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ABSTRACT

In this publication a bluff-body stabilized swirled non-
premixed methane-air flame of the Sydney flame series is
investigated. Large Eddy Simulation (LES) combined with
a progress variable approach based on steady laminar pre-
mixed flamelets is applied to this configuration. To account
for sub grid scale interactions of turbulence and chem-
istry probability density function (PDF) modeling using
presumed (B-PDF for the mixture fraction was used. Two
different PDF approaches were applied to Premixed Gener-
ated Manifolds (PGM). No large differences were observed
when using a sufficiently fine numerical grid. Therefore,
only one PGM method was studied in more detail with a
finer resolution. The comparison with radial velocity and
scalar distributions from the experiments shows a good over-
all agreement.

INTRODUCTION

Large eddy simulation has proven to be a powerful tool
for the accurate prediction of transient flow phenomena in
technical applications. The main advantage of LES is the
resolution of large flow structures containing most of the
turbulent kinetic energy. Thus, only the influence of the
remaining small scales has to be modeled using sub grid
scale (SGS) models. Additional information on the mixture
in the subgrid is needed to compute turbulent non-premixed
combustion processes. This can be achieved by modeling
probability density functions (PDF) for the mixing variables.
A variety of different strategies for treating the combustion
chemistry and the PDF has been investigated during the
last decade.
using steady flamelets with presumed shape 3-PDF appears
to be very promising as it allows to separate hydrodynamic
calculations from the solution of stiff chemical systems. The
chemistry computation considering detailed mechanisms in
the pre-processing lead to a reasonably low computational

The combination of tabulated chemistry by

cost.

As an extension to the commonly used steady flamelet
model to describe the deviations from equilibrium a reaction
progress variable has been introduced, for instance by Pierce
and Moin (2004). Nevertheless, this model shows a discrep-
ancy by defining a reaction progress for a diffusion flamelet
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where “mixed is burnt”. Vreman et al. (2008) used pre-
mixed flamelets in order to create a manifold spanned by the
mixture fraction and the progress variable and applied it to
non-premixed jet flames. The main advantage of the latter
approach consists in the physical description of the chemi-
cal sources within the flammable range. In the present work
this approach, in the following denoted as Premized Gener-
ated Manifolds or briefly PGM, is used in combination with
presumed [-PDF modeling.

A study of the swirled CH4 bluff-body flame SM1 of the
Sydney flame series is presented in this publication (Kalt
et al., 2002; Al-Abdeli and Masri, 2003). First LES results
of flames from this series including SM1 were published by El
Asrag and Menon (2007), Stein and Kempf (2007) and, more
recently, by Kempf et al. (2008). El Asrag and Menon used
a linear eddy mixing model (LEM) combined with a global
one-step finite-rate chemistry mechanism, whereas Stein and
Kempf and Kempf et al. employed a flamelet tabulation with
presumed PDF modeling. These studies revealed problems
in accurately predicting the distribution of scalar quantities
such as the temperature and chemical species. Shortcomings
were attributed to a high sensitivity of the mixture fraction
prediction in areas of near-stoichiometric mixtures or the
utilization of a simple one-step chemistry.

The next section illustrates the configuration and de-
scribes the behavior of the flow. Afterwards the governing
equations, the combustion and PDF models and the nu-
merical setup are given. The subsequent section covers the
interpretation computational results and a discussion on the
performance of the chosen PGM modeling strategies. The
last section is devoted to conclusions.

CONFIGURATION

The Sydney bluff-body configuration as investigated in
this work consists of a rotationally symmetric bluff body
with a diameter of Dy, = 50 mm. Fuel, in this case methane
at ambient conditions, is fed through a central pipe with
D; = 3.6mm with an velocity of u; = 32.7ms~! and a
Reynolds number of Re; = 7200. Swirled air (primary air
flow) is injected through a 5mm wide annular gap around
the bluff body (axial velocity us = 38.2ms~1!, radial veloc-
ity us = 19.1ms~!, Res = 75900). The swirl number Sy
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Figure 1: Configuration of the SM burner.

of 0.5 was evaluated with the mean bulk velocities ws/us.
The swirl is generated by inclined channels 300 mm up-
stream of the exit plane. The bluff body is located in
a square duct of 130mm with the secondary air flow at
Ugir = 20.0ms™ 1.
and the coordinate system is shown in figure 1.
ties and velocity fluctuations were measured through laser

The configuration with all dimensions
Veloci-

Doppler velocimetry (LDV), scalar measurements were ob-
tained using Raman/Rayleigh/LIF. The measurements were
conducted by Kalt et al. (2002) and Al-Abdeli and Masri
(2003).

Computational results of the flame are shown in figure 2
with its instantaneous and mean distributions of the temper-
ature (left figures) and the axial velocity (right figures). The
velocity plots show the isoline for u = 0ms—!. The flame
is stabilized by two mechanisms. First, the bluff body acts
as geometrical flame holder inducing two counter-rotating
vortices forming a recirculation zone in its wake. The lower
regions where u = 0ms ™! close to the bluff body in figure 2
mark these recirculation zones. The inner vortex transports
fuel into this zone, while the outer vortex entrains hot gases.
Therefore, the fuel is preheated and mixing processes are
enhanced. The stoichiometric mixture fraction is very low
(f st =
in the outer shear layer ranging from the outer edge of the
bluff body to the region of the strongest lateral contraction.
Together with the necking of the flow a region of intense
burning establishes close to the stagnation points of the ge-
ometrically induced recirculation. Additionally, the outer
surface of the bluff body generates vortex shedding influenc-
ing the reaction zone and enhancing velocity fluctuations.
The second stabilizing mechanism is the swirl induced vortex
breakdown bubble (VBB). The VBB establishes a secondary
reaction zone further downstream. The downstream isocon-
tour of w = 0ms—! shows the position of the VBB. The
strong interaction of the fluctuating VBB with the central
fuel jet leads to precessing of the jet.
visualized in the instantaneous velocity distribution in fig-

0.055), thus the primary reaction zone is situated

The interaction is

ure 2 where the bounding isolines of zero axial velocity of
the vortex breakdown bubble and the recirculation zone in-
teract. In both the instantaneous temperature and velocity
field the precessing fuel jet can be observed.
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MODELING AND NUMERICS

This section gives an overview of the filtered LES equa-
tions, the premixed generated manifolds method and the
PDF modeling applied within. At the end, the numeri-
cal procedure for solving these equations and the numerical
setup of the configuration is described.

LES modeling

In configurations with relatively low flow velocities, the
density can be assumed independent of the pressure. It only
varies due to changing of the temperature and the scalar
composition. The following equations represent the Favre-
filtered (density weighted filtering: ﬁ$ = p¢) equations for
mass, momentum and a scalar :
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The subfilter fluxes of momentum and scalars Tisjg ¢ and J;?;,
appearing in the equations above due to the filtering oper-
ations, have to be modeled. The subgrid scale stress tensor
Tfjgs is closed by the standard Smagorinsky model. The
deviatoric part is modeled based on an eddy-viscosity as-
sumption, while the isotropic part is included in the pressure

term, resulting in the pressure parameter.
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The coefficient C's in equation (5) is obtained by the dy-
namic procedure of Germano et al. (1991). A denotes the
LES filter width.

The scalar fluxes J:‘?-S in equation (3) are modeled con-
sistently with the sub grid stresses with a gradient approach.
vi 85

89S
w.g =

— 7
gt 8wj ( )
The turbulent Schmidt number o; = 0.7 relates the turbu-
lent diffusion coefficient to the turbulent viscosity.

Combustion Modeling

The combustion modeling used in this work is based
on a flamelet approach, describing the turbulent three-
dimensional flame front by a set of laminar steady one-
dimensional flamelets. The progress variable approach used
in this work follows the work of van Oijen (2002) and others.
It combines flamelets with a reaction progress variable ac-
counting for finite-rate chemistry effects. A set of premixed
flamelets for different mixture fractions f was computed
using the laminar flame code ChemlD with the GRI 3.0
reaction mechanism. The progress variable ) must be
strictly monotonical along the flamelet. In the context of

Main


미정댁
메인/컨텐츠


Contents

Main

Sixth International Symposium on Turbulence and Shear Flow Phenomena

<T

| |

Seoul, Korea, 22-24 June 2009

Figure 2: Instantaneous and mean temperature and axial velocity distribution taken from the computation employing 4 million
grid points. The coloring ranges from 300 K (white) to 2100 K (black), resp. —20 (black) to 40 ms~! (white).

this work, the species mass fraction of CO2 has been cho-
sen (¥ = Yco,). Albeit the simplicity of this choice CO2 is
fairly sensitive in a wide range of the flame.

Since no solutions outside the flammability limits (ap-
prox. f < 0.02 and f > 0.1) can be obtained, an extrap-
olation was performed to fill the whole range of mixture
fractions from 0 to 1. For this publication, a technique
considering the thermo-chemical behavior of each variable
has been chosen. Species mass fractions Y; and hence the
progress variable are extrapolated linearly. The density p
and the species’” molar masses M; follow a hyperbolic law
for mixing. To fulfil the perfect gas equation, the tempera-
ture was calculated accordingly (see Ketelheun et al., 2009).

In this work, the temperature, species mass fractions,
as well as the density and the viscosity are tabulated as
functions of the mixture fraction and the reaction progress
variable which are transported following equation (3). The
manifold reads as:

e =2(f,Y) (3)
The filtered variables are obtained by integration over a den-
sity weighted sub grid PDF of the controlling variables.

s = [[eumrey gy ©
To model the joint PDF P (f,Y) two different assump-
tions on the statistical independence of mixture fraction and
progress variable have been used. The first approach, called

PGM1 in the remainder of this work, assumes independence
of f and Y.

P(£,¥)=P(f)-PQ) (10)
The second approach, called PGM2, is based on a method by
Landenfeld et al. (2002). They propose a normalization pro-
cedure for the progress variable to minimize the statistical
dependence of f and )Y in flames burning near equilibrium.
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Neglecting cross-correlations according to Landenfeld et al.
(2002) the normalized progress variable is defined as:
Yy

= and C =~ j} ( ! )
ymaz ymaa:
In both methods PGM1 and PGM2 the PDF of the mix-
ture fraction is modeled as [-function. Conceptually the
[B-function is unsuitable for premixed flame situations in LES
represented by the (scaled) reaction progress variable. Thus,
it is modeled using a Dirac d-function. This approach is
appropriate due the approximately piecewise linear relation-

C

(11)

ship of the progress variable and the thermo-chemical state
together with high grid resolutions. A possible slight shift in
the effective burning velocity is uncritical for the modeling
of SM1 since the flame stabilization is based on recirculation
of hot gases and not on premixed flame propagation.

The sub grid variance of the mixture fraction is modeled
according to:

72— c,az 2 9f

with C2 =0.15
Oxj; Ox;

(12)

Numerical Procedure and Setup

All the governing equations were implemented in the
three-dimensional CFD code FASTEST-ECL. The code uses
geometry-flexible, blockstructured, boundary fitted grids.
This enables FASTEST-ECL to represent complex geome-
tries such as the one investigated here. A collocated grid
with a cell-centered variable arrangement is used. The flow
solver offers fully second order accuracy. Discretization is
based on the finite volume method. For spatial discretiza-
tion specialized central-differencing schemes are used. To
assure boundedness of the mixture fraction, the convective
term in the scalar transport equation (3) was discretized us-
ing non-oscillatory bounded TVD schemes.
stepping multiple stage Runge-Kutta schemes (here: three

For the time
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Figure 3: Scatter plot for CO2 mass fraction. (A) PGM1, (B) PGM2, (C) experimental data, (D) conditional means from
scatter plots with > © ’ experiments by Al-Abdeli and Masri (2003), > — > LES/PGM1, *> — — > LES/PGM2 (both LES with

2.2 million grid points).

stages) with second order accuracy were used. Following a
fractional step formulation, in each stage a momentum cor-
rection is carried out in order to satisfy the continuity. For
further details see Hahn et al. (2008).

The computations were carried out on elliptically
smoothed hexahedral grids with 2.2 - 106 and 4 - 106 grid
points, respectively. Special three-dimensional O-grid struc-
tures were used to obtain very fine resolutions within the
fuel jet, around the bluff body and close to the nozzle. The
computational domain covers the square duct in the lateral
direction and includes the nozzle for one bluff body diam-
eter (1Dyp, ~ 13.8D;) upstream. Downstream, the domain
covers about 10Dy;,. The calculations confirm that the flame
fits in the computational domain. For the inlet conditions
the bulk flows were prescribed for the jet and the primary air
flow. For the co-flow artificial turbulence was superimposed
using the method of Klein et al. (2003) with a lengthscale of
4 — 8 mm. The turbulence intensity was chosen to be 5%.

The chemical database was resolved with 901 x 101 x 11
entries for mixture fraction, reaction progress variable and
mixture fraction variance, respectively. The data was
equidistantly distributed in order to have a fast and search
free table access. The fine resolution is necessary to accu-
rately capture the very small flammable region of the fuel.

RESULTS

As a preliminary study of the methods PGM1 and PGM2
computations on a smaller grid with 2.2 million grid points
were carried out and scatter plots of the CO2 mass fractions
were compared with each other and experimental data. In
the second part of this section the method PGM2 is inves-
tigated more closely and the radial means of velocities and
scalars are compared to the experiments. A description of
the flame behavior and the effects present in the flame were
given in the beginning of this publication, accompanied by
figure 2.

Scatter Plots

Figure 3 shows events of the CO2 mass fraction plotted
against the mixture fraction at different axial positions. Due
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to the incorporation of premixed laminar flames (varying
from unburnt to burnt states) into the chemical databases
the PGM combustion model includes the non-reacting mix-
ing regime as well as the burnt regime. Since the main
portion of scalar transport is resolved the PGM model to-
gether with LES is per se appropriate to account for resolved
blow-off events. In contrast to that issue, quenching based
on sub grid strain is not included in the used methodology.

As it is shown by figure 3 both PDF modeling strate-
gies account for extinction effects.
by very low values of the transported quantity COg2 within
the flammable regions. Both methods represent the experi-
mental distribution with respect to shape and probability
reasonably well. The scattered data and the conditional
means in column (D) show slightly better results for PGM1.
This is caused by the effect of the different PDF modeling
strategies on the source term of the progress variable COs.
The assumption of statistical indepence of the mixture frac-
tion and the physical progress variable seems to be better
suited for flame SM1 with strong deviations from chemical
equilibrium and massive local extincion. Nevertheless the
two methods do not differ much in the prediction quality
using a high grid resolution accompanied by narrow PDF's
in the region of interest. Therefore, the PGM2 method has
been chosen for a more detailed investigation of the flow and
scalar field with further increased grid resolution.

This is demonstrated

Radial Distribution

Figure 4 shows the time averaged results of the LES
with four million grid points and the combustion modeling
strategy PGM2 at different axial positions for the axial and
rotational velocity components as well as their fluctuations
compared to experimental data. Overall, a good agreement
with the experimental data could be achieved, albeit an in-
correct slight shift of the experimental data towards higher
radii is evident. This results for instance in a measured an-
gular momentum at the symmetry axis.

The main flow features like the spreading mechanism
and the recirculation of highly rotating hot gas towards the
burner’s base are well captured by the LES. The position
of the stagnation point for the bluff body recirculation zone
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Figure 4: Time averaged results for axial and rotational velocity means and fluctuations. > © > Experiments by Al-Abdeli and

Masri (2003), * — * LES/PGM2 with four million grid points.
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was given by the experimental results of Kalt et al. (2002)
at a position 43 mm downstream of nozzle. The stagnation
point in the computation was found at 45mm. The vortex
breakdown bubble was observed in the experiment between
z = 65 and 100 mm, in the simulation between x = 58 and
103 mm.

However, the jet penetration is not perfectly matched,
as it is observed at the axial stage at « = 20mm. At
measurement planes further downstream where the vortex
breakdown bubble is located slight deviations occur. The
fluctuations of both components are well captured in both
their shape and position of the peak values. Even though
artificial turbulent data were not prescribed at the fuel and
the swirled air inlet the vortex shedding mechanisms are
well predicted by the LES benefiting from the inclusion of
the nozzle in the computational domain and the refinement
strategy using three-dimensional O-grids within the nozzle.

In figure 5 the time averaged results for the mixture frac-
tion, its fluctuation, the temperature, CO2 and OH mass
fractions are given. The mean values of the mixture fraction
match very well with the experimental results in most parts
of the domain. The mixture fraction profile at * = 75 mm
suggests that diffusion effects might be too low due to a too
high value of the turbulent Schmidt number. The tempera-
ture at x = 10 mm is somewhat too high, mainly in the rich
parts of the flame. This can be explained by effects from the
tabulation method. Due to the use of premixed flamelets no
diffusion in mixture fraction space is included. Therefore,
the peak values of the temperature in the chemistry table
are higher than for non-premixed flamelets. The extrapola-
tion routine may cause additional differences. Other authors
(cf. Olbricht et al., 2008; Kempf et al., 2008) using standard
steady flamelet approaches have shown a peak of the tem-
perature and very high amounts of OH on the outer edge
of the bluff body where the flame front is situated. In the
present computation the peak is present as well, but it is
considerably lower, OH is very well captured. This effect
can be explained by a better description of the heat release
in the flame.

CONCLUSION

In this publication a swirled methane flame has been in-
vestigated by LES with premixed generated manifolds chem-
istry tabulation. Two different approaches for modeling the
mixture fraction PDF were considered. Scatter plots of the
CO2 mass fraction demonstrated that the PGM methodol-
ogy is well suited to capture extinction events in the absence
of modeling sub grid scale quenching. It turned out that as-
suming statistical independence of the mixture fraction and
the physical progress variable within the modeling of the
joint PDF results in slightly better results than implying
a fixed dependency according to Landenfeld et al. (2002).
Nevertheless, only marginal differences between both ap-
proaches can be observed as long as the grid resolution is
sufficiently fine. One of the approaches has been chosen for
further investigations. The radial profiles of the LES re-
sults are in very good accordance to the experimental data.
The LES/PGM method has been successfully applied to this
complex swirl configuration.
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