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Abstract

The use of Computational Fluid Dynamics (CFD) and in particular Large Eddy Simulation (LES) codes to model fires provides an efficient
tool for the prediction of large-scale effects that include plume characteristics, combustion product dispersion, and heat effects to adjacent
objects. This paper illustrates the strengths of the Fire Dynamics Simulator (FDS), an LES code developed by the National Institute of
Standards and Technology (NIST), through several small and large-scale validation runs and process safety applications.

The paper presents two fire experiments—a small room fire and a large (15 m diameter) pool fire. The model results are compared to
experimental data and demonstrate good agreement between the models and data. The validation work is then extended to demonstrats
applicability to process safety concerns by detailing a model of a tank farm fire and a model of the ignition of a gaseous fuel in a confined
space. In this simulation, a room was filled with propane, given time to disperse, and was then ignited. The model yields accurate results of
the dispersion of the gas throughout the space. This information can be used to determine flammability and explosive limits in a space and can
be used in subsequent models to determine the pressure and temperature waves that would result from an explosion. The model dispersiol
results were compared to an experiment performed by Factory Mutual.

Using the above examples, this paper will demonstrate that FDS is ideally suited to build realistic models of process geometries in which
large scale explosion and fire failure risks can be evaluated with several distinct advantages over more traditional CFD codes. Namely transient
solutions to fire and explosion growth can be produced with less sophisticated hardware (lower cost) than needed for traditional CFD codes
(PC type computer verses UNIX workstation) and can be solved for longer time histories (on the order of hundreds of seconds of computed
time) with minimal computer resources and length of model run. Additionally results that are produced can be analyzed, viewed, and tabulated
during and following a model run within a PC environment. There are some tradeoffs, however, as rapid computations in PC’s may require a
sacrifice in the grid resolution or in the sub-grid modeling, depending on the size of the geometry modeled.
© 2004 Elsevier B.V. All rights reserved.
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Increasingly fire protection concerns are being addressed usin all aspects of engineering and are continuously being val-
ing fire modeling software tools. The software can be divided idated for use in different types of research and design appli-
into two types which are used to solve the fundamental equa-cations.
tions in evaluating fire scenarios, the zone fire model and  The foundation for CFD models has been around since the
computational fluid dynamics (CFD) models. Currently the early 1900’s when iterative numerical solutions to the fun-
zone model approach is the more prevalent in the fire protec-damental conservation equations were derived. Solving for
tion engineering community, as it is less computationally de- turbulence traditionally has been the biggest obstacle to over-
manding, however, as computer processing power becomesome in CFD models. Three distinct types of CFD programs
increasingly available at lower costs, CFD models are in- have been developed to account for turbulence, each with
creasing in use. CFD programs are increasingly being usedits own assumptions and benefits. In general, each method
allows for 3-dimensional modeling of complex geometries.
msponding author. Codes have b_een written yvhich aIIow_forthe gridding of com-
E-mail addressnryder@packereng.com (N.L. Ryder). plex geometries so that distinct physical surfaces can be gen-
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erated within the computational domain. Each method solvese Boundary conditions: All solid surfaces are assigned ther-
the Navier—Stokes equations and the fundamental conserva- mal boundary conditions as well as information about the
tion equations. burning behavior of the material. Material properties are
The fire dynamics simulator is a large eddy simulation  stored in a database and invoked via name by the user.
(LES) model, which was developed by the National Institute ~ Material properties included in the model database have
of Standards and Technology (NIST). The primary assump- been compiled from literature sources. In many cases the
tion behind the LES technique is that the larger scale turbu- necessary material properties are not contained within the
lence that carries the majority of the energy of the system, model database and therefore they must be derived from
needs to be directly resolved in order to accurately represent experiments or obtained from other sources for use with
flow. The small eddies are approximated. The modeling of the model.
the small scale eddies reduces the computational demand and ) o )
thus, increases the speed in which a simulation can be per- FDS has been subjected to numerous validation and cali-

formed. LES modeling does not utilize averaged Ioaralmetersbration studies, five of which are discussed in an article in fire
so a transient solution can be quickly obtained. Fire dynam- Protection engineering magazif#, additional studies can

ics simulator (FDS) was developed specifically to deal with P€ found in the literature a list of which may be found on the
problems related to fire. NIST website. These studies point out the relative strengths

CFD modeling of fires is inherently complex because itin- and weaknesses of the model for use in various fire scenarios.

corporates aspects of bluff body aerodynamics, multi-phase FOUr Situations are examined in this paper, which are im-
flow, turbulent mixing and combustion, radiative transport, portant scenarios to evaluate for the chemical and processing

and convective and conductive heat transfer. The transportindUStries' The first scenario is a methane gas fire with a mass

equations are simplified using techniques developed by Rehm(1OW rate of 1.26 g/s centered in a room of dimensions 2.8 m
x 2.8 mx 2.18 m. This case is known within the fire field as

and Baunjl] and are widely referred to as the low Mach num- 2R ) s
ber combustion equations within the combustion research € Steckler case and detailed information may be found in
community. These equations describe the low speed motionth€ literaturél5,6]. The calculation domain is 3.4 m (length)
of a gas driven by heat and buoyancy forces. FDS solves the*2-8 M (width) x2.35m (height), which is larger than the
room size, and the simulation grid is 100 cek¥ x 64 cells

equations by dividing the model space into a large number , ,

of rectangular cells and calculating the temperature, gas ve-(y) x 44 cells _(Z)_’_W'th the total number of cells equa_lllng
locity, species concentration, and other pertinent variables 281,600 _The initial temperature was set to the amb|e_nt of
within each cell. The accuracy of the model is highly de- the experiments, 3IC. The simulation was run to 220 s with

pendent on the grid resolution, with a smaller grid resolution the final 20s of data averaged together. A detailed compari-
producing more accurate results. son with the experimental results was made in the doorway

FDS can be broken up into several major sub-models; the (Fig- 1) and in the corner of the roontig. 2). Here only
following descriptions are taken from the fire dynamics sim- the case of a fully open dopr is examined, however, the other
ulator user's guidé2]. cases may be seen in the literat[ir@]. Temperature and ve-

locity in the doorway and temperature in the corner of the

e Hydrodynamic model: The core algorithm is an explicit room are compared to experimental datay( 3).
predictor-corrector scheme, second order accurate in space Overall the model results match very well, less than 15%
and time. Turbulence is treated by means of the Smagorin-error, with the eXperimental results indicating that the model

sky form of large eddy simulation (LE$),8]. can accurately predict the velocity and temperature of a
e Combustion model: For most applications, FDS uses a
mixture fraction combustion model. The mixture fraction 1.8¢ ry
is a non-dimensional variable that combines the fuel and 1_65_ ‘
oxygen conservation into a single equation. The mass frac- 1 ‘
tions of fuel and the oxidizer can be derived from the mix- 1.4¢ '
ture fraction when assuming the flame sheet approximation 10k i
[9]. 4
o Radiation transport: Radiative heat transfer is included in = 1r ‘[/
the model via the solution of the radiation transport equa- S gk e
tion for a non-scattering gray gas, and in limited cases 5 :
using a wide band modg10]. The equation is solved us- 3 06
ing the finite volume method, similar to the finite volume 04F * . Ex
methods used for convective transport. Hundred discrete * Mo%e|
angles are used in the finite volume solver. 02F o
; . . . LY
e Geometry: FDS approximates the governing equations on 0 bbbtttk bttt

arectilinear grid. The user prescribes rectangular obstruc-
tions that are forced to conform with the underlying grid. Fig. 1. Doorway temperature.
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Fig. 2. Doorway velocity. Fig. 4. Temperature profile: effect of wind on fire and target.

well-defined situation when the proper grid resolution and 92in access to other areas of the structure and thus, expose
boundary conditions are specified. Both the temperature andtn0Se areas to additional risk. By comparing the experimental
velocity are grid dependent, a coarse grid often results in an"€Sults with model predictions and verifying their agreement,
overprediction of the mean velocity and the temperature. ~ M0del predictions can be used to help design effective pro-

The Steckler case is important because it is often used fort€ction systems for hazardous argés _
model validation studies. Work by Sinai etal. and othershave  The testing took place at the Energetic Materials Research
demonstrated the ability of other CFD codes in modeling the @nd Testing Center in Socorro, New Mexico. A 15m pool of

Steckler case, however, most studies have employed an averd®t fuel was used to simulate a jet fuel spill. The pool was

aging technique such as the k-epsilon. The advantage to usinddnited and radiant flux was measured at approximately 17
the LES technique employed by the FDS model is that tem- and 25 m from the pool. The biggest concerns with the testing

poral resolution is important when evaluating entrainment. Were the environmental aspects of the large pool fire, which

Time averaged techniques can have a serious impact on thén@y not be accounted for in a design scenario. The impact
total air entrained into the fire and ignores the periodicity of Of Wind on the results dramatically increased the amount of

the fire. radiation scene by the target, and in some cases, where the
The second test series was designed to provide the infor-[arget was 8 m away it was engulfed by the fireg( 4). Ad-

mation necessary to assess the hazard from radiant energy tgitionally the unburned vapors extended beyond the diame-
a building, its occupants and contents due to a large fire in ter of the pool and effectively increased the size of the fire

close proximity to the structure, in particular a pool fires ef- (Fig. 9. )
fect on glass breakage. Glass breakage and breaches of other Heat flux was compared to the results obtained from an

building materials may provide an entry way for the fire to FDS simulation with and without wind present. The FDS
model was constructed in a cube of 40,000,08@sing grid
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Fig. 3. Corner temperature. Fig. 5. Temperature profile: no wind.
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Table 1

Experimental measurements and FDS predictions of heat flux to target

Comparison between pool fire data and FDS Comparison between pool fire data and FDS

model predictions—case #1, wind model predictions—case #2, no wind

Distance Experimental Model prediction Distance Experimental Model prediction
to target approximations (KW/rf) (kwim?) to target approximations (KW/rf) (kwim?)

50 32 3113 50 8 454

75 17 1306 75 4 287

cells of 2.25m. The increased size likely may resultinan ~ The last case is a simulation recreating a combustible gas
increased plume temperature and velocity, however, these erleak. The simulation was modeled after an experiment con-
rors were not quantified in this study. ducted by Factory Mutudl’] (Fig. 8), in which gas filled a

The fuel was modeled as jet fuel and was allowed to burn room and was then ignited resulting in an explosion. The gas
as a liqued fuel. Wind was examined as a variable and wasconcentration was measured at several locations within the
found to significantly affect the structure of the plume and room at varying heights and pressure was measured at the
flame structure. This had a significant impact on both the time of the explosion. The experiment addresses the explo-
temperature distribution and the heat flux in both the experi- Sion hazard that may occur from flammable liquid spills or
ments and in the model resulfble 1shows the experimen- heavy vapor releases. In terms of explosive power these types
tal and model comparisons of heat flux in wind and non-wind Of explosions typically are relatively weak, however, the dam-

conditions. age can often be substantial as buildings often are capable of
Though the radiation model has many limitations includ-
ing a poor soot production model and a large dependence or NIST Smokeview 3.1~ Apr 8 2003 Bndry

ra
kW/m2

25.D|

225/
20.0
17.5

grid resolution the model results indicate fairly good com-
parision with the experimental data. Errors in the no wind
condition are in the order of 100%, however, in cases such as
this, errors of this magnitude may be acceptable, depending
on the use of the model results.

The third situation is a simulation of a tank farm. In this
case a single tank has had the roof partially removed and
a fire was initiated inside the tank. The fire interacts with
and exposes the other tanks in the area. In comparing the
two previous simulations to the experimental data the results
showed promise. Thus, areasonable assumption may be mad
that the model may be used in other similar situations such as
the tank farm. Numerous simulations can be run with varying
input conditions. It is through this type of analysis that it Tres.o
becomes clear that differences such as a partially intact roof,
wind or other environmental conditions can play a crucial Fig. 6. Radiant flux to adjacent tanks, 5.
role in evaluating the potential fire scenario.

FDS provides a temporal resolution that can provide im- ) Brdry
portant information when assessing a potential situation. For I ORRIBESE e - N
instance the temporal resolution of the thermal plume and '

,
W

15.0,
12.5
10.0
7.50
5.00
2,50
0.00

the radiant flux incident on the adjoining tanks provides time
sensitive information, which is lost in models utilizing an
averaging techniquerkig. 6 shows the effect of a partially
opened roof in combination with a mild wind. Effectively it
can be seen that while one tank is severally exposed and a ;
risk, tanks equally as far away are not in danger from radi- § , : ' R -110.0?
ant flux at this timefig. 7). Temperature distributions on the : | | L B 7-50 |
tanks show a similar pattern. Variables such as changing wind [
conditions will change which tanks or other targets may be at
risk. In many cases due to the high thermal capacity of most
objects the averaging techniques of other models are suitable
as the heating time scales are larger than the averaging peFrame: s9

. . . - .. . Time: 59.0

riods. The area in which this is not the case is in evaluating

entrainment and its effects on the fire. Fig. 7. Radiant flux to adjacent tanks, 59's.
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Fig. 9. FDS predictions of propane.

Fig. 8. Experimental propane concentrations.

model was run with the default model parameters, with the
> exception that the combustion model was turned off. Since
ring damage. , _ ~__ no combustion is being modeled the combustion model is

At the current time FDS is unable to model the ignition 4t hecessary and the elimination of it from the simulation

and explosion of gasses, however, it is capable of modeling yecreases the run time. The experimental and model results
the dispersion of gasses throughout a space. This may b& o shown irFig. 9.

useful for planning purposes as potential areas of high gas

co_n_centratio_ns can be_ identified._This can be useful in det_er-gas dispersion throughout the space. This technique can be
mining location of equipment, which may serve as a potential ;seq 1o determine flammability and explosive limits in en-

ignition source, as well as suppression and detection sys-¢j5syres as well as concentration data at critical locations
tems. Additionally it can show the effects that various venti- ansjently. Further this information can be used as bound-
lation schemes may have on the gas dispersion throughoutthe,ry conditions for explosion models to better determine the

room. . . pressure and temperature waves that would result from an
In the experiments an explosive layer was formed at the explosion

chambgr floor by slowly injecting propane through nine dif- The FDS model offers the opportunity for enhanced fire
fusers in the floor of the chamber. The rate of propane yq4eling simulations to be performed that take into account
diffusion is equivalent to that which would be seen by the ygpects of fires, which are traditionally ignored in other mod-
vaporization of a typical solvent. The testing facility was an g5, primarily the transient nature of the model allows the
enclosure of 4.57mx 4.57mx 3.05m and 10 rectangular  effects of entrainment to be modeled. Accurate, time depen-
explosive vents were located in the ceiling. The tests were yont entrainment modeling is very important in fire scenar-
conducted with and without obstructions in the testing facil- 5q 55 often the time scales may be short and the conditions
ity. The obstructions were an array of squares of Q.76 m ;’Feelmay change rapidly, details which may be muted in a model
pla_tes elevated 0.46 m above the floor of_ the testmg_facmty, employing an averaging technique. FDS excels in the calcu-
which presented a 50% blockage to vertical expansion. Thea¢ion of fluid flows, however, the model requires significant
fuel was injected through 0.74 mm diameter orifices in the jmprovements in the radiation sub-model prior to it exten-
diffusers at a flow rate of, approximately, 10.4 slpm atan exit gj e yse. Additionally the model does not have the ability to
velocity of 14.2mm/s. Gas was allowed to flow for 1440s at 1y44e| ventilation limited fires at this time. FDS also is highly
which point the gas was turned off and settling was allowed dependent on the grid that is chosen and thus, a proper grid

to occur for 1160s. At 2600 ignition of mixture occurred  rego|ytion must be chosen in order to avoid skewing of the
using a Jacob’s ladder ignition system, which was located in (ggjts.

the center of the room. Propane concentrations were mea-

sured throughout the enclosure using a 12-port multiplexing

valve, taking samples at 1, 2, 3, 4.5, 6, 9, 12, 18, 24, 60, andgeferences

120 in. above the floor. Pressure measurements within the

chamber were taken during the ignition and explosion phase (1] R.G. Rehm, H.R. Baum, The equations of motion for thermally

sustaining only minimal overpressure events without incur-

As can be seen the model performs well in modeling the

using a strain gauge transducer 1.5 m above the floor. driven, buoyant flows, J. Res. NBS 83 (1978) 297-308.
The experiment modeled had a mass volumetric flow rate [2] K.B. McGrattan, G.P. Forney, J.E. Floyd, S. Hostikka, K. Prasad,
of 25 slpm distributed equally through the diffusers. The ex- Fire Dynamics Simulator (Version 3)-User's Guide, NISTIR 6784,

iment deled in FDS usi imately a 2 2092
penment was modeied in using approximately a 2cm [3] J. Sutula, Applications of the fire dynamics simulator in fire pro-

grid resolution. Gas was introduced into the space through tection engineering consulting, Fire Protection Engineering, Spring
nine vents, as in the experiment, at a rate of 25slpm. The 2002, pp. 33-43.



154 N.L. Ryder et al. / Journal of Hazardous Materials 115 (2004) 149-154

[4] S.R. Tieszen, T.J. O'Hern, R.W. Schefer, E.J. Weckman, T.K. Blan- [8] J. Smagorinsky, General circulation experiments with the primitive

cha, Experimental study of the flow field in and around a one meter equations. |. the basic experiment, Mon. Weather Rev. 91 (1963)
diameter methane fire, Combust. Flame 129 (2002) 378-391. 99-164.

[5] K.D. Steckler, H.R. Baum, J.G. Quintiere, Fire induced flows through  [9] C. Heggett, Estimation of the rate of heat release by means
room openings-flow coefficients, NBSIR 83-2801, National Bureau of oxygen consumption measurements, Fire Mater. 5 (1980) 61—
of Standards, 1984. 65;

[6] K.D. Steckler, J.G. Quintiere, W.J. Rinkinen, Flow induced by fire R. Siegel, J.R. Howell (Eds.), Thermal Radiation Heat Transfer, third
in a compartment, NBSIR 82-2520, National Bureau of Standards, ed., Hemishere Publishing Coorp., Philadelphia, 1992.
1982. [10] Z. Wei, A. Hamer, M. Klassen, D. Carpenter, R. Roby, Turbulence

[7] F. Tamanini, J. Chaffee, Mixture reactivity in explosions of stratified statistics in afire room model by large eddy simulation, Fire Saf. J.

fuel/air mixtures, Process Saf. Prog. 19 (4) (2000). 37 (8) (2002) 721-752.



