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Preface

The use of fire models currently extends beyond the fire research laboratories and into the engineering, fire
service and legal communities. Surveys [1] [2] of available fire models have been compiled and show a
significant increase in the number of available models over the last decade. Sufficient evaluation of fire
models is necessary to ensure that those using the models can judge the adequacy of their technical basis,
appropriateness of their desired use, and confidence level of their predictions. This document provides the
theoretical basis for the Fire Dynamics Simulator (FDS) and a summary of the work performed to verify
and validate the model. Such evaluations of fire models prevent their unintentional misuse.

This guide is based in part on the “Standard Guide for Evaluating the Predictive Capability of De-
terministic Fire Models,” ASTM E 1355 [3]. ASTM E 1355 definesmodel evaluationas “the process of
quantifying the accuracy of chosen results from a model when applied for a specific use.” The model evalua-
tion process consists of two main components: verification and validation.Verificationis a process to check
the correctness of the solution of the governing equations. Verification does not imply that the governing
equations are appropriate; only that the equations are being solved correctly.Validation is a process to de-
termine the appropriateness of the governing equations as a mathematical model of the physical phenomena
of interest. Typically, validation involves comparing model results with experimental measurement. Differ-
ences that cannot be explained in terms of numerical errors in the model or uncertainty in the measurements
are attributed to the assumptions and simplifications of the physical model.

Evaluation is critical to establishing both the acceptable uses and limitations of a model. Throughout
its development, FDS has undergone various forms of evaluation, both at NIST and beyond. This guide
provides a survey of work conducted to date to evaluate FDS. Roughly half of the referenced studies were
aimed primarily at model evaluation, the other half describe limited work to validate FDS for a specific use.
The latter group were performed mostly by practicing engineers who did not have the time or resources to
comprehensively evaluate the model. Collectively, the body of work forms the basis of a model evaluation.
As FDS development continues, the work performed to date will provide a framework for future research.
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Figure 3.1: State relations for propane.

obtained from a linear combination of the fuel and oxygen conservation equations. The assumption that the
chemistry is “fast” means that the reactions that consume fuel and oxidizer occur so rapidly that the fuel
and oxidizer cannot co-exist. The requirement that fuel and oxidizer simultaneously vanish defines a flame
surface as:

Z(x, t) = Zf ; Zf =
Y∞

O

sYI
F +Y∞

O

(3.35)

The assumption that fuel and oxidizer cannot co-exist leads to the “state relation” between the oxygen mass
fractionYO andZ

YO(Z) =
{

Y∞
O (1−Z/Zf ) Z < Zf

0 Z > Zf
(3.36)

State relations for both reactants and products can be derived by considering the following ideal reaction
of a hydrocarbon fuel:

CxHy +η(x+y/4) (O2 +3.76 N2) → max(0,1−η) CxHy+min(1,η) x CO2 +
min(1,η) (y/2) H2O + max(0,η−1) (x+y/4) O2 +η(x+y/4)3.76 N2 (3.37)

Hereη is a parameter ranging from 0 (all fuel with no oxygen) to infinity (all oxygen with no fuel). A
correspondence betweenη andZ is obtained by applying the definition ofZ (Eq. 3.33) to the left hand side
of Eq. (3.37). Mass fractions of the products of the infinitely fast reaction (including excess fuel or oxygen)
can be obtained from the right hand side of Eq. (3.37).

An expression for the local heat release rate can be derived from the conservation equations and the state
relation for oxygen. The starting point is Huggett’s [31] relationship for the heat release rate as a function
of the oxygen consumption

q̇′′′ = ∆HOṁ′′′
O (3.38)

18



Here,∆HO is the heat release rate per unit mass of oxygen consumed (about 13,100 kJ/kg for most fuels).
The oxygen mass conservation equation

ρ
DYO

Dt
= ∇ ·ρD∇YO + ṁ′′′

O (3.39)

can be transformed into an expression for the local heat release rate using the conservation equation for the
mixture fraction (3.34) and the state relation for oxygenYO(Z).

− ṁ′′′
O = ∇ ·

(
ρD

dYO

dZ
∇Z

)
− dYO

dZ
∇ ·ρD∇Z = ρD

d2YO

dZ2 |∇Z|2 (3.40)

Neither of these expressions for the local oxygen consumption rate is particularly convenient to apply nu-
merically because of the discontinuity of the derivative ofYO(Z) at Z = Zf . However, an expression for
the oxygen consumption rate per unit area of flame sheet can be derived from Eq. (3.40) by integrating ˙m′′′

O
over a small volume through which the flame sheet cuts. Working with the middle terms of Eq. (3.40) and
noting thatdYO/dZ is constant on one side of the flame sheet and zero on the other, the volume integral can
be rewritten as a surface integral over the flame sheet by applying the divergence theorem and seeing that
the two terms cancel at the exterior boundary of the control volume. At this point, it is more convenient to
express the oxygen consumption rate in units of mass per unit time per unit area of flame sheet:

− ṁ′′
O =

dYO

dZ

∣∣∣∣
Z<Zf

ρD ∇Z ·n (3.41)

In the numerical algorithm, the local heat release rate is computed by first locating the flame sheet, then
computing the local heat release rate per unit area, and finally distributing this energy to the grid cells cut
by the flame sheet. In this way, the ideal, infinitely thin flame sheet is smeared out over the width of a grid
cell, consistent with all other gas phase quantities.

3.3.2 Enhancements to the Mixture Fraction Model

The mixture fraction model described in the previous section has several limitations, both numerical and
physical. Its numerical limitations are related to the resolution of the underlying numerical grid. On coarse
grids, the accuracy of the fuel transport and combustion processes is diminished by the high levels of numer-
ical diffusion. The above procedure for determining the local heat release rate works well for calculations
in which the fire is adequately resolved. A measure of how well the fire is resolved is given by the nondi-
mensional expressionD∗/δx, whereD∗ is a characteristic fire diameter

D∗ =
(

Q̇
ρ∞ cpT∞

√
g

) 2
5

(3.42)

andδx is the nominal size of a grid cell1. The quantityD∗/δx can be thought of as the number of compu-
tational cells spanning the characteristic (not necessarily the physical) diameter of the fire. The more cells
spanning the fire, the better the resolution of the calculation. For fire scenarios whereD∗ is small relative
to the physical diameter of the fire, and/or the numerical grid is relatively coarse, the stoichiometric surface
Z = Zf will underestimate the observed flame height [32, 33, 34]. It has been found empirically that a good

1The characteristic fire diameter is related to the characteristic fire size via the relationQ∗ = (D∗/D)5/2, whereD is the physical
diameter of the fire.
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estimate of flame height can be found for crude grids if a different value ofZ is used to define the combustion
region

Zf ,eff
Zf

= min

(
1 , C

D∗

δx

)
(3.43)

HereC is an empirical constant equal to 0.6 to be used for all fire scenarios. As the resolution of the
calculation increases, theZf ,eff approaches the ideal value,Zf , at which point the approximation is no
longer required. The benefit of the expression is that it provides a quantifiable measure of the grid resolution
that takes into account not only the size of the grid cells, but also the size of the fire.

Another consequence of a coarse numerical grid is that a disproportionate amount of the combustion
energy is released near the edges of the burner. From Eq. 3.41, it can be seen that the heat release rate per
unit area of the flame sheet is proportional to the local gradient of the mixture fraction and the local value
of the material diffusivity. The gradient of the mixture fraction is large at the base of the fire because there
a stream of pure fuel meets surrounding air. The diffusivity is large on a coarse grid because it is related to
the Smagorinsky viscosity. To prevent too much of the energy from being released too close to the burner
when a coarse grid is used, there is a maximum bound imposed on the local heat release rate per unit area
of flame sheet. This upper bound is based on a simple analysis in which the fire is assumed to be conical in
shape with surface area,A, and a flame height,H, given by Heskestad’s correlation [35]

H/D = 3.7 Q∗2/5−1.02 ; A = πr
√

r2 +h2 (3.44)

The surface area of a real flame is larger than that of a cone, so the upper bound estimate will prevent too
much energy from being released too close to the fire when a coarse grid is used, but will be high enough
not to interfere with the calculation when the grid is well-resolved. Any energy that is “clipped” off due to
the upper bound is redistributed over the entire flame volume.

The physical limitation of the mixture fraction approach is that it is assumed that fuel and oxygen burn
instantaneously when mixed. For large-scale, well-ventilated fires, this is a good assumption. However, if a
fire is in an under-ventilated compartment, or if a suppression agent like water mist or CO2 is introduced, fuel
and oxygen may mix but may not burn. Also, a shear layer with high strain rate separating the fuel stream
from an oxygen supply can prevent combustion from taking place. The physical mechanisms underlying
these phenomena are complex, and even simplified models still rely on an accurate prediction of the flame
temperature and local strain rate. Sub-grid scale modeling of gas phase suppression and extinction is still an
area of active research in the combustion community. Until reliable models can be developed for building-
scale fire simulations, simple empirical rules can be used that prevent burning from taking place when
the atmosphere immediately surrounding the fire cannot sustain the combustion. Based on the work of
Quintiere [6], Beyler [36] and others, a simple model for flame extinction has been implemented in FDS.
The mixture fraction continues to be used to track the progress of the fuel mixing with the surrounding air,
but now the surrounding volume is assessed to determine if it is more or less likely to support combustion.
Figure 3.2 shows values of temperature and oxygen concentration for which burning can and cannot take
place.

Note that once the gas environment falls in the “No Burn” zone, the state relations (Fig. 3.1) are no
longer valid for values ofZ below stoichiometric, since now some fuel may be mixed with the other com-
bustion products. To account for the deviation from the ideal state relations, at least one other scalar quantity
in addition to the mixture fraction would have to be tracked in the calculation. Research is ongoing to add
this second scalar to the model.

3.3.3 Finite-Rate Reaction (DNS)

In a DNS calculation, the diffusion of fuel and oxygen can be modeled directly, thus it is possible to im-
plement a relatively simple one-step chemical reaction. Consider the reaction of oxygen and a hydrocarbon
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