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Progress towards a large eddy
simulation of premixed turbulent
combustion in stagnating turbulence

By D. S. Louch

1. Motivation and objectives

Large eddy simulations (LES) of premixed turbulent combustion (PTC) is a rela-
tively recent and unexplored field with the potential to improve predictions for flows
where classical Reynolds-averaged Navier Stokes approaches (RANS) have lacked
precision. Examples of applications particularly well suited for LES of PTC in-
clude the unsteady nature of the flow in an IC engine or the large unsteady vortical
structures in modern gas turbines where LES of PTC has the potential to predict
occurrences of undesirable acoustic instabilities and test active and passive control
techniques (Veynante and Poinsot, 1997; Angelberger et al., 1998).

Many premixed turbulent combustion configurations lie within the flamelet regime
where the structure of the premixed turbulent flame brush resembles a strongly
wrinkled and stretched laminar flame dynamically changing topology in the turbu-
lent flow. Resolution of the flame in this regime requires resolving the thin dynamic
flame front which is often between 0.1mm and 1.0mm thick and thus often less than
the grid spacing desired in large eddy simulations of practical combustion chambers.
To overcome this difficulty a number of techniques have been proposed although
few have been used in realistic configurations.

The objective of this work is to contribute to the development of LES of PTC
by investigating the simulation of a premixed turbulent flame brush in stagnating
turbulence (Bray el al., 1994). A general schematic of this configuration is shown
in Fig. 1. Grid generated isotropic turbulence is created at a jet nozzle exit and
impinges on a plate a distance from the nozzle exit on the order of one nozzle di-
ameter. Often a co-flow of inert gas surrounds the reactive core flow, preventing
structures that would develop in the shear layer at the edge of the reactive core
flow from disrupting the reactive isotropic turbulence. A premixed turbulent flame
brush is then stabilized in the vicinity in front of the plate. This configuration is
closely related to the opposing streams configuration (Bray et al., 1991; Kostiuk
el al., 1999) where a stagnation flow is formed by opposing turbulent jet streams.
The stagnation flow configuration is one of three commonly used configurations
(the classical Bunsen flame and the V-flame configurations being the other two)
in experimental laboratory studies of premixed turbulent combustion (Cheng and
Shepherd, 1991). Theoretical work (Bray et al., 1998; Bray et al., 1999) and RANS
simulations (Lindstedt and Vaos, 1998; Lindstedt and Vaos, 1999) have been re-
ported in the literature and numerous direct numerical simulations (DNS) of PTC
(Haworth and Poinsot, 1992; Rutland and Cant, 1994; Trouvé and Poinsot, 1994;
Zhang and Rutland, 1995; Poinsot et al., 1996; Echekki and Chen, 1996; Veynante
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and Poinsot, 1997b; Veynante et al., 1997; Boughanem and Trouvé, 1998; Chen and
Im, 1998; Chen and Echekki and Kollmann; 1999; Helie and Trouvé, 1998) consider
a freely propagating planar turbulent flame brush resembling the planar turbulent
flame brush formed in stagnating turbulence.
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FIGURE 1. Schematic diagram of the computational domain and an experimental
premixed turbulent flame brush in stagnating turbulence.

A number of the current techniques proposed to deal with the resolution problem
in any large eddy simulation of premixed turbulent combustion in the flamelet
regime are commented on below.

1.1 The field equation approach

The field equation (or “G-equation” as it is commonly referred to) approach
(Peters, 1992; Smith and Menon, 1996; Im and Lund, 1997) treats the flame as
an infinitely thin sheet separating burnt and unburnt gas propagating normal to
itself at a convective velocity Sy, determined a priori, which is usually a function
of the turbulence intensity. Appropriate jump conditions across the flame sheet are
required, and special consideration must be given to either deal with or remove the
formation of cusps which naturally arise in solutions of the basic field equation

oG oG

where G = G(z,t) and G(z,t) = G, denotes the flame sheet.

1.2 The random vortex approach

The random vortex approach is a grid-free Lagrangian approach (Givi, 1994)
where chemistry may be handled by following flame elements and is suitable for the
LES of PTC (Rhee et al., 1995).
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1.3 The flame surface density approach

The flame surface density (Pope, 1988) approach is based upon filtering the basic
equations with a filter width sufficiently larger than the grid spacing such that the
thin turbulent dynamic premixed flame is smeared out sufficiently to be resolved
on a LES grid. A model is then required for the flame surface density and can
be provided through either an algebraic expression or solving a transport equation
for the flame surface density (Trouvé and Poinsot, 1994; Prasad and Gore, 1999).
This approach is very attractive in that it is consistent with the LES philosophy.
Topological features of the flame with sufficiently large length scales are resolved
and subgrid scale topological features are absorbed in subgrid scale models. The ap-
proach avoids artificial flame thickening as in the thickened flame models discussed
next: however, the level of modeling complexity can be significantly increased if the
filtered transport equation for the flame surface density (Boger et al., 1998) is used.

1.4 The thickened flame approach

The current thickened flame model (Butler and O’Rourke, 1977; Veynante and
Poinsot,1997; Angelberger, 1998; Colin and Ducros, 1999) involves two steps:

Step 1: Artificially thicken the flame sufficiently for resolution on a LES grid
while preserving the laminar burning velocity of the flame.

Step 2: Modify the laminar burning velocity of the thickened flame to take into
account subgrid scale wrinkles by multiplying the preexponential factor by an effi-
ciency factor such that the flame burns at subgrid scale turbulent burning velocity.

The first step is accomplished by decreasing the Prandtl number sufficiently to
increase the effective diffusivity of the gas producing a laminar flame sufficiently
thick for resolution on a LES grid and decreasing the preexponential factor to
preserve the laminar burning velocity of the flame. An Arrhenius reaction rate
expression is used with the filtered quantities. This technique has been used by
Angelberger et al. (1998) and Veynante and Poinsot (1997) in configurations where
there is no mixing between the reactive gas and inerts before the reactants are
burned at the flame front. However, in configurations where mixing takes place with
inerts prior to combustion, as in the stagnating turbulence configuration considered
here, this technique increases the diffusion of reactants from the core jet to the
surrounding gas to unacceptable levels. A new thickened flame approach has been
developed to overcome this problem and will be discussed below. Models have been
proposed for the second step to account for the increased burning velocity of the
flame due to subgrid scale wrinkling by Angelberger et al. (1998) and Colin and
Ducros et al. (1999).

1.5 LES combustion equations
The zero Mach number set of combustion equations
dp | Opy,
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written in Cartesian nondimensional form describe an ideal gas mixture of two
components reacting under the single-step mechanism R — P with the rate of
formation of product, wp, given by an Arrhenius reaction rate expression. In these
equations p is the density, u; is the velocity in the z; direction, p is the pressure,
1 is the viscosity, F; is a body force in the x; direction, T is the temperature, @ is
a heat source, Yy is the mass fraction of the reactant R, « is a temperature factor
equal to (Ty — T¥) /T where subscripts b and u refer to the burnt and unburnt
gas respectively (quantities denoted with the x superscript are dimensional), [ is
an activation energy, B is the preexponential factor, 2ud;; is the deviatoric stress
tensor, S;; is the strain rate tensor, and d;; is the Kronecker delta function. The
nondimensional numbers

% % * * * * *2
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are respectively the Reynolds, Prandtl, Schmidt, Lewis, and Froude numbers, where
lrep is a reference length scale, CJ is the specific heat capacity, Ay, fisa reference
thermal conductivity, Dip,.; is a reference molecular diffusivity, and g* is the
acceleration due to gravity.

For variable density flows the basic LES equations are simplified when Favre
filtering a quantity f(z,t), given by the operation

~ —_ +OO
pi=pf= | oraGle o),

is used in place of the basic filtering operation

+oo
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Favre filtering the above equations leads to the set
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of simple chemistry zero Mach number LES combustion equations, where 7;; =
p(u;u; — ;u;) and the molecular diffusive terms in the momentum, energy, and
species equations have been approximated following Erlebacher et al. (1990). In
the current simulations the viscosity i is kept constant; however, a temperature
dependent viscosity of the form ji = (7T + 1), where 7 = (T} — T;")/T and b is a
model constant usually taken to be 0.76 (Haworth and Poinsot, 1992), will be used
in future simulations.
The subgrid scale stresses are modeled with the Smagorinsky model

1 S~ -

Tij = 3 Thkdij = —200%p|Syj|dij (15)
where C' is either constant (classical Smagorinsky model) or can be determined by
the dynamic procedure (Germano et al., 1991; Germano, 1992; Akselvoll and Moin,
1995). The subgrid scale turbulent fluxes are modeled with the eddy diffusivity

models

wp = BpYgrexp ( (14)
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where Pr; and Sc¢; are the turbulent Prandtl and Schmidt numbers respectively
taken to be unity. The author acknowledges that eddy diffusivity models for the
subgrid scale turbulent scalar fluxes is purely heuristic and further study is re-
quired to reveal the nature of these fluxes, particularly given that in Reynolds
averaged studies the turbulent scalar flux can exhibit either gradient or countergra-
dient transport behavior depending upon turbulence intensities and the presence
of mean pressure gradients (Veynante et al., 1997; Veynante and Poinsot, 1997b;
Louch and Bray, 1998; Louch, 1998; Louch et al., 1999).
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2. Accomplishments

Closure of the above LES combustion equations require a model for the reaction
rate wp. As discussed above, in the current configuration an inert co-flow surrounds
the reactive isotropic turbulent core flow and current thickened flame models result
in excessive diffusion of the reactive core flow to the inert co-flow.

2.1 The adaptive thickened flame approach

To overcome the global strongly diffusive nature of previous thickened flame mod-
els, an adaptive thickened flame approach has been developed. Let d; sgs denote
the flame thickness of the thickened simulated flame, S; sgs denote the burning ve-
locity of the thickened flame, and A denote the grid spacing. The desired properties
for an adaptive thickened flame model are:

Property 1. A thickened flame with a laminar flame thickness that dynamically
adjusts to the grid spacing such that d; sgs = NyA, where Ny is the number of
grid points desired to resolve the flame and is independent of A. This property

preserves the resolution of the flame in nonuniform grids.

Property 2. Preserve the invariance of the laminar burning velocity of the flame
with respect to A.

To accomplish the first property, the thermal and molecular diffusivity is aug-
mented by an expression which depends on the magnitude of the temperature gra-
dient and the grid spacing. Realization of the second property is accomplished by
dividing the reaction rate by the grid spacing raised to an appropriate power. The
objective here in this flame thickening approach is not the modeling of any subgrid
scale diffusivity using this technique, but to simply construct a premixed flame with
the above properties. Future investigations will consider other approaches which
avoid artifical flame thickening by addressing the modeling of the reaction rate, wp,
using non-Arrhenius type models.

Consider the modified energy and species equations
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Cy is a model constant determining Ny, and a; and ap are constants to be deter-
mined such that the first and second properties are satisfied.
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2.2 The numerical method

A code has been developed to numerically solve the modeled set of LES zero
Mach number combustion equations, Egs. (9)-(17), in cylindrical coordinations. A
second order finite volume discretization is used on a staggered cylindrical grid
with velocities advanced at cell surfaces and scalars at cell centers. A fully explicit
predictor-corrector scheme is used to advance the equations with a direct solver for
the Poisson equation which arises from the zero Mach number formulation. During
the predictor and corrector steps, a fractional-step scheme is used for the scalar
transport equations.

2.8 One-dimensional results

Shown in Fig. 2 is a comparison between the structure of a laminar one-dimensional
planar flame from DNS, i.e. Cy,as = 0.0, and the structure of a laminar one-
dimensional adaptive thickened flame with a; = 2.0 and as = 0.9. Due to the
dependency of the diffusivity on the temperature gradient, the species and temper-
ature profiles show a sharper decline and rise respectively at the cold side of the
adaptive thickened flame.
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FIGURE 2. One-dimensional laminar flame profiles of temperature, T' (o), species
mass fraction, Yr (A), and reaction rate, wp (¢), from: (a) DNS with C; = 0.0,
as = 0.0, N, =64, L, = 0.02, Re = 1400.0, Pr = 0.7, Le = 1.0, « = 0.4, g = 7.0,
B = 30000: (b) adaptive thickened flame approach with Cy = 2.54, ay = 2.0,
as = 09, N, = 64, L, = 0.75, Re = 1400.0, Pr = 0.7, Le = 1.0, a = 04,
B =17.0,B=16.5 (N, and L, are the number of grid points used and the size of
the computational domain respectively).

Shown in Fig. 3 is a plot of the behavior of Ny = 6t7SGS/A and S sgs as a
function of the grid spacing A for a one-dimensional adaptive thickened laminar
flame. As can be seen from this figure both the first and second properties are
closely satisfied with these values of a7 and as.

Shown in Fig. 4 is the behavior of Ny and S; sgs as a function of Reynolds
number. As the Reynolds number decreases, the magnitude of the molecular diffu-
sive term in the diffusivity expression approaches the same order as the thickening
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FIGURE 3.  Behavior of Ny (A) and S; sgs (O) as a function of A for a one-
dimensional adaptive thickened flame with L, = 0.75, Re = 20000, Pr = 0.7,
Le =1.0,Cy = 2.54, ay = 2.0, g = 0.9, « = 0.4, 8 = 7.0, B = 16.5: Values of A
correspond to simulations with N, = 32,64, 128, 256, and 512.
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FIGURE 4. Behavior of Ny = 6, 5a5/A (A) and S; sas (O) as a function of
log(Re) for a one-dimensional adaptive thickened flame with N, = 64, L, = 0.75,
Pr=0.7Le=10,C; =254, ;1 =20, 0 =09, a =04, 3 =70, B =16.5:
Values of log(Re) correspond to Re = 50, 100, 1000, 5000, 10000, and 20000.

diffusive term and Ny and S; sgs become Reynolds number dependent.

Shown in Fig. 5 is the behavior of Ny and S; sgs as a function of the preex-
ponential factor B. The resolution of the adaptive thickened flame is reasonably
constant while S; sgs shows a strongly linear dependence on B. With the adaptive
thickened flame used in place of the current thickened flame approach, the preexpo-
nential factor can be modified in a manner analogous to that used by Veynante and
Poinsot (1997) and Angelberger et al. (1998) in their thickened flame approach, as
outlined above in Steps 1 and 2 in the discussion on current thickened flame models,
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FIGURE 5.  Behavior of Ny = 6t.5as/A (A) and Sy sgs (O) as a function of
the preexponential B for a one-dimensional adaptive thickened flame with N, = 64,
L, =0.75, Re = 20000, Pr = 0.7, Le = 1.0, Cy = 2.54, o = 2.0, ap = 0.9, o = 0.4,
B ="1.0.

to increase the subgrid scale burning velocity to account for subgrid scale wrinkling.

Shown in Fig. 6 is the behavior of Ny and S; sgs as a function of the model
constant Uy, indicating the increased resolution of the flame with increasing C'y and
the increased burning velocity of the flame due to the increased effective diffusivity.
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FIGURE 6. Behavior of Ny = &; sgs/A (A) and S; sas (O) as a function of the
model constant C'y for a one-dimensional adaptive thickened flame with N, = 64,
L, =0.75, Re = 20000, Pr = 0.7, Le = 1.0, a1 = 2.0, aa = 0.9, « = 0.4, § = 17.0,
B =16.5.

Shown in Fig. 7 is the behavior of Ny and S; sgs during the propagation of a
one-dimensional adaptive thickened flame through a structured nonuniform mesh.
These results show that the adaptive thickened flame approach preserves Properties
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1 and 2 over a large range of grid spacings, A, and Reynolds numbers for a one-
dimensional flame and supports investigating its use in the current study of an LES
of premixed turbulent combustion in stagnating turbulence.
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FIGURE 7. (CL) Behavior of Nf = (5@5@5/& (A) and St,SGS (O) during the
propagation of a one-dimensional adaptive thickened flame through a structured
nonuniform mesh, shown in (b) with contour plots of temperature at various times,
with grid spacing A (¢) and N, = 256, L, = 2.5, Re = 20000, Pr = 0.7, Le = 1.0,
Cr=254,00 =20,0=0.9, aa=04, 3="7.0, B=16.5.

Applying this adaptive flame thickening technique to the filtered energy and
species equations, Egs. (11) and (12) respectively, using the eddy diffusivity models
in Egs. (16) and (17), leads to

opT N opu; T
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and A denotes a local filter length formed by an average of the local grid spacing
in each direction.
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2.4 Preliminary LES of stagnating turbulence

The main objective of this study is the development of an LES of premixed
turbulent combustion in stagnating turbulence. During the development of LES for
incompressible nonreactive turbulent flow, DNS were valuable for validating the LES
simulations and models. However, the resolution requirements of a DNS of premixed
turbulent combustion in a realistic configuration are beyond current computing
capabilities. Validation of LES of PTC, therefore, will rely on the availability of
experimental data. Although numerous experimental studies of PTC in stagnating
turbulence have been reported in the literature (Cho and Law, 1986; Cho and Law,
1988; Cheng and Shepherd and Gokalp, 1989; Cheng and Shepherd, 1991; Yahagi et
al., 1992; Shepherd and Ashurst, 1992; Li et al., 1994; Shepherd, 1996; Hirasawa et
al., 1998; Stevens et al., 1998) only a few report comparisons between the turbulent
hydrodynamic statistics in the cold flow and the reactive hot flow. In order to assess
a modeled set of zero Mach number LES combustion equations, it is advantageous
to have this experimental comparison. An accurate LES cold flow simulation can
then be performed and deviations from experimental data in the reactive hot flow
LES thus reflect the modeling difficulties associated with the inclusion of a heat
releasing premixed flame.

Shown in Fig. 1 is the computational domain with an inert co-flow surrounding
the isotropic turbulent reactive core flow. The nonreactive incompressible LES
equations given by Egs. (9), (10), and (15) are solved with the dynamic procedure
(Akselvoll and Moin, 1995; Germano et al., 1991; Germano, 1992). The size of the
computational domain, L, X Ly X L., the number of grid points in each direction,
N, X Ng x N, and the remaining simulation parameters are given in Table I, where
Regs, is the Reynolds number based on the laminar burning velocity and Rej¢; is the
Reynolds number based on the mean axial velocity of reactive core jet. The physical
parameters used in the simulation correspond to the experimental study reported
by Cho and Law (1986) of a premixed turbulent flame stabilized in a stagnation
flow.

To simulate isotropic turbulence exiting the reactive core flow jet nozzle an
isotropic turbulent field was generated from a decaying isotropic turbulence cal-
culation and interpolated onto a three-dimensional cylindrical mesh representing
the reactive core flow jet nozzle. A plane is then passed through the cylindrical
mesh, with a velocity equal to the mean axial flow velocity exiting the jet, onto
which the isotropic velocity field is interpolated at each time step. The velocity on
the plane is used as the inlet velocity field for the reactive core jet.

L, x Ly x L, N, x Ng x N, | Res, | Rejet | Fr
2.0x2.0mr x 1.5 96 x 64 x 64 1400 | 13650 | 0.0

Table 1. Simulation parameters for preliminary cold flow LES of stagnating turbu-
lence.
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Figure 8 is a contour plot of the axial velocity showing isotropic turbulence ex-

iting the reactive core jet nozzle surrounded by a co-flow protecting the isotropic
turbulent core.

FicUre 8. Contour plot of the instantaneous axial velocity showing the isotropic
turbulent reactive core flow surrounded by a protective co-flow.

Shown in Fig. 9(a) is a comparison between simulation results and experimental
data (Cho and Law, 1986) of the mean axial velocity along the centerline. Shown
in Fig. 9(b) is a comparison between simulation results and experimental data (Cho
and Law, 1986) of the mean axial velocity along two radial traverses.
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FIGURE 9. Comparisons between simulation results and experimental data (Cho
and Law, 1986) of the mean axial velocity along (a) the centerline and (b) two radial
traverses for the cold flow (nonreacting) case. (): experimental w. —o —: 0.
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FIGURE 10. Comparison between simulation results and experimental data (Cho
and Law, 1986) of the rms velocity fluctuations along the centerline in the cold flow
(nonreacting) case. A: experimental u'. (): experimental w’. —a —: u/; —o —:
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Shown in Fig. 10 is a comparison between the radial and axial rms velocity fluctu-
ations from simulation results and experiment data (Cho and Law, 1986). A slight
decay in the rms axial velocity fluctuations is observed.

2.5 Preliminary LES of PTC in stagnating turbulence

In this section are presented preliminary results from an LES of PTC in stagnating
turbulence using the modeled set of zero Mach number LES combustion equations
presented above with the adaptive thickened flame approach.

In this preliminary reactive LES, the classical Smagorinsky model is used for
the subgrid scale stresses in an effort to save computational time and cost. The
expression

Af = %(Ar +A;)

is used in the temperature and species equations, Eqgs. (21) and (22) respectively.
The simulation parameters, in addition to those given in Table I, are given in
Table II. At the lower and upper boundaries Dirichlet conditions are applied to the
temperature and species equations with 7'=1 and Y = 0 at the upper boundary,
T = 0 at the lower boundary, Yr = 0 outside the reactive core jet on the lower
boundary, and Yz = 1 inside the reactive core jet on the lower boundary. Neumann
boundary conditions are applied to all variables at the outer sides of the domain.

Pr | Le | « 1] B Cy
0.7 | 1.0} 08| 70 70.0 | 5.0

Table II. Simulation parameters, together with parameters given in Table I, for
preliminary reactive hot flow LES of PTC in stagnating turbulence.
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In Fig. 11 is a contour plot of the instantaneous axial velocity showing the rapid
acceleration of the gas through the thickened flame. Shown in Fig. 12 are contour
plots of the instantaneous temperature, species mass fraction, and reaction rate.

F1cURE 11. Contour plot of the instantaneous axial velocity showing the acceler-
ation of the isotropic turbulent reactive core flow through the thickened flame.
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FIGURE 12. Contour plots of the instantaneous temperature (— - —), species mass

fraction (— —), and reaction rate (

).
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FIGURE 13. Comparison between simulation results and experimental data (Cho
and Law, 1986) of the mean axial velocity along the centerline in the hot flow
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FIGURE 14. Comparison between simulation results and experimental data (Cho
and Law, 1986) of the (a) axial and (b) radial rms velocity fluctuations along the

centerline in the hot flow (reacting) case. /A: experimental v’. (): experimental w’.
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With the low turbulence intensity (u’/S;, < 1) and small hydrodynamic length
scales produced by the turbulence generating grid in the reactive core jet nozzle,
the thickened flame appears reasonably smooth. This is perhaps a drawback of
this configuration for investigating LES of PTC. However, one of the key aspects in
developing LES of PTC lies in reaction rate modeling and subsequent proper predic-
tion of the subgrid scale turbulent burning velocity. Although large scale topology
features are not present in the stagnating turbulence configuration, this configura-
tion is well suited to testing subgrid scale reaction rate models as the subgrid scale
turbulent burning velocity can be conveniently extracted from the simulations and
numerous experimental studies provide data on the turbulent burning velocity of
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premixed flames in stagnating turbulence.

Shown in Fig. 13 is a comparison of the mean axial velocity along the centerline
between simulation results and experimental data. Shown in Fig. 14 is a comparison
between simulation predictions and experimental data of the axial and radial rms
velocity fluctuations along the centerline. Due to the preliminary nature of this
simulation and the computational time and cost, the statistics were collected from
only a small number of dumped fields over a short interval resulting in the observed
fluctuations of the mean quantities.

3. Future plans

The simulations presented represent a preliminary investigation to test the de-
veloped code, the technique used to create an isotropic turbulent velocity field at
the reactive core jet nozzle exit, and the adaptive thickened flame approach. It
has been found that, although the adaptive thickened flame approach has poten-
tial, the major drawbacks are (a) its physically artifical nature and (b) the large
effective diffusivity that is required to sufficiently thicken the flame results in excess
computational time using the current fully explicit scheme due to the very small
times steps required by the small value of Ay at the centerline. Due to the pres-
ence of the magnitude of the temperature gradient in the diffusivity term, implicit
treatment in the 6 direction of the diffusive terms is not straightforward. Future
work will focus on: (a) construction and validation of an isotropic turbulent field
with the correct spectral properties to use at the reactive core jet nozzle exit, (b)
examination of different models for the reaction rate expression which will hopefully
alleviate the severe computational cost while providing a more physically attractive
approach over the artificial flame thickening technique, and (¢) further consideration
regarding the boundary layer at the plate and the application of LES wall models.
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