COMPARATIVE STUDY OF TURBULENCE AND CHEMISTRY MODELS ON
SIMULATION RESULTS FOR A METHANE/AIR JET DIFFUSION FLAME

Bart Merci
Department of Flow, Heat and Combustion Mechanics,
Ghent University
Sint-Pietersnieuwstraat 41, B-9000 Gent, Belgium
Bart.Merci®rug.ac.be

Alexander Maltsev, Amsini Sadiki and Johannes Janicka
Department of Mechanical Engineering
Darmstadt University of Technology
Petersenstr. 30, 64287 Darmstadt, Germany
maltsev@hrzpub.tu-darmstadt.de

ABSTRACT

The importance of different submodels in numerical sim-
ulations of a turbulent non-premixed flame, is studied. To
that purpose, different types of RANS turbulence models
are compared: the standard k — ¢ model (Jones, 1994), a
non-linear & — ¢ model with a sophisticated transport equa-
tion for the dissipation rate ¢ (Merci, 2002a, 2002b) and
a differential second-moment Reynolds stress model (Jones,
1994). Also different chemistry models are considered, from
a (constrained) equilibrium model (Bilger, 1983) to an ILDM
method {(Maas, 1992; Schmidt, 1996). Finally, the inter-
action between turbulence and chemistry is described at
different levels: the classical pre-assumed 8-PDF approach
is compared to an extended multivariate pre-assumed PDF
method (Repp, 2002; Landenfeld, 2002). It is concluded
that for the test case under study (Sandia 'Flame D’ (Bar-
low, 1998; TNF, 2003)), the turbulence model has the major
effect on the main results, except when chemical species are
of interest.

INTRODUCTION

In simulations of turbulent flows with single-phase com-
bustion, models are used in order to keep computing times
reasonably low for practical purposes. In particular, the
modelling is applied for the turbulence in the flow, the chem-
ical reactions in the combustion process, the heat transfer
and the interaction between these processes.

In this work, advanced reduced chemical kinetics are
incorporated through the ILDM-method (*Intrinsic Low Di-
mensional Manifold’) (Maas, 1992; Schmidt, 1996). This
allows to describe the complete thermo-chemical state of
a gas by means of the mean mixture fraction and two re-
action progress variables - mean mass fractions H;O and
COg2, and the variances of these quantities. For the inter-
action between chemistry and turbulence, the multivariate
pre-assumed beta-PDF (’probability density function’) ap-
proach is followed as described by Repp et al. (2002) and
Landenfeld et al. (Landenfeld, 2002). It is illustrated by
Repp (2002) that good results are obtained for mean quan-
tities in a confined swirling flame with local extinction. In
this work, a piloted methane/air jet diffusion flame with-
out local extinction is studied (’Sandia Flame D’ (Barlow,
1998}}, so that the multivariate beta-PDF method assures

sufficient accuracy for the modelling of turbulence-chemistry
interaction. Radiation is neglected, which is justified for the
studied flame (Merci, 2001).

Attention is focused here onto the differences in simula-
tion results due to the applied turbulence model. To that
purpose, different types of RANS models are compared. On
the one hand, two eddy viscosity models are implemented:
the standard k — & model (Jones, 1994) and an advanced cu-
bic & — ¢ model. The latter is the model described by Merci
et al. (2001), with an improved e-equation (Merci, 2002a,
2002b) (so that the plane jet - round jet anomaly is resolved
for jet flows). For both eddy-viscosity models, the gradient
diffusion hypothesis is used for turbulent mixing. On the
other hand, a linear second moment Reynolds stress model
(Jones, 1994) (RSM) is applied, with their flux transport
equations for the turbulent mixing.

With a fixed turbulence model (namely the cubic k — ¢
model), the influence of the chemistry and turbulence-
chemistry interaction model on the results is also considered.
To that purpose, results with a simplified version of the 'con-
strained equilibrium’ model (Bilger, 1983) are included. It
is illustrated that, for the test case under study, the turbu-
lence model is more important than the chemistry model for
the flow field predictions, as well as for the main thermo-
chemical quantities. When specific chemical species are
considered, the chemistry and turbulence-chemistry inter-
action modelling become more important.

TURBULENCE MODELLING

For a complete description of the implemented turbu-
lence models, the reader is referred to previously published
work. Only some aspects are highlighted here.

As ’standard’ k—e model, the formulation of Jones (1994)
is used, since it accounts for variable density effects due to
chemical reaction.

The implemented non-linear k—e model is completely de-
scribed by Merci (2002a, 2002b) and elsewhere in the current
conference’s proceedings (Merci, in press (b)). The main
aspect for the investigation in this paper, is the (steady)
transport equation for the dissipation rate &:
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The blending function fg, goes from zero to one as Ry =

@ goes from Ry = 1000 to Ry = 2000 (with y the nor-

mal distance to the nearest solid boundary). The blended
source term is important for the quality of the ¢ transport
equation. Near solid boundaries (y — 0, fr, — 0}, the

’standard’ source term cel% is recovered. In free shear
flows (y — oo, fRy — 1), the source term becomes C) Se.
This corresponds to Shih et al. (1995), where the e-equation
was derived from the enstrophy transport equation. The ma-
jor improvement is that the plane jet - round jet anomaly
is resolved. As already mentioned, the reader is referred to
Merci et al. (2002a, 2002b, in press (b)) for more model
details. R

In the implemented Reynolds stress model (RSM), the
local isotropy assumption for the dissipation rate is applied
and the Jones-Musonge formulation of the pressure-strain
correlation is used (Jones, 1994). More details are given by
Landenfeld et al. (2002).

TURBULENCE-CHEMISTRY INTERACTION

The pre-assumed 3-PDF method is used, with the con-
cept of the mixture fraction as conserved scalar. Classically,
transport equations are solved for the mean mixture fraction
¢ and its variance. The PDF is locally reconstructed with
the given values for these quantities.

However, in the context of advanced chemistry modelling
(see next section}, more refined turbulence-chemistry inter-
action descriptions are possible. A multivariate pre-assumed
B3-PDF method is described by Landenfeld et al. (2002) in
which, beside the mean mixture fraction and its variance, the
mean values of the CO; and Hy0 mass fractions and their
variances play a central role. Therefore, modelled transport
equations are solved for the mean values and the variances of
the mentioned mass fractions. The treatment of the chemical
source terms, occurring in those equations, is described by
Landenfeld (2002). Linear gradient diffusion is assumed for
the turbulent scalar fluxes and the scalar dissipation rates
are modelled under the assumption of constant time scale
ratio.

The thermo-chemical quantities are tabulated a priori as
a function of the mentioned independent quantities. The
joint PDF is simplified as a product of one-dimensional
PDFs. While the statistical independence of the differ-
ent arguments is at least very questionable, the results by
Landenfeld et al. (2002) are encouraging to justify the ap-
proximation and, therefore, to be used in the present work.

CHEMISTRY MODELLING

The multivariate 3-PDF method is combined with ILDM
modelling of the chemical reaction system. This technique
avoids the assumption of infinite Damkohler number. It de-
scribes to some extent the chemical system dynamics, with
only a few progress variables. Using an eigenvalue analysis in
composition space, the chemical reactions are sorted on the
basis of their chemical time scale. Reactions which are faster

than a critical time scale are assumed to be in equilibrium,
while the slowest eigenvalues span a low-dimensional mani-
fold, along which the reactions proceed. The full mechanism
and details for the reduced ILDM mechanism are described
by Schmidt (1996), resulting in the mass fractions of H,O
and CQO, as progress variables, as already mentioned.

In order to judge on the importance of the chemistry
model, results are compared to what is obtained with the
classical pre-assumed B-PDF approach (based on the mean
mixture fraction and its variance only), in combination with
the simplified version of the ’constrained equilibrium model’
(Bilger, 1983), as described by Merci et al. (2001). The com-
position is assumed to be in complete chemical equilibrium
(infinite Damké&hler number), under certain constraints (on

e.g. CO).

NUMERICAL METHOD

The presented, grid independent, results are generated
by two different research groups: the non-linear k — e model
simulations have been performed at Ghent University, while
the standard k — ¢ model and the RSM results have been
obtained at Darmstadt University of Technology. As a con-
sequence, the numerical methods differ.

At Ghent University, the steady-state solutions are ob-
tained through a time marching method with a second or-
der accurate finite volume technique, as described elsewhere
(Vierendeels, 2001; Merci, 2000, 2003). The importance of
the inlet boundary conditions (see also further in this paper)
has been illustrated by Merci et. al. (in press (a)).

The Darmstadt University group has used a two-
dimensional elliptic finite volume CFD code with staggered
grid arrangement employing the SIMPLEC velocity-pressure
coupling algorithm. The inflow profile for the turbulent ki-
netic energy dissipation rate ¢ has been specified assuming
an equality of turbulent production and dissipation and ne-
glecting the axial gradients of the mean velocity.

TEST CASE

Simulations have been restricted so far to 'Sandia flame
D’ (Barlow, 1998), which has been a target flame in the
series 'International Workshop on Measurement and Com-
putation of Turbulent Non-Premixed Flames’ (TNF, 2003).
The experimental data for the thermochemical quantities
have been provided by Sandia National Laboratories, while
the flow field measurements have been performed at Darm-
stadt University of Technology.

Flame D consists of a piloted jet diffusion flame with
Reynolds number Re = 22400, based on bulk jet veloc-
ity Uy = 49m/s and nozzle diameter D. In the central
fuel jet, methane is premixed with air (25%CH4 — 75%
air by volume). It is surrounded by a hot pilot stream
(Upitor = 11.4m/s), which stabilises the flame. This system
is embedded in co-flowing air (Ugir = 0.9m./5). A complete
test case description can be found in TNF (2003).

The computational domain has dimensions 100D x 25D
and contains 112 x 80 cells. The inlet boundary is positioned
at the burner nozzle exit.
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RESULTS

Comparison of Turbulence Models

In fig. 1, profiles along the symmetry axis are pre-
sented for the different turbulence models with the ILDM
method. A first striking feature is the strange ’cusp’ in the
mean velocity and mixture fraction profiles with the cubic
k — e model. This is due to an unfortunate combination of
the chemistry model, turbulence model and inlet conditions,
since this cusp is absent when a different chemistry model
is used with the same turbulence model and inlet conditions
(fig. 4).

This being stated, differences between the turbulence
models are small when the mean velocity is considered.
Larger differences are observed in the mean mixture fraction
profiles (thick lines and triangle symbols). Clearly, the RSM
model and the cubic k — ¢ model are comparable beyond
the cusp. The axial position of stoichiometric conditions
(Estoich = 0.35) is well predicted, in contrast to the stan-
dard k£ — ¢ model, which suffers from excessive diffusion.
This is confirmed in the temperature profiles. This is not
surprising, since the mean mixture fraction has the major
influence on the mean temperature. It is observed that the
temperatures with the cubic k — ¢ model are comparable to
the RSM model’s, only for z > 40D. Closer to the noz-
zle exit, the temperature is underestimated with the k — ¢
model. Again, this is due to the mentioned combination of
factors, resulting in the 'cusp’, as is illustrated in fig. 4:
when a different chemistry model is applied, the tempera-
ture underprediction disappears.

The mixture fraction variance (thin lines and square sym-
bols) is best reproduced with the cubic k — e model (correct
position of peak variance and good agreement with absolute
values). Again the strange dip disappears when a different
chemistry model is used (fig. 4).

Finally, the profiles for CO, (thick lines and triangle
symbols) and H;O (thin lines and square symbols) mass
fractions, illustrate the quality of the cubic model and the
RSM model once more (correct peak position and good ab-
solute agreement with experimental data). Needless to say,
the delay in increase in the mass fractions disappears when
a different chemistry model is used. It is noteworthy that
the mean mass fractions of CO; and H, O are obtained from
transport equations here.

Figures 2 and 3 show radial profiles at z/D = 45 (i.e.
around stoichiometric conditions). For all quantities, differ-
ences between the cubic k — & model and the RSM model are
small. They are in good agreement with experimental data,
except perhaps for the turbulent shear stress. The standard
k — £ model only yields acceptable results for the flow field
variables. In all thermo-chemical profiles, excessive diffusion
is observed in their spreading.

Comparison of Chemistry Models

Fig. 4 shows the impact of the chemistry model on axial
profiles, obtained with the cubic k¥ — ¢ model. As already
mentioned, the cusps disappear. Further, it is noticed that
differences in all axial profiles are small, except when the
chemical species are considered. For the mass fraction of
H,O (thin lines and square symbols), differences are still
relatively small: the position of peak mass fraction remains
unaltered. For C'O; (thick lines and triangle symbols) on
the contrary, larger differences are observed. Except for the
underprediction for small z, agreement with experimental
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Figure 1: Axial profiles with different turbulence models.
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Figure 2: Radial profiles at /D = 45 with different turbu-
lence models.

data is better with the ILDM model and the multivariate
PDF method. Note that the mass fractions of CO2 and
H>0 are obtained from transport equations for that model.

The radial profiles at /D = 45 (figs. 5 and 6) con-
firm this. It is noted that the higher temperature with the
constrained equilibrium model is reflected in a higher mass
fraction of CO5 and vice versa. Indeed, the mass fraction
CO5 is an indicator for the ’completeness’ of combustion
predicted by the chemistry model.

CONCLUSIONS

1t has been illustrated for the test case under study that
the simulation results strongly depend on the turbulence
model. The turbulence model indeed determines the flow
field, which on its turn governs the chemical activity through
the turbulent mixing. Since there is little local extinction,
the turbulence model is the most important submodel for the
considered test case. In general, the quality obtained with
the cubic k — ¢ model is comparable to the RSM model.

The impact of the chemistry model on the flow field is
small. Only when thermo-chemical quantities (like temper-
ature or species mass fractions) are investigated, the dif-
ferences between the chemistry models become clear. The
refined ILDM model with the multivariate pre-assumed PDF
method yields accurate results.
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Figure 3: Radial profiles at z/D = 45 with different turbu-
lence models.
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Figure 4: Axial profiles with different chemistry models.
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Figure 5: Radial profiles at #/D = 45 with different turbu-
lence models.
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