed by
its HEAT.OFVAPORIZATION care must be taken in selecting the appropriate reaction parameters. See
Sectiorf 4.4.3 for additional details.

It is assumed that a single hydrocarbon fuel is being burned, with constant yields of CO and soot

Cy HyOz +Vo, O, — Vco, CO+ VH,0 H20 4+ vco CO+ Vggot SO0t (4.2)

Specify theideal stoichiometric coefficients for the fuel,,0CO, and HO, and yields for CO and soot.

The vyield of CO, for example, is defined as the fraction of the fuel mass that is converted into CO, and is
denotedyco. Do not directly specify the stoichiometric coefficients for CO or soot because these numbers
are usually reported in terms of mass yields. It is assumed that the CO and soot are created at the flame
and transported with the combustion products. No growth, oxidation or after burning is assumed. Research
continues to refine the handling of these products of incomplete combustion. For the moment, the ideal
stoichiometric coefficients for £ CO, and HO are adjusted to account for the production of CO and soot

at the start of a calculation. The actual stoichioimetric coefficients used in the calculations are

v _ ([ M+ M+ +y z
0 = Mo P MS) T4 2
v = X My M
co, = MCOYCO Mcys
VH,0 = %
M+
Vco = WwYCo
M¢
Vsoot = NTCYS

The following parameters may be prescribed onREgACline. Note that only on&REACIine may be
used. Most often, one selects a reaction fromAG ABASE/ia the REACTIONparameter on thISC
line.

ID A character string naming the reaction. It is optional if REEACline is included within the data input
file, mandatory if theREACline is included in thdDATABASHile.

NUO2, NU_H20, NUFUEL, NU_COZ2 Ideal stoichiometric coefficients for the reaction of a hydrocar-
bon fuel. NUFUEL s 1 by default. All numbers are positive. Default values are those of propane.
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MWFUEL Molecular weight of the fuel (g/mol). Default is for propane, 44 g/mol. If the fuel has nitrogen in
it, add the parametéiUEL N2 to indicate how many molecules oblkhere are. For example urethane
is C3H7NO». For it, FUEL.N2=0.5 because there is half of axMolecule.

SOOTYIELD The fraction of fuel mass converted into smoke particukateNote that this parameter does
not apply to the processes of soot growth and oxidation, but rather to the net production of the smoke
particulate from the fire. (Default 0.01)

CQYIELD The fraction of fuel mass converted into carbon monoxygde, Normally, this parameter need
not be set, because by defayt is linked to theSOOTYIELD, ys, via the correlation developed by
Koyll and Faeth

12x
= ——0.0014+0.37
Yco MV, 4+ Ys

wherex is the number of carbon atoms in a fuel moleciie,is the molecular weight of the fuel, and

V¢ is the stoichiometric coefficient of the fuel, assumed to be 1 hére [5]. Note that this correlation
refers to well-ventilated fires. Yields of CO and soot in underventilated fires is still a subject of active
research.

EPUMOZ2Energy Per Unit Mass OxygefAHo, (kJ/kg). The amount of energy released per unit mass of
oxygen consumed. (Default 13,100 kJ/kg). Note that the heat of combustion

- Vo, |\/|o2
Vi My

is modified slightly due to the presence of soot and CO.

AH AHo,

RADIATIVE _FRACTION The fraction of energy released from the flame as thermal radiation. This pa-
rameter requires some interpretation. See Section|4.4.3 for details. (Default 0.35)

A few sampleREAClines are given here. More can be found in lw&TABASHile.

&REAC ID="METHANE’
MW_FUEL=16
NU_02=2.
NU_CO2=1.
NU_H20=2.
RADIATIVE_FRACTION=0.15
SOOT_YIELD=0.01 /

&REAC ID="WOOQOD’
SOOT_YIELD = 0.01

NU_02 = 3.7
NU_CO2 = 34
NU_H20 = 3.1
MW_FUEL = 87.
EPUMO2 = 8850. /

4.4.3 Important Issues Related to Combustion

This section explains the various approximations that affect both the gas phase pararieA€iing) and
the solid (or liquid) phase paramete&[RFline). These approximations are needed either to compensate
for less than desirable grid resolution or limitations of the mixture fraction combustion model.
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Heat Release RateFor coarsely gridded calculations, it is not possible to resolve the fire adequately, and as
a result the heat release rate and flame height can be underestimated [6]. There are several ways to remedy
the problem, one of which is to choose a different value of the mixture fraction when defining the flame
sheet. The program has built into it a routine that redefines the stoichiometric value of the mixture fraction

Zs off - D*
e in (1, C— 4.2
2 m|n< , 6x> (4.2)

whereZ; is the ideal stoichiometric value of the mixture fracti@is an empirical constant (not an input
parameter), anB* is the characteristic fire diameter

. Q 5
0= (prpT«:\@> (@3

“Good” or “bad” resolution depends on both the size of the fire and the size of the grid cells. For relatively
small values oD* and/or large grid cells, the stoichiometric value of the mixture fraction is intentionally
reduced, resulting in a better estimate of flame height and structure. In caseP#erelatively large and
the cells relatively small, no adjustment need be made to the stoichiometric value of the mixture fraction. As
always, a sufficiently resolved grid eliminates the need for these types of corrections, but in many instances
it is difficult to both finely grid the region near the fire while at the same time saving enough cells for the
rest of the space.

By default, the re-adjustment of the stoichiometric value of the mixture fraction is applied automatically.
To turn it off, specifyAUTOMATICZ=.FALSE. on theMISCIline, in which case the ideal stoichiometric
value of the mixture fraction is used to mark the flame zone. Also, minor adjustments can be made to
the flame height by setting CONSTANTo a value different than 1 on tHREACIine. This parameter is
essentially a normalized version of@ from Eq. ). Reducing_CONSTANEhortens the flame length;
increasing it lengthens the flame.

Radiative Fraction: The fraction of energy released from the fire as thermal radiation is a function of
both the flame temperature and chemical composition, neither of which are well known in a large scale
fire calculation. In calculations in which the grid cells are on the order of a centimeter and larger, the
temperature near the flame surface cannot be relied upon when computing the source term in the radiation
transport equation, especially because oftHelependence. To compensate, if one prescribes a non-zero
value of RADIATIVE _FRACTION a grid cell cut by the flame radiates that fraction of the chemical energy
being released into it. Some of that energy may be reabsorbed elsewhere, yielding a net radiative loss that
is less tharRADIATIVE _FRACTION depending mainly on the size of the fire and the soot loading. If it is
desired to use the radiation transport equation as is,RMDIATIVE _FRACTIONought to be set to zero,

and the source term in the radiative transport equation is then based solely on the gas temperature and the
chemical composition.

Heat of Combustion: The user does not usually prescribe the heat of combustion explicitly. Normally, the
stoichiometric parameters listed on tREACline are used to compute the heat of combustion. However, if
aHEAT.OFVAPORIZATIONhas been specified orfSURHine and the heat of combustion of the material
differs from that specified by the governiREACTION then add :HHEAT.OF. COMBUSTIOKkJ/kQ) to the
SURHine. In a mixture fraction based combustion model, it is assumed that there is only one fuel. However,
in a realistic fire scenario, there may be many fuels originating from the various burning objects in the
building. Specify the stoichiometry of the predominant reaction vieRE&Cnamelist group. Often these
parameters are stored in tDATABASHile, in which case simply prescribeREACTIONon theMISCline.
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If the stoichiometry of the burning material differs from the global reaction HEAT OF COMBUSTION
is used to ensure that an equivalent amount of fuel is injected into the flow domain from the burning object.

Predicting the Burning Rate: Either prescribe the burning rate of the fuel via the parant¢é®RRPU/An the
SURHine, or let the burning rate be predicted based on the fuel's thermal properties HEANTOF VAPORIZATION
This latter action introduces a fair amount of uncertainty into the calculation because the burning rate is a
function of the energy fed back from the fire via convection and radiation, and the energy conducted through
the solid or liquid fuel. The various phenomena are still subjects of active research, so be aware of the poten-
tial errors introduced into the calculation. One of the greatest sources of error is the radiative heat flux from
the fire to the fuel surface. The error is due to a combination of insufficient grid resolution in the boundary
layer, and uncertainty in the absorption coefficient and flame temperature. As a result, the heat flux to the
fuel surface is often over-predicted. Until improvement can be made in the radiation calculation, prevent
excess pyrolysis of fuel by prescribingBRNINGRATEMAX(kg/n?/s) on theSURFline that limits the

burning rate of the fuel to its measured maximum.

Gas Phase Fire SuppressionModeling suppression of a fire due to the introduction of a suppression agent
like CO, or water mist, or due to the exhaustion of oxygen within a compartment is challenging because the
relevant physical mechanisms occur at length scales smaller than a single grid cell. Flames are extinguished
due to lowered temperatures and dilution of the oxygen supply. With the mixture fraction model, only the
dilution effect is accounted for because it is assumed that fuel and oxygen burn regardless of the temperature.
However, a simple suppression algorithm has been implemented in FDS that attempts to guage whether or
not a flame is viable near the stoichiometric mixture fraction surface. The Technical Reference Guide [1]
contains more details about how the mechanism works. The only parameters the user can control are the
Limiting Oxygen IndexX_O2 LL, and theCRITICAL _FLAMETEMPERATURBoth are set on thREAC

line. The default values are 0.15 and 1427, respectively. To turn off the suppression algorithm, set
SUPPRESSION=.FALSE. on theMISCline.

4.4.4 Creating Obstructions: TheOBSTNamelist Group

OBSTis the namelist group listing information about obstructions. EaBISTline contains the coordinates

of a rectangular solid within the flow domain. This solid is defined by two poitgi(z1) and &2,y2,22)

that are entered on th@BSTline in terms of the sextupletB=X1,X2,Y1,Y2,Z1,Z2 . In addition to

the coordinates, the boundary conditions for the obstruction can be specified with the pa&ldiieD ,

which designates whicBURFgroup to apply at the surface of the obstruction. If the obstruction has dif-
ferent boundary conditions for its top, sides and bottom, do not prescribe only one boundary condition with
SUREID. Instead, usSURFEIDS, an array of three character strings specifying the boundary contlitisn

for the top, sides and bottom of the obstruction, respectively. If the default boundary condition is desired,
thenSUREID(S) need not be set. However, if at least one of the surface conditions for an obstruction is
the inert default, it can be referred to’#8ERT’ . For example:

&SURF ID="FIRE’',HRRPUA=1000.0 /
&OBST XB=2.3,4.5,1.3,4.8,0.0,9.2,SURF_IDS="FIRE’/INERT'INERT" /

puts a fire on top of the obstruction. This is a simple way of prescribing a burner.
Some additional features of obstructions are as follows:

¢ In addition toSURFEID andSUREIDS, one can also use the sextup#iRFID6 as follows:

&OBST XB=2.3,4.5,1.3,4.8,0.0,9.2,
SURF_ID6="FIRE'INERT’,/HOT’,’COLD’,'BLOW'INERT" /
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where the six surface descriptors refer to the planes2.3,x=45,y=13,y=4.8,z= 0.0, and
z=9.2, respectively. Note th&URFID6 should not be used on the sa@8STline asSURFEID
or SUREIDS.

e Obstructions can have zero thickness. Often, thin sheets, like a window, form a barrier, but if the
numerical grid is coarse relative to the thickness of the barrier, the obstruction might be unnecessarily
bulky if it is assumed to be one layer of grid cells thick. To remedy this, the logic of FDS has been
changed so that all faces of an obstruction are shifted to the closest grid cell. If the obstruction is
very thin, the two faces may be approximated on the same cell face. FDS and Smokeview render this
obstruction as a thin sheet, but it is allowed to have thermally thin or thick boundary conditions. This
feature is still fragile, especially in terms of burning and blowing gas. A thin sheet obstruction can
only have one velocity vector on its face, thus a gas cannot be injected reliably from a thin obstruction
because whatever is pushed from one side is necessarily pulled from the other. For full functionality,
the obstruction should be specified to be at least one grid cell thick. Thin sheet obstructions work fine
as flow barriers, but other features are fragile and should be used with caution. Also note that unlike
earlier versions of FDS, now obstructions that are too small relative to the underlying numerical grid
are rejected. Be careful when testing cases on coarse grids.

e Obstructions may be created or removed during a simulation. See Jection 5.4 for details.

e Obstructions can be protected from HOLEpunching feature. Sometimes it is convenient to create
a door or window using #lOLE For example, supposeHOLEis punched in a wall to represent
a door or window. An obstruction can be defined to fill this hole (presumably to be removed or
colored differently or whatever) so long as the phrB&RMIT HOLE=.FALSE. is included on the
OBSTIline. In general, anBSTuction can be made impenetrable tBl@LEusing this phrase. By
default, PERMIT_HOLE=.TRUE., meaning that a@BSTuction is assumed to be penetrable unless
otherwise directed.

4.4.5 Creating Voids: TheHOLENamelist Group

It is often convenient to carve a hole out of an existing obstruction or set of obstructions. To do this, add
lines of the form

&HOLE XB=2.0,4.5,1.9,4.8,0.0,9.2 /

Any solid grid cells within the volume.R < x < 4.5,19<y < 4.8,0.0< z< 9.2 are removed. Obstructions
intersecting the volume are broken up into smaller blocks. If the hole represents a door or window, a good
rule of thumb is to punch more than enough to create the hole. For exampleQiBB&ine denotes a wall

0.1 m thick:

&OBST XB=1.0,1.1,0.0,5.0,0.0,3.0 /
and one wants to create a door, add this:
&HOLE XB=0.99,1.11,2.0,3.0,0.0,2.0 /

The extra centimeter added to theoordinates of the hole make it clear that the hole is to punch through
the entire obstruction. Students of American politics appreciate that it is not wise to leave hanging chads.
When aHOLEis created, the affected obstruction(s) are either rejected, or created or removed at pre-
determined times. For example, adding the paranfeteREATEo theHOLEIline creates the hole after the
given number of seconds. LikewisE,REMOVEe-fills the hole after the given number of seconds. Notice
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that T_CREATEon aHOLEIine has the opposite effect asCREATEon anOBSTIine. The same applies
for T REMOVE

If the hole is to be created or removed in responseH&ATdetector, use the parameteiSATCREATE
or HEATREMOVEEach is a character string naming the approptiEéTdetector. For example:

&HOLE XB=2.0,4.5,1.9,4.8,0.0,9.2,HEAT_CREATE="heat2’ /
&HEAT XYZ=3.2,4.4,6.8,ACTIVATION_TEMPERATURE=74.,RTI=100.,LABEL="heat2’ /

creates a hole whemeat2 activates. Note that the old convention of using a negative value fOREATE
or T_TREMOVHEoes not work here. Also, if tHdOLEline containHEAT.CREATE="ALL’ , then an\HEAT
detector creates the hole.

If it is desired that the obstruction(s) to be cut out should have a different color than the original ob-
struction, set the real tripl&®GBon theHOLEIine. If an obstruction is not to be punctured biH®LE add
PERMIT.HOLE=.FALSE. to theOBSTIline.

It is a good idea to inspect the geometry by running either a setu@-(N=0 on theTIME line) or
a short-time job to test the operationICREATEand/orT_REMOVE

Note that aHOLEcannot be used on\dENTor a mesh boundary.

4.4.6 Designating Vents and Surfaces: ThReENTNamelist Group

Whereas the@OBSTgroup is used to prescribe obstructions within the computational domain/ENS

group is used to prescribe planes adjacent to obstructions or external walls. The vents are chosen in a similar
manner to the obstructions, with the sextup{@&denoting a plane abutting a solid surface. Two of the six
coordinates must be the same, denoting a plane as opposed to a solid. An easy way to specify an entire
external wall is to replacXB with CB a character string whose value is one of the followiiXBAR’ ,

'XBARO’ , 'YBAR’ ,'YBARO' , 'ZBAR’ or’ZBARO’ denoting the planes= XBAR x = XBARQy =

YBAR y = YBARQ z = ZBARor z = ZBARQ respectively. Like an obstruction, the boundary condition
index of a vent is specified witBURFEID , indicating which of the liste@@URFines to apply. If the default
boundary condition is desired, th&UJRFEID need not be set.

Be careful when using th€B shortcut when doing a multiple mesh simulation, that is, when more
than one rectangular mesh is used. The plane designated by the key®r@pplied to all of the grids,
possibly leading to confusion about whether a plane is a solid wall or an open boundary. Check the geometry
in Smokeview to assure that tMENTS are properly prescribed. Use color as much as possible to double-
check the set-up. More detail on color in Secfion 4.4.7.

The term VENT is somewhat misleading. Taken literallyMENTcan be used to model components
of the ventilation system in a building, like a diffuser or a return. In these casegEiN&coordinates form
a plane on a solid surface forming the boundary of the duct. No holes need to be created through the solid; it
is assumed that air is pushed out of or sucked into duct work within the wall. Less literdlBNais used
simply as a means of applying a particular boundary condition to a rectangular patch on a solid surface.
A fire, for example, is usually created by first generating a solid obstruction viaB8iTline, and then
specifying aENTsomewhere on one of the faces of the solid wiSldRFID pointing to aSURFHFine with
the characteristics of the thermal and combustion properties of the fuel.

There are two reserveé®lURFEID ’s that may be applied toMENT. The firstisSSUREID="OPEN’ . This
is used only if theVENTis applied to the exterior boundary of the computational domain, where it denotes
a passive opening to the outside. It is assumed here that the exterior boundary of the computational domain
is a solid wall, and th©PENvent is essentially an open door or window. The second res&U&REID is
for a symmetry plane, in which case ti&NThas the attributSURFID="MIRROR’ . Usually, aMIRROR
spans an entire face of the computational domain, essentially doubling the size of the domain with the
MIRRORacting as a plane of symmetry. The flow on the opposite side d/IRIRORs exactly reversed.
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From a numerical point of view, MIRRORs a no-flux, free-slip boundary. As witbtPENaMIRRORcan
only be prescribed at an exterior boundary of the computational domain. QfENor MIRROR VENT
are prescribed along an entire side of the computational domain, in which caseBheotation is handy.
Vents to the outside of the computational doma@PENvents) may be opened or closed during a
simulation. See Sectidn 5.4 for details.
There is one exception to the rule th&ENTS ought to be prescribed flush against a solid obstruction or
external boundary. AAENTthat is prescribed in the interior of the domain without any solid surface flush
up against it can act as a fan. For example, the lines

&PDIM XBAR=1.0,YBAR=1.0,ZBAR=1.0 /

&SURF ID="BLOW'VEL=2.1,TAU_V=5.0 /
&VENT XB=0.50,0.50,0.25,0.75,0.25,0.75,SURF_ID="BLOW’ /

create a plane within the unit cube domain that blows air at 2.1 m/s in the posdivection, ramping up

in about 5 s. In general, the value BEL associated with ¥ ENTthat is not aligned with a solid surface
blows gases in the coordinate direction normal toWNT— positive if VEL is positive, negative ivEL

is negative. Note that only velocity boundary conditions are appropriateSiR¥Fline associated with a
free-standing/ENTbecause there is no solid obstruction on which to impose thermal or material boundary
conditions.

One final note foMENT. if an error message appears requesting that the orientation of a vent be spec-
ified, first check to make sure that the vent is a plane. If the vent is a plane, then the orientation can be
forced by specifying the paramet®R. If the normal direction of th& ENTis in the positivex direction,
setlOR=L1. If the normal direction is in the negatiwedirection, setOR=-1 . For they andz direction, use
the number 2 and 3, respectively. Setti@R may sometimes solve the problem, but it is more likely that
if there is an error message about orientation, then/tNTis buried within a solid obstruction, in which
case the program cannot determine the direction in whicWENTis facing.

4.4.7 Coloring Obstructions, Vents and Surfaces

Surface and obstruction colors are prescribed in a number of ways. If one desires that all surfaces associated
with a givenSURHine be colored the same way, prescribe a triplet of real numbers ¢k&bn theSURF

line. The three numbers may be between 0 and 1, indicating the amount of Red, Green and Blue that make
up the color. Tablg 4]1 lists tHRGBindices for a variety of colors. It is highly recommended that colors be
assigned to surfaces via tB&JRHine because as the geometries of FDS simulations become more complex,

it is very useful to use color as a spot check to determine if the desired surface properties have been assigned
throughout the room or building under study. For example,

&SURF ID="UPHOLSTERY",...,RGB=0.0,1.0,0.0 /

causes the furnishings to be colored green in Smokeview. Fractions of “R”, “G” and “B” can be used to
create more life-like colors. It is best to avoid using the primary colors because these same colors are used
by Smokeview to draw color contours.

Obstructions and vents may be colored individually (over-riding $tRFline’'s RGB by specify-
ing COLOR="RED’, 'BLUE’, 'BLACK’, 'YELLOW’, 'GREEN’, 'MAGENTA', 'WHITE’,
'CYAN’ or 'INVISIBLE’ on the respectiv®@BSTor VENTIine. Using’INVISIBLE'  causes the
vent or obstruction to not be drawn. Colors may also be specified using the Ri@IBon anOBSTor
VENTIine to gain a wider color pallette. The useRGBis preferable, especially to create colors that do not
clash with the pastel colors used to show temperatures, concentrations,
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Table 4.1: RGB values for various colors.

Color \ Red\ Green\ Blue\

Red 1.0 0.0 0.0
Green 00| 1.0 0.0
Blue 00| 0.0 1.0
White 1.0 1.0 1.0
Black 00| 0.0 0.0
Gray 05| 05 0.5
Magenta| 1.0 | 0.0 1.0
Yellow 1.0 1.0 0.0
Cyan 0.0 1.0 1.0
Tan 08| 0.6 04
Orange | 1.0 | 05 0.0
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4.5 Lagrangian Particles: ThePARTNamelist Group

Lagrangian particles are used in FDS as water or liquid fuel droplets, flow tracers, and various other things.
Sometimes the particles have mass, sometimes they do not. Some evaporate, absorb edi®#&RTis
the namelist group that is used to prescribe parameters associated with Lagrangian particles.

Properties of different types of Lagrangian particles are designated via one oP#RBiEines. Much
like SURFlines contain the properties of a solid surface or v&ART lines contain information about
particles and droplets. Once a patrticular type of particle or droplet has been described RARg lae,
then the name of that particle or droplet is invoked elsewhere in the input file. For example, an input file
may have sever&ARTlines that include the properties of different types of Lagrangian patrticles:

&PART ID='smoke’,... /
&PART ID='water,... /

These Lagrangian particles can be introduced at a solid surface \&JfREline that defines the properties
of the material, for example

&SURF ...,PART_ID="smoke’ /

or thePARTtype can be invoked from &PRKIine to change the properties of the droplets ejected by a
sprinkler, for example

&SPRK PART_ID='water,... /

The frequency at which Lagrangian particles are added to the simulation is controlled by the parameters
DTPARandDTSPARwhich are prescribed on thdISC line. Regardless of type, particles at solid surfaces
are inserted eve® TPARseconds and droplets from sprinklers eveilySPARseconds. It is not possible to
have different particle types inserted more often than others.

The simplest use of Lagrangian particles is for visualization, in which case the particles are considered
massless tracers. In this case, the particles are defined via the line

&PART ID="tracers’,MASSLESS=.TRUE.,... /
Other options for massless patrticles are

SAMPLINGFACTORSampling factor for the particle output fi@HID.part . This parameter can be used
to reduce the size of the particle output file used to animate the simulation. (Default 1)

QUANTITY A character string indicating which scalar quantity should be used to color the particles when
viewed as an animation. The choices@EeMPERATURE’'(°C), ' DIAMETER’ (um), or'VELOCITY’
(m/s). If the particles are to be one color, speciANTITY='"RED’, 'BLUE’, 'BLACK’,
'YELLOW', 'GREEN’, 'MAGENTA', 'WHITE’ or 'CYAN’ . Note that if the particles are
MASSLESSItis not appropriate to color them according to tiBRAMETER’ or TEMPERATURE!
Unlike early versions of FDS, particles are no longer colored by gas phase quantities, but rather by
properties of the particle itself. For exampl@EMPERATURE' refers to the temperature of the
particle itself (assuming it has mass) rather than the local gas temperature.

AGE Number of seconds the particle or droplet exists. Useful parameter to use when trying to reduce the
number of droplets or particles in a simulation.

For Lagrangian particles that are "dASSLESSthe following additional parameters can be included
on thePARTIine. Note that many of these parameters are used only for certain types of particles or droplets
and need to be specified only if they are relevant.
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DENSITY The density of the liquid or solid droplet/particle. (Default 1000 k§)/m
VAPORIZATIONTEMPERATURBOoiling temperature of liquid droplet. (Default 10CQ)
MELTING TEMPERATURBelting (solidification) temperature of liquid droplet. (DefaultO)
SPECIFIC _HEAT Specific heat of liquid or solid droplet/particle. (Default 4.184 kJ/kg/K)
HEATOF. VAPORIZATION Latent heat of vaporization of liquid droplet. (Default 2259 kJ/kg)

DIAMETER Median volumetric diameter of droplets/particles, with the distribution assumed to be a combi-
nation of Rosin-Rammler and log-normal (Default 100). The width of the distribution is controlled
by the parameteBAMMAD, default 2.4. See discussion of sprinkler data files in Seftion|4.6.1 for de-
tails. (Default 20Qum)

STATIC Logical parameter indicating whether particles move or just serve as obstructions or clutter. This
parameter should only be used whdtyMBERNITIAL _DROPLETSSs greater than 0. (Default
.FALSE. )

FUEL Logical parameter indicating whether the liquid droplets evaporate into fuel gas and burn. (Default
.FALSE. ). If FUEL=.TRUE. , then also ad¢HEATOF COMBUSTIONkJ/kg) of the fuel.

WATERLogical parameter indicating whether the liquid droplets evaporatdAftA@ER VAPOWRhich is
a separate species that is automatically added to the calculation. (DEfRILRE. )

NUMBERNITIAL _DROPLETSSeed the domain with particles/droplets at the start of the simulation. (De-
fault 0). If non-zero, also speciiy]ASSPER VOLUMEkg/m?) which specifies the particle/droplet
mass per unit volume (Default 1 kg#n Do not confuse this parameter witENSITY. For example,
water has HENSITY of 1000 kg/n¥, whereas a liter of water broken up into droplets and spread over
a cubic meter has IASSPERVOLUMBS 1 kg/n®.

DROPLETSPERSECONDNumber of sprinkler droplets inserted every second per active sprinkler. Note
that this parameter only affects sprinkler droplets. Changing this parametenata#snge the flow
rate, but rather the number of droplets used to represent the flow. (Default 1000)
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4.6 Sprinklers and Detectors

Research to better characterize a sprinkler’s spray distribution and droplet size has led to a need for a file
format to record everything about a particular sprinkler in one file. Much of this is transparent to the user
who simply specifies the physical coordinates of the sprinkler in the datpfilmame.data The data

for the particular sprinkler is kept in a file callegrinkler _.name.spk Heat detector parameters are given
within the input file itself. All one needs to do is specify the physical coordinates and an RTI within the data
file job_name.data

4.6.1 Specifying Sprinklers: TheSPRKNamelist Group

Information about a given sprinkler is contained in a separate file, called, for exappieler ,name.spﬂ
A sample file is shown in Fig. 4.2. All the sprinkler characteristics are stored in this file. The user only has
to provide lines of the form

&SPRK XYZ=3.0,5.6,2.3, MAKE="sprinkler_make’,LABEL="doorway’ /

in the input data filgob_name.data The physical coordinates of the sprinkler are given by a triplet of real
numbersXYZ The make of the sprinkler is given by a character stM®KE for which there exists a file
calledsprinkler _make.spk containing thermal properties and other information about the sprinkler. The
character stringl ABEL is merely a descriptor to identify the sprinkler in various output files.

There is an option to manually activate the sprinkler by seffil@CTIVATE in seconds on th8 PRK
line itself. The sprinkler can be shut off by settiigDEACTIVATE Also, the (normally) downward-
directed sprinkler spray can be redirected in some other direction. The @BKINTATIONcan be added
to a givenSPRKIine to change the direction of the spray. The default valuBRfENTATION:Is (0,0,-1),
but if one were to prescribe

&SPRK XYZ=3.0,5.6,2.3,MAKE="sprinkler_make’,ORIENTATION=1,0,0 /

the sprinkler would point in the positivedirection. If the designated sprinkler has a spray which is not
axially-symmetric, another parameter callR@TATIONcan be used to rotate the spray through a given
number of degrees. The default value is 0, but experiment with a single sprinkler flow calculation to ensure
that the sprinkler is being re-oriented as desired.

In addition to the sprinkler parameters listed on 8RRKline, one may also want to adjust some
parameters that control the number and frequency of droplet insertions. These parameters are typically
entered under the namelist groBART. See Sectiop 4]5 for details.

If the sprinkler system is of the dry-pipe variety, prescribe a time delay for the system by adding a
DELAY(s) to thePIPE namelist line. ThePIPE namelist group contains information about the sprinkler
system as a whole. For the moment, it contains only two param@&e&isAYand PRESSURENote that
only onePIPE line is read by FDS. IDELAYis set to be non-zero, then that amount of time has to elapse
before water is allowed to flow from any activated sprinkler.

Be aware that sprinklers produce many droplets that need to be tracked in the calculation. To limit the
burden, sprinkler droplets are given AGEof 60 s, and also sprinkler droplets disappear when they hit the
lower boundary of the computational domain, regardless of whether it is solid or not. To allow droplets to
live longer thanAGE addPART.ID="whatever’ to theSPRKIline, wherewhatever’  isthelD of a
PARTIline which can be used to modify the properties of the water droplets. For example,

&SPRK XYZ=3.0,5.6,2.3, MAKE="sprinkler_make’,PART_ID="my water droplets’ /
&PART ID="my water droplets’, WATER=.TRUE., AGE=300.,QUANTITY='"DIAMETER’ /

3The MISC character strinpATABASEDIRECTORYcan be used to point to a directory where sprinkler files are stored.
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allows control over some of the properties of the water droplets from a sprinkler. The \WwaseR=.TRUE.
is important to direct the program to evaporate the dropletsidd@ ERVAPORwithout requiring one to ex-
plicitly add WATERVAPOROo the calculation. The phrasgJANTITY="DIAMETER’ directs Smokeview
to color the water droplets according to their diameter.

To stop FDS from removing sprinkler droplets from the lower boundary of the computational domain,
add the phrasPOROUSFLOOR=.FALSE. to theMISC line. Be aware, however, that droplets that land
on the floor continue to move horizontally in randomly selected directions; bouncing off obstructions, and
consuming CPU time.

Sprinkler properties listed in the fikprinkler _.name.spkare

RTI Response Time Index of the sprinkler in units\di - s. (Default 165.)
C-FACTOR C-Factor of sprinkler in units of/m/s. (Default 0.)

K-FACTOR K-Factor of sprinkler in units of L/min/bac (Default 166) The flow rate is given g, =K. /p
wherem,, is the flow rate in L/minK the K-factor in L/min/(bari andp the gauge pressure in par

ACTIVATION_TEMPERATURE.Iink activation temperature C). (Default 74°C)

OPERATINGPRESSURESprinkler operating pressure in units of bar. This is the pressure at which the
sprinkler was tested. If one desires to flow the sprinkler at a different pressure than that at which it
was tested, a single line

&PIPE PRESSURE=1.5 /

should be added to the input data file, and then all sprinklers operate at this new pressure, 1.5 bar
for example. The reason for the two pressures is that a slight adjustment is made to the droplet size
distribution to account for the fact that the sprinkler operates at a different pressure than that at which
it was tested. In the absence of any user-speciRESSURFEthe OPERATINGPRESSURHsted

in the.spk file is used.

OFFSETDISTANCE Radius of a sphere (m) surrounding the sprinkler where the water droplets are initially
placed in the simulation. It is assumed that at and beyon®#ESETDISTANCEthe droplets have
completely broken up and are transported independently of each other. (Default 0.10 m)

VELOCITY Description of the initial droplet velocity distribution. There are two options of inputs here,
designated by either a 1 or a 2 on the line immediately following the keyW&IdOCITY. For case
1, the parameters: Minimum Spray Angle, Maximum Spray Angle, and Speed should be given val-
ues. The angles outline a conical spray pattern relative to the south pole of the sphere centered at
the sprinkler with radiu©OFFSETDISTANCE For example, a Minimum Spray Angle of 2@nd
a Maximum Spray Angle of 80directs the water droplets to leave the sprinkler through a conical
region 20 north of the south pole and 18outh of the equator. The droplets are uniformly distributed
within this belt. If more detailed information about the sprinkler spray is known, then the keyword
VELOCITY is followed by a 2, indicating that the normal component of velocity of the droplets is
given as a function of, azimuthal (latitudinal) points starting at the bottom of the sphere,rand
longitudinal points starting at one of the frame arms. The integeendn; should be listed on the
line following the “2”, as in the example (Fif. 4.2). The cas¥RLOCITY data is applicable on a
sphere centered about the sprinkler whose radius iI©OFIESETDISTANCE This is typically the
distance from the sprinkler itself where all the spray characteristic measurements have been made.

41 bar is equivalent to 14.5 psi, 1 gpm is equivalent to 3.785 L/min, 1 gpl%misséquivalent to 14.41 L/min/bar
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FLUX Relative water mass flux (kg#fs), entered in the same way as the case ¥#OCITY. If case 1
for VELOCITY s used, there is no need to even specifLa X

SIZE DISTRIBUTION Information about the droplet size distribution. The median volumetric droplet
diameter can either be a global value, or it can be prescribed as a function of the solid angle. If the
median diameter is independent of position, the key v&iZE DISTRIBUTION is to be followed
by the number 1 on the next line to indicate that the information given is a global average. The next
line after that has the median volumetric diameter (800in the sample case), plus the paramgter
from the Rosin-Rammler/log-normal distribution

d [in(d’ /dm)]?
F) V%/o Le " dd (d< dy)

1- e 080%(g,)" (dm < d)

4.4)

Note that the parameter is given the values = 2/(v/21(In 2) y) = 1.15/y which ensures that the
two functions are smoothly joined dt= d. The larger the value of, the narrower the droplet size
is distributed about the median value. Its default value is 2.4.

If one has information about the median droplet size as a function of the sprinkler solid angle, that
information can be entered as in the following example:

SIZE_DISTRIBUTION
2

4124

700

600

500

400

Here, the number 2 is the code number directing FDS to read the next few lines in a certain way. The
4 indicates that there are 4 values of the median diameter from the south pole to the north pole of the
sphere surrounding the sprinkler. For each latitudinal zone, there is only one value, meaning that this
value is independent of longitude. The value of @@is for the south pole to 455, 600um is for

45° S to the equator, 50(m is for the equator to 45N, and 400um is for 45 N to the north pole.

The number 2.4 following the number of latitudinal and longitudinal points is the valye Nbte

thaty is not a function of position. Only the median diameter can be a function of position.

For more information about sprinklers, see the Technical Reference Guide [1].

4.6.2 Specifying Heat Detectors: ThélEATNamelist Group

HEATIs the namelist group used to specify heat detectors. A heat detector is designated in the data input
file with a line(s) of the form

&HEAT XYZ=3.0,5.6,2.3,RTI=132.,ACTIVATION_TEMPERATURE=74.,LABEL="door’ /

Like a sprinkler, the physical coordinates of the heat detector are given by a triplet of real nugizers
Unlike a sprinkler, there is no external file with thermal properties for a heat det&biis the Response
Time Index in units of,/m-s. ACTIVATION_TEMPERATURE the link activation temperature in degrees
C (Default 74°C). LABEL is just a descriptor.

Note that a heat detector can be used to trigger an event to happen, like the openvightf @ the
outside or the removal of aDBSBtruction. See Sectidn 5.4 for details.
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MANUFACTURER

Acme

MODEL

Splash2000
OPERATING_PRESSURE
0.50

K-FACTOR

80.

RTI

110.

C-FACTOR

0.
ACTIVATION_TEMPERATURE
74.

OFFSET_DISTANCE
0.10
SIZE_DISTRIBUTION

1

800 2.4

VELOCITY

2

60,24

6.3,6.4,6.5, ... (24 longitudinal zones, like time zones in this case)

(60 azimuthal zones, south pole to north pole, 3 degrees per zone)
FLUX

2

60,24

11.9,13.0,13.5, ...

Figure 4.2: A sample sprinkler file. Note that the keywords should be written exactly as they are
written here, and they should start in the very left column of each line. Note that this sample file
includes a fairly detailed description of the spray pattern, requiring extensive measurements. In most
cases, the/ELOCITY and FLUX can be described with just a few parameters.
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4.7 Output Files

Before a calculation is started, carefully consider what information should be saved. All output quantities
must be specified at the start of the calculation. In most cases, there is no way to retrieve information after
the calculation ends if it was not specified from the start. There are several different ways of visualizing the
results of a calculation. Most familiar to experimentalists is to save a given quantity at a single point in space
so that this quantity can be plotted as a function of time, like a thermocouple temperature measurement. The
namelist grouprHCPis used to specify “thermocouple” or point measurements.

An animated isosurfacdOF) is a three dimensional contour of a scalar quantity. For example, a
300°C temperature isosurface shows where the gas temperature {€38¥ default, the stoichiometric
value of the mixture fraction is visualized via an isosurface. Choose several other quantities to visualize via
an isosurface.

In order to visualize the flow patterns better, one can save planar slices of data, either in the gas or solid
phases, by using theLCF (SLiCe File) orBNDF(BouNDary File) namelist group. Both of these output
formats permit one to animate these quantities in time.

For static pictures of the flow field, use tR&3D (PLot3D file) namelist group. Plot3D format is used
by many CFD programs as a simple way to store specified quantities over the entire grid at one instant in
time.

Finally, tracer particles can be injected into the flow field from vents or obstacles, and then viewed in
Smokeview. Use thBPARTnamelist group to control the injection rate, sampling rate and other parameters
associated with particles. Note: unlike in FDS version 1, particles are no longer used to introduce heat into
the flow, thus particles no longer are ejected automatically from burning surfaces.

The time increment between data dumps can be controlledTIHOGR SLCF, ISOF andPARTfiles,
data is written out to files everyWFINNFRAMESeconds. FoBNDFfiles, data is written out every
TWFINNFRAMER seconds. The parametdFRAME®nay be specified on thdISC line. For thePL3D
format, data is written out eveWFIN'5 seconds. To change the sampling rate of any output file type, the
parameteDTSAMshould be set on any one line of that particular group. For example, if one desires that
THCPdata be written out every second, then the stifAgsAM=1. should be written on one of tiEHCP
lines. This one entry dictates that &HCPdata be written out every second. All of the other data files are
updated according to the default increment, or according to another prescripbDdrséiv

4.7.1 Point Measurements: ThefHCPNamelist Group

THCPis the name of a group of parameters that can be used to record values of various quantities at a
point as a function of time, much like a thermocouple or other point measurement. TH&Pline con-

sists of the coordinates of the point at which the measurement is to be recM&dand a quantity to

record, QUANTITY. The quantities are eithegas phasegsee Tablg 4]2) osolid phase(see Tablg 4]3).

Many of the gas phase quantities are self-explanatory. However, some require explanation. For example,
THERMOCOUPIli&the temperature of the thermocouple itself, usually close to the gas temperature, but not
always. It is determined by solving the following equationTe¢ iteratively [7]

erc(0Tfc—U/4) +h(Trc—Tg) =0 (4.5)

whereerc is the emissivity of the thermocoupld, is the integrated radiative intensiffy is the true gas
temperature, andis the heat transfer coefficient to a small sphire,k;Nu/Pr/drc. See the discussion on
heat transfer to a water droplet in the Technical Reference Guide for details of the convective heat transfer
to a small sphere.

When prescribing a solid phase quantity, be sure to position the probe at a solid surface. It is not always
obvious where the solid surface is since the grid does not always align with the input obstruction locations.
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To help locate the appropriate surface, the param@@rmustbe included when designating a solid phase
guantity. If the orientation of the solid surface is in the positivéirection|OR=1, negativex direction
IOR=-1, positivey IOR=2, negativelOR=-2 , positivez IOR=3, and negativez IOR=-3 . There are

still instances where FDS cannot determine which solid surface is being designated, in which case an error
message appears in the diagnostic output file. Re-position the probe and try again. For example, the line

&THCP XYZ=0.7,0.9,2.1, QUANTITY="WALL_TEMPERATURE’,|IOR=-2,LABEL="whatever’ /

designates the surface temperature of a wall facing the negadivection.

In addition to point measurements, thelCPgroup can be used to report integrated quantities (See
Table[4.4). For example, one often wants to know the mass flow out of a door or window. To report this,
add the line

&THCP XB=0.3,0.5,2.1,2.5,3.0,3.0,QUANTITY="MASS FLOW',LABEL="whatever’ /

Note that in this case, a plane is specified rather than a point. The sexXiietused for this purpose.
Notice when a flow is desired, two of the six coordinates need to be the same. AQUMANTITY, HRR
can be used to compute the total heat release rate within a subset of the domain. In this case, thex@xtuplet
ought to define a volume rather than a plane. Specification of the plane or volume over which the integration
is to take place can only be done usiKB — avoid planes or volumes that cross multiple mesh boundaries.
FDS has to decide which mesh to use in the integration, and it chooses the finest mesh overlapping the
centroid of the designated plane or volume.

The thermocouples can be labeled with the character dtABIEL for easier identification in the output
file. The output file is a comma-delimited ASCII file call€HID _tc.csvwhich can be imported into most
spread sheet software packages.

4.7.2 Animated Planar Slices: TheSLCFNamelist Group

TheSLCF(“slice file”) namelist group allows one to record various gas phase quantities [Table 4.2) at more
than a single point. A “slice” refers to a subset of the whole domain. It can be a line, plane, or volume,
depending on the values ®¥B. The sextupleXB indicates the boundaries of the region for which values of
QUANTITYare to be recorded eveByTSAMs. XBis prescribed as in theBSTor VENTgroups, with the
possibility that 0, 2, or 4 out of the 6 values be the same to indicate a volume, plane or line, respectively.
A handy trick is to specify, for exampld&?BY=5.3 instead ofXB if it is desired that the entire plane

y = 5.3 slicing through the domain be savétBXandPBZ control planes perpendicular to thkandz axes,
respectively.

Slice file information is recorded in files label&HID _n.sf, wheren is the index of the slice file. A
Fortran 90 routindds2asciiproduces a test file from a line, plane or volume of data. See S¢ctioi 4.7.6 for
more details.

Figure[4.B shows several snapshots of a vertical animated slice from Smokeview where the slice is
colored according to gas temperature. Slice files are displayed by selecting the desired file from the
|Load/Unload | menu in Smokeview.

Animated vectors are displayed using data contained in two or more slice files. The direction and length
of the vectors are determined from tHeV and/orW velocity slice files. The vector colors are determined
from the file (such as temperature) selected frorﬂ tload/Unload \ menu. Fig4 shows a sequence
of vector slices corresponding to the shaded temperature contours found in[Figure 4.3.

4.7.3 Animated Boundary Quantities: TheBNDFNamelist Group

The BNDF(“boundary file”) namelist group allows one to record surface quantities at all solid obstructions.
The possible output quantities are listed in Table 4.3. As wittSih€F group, each quantity is prescribed
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| Quantity | Description | Symbol | Units |
DENSITY density P kg/m®
TEMPERATURE gas temperature T °C
THERMOCOUPLE thermocouple temperature Trc °C
U-VELOCITY velocity component u m/s
V-VELOCITY velocity component Y m/s
W-VELOCITY velocity component w m/s
VELOCITY flow speed VU2 V2 w2 m/s
PRESSURE perturbation pressure p Pa
H total pressure divided by densityH = [u]?/2+ /p | (m/sy
HRRPUV HRR Per Unit Volume q” kW/m?
MIXTUREFRACTION mixture fraction Z ka/kg
DYNAMICVISCOSITY dynamic viscosity U kg/m/s
KINEMATIC_VISCOSITY kinematic viscosity vV=u/p m?/s
DIVERGENCE divergence 0d-u st
WMPUV Water Mass PUV m(!/ kg/m®
WATER VAPOR water vapor mass frac. Yo kg/kg
oxygen O, volume fraction Xo,(2) mol/mol
oxygen mass fraction O, mass fraction Yo,(Z) ka/kg
fuel fuel volume fraction Xe(2) mol/mol
nitrogen N2 volume fraction Xn,(2) mol/mol
water vapor H20 volume fraction Xn,0(2) mol/mol
carbon dioxide CO, volume fraction Xco,(2) mol/mol
carbon monoxide CO volume fraction Xco(2) ppm
soot volume fraction soot volume fraction PYs/Ps ppm
soot density smoke particulate concentrationpYs mg/n?
extinction coefficient light extinction coef. K=KmpYs 1/m
visibility visibility distance S=C/K m
DROPLETFLUXX water mass flux irx direction m(, (SLCF only) | kg/mé/s
DROPLETFLUXY water mass flux ity direction m(, (SLCF only) | kg/n?/s
DROPLETFLUXZ water mass flux irz direction m(, (SLCF only) | kg/n?/s

Table 4.2: Gas Phase Output Quantities forTHCR SLCF or PL3D. Note that lower case quanti-
ties are appropriate only for calculations involving the mixture fraction. If individual species are
listed via SPECnhamelist lines, the Quantity for mass and volume fractions ar§SPECIES _ID] and
[SPECIES _ID] _VF. The quantitieswater vapor and WATER VAPO&note the volume fraction
of water vapor generated by combustion and thenassfraction of water vapor from evaporated sprin-
kler droplets, respectively. See Sectiop 5.10 for a discussion ektinction coefficient and
visibility
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Frame: 960
Time: 240.0

240 s

Figure 4.3: Slice file snapshots of shaded temperature contours in a vertical plane centered at the fire origin
at t=(30, 60, 240) s after ignition. The data file for these contours was generated by adding the line

&SLCF PBY=1.5,QUANTITY="TEMPERATURE’ /

to an FDS input file.

Frame: 120
L —

30s 60s

Figure 4.4: Vector slice file snapshots of shaded vector plots in a vertical plane centered at the fire origin at
t=(30, 60, 240) s after ignition. The data files for these vector plots were generated by adding the line
&SLCF PBY=1.5,QUANTITY="TEMPERATURE'\VECTOR=.TRUE. /

to an FDS input file.
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| Quantity | Description | Symbol | Units
RADIATIVE FLUX net radiative flux q’ KW/m?
CONVECTIVEFLUX convective flux into solid a¢ = h(Tg—Tw) kKW/m?
HEATFLUX net heat flux into solid q +q. KW/m?
GAUGEHEATFLUX equivalent flux to cold wall | /e + . +h(Tw— Tw) +0(Tyt — T3) | KW/m?
INCIDENT _HEATFLUX incident heat flux o /e+G+0Ty KW/m?
WALLTEMPERATURE wall temperature Tw C
INSIDE _WALLTEMPERATURE inner wall temperature Ts(X) C
BURNINGRATE mass loss rate per unit area kg/néls
PRESSURECOEFFICIENT pressure coefficient Cp=(P—Po)/(5P=U?) N/A
WMPUA Water Mass Per Unit Area | kg/m?
WCPUA Water Cooling Per Unit Area ¢, KW/m?

Table 4.3: Solid Phase Output Quantities for THCPand BNDFE Notes: (1) the difference between
HEATFLUXand GAUGEHEATFLUX The former is the rate at which energy is absorbed by the solid
surface; the latter is the amount of energy that would be absorbed if the surface were cold. It is
more appropriate to use GAUGEHEATFLUX when comparing predictions with experimental mea-
surements. If the heat flux gauge used in an experiment has a temperature other than ambient, set
GAUGETEMPERATUREN the MISC line. (2) If PRESSURECOEFFICIENT is prescribed, one also
needs to prescribeJ via the parameter CHARACTERISTICVELOCITY on the MISC line. (3) To get
an inner wall temperature, INSIDE _"WALLTEMPERATUREhe parameterDEPTHin meters) must be
provided on the sameTHCPline. Note that INSIDE _WALLTEMPERATURE allowed only as aTHCR
not a BNDF, QUANTITY.

with a separat8NDFline, and the output files are of the fo@HID _n.bf. No physical coordinates need be
specified, however, JuQUANTITYandDTSAMIf desired).

Note thatBNDFfiles can become very large, so caution should be used in prescribing the time interval.
One way to reduce the size of the output file is to “turn off” the drawing of boundary information on desired
obstructions. On any give@BSTline, if the stringBNDFEBLOCK=.FALSE. is included, the obstruction
is not colored. To turn off all boundary drawing, ®XDEDEFAULT=.FALSE. on theMISCline. Then
individual obstructions can be turned back on VBINDEBLOCK=.TRUE. on the appropriat®BSTline.

Figure[4.5 shows several snapshots of a boundary file animation where the surfaces are colored accord-
ing to their temperature. Boundary files are displayed by selecting the desired file from the Smokeview
|Load/Unload | menu.

4.7.4 Animated Isosurfaces: ThdSOF Namelist Group

ThelSOF (“ISOsurface File”) namelist group allows one to save one or more values of a single gas phase
guantity and render them as an animated sequence. The allowable quantDENSHY, TEMPERATURE
HRRPUANdMIXTUREFRACTION By default, the stoichiometric value of the mixture fraction is saved.
For example, three different values of the temperature can be saved via the line

&ISOF QUANTITY="TEMPERATURE’,VALUE(1)=50.,VALUE(2)=200.,VALUE(3)=500. /

where the values are in degrees C. Note that the isosurface outp@Hil&s_n.iso can become very large,
so experiment with different sampling rates.

Figure[4.6 shows snapshots from an isosurface file animation at several time steps for a fire (mixture
fraction level~ 0.05) and a smoke layer interface (mixture fraction lev€l.001). These values are just for
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| Quantity | Description | Symbol | Units |

VOLUME FLOWWvolume flow rate fu-dS m3/s
MASS FLOW | mass flow rate Jpu-dSs kg/s
HEAT FLOW | convective heat flow rate [ cpp(T — Te)u-dS | kW
HRR heat release rate [g" dv kW

Table 4.4:Integrated Output Quantities for THCPonly. These quantities differ from point measure-
ments. See Section 4.7.1 for details.

example. Smoke layers can be visualized with various values of the mixture fraction variable. Isosurface
files are displayed by selecting the desired file from the Smoke}\kie\ad/UnIoad menu.

4.7.5 Static Data Dumps: ThePL3D Namelist Group

PL3D is the namelist group that defines how often and what quantities are to be output into files of Plot3D
format. At most ond>L3D line should be listed in the input file. Five quantities from Tdblé 4.2 are written
out to a file at one instant in time eve T SAMs. The default specification is

&PL3D DTSAM=TWFIN/5,QUANTITIES="TEMPERATURE’,
'U-VELOCITY’,'V-VELOCITY',W-VELOCITY’’HRRPUV" /

It's best to leave the velocity components as is, because Smokeview uses them to draw velocity vectors. The
first and fifth quantities can be changed with the param@@ANTITIES(1) andQUANTITIES(5) .

Data stored in Plot3D [8] files use a format developed by NASA and used by many CFD programs for
representing simulation results. An FDS simulation creates a Plot3D file &E®AMseconds. Plot3D
data is visualized in three ways: as 2D contours, vector plots and isosurfaces[Figure 4.7a shows an example
of a 2D Plot3D contour. Vector plots may be viewed if one or more ofutheandw velocity components
are stored in the Plot3D file. The vector length and direction show the direction and relative speed of the
fluid flow. The vector colors show a scalar fluid quantity such as temperature. Figlre 4.7b shows vectors
in a doorway. Note the hot flow (red color) leaving the fire room in the upper part of the door and the cool
flow (blue color) entering fire room in the lower part of the door. Figuré 4.8 gives an example of isosurfaces
for two different temperature levels. Plot3D data are stored in files with exterggiomhere is an optional
file that can be output with coordinate information if another visualization package is being used to render
the files. If one writedVRITEXYZ=.TRUE. on thePL3D line, a file with suffix.xyz is written out.
Smokeview does not require this file because the coordinate information can be obtained elsewhere.

4.7.6 Extracting Numbers from the Output Data Files

Often it is desired to present results of calculations in some form other than those offered by Smokeview.
In this case, there is a short Fortran 90 program cditis®ascii.f with a PC compiled version called
fds2ascii.exe To run the program, just type

fds2ascii

at the command prompt. The user is asked a series of questions about which type of output file to pro-
cess, what time interval to time average the data, and so forth. A single file is produced with the name
CHID _fds2ascii.csv
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Figure 4.5: Boundary file snapshots of shaded wall temperatures at t=(30, 60, 240) s after ignition. The data

file for these snapshots was generated by adding the line
&BNDF QUANTITY="WALLTEMPERATURE’ /
to an FDS input file.

/ L 4 o / /

aaaaaaa

Figure 4.6: Isosurface file snapshots of mixture fraction levels at t=(30, 60, 240) s after ignition. The data

file for these snapshots was generated by adding the line
&ISOF QUANTITY="MIXTURE.FRACTION’,VALUE(1)=0.05,VALUE(2)=0.001 /

to an FDS input file.
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Flot3d Flotad
temp temp
C c

320

290

a) shaded 2D temperature contour plots infa) shaded temperature vector plot in a verti-
vertical plane through the fire and a hori- cal plane through the doorway. The “a@”
zontal plane below the ceiling key may be depressed to alter the vector

sizes. The “s” key may be depressed to
alter the number of vectors displayed.

Figure 4.7: Plot3D contour and vector plot examples.

Flot3d Flotad
temp temp
C c

320 320

a) isosurface at 140C b) isosurface at 320C

Figure 4.8: Plot3D isocontour example.
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Chapter 5

Special Features

The following sections describe some special features of the FDS model that are not usually invoked for
engineering applications. Some of these features represent current research efforts and are to be considered
fragile.

5.1 Stopping and Restarting Calculations

Normally, a simulation consists of a sequence of events starting from ambient conditions. However, there
are occasions where the user might want to stop a calculation, make a few limited adjustments, and then
restart the calculation from that point in time. To do this, first bring the calculation to a halt gracefully
by creating a file callecCHID.stop in the directory where the output files are located. Remember that
FDS is case-sensitive. The file name must be exactly the same &#Hilleand ‘stop’ should be lower

case. FDS checks for the existence of this file at each time step, and if it finds it, gracefully shuts down
the calculation after first creating a final Plot3D file and a file (or files in the case of a multiple mesh job)
calledCHID.restart (or CHID _nn.restart). To restart a job, the file(sSJHID.restart should exist in the
current working directory, and the phraBRESTART=.TRUE. needs to be added to tihISC line of the

data file controlling the continued job. For example, suppose that the job v@tdigzis “plume” is halted

by the user who creates a dummy file calpgdme.stopin the directory where all the output files are being
created. To restart this job from where it left off, ddESTART=.TRUE. to theMISClline of the input file
plume.data, or whatever the user has chosen to name the input file. The existence of a restart file with the
sameCHID as the original job tells the code to save the new data in the same files as the old.

When running the restarted job, the diagnostic output of the restarted job is appended t@iH&ESileut
that was created by the original job. All of the other output files from the original run are appended as well.

There may be times when one wants to save restart files periodically during a run as insurance against
power outages or system crashes. If this is the case, at the start of the original RICS2RE=50. on
the MISC line to save restart files every 50 s, for example. The defauDTCOREs infinity, meaning no
restart files are created unless the user gracefully stops a job by creating a dummy fil€ edDestop.

Note that between job stops and restarts, major changes cannot be made in the calculation like adding or
removing vents and obstructions. The changes are limited to those parameters that do not instantly alter the
existing flow field. Since the restart capability has been used infrequently at NIST, it should be considered
a fragile construct. Examine the output to ensure that no sudden or unexpected events occur during the stop
and restart.
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Figure 5.1:Piecewise Linear Transformation. Figure 5.2:Polynomial Transformation.

5.2 Stretching the Grid: The TRNX TRNYand/or TRNZNamelist Groups

By default the grid cells that fill the computational domain are uniform in size. However, it is possible to
specify that the cells be non-uniform in one or two of the three coordinate directions. For a given coordinate
direction, x, y or z, a function can be prescribed that maps the uniformly-spaced computational grid to a
non-uniformly spaced physical grid. Take tkalirection as an example. A function= f(§) maps the
uniformly-spaced Computational Coordinate (G&BARO< & < XBAR to the Physical Coordinate (PC)
(XBARO< x < XBAR. The function has three mandatory constraints: it must be monotonic, it must map
XBAROto XBARQ and it must magXBARto XBAR The default transformation functioni$¢) = & (uniform

grid). If uniform gridding is desired in thedirection, then nothing need be specified, an&i&RNXines

should be written. The same is true for thandz directions.

Two types of transformation functions are allowed. The first, and simplest, is a piecewise linear function.
Figure[5.1 gives an example of a piecewise linear transformation, in this case appliedytooirelinate
direction. The graph indicates how the uniformly-spaced computational grid (horizontal axis) is mapped
to the non-uniformly-spaced physical grid (vertical axis). In this case, the function is made up of straight
line segments connecting user-prescribed pol@GRC). Note that the points should be given in increasing
order. The parameters used in this example are

&TRNY CC=0.30,PC=0.50,MESH_NUMBER=2 /
&TRNY CC=1.20,PC=1.00,MESH_NUMBER=2 /

The paramete€Crefers to the Computational Coordinate, located on the horizontalRis; the Physical
Coordinate, located on the vertical axis. In this example, the uniformly-spaced grid cells between 0 and 0.3
on the horizontal axis are mapped to larger, but still uniformly-spaced, cells on the vertical axis between

0 and 0.5. Then the segment between 0.3 and 1.2 on the horizontal axis is mapped to a segment between
0.5 and 1.0 on the vertical axis. Finally, the segment between 1.2 and 1.5 on the horizontal axis is mapped
to the segment between 1.0 and 1.5 on the vertical axis. The slopes of the line segments indicate whether
the grid is being stretched (slopes greater than 1) or shrunk (slopes less than 1). The tricky part about
this process is that the user usually has a desired shrinking/stretching strategy for the physical coordinate
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(vertical axis), and must work backwards to determine what the corresponding points are in computational
space (horizontal axis). Note that the above transformation is applied to the second mesh in a multiple mesh
job.

The second type of transformation is a polynomial function whose constraints are of the form

dIDERIV f (CQ

dEIDERIV = PC

Figure[5.2 gives an example of a polynomial transformation. The parameters used in this example are

&TRNX IDERIV=0,CC=0.75,PC=0.75,MESH_NUMBER=3 /
&TRNX IDERIV=1,CC=0.75,PC=0.50,MESH_NUMBER=3 /

which correspond to the constrairft®.75) = 0.75 andg—g(o.75) = 0.5, or, in words, the function maps 0.75

into 0.75 and the slope of the function&t 0.75 is 0.5 . Note that these constraints are optional. The two
mandatory constraints( XBARQ = XBAROand f (XBAR = XBARneed not, and should not, be prescribed.

The reason for this is that the mandatory constraints are already built into the linear system of equations that
is solved to yield the coefficients of timth order polynomial. In the above example, two optional constraints
plus the two mandatory constraints yield a unique cubic polynof{@l = co+ ¢ & + &2 +c3&3. More

optional constraints lead to higher order polynomial functions. The monotonicity of the function is checked
by the program and an error message is produced if it is not monotonic. Note that the transformation above
is applied to the third mesh in a multiple mesh job.

The vertical and horizontal lines on Fis.]5.1 5.2 indicate how the uniformly spaced computational
grid on the horizontal axis is transformed into a non-uniformly spaced physical grid on the vertical axis.
The slope of the transformation function indicates the degree to which the computational cells is stretched
(slope greater than 1) or shrunk (slope less than 1). Note that shrinking cells in one region necessarily leads
to stretching cells elsewhere. When one or two coordinate directions are transformed, the aspect ratio of
the grid cells in the 3D mesh vary. To be on the safe side, transformations that alter the aspect ratio of
cells beyond 2 or 3 should be avoided. Keep in mind that the large eddy simulation technique is based
on the assumption that the numerical grid should be fine enough to allow the formation of eddies that are
responsible for the mixing. In general, eddy formation is limited by the largest dimension of a grid cell,
thus shrinking the grid in one or two directions may not necessarily lead to a better simulation if the third
dimension is large. Also note that transformations, in general, reduce the efficiency of the computation, with
two coordinate transformations impairing efficiency more than a transformation in one coordinate direction.

5.3 Initial Conditions: The INIT Namelist Group

Usually, an FDS calculation is initialized with constant ambient conditions; that is, the temperature, density
and species mass fractions are fixed. However, there are some problems for which it is convenient to change
the ambient conditions within some rectangular region of the domain. If so, add lines of the form

&INIT XB=0.5,0.8,2.1,3.4,2.5,3.6,QUANTITY="TEMPERATURE',VALUE=30. /

Here, within the region whose bounds are given by the sextidethe initial temperature shall be 3C
instead of the ambient. This construct can also be use@ANTITY="DENSITY’ or SPECIES.ID
whereSPECIES.ID is a character string that is the name of a listed species.

This construct may be useful in examining the influence of stack effect in a building, where the temper-
ature is different inside and out.

A solid obstruction can be given an initial temperature via the param®A@WAL®n theSURFine.
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5.4 Creating or Removing Obstructions; Opening or Closing Vents

In many fire scenarios, the opening or closing of a door or window can lead to dramatic changes in the course
of the fire. Sometimes these actions are taken intentionally, sometimes as a result of the fire. Within the
framework of an FDS calculation, these actions are represented by the creation or removal of solid obstacles,
or the opening or closing of exterior vents.

Remove or create a solid obstruction by entering a time via the param&EMOVBr T_CREATEON
the OBSTIine that defines the obstruction that is to be created or removed. For example, the line

&OBST XB=...,SURF_ID='whatever’', T_CREATE=39. /
instructs the code to create the given obstruction 39 s after the start of the simulation. Likewise, the line
&OBST XB=...,SURF_ID="whatever’, T_REMOVE=39. /

instructs the code to remove the obstruction after 39 s. To create an obstruction and then remove it, combine
the instructions as follows

&0OBST XB=...,SURF_ID='whatever', T_CREATE=30.,T_REMOVE=39. /
To remove an obstruction, then re-create one in its place, use 2 lines

&OBST XB=...,SURF_ID="whatever’, T_REMOVE=30. /
&OBST XB=...,,SURF_ID="whatever’, T_CREATE=39. /

since the code simply sees this as two different obstructions. Experiment with these combinations using a
simple case before trying a case to make sure that the code indeed is doing what is intended.

One additional feature is to time the removal or creation of an obstruction with a thermally-responsive
device; in FDS the device being FMEAT detector. Assigning the character strindEATREMOVEr
HEAT.CREATEthe name of eHEAT detector will direct FDS to remove or create the obstruction upon
activation of the detector. For example, the lines

&OBST XB=...,.SURF_ID="whatever’ ,HEAT_REMOVE="det2’ /

&HEAT XYZ=...,RTI=...,ACTIVATION_TEMPERATURE=87. ,LABEL='detl’ /
&HEAT XYZ=...,RTI=...,ACTIVATION_TEMPERATURE=110.,LABEL="det2’ /

causes the given obstruction to be removed when the spedifiéddetector activates. If eithétEATREMOVE
or HEAT.CREATHS set tO'ALL’ , then the desired action is triggered by the activatioargf HEAT de-
tector.

The removal and creation of an obstruction can be used to model the opening of a door that connects
one part of the domain to another. If one wants to open or close a window or door to the outside of the
computational domain.g. the atmosphere), a similar set of parameters can be used diEti€line. For
example, the line

&VENT XB=...,,SURF_ID="OPEN’,T_CLOSE=39. /
instructs the code to close a vent to the exterior of the domain at 39 s. The line
&VENT XB=...,SURF_ID="OPEN’,HEAT _OPEN='detl’ /

&HEAT XYZ=...,RTI=...,ACTIVATION_TEMPERATURE=87. ,LABEL='detl’ /
&HEAT XYZ=...,RTI=...,ACTIVATION_TEMPERATURE=110.,LABEL="det2’ /
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instructs the code to open an initially closed vent to the outside when thelE#Tdetector activates.

One additional feature associated witiVBNTIis to specify a time or a thermal device that controls
when theVENTs SUREID is to be applied. For example, suppose it is desired that whddEAd detector
labelled’'det2’ , a fan should be turned on. Set

&SURF ID="FAN’,VOLUME_FLUX=5. /
&VENT XB=...,SURF_ID='"FAN',HEAT_ACTIVATE="det2’ /

If it is desired that the fan be turned off, use the paramdEAT.DEACTIVATEIn the very same way. Note
that T_ACTIVATE andT_DEACTIVATEare equivalent td_OPENand T_CLOSE Also note that none of
these control parameters should be appliedMiRROR

5.5 Extra Species

Normally when one specifies a fire via eittidRRPUAr HEATOF VAPORIZATION the mixture fraction
combustion model is applied. A single scalar variaBlagpresents the state of the combustion process from
pure fuel £ = 1) to pure air Z = 0). The major reactants and products of combustion — fuglQQ», H,O,

N>, CO and soot — are all pre-tabulated functions of the mixture fracfioin other words, the value &

in any given grid cell determines the mass fraction of all the gases listed. The user-defined stoichiometry
listed under the(REACnamelist group is used to generate the table associating the mass fractio@s with
One need notand should natexplicitly list the reactants and products of combustion.

Suppose however that gases are introduced into the domain that are neither reactants nor products of
combustion. This gas can be tracked separately from the mixture fraction via a second scalar transport
equatioEL In fact, there does not need to be any fire at all — the FDS code can be used to transport a mixture
of non-reacting ideal gases.

The namelist grouBPECis used to specify each additional species. ESEHECIline should in-
clude at the very least the name of the species via a character string d¢Blled\ext, if the ambient
(initial) mass fraction of the gas is something other than 0, then the paraMat®@8FRACTIONO is
used to specify it. Several gases that can be included in a calculation are listed ifi Table 5.1. The phys-
ical properties of these gases are known and do not need to be specified. However, if a desired gas is
not included in Tablé 5]1, its molecular weighi\must be specified in units of g/mol. In addition, if a
DNS calculation is being performed, either the Lennard-Jones potential paramé®GMALJ) ande/k
(EPSILONKLJ) should be specified; or thRdSCOSITY (kg/m/s),THERMALCONDUCTIVITY(W/m/K),
andDIFFUSION_COEFFICIENT (m?/s) between the given species and the background species should be
specified.

&SPEC ID="ARGON’,MASS_FRACTION_0=0.1,MW=40. /

There are three types of boundary conditions for the listed species. Reference to a given species is via its
place in the input file. For example, the second listed specNs2s If a simple no-flux condition is desired
at a solid wall, do not set anything. If the mass fraction of i species is to be some value at a forced
flow boundary, seMASSFRACTION(N) equal to the desired mass fraction on the appropS8atBFline.
If the mass flux of theNth species is desired, SBIASSFLUX(N) instead ofMASSFRACTION(N). If
MASSFLUX(N) is set, noVEL should be set. It is automatically calculated based on the mass flux. The
mass flux is in units of kg/Ais.

1 Often an extra gas introduced into a calculation is the same as a product of combustion, like water vapor from a sprinkler or
carbon dioxide from an extinguisher. These gases are tracked separately, thus water vapor generated by the combustion is tracked via
the mixture fraction variable and water vapor generated by evaporating sprinkler droplets is tracked via its own transport equation.

In the case of sprinklers, do not speciyATER VAPQO&S an extra species — it is done automatically.
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UseTAUMF(N) or RAMPMF(N) to control the ramp-ups for either the mass fraction or mass flux of
speciedN. The mass fraction of specidbsat the surface is given by

() =Yn(0) + f(t) (Yn —YN(0))

whereYy(0) is the ambient mass fraction of specMASSFRACTIONO in the Nth SPECnamelist
line is used to prescrib¥y(0)), Yy is the desired mass fraction to which the functibft) is ramping
(MASSFRACTION(N) specified in theSURFline is used to prescribgy). The functionf(t) is either a
tanh,t?, or user-defined function. For a user-defined function, indicate the name of the ramp function with
RAMPMF(N), a character string (see Time Dependent Boundary Conditions in Sectioh 4.4.1).

As an example, the lines

&SPEC ID="ARGON’,MASS_FRACTION_0=0.1,MW=40. /
&SPEC ID="HELIUM’ /

&SURF ID="INLET’,MASS_FRACTION(2)=0.2,VEL=-0.3,TAU_MF(2)=0.5,TAU_V=0.5 /

specify thatARGOMNINndHELIUM are to be included in the calculation in addition to the (unlisted) default
BACKGROUNSPECIES='AIR’ . AttheINLET, a mixture of helium (0.2 by mass), argon (0.1 by mass
because nothing different is specified), and air (0.7 by mass making up the rest) flows out at a velocity of
0.3 m/sinto the flow domain. The mass fraction of helium and the velocity are both ramped up according to
the function tanft/0.5).

5.6 Finite-Rate or Premixed Combustion

By default, FDS assumes that the fire is essentially an infinitely-fast reaction between fuel and oxygen, and
this reaction is not dependent on the surrounding gas temperature. It also assumes that the reaction zone is
an infinitely thin sheet with fuel on one side and oxygen on the other. If a finite-rate or a pre-mixed reaction

is desired, the following steps must be taken:

1. Itis strongly recommended that finite-rate reactions be invoked only when FDS is running in DNS
mode. SeDNS=.TRUE. on theMISC line. Note: one may attempt to use the finite-rate reaction
scheme in an LES calculation, but because the temperature in a large scale calculation is smeared out
over a grid cell, some of the reaction parameters may need to be modified to account for the lower
temperatures.

2. TheBACKGROUNSPECIES on theMISCline is normally set to beNITROGEN' .

3. The namelist grousPECis used to specify each additional species. Do not enf&PBCline for
the background species. EaS8RECIine should include the name of the specigs)and its ambient
(initial) mass fractionMASSFRACTIONO. Several gases that can be included in a calculation are
listed in Tablg 5.J1. The physical properties of these gases are known and need not be specified.
However, if a desired gas is not included in Tgblg 5.1, its molecular wédkihust be specified in
units of g/mol. In addition, if a DNS calculation is being performed, either the Lennard-Jones potential
parameters (SIGMALJ) ande/k (EPSILONKLJ) should be specified; or thRdSCOSITY (kg/m/s),
THERMALCONDUCTIVITY(W/m/K), andDIFFUSION_COEFFICIENT (m?/s) between the given
species and the background species should be specified. If the listed species is to be consumed or
generated by the finite-rate reaction, its stoichiometric coeffichdbf,needs to be specified. Note
that the background species cannot participate in the reaction except as a diluent.
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Table 5.1:0Optional Gas Species [9]

Species Mol. Wagt. o k/e
(g/mol) | (A) | (K)
AIR 29 3.711| 78.6

CARBON DIOXIDE 44 3.941| 195.2
CARBON MONOXIDE 28 3.690| 91.7

HELIUM 4 2.551| 10.22
METHANE 16 3.758| 148.6
NITROGEN 28 3.798| 714
OXYGEN 32 3.467| 106.7
PROPANE 44 5.118| 237.1
WATER VAPOR 18 2.641| 809.1

4. Read Sectiop 5|5 for a description of the boundary conditions for the gas species.
5. TheREACnamelist group is used to designate the fuel and the reaction rate parameters.

FUEL Character string indicating which of the listed optional gas species is the fuel.
BOF Pre-exponential factor in one-step chemical reaction in units éfrapie/s.

E Activation energy for one-step chemical reaction in units of kJ/kmol.

XNO Exponent for oxygen concentration in one-step chemical reaction. (Default 1.)
XNF Exponent for fuel concentration in one-step chemical reaction. (Default 1.)

DELTAH The effective heat of combustion for one-step chemical reaction in units of kJ/kg. (Default
40,000 kJ/kg)

5.7 Pyrolysis Models

Fuel for a fire can be either a gas, solid or liquid. Gaseous fuels are easist to model because there is no phase
change. In fact, specifyingRRPUAn theSURHine is equivalent to defining a gas burner with a specified

flow rate. If this is all that is desired, skip this section. Otherwise, predicting the burning rate of solids and
liquids requires more information to define the physical properties of the fuel.

5.7.1 Thermoplastics

By default, a solid burning object is assumed to be a homogenous material that burns at the surface. The
alternative is to specififHASE="CHAR’ or PHASE="LIQUID’ to direct the code to model the material as

a char former or liquid, respectively (see below). For a thermoplastic material, specify the thermal properties
of the material. The material can be regarded as thermally-thick or thin. In the former case, specify the
thicknessDELTA (m), DENSITY (kg/m®), thermal conductivitykS or RAMPKS (W/m/K), specific heat

C_P orRAMPC_P (kJ/kg/K). For a thermally-thin material, specify the product of the specific heat, thickness
and densityC_DELTARHOKkJ/NP/K); or specify separately the thickneBELTA(m), DENSITY (kg/m?),

and specific hea€ P or RAMPC_P (kJ/kg/K). The default thickness is 0.1 m and the default density is
450 kg/n?. Do not specify the thermal conductivity if the material is to be regarded as thermally-thin.
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The burning rate of a thermoplastic is given by the expression
i’ = Apse E/RT (5.1)

The density of the materigl is either directly prescribed via the paramdiNSITY, or is inferred from
the other parameters. It is preferable to prescBENSITY explicitly. A is prescribed under the narde
with units of m/s.E, the activation energy, is prescribed &an units of kJ/kmol. Remember that 1 kcal
is 4.184 kJ, and be careful with factors of 1008.andE are not readily accessible for most real fuels.
However, if they are known, prescribe both. Avoid prescribing just one because they act as aaid
are not known, which is usually the case, prescNtASSFLUX CRITICAL (kg/m?/s) andTMPIGN(°C).
This directs the code to choogeandE so that the fuel burns at the ratbASSFLUX CRITICAL when
its surface reaches the temperatidPIGN Note that the temperature is read in using degrees Celsius, but
is then converted to degrees Kelvin within the program. The default valMAESFLUX CRITICAL is
0.02 kg/nt/s. The defaulf MPIGNis 5000°C (in other words, no burning occurs).

Remember to include thHeEAT OF VAPORIZATION(kJ/KkQ) if the solid is to be regarded as a thermo-
plastic.

5.7.2 Charring Fuels

By default, a burning object is assumed to be a homogenous solid that burns at the surface. However, many
materials burn internally, leaving char in the wake of a pyrolysis front that progresses into the material. To
specify this type of burning behavior, 8HASE="CHAR’ on theSURFline, then specify material proper-
ties for both the virgin material and the char. For the virgin material, the properties are those of a thermally-
thick solid: DELTA (m), DENSITY (kg/m®), KS or RAMPKS (W/m/K), C_.P or RAMPC_P (kJ/kg/K).
For the char, the parameters are simil@H1ARDENSITY, KS.CHARor RAMPKS_CHAR C_P_CHARor
RAMPC_P_CHAR

The burning behavior is described using similar parameters as a thermoplastic material:

M’ = A (ps—pc) e E/RT (5.2)

The density of the virgin materigls and the density of the chax; are both directly prescribed via the
parameter®ENSITY and CHARDENSITY. A is prescribed under the nande with units of m/s. E, the
activation energy, is prescribed Miain units of kJ/kmol. These parameters are not readily accessible for
most real fuels. An alternative is to prescritdSSFLUX CRITICAL (kg/n?/s) andTMPIGN(°C). This
directs the code to choogeandE so that the fuel burns at the raBASSFLUX CRITICAL when its
surface reaches the temperattifdPIGN Note that the temperature is read in using degrees Celsius, but
is then converted to degrees Kelvin within the program. The default valMAESFLUX CRITICAL is

0.02 kg/nt/s. The defaulTMPIGNis 5000°C (in other words, no burning occurs).

Remember to include thdEATOF VAPORIZATION (kJ/kg) if the solid is to be regarded as a char-
ring fuel. Note that theHEATOF.VAPORIZATIONT efers to the gasification of the virgin material at the
pyrolysis front. It is not an “effective” value that is often used to model the effect of the char shielding the
virgin material from the heat flux at the surface.

One additional parameter describing a charring materiM@STUREFRACTION giving the mass
fraction of water in the virgin material. An entry for a charring material is given harly, as an example

&SURF ID="SPRUCFE’
PHASE = 'CHAR’
MOISTURE_FRACTION = 0.05
DELTA=0.01

54



TMPIGN=360.0
HEAT_OF_VAPORIZATION=500.
DENSITY = 450.

RAMP_KS = KS,

RAMP_C_P = 'CPV,
RAMP_C_P_CHAR = 'CPC,
RAMP_KS_CHAR = 'KSC/,
CHAR_DENSITY = 120.
WALL_POINTS = 30

BACKING = 'INSULATED/

&RAMP ID = '’KS’, T = 20, F =013 /
&RAMP ID = '’KS’, T = 500.,, F =029 /
&RAMP ID = 'KSC’, T = 20,, F = 0.077 /
&RAMP ID = 'KSC’, T = 900.,, F = 0.16 /
&RAMP ID = 'CPV', T = 20, F=12 /
&RAMP ID = 'CPV', T = 500.,, F =30 /
&RAMP ID = 'CPC’, T = 20., F =068 /
&RAMP ID = 'CPC’, T = 400., F =15 /
&RAMP ID = 'CPC’, T = 900., F =18 /

5.7.3 Liquid Fuels

For a liquid fuel, speciffPHASE="LIQUID’ on theSURFline. The thermal parameters are the same as
those of a thermally-thick solid. The evaporation rate of the fuel is governed by the Clausius-Clapeyron
equation (see FDS Technical Reference Guide for details). The only drawback of this approach is that the
fuel gases burn regardless of any ignition source. ThIBHIASE="LIQUID’ is specified, the fuel begins
burning at once. An example of a liquid fuel is

&SURF ID="METHANOL’
HEAT_OF_VAPORIZATION=1101.
PHASE='LIQUID’

DELTA=0.01
KS=0.20
DENSITY=900.
C_P=25
TMPIGN=65. /

Note thatTMPIGNis assumed to be the boiling temperature of the liquid. The thermal conductivity, den-
sity and specific heat are used to compute the loss of heat into the liquid via conduction using the same
one-dimensional heat transfer equation that is used for solids. Obviously, the convection of the liquid is
important, but is not considered in the model.

5.8 Burning Liquid Fuel Droplets

The evaporization of water droplets from sprinklers has been generalized so that a liquid fuel spray nozzle
can be modeled. Fuel evaporation is triggered by the inclusion of the phise=. TRUE. on the appro-

priate PARTIine. The spray nozzle characteristics are specified in the same way as those for a sprinkler.
Fuel properties are specified as follows:
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&PART |D="heptane’,FUEL=.TRUE.,
VAPORIZATION_TEMPERATURE=98.0,
HEAT_OF_VAPORIZATION=316.0,
SPECIFIC_HEAT=2.25,
DENSITY=688.0,... /

The vaporization (boiling) temperature of the liquid fuel is in degrees Celsius, the heat of vaporization is in
units of kd/kg, the specific heat is in units of kJ/kg/K, and the density is in units offkg/EL=.TRUE.
automatically invokes a mixture fraction calculation in which fuel from the evaporating fuel droplets is
burned when it has diluted to the appropriate stoichiometric value. Note that this construct is fragile and
subject to grid dependence. If the grid cells are too coarse, the evaporating fuel is diluted to such a degree
that it never burns. Proper resolution depends on the type of fuel and the amount of fuel being ejected from
the nozzle.

5.9 Suppression by Water (Mixture Fraction Model Only)

Modeling suppression of a fire by a water spray is challenging because the relevant physical mechanisms
occur at length scales smaller than a single grid cell. In the gas phase, flames are extinguished due to
lowered temperatures and dilution of the oxygen supply. See Séctioh 4.4.3 for more information about gas
phase suppression.

For the solid phase, water reduces the fuel pyrolysis rate by cooling the fuel surface and also changing
the chemical reactions that liberate fuel gases from the solid. If the fuel has been assigned a
HEAT.OF.VAPORIZATION there is no need to set any additional suppression parameters. It is assumed
that water impinging on the fuel surface takes energy away from the pyrolysis process and thereby reduces
the burning rate of the fuel. If the surface has been assightRIRPUAHeat Release Rate Per Unit Area),
a parameter needs to be specified that governs the suppression of the fire by water. An empirical way to
account for fire suppression by water is to characterize the reduction of the pyrolysis rate in terms of an
exponential function. The local mass loss rate of the fuel is expressed in the form

il (t) = i o(t) e /KO & (5.3)

Heren{ ,(t) is the user-prescribed burning rate per unit area when no water is appliédsaadunction of
the local water mass per unit ared),, expressed in units of kgfm

k(t) = E.CCOEFFICIENTm(,(t) st (5.4)

The parameteE_COEFFICIENT must be obtained experimentally, and it is expressed in unitsSgis.
Usually, this type of suppression algorithm is invoked when the fuel is complicated, like a cartoned com-
modity.

Another parameter used in water suppression calculations is thE@ROSITYwhich is the fraction
of water that does not cascade down the side of the fuel package, either because of absorption or because it
is trapped within the interior of the fuel. BOROROSITYandE_COEFFICIENT are 0 by default and both
are prescribed on tfeURFline.

5.10 Visibility

If one is performing a fire calculation using the mixture fraction approach, the smoke is tracked along with
all other major products of combustion. The most useful quantity for assessing visibility in a space is the
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light extinction coefficienK [10]. The intensity of monochromatic light passing a distanteough smoke
is attenuated according to
1 /lp=e Kt (5.5)

The light extinction coefficient, is a product of the density of smoke particulgd¥;, and a mass specific
extinction coefficient that is fuel dependent

Estimates of visibility through smoke can be made by using the equation
S=C/K (5.7)

whereC is a nondimensional constant characteristic of the type of object being viewed through the smoke,
i.e. C= 8 for a light-emitting sigh an&€ = 3 for a light-reflecting sign[[10]. SincK varies from point
to point in the domain, the visibilitys does as well. Keep in mind that FDS can only track smoke whose
production rate and composition are specified. Predicting either is beyond the capability of the present
version of the model.

Three parameter control smoke production and visibility; each parameter is inputREA@ine. The
first parameter iISOOTYIELD, which is the fraction of fuel mass that is converted to soot. The second
parameter is called thIASSEXTINCTION_COEFFICIENT, and it is theKy, in Eq. (5.6). The default
value is 7600 rfykg, a value suggested for flaming combustion of wood and plastics. The third parameter is
called theVISIBILITY _FACTORthe constant in Eq. {5.7). Itis 3 by default.

The slice, Plot3D or thermocouple output quanéitinction coefficient is K. The visibility
Sis output via the keywordisibility . Note that each is tied to the mixture fraction formulation of
combustion.

5.11 Layer Height and the Average Upper and Lower Layer Temperatures

Fire protection engineers often need to estimate the location of the interface between the hot, smoke-laden
upper layer and the cooler lower layer in a burning compartment. Relatively simple fire models, often re-
ferred to aswo-zone modeJsompute this quantity directly, along with the average temperature of the upper
and lower layers. In a computational fluid dynamics (CFD) model like FDS, there are not two distinct zones,
but rather a continuous profile of temperature. Nevertheless, there are methods that have been developed to
estimate layer height and average temperatures from a continuous vertical profile of temperature. One such
method is as follows: Consider a continuous funcfiqa) defining temperatur@ as a function of height

above the floog, wherez = 0 is the floor and = H is the ceiling. Defind, as the upper layer temperature,

T, as the lower layer temperature, afyd as the interface height. Conservation of energy dictates that

(H—=2nt) Tut+zn T = /OH T(z)dz=11 (5.8)

and conservation of mass (assuming a perfect gas) dictates that

(H —Zint> +Z|nt / @ dz— 2 (5.9)
Solving forzy:
Ti(I112—H?)
A T2 2T H (-10)
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Letting T; be the temperature in the lowest grid cell and using Simpson’s Rule to perform the numerical
integration ofl; andl,, T, can be defined as the average upper layer temperature via

H
(H—2zn) Tu= T(2) dz (5.11)
Zint
Further discustion of this procedure can be found in Ref. [11].
The quantitied AYER HEIGHTUPPER TEMPERATURIEJLOWER TEMPERATUR#&h be dis-
played in Smokeview as slic&ILCF) files or in a spread sheet file via “thermocoupl&@HCB entries in
the input file. For example, the entry

&THCP XYZ=2.0,3.0,0.5,QUANTITY="LAYER HEIGHT',LABEL="whatever’ /

produces a time history of the smoke layer height at2 andy = 3. The coordinate = 0.5 is not used
and can be anything so long as it is within the range d&fined on thd®DIM line. Otherwise, th@HCP
line is ignored. Normally, the vertical integrations are carried out from the lowest grid cell to the highest
(1 < k< KBAR). To change this, add the paramet&rEOWandK HIGH to the THCPor SLCFline. Note
that for any one mesh, there can only be one set of limits.

If multiple meshes are being used, thCPis assigned to the mesh corresponding toXN& coordi-
nates. If two or more meshes overlap at this point, control goes to the mesh with the lowest index, that is, the
mesh listed first in the input file. In the case of a slice file, add the param&E&HNUMBERD the SLCF
line to indicate directly which mesh to use in the integration if there is any possible chance of confusion.
This also reduces the computation time a bit since the unwanted meshes do not generate undesired slice
files.

5.12 Leakage

For a limited class of scenarios, it is possible to prescribe leakage in an FDS calculation. Three criteria
must be met. First, the boundary of the computational domain must coincide with the exterior walls of
the compartment. Second, there must beOREN(passive) vents to the exterior. Third, only one mesh
must be used. If these three criteria are satisfied, then pretdtibi AREAon theMISC line, and assign

to at least one of the wall materials (regardless of whether or not it is on the exterior boundary) the at-
tribute LEAKING=.TRUE. on itsSURFline. The program assigns the leakage uniformly toltBAKING
surfaces. The EAK AREA(M?) is based on the formula

AL =V \/Pe/2(Po — Po) (5.12)

whereV is the airflow rate (r¥/s) at a given background pressyxg(Pa). p.. is the ambient density (kgfh
Note that the discharge coefficient normally seen in this type of formula is assumed to be 1.

5.13 Fires and Flows in the Outdoors

Simulating a fire in the outdoors is not much different than a fire indoors, but there are several useful pa-
rameters that can easily be invoked. First, it is easy to prescribe the wind with a realistic increase in velocity
with altitude. By default the velocity (wind) profile at any vent is a top hat, but the pararRRe&FILE

on theSURFIine can yield other profiles. For exampRROFILE="PARABOLIC’ produces a parabolic
profile with VEL being the maximum velocity, anATMOSPHERIC’ produces a typical atmospheric wind
profile of the formu = up(z/z)P. If an atmospheric profile is prescribed, also prescribdor zy andPLE

for p. VEL specifies the reference velocity.

58



Another useful parameter for outdoor simulations is the temperature lapse rate of the atmosphere. Typ-
ically, in the first few hundred meters of the atmosphere, the temperature decreases several degrees Celsius
per kilometer. These few degrees are important when considering the rise of smoke since the temperature
of the smoke decreases rapidly as it ride$0DZis the lapse rate of the atmosphere in units@fm. This
need only be set for outdoor calculations where the height of the domain is tens or hundreds of meters. The
default value oDTODZis -g/c, ~-0.0097°C/m.

Figure[5.8 gives an example of an outdoor fire scenario, with the corresponding input data file given
in Figure[5.4. The tanks are built from rectangular obstructions forming a cylindrical shape. The fire is
specified on the top of one tank and a wind is prescribed at one of the computational boundaries.

5.14 2D and Axially-Symmetric Calculations

The governing equations solved in FDS are written in terms of a three dimensional Cartesian coordinate
system. However, a two dimensional Cartesian or two dimensional cylindrical (axisymmetric) calculation
can be performed by settintBAR=1 on the&GRID line, and for axisymmetry replacing the parameter
XBARwith RBARon the&PDIMline. No boundary conditions should be set at the plagnesYBAROor

y = YBAR nor atx = RBAROIn an axisymmetric calculation in whidRBARG-=0. For better visualizations,

the difference ofyBARandYBAROshould be small so that the Smokeview rendering appears to be in 2D.
An example of an axially-symmetric helium plume is shown in 5.5 with the corresponding input data

file in Fig.[5.6.

5.15 Restoring the Baroclinic Vorticity

There is an approximation made when solving for the pressure where it is assumed that

=

Op= imzfn (5.13)

0.=
p Po

The consequence of this approximation is that the vorticity generated due to the non-alignment of the density
and pressure gradients, or the baroclinic torque, is neglected. For most large scale applications, the assump-
tion is justified by the fact that the vorticity generated by buoyancy is the dominant source of vorticity. By
neglecting the baroclinic torque the solution of the elliptic partial differential equation obtained by taking
the divergence of the momentum equation is greatly simplified. However, an option exists in the code to
restore the baroclinic torque by decomposing the relevant term in the pressure equation

1

.DP:D.Dme.(pg)mﬁ (5.14)

p

O

and evaluating the second term on the right hand side with values of pressure from the previous time step.
The expressiop is an average density, equal tPr@nPmax/ (Pmin + Pmax)- TO make this correction, simply
include the statement

BAROCLINIC=.TRUE.

on theMISC line. In a DNS calculation@NS=.TRUE.), the correction is made by default. However, for
an LES calculation (default), the correction must be explicitly invoked. The cost of the correction is not
prohibitive — try calculations with and without the correction to determine if its inclusion is warranted.
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Figure 5.3:Instantaneous snapshot of a large oil fire simulation. The domain is 384 m by 384 m by 288
m. Each tank is 84 m in diameter and 27 m tall. The grid is uniform with 6 m grid cells.



&HEAD CHID="tankfarm2’, TITLE="Japanese Oil Storage Tank Farm’ /

&GRID
&PDIM
&TIME

&MISC

&SURF
&SURF
&PART

&OBST
&OBST
&OBST

&OBST
&OBST

&VENT
&VENT
&VENT
&VENT
&VENT

&SLCF
&SLCF
&SLCF
&BNDF

&PL3D

IBAR=64,JBAR=64,KBAR=48 /
XBARO0=64.,XBAR=448.,YBAR0=192.,YBAR=576.,ZBAR=288. /
TWFIN=60. /

DTODZ=0. /

ID="WIND',VEL=-5.,PROFILE="ATMOSPHERIC’,Z0=27.,PLE=0.15 /
ID="FIRE',HRRPUA=1500.,PART_ID="tracers’ /
ID="tracers’,MASSLESS=.TRUE. /

XB= 0,138, 0.,768., O,
XB=138.,144., 0.,768., 0.,
XB=144.,150., 0.,768., 0.,

w oo
~ ~ —

XB=174.,180.,372.,396., 0., 27.,SURF_IDS="FIRE’INERT'/INERT" /
XB=180.,186.,360.,408., 0., 27.,SURF_IDS='FIRE'INERT'/INERT" /

CB="XBARO',SURF_ID="WIND" /
CB='YBAR' ,SURF_ID="OPEN’ /
CB="YBARO',SURF_ID="OPEN’ /
CB="XBAR’ ,SURF_ID="OPEN’ /
CB="ZBAR’ ,SURF_ID="OPEN’ /

PBY=384.,QUANTITY="TEMPERATURE' VECTOR=.TRUE. /
PBY=384.,QUANTITY="HRRPUV’ /
PBY=384.,QUANTITY="MIXTURE_FRACTION’ /
QUANTITY="HEAT_FLUX" /

DTSAM=60. /

Figure 5.4:Input data file for tankfarm scenario.
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Slice
kB
1.00
0.90
0.80
0.70]
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Figure 5.5:Instantaneous snapshot of an axially-symmetric helium plume.

&HEAD CHID="helium’, TITLE='"Axisymmetric Helium Plume’ /

&GRID IBAR=72,JBAR=1,KBAR=144 |

&PDIM RBAR=0.08,YBAR=0.001,ZBAR=0.16 /

&TIME TWFIN=10.0 /

&MISC DNS=.TRUE.ISOTHERMAL=.TRUE. /

&SPEC ID='HELIUM' [

&SURF ID="HELIUM',VEL=-0.673,MASS_FRACTION(1)=1.0,TAU_MF(1)=0.3 /
&VENT CB='XBAR' ,SURF_ID="OPEN’ /

&VENT CB="ZBAR’ ,SURF_ID="OPEN'’ /

&OBST XB= 0.0,0.036, 0.00, 0.01,0.00,0.02,SURF_IDS="HELIUM'/INERT'/INERT" /
&PL3D DTSAM=2.0,QUANTITIES(1)='"DENSITY’,QUANTITIES(5)="HELIUM’ /
&SLCF PBY=0.000,QUANTITY="DENSITY’,VECTOR=.TRUE. /

&SLCF PBY=0.000,QUANTITY="HELIUM" /

Figure 5.6:Input data file for helium plume calculation.
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5.16 Fine-Tuning the Radiation Transport Model

There are several ways to improve the performance of the Finite Volume Method in solving the radiation
transport equation (RTE), most of which increase the computation time. The solver has two modes of opera-
tion — a gray gas model (default) and a wide band madel [1]. Modifications to these models can be made via
a namelist group calle®ADI. If running in gray gas mode (default), increase the number of angles from the
default 100 with the integer parametdét MBERRADIATION_ANGLES The frequency of calls to the radi-

ation solver can be reduced from every 3 time steps with infEfE_STEPINCREMENTThe increment

over which the angles are updated can be reduced from 5 with the i&geL EINCREMENT Briefly,

if TIME_STEPINCREMENTandANGLEINCREMENTare both set to 1, the radiation field is completely
updated in a single time step, but the cost of the calculation increases significantly.

A few parameters affecting the absorption of radiation by water droplets are as foReMst MRs the
assumed radiative source temperature. It is used in the computation of the mean scattering and absorption
cross sections of water droplets. The default is 9C0NMIEANGIs the number of discretization points
of the polar angle in the integration of the single droplet phase function. Increld8itigANGmproves
the accuracy of the radiative properties of water droplets. The cost of the better accuracy is seen in the
initialization phase, not during the actual simulation. The default valuBlFfEANGs 15.

If the optional six band model is desired, $$tDE BANDMODEL=.TRUE. It is recommended that
this option only be used when the fuel is relatively non-sooting because it adds significantly to the cost of the
calculation. To add three additional fuel bands, G4t BANDS=.TRUE.. See FDS Technical Reference
Guide for more details.

Note that the radiation solver has been designed to work with the mixture fraction combustion model.
If the mixture fraction model is not being used, the radiation solver can still be uS2RBON DIOXIDE
is prescribed as a product of combustion, or if a constant absorption coeftidddt?AOis specified on
the RADI line. Note also that it is possible to turn off the radiation transport solver (saving roughly 20 %
in CPU time) by adding the statemdRADIATION=.FALSE. to theMISCline. For isothermal calcula-
tions, the radiation is turned off automatically. If burning is taking place and radiation is turned off, then
RADIATIVE _FRACTIONfrom theREACIine is subtracted from the total heat release rate. This radiated
energy completely disappears from the calculation.

5.17 Defying Gravity

Most users of FDS assume that the acceleration of gravity points toward the negative end atitheor
more simply, downward. However, to change the direction of gravity to model a sloping roof or tunnel, for
example, specify the gravity vector on thigSC line with a triplet of numbers of the for8VEC=0.0,0.0,-9.81
(units are m/%). This is the default, but it can be changed to be any direction.

Note: if sprinklers are specified, the gravity vector must not be changed. Much of the logic governing
the trajectories of water droplets over solid objects assumes that gravity points in the nedategon.

5.18 Isothermal and Salt Water Simulations

Although FDS was designed specifically for fire simulations, it can be used for other fluid flow simulations
that do not include fire or heat addition of any kind. First,IS§THERMAL=.TRUE. on theMISC line.

This logical parameter indicates that the calculation does not involve any change in temperature and no
radiation heat transfer, thus reducing the number of equations that must be solved, simplifying those that
are, and reducing the computation time.
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A valuable model validation exercise is to simulate the mixing of fresh and salt water. These types of
experiments have traditionally been performed to mimic the movement of smoke in a building. Although
FDS is rarely used for this purpose now, the capability still exists in the code to handle fresh/salt water
interactions. To invoke this feature, include the statements

&MISC ISOTHERMAL=.TRUE.,BACKGROUND_SPECIES="FRESH WATER',DENSITY=1000.,
VISCOSITY=1.0E-3,SC=1. /
&SPEC ID="SALT WATER',DENSITY=1052.,VISCOSITY=1.0E-3 /

in the input file, along with appropriate boundary conditions for the salt water. Note that the trdE<H
WATER’and’SALT WATER'’ have no particular meaning as far as the code is concerned. What matters
is the designation dDENSITY andVISCOSITY for both, plus a global Schmidt numb8C Without the
designatiorDNS=.TRUE., the calculation is performed as a Large Eddy Simulation (LES), in which case
theVISCOSITY serves as a lower bound for the Smagorinsky viscosity, and the Schmidt number is used to
relate the viscosity to the material diffusivity.

5.19 Non-rectangular Geometry

The efficiency of FDS is due to the simplicity of its numerical grid. However, there are situations in which
certain geometric features do not conform to the rectangular grid. In these cases, construct the curved
geometry using rectangular obstructions, a process sometimes called “stair stepping”. A concern is that the
stair stepping changes the flow pattern near the wall. To lessen the impact of stair stepping on the flow field
near the wall, prescribe the parameter

SAWTOOTH=.FALSE.

on eachOBSTIine that makes up the stair stepped obstruction. The effect of this parameter is to prevent
vorticity from being generated at sharp corners, in effect smoothing out the jagged steps that make up the
obstruction. This is not a complete solution of the problem, but it does provide a simple way of ensuring that
the flow field around a non-rectangular obstruction is not inhibited by extra drag created at sharp corners.

5.20 Texture Mapping

There are various ways of prescribing the color of various objects within the computational domain, but
there is also a way of pasting images onto the obstructions for the purpose of making the Smokeview images
more realistic. This technigue is known as “texture mapping.” For example, to apply a wood paneling image
to a wall, add to th&URHine defining the physical properties of the paneling the text

&SURF ID='wood paneling’,..., TEXTURE_MAP="paneling.jpg’, TEXTURE_WIDTH=L1.,
TEXTURE_HEIGHT=2. /

Assuming that a JPEG file call@aneling.jpg exists in the working directory, Smokeview should read it and
display the image wherever the paneling is used (SGI Users: use rgb files instead of jpg). Note that the image
does not appear when Smokeview is first invoked. It is an option controlled [Shitbve/Hide menu. The
parameterS EXTUREWIDTHand TEXTUREHEIGHT are the physical dimensions of the image. In this
case, the JPEG image is of a 1 m wide by 2 m high piece of paneling. Smokeview replicates the image as
often as necessary to make it appear that the paneling is applied where desired. Consider carefully how the
image repeats itself when applied in a scene. If the image has no obvious pattern, there is no problem with
the image being repeated. If the image has an obvious direction, the real TEX8IJREORIGIN should

be added to th#’ ENTor OBSTIine to which a texture map should be applied. For example,
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&OBST XB=1.0,2.0,3.0,4.0,5.0,7.0,SURF_ID="wood paneling’,
TEXTURE_ORIGIN=1.0,3.0,5.0 /

applies paneling to an obstruction whose dimensions are 1 m by 1 m by 2 m, such that the image of the
paneling is positioned at the point (1.0,3.0,5.0). The default valT&EfTUREORIGIN is (0,0,0), and the
global default can be changed by addetEXTUREORIGIN statement to th#ISC line.
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Chapter 6

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 analyze industrial scale fires, it can be used reliably when
the fire size is specified and the building is relatively large in relation to the fire. In these cases, the model
predicts flow velocities and temperatures to within 20 % of the experimental measurements. In cases where
the fire is large relative to the enclosure, the uncertainty of the model is greater due both to the lack of input
data for material properties and combustion chemistry and to greater numerical error in combustion and
radiation transport.

Any user of the numerical model must be aware of the assumptions and approximations being employed.
There are two issues 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 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

Compiling the Source Code for FDS

This section describes how one should compile the FDS source code to run on a variety of different computer
platforms. If a compiled version of FDS exists for the machine on which the calculation is to be run and no
changes have been made to the original source code, there is no need to re-compile the code. For example,
the file fds4.exeis the compiled single processor program for a Windows-based PC; thus PC users do not
need a Fortran compiler and do not need to compile the source code. For machines for which an executable
has not been compiled, the user must compile the code. Fortran 90/95 and C compilers are needed for
compilation.

A.1 Serial Compilation

Table[A.] lists the files that make up the source code. The files with suffix “.f” contain fixed form Fortran
90 instructions conforming to the ANSI and ISO standards, with the exception of those instructions that
pass information between the C and Fortran routines. The source files should be compiled in the order in
which they are listed in Table A.1 because some routines are dependent on others. For Unix/Linux users,
Makefiles for various platforms have been provided that assist in the compilation. Compiler options differ
from platform to platform. Note the following:

e The source code consists mainlyfidled-formatFortran 90 statements organized into 13 files, plus an
extra file containing some additional C routines needed for output to Smokeview. All of the C code
is contained within the file calleidob.c All the other files have the suffix .f, indicating fixed-format
Fortran.

e Be aware that different compilers handle the names of C subroutines differently. Some compilers
append an underscore to the names of the C routines called by the Fortran code. If the compiler
produces an error involving the names of routines that are not recognized, check for compiler options
that prevent the compiler from adding the underscore to the subroutine names.

e The only non-standard Fortran used is a call to a routine c&ll&dSH This routine forces the con-
tents of a given output file buffer to be emptied, making it easier to check on the progress of a given
calculation. Most Fortran compilers accept this routine, but if a compiler complains, comment out the
line in mods.fcontaining the strinCALL FLUSH(IUNIT) .

e The only compiler option necessary, in addition to any needed to address the above issues, is for full
optimization (usually -O). Some compilers have a standard optimization level, plus various degrees
of “aggressive” optimization. Be cautious in using the highest levels of optimization.

71



e Table[A.2 lists some command and options for various different compilers and/or operating systems.
Consult the compiler manual, help/man pages for more details and options. Report any problems if
these options do not work.

e For the single processor version of FDS, usan.f

e The parallel version of FDS usesain_mpi.f instead ofmain.f, plus additional MPI libraries need to
be installed. See next section for more details about parallel compilation.

Table A.1:Source Code Files

| File Name | Description
mods.f Global arrays and constants
misc.f Miscellaneous routines
pois.f Poisson (pressure) solver
radi.f Radiation solver
sprk.f Lagrangian particle transport and sprinkler activatjon
read.f Read input parameters
init.f Initialize variables and Poisson solver
divg.f Compute the flow divergence
pres.f Spatial discretization of pressure (Poisson) equation
mass.f Mass equation(s) and thermal boundary conditions
velo.f Momentum equations
dump.f Dumps output data into files
| isob.c | C Routine for computing isosurface triangles \

] main.f, mainmpi.f \ Main programs, serial and parallel versions \

Table A.2:Commands and options for various Fortran and C compilers

| Compiler | Fortran Command and OptionsC Command and Options |
Lahey/Fujitsu If95 -O —staticlink gcec -O
SGI/IRIX f90 -O3 -OPT:Olimit=0 cc -02 -n32 -mips4
IBM/AIX xIf95 -O5 -gfixed=72 xlc -O
Intel Fortran ifc -O3 -xiW -ip -Vaxlib gcc -O -Dppnoappend
HPUX f90 -O3 cc -O -DHPUXNOAPPEND
Sun f90/f95 -O2 cc -0
DEC f90 -O5 -fast cc -O -Dppnoappend
Digital Visual Fortran| See Sectiop A2 See Sectiop A[2
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A.2 Parallel Compilation using Windows and MPICH

Following is a set of very specific instructions for compiling and running the parallel version of FDS under
Microsoft Windows using a version of MPI known as MPICH, a product of Argonne National Laboratory
in the USA, and the Digital Visual Fortran (DVF) compiler. For those who do not have a Fortran compiler
of any kind, a pre-compiled executable fitds4_ mpi.exeis available from the FDS/Smokeview web site.

In either case, all must follow the directions of installing MPICH and running the code. Those without a
compiler can skip steps 3 and 4 below.

1. Download the Windows version of MPICH from http://www-unix.mcs.anl.gov/mpi/mpich/download.html

2. Install MPICH for each machine. The SDK needs to be installed only on the machine used to compile
FDS.

3. (Only for those with DVF.) Create a new project for a Fortran Console application.
4. (Only for those with DVF.) Apply the following settings:

e Project=Settings=C/C++, Pre-processor Definitions, Add the phrppenoappend
e Project=Settings=-Link, Output, Stack Allocations 50000000
e Project=Settings=-Link, General, addifor.lib to the beginning of the list of objects

¢ (older versions of compiler) ProjeetSettings=-Fortran; Libraries; Check "Use Debug C Li-
braries”

e Project=-Settings=-Link Input, add C\Program FilesMPICH\SDK\LIB to 'Additional Li-
brary Path’

¢ Project=Settings=-Fortran Preprocessor, add\@rogram File§MPICH\SDK\INCLUDE to
'INCLUDE AND USE PATHS’

e Project=Settings=-Link Input, addws2 32.lib andmpich.lib to list of objects/libraries.

e Under Project=-Settings=-Fortran External Procedures, set Argument Passing Conventions to
"C. By Reference”, and String Length Argument Passing to "After All Args”. (equivalent to
liface:cref /iface:nomixedtr_len arg)

¢ Import source files, inludinghain_mpi.f, but notmain.f (this is for serial version)
e Build

5. Make sure that each machine can find the TCP/IP address of other machines by name. This can be en-
sured by adding the IP address-name combinations to ti\&iGdows\system32drivers\etc\hosts
file.

6. Parallel jobs are launched either using the graphical MPIRun interface, or by executing mpirun from
the command line. For easier use, add directoiyP@gram FilesMPICH\mpd\bin to PATH. To do
this, under My Computee-Properties=-Advanced=-Environment Variables, add the above directory
name to the Path list.

For command line use, the easiest way to define things for mpirun is to use a configuration file. Two
examples of the config.txt for a job containing three meshes are shown below.

A. fds4_.mpi.exeis located in the same place on each computer, and both computers machinel and
machine2 can see the current directory. Here we are using 2 processors on machinel (or two threads
if machinel only has one processor), and 1 processor on machine2.
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exe C:\nist\fds\fds4_mpi.exe
hosts

machinel 2

machine2 1

B. fds4_mpi.exe can be found on the servermachine, and the working directfuts\test is on a
shared drive of machinel.

exe \\servermachine\nist\fds\fds4_mpi.exe
dir Wmachinel\fds\Test

hosts

machinel 2

machine2 1

To start the simulation, type 'mpirun config.txt’ on the command line. Remember that the input file
name should be written into a file callédk.data See MPICH documentation for additional informa-
tion.

Note: Make sure the working directory is fully "shared” since all computers have to write files into it.

This is often the biggest impediment to parallel processing — one must make the connection between
machines as transparent as possible. Have the same username and password on all machines. Check
that all machines can "see” each other. And be patient. Even experienced computer users are going to
have problems at first ensuring that everything has been set up properly.
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Appendix B

Alphabetical List of Input Parameters

This section lists the input parameters for FDS as a function of Namelist group, in alphabetical order. It
should only be used as a quick reference. Do not use this list before reading the detailed description of the
parameters. The reason is that many of the listed parameters are mutually exclusive — specifying more than
one can cause the program to either fail or run in an unpredictable manner. Also, some of the parameters
trigger the code to work in a certain mode when specified. For example, specifying the thermal conductiv-
ity of a solid surface triggers the code to assume the material to be thermally-thick, mandating that other
properties be specified as well. Simply prescribing as many properties as possible from a handbook is bad
practice. Only prescribe those parameters that are necessary to describe the desired scenario.

] BNDF(Boundary File Parameters) \

DTSAM Real Time increment S TWFIN/NFRAMES
QUANTITY Character Quantity to visualize

GRID (Grid Parameters) \

IBAR Integer No. cells inx direction 10
JBAR Integer No. cells iny direction 10
KBAR Integer No. cells inzdirection 10

] HEAD(Header Material) \

CHID Character Job Identification String ‘output’
TITLE Character Title for job
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HEAT(Heat Detectors)

ACTIVATION_TEMPERATURE Real Link temperature °C 74
LABEL Character Descriptor
RTI Real Response Time Inde yms 100
XYZ Real Triplet Coordinates m

HOLE(Obstruction Cutout Parameters)

HEAT.CREATE Character Name ofHEATdetector to create
HEATREMOVE Character Name ofHEATdetector to remove
RGB Real Triplet Color indices for obstruction(s) to be cut
T_CREATE Real Time to Create Hole S 0
T_REMOVE Real Time to Remove Hole S 1000000
XB Real Sextuplet  Physical coordinates m

y INIT (Initial Conditions)
QUANTITY Character Parameter to initialize
VALUE Real Initial value
XB Real Sextuplet Coordinates m

| ISOF (Isosurface Parameters) |
DTSAM Real Time increment S TWFIN/NFRAMES
QUANTITY Character Quantity to visualize
VALUE Real Contour value
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MISC (Miscellaneous Parameters)

BACKGROUNSPECIES | Character Background species

BAROCLINIC Logical Baroclinic torque correction .FALSE.
CSMAG Real Smagorinsky constant 0.20
DATABASE Character Name of Database file

DATABASEDIRECTORY| Character Name of Database directory

DENSITY Real Density of background liquid kg/m?

DNS Logical Direct Numerical Simulation .FALSE.
DTODZ Real Atmospheric temperature lapse rate¢C/m | -0.0097
DTCORE Real Time between core dumps s

DTPAR Real Time between particle inserts s 0.05
DTSPAR Real Time between sprinkler droplets | s 0.05
GVEC Real triplet | Gravity vector m/s® 0,0,-9.81
ISOTHERMAL Logical Isothermal calculation .FALSE.
INCOMPRESSIBLE Logical Incompressible calculation .FALSE.
NFRAMES Integer Number of Frames of output data 1000
PR Real Prandtl number (LES only) 0.5
PINF Real Ambient pressure Pa 101325
POROUSLOOR Logical Droplets disappear at floor .TRUE.
RADIATION Logical Radiation calculation flag .TRUE.
REACTION Character Combustion reaction identifier

RESTART Logical Restart previous calculation .FALSE.
SC Real Schmidt number (LES only) 0.5
SMOKE3D Logical Flag for 3D Smoke Visualization .TRUE.
SUPPRESSION Logical Suppression calculation flag .TRUE.
SUREDEFAULT Character Default SURFace type 'INERT’
TEXTUREORIGIN Char. Triplet| Origin of Texture Map m

TMPA Real Ambient Temperature °C 20.
TMPO Real Outside Temperature °C 20.
uo,vo,wWo Reals Prevailing velocity field m/s 0.
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OBST(Obstruction Parameters)

BNDEBLOCK Logical Draw Boundary Info .TRUE.

HEAT.CREATE Character Name of Controlling Heat Detector

HEATREMOVE Character Name of Controlling Heat Detector

COLOR Character Color

OUTLINE Logical Draw as Outline .FALSE.

PERMIT_HOLE Logical Allow a Hole .TRUE.

RGB Real Triplet Color indices

SAWTOOTH Logical Smooth Obstruction .FALSE.

SUREID Character Associated Surface

SUREIDS Character Triplet Associated Surfaces (top-side-bottom)

SURFEID6 Character Sextuplet Associated Surfaces (likeB

T_CREATE Real Time to Create Obstruction S

T_REMOVE Real Time to Remove Obstruction S

TEXTUREORIGIN | Real Triplet Coordinates of Texture Map

THICKEN Logical No Thin Obstructions .FALSE.

XB Real Sextuplet Physical coordinates m
PART(Lagrangian Particles/Droplets)

AGE Real Droplet lifetime S 100000

DENSITY Real Droplet density kg/m® | 1000

DIAMETER Real Median Volumetric Diameter| um 100

DROPLETSPERSECOND Integer Drops per second per head 1000

FUEL Logical Liquid Fuel .FALSE.

GAMMAD Real Parameter for size distribution 2.4

HEATOF.COMBUSTION Real Heat of Combustion kJ/kg

HEATOF.VAPORIZATION Real Latent Heat of Vap kJ/kg 2259

ID Character| Identifier

INITIAL _TEMPERATURE Real Initial Temperature °C TMPA

MASSLESS Logical Massless tracers .FALSE.

MASSPERVOLUME Real Droplet mass per unit volume kg/m® 1

MELTINGTEMPERATURE Real Melting Temperature °C 0

NUMBERNITIAL _DROPLETS | Integer Number of droplets at start 0

QUANTITY Character| Quantity for coloring

SAMPLINGFACTOR Integer Filter for output file 1

SPECIFIC _HEAT Real Droplet specific heat kJ/kg/K | 4.184

STATIC Logical Stationary Particles .FALSE.

VAPORIZATIONTEMPERATURE Real Liquid Droplet Boiling Temp | °C 100

WATER Logical | Water Droplet .FALSE.
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PDIM (Physical Dimensions)

XBARO, XBAR Real Limits of x coordinate m
YBARO, YBAR Real Limits of y coordinate m
ZBARO, ZBAR Real Limits of zcoordinate m
RBARO, RBAR Real Limits of r (cylindrical coordinates m
PIPE (Sprinkler Pipe Parameters)
DELAY Real Time delay after first activation s 0
PRESSURE Real Pressure in sprinkler pipe bar
| PL3D (Plot3D Parameters) \
DTSAM Real Time increment S TWEFIN/5
QUANTITIES Character Quintuplet Name of Quantities to save
WRITEXYZ Logical Write Coordinate File .FALSE.
RADI (Radiation Parameters)
ANGLEINCREMENT Integer | Number of angles skipped per update 5
CHA4BANDS Logical | Include extra fuel bands .FALSE.
KAPPAO Real Constant absorption coefficient 1/m| 0
NMIEANG Integer | Number of polar angles 15
NUMBERRADIATION_ANGLES| Integer | Number of solid angles 100
PATH Real Path length for radiation calc. m
RADTMP Real Assumed radiative source temp. °C | 900
TIME_STEPINCREMENT Integer | Number time steps skipped 3
WIDEBANDMODEL Logical | Non-gray gas assumption .FALSE.
RAMRRamping Parameters)
F Real Function value
ID Character Identifier
T Real Time (or Temperature s (or°C)
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REAC(Reaction Parameters)

BOF Real Pre-exponential Factor cmé/mol/s

DELTAH Real Heat of Combustion kJ/kg

E Real Activation Energy kJ/kmol

EPUMO2 Real Energy per Unit Mass © kJ/kg

FUEL Character, Name of Fuel

FUEL.N2 Real Number of N molecules in fuel 0

ID Character| Identifier

MASSEXTINCTION_COEFFICIENT | Real Visibility Parameter m?/kg 7600

MAXIMUMVISIBILITY Real Visibility Parameter m 30

MWFUEL Real Molecular Weight of Fuel g/mol 44

NUCO2 Real Stoich. Coefficient for C@ 3

NUFUEL Real Stoich. Coefficient for Fuel 1

NUH20 Real Stoich. Coefficient for Water 4

NUO2 Real Stoich. Coefficient for Oxygen 5

RADIATIVE _FRACTION Real Radiative Loss Fraction 0.35

CQYIELD Real Fraction of CO from fuel

SOOTYIELD Real Fraction of soot from fuel 0.01

VISIBILITY _FACTOR Real Visibility Parameter 3

XNO, XNF Real Arrhenius Exponent

Y_F_INLET Real Mass Fraction of Fuel in Burner kg/kg 1.0

Y_O2INFTY Real Ambient Oxygen Mass Fraction kg/kg 0.23
SLCF(Slice File Parameters)

CB Character Plane to save slice file

DTSAM Real Time increment S TWFIN/5

K HIGH Integer UpperK value forLAYER HEIGHT KBAR

K_LOW Integer Lower K value forLAYER HEIGHT 1

MESHNUMBER Integer Save only slices in this mesh

PBX Real x-plane to save slice file

PBY Real y-plane to save slice file

PBZ Real z-plane to save slice file

QUANTITY Character Name of Quantity to save

VECTOR Logical Include flow vectors .FALSE.

WRITEXYZ Logical Write Coordinate File .FALSE.

XB Real Sextuplet Coordinates of region to save m
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SPEC(Species Parameters)

DENSITY Real Density of Liquid Species kg/m®

DIFFUSION_COEFFICIENT Real Diffusivity D m?/s

EPSILONKLJ Real Leonard-Jones Parameter 0

ID Character Name of species

MASSFRACTIONO Real Initial mass fraction 0

MW Real Molecular Weight g/mol 29

NU Real Stoich. coefficient

SIGMALJ Real Leonard-Jones Parameter 0

THERMALCONDUCTIVITY Real Conductivityk W/m/K

VISCOSITY Real Dynamic Viscositymu kg/m/s
SPRK(Sprinkler Parameters)

LABEL Character Identifying Label for output

MAKE Character Name of sprinkler (.spk) file

ORIENTATION Real Triplet Direction vector 0,0,-1

PARTID Character Name of associated PART lin

ROTATION Real Triplet Rotation Angle deg 0

T_ACTIVATE Real User-prescribed Activation S

T_DEACTIVATE Real User-prescribed De-Activatio S

XYZ Real Triplet Physical coordinates m
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SURF(Surface Properties)

ADIABATIC Logical Adiabatic thermal BC .FALSE.
A Real Pre-exponential factor m/s 6.5E5
BACKING Character | Back face boundary condition 'VOID’
BURNAWAY Logical Remove burnt objects .FALSE.
BURNINGRATEMAX Real Maximum Burning Rate kg/mf/s | 0.1
C.DELTARHO Real Specific heat x thickness x densitym

CP Real Specific heat kJ/kg/K
CP_CHAR Real Specific heat of char kJd/kg/K | 0.7
DELTA Real Wall thickness m 0.1
DENSITY Real Solid mass per unit volume kg/m® 450.

E Real Activation energy kJ/kmol
E_COEFFICIENT Real Extinguishing coefficient 1/s 0.
EMISSIVITY Real Emissivity 1.
FUELFRACTION Real Mass concentration of fuel ka/kg 1.
HEATFLUX Real Heat flux at surface kKw/m? | 0.
HEATOF.COMBUSTION | Real Heat of combustion kJ/kg
HEATOF.VAPORIZATION | Real Heat of vaporization kJ/kg

HRRPUA Real Heat Release Rate Per Unit Area kW/m? | 0.
HRRPUAVAX Real Maximum HRRPUA kKW/m?

ID Character | Surface IDentifier

KS Real Thermal conductivity W/m/K

KS.CHAR Real Thermal conductivity of char W/m/K | 0.1
LEAKING Logical Leakage calculation .FALSE.
MASSFLUX(I) Real Array | Mass flux of species |

MASSFLUX CRITICAL Real Mass flux alTMPIGN 0.02
MASSFRACTION(I) Real Array | Mass fraction of species |

MOISTUREFRACTION Real Water content by mass kg/kg 0.
NPPC Integer Number of particles per cell 1
PARTID Character | Lagrangian Particle ID

PHASE Character | Phase of boundary 'SOLID’
POROSITY Real Porosity fraction 0.

PLE Real Atmospheric profile exponent 0.3
PROFILE Character | Name of velocity profile

RAMPC_P Character | Ramp ID for specific heat

RAMPC_P_CHAR Character | Ramp ID for char specific heat

RAMPKS Character | Ramp ID for conductivity

RAMPKS._CHAR Character | Ramp ID for char conductivity

RAMPMF(]) Character | Ramp ID for species |

RAMPQ Character | Ramp ID for HRR

RAMPV Character | Ramp ID for velocity
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SURF(Surface Properties, continued)

RGB Real Triplet Color indices for surface 1.0,0.8,0.4\
SURFACEDENSITY Real Density x Thickness kg/n?
TAUMF(I) Real Array Ramp-up time for species | s 1.
TAUQ Real Ramp-up time for HRR S 1.
TAUV Real Ramp-up time for velocity S 1.
TEXTUREHEIGHT Real Height of texture image m 1.
TEXTUREMAP Character Name of texture map file
TEXTUREWIDTH Real Width of texture image m 1.
TMPIGN Real Ignition temperature °C 5000.
TMPWAL Real Surface temperature °C 20.
TMPWALO Real Initial solid temperature °C 20.
VBC Real Velocity Slip Index 0.5
VEL Real Normal velocity m/s 0.
VELT Real Pair Tangential velocity components m/s 0.
VOLUMB-LUX Real Normal velocity x vent area m/s 0.
WALLPOINTS Integer Internal wall points 20
Z0 Real Atmaospheric profile origin m 10.
THCP(Thermocouples and Point Measurements) \
DEPTH Real Depth into surface for internal wall temp.m | O
DIAMETER Real Diameter of Thermocouple Bead m | 0.001
DTSAM Real Time increment s | TWFIN/NFRAMES
EMISSIVITY | Real Emissivity of Thermocouple Bead 0.85
IOR Integer Orientation Parameter
K_HIGH Integer UpperK value forLAYER HEIGHT KBAR
K LOW Integer LowerK value forLAYER HEIGHT 1
LABEL Character Identifier for output
QUANTITY Character Name of Quantity to save
XB Real Sextuplet Coordinates of non-point measurement m
XYZ Real Triplet Coordinates of point measurement m
TIME (Time Parameters)
DT Real Initial time step S
TWFIN Real Time When FINished S 1.
TRNX, TRNY, TRNZ(Transformation Parameters)
CcC Real Computational coordinate
IDERIV Integer Order of polynomial transformation
MESHNUMBER Integer Number of mesh to transform
PC Real Physical coordinate or derivative
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VENT(Vent Parameters)

CB Character Coordinate Plane

HEATACTIVATE Character Name of Controlling Heat Detectar
HEAT.CLOSE Character Name of Controlling Heat Detectar
HEATDEACTIVATE Character Name of Controlling Heat Detectar
HEAT.OPEN Character Name of Controlling Heat Detectar
OUTLINE Logical Draw vent as outline .FALSE.
PBX, PBY, PBZ Real Coordinate Plane

RGB Real Triplet Color indices

SUREID Character Associated Surface

T_ACTIVATE Real Same a§ _OPEN S
T_CLOSE Real Time to Close or De-activate Vent| s
T_DEACTIVATE Real Same a§ _CLOSE S
T_OPEN Real Time to Open or Activate Vent S
TEXTUREORIGIN Real Triplet Coordinates of Texture Map

COLOR Character Color

XB Real Sextuplet Physical coordinates m
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Appendix C

Output File Formats

The output from the code consists of the f@&lID.out, plus various data files that are described below.
Most of these output files are written out by the routilienp.f, and can easily be modified to accommodate
various plotting packages.

C.1 Diagnostic Output

The file CHID.out consists of a list of the input parameters, and an accounting of various important quanti-
ties, including CPU usage. Typically, diagnostic information is printed out every 100 time steps

Iteration ~ 8300 May 16, 2003 08:37:53

Mesh 1, Cycle 3427

CPU/step: 2.272 s, Total CPU: 2.15 hr
Time step: 0.03373 s, Total time: 128.86 s
Max CFL number: 0.86E+00 at ( 21, 9, 80)
Max divergence: 0.24E+01 at ( 25, 30, 22)

Min divergence: -.39E+01 at ( 26, 18, 31)

Number of Sprinkler Droplets: 615
Total Heat Release Rate: 7560.777 kW
Radiation Loss to Boundaries: 6776.244 kW
Mesh 2, Cycle 2914

CPUl/step: 1.887 s, Total CPU: 1.53 hr

Time step: 0.03045 s, Total time: 128.87 s
Max CFL number: 0.96E+00 at ( 21, 29, 42)
Max divergence: 0.20E+01 at ( 22, 20, 22)
Min divergence: -.60E+01 at ( 7, 26, 48)
Number of Sprinkler Droplets: 301
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The Iteration number indicates how many time steps the code has run, whereas the Cycle number for a
given mesh indicates how many time steps have been taken on that mesh. The date and time (wall clock
time) are on the line starting with the word Iteration. The quan@iBU/step is the amount of CPU

time required to complete a time step for that mesbtal CPU is the amount of CPU time elapsed

since the start of the ruf;ime step is the time step size for the given me§igtal time  is the time

of the simulation;Max/Min divergence is the max/min value of the functiod - u and is used as a
diagnostic when the flow is incompressiblee( no heating); andMax CFL number is the maximum

value of the CFL number. ThRadiation Loss to Boundaries is the amount of energy that is
being radiated to the boundaries. As compartments heat up, the energy lost to the boundaries can grow
to be an appreciable fraction of tH®tal Heat Release Rate . Often, a quantity called thEire

Resolution Index appears. This is an indicator of how well resolved the calculation is — it is the
fraction of the ideal stoichiometric value of the mixture fraction that is being used in the calculation. Finally,
Number of Tracer Particles indicates how many passive particles are being tracked at that time.

Following the completion of a successful run, a summary of the CPU usage per subroutine is listed.
This is useful in determining where most of the computational effort is being placed.

C.2 Plot3D Data

Presently, field data is output evebyf SAMseconds in a format used by the graphics paclRgtD. The

Plot3D data sets are single precision (32 bit reals), whole and unformatted. Note that there is blanking, that
is, blocked out data points are not plotted. If the staterdéRtTEXYZ=.TRUE. is included on thé’L3D

line, then the grid data is written out to a file callédiID.xyz

WRITE(LU13) IBAR+1,JBAR+1,KBAR+1
WRITE(LU13) (((X(1),1=0,IBAR),J=0,JBAR),K=0,KBAR),
(((Y(J),1=0,IBAR),J=0,JBAR),K=0,KBAR),
(((Z(K),1=0,IBAR),J=0,JBAR),K=0,KBAR),
((IBLK(1,d,K),1=0,IBAR),J=0,JBAR),K=0,KBAR)

whereX, Y andZ are the coordinates of the cell corners, #IdK is an indicator of whether or not the cell
is blocked. If the pointX,Y,Z ) is completely embedded within a solid region, thBaK is 0. Otherwise,
IBLK is 1. Normally, the grid file is not dumped.

The flow variables are written to a file call&HID _**** ** g, where the stars indicate a time at which
the data is output. The file is written with the lines

WRITE(LU14) IBAR+1,JBAR+1,KBAR+1
WRITE(LU14) ZERO,ZERO,ZERO,ZERO
WRITE(LU14) ((((QQ(1,J,K,N),I=0,IBAR),J=0,JBAR),K=0,KBAR),N=1,5)

The five channel®=1,5 are by default the temperatureQ), theu, v andw components of the velocity

(m/s), and the heat release rate per unit volume (k¥)//dilternate variables can be specified with the input

parameteQUANTITIES under thePL3D namelist group. Note that the data is interpolated at cell corners,

thus the dimensions of the Plot3D data sets are one larger than the dimensions of the computational grid.
Smokeview can display the Plot3D data. In addition, the Plot3D data sets can be read into some other

graphics programs that accept the data format. This particular format is very convenient, and recognized by

a number of graphics packages, including AVS, IRIS Explorer and Teﬁplot

lwith the exception of Smokeview, the graphics packages referred to in this document are not included with the source code,
but are commercially available.
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C.3 Thermocouple Data

Temperature (or other scalar quantity) data at discrete points specified in the input file under the namelist
group THCPIs output in comma delimited format in a file call&HID _tc.csv. The format of the file is as
follows

NTC

TIME , LABEL(1) , LABEL(2) , ..., LABEL(NTC)
TIME , QUANTITY(1) , QUANTITY(2) , ... , QUANTITY(NTC)
s, UNITS(1) , UNITS(2) , ..., UNITS(NTC)

T(1) , TC(1,1) . TC(2,1) , .., TC(NTC,1)

T(2) , TC(1,2) , TC(2,2) , ..., TC(NTC,2)

whereNTCis the number of thermocoupldsABEL(l) is the user-defined label of théh thermocouple,
QUANTITY() isthe physical quantity represent&NITS(l) the units,T(J) the time of theJth dump,
andTC(l,J) the value at theé th thermocouple at théth time. The files can be imported into Microsoft
Excel or almost any other spread sheet program.

C.4 Sprinkler Data

If sprinklers are prescribed in the calculation, then a file calétlD _spk.csvis generated. The file lists
the temperature of each sprinkler link. The format of the file is

NSPR
TIME , TEMP  , TEMP  , .., TEMP
s ,C , C .., C

T(1) , TLL,1) , TLR,1) , .. , TL(NSPR,1)
T(2) , TL(L,2) , TL2,2) , .. , TL(NSPR,2)

whereNSPRs the number of sprinkler3,(J) isthe time of thelth dump,TL(1,J) isthe link temperature
of thel th sprinkler at thelth time. The data is ordered the same way as the sprinklers are listed in the input
file.

C.5 Heat Release Rate

Quantities associated with the overall energy budget are reported in the comma delim@ét@ienrr.csv.

The file consists of six columns. The first column contains the time in seconds. The second through fifth
columns contain integrated energy gains and losses, all in units of kW. The second column contains the
total heat release rate, the third contains the radiative heat loss to all the boundaries (solid and open), the
fourth contains the convective and radiative heat loss to the boundiagiethé energy flowing out of the
domain), and the fifth contains the energy conducted into the solid surfaces. The sixth column contains the
total burning rate of fuel, in units of kg/s.
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The radiative loss to the boundaries can be interpreted as either a volume or boundary integral

Qr:/ D-qrdV:/qr-dS:/Cﬁ’dA (C.1)

It represents the energy radiating away from the fire and hot gases into the solid boundaries or out of the
computational domain. The convective loss is the boundary integral

Qconv: / CoP(T—Te)u-dS (C.2)

where the integral is positive if the flow is out of the domain. The conductive loss to the solid surface is
given by

Ocond = / &+ dA (C.3)

where the integral is positive if heat is being lost into a wall colder than the gas. See the Technical Reference
Guide for more details.

C.6 Gas Mass Data

The total mass of the various gas species at any instant in time is reported in the comma delimited file
CHID _mass.csv The file consists of several columns, the first column containing the time in seconds, the
second contains the total mass of all the gas species in the computational domain in units of kg, the next
lines contain the total mass of the individual species.

C.7 Mixture Fraction State Relations

The functional dependence of the mass fraction of the reactants and products of combustion on the mixture
fraction is reported in the comma delimited fd#11D _state.csv The file consists of nominally 10 columns,
the first column containing the mixture fraction, the rest the mass fractions of the various gases.

C.8 Slice Files

The slice files defined under the namelist gr&lCF are namedCHID _n.sf (n=01,02...), and are written
out unformatted, unless otherwise directed. These files are written outduomp.f with the following
lines:

WRITE(LUSF) QUANTITY

WRITE(LUSF) SHORT_NAME

WRITE(LUSF) UNITS

WRITE(LUSF) 11,12,J1,J2,K1,K2

WRITE(LUSF) TIME

WRITE(LUSF) (((QQ(I,J,K),1=11,12),J=J1,J2),K=K1,K2)

WRITE(LUSF) TIME
WRITE(LUSF) (((QQ(1,J,K),1=11,12),J=J1,J2),K=K1,K2)
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QUANTITY, SHORTNAMENndUNITS are character strings of length 30. The sextupletZ,J1,J2,K1,K2 )
denotes the bounding grid cell nodes. The sextuplet indices correspond to grid cell nodes, or corners, thus
the entire grid would be represented by the sextufi¢BAR,0,JBAR,0,KBAR ).

There is a short Fortran 90 program provided, caléis®ascii.f that can convert slice files into text files
that can be read into a variety of graphics packages. The program combines multiple slice files correspond-
ing to the same “slice” of the computational domain, time-averages the data, and writes the values into one
file, consisting of a line of numbers for each node. Each line contains the physical coordinates of the node,
and the time-averaged quantities corresponding to that node. In particular, the graphics package Tecplot
reads this file and produces contour, streamline and/or vector plots. See Sectipn 4.7.6 for more details about
the progranfds2ascii

C.9 Boundary Files

The boundary files defined under the namelist gr8ifyDFare namedCHID _n.bf (n=01,02...), and are
written out unformatted. These files are written out frdamp.f with the following lines:

WRITE(LUBF) QUANTITY
WRITE(LUBF) SHORT_NAME
WRITE(LUBF) UNITS
WRITE(LUBF) NPATCH
WRITE(LUBF) 11,12,J1,J2,K1,K2,IOR
WRITE(LUBF) 11,12,J1,J2,K1,K2,I0R

WRITE(LUBF) TIME
WRITE(LUBF) (((QQ(1,J,K),I=11,12),d=J1,J2),K=K1,K2)
WRITE(LUBF) (((QQ(1,J,K),I=11,12),d=J1,J2),K=K1,K2)

WRITE(LUBF) TIME
WRITE(LUBF) (((QQ(1,J,K),1=11,12),J=J1,J2),K=K1,K2)
WRITE(LUBF) (((QQ(1,J,K),I=11,12),J=J1,J2),K=K1,K2)

QUANTITY, SHORTNAMEandUNITS are character strings of length 3O0PATCHSs the number of planes

(or “patches”) that make up the solid boundaries plus the external walls. The sexitup®ed(,J2,K1,K2 )

defines the cell nodes of each patt@®R is an integer indicating the orientation of the pateti(+2, £3).

The user does not prescribe these. Note that the data is planar, thus one pair of cell nodes is the same.
Presently, Smokeview is the only program available to view the boundary files.

C.10 Particle Data

The tracer particles and sprinkler droplets are animated using a file c@iD.part. It contains the
particle positions. There is a one line header followed by particle locations output@V&A&Mseconds.
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The structure of the data file is given in the filemp.f by a subroutine calleBDMP3D

WRITE(LU10) ARX,ARY,DTSAM,IPART,NPPS
WRITE(LU10) IBAR,JBAR,KBAR

WRITE(LU10) (X(1),I=0,IBAR),(Y(J),J=0,JBAR),(Z(K),K=0,KBAR)
WRITE(LU10) NB

DO N=1,NB

WRITE(LU10) IBL(N),IB2(N),JB1(N),JB2(N),KB1(N),KB2(N),1
END DO

WRITE(LU10) NV

DO N=1,NV

WRITE(LU10) IVL(N),IV2(N),JV1(N),JV2(N),KV1(N),KV2(N),2
END DO

WRITE(LU10) NSPR

DO N=1,NSPR

WRITE(LU10) XSPO(N),YSPO(N),ZSPO(N)

END DO

whereARX=ZBAR/XBARand ARY=ZBAR/YBARare the aspect ratios of the overall domdPART is

the index of the scalar quantity associated with the partible® Sis the maximum number of particles per
frame,IB1, IB2, etc.aretheindices of blocked grid cell§/1, 1V2, etc.indicate vent cell nodes, and
XSPO, YSPO, ZSPO are the coordinates of the sprinklers. The arrd¢3, Y(J), Z(K) contain

the coordinates of the grid. EveBTSAMseconds the coordinates of the tracer particles and sprinkler
droplets are output

WRITE(LU10) TIME,NP,NN,(ISPR(N),N=1,NSPR)
WRITE(LU10) (XP(l),I=1,NP),
(YP(l),I=1,NP),
(ZP(1),I=1,NP),
. (BP(),I=1,NP)
IF (NASPR.GT.0) THEN
WRITE(LU10) NSP
WRITE(LU10) (XSP(l),I=1,NSP),(YSP(l),I=1,NSP),(ZSP(I),I=1,NSP)
ENDIF

whereNP is the number of tracer particleslNis a dummy integer kept for compatibility reasoilSPR
denotes whether the sprinkler has activatid8PRis the number of sprinklerXP, YP, ZP are the coor-
dinates of the elemerBPis a the quantity referenced BYART, NASPRs the number of active sprinklers,
NSPis the number of sprinkler droplets, ak&P, YSP, ZSP are the droplet coordinates.
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