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The Fire Dynamics Simulator (FDS) was first publicly released in 2000, and it has recently
undergone its fifth major revision. Since its first release, FDS has been applied in three major
areas: basic research in fire dynamics, performance-based design, and forensic reconstructions of
actual fires. As its applications widen in scope, there is a need to develop new capabilities, while
at the same time to verify and validate new and existing algorithms. This is a difficult task
because the variety of applicable scenarios is vast and growing. Take, for example, the images
shown in Figure 1 through Figure 3. The first figure shows a few snapshots of a simulation of a
house fire that were used to assess the consistency of eyewitness accounts. Figure 2 provides an
example of how FDS was used to complement field experiments that were designed to study the
impact of crew size, alarm assignments, and vertical response modes on occupant survivability,
firefighter safety, and property protection for high-rise fire scenarios [1]. Safety concerns
prevented live fires during the experiments, so FDS was used to simulate potential thermal and
toxic hazards representative of fires in a high-rise office building. Figure 3 shows a simulation of
the dispersion of toxic gases in the atmosphere. The model includes a portion of the FDR Drive
along the East River in New York City where there were concerns about the accumulation of
carbon monoxide from a partially enclosed roadway that was part of planned new construction.

These three examples highlight very different applications, with length scales varying from tens
to thousands of meters and physical phenomena ranging from millimeter scale pyrolysis of
common household materials to kilometer-scale atmospheric boundary layer phenomena.
Applications such as these have driven the development of FDS since its first release, and this
article reviews some of the major changes in the most recent version.



Figure 1. Smokeview snapshots of two simulations of a house fire that were intended to
assess the consistency of eyewitness accounts. Courtesy, Hughes Associates.

N I | 2

AL e

5-Person Stairs 6-Person Stairs

Figure 2. Predicted fractional effective dose contours on the high-rise fire floor. Higher
values represent more toxic environments. Courtesy, NIST.



Figure 3. Smokeview snapshot showing the wind field over a proposed semi-enclosed
roadway along the east side of Manhattan. Courtesy, Hughes Associates.

Improvements in FDS 6

Many of the improvements in FDS 6 are not immediately obvious. Most of the input parameters
remain the same, as does the overall look and feel of the graphics program Smokeview.
However, some very important changes have been made to improve the basic flow solver, in
particular how the governing equations are approximated on the numerical grid and how the
subgrid-scale turbulence is represented. In addition, algorithms have been added to Smokeview
for solving the fractional effective dose equation in a slice plane (contours in Figure 2) and the
radiative transport equation for visible light (volume rendered smoke and fire in Figure 4).

The flow model in FDS is essentially a set of partial differential equations known as the Navier-
Stokes equations. These equations cannot be solved exactly. Instead, the partial derivatives are
written in approximate form as finite differences, and the accuracy of the approximation is
determined by the size of the numerical grid. There are many different ways of writing the finite
difference terms, and versions 1 through 5 of FDS used a simple central difference scheme that
was reasonably fast and accurate. It did have one drawback, however, for regions where
temperatures would change rapidly, such as the edge of the fire, the numerical scheme would
allow the temperature, density and species concentrations to oscillate above and below their
ambient values. This was, of course, simply a numerical artifact related to the fact that the finite
difference scheme is only an approximation, but it was nevertheless noticeable and could
sometimes lead to spurious results, especially when the numerical grid was relatively coarse. To
correct this problem, a more sophisticated finite difference scheme was implemented that
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removes the spurious oscillations. This scheme is more costly in terms of CPU time, but it was
decided that the improvement in accuracy was more important than speed, especially because the
steady increase in computer speed will soon make up the difference.

The second major change to the flow solver is the turbulence model. FDS uses a technique
known as large-eddy simulation (LES) to represent the fluid motion that is too fine to resolve on
the numerical grid. This technique has been around since this 1960s, when it was first developed
for weather simulations. Since that time, a number of enhancements have been made to its
treatment of subgrid-scale turbulence. FDS versions 1 through 5 used the original LES
turbulence model developed in 1963 by meteorologist Joseph Smagorinsky [2]. However, this
technique proved to be overly dissipative, meaning that simulating realistic plume dynamics on a
relatively coarse numerical grid was difficult. Several variations of the Smagorinsky approach
were investigated, and a simplified form of the model of another meteorologist, James
Deardorff [3], was chosen on the basis that it is relatively cheap and performs reasonably well at
both coarse and fine resolution.

Other improvements in FDS 6 include:

Combustion: There is increased flexibility to define a detailed combustion scheme that goes
beyond the simple “fuel meets air and burns” approach. For many typical fire applications, much
of the new combustion machinery is not needed and one can specify a predetermined design fire
with little change from past versions. However, for topics such as CO production, under-
ventilated fires, suppression, and soot growth and oxidation, the new chemistry and combustion
framework will make it easier to explore alternative reaction schemes.

Radiation: FDS uses a set of subroutines called RadCal to calculate the absorption and emission
properties of hot gas mixtures. One limitation of RadCal had been its use of methane as a
surrogate for all fuel types. FDS 6 now includes the radiative absorption properties for fuel gases
other than methane. These properties are based on measurements by Prof. Greg Jackson and
students at the University of Maryland [4], and the implementation in FDS was done by Vivien
Lecoustre. This can improve the radiation calculations in detailed flame simulations or fuel-rich
fires.

Ventilation: In previous versions of FDS, one could only specify pre-defined inlet and outlet
flows. To improve the ability of FDS to model buildings, a heating, ventilation, and air
conditioning (HVAC) sub-model was added, based on the solver in MELCOR, which isa U.S.
Nuclear Regulatory Commission code for analyzing containment buildings. This model treats an
HVAC system as a collection of nodes and junctions. With the HVAC model, one can define the
following components:

e Ducts with forward and reverse flow losses (ASHRAE and other handbooks contain
tables of flow loss data for various types of ducts)



e Nodes (e.g., tees, inlet and outlet vents, plenums) with flow direction dependent losses
(as with ducts, values can be found in various handbooks)

e Fans with three options: constant flow, quadratic, and user-defined. The quadratic and
user-defined options change the fan flow rate based on its inlet and outlet pressure. This,
for example, would reduce the flow into a compartment with a growing fire.

e Dampers (currently only fully open or fully closed)

e Filters with the ability to define different removal efficiencies for different species as
well as the impact of filter loading on the pressure drop across the filter

e Heating and cooling coils with either a fixed amount of heat exchange or an amount
computed with a simple heat exchanger efficiency model

Soot Deposition: An accurate prediction of smoke concentration and smoke deposition to
surfaces is important in various fire model applications, including visibility for human tenability
studies and fire patterns for forensic reconstructions. Smoke that deposits to surfaces can reduce
the gas-phase smoke concentration and affect visibility and detector activation time. The
deposition of particulate matter is also important for predicting the dispersion characteristics of
aerosol toxicants (e.g., ash, radionuclides, or other particulate matter). In FDS 6, soot and
aerosols can accumulate on surfaces due to gravitational settling, thermophoretic deposition
(where temperature gradients near walls push particles towards or away from walls), and
turbulent flows near surfaces (where particles impact surfaces due to turbulent motion). Figure 4
is a simple example showing soot deposition to surfaces.




Figure 4. Simple demonstration of smoke deposition to surface.
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Verification and Validation (V&V)

In 2007, the U.S. Nuclear Regulatory Commission (NRC) and the Electric Power Research
Institute (EPRI) published the results of a validation study of five different fire models
commonly used by the commercial nuclear power industry [5]. The study was prompted by the
NRC’s adoption in 2004 of the National Fire Protection Association standard, NFPA 805,
Performance-Based Standard for Fire Protection for Light-Water Reactor Electric Generating
Plants [6]. In particular, NFPA 805 requires fire models to be verified and validated. The
standard does not state explicitly what is meant by this. Guidance documents, like the SFPE
Guidelines for Substantiating a Fire Model for a Given Application [7], and standards documents
like ASTM E 1355, Standard Guide for Evaluating the Predictive Capabilities of Deterministic
Fire Models [8], and 1SO 16730, Assessment, Verification and Validation of Calculation
Methods [9], all provide a basic framework for evaluating models. However, these documents do
not have specific requirements as to how the model uncertainty is to be reported and how this
information is to be used in a regulatory context. As a result, the NRC and EPRI took it upon
themselves to develop a relatively simple framework for reporting and applying model
uncertainty in day-to-day design analyses.

With the support of the NRC, FDS and the NIST zone model, CFAST, have adopted the basic
framework of the NRC/EPRI V&YV study. In addition, the way in which FDS is developed,
tested, and released has greatly improved in recent years because of the boom in free and open
source software development tools. Using a procedure that is commonly referred to as
continuous integration, an automated script runs hundreds of FDS test cases and regenerates all
of the plots and figures for the FDS manuals each night. This greatly reduces the likelihood that
new bugs will be created with each new routine.

Fire Service Applications

Even before it was publicly released, the Fire Research Division at NIST has used FDS to
provide insight on the development and thermal conditions of fires that have caused injuries or
fatalities [10, 11, 12, 13, 14, 15, 16]. In addition, FDS has been used in firefighter staffing
studies, firefighter training studies, and the impacts of various tactical operations such as
ventilation or suppression operations. The overall objective of the use of fire models in these
studies is to improve firefighter safety and operational effectiveness. These applications are
challenging to model because they incorporate advanced features such as the pyrolysis of real
materials, under-ventilated combustion, and complex geometries. In fact, much of the current
FDS development activities are driven by the fire service applications, primarily because fire
growth and spread are to be predicted, and not just specified as in most fire protection design
applications. This demands a more thorough knowledge of material properties and complex fire
physics.
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