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ABSTRACT 

The objective of the present study is to enhance the simulation capability of the Fire 
Dynamics Simulator (FDS) developed by the National Institute of Standards and 
Technology, USA, and thereby extend its domain of application towards the treatment of 
deflagration events in fuel vapor cloud explosions. The proposed deflagration model is 
based on the filtered reaction progress variable approach, and features a classical flamelet 
viewpoint combined with an adaptation to a large eddy simulation formulation. The paper 
discusses the theoretical foundations of the model as well as the numerical difficulties 
associated with the need to grid-resolve the LES-filtered flame structure. The 
performance of the LES turbulent deflagration model is also evaluated in a series of 
benchmark FDS-based simulations corresponding to propagating laminar or turbulent 
flames. 
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INTRODUCTION 

In most situations relevant to fire applications, the combustion occurs in a non-premixed 
mode in which fuel and air are initially segregated, and the flame location and burning 
intensity are determined by the fuel-air mixing process. In a number of fire scenarios, 
however, for instance in situations corresponding to the accidental release and subsequent 
explosion of vaporized fuel in ambient air [1-4], a significant amount of fuel-air mixing 
may take place prior to ignition. The mixing process will result in some portions (large or 
small) of the fuel vapor cloud being within the fuel-air flammability limits. Following 
ignition, the combustion will proceed in part as a thin deflagration or detonation wave 
that propagates across the flammable portions of the fuel vapor cloud. We focus in the 
following on the deflagration scenario, in which the flame propagates at subsonic speeds 
and pressure remains quasi-uniform across the flame zone. 

Our objective in the present study is to develop a Computational Fluid Dynamics solver 
that can describe turbulent premixed combustion phenomena for fire safety applications 
(see Refs. [5-7] for a description of similar efforts). The developments are made in the 
context of an advanced solver called the Fire Dynamics Simulator (FDS). FDS is 
developed by the National Institute of Standards and Technology, USA, and is oriented 
towards fire applications; it uses a Large Eddy Simulation (LES) approach for turbulence 
and an equilibrium-chemistry, mixture-fraction-based model for non-premixed 
combustion [8,9]. There is currently no premixed combustion modeling capability in 
FDS. 
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In the classical description of premixed combustion, a reaction progress variable c is 
introduced: c = 0 in the fresh reactants (upstream of the flame), c = 1 in the burnt 
products (downstream of the flame), and the flame is the region where c goes from 0 to 1 
[10-12]. Under the mildly restrictive assumption of equal Lewis numbers, the reactive 
mixture composition is uniquely mapped in terms of c and the original deflagration 
modeling problem becomes one of predicting the c-field space and time variations. The 
reaction progress variable framework is general and flexible, and it has been recently 
adapted to a LES treatment of propagating turbulent premixed flames [13-21]. The 
treatment is based on a transport equation for the LES-filtered reaction progress variable 
c~ , and flame propagation is predicted via the LES-resolved c~ -field variations. 

We consider in the following an extension of the FDS combustion modeling capability to 
the case of propagating premixed flames using the filtered reaction progress variable 
approach. While our ultimate objective is to describe deflagrations propagating in fuel-air 
mixtures with variable composition (as may be found in vapor cloud explosion 
scenarios), we limit our discussion here to the case of homogeneous fuel-air mixing 
conditions. 

This study is a continuation of the work presented in Ref. [22]. The tests presented in 
Ref. [22] were preliminary and limited to laminar flames, in the absence of heat release. 
The new results reported below include laminar and turbulent flames, with full 
accounting of heat release effects. 

DEFLAGRATION MODELING USING THE FILTERED REACTION 
PROGRESS VARIABLE APPROACH 

We start from a simplified description of the combustion transformation via a global, 
single-step, chemical kinetics equation: 
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where CnHmOp represents the gaseous fuel (also noted F), O2 the ambient oxygen; and 
where CO2 and H2O are the combustion products. Assuming equal molecular diffusion 
coefficients (i.e., equal Lewis numbers), it may be shown that the mass fractions of the 
reactive species are all linearly related and may be expressed in terms of a single reduced 
mass fraction called the reaction progress variable c [10-12]: 
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where Yk is the mass fraction of species k, u
kY  the value of Yk in the unburnt gas, and b

kY  

the value of Yk in the burnt gas. u
kY  is an input quantity to the combustion problem that 

characterizes the initial state of the reactive mixture (prior to combustion); b
kY  is a 

quantity that characterizes the final mixture composition and that may be obtained from 
equilibrium thermodynamics. For instance, under fuel lean conditions, we have: 
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where rs is the stoichiometric oxygen-to-fuel mass ratio, ηCO2 the CO2 species yield (mass 
of carbon dioxide produced per unit mass of fuel consumed), and ηH2O the H2O species 
yield (mass of water vapor produced per unit mass of fuel consumed). Similarly, under 
fuel rich conditions, we have: 
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In the reaction progress variable approach, the reactive mixture composition is calculated 
as a function of c using Eqs. 3-5, while the c-variations are obtained by solving a classical 
mass balance equation: 
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where ρ is the mass density, ui the xi-component of the flow velocity vector, D the mass 
molecular diffusion coefficient (in units of m2/s), and cω  the reaction rate (the mass of 
product formed by combustion, per unit time and per unit volume; in units of kg/s-m3). 

We now consider the implications of Eq. 6 to the treatment of turbulent premixed flames 
in a LES approach. After applying a LES filter to Eq. 6, we obtain: 
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where the over-bar symbol denotes straight LES-filtered quantities; and the tilde symbol 
denotes Favre-weighted (i.e., mass density weighted) LES-filtered quantities. The first 
term on the right-hand-side of Eq. 7 represents convective transport of c due to subgrid-
scale turbulent fluctuations; the second term represents transport of c due to molecular 
diffusion; and the last term represents production of c due to chemical reaction. 

Using the turbulent eddy viscosity concept and assuming gradient-transport, we may 
describe the LES-unresolved convective transport of c as [11,12]: 
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where νt is the Smagorinsky turbulent eddy-diffusivity (in units of m2/s), and Sct a 
turbulent Schmidt number. 

We also adopt a classical flamelet viewpoint and choose to write the volumetric chemical 
reaction rate as the product of a laminar-like reaction rate per unit flame surface area 
times a flame surface density [11,12]: 
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where ρu is the unburnt gas mass density, sL the laminar flame speed, and Σ the LES-
filtered flame surface-to-volume ratio (in units of 1/m). Following Veynante and co-
workers [13-16], we propose to write: 
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where Ξ is the subgrid-scale flame wrinkling factor ( 1≥Ξ ; and Ξ = 1 in the absence of 
subgrid-scale flame surface wrinkling), and where ∆c is the LES filter size. Equation 10 
may also be interpreted as follows: 
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where the first term on the right-hand-side represents the LES-resolved component of 
flame surface density, and the second term the subgrid-scale component. The relative 
weight between those two components depends on the value of Ξ with respect to 1. While 
elaborate closure model expressions have been recently proposed in the scientific 
literature to describe the flame wrinkling factor [23-24], we choose in the present study to 
neglect the subgrid-scale component entirely and assume Ξ = 1. This simplification is 
proposed as a temporary expedient and clearly needs to be removed in future work. 

Equation 7 also requires a physical submodel for the molecular transport of c. While the 
contribution of molecular diffusion is expected to be small in flame regions where the 
turbulence intensity is high, this contribution will be significant, and possibly dominant, 
in regions where the turbulence intensity is low. In Ref. [16], the Kolmogorov-Petrovskii-
Piskunov (KPP) theory [25-28] is used to establish a suitable closure model for molecular 
diffusion: it is shown that this closure model is constrained by the modeling choices made 
in the description of the chemical source term in Eqs. 9-10; the constraint comes from the 
realizability requirement that under laminar flow conditions (i.e., under conditions in 
which νt = 0 and Ξ = 1), the flame propagates at the laminar flame speed sL. We adopt in 
the following the closure model of Refs. [15,16] and write: 
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The final expression of the transport equation for the (Favre-weighted) LES-filtered 
reaction progress variable is then: 
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This partial differential equation features a classical convection-diffusion-reaction 
structure and may be easily handled by Computational Fluid Dynamics solvers. It is also 
possible to gain further insight into the model formulation in Eq. 13 by using the 
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analytical methods of the KPP theory [25-28]. We find that Eq. 13 implies the following 
expression for the local propagation velocity of the LES-filtered flame: 
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This expression conveniently illustrates some of the main features of the proposed 
filtered-c approach. First, as mentioned above, in the absence of subgrid-scale turbulence 
(νt = 0 and Ξ = 1), the flame propagates at the laminar speed sL. Second, in the presence 
of subgrid-scale turbulence (νt > 0 and Ξ > 1), st is increased by a variable factor and this 
factor depends on local turbulence properties, as measured by the flame wrinkling factor 
and the turbulent eddy-diffusivity. In the present study, we use the simplification Ξ = 1, 
and the local flame propagation velocity is a unique function of the pseudo-Reynolds 
number )/( tcLs ν∆ . 

Next, we discuss the grid resolution requirement of the model formulation in Eq. 13, and 
the relationship between the LES filter size ∆c and the computational grid cell size ∆ (in 
FDS, ∆ is defined as the cubic root of the grid cell volume). As discussed in Refs. [13-
18], the local thickness of the LES-filtered flame (i.e., the local gradient-thickness of the 
spatial c~ -variations) is of order ∆c and the flame is numerically correctly resolved on the 
computational grid for length scale ratios (∆c/∆) much larger than one. A ratio equal to or 
smaller than one will result in stiff spatial variations of c~  and subsequent numerical 
difficulties. In Refs. [13-18], the recommended values are such that (∆c/∆) ≥ 5. 

Note that the grid resolution requirement of the filtered-c approach is higher than that 
associated with the turbulence model. For instance, let us call ∆u the LES filter size used 
in the momentum equations; the standard Smagorinsky model uses (∆u/∆) = 1. The 
differences between the required values of (∆c/∆) and (∆u/∆) illustrate that in LES, it is 
harder to resolve the flame than to resolve the flow. A consistent LES treatment calls for 
using a single filter size, ∆u = ∆c. This choice, however, corresponds to a prohibitive 
increase in computational cost: for instance, while a flow calculation without combustion 
may be performed with a relatively coarse grid, ∆ = ∆u, the same calculation with 
combustion will require a much denser grid, ∆ ≤ (∆u/5), i.e., a grid refinement by a factor 
of at least 53 = 125. This is generally viewed as an excessive burden and current 
implementations of the filtered-c model adopt a more cost-effective approach in which 2 
different filter sizes are used, for example: ∆c = (5 ×∆u) and (∆u/∆) = 1. While the choice 
of 2 different filters introduces inconsistencies and errors, we choose here to ignore these 
errors and consider in the following the ratio (∆c/∆u) as a free model parameter. The exact 
implications of this simplification will be addressed in future work. 

The filtered-c model and the corresponding partial differential Eq. 13 have been 
implemented into FDS and we now present some validation test results that correspond to 
homogeneous, laminar or turbulent deflagrations. 

FDS SIMULATIONS OF LAMINAR DEFLAGRATIONS 

We consider in this section a simple test configuration corresponding to a one-
dimensional, plane, laminar, premixed flame that propagates along the x-direction into an 
homogeneous fuel-air mixture (Fig. 1). The computational domain is (50 × 1 × 1) m3 and 
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the numerical boundaries are fully open. The computational grid corresponds to a 
uniform rectangular mesh; its size is (500 × 10 × 10), which corresponds to cubic cells 
with a 10 cm x-length. At initial time, the fuel-air mixture is assumed to be at rest and in 
a chemically frozen state ( c~  = 0). Flame initiation is triggered by a numerical ignitor 
located near x = 50 m; this numerical ignitor is modeled as a spatially- and temporally-
localized extra source term introduced into Eq. 13. The laminar flame speed is set to  
sL = 0.5 m/s. 

The deflagration model is coupled to the FDS statements for mass, momentum and 
energy conservation [8,9] via a modified description of the heat release rate: 

F
b
F
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where ∆HF is the heat of combustion (energy released per unit mass of fuel consumed; in 
units of J/kg). The heat of combustion is here specified so that the adiabatic flame 
temperature is 2250 K. Finally, while the configuration is treated as fully three-
dimensional, the results do confirm that the flame and flow structure have negligible y- 
and z-variations. 

 
Fig. 1. Numerical configuration corresponding to a one-dimensional, plane, laminar 
deflagration. The flame is numerically ignited near x = 50 m and propagates in the 

negative x-direction. The plot shows the instantaneous spatial distribution  
of the filtered reaction progress variable, 10 seconds after ignition. 

Figure 2 presents a series of numerical results performed for different values of the filter-
to-grid length scale ratio, 2 ≤ (∆c/∆) ≤ 8. Figure 2a gives the time history of flame speed, 
while Figs. 2b-d present instantaneous profiles that reveal the main features of the flame 
structure. 

The flame speed plotted in Fig. 2a is obtained by monitoring the time variations of the 
total burnt gas volume Vb: 
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where spatial integration is performed over the whole computational volume V. The 
numerical flame speed *

Ls  may then be calculated as: 

dt
dV

S
s b

L
1* =  (17) 

where S is the configuration y-z cross-section area, S = 1 m2. 

All curves in Fig. 2a exhibit a transient phase during which the simulated flame structure 
evolves from initial to final shape; the exact duration τ of this transient phase depends on 
the details of the ignition process as well as on the grid cell size, and is found in our 
particular case to be relatively long, τ ≈ 10-20 s. After this initial transient phase, the LES 
flame structure achieves steady-state and the value of *

Ls  remains approximately constant 
(this value is compared in Fig. 2a to the user-specified exact value sL = 0.5 m/s). The 
steady-state value of *

Ls  is found to depend on how well the LES-filtered flame is 
resolved by the computational grid. For large values of the filter-to-grid length scale 
ratio, (∆c/∆) ≥ 4, the flame speed is somewhat over-estimated but the error remains less 
than 20%; note that higher levels of accuracy are gradually achieved when increasing the 
ratio (∆c/∆). In contrast, for small values of the filter-to-grid length scale ratio, (∆c/∆) = 2, 
the flame speed is not correctly predicted and does not appear to have a well-defined 
stable value. 

The importance of the filter-to-grid length scale ratio is further illustrated in Figs. 2b and 
2c. Figure 2b presents the spatial variations of the LES-filtered reaction progress variable 
across the flame. These profiles are taken at arbitrarily chosen times in the simulations, 
after steady-state flame propagation has been achieved. The profiles are plotted for three 
different levels of flame resolution, ranging from high to low. For (∆c/∆) = 8, the sharp 
c~ -gradient that develops at the flame location is resolved by more than 10 grid cells and 
therefore remains smooth on the computational grid. In contrast, for (∆c/∆) = 2, the c~ -
gradient is resolved by only 3 grid cells and is numerically stiff; this numerical stiffness 
explains the tendency to develop numerical oscillations and the severe loss of accuracy 
observed in Fig. 2a. 

Figure 2c is similar to Fig. 2b and focuses on temperature variations across the flame. A 
comparison between Figs. 2b and 2c emphasize the strong relationship between reaction 
progress variable and temperature that holds for adiabatic systems [10-12]. Note that 
irrespective of resolution issues, all simulated flames release the correct amount of heat 
and the temperature downstream of the flame is the user-specified adiabatic flame 
temperature Tb ≈ 2250 K. 

Figure 2d presents the spatial variations of the LES-filtered x-component of flow velocity 
across the flame and is used to evaluate the ability of the deflagration model to predict the 
correct amount of thermal dilatation. As seen in Fig. 2d, while the fuel-air mixture 
remains at rest upstream of the flame (for small values of x), flame-induced thermal 
dilatation triggers flow motion and establishes a flow of combustion products in the 
downstream region (at large values of x). It may be shown that for a flame propagating 
into a quiescent mixture, the burnt gas flow velocity ub is a function of both the density 
ratio between unburnt and burnt gas, and the laminar flame speed [10,11]:  
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We find ub ≈ 3.34 m/s. This value is plotted in Fig. 2d and is conveniently used to 
graphically evaluate the quality of each predicted flame structure. Well-resolved flames, 
i.e., (∆c/∆) ≥ 4, are found to produce downstream flow velocities that are close to the 
theoretical value, whereas under-resolved flames, i.e., (∆c/∆) = 2, lead to large errors and 
incorrect (non-monotonic) flow structures. 

In summary, these test results agree well with previous work from the literature [13-18] 
and emphasize the importance of flame resolution, as measured by the filter-to-grid 
length scale ratio. The recommended value is such that (∆c/∆) ≥ 5. 

(a) (b)   

(c) (d)  

Fig. 2. Flame speed and flame structure in FDS simulations of one-dimensional, plane, 
laminar deflagrations. The different solutions correspond to different values of  

the filter-to-grid length scale ratio. (a) Flame speed versus time; (b) Spatial  
variations of reaction progress variable; (c) Spatial variations of  

temperature; (d) Spatial variations of flow velocity. 
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FDS SIMULATIONS OF TURBULENT DEFLAGRATIONS 

We consider in this section another basic test configuration corresponding to a turbulent 
premixed flame stabilized downstream of a bluff-body in a wind tunnel set-up (Fig. 3).  

(a) (b)  

(c)  

Fig. 3. Successive instantaneous snapshots of the flame surface from the FDS simulation 
of flame ignition in a wind tunnel set-up featuring a square-shaped cylinder. The flow 

direction is from left to right. The flame is defined as the isocontour  
c~  = 0.9. (a) Flame ignition; (b) Transition to a fully-developed  

turbulent flame; (c) Successful flame stabilization. 

The incoming flow corresponds to an homogeneous fuel-air mixture moving at a uniform 
velocity equal to U = 5 m/s; the bluff body is a square-shaped cylinder and its dimension 
is H =0.1 m; the flow Reynolds number if ReH = (U×H/ν) ≈ 31,000. The computational 
domain is (0.8 × 0.4 × 0.4) m3 and the numerical boundaries are fully open. The 
computational grid corresponds to a uniform rectangular mesh; its size is (80 × 40 × 40), 
which corresponds to cubic grid cells with a 1 cm3 volume. At initial time, the fuel-air 
mixture is assumed to be in a chemically frozen state ( c~  = 0); and flame initiation is 
triggered by a numerical ignitor located in the wake of the bluff body. Note that prior to 
ignition, the FDS solution is allowed to develop a classical turbulent wake flow structure 
characterized by quasi-periodic shedding of large vortices of size comparable to H. The 
size of these large vortices correspond to approximately 10 grid cells, which is arguably 
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on the lean-side of a typical LES requirement [11,12], but is considered acceptable for the 
present purpose. The laminar flame speed is sL = 0.5 m/s; the heat of combustion is such 
that the adiabatic flame temperature is 2250 K. The filter-to-grid length scale ratio is 
(∆c/∆) = 6. 

Figure 3 presents a sequence of three successive snapshots of the flame surface that are 
representative of the double transition observed in the simulation. In Fig. 3, the flame is 
identified as a c~ -field iso-level; we use c~  = 0.9. Figure 3a shows the early laminar-like 
spherical flame kernel that develops close to the ignition source, in the wake of the 
square-shaped cylinder. The next image in Fig. 3b shows a rapid transition to a fully-
developed turbulent (i.e., wrinkled) flame. At this point, most of the flame dynamics still 
takes place away from the cylinder walls, and it remains unclear whether the flame will 
achieve successful stabilization or be simply blown off. This question is answered in 
Fig. 3c: Fig. 3c shows that the flame successfully achieves stabilization and attaches to 
the square-shaped cylinder (note that the flame is observed to propagate inside the flow 
boundary layers on the cylinder upper and lower wall surfaces). 

These test results are found to be very encouraging and the simulated flame dynamics 
shown in Fig. 3 are consistent with the known dynamics of turbulent deflagrations, as 
observed in laboratory-scale experiments [10-12]. Future work will be aimed at 
performing more quantitative tests of the new FDS deflagration modeling capability. 

CONCLUSION 

An advanced deflagration model based on the filtered reaction progress variable approach 
has been implemented into FDS. The domain of validity of the model corresponds to the 
laminar flamelet regime of turbulent premixed combustion, a regime that is expected to 
apply to most situations of engineering interest in fire safety applications. The model has 
been tested in several basic configurations corresponding to propagating, homogeneous, 
laminar or turbulent premixed flames. Particular attention has been paid to the grid 
resolution requirement of the proposed model formulation, and to the relationship 
between the LES filter size ∆c and the computational grid cell size ∆. The local thickness 
of the simulated flame is of order ∆c and the flame is numerically correctly resolved on 
the computational grid for length scale ratios (∆c/∆) much larger than one. A ratio equal 
to or smaller than one will result in stiff spatial variations of the reaction progress 
variable and subsequent numerical difficulties (i.e., large numerical errors). The 
numerical tests performed in the present study suggest that the proposed FDS 
deflagration model requires a filter-to-grid length scale ratio equal to or greater than 4, 
(∆c/∆) ≥ 4. 

The results are found to be encouraging and current work is aimed at extending the FDS 
deflagration modeling capability to cases with non-homogeneous fuel-air mixture 
composition and partially-premixed combustion. 
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