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Abstract. The relevance of the steady laminar flamelet model (SLFM) is analyzed and
discussed on the basis of computational results issued from the large-eddy simulation (LES)
of a 30 cm diameter methanol pool fire. In a first step of the analysis, the computational
results are assessed versus available experimental data: a satisfactory level of agreement is
obtained. Then, the computational database is used to analyze the combustion regimes and
model response.

1. Introduction and general context
In the purpose of developing and validating computational fluid dynamics (CFD) solvers
dedicated to the simulation of fires in confined and ventilated conditions, reactive plumes are
widely studied as reference canonical flows, insofar as they exhibit some of the typical features of
fires such as buoyancy-driven dynamics, partially-developed or transitional turbulence, specific
regimes of “turbulent” combustion, and combustion-radiation interactions. Even if the infinitely
fast chemistry (“mixed is burnt”) approach still remains widely used [1], the steady laminar
flamelet model (SLFM) of Peters [2] has been rather recently retained as a another possible
candidate to represent unresolved flow-chemistry interactions in the simulations of bench-scale
fire experiments [3]. Indeed, this modeling approach does provide a suited framework to describe
the chemical structure of the flame under the possible influence of flow motion (and associated
strain-rate) and it can be readily generalized to take into account the influence of radiative losses
on chemical species production, which may be of particular importance in under-oxygenated
conditions [4].

In this context, the purpose of the present work is twofold. On the one hand, it aims at
illustrating the capabilities of the SLFM approach – recently implemented within the CALIF3-
Isis software of IRSN [5] – to perform the large-eddy simulation (LES) of the methanol pool fires
experimentally studied by Weckman et al. [6] and Hamins et al. [7–9]. On the other hand, the
significant amount of computational data that is issued from this simulation is presently used
in order to proceed with a detailed analysis of the characteristic scales and combustion regimes
relevant to such reactive plumes.
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2. Numerical model
2.1. General features of the CFD solver
The present large-eddy simulation (LES) is carried out with the version 6.4 of the CALIF3S-Isis
software [5], previously used for the simulation of both non-reactive [10] and reactive [1] natural
convection flows. This computational model is used to perform the resolution of the variable-
density, Favre-filtered Navier-Stokes equations written within a low-Mach number formulation.
Molecular fluxes are modeled with the Fourier and Fick laws with Soret and Dufour effects
neglected. The Smagorinsky model is used in conjunction with the dynamic procedure to
estimate the subgrid-scale (SGS) viscosity. The SGS fluxes are modeled on the basis of the
turbulent diffusivity approximation with turbulent Prandtl and Schmidt numbers values set to
0.7. Radiative losses are taken into account through the resolution of the non-spectral radiative
transfer equation (RTE) for an absorbing, non-scattering medium. The corresponding equation
is solved within the finite volume framework using a discretization featuring 128 angular sectors.
The radiative absorption includes the contributions of the gaseous combustion products H2O
and CO2 through the non-spectral weighted sum of grey gases (WSGG) model.

2.2. Turbulent combustion modelling
The evolution of the composition is described within the SLFM framework [2] with the flame
described as a collection of steady laminar strained diffusion flames, hereafter referred to as
“flamelets”. Thus, one-dimensional strained diffusion flames are computed for increasing values
of the strain-rate until extinction is reached. In this regard, it is noteworthy that the strain-rate
influence is parameterized in terms of the scalar dissipation rate (SDR) at stoichiometry Nξst .
The corresponding flame structures (i.e., species mass fraction Yα) are stored as functions of
the mixture fraction ξ and SDR Nξst in a look-up table Ll = {Yα(ξ,Nξst)}. On the basis of the
corresponding set of data, the filtered composition may be deduced from:

Ỹα

(
ξ̃, S̃ξ,Nξst

)
=

∫
ξ

∫
Nξst

Yα(ξ,Nξst) P̃(ξ; ξ̃, S̃ξ) P(Nξst ; Nξst) dξdNξst (1)

where the quantities P̃(ξ; ξ̃, S̃ξ) and P(Nξst ; Nξst) denote the mass-weighted (i.e., Favre) mixture
fraction probability density function (PDF) and stoichiometric SDR PDF, respectively. In this
respect, it must be emphasized that the above expression assumes statistical independence
between mixture fraction and SDR. Morevover, the corresponding PDF are presumed on the
basis of the first moments. Thus, based on the sole knowledge of the filtered value of the

mixture fraction ξ̃ and SGS normalized variance or segregation-rate S̃ξ = Ṽξ/ξ̃
(

1− ξ̃
)

, with

Ṽξ = ξ̃ ξ − ξ̃ ξ̃, the mixture fraction PDF P̃(ξ) is evaluated using a Beta function whereas the

stoichiometric SDR statistics P(Nξst) is assumed to be a single Dirac delta peak at Nξst , rather
than a log-normal distribution with a unity standard deviation that is sometimes used instead.
Thus, the filtered compositions, as given by Eq. (1), are stored as functions of the filtered values

of scalar dissipation rate Nξst , mixture fraction ξ̃, and segregation-rate S̃ξ in another lookup

table Lt =
{
Ỹα

(
ξ̃, S̃ξ,Nξst

)}
. Accordingly, transport equations for the filtered mass fraction of

chemical species Ỹα are not considered and, instead, transport equations are solved only for the
filtered mixture fraction ξ̃ and SGS variance Ṽξ. The unresolved (i.e., SGS) SDR contribution
that appears in the latter is represented with the linear relaxation model. Further details about
the mixture fraction variance model may be found in the literature, see for instance Techer et al.
[11]. Finally, the value of Nξst is approximated from the filtered SDR Ñξ using the following

expression Ñξ

/∫
ξ F(ξ)/F(ξst)P̃(ξ) dξ, which makes use of the flamelet SDR distribution function

F(ξ) = exp(−2
[
erf−1(1− 2ξ)

]2
).
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2.3. Computational mesh and complementary computational details
Based on the plume injection diameter D = 30 cm of the NIST methanol pool fire [7–9], a
3D × 3D × 5D computational domain is used to proceed with the numerical simulation. It
features the pool burner elevated at D/2 above the floor, including its five millimeter-thick lip.
The grid is cartesian. The computational cell size ∆ is chosen according to the LES quality
requirement given by the Celik criterion [12], namely ∆ ≤ 25ηk, with ηk the Kolmogorov length

scale. This length scale is deduced from the turbulence integral length scale ηk = `t/Re
3/4
t with

Ret =
√
k `t/ν the turbulent Reynolds number and with `t of the order of the plume diameter D.

In this expression, the turbulent kinetic energy k is evaluated from ItU
2
a with It the turbulence

intensity, of the order of 0.1, and with Ua =
√
gD an estimate of the flow ascending velocity,

which is typically of the order of 1 m/s. In these conditions, the Celik criterion implies that ∆
must be of the order of D/40, a value that is presently retained as the reference grid cell size.

The conservation equations are discretized according to a marker and cell (MAC) staggered
finite volume scheme. They are sequentially solved using a fractional step algorithm. For
the momentum equation, the time derivative is approximated by a semi-implicit second-order
Crank-Nicolson scheme and the convective operator is approximated thanks to a discrete kinetic-
energy preserving second-order centered scheme. The convective operator involved in the scalar
conservation equations is discretized using a third-order QUICK scheme. In practice, this
combination of discrete operators leads to a CFL constraint on the time step δt, which is such
that δt = 0.05∆/Ua. The statistical averages presented in this work have been converged up to
one percent, which has been achieved by retaining an integration time of 10 s.
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Figure 1: Instantaneous reaction rate (left), second invariant of the VGT (center), and local
SGS Reynolds number (right), in the (x, z)-plane

3. Results and discussion
3.1. Reactive flow structure
The qualitative features of the computed flow are analyzed according to description of
instantaneous values of the global reaction rate ω, the second invariant Q of the velocity gradient
tensor (VGT), and the SGS Reynolds number Re∆ = µs/µ, which are reported in Figure 1. In
particular, the values of ω are deduced from the flamelet database:

ω =
1

ρ∆hc

∑
α

∆h0
f,αω̃α

(
ξ̃, S̃ξ,Nξst

)
(2)

where ∆hc denotes the heat of combustion of the considered fuel, ∆h0
f,α is the enthalpy of

formation of species α, and ω̃α is its production/consumption rate as deduced from the lookup
table Lt. In the direct vicinity of the injection (i.e., z < D), the SGS viscosity is negligible
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(compared to the molecular one) and the vortical activity remains moderate. The flow is
unsteady but far from being turbulent. An obviously laminar region is indeed found just
downstream of the fuel injection and the corresponding zone features the largest chemical
activity. In this respect, it seems worth emphasizing that, without requiring any low-Reynolds
modification, the SLFM framework allows to recover the laminar flame limit in such conditions
featuring vanishingly small turbulence intensity.

0.0 1.0 2.0 3.0 4.0
z/D (-)

0

1

2

3

4

〈w̃
〉(

m
/s

)

0.0 1.0 2.0 3.0 4.0
z/D (-)

0.0

0.2

0.4

0.6

0.8

1.0

〈ξ̃
〉(

-)

0.0 1.0 2.0 3.0 4.0
z/D (-)

300
500
700
900

1100
1300
1500

〈T̃
〉(

K
)

Figure 2: Axial evolution of averaged vertical velocity component, mixture fraction,
and temperature obtained with the steady laminar flamelet model (—) and experimental
measurements of Falkeinstein et al. [9, 13] (•).

From a more quantitative point of view, as observed in Figure 2, the computational
model correctly reproduces the axial evolution of the averaged temperature and just slightly
overestimates the axial velocity. In the radial direction (Figure 3), it underestimates the
temperature in the range 0.2 < r/D < 0.4 and z < D. The evolution that is observed on
the experimental profiles of temperature is relevant to the the unsteady accumulation and
ejection of light hot gases, which is associated to the plume puffing and Rayleigh-Taylor
instabilities [14, 15]. In this respect, the main puffing frequency is correctly reproduced by
the simulation: 2.85 Hz obtained by Fourier analysis of the velocity in the laminar core to be
compared to 2.64 Hz in the experiments [9]. However, the underestimated levels of temperature
observed for 0.2 < r/D < 0.4, z < D as well as the overestimated mixture fraction values on the
symmetry axis (Figure 2), suggest that the unsteady mechanisms at play in the lower part of the
plume are not fully resolved, and that, consequently, the grid resolution should be increased in
the corresponding zone, insofar as a complex set of shear and buoyancy instabilities are expected
to occur here [14, 15]. According to linear stability theory, the characteristic length of the most
amplified perturbation scales as ηRT = (ν2/g)1/3 and is of the order of ηRT = 3× 10−4 m in the
present case. The correct simulation of these phenomena would thus require a grid accuracy that
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Figure 3: Radial evolution of the averaged temperature at heights z/D = {0.1, 1, 4/3, 5/3, 2}
above the pool obtained with the steady laminar flamelet model (—) and experimental
measurements of Hamins et al. [7, 8] (•).
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approaches the DNS limit, which is by far unreachable to proceed with the numerical simulation
of realistic fire plumes.
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Figure 4: Axial evolution of the averaged mole fractions of combustion products obtained with
the SLFM (—) and experimental measurements of Falkeinstein et al. [9] (•).

3.2. Steady laminar flamelet model and combustion regimes
The axial profiles of combustion products mole fractions, plotted versus ξ̃, are reported in
Figure 4. The quality of the obtained agreement between computational results and experimental
measurements undoubtedly confirms the relevance of the SLFM framework for the present
conditions.Then, the characteristic scales involved in this model, namely the turbulent scalar
dissipation rate at stoichiometry Nξst , SGS viscosity µs, turbulent time scale τt, and reaction
rate ω, are analyzed. Thus, in Figure 5 are reported some plots of the reaction rate displayed

in the planes (Da ; Re∆) and
(
ξ̃ ; Nξst/N

q
ξst

)
with Nq

ξst
the value of Nξst at quenching (i.e.,

extinction). First, as emphasized in Section 3.1, the most significant part of chemical reactions
takes place for values of Re∆ that seldom exceeds unity: most of the chemical activity takes
place at the resolved scale. Then, the local Damköhler number values Da = Nξst/ω remain
always larger than unity (other definitions have been considered but are not discussed herein
just for the sake of conciseness). Finally, at the resolved scale, the most reactive states are not
relevant to stoichiometry but, instead, correspond to filtered mixture fraction values that lie
between 0.25 and 0.35. The corresponding SDR values do not exceed 0.03 Nq

ξst
and thus remain

rather far from the strain-induced extinction limit. This confirms that the combustion regimes
encountered in reactive plumes are much different from those met in more standard turbulent
combustion conditions for which the dependency to the SDR is more significant.
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Figure 5: Local reaction rate ω plotted in the plane of local SGS Reynolds number and
Damkhöler number (left) and in the plane of ξ̃ and normalized SDR (right).
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4. Conclusion and perspectives
Despite an under-estimated level of unsteady mixing in the quasi-laminar zone above the pool
of fuel, the SLFM is confirmed to be suited to the simulation of such reactive plumes. The
characteristic scales and combustion regimes are shown to be quite different from those relevant
to higher Reynolds number flows that are typically used for the validation of such turbulent
combustion models. According to recent recent attempts to apply the flamelet approach to
the simulation of reactive plumes [16], further effort is now needed to incorporate (i) radiative
losses effects on the chemical reactions and (ii) unsteady flamelet states that may result from
radiation-induced extinction/re-ignition events, as typically observed in mechanically-ventilated
compartment fires.
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