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Preface

This Guide describes how to use the Fire Dynamics Simulator (FDS). Because new features are added
periodically, check the current version number on the inside front jacket of this manual.

Note that this Guide does not provide the background theory for FDS. A four volume set of companion
documents, referred to collectively as the FDS Technical Reference Guide [1], contains details about the
governing equations and numerical methods, model verification, experimental validation, and configuration
management. The FDS User’s Guide contains limited information on how to operate Smokeview, the com-
panion visualization program for FDS. Its full capability is described in the Smokeview User’s Guide [2].
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Disclaimer

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

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

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

Introduction

The software described in this document, Fire Dynamics Simulator (FDS), is a computational fluid dynamics
(CFD) model of fire-driven fluid flow. FDS solves numerically a form of the Navier-Stokes equations
appropriate for low-speed (Ma < 0.3), 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 the FDS Technical
Reference Guide [3]. Verification and Validation of the model are discussed in the FDS Verification [4] and
Validation [5] Guides.

Smokeview is a separate visualization program that is used to display the results of an FDS simulation.
A detailed description of Smokeview is found in a separate user’s guide [2].

1.1 Features of FDS

The first version of FDS was publicly released in February 2000. 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 reconstructions. 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 algo-
rithm is an explicit predictor-corrector scheme, second order accurate in space and time. Turbulence is
treated by means of Large Eddy Simulation (LES). It is possible to perform a Direct Numerical Simu-
lation (DNS) if the underlying numerical mesh is fine enough. LES is the default mode of operation.

Combustion Model For most applications, FDS uses a single step, mixing-controlled chemical reaction
which uses three lumped species (a species representing a group of species). These lumped species are
air, fuel, and products. By default the last two lumped species are explicitly computed. Options are
available to include multiple reactions and reactions that are not necessarily mixing-controlled.

Radiation Transport Radiative heat transfer is included in the model via the solution of the radiation trans-
port equation for a 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, the finite volume solver
requires about 20 % of the total CPU time of a calculation, a modest cost given the complexity of radi-
ation heat transfer. The absorption coefficients of the gas-soot mixtures are computed using the RadCal
narrow-band model [6]. Liquid droplets can absorb and scatter thermal radiation. This is important in



cases involving mist sprinklers, but also plays a role in all sprinkler cases. The absorption and scattering
coefficients are based on Mie theory.

Geometry FDS approximates the governing equations on a rectilinear mesh. Rectangular obstructions are
forced to conform with the underlying mesh.

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.

Parallel Processing FDS employs OpenMP [7], a programming interface that exploits multiple process-
ing units on a single computer. For clusters of computers, FDS employs Message Passing Interface
(MPI) [8]. Details can be found in Section 3.1.2.

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

1.2 What’s New in FDS 6?

Many of the changes in FDS 6 are improvements to the various sub-models that do not affect the basic
structure or parameters of the input file. Most of the changes listed below do not require additional input
parameters beyond those used in FDS 5.

Hydrodynamics and Turbulence

* Conservative, total variation diminishing (TVD) scalar transport is implemented: Superbee (LES de-
fault) and CHARM (DNS default). These schemes prevent over-shoots and under-shoots in species
concentrations and temperature.

* Improved models for the turbulent viscosity are implemented: Deardorff (default), Dynamic Smagorin-
sky, and Vreman. These models provide more dynamic range to the flow field for coarse resolution and
converge to the correct solution at fine resolution.

* The conservative form of the sensible enthalpy equation is satisfied by construction in the FDS 6 for-
mulation, eliminating temperature anomalies and energy conservation errors due to numerical mixing.

* The baroclinic torque is included by default.

* Improvements are made to the wall functions for momentum and heat flux. An optional wall heat flux
model accounts for variable Prandtl number fluids.

e Jarrin’s Synthetic Eddy Method (SEM) is implemented for turbulent boundary conditions at vents.

Species and Combustion

* Custom species mixtures (“lumped species”) can be defined with the input group SPEC.



» Turbulent combustion is handled with a new partially-stirred batch reactor model. At the subgrid level,
species exist in one of two states: unmixed or mixed. The degree of mixing evolves over the FDS time
step by the interaction by exchange with the mean (IEM) mixing model. Chemical kinetics may be
considered infinitely fast or obey an Arrhenius rate law.

* It is now possible to transport, produce, and consume product species such as CO and soot. Chemical
mechanisms must be provided by the user and may include reversible reactions.

* It is now possible to deposit aerosol species onto surfaces.

* There are an increased number of predefined species that now include liquid properties.

Lagrangian Particles

* The functionality of Lagrangian particles has expanded to include the same heat transfer and pyrolysis
models that apply to solid walls. In other words, you can now assign a set of surface properties to planar,
cylindrical, or spherical particles much like you would for a solid surface.

* More alternatives and user-defined option are available for the liquid droplet size distribution.
* You can specify the radiative properties of the liquid droplets.

* Drag effects of thin porous media (i.e., window screens) can be simulated using planes of particles.

Solid Phase Heat Transfer and Pyrolysis

* The basic 1-D heat transfer and pyrolysis model for solid surfaces remains the same, but there has been
a change in several of the input parameters to expand functionality and readability of the input file.

* The pyrolysis model allows for the surface to shrink or swell, based on the specified material densities.

HVAC

* Filters, louvered vents, and heating/cooling capability has been added for HVAC systems.

e HVAC is now functional with MPI.

Radiation
* RadCal database has been extended to include additional fuel species.

o In cells with heat release, the emission term is based on a corrected ¢ T* such that when this term is
integrated over the flame volume the specified radiative fraction (default 0.35) is recovered. This differs
from FDS 5 and earlier where the radiative fraction times the heat release rate was applied locally as the
emission term.

Multi-Mesh Computations

* By default, FDS now iterates pressure and velocity at mesh and solid boundaries. You can control the
error tolerance and maximum number of iterations via parameters on the PRES line.



Control Functions
* CTRL functions have been extended to include math operations.
* The evaluation of RAMPs and DEVCs can be stopped, freezing their value, based upon the activation of a
device or control function.
Devices and Output

* Multiple pipe networks can be specified for sprinklers for reduction of flow rate based on the number of
operating heads.

* The numerical value of a control function can be output with a DEVC.
* A line of devices can be specified using a number of POINTS on one DEVC line.

* Statistical outputs for RMS, covariance, and correlation coefficient are available.

1.3 Changes to Input Parameters in FDS 6

This section describes the changes in the input parameters between FDS version 5 and version 6. Table 1.1
lists in alphabetical order parameters from FDS 5 that have changed. Note that this table does not list new
parameters in FDS 6.

There has been a limited amount of backward compatibility programmed into FDS 6. In other words,
several commonly used parameters and conventions from previous versions still work, but you are encour-
aged to gradually modify your input files to conform to the new conventions. Gradually, obsolescent features
will be removed. Some of the more notable changes in FDS 6 are:

* If you want to model a fire, you must include a REAC line with a specified FUEL. See Chapter 15 for
details.

* The output quantity ' MIXTURE_FRACTION’ has been replaced with 'MIXTURE FRACTION’ and is
only usable if there is a single REAC input of the form A + B — Cand INITIAL_UNMIXED_FRACTION=0.

* There is no longer a STATE_FILE because there is no longer a simple mixture fraction model.

* PRESSURE_CORRECTION has been eliminated. See Section 9 for ways to improve the performance of
the pressure solver.

» Species mass and volume fraction outputs are no longer invoked using QUANTITY=' species name’.
Use QUANTITY='MASS FRACTION’ or QUANTITY='VOLUME FRACTION’ along with SPEC_ID in-
stead. Also note that all predefined species (Table 14.1) are now referenced with all uppercase letters.

* The output quantity * SOOT VOLUME FRACTION’ isnow ' AEROSOL VOLUME FRACTION' along with
SPEC_ID to identify the name of the species.
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Table 1.2: Changes to input parameters, FDS version 5 to 6 (continued).

Namelist | FDS 5 Parameter Namelist | FDS 6 Parameter 4 Notes
PART SPECIFIC_HEAT SPEC SPECIFIC_HEAT LIQUID Section 17.3.1
PART VAPORIZATION_TEMPERATURE SPEC VAPORIZATION_TEMPERATURE Section 17.3.1
PART WATER PART SPEC_ID='WATER VAPOR’ Section 17.1
PROP CABLE_DIAMETER New procedure Section 17.4.8
PROP CABLE_FAILURE_TEMPERATURE New procedure Section 17.4.8
PROP CABLE_JACKET_THICKNESS New procedure Section 17.4.8
PROP CABLE_MASS_PER_LENGTH New procedure Section 17.4.8
PROP CONDUIT_DIAMETER New procedure Section 17.4.8
PROP CONDUIT_THICKNESS New procedure Section 17.4.8
PROP DROPLETS_PER_SECOND PROP PARTICLES_PER_SECOND Section 17.5.2
PROP DROPLET_VELOCITY PROP PARTICLE_VELOCITY Section 19.3.1
PROP DT_INSERT New procedure Section 17.5
RADI CH4_BANDS Eliminated
RADI RADIATIVE_FRACTION REAC RADIATIVE_FRACTION Section 16.1
REAC BOF REAC A Section 15.3
REAC ID REAC FUEL Section 15.1.1
REAC MASS_EXTINCTION_COEFFICIENT SPEC MASS_EXTINCTION_COEFFICIENT | Section 20.10.4
REAC MAXIMUM_VISIBILITY MISC MAXIMUM_VISIBILITY Section 20.10.4
REAC OXIDIZER New procedure Section 15.2
REAC VISIBILITY_FACTOR MISC VISIBILITY_FACTOR Section 20.10.4
SPEC ABSORBING SPEC RADCAL_ID Section 14.1.3
SURF H_FIXED SURF HEAT_TRANSFER_COEFFICIENT Section 11.2.2
SURF POROUS New procedure Section 12.2.4
SURF VOLUME_FLUX SURF VOLUME_FLOW Section 12.1.6
TIME TWFIN TIME T_END Section 6.2
VENT MASS_FRACTION Eliminated




1.4 A Note on Longer Run Times in FDS 6

A number of changes made in FDS 6 are aimed at improving the robustness and accuracy of the simulations.
However, these improvements come at increased cost in both CPU time and memory usage. Some of this
increased cost is offset by increasingly faster computers and improved parallel processing. In particular,
starting with FDS 6.1.0, the default released version of FDS will employ OpenMP [7] by default. OpenMP
is a programming interface that enables FDS to exploit multiple processing units on a given computer.
Most Windows-based personal computers now come with multi-core processors, but past versions of FDS
could only exploit a single core for a given calculation. With this new release and the increasingly faster
processors available on the market, FDS 6 ought to maintain and eventually surpass the computing speed of
past versions.

Listed below are suggested ways to decrease CPU time, but these options should be considered very
carefully. The default parameter settings are designed to address a wide range of fire scenarios, but there
are scenarios for which approximations used in past versions of FDS may still be appropriate. The best way
to determine if one or more of these time-saving assumptions is appropriate, run identical simulations with
and without the assumption to determine if the difference in results is acceptable.

1. The improved turbulence model in FDS 6 has been found to produce comparable results to older versions
of FDS using slightly less refined numerical grids. Section 6.3.6 introduces a dimensionless parameter,
D*/8x, that indicates the number of grid cells of dimension dx that span the characteristic width of the
fire, D*. A grid resolution study should be performed to determine the loss of accuracy caused by a
reduced value of D*/dx.

2. One reason for the increased CPU cost of FDS 6 is the more precise treatment of gas species prop-
erties. Previous versions of FDS assumed that the specific heat of a gas species is solely dependent
on its molecular weight, and that the ratio of specific heats, c¢,/c,, is equal to 1.4, a value appro-
priate for a diatomic gas like nitrogen, Np. Section 14.1.3 provides more details. FDS 6 now as-
sumes that gas species are temperature-dependent, and this assumption increases the cost of the cal-
culation in a number of different routines, in particular the calculation of the divergence. If you set
CONSTANT_SPECIFIC_HEAT_RATIO=.TRUE. onthe MISC line together with STRATIFICATION=.FALSE.
on the WIND line and EXTINCTION_MODEL = 'EXTINCTION 1’ or SUPPRESSION=.FALSE. on the
COMB line, you can once again assume that the gas species are all diatomic. For scenarios where the
overall compartment temperature does not approach flashover conditions, this assumption might be ap-
propriate.

3. In situations where you are simulating a relatively small fire in a relatively large space and you are
not interested in heat fluxes to surrounding structures, it might be reasonable to turn off the radiation
transport calculation by setting RADIATION equal to .FALSE. on the RADT line. FDS will still assume
that a fixed fraction of the fire’s energy is radiated away, only now the energy is simply removed from
the calculation.

4. In situations where the heat transfer conditions are stationary or change only gradually, you can reduce
the cost of the radiation solution by reducing the temporal resolution. More details in Section 16.2. A
sensitivity study should be performed to determine the loss of accuracy.






Chapter 2

Getting Started

FDS is a computer program that solves equations that describe the evolution of fire. It is a Fortran program
that reads input parameters from a text file, computes a numerical solution to the governing equations, and
writes user-specified output data to files. Smokeview is a companion program that reads FDS output files
and produces animations on the computer screen. Smokeview has a simple menu-driven interface. FDS
does not. However, there are various third-party programs that have been developed to generate the text file
containing the input parameters needed by FDS.

This guide describes how to obtain FDS and Smokeview and how to use FDS. A separate document [2]
describes how to use Smokeview.

2.1 How to Acquire FDS and Smokeview

Detailed instructions on how to download executables, manuals, source-code and related utilities, can be
found at the project home page:

https://pages.nist.gov/fds—-smv/

The typical FDS/Smokeview distribution consists of an installation package or compressed archive, which
is available for MS Windows, Mac OS X, and Linux.

If you ever want to keep an older version of FDS and Smokeview, copy the installation directory to some
other place so that it is not overwritten during the updated installation.

2.2 Computer Hardware Requirements

The only hard requirement to run the compiled versions of FDS and Smokeview is a 64 bit Windows, Linux,
or Mac OS X operating system. The single computer or compute cluster ought to have fast processors
(CPUs), and at least 2 to 4 GB RAM per core. The CPU speed will determine how long the computation
will take to finish, while the amount of RAM will determine how many mesh cells can be held in memory.
A large hard drive is required to store the output of the calculations. It is not unusual for the output of a
single calculation to consume more than 10 GB of storage space.

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 2 GB.
This is so the computer can display results without “swapping” to disk. For Smokeview it is also important
to obtain a fast graphics card for the PC used to display the results of the FDS computations.
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Running FDS using MPI requires shared disk access to each computer where cases will be run. On
Windows systems this involves a domain network with the ability to share folders. On a Linux or Mac OS X
system this involves NFS cross mounted files systems with ssh keys setup for passwordless login. For Multi-
Mesh calculations, the FDS can operate over standard 100 Mb/s networks. A gigabit (1000 Mb/s) network
will further reduce network communication times improving data transfer rates between instances of FDS
running the parallel cases.

2.3 Computer Operating System (OS) and Software Requirements

The goal of making FDS and Smokeview publicly available has been to enable practicing engineers to
perform fairly sophisticated simulations at a reasonable cost. Thus, FDS and Smokeview have been designed
for computers running Microsoft Windows, Mac OS X, and Linux.

MS Windows An installation package is available for the 64 bit Windows operating system. It is not
recommended to run FDS/Smokeview under any version of MS Windows released prior to Windows 7.

Mac OS X Pre-compiled executables are installed into a user selected directory using an installation script.
Mac OS X 10.4.x or better is recommended. You can always download the latest version of FDS source
and compile FDS for other versions of OS X (See Appendix 23 for details).

Linux Pre-compiled executables are installed into a user selected directory using an installation script. If
the pre-compiled FDS executable does not work (usually because of library incompatibilities), the FDS
Fortran source code can be downloaded and compiled (See Appendix 23 for details). If Smokeview
does not work on the Linux workstation, you can use the Windows version to view FDS output.

2.4 Installation Testing
If you are running FDS under a quality assurance plan that requires installation testing, a test procedure is

provided in Appendix B of the FDS Verification Guide [4]. This guide can be obtained from the FDS-SMV
website.
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Chapter 3

Running FDS

Each FDS simulation is controlled by a single text-based input file, typically given a name that helps identify
the particular case, and ending with the file extension . fds. This input file can be written directly with a
text editor or with the help of a third-party graphical user interface (GUI). The simulation is started directly
via the command prompt or through the GUI. The creation of an input file is covered in detail in Part II. This
chapter describes how the simulation is run once the input file is written.

If you are new to FDS and Smokeview, it is strongly suggested that you start with an existing input file,
run it as is, and then make the appropriate changes to the file for your desired scenario. By running a sample
case, you become familiar with the procedure, learn how to use Smokeview, and ensure that your computer
is up to the task before embarking on learning how to create new input files.

Sample input files are included as part of the standard installation. A good case for a first time user is lo-
cated in the subfolder called Fires within the folder called Examples. Find the file called
simple_test.fds and copy it to a folder on your computer that is not within the installation folder.
The reason for doing this is to avoid cluttering up the installation folder with a lot of output files. Follow
the instructions in Section 3.1.2 to run this simple single mesh case. The simulation should only take a few
minutes. Once the simulation is completed, use Smokeview to examine the output. In this way, you will
quickly learn the basics of running and analyzing simulations.

3.1 Computer Basics

3.1.1 A Brief Primer on Computer Hardware

FDS simulations can exploit multiple processing units on a single computer or multiple computers on a
network. Before running an FDS simulation, you should familiarize yourself with your computer hardware.

If you are using a computer running Microsoft Windows, open up the Task Manager, Performance tab,
and look for the number of sockets, cores, and logical processors'. The socket refers to the physical connec-
tor on the motherboard that has a power supply and a connection to random access memory (RAM). This is
usually referred to as the central processing unit or CPU. Some motherboards have multiple sockets that can
in turn support multiple CPUs, but for typical Windows desktops or laptops, there is one socket/CPU. Each
CPU, however, typically has multiple cores, and each core is essentially an independent processing unit that
shares access to power and memory. Sometimes cores are referred to as physical cores to distinguish them
from logical cores or logical processors. A logical processor is one of multiple threads that can be supported

IThe terms sockets, cores, and logical processors are used by the Windows 10 Task Manager on a computer using an Intel
processor. These terms might vary with different versions of Windows and different processors.
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by a core. For the purpose of running FDS on a Windows computer, the number of logical processors is
your most important consideration.

If you are running FDS under any variety of Linux or Mac OS X, you can determine the number of
logical processors using the command “Iscpu” for Linux or “sysctl hw” for OS X. These operating systems
might use slightly different terms, but the processors are similar if not the same as those on a Windows
computer.

3.1.2 Two Ways to Use Multiple Processors

FDS can be run on a single computer, using one or more cores, or it can be run on multiple computers.
Starting with FDS version 6.2.0, for each supported operating system (Windows, Linux, Mac OS X) there
is a single2 executable file called £ds (with an . exe file extension on Windows).

There are two ways that FDS can be run in parallel; that is, exploit multiple cores on a single computer
or multiple processors/cores distributed over multiple computers on a network or compute cluster. The first
way is OpenMP (Open Multi-Processing) [7] which allows a single computer to run a single or multiple
mesh FDS simulation on multiple cores. The use of OpenMP does not require the computational domain to
be broken up into multiple meshes, and it will still work with cases that have multiple meshes defined. The
second way to run FDS in parallel is by way of MPI (Message Passing Interface). Here, the computational
domain must be divided into multiple meshes and typically each mesh is assigned its own process. These
processes can be limited to a single computer, or they can be distributed over a network.

What is OpenMP?

If your simulation involves only one mesh, you can only run it on one computer, but you can exploit its
multiple processors or cores using OpenMP. When you install FDS, it will query your computer to determine
the number of available cores. By default, FDS will use approximately half of the available cores® on a
single computer. This is done for two reasons: (1) so as not to take over your entire machine when you run a
simulation, and (2) because using all cores for a single simulation may not minimize the run time. OpenMP
works best when exploiting multiple (logical) cores associated with a single (physical) processor or “socket”.
For example, if your computer has two processors, each with 4 cores, it may not be worthwhile to use all 8
cores in an OpenMP simulation. You need to experiment with your own machine to determine the strategy
that is best for you. To change the number of cores that are available for a given FDS simulation, you can
set an environment variable called oMP_NUM_THREADS. The way to do this depends on the operating system
and will be explained below.

When the job is started, FDS will print the number of cores that will be used for that job. Note that
this setting only applies until you log out or restart your machine. To set the default value of available cores
upon startup, the OMP_NUM_THREADS environment variable can also be set in the startup configuration
scripts on the machine. Refer to the documentation for your operating system for more information on how
to configure environment variables upon startup.

What is MPI?

MPI (Message-Passing Interface) [8] enables multiple computers, or multiple cores on one computer, to run
a multi-mesh FDS job. The main idea is that you must break up the FDS domain into multiple meshes, and
then the flow field in each mesh is computed as an MPI process. The process can be thought of as a “task”

Zprevious releases of FDS contained two executables, one that ran on a single processor and one that ran on multiple processors.
Starting with FDS 6.2.0, these two executables have been combined into one, and it can run either in serial or parallel mode.
3To determine the number of cores used by OpenMP, just type £ds at the command prompt.

14



that you would see in the Windows Task Manager or by executing the “top” command on a Linux/Unix
machine. MPI handles the transfer of information between the meshes, i.e. MPI processes. Usually, each
mesh is assigned its own process in an MPI calculation, although it is also possible to assign multiple meshes
to a single MPI process. In this way, large meshes can be computed on dedicated cores, while smaller meshes
can be clustered together in a single process running on a single core, without the need for MPI message
passing.

Also note that FDS refers to its meshes by the numbers 1, 2, 3, and so on, whereas MPI refers to its
processes by the numbers 0, 1, 2, and so on. Thus, Mesh 1 is assigned to Process 0; Mesh 2 to Process 1,
and so on. You do not explicitly number the meshes or the processes yourself, but error statements from
FDS or from MPI might refer to the meshes or processes by number. As an example, if a FDS case with five
meshes, the first printout (usually to the screen unless otherwise directed) is:

Mesh 1 is assigned to MPI Process 0
Mesh 2 1is assigned to MPI Process 1
Mesh 3 is assigned to MPI Process 2
Mesh 4 is assigned to MPI Process 3
Mesh 5 is assigned to MPI Process 4

This means that 5 MPI processes (numbered 0 to 4) have started and that each mesh is being handled by its
own process. The processes may be on the same or different computers. Each computer has its own memory
(RAM), but each individual MPI process has its own independent memory, even if the processes are on the
same computer.

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 process 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. For Mac OS X, we use Open MPI, an open source implementation that is developed
and maintained by a consortium of academic, research, and industry partners (www.open-mpi.org). For
Windows and Linux, we use Intel MPI 4.

MPI and OpenMP can be used together. For example, 4 MPI processes can be assigned to 4 different
computers, and each MPI process can be supported by, say, 8 OpenMP threads, assuming each computer
has 8 cores. Most of the speed up is achieved by the MPI. For a reasonably fast network, you can expect 4
MPI processes to speed up the computation time by a factor of about 0.9 times 4. The OpenMP can provide
an extra factor up to about 2, regardless of the number of cores used beyond about 4.

3.2 Launching an FDS Job

To start an FDS simulation, you can either use a third-party graphical user interface (GUI) or you can invoke
the computer’s command prompt and type a one-line command, as described in the following sections.

MS Windows

The files needed to run an FDS simulation on a single Windows computer or across a Windows domain
network are bundled in with the FDS download. There is no need to install MPI or any redistributable
libraries. The following procedure is intended for a Windows domain network; that is, a network where user

“4Prior to FDS version 6.1.2, the Windows version of FDS used MPICH, a free implementation of MPI developed by Argonne
National Laboratory. The MPICH developers have announced that they are no longer supporting the Windows version.
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accounts are centrally managed such that any user can log in to any machine using the same credentials. If
you are not on a domain network, you can still run FDS locally, and instructions are given below.

Open up the special FDS command prompt, CMDfds, which should appear on your desktop when you
install FDS. By opening this special command prompt, a script is run automatically ensuring that the FDS
commands and libraries are all consistent. Change directories (“cd”) to where the input file for the case is
located. Decide how many logical processes you want to devote to the simulation. Next, decide if you want
to run the job solely on your own computer or on multiple computers on the network.

If you decide you want to run the case solely on your own computer, and suppose you have 8 logical
processors (cores) available, and you have an FDS job that uses 4 meshes, type the following at the command
prompt:

fds_local -p 4 -o 2 job_name.fds

This job will exploit all 4 x 2 = 8 logical processors, which you can confirm by opening the Task Manager.
The —p parameter indicates the number of MPI processes, and the —o indicates the number of OpenMP
threads.

The progress of the simulation is indicated by diagnostic output that is written onto the screen. Detailed
diagnostic information is automatically written to a file job_name . out. Screen output can be redirected to
a file via the alternative command:

fds_local ... job_name.fds > job_name.err

Note that it is also possible to associate the . fds extension with the FDS executable directly, thereby making
FDS run by double-clicking on the input file. However, we do not recommend this because of complications
associated with the mpiexec program.

Also, you can automatically set the number of OpenMP threads via the command:

set OMP_NUM_THREADS=N

where N is the number of OpenMP threads to assign to each MPI process for all jobs launched during that
particular session. You can change OMP_NUM_THREADS permanently by changing the system environment
variable of the same name.

If you wish to run FDS on more than one computer, do the following:

1. Type the following command:
mpiexec -hosts 2 <my_computer> 1 <other_computer> 1 test_mpi

If this command returns a “Hello World” message from your computer and the other computer on your
network, proceed to the next step. If this command fails, check that you can “see” the other machine by
pinging it, and check that the other computer can “see” your computer as well. Also, make sure that the
same version of FDS is installed on the other computer.

2. Share (with both read and write privilege) a working directory on your machine. Do not put this direc-
tory within the “Program Files” folder because it is write-protected. Share the working directory with
everybody so that all other computers can see it. Note how this directory is defined on the other com-
puters. Sometimes it is \ \<my_computer>\<my_shared_directory>\ and sometimes it is defined
via the numerical IP address, like \\129.6.129.87\<my_shared_directory>\. The definition
depends on the way your domain name server (DNS) works. In any case, do not leave blank spaces
within any directory or file names. We have found that blanks create all sorts of trouble. Unless you are
a DOS/Windows expert, avoid them.
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3. Within the command prompt, cd to the working directory. Find or create within the working directory
a relatively small, simple, two mesh FDS input file. At the command prompt, type:

mpiexec -hosts 2 fred 1 ethel 1 -wdir \\...\... fds job_name.fds

where fred and ethel are the names of two computers on your network. Remember to add the
argument —env OMP_NUM_THREADS N to set the number of OpenMP threads per MPI process on all
computers. The default is not 1, but rather depends on the number of logical processors your computer
has. If you accidently set too many OpenMP threads, you can overload your logical processors and
reduce the job efficiency.

4. If successful, you should see the usual FDS printout indicating the processes being assigned to the
computers. If unsuccessful, try running the case on your own computer:

mpiexec —-hosts 1 fred 2 —-wdir \\...\... fds job_name.fds

If this is not successful, check with your network administrator or monitor the FDS help forums for
advice.

5. If you plan to use more than just a few computers to run the job, create a text file, say, hostfile.txt,
and list, line by line, the name of each computer, followed by the number of MPI processes per computer.

mpiexec —-hostfile hostfile.txt -env ... -wdir ... fds job_name. fds

Linux and Mac OS X

A compute cluster that consists of a rack of dedicated compute nodes usually runs one of several variants of
the Linux operating system. In such an environment, it is suggested, or required, that you use a job scheduler
like PBS/Torque or Slurm to submit jobs by writing a short script that includes the command that launches
the job, the amount of resources you require, and so on. The syntax used by PBS/Torque and Slurm is
slightly different. Here is an example of a script for Intel MPI using the PBS/Torque job scheduler:

#!/bin/bash

#PBS —-N Jjob_name

#PBS —e <pwd>/Jjob_name.err

#PBS -o <pwd>/job_name.log

#PBS -1 nodes=4:ppn=2

#PBS -1 walltime=24:0:0

export OMP_NUM_THREADS=2

export I_MPI_PIN_DOMAIN=omp

cd <pwd>

mpiexec -n 8 <full_path>/fds job_name.fds

The first line invokes the bash shell. The second line provides a name for the job. The third and fourth
lines provide file names for standard error and standard out. The fifth line requests 2 processors per node
on 4 nodes. The sixth line requests 24 h of time. The seventh line sets the number of OpenMP threads.
The eighth line is a specific Intel MPI parameter that indicates how the OpenMP threads are to be “pinned”.
The ninth line establishes the working directory. The tenth line launches FDS. You will probably have to
supplement this script with additional options unique to your compute environment. Consult the man pages
for mpiexec and the chosen job scheduler for details.

If you opt to run the job without using a job scheduler, you can issue the commands directly at the
command prompt:

export OMP_NUM_THREADS=M
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mpiexec -n N -hostfile my_hosts.txt /home/username/.../fds Jjob_name.fds >&
job_name.err &

The file my_hosts.txt looks something like this:

compl slots=2
comp2 slots=1
comp3 slots=2

where compX are the names of available nodes and s1ots indicate the number of available cores on each
node. The parameter s1ots is optional. On a cluster shared by others, you should not run long jobs without
a job scheduler because it is possible for multiple jobs to share the same nodes/cores when a scheduler is
not used. If you are using a single Linux or Mac OS X workstation, there is no need to define a host file.
You just need to invoke the previously described mpiexec line with a number of processors suitable to your
case and computer.

3.3 Strategies for Running FDS

3.3.1 Using MPI and OpenMP Together

Because it more efficiently divides the computational work, MPI is the better choice for multiple mesh
simulations. However, it is possible to combine MPI and OpenMP in the same simulation. If you have
multiple computers at your disposal, and each computer has multiple cores, you can assign one MPI process
to each computer, and use multiple cores on each computer to speed up the processing of a given mesh
using OpenMP. Typically, the use of OpenMP speeds the calculation by at most factor of 2, regardless of
how many OpenMP threads you assign to each MPI process. It is usually better to divide the computational
domain into more meshes and set the number of OpenMP threads to 1. This all depends on your particular
OS, hardware, network traffic, and so on. You should choose a good test case and try different meshing and
parallel processing strategies to see what is best for you.

3.3.2 Running Very Large Jobs

Most FDS simulations reported in the literature use one to several dozen meshes, and MPI is the method of
choice to parallelize these jobs. Usually the meshes are mapped to MPI processes in a one-to-one manner
and the meshes contain a comparable number of grid cells. However, it is possible to run FDS jobs that
involve thousands of meshes. In 2016, the FDS developers at NIST were given access to the Oak Ridge
Leadership Computing Facility at Oak Ridge National Laboratory in Tennessee. The facility provides users
access to compute clusters with very large numbers of processors connected via a high speed network. FDS
simulations were performed using up to approximately 10,000 MPI processes. If you have access to facilities
such as this one, here are a few pointers:

1. Use MPI only. OpenMP will probably not speed up the run time appreciably, and it will consume cores
that could be put to better use running more MPI processes.

2. For jobs using thousands of meshes/processes, add the parameter SHARED_FILE_SYSTEM=.FALSE.
to the M1Sc line. This directs FDS to break up the Smokeview (. smv) file according to MPI process.
This will greatly speed up the preliminary part of the simulation because the Smokeview file is writ-
ten serially, not in parallel. For a modest number of meshes, this serial write is not a problem, but for
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thousands of meshes, the initialization routines can take hours. When the job completes, you can recon-
struct the Smokeview file by appending the numbered files, CHID_n. smv, to the main Smokeview file,
CHID. smv.

3. Set DT_CPU to some convenient time interval on the DUMP line. This parameter directs FDS to periodi-
cally write out a file (CHID_cpu. csv) that records the wall clock time that each MPI process consumes
in the major subroutines. This can help you determine if any of the MPI processes spend an inordinate
amount of time idling.

4. Run your job for a short amount of time to estimate the time required for the full job. Most large compute
clusters will limit you to a certain amount of wall clock time, after which your job is simply stopped. If
you have to use the restart feature in FDS, practice first with a short job to make sure that the job can be
continued properly.

5. Do a strong scaling study for your particular case. That is, run the job a fixed number of time steps with
the least number of meshes that can fit within the machine’s memory. Then divide the mesh by factors
of 2, 4, or 8 until you reach a point where the increased number of meshes/processes does not provide a
significant speed up.

3.4 Efficiency of Multi-Process Simulations

At the end of a calculation, FDS prints out a file called CHID_cpu. csv that records the amount of CPU time
that each MPI process spends in the major routines. For example, the column header VELO stands for all the
subroutines related to computing the flow velocity; MASS stands for all the subroutines related to computing
the species mass fractions and density. The column header MAIN represents all of the CPU time that is not
explicitly accounted for; that is, time spend in the main control loop. Ideally, this ought to be a few percent
of the overall CPU time usage.

3.4.1 MPI Efficiency

There are two basic approaches to assessing the efficiency or scalability of MPI. The first is known as “weak
scaling,” in which the amount of work done by each MPI process stays the same and additional processes
are added to solve a larger problem. For example, if you are simulating the wind over a patch of terrain,
and you keep adding more and more meshes of the same physical and numerical dimension, assigning each
new mesh to its own MPI process, so as to simulate a larger and larger patch of terrain, then you would
expect that the overall time of the simulation would not increase significantly with each additional mesh.
The efficiency of such a calculation is given by the following expression:

E, 3.1

IN

where ¢, is the CPU time for the case with 1 mesh (MPI process), and ¢y is the CPU time for the case with
N meshes (MPI processes). The left hand plot of Fig. 3.1 shows the results of a weak scaling study of FDS.
Meshes with dimension 50 by 50 by 50 are lined up side by side, ranging from 1 to 288 meshes. Ideally, the
CPU time ought to be about the same for all cases, because each MPI process is doing the same amount of
work. Only mesh to mesh communication should lead to inefficiencies. However, notice in the figure that
the efficiency of the 1, 2, 4, and 8 mesh cases is greater than those with more MPI processes. The reason
for this is that on most compute clusters, each node has multiple cores, and typically jobs run faster when a
node is less than completely full. These test cases were run at NIST, where there is a compute cluster with
8 cores per node, and one with 12 cores per node.
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The second way to assess MPI efficiency is known as “strong scaling.” Here, you simulate a given
scenario on a single mesh, and then you divide the mesh so that the cell size and the overall number of cells
does not change. Ideally, if you divide a given mesh into two and run the case with two MPI processes
instead of one, you would expect your computation time to decrease by a factor of two. But as you increase
the number of MPI processes, you increase the amount of communication required among the processes.
You also increase the overall number of boundary cells to compute, even though the overall number of gas
phase cells remains the same. The efficiency of such a set of calculations is given by:

!

= Nin (3.2)
In the strong study demonstrated here, a single mesh of dimension 180 by 160 by 120 is divided into a
range of smaller meshes, with the smallest partitioning being 432 meshes of dimension 20 by 20 by 20. The
resulting decrease in the CPU time of the entire calculation and the major subroutines is shown in the right
hand plot of Fig. 3.1. Ideally, the CPU time should be inversely proportional to the number of meshes (MPI
processes); that is, the relative CPU times ought to follow the black dotted lines. The one notable exception
to this rule is for “COMM” or COMMunications. This curve represents the time spent in communicating
information across the network.
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Figure 3.1: Example of a weak (left) and strong (right) scaling study.
OpenMP Efficiency

To confirm the speedup provided by OpenMP, a series of test cases® are run for two mesh sizes (64 and
1283), varying the number of OpenMP threads. The setup is a simple channel flow carrying two extra
species to mimic the scalar transport performed in typical fire problems. The results are shown in Fig. 3.2.
Generally, users can expect a factor of 2 speedup using 4 cores (default setting).

3The input files are available in the FDS GitHub repository.
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Figure 3.2: Benchmark timing comparison for the OpenMP test cases. The computer that ran these jobs has 2 (physi-
cal) sockets, and each socket has 4 (logical) cores. This explains the decrease in efficiency beyond 4 OpenMP threads.

3.5 Monitoring Progress

Diagnostics for a given calculation are written into a file called CHID . out. The current simulation time and
time step is written here, so you 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.

By default, the diagnostics in the CHID. out file are verbose. When running large MPI jobs it may be
advantageous to quiet this output, which is all written by MPI process 0. To do this, add

&§DUMP SUPPRESS_DIAGNOSTICS=.TRUE. /

Be aware the output file will not monitor mesh boundary velocity errors in this case; it will echo only
the simulation time and time step. You could still output a BNDF of QUANTITY='VELOCITY_ERROR’, if
necessary.

To stop a calculation before its scheduled time, create a file in the same directory as the output files
called CHID. 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 Section 7.3. 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.

It is also possible to control the stop time and the dumping of restart files by using control functions as
described in Section 19.5.
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Chapter 4

User Support

It is not unusual over the course of a project to run into various problems, some related to FDS, some related
to your computer. FDS is an CPU and memory intensive calculation that can push your computer’s processor
and memory to its limits. In fact, there are no hardwired bounds within FDS that prevent you from starting
a calculation that is too large for your hardware. Even if your machine has adequate memory (RAM), you
can still easily set up calculations that can require weeks or months to complete. It is difficult to predict at
the start of a simulation just how long and how much memory will be required. Learn how to monitor the
resource usage of your computer. Start with small calculations and build your way up.

Although many features in FDS are fairly mature, there are many that are not. FDS is used for practical
engineering applications, but also for research in fire and combustion. As you become more familiar with the
software, you will inevitably run into areas that are of current research interest. Indeed, burning a roomful
of ordinary furniture is one of the most challenging applications of the model. So be patient, and learn to
dissect a given scenario into its constitutive parts. For example, do not attempt to simulate a fire spreading
through an entire floor of a building unless you have simulated the burning of the various combustibles with
relatively small calculations.

Along with the FDS User’s Guide, there are resources available on the Internet. These resources include
an “Issue Tracker” for reporting bugs and requesting new features, a “Discussion Group” for clarifying
questions and discussing more general topics rather than just specific problems, and “Wiki Pages” that
provide supplementary information about FDS-SMV development, third-party tools, and other resources.
Before using these on-line resources, it is important to first try to solve your own problems by performing
simple test calculations or debugging your input file. The next few sections provide a list of error statements
and suggestions on how to solve problems.

4.1 The Version Number

If you encounter problems with FDS, it is crucial that you submit, along with a description of the problem,
the FDS version number. Each release of FDS comes with a version number, for example 6.7.2, where the
first number is the major release, the second is the minor release, and the third is the maintenance release.
Major releases occur every few years, and as the name implies significantly change the functionality of the
model. Minor releases occur every few months, and may cause minor changes in functionality. Release
notes can help you decide whether the changes should affect the type of applications that you typically do.
Maintenance releases are just bug fixes, and should not affect code functionality. To get the version number,
just type the executable at the command prompt without an input file, and the relevant information will
appear, along with a date of compilation (useful to you) and a so-called Git hash tag (useful to us). The
Git hash tag refers to the GitHub repository number of the source code. It allows us to go back in time and
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recover the exact source code files that were used to build that executable.

Get in the habit of checking the version number of your executable, periodically checking for new
releases which might already have addressed your problem, and telling us what version you are using if you
report a problem.

4.2 Common Error Statements

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

Input File Errors: 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 / (forward slash) is put at the end of each
namelist entry. 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 !’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 Windows machine, and vice versa. Make sure that all the parameters listed are still
being used — new versions of FDS often drop or change parameters forcing you to re-examine old input
files.

Numerical Instability Errors: It is possible that during an FDS calculation the flow velocity at some loca-
tion 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 calcula