Available online at www.sciencedirect.com
ScienceDirect Combustion
and Flame

www.elsevier.com/locate/combustflame

2%

ELSEVIER Combustion and Flame 154 (2008) 740760

A dynamic model for the turbulent burning velocity for
large eddy simulation of premixed combustion

E. Knudsen *, H. Pitsch

Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, USA
Received 2 August 2007; received in revised form 17 April 2008; accepted 4 May 2008
Available online 30 July 2008

Abstract

Turbulent premixed combustion is particularly difficult to describe using large eddy simulation (LES). In LES,
premixed flame structures typically exist on subfilter length scales. Consequently, premixed LES models must be
capable of describing how completely unresolved flame structures propagate under the influence of completely
unresolved eddies. This description is usually accomplished through the implementation of a model for the tur-
bulent burning velocity. Here, a dynamic model for describing the turbulent burning velocity in the context of
LES is presented. This model uses a new surface filtering procedure that is consistent with standard LES filtering.
Additionally, it only uses information that comes directly from the flame front. This latter attribute is important
for two reasons. First, it guarantees that the model can be consistently applied when level set methods, where
arbitrary constraints can be imposed on field variables away from fronts, are used to track the flame. Second, it
forces the model to recognize that the physics governing flame front propagation are only valid locally at the front.
Results showing model validation in the context of direct numerical simulation (DNS), and model application in
the context of LES, are presented.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction are typically much broader than reaction zones, may
also, in the corrugated flamelets regime, exist on sub-

Turbulent premixed flames are particularly diffi- Kolmogorov length scales. In LES, by definition, the
cult to describe in the context of large eddy simulation smallest length scales of a flow are filtered out. As a
(LES). Most industrially relevant premixed flames ex- result, in industrially relevant regimes the transitions
ist in either the corrugated flamelets regime or the thin that occur between unburned and burned states occur

reactions zones regime [1]. The width of the inner
reaction zone of a flame in these regimes is compa-
rable to, if not smaller than, the Kolmogorov length
scale that describes the size of the smallest turbu-
lent eddies in the flow. Flame preheat zones, which

mostly on subfilter scales.

Premixed combustion models for implicitly fil-
tered LES that use standalone progress variable or
finite rate chemistry approaches will thus, it seems,
always fail. All models are limited by the accuracy of
the schemes they use for evaluating gradients, and no
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fronts. Premixed implicit LES models that attempt to
resolve flame structure are therefore especially prone
to numerical errors in the most critical regions of the
flowfield.

A variety of methods have been suggested in the
literature in response to the problem of subgrid transi-
tion. Two of the most widely discussed are level set, or
G-equation, methods, and artificial flame thickening
methods. The dynamically thickened flame model,
for example, uses finite rate chemistry, but addition-
ally broadens local reaction zones so that they can
be resolved on LES meshes [2]. This broadening is
achieved by increasing molecular diffusivities and,
in a proportionate manner so as to keep the laminar
flame speed constant, spreading out the influence of
reaction source terms. Thickened flame models there-
fore eliminate the problem of poor resolution. The
thickening procedure, however, has an important con-
sequence. The widened flame attenuates local turbu-
lence and prevents eddies smaller than the thickening
length scale from influencing the front. This effec-
tively decreases the velocity at which the front propa-
gates and creates the need for a compensating model.
The so-called “efficiency function” that is used acts to
ensure that the flame will propagate at appropriately
large speeds in the presence of turbulence [3]. This ef-
ficiency function may in one sense be viewed as the
empirical introduction of a model describing the tur-
bulent burning velocity.

In level set methods, flame fronts are character-
ized using isocontours of field variables and explicitly
tracked [1,4-7]. At the relevant isocontours, the field
variables are governed by equations describing how
the fronts propagate. Away from the relevant isocon-
tours, smooth gradients are prescribed for the field
variables to ensure numerical resolution of front dy-
namics. In level set methods, the inner reaction zones
of premixed flames are treated as coherent structures.
The effect of the chemical activity that occurs within
these reaction zones appears in the governing front
equation almost entirely as a front propagation speed.
This speed is approximately equivalent to the lami-
nar burning velocity in the fully resolved case. Due to
the coherent treatment of inner reaction zones, level
set approaches suffer from the drawback of not be-
ing able to inherently consider local flame quenching.
Conversely, they offer the advantage of not inducing
any artificial interactions between the heat released
by the flame and the flow field. Both the laminar un-
stretched burning speed and its dependence on the
local flame stretch rate appear as external parameters
in level set methods. These parameters are typically
well described by both experiments and computa-
tional chemical kinetics studies, and can be used with
confidence in simulations. When level sets are used in
the context of LES, however, filtered descriptions of

the burning velocity that account for subfilter turbu-
lence are additionally needed.

In non-premixed combustion, the great advantage
that LES offers is that the scalar mixing process is
reasonably resolved [8,9]. In premixed combustion,
the scalar mixing process is also important, but it re-
mains poorly resolved at the flame front in most LES
situations. The turbulent burning velocity, which is
needed in both of the premixed modeling approaches
discussed here, is a quantity that expresses how this
unresolved mixing process interacts with chemistry.
Traditional burning velocity models rely on a series of
coefficients that have been determined through anal-
yses of both experimental and direct numerical simu-
lation (DNS) data [6,10]. These coefficient-based ap-
proaches have been successfully applied in Reynolds
averaged Navier—Stokes (RANS) simulations, where
level set methods offer an alternative to the problem of
reaction rate closure [6,11]. In LES, however, where
instantaneous flame realizations are available, it is
possible to eliminate the use of constant coefficients
by employing dynamic procedures to determine coef-
ficients automatically.

The general dynamic procedure has been em-
ployed by a variety of researchers in their efforts
to deal with closure problems in reacting flows. Di-
rect reaction rate closure is a particularly challeng-
ing problem because reaction rates strongly depend
on the exact flow and chemical conditions that are
present on the smallest turbulent scales. Dynamic pro-
cedures have therefore been applied to combustion
models that use indirect techniques to account for re-
action rates. Two such approaches are the previously
discussed thickened flame model, and flamelet-type
models, where it is assumed that small scale flame
structures can be precomputed as a function of turbu-
lent parameters. Charlette et al. [12,13], for example,
use a dynamic approach to determine a parameter
in the “wrinkling factor” that appears in the thick-
ened flame model. Knikker et al. [14] dynamically
determine a parameter for this same wrinkling factor
but apply it in the context of the flame surface den-
sity model. Chakraborty and Cant [15] developed a
method of dynamically determining the surface aver-
aged curvature that appears in the flame surface den-
sity model.

Additionally, dynamic procedures have been ap-
plied in the context of level set modeling. Im et al.
[16] and Bourlioux et al. [17], for example, proposed
a dynamic propagation model that treats level set field
variables as scalars. Subfilter contributions to flame
propagation speed are determined by evaluating a
burning velocity model at two different filter levels
and comparing the results to differences in the mag-
nitude of the gradient of the level set field variable at
those same two levels. Im et al. [16] claim that this
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