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Abstract. Large Eddy Simulation (LES) and flamelet-based combustion models were ap-
plied to four bluff body stabilized nonpremixed and partially premixed flames selected from
the Sydney flame series and two generic gas turbine combustors. Unswirled and swirled
cases of the Sydney flames were investigated, which exhibited different flow features, such
as recirculation, jet precessing and vortex breakdown. Due to various fuel compositions,
flow rates and swirl numbers, the combustion characteristics of the flames varied greatly.
For all flame calculations good agreement of the main flow features with the measured data
was achieved. For purely nonpremixed flames burning attached to the bluff body’s outer
edge, flamelet modeling including strain rate effects provided good results for the flow field
and for most scalars. The prediction of a partially premixed swirl flame could only be
achieved by applying a flamelet-based progress variable approach.
The gas turbine combustors feature different recirculation mechanisms to stabilize the
flame. First, a non-swirled combustor with recirculation due to a high-speed air flow was
investigated. The second configuration exhibits a complex swirl nozzle inducing the recir-
culation. In both cases the LES predictions provide good agreement with the experimental
data. It turned out that a reasonable spatial resolution in the vicinity of the flame together
with TVD-based discretization and standard presumed probability density modeling is suf-
ficient to capture accurately the complex flame lift mechanisms for reactive flows stabilized
by hot gas recirculation.
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1 INTRODUCTION

Understanding mixing and combustion dynamics has become increasingly important,
particularly for achieving high efficiency and low emissions in modern gas turbines and
other technical combustion devices. Whenever turbulent nonpremixed combustion takes
place, the physical processes typically cover a wide range of time and length scales. Main
geometrical features of technical flow systems, like swirl generators or bluff-bodies, induce
recirculation zones to stabilize the flame and intensify the mixing of fuel and oxidizer.
This frequently goes along with large-scale, coherent fluid motion. To capture those
instationary motions the large eddy simulation (LES) technique is commonly used and
becomes more and more important in industrial applications1. It has great potential in
predicting these flow properties, due to a direct simulation of large fluid structures while
only nonresolved small scales are modeled. Information about the small scales is required
to account for subgrid scale (SGS) mixing. Assumed shape PDF approaches belong to
the well-established subgrid scale models for nonpremixed combustion. Together with
flamelet-based combustion models such PDF approaches build a popular concept used to
account for the variable fluid properties as a result of subgrid scale mixing and chemical
reaction. The attractiveness of this concept relies on the utilization of complex chemical
mechanisms to build databases, which are parameterized by the mixture fraction for a
set of strain rates or a reaction progress variable. This approach allows the separation of
hydrodynamic calculations from the solution of stiff chemical systems. The standard ap-
proach to model chemical reactions in the LES context are steady (nonpremixed) flamelet
models applying a mixture fraction variable only. However, they are conceptually un-
suitable to describe flames deviating from chemical equilibrium, showing local extinction,
partial premixing or lifted flames. The flames always burn attached to the nozzle due to
the “mixed-is-burnt” assumption. A promising concept for simulating such systems relies
in progress variable approaches (PVA) where an additional scalar controls the progress of
the reaction. Here, the chemistry is parameterized as a function of the mixture fraction
and a progress variable2.
In this study, LES and different flamelet-based combustion models were applied to four
bluff body stabilized nonpremixed and partially premixed flames selected from the Syd-
ney flame series3–8. Both unswirled and swirled cases were investigated, which exhibit
different flow features, such as recirculation, jet precessing and vortex breakdown. Due
to various fuel compositions, flow rates and swirl numbers, the combustion character-
istics of the flames varied greatly. Different combustion models, flamelet with one or
multiple strain rates and a progress variable approach, were applied to these flames. For
all flame calculations good agreement of the main flow features with the measured data
was achieved. For purely nonpremixed flames burning attached to the bluff-bodys outer
edge, flamelet modeling including strain rate effects provided good results for the flow
field and for most scalars. The prediction of a partially premixed swirl flame could only
be achieved by applying a flamelet-based progress variable approach. Furthermore, the
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progress variable approach was applied to two confined model gas turbine combustors to
assess its prediction capabilities for lean partially premixed lifted flames. These configura-
tions feature different recirculation mechanisms to stabilize the flame. First, a non-swirled
combustor with recirculation due to a high-speed air flow was investigated9;10. The sec-
ond configuration exhibits a complex swirl nozzle inducing the recirculation and coherent
vortical structures11;12. In both cases the LES predictions provide good agreement with
the experimental data. It turned out that a reasonable spatial resolution in the vicinity
of the flame together with TVD-based discretization and standard presumed probability
density modeling is sufficient to capture accurately the complex flame lift mechanisms for
reactive flows stabilized by hot gas recirculation.
The subsequent section 2 deals with the modeling of flow, chemistry and their inter-
action via presumed PDF and describes the numerical procedure as it is implemented
in the FASTEST-ECL code. In section 3 the experimental and numerical setup of the
Sydney bluff-body and swirl burner, as well as the generic gas turbine combustors are
given. Section 4 presents and discusses the computational results and compares them to
experimental data. Some conclusions are drawn in section 5.

2 MODELING

2.1 Governing Equations

Many technical configurations are characterized by low Mach numbers, meaning that
the occurring fluid velocities are low compared to the speed of sound. For combustion sys-
tems the flow fields can be described by a given set of transport equations in combination
with information on the thermo-chemical state. The thermo-chemistry can be provided
by tabulated chemical databases relating density and viscosity to a set of scalars. This
relation is equivalent to the equation of state (EOS) in compressible flows.
Even though in implicit LES no explicit filtering is applied to the conservation equations
or the results, the technique itself is naturally only able to solve for the grid resolved
turbulent scales. To account for this implicit filter the equations have to be filtered in ad-
vance. In the case of variable density flows typically a density weighted filtering ρ̄ϕ̃ = ρϕ
(Favre filtering) is performed. Applying this formalism to the conservation equations
of continuity and momentum with the density ρ, the kinematic viscosity ν, the velocity
vector ui and the pressure p, these read as:

∂ρ̄

∂t
+

∂

∂xj

(ρ̄ ũj) = 0 (1)

∂

∂t
(ρ̄ ũi) +

∂

∂xj

(ρ̄ ũi ũj) =
∂

∂xj

(
ρ̄ ν̃

(
∂ũi

∂xj

+
∂ũj

∂xi

− 2

3

∂ũk

∂xk

δij

)
+ ρ̄ τ sgs

ij

)
− ∂p̄

∂xi

(2)
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A transport equation for any scalar φ with Dφ denoting the transport coefficient and Sφ

any source term, e.g. chemical source term, can be written as:

∂

∂t
(ρ̄ φ̃) +

∂

∂xj

(ρ̄ ũj φ̃) =
∂

∂xj

(
ρ̄

(
D̃φ

∂φ̃

∂xj

+ Jsgs
φ,j

))
+ S̃φ (3)

Due to the filtering operation additional terms τ sgs
ij , Jsgs

φ,j arise in equations (2) and (3),
accounting for the momentum and scalar flux at sub filter level. These contributions
have to be modeled. The subgrid scale stress tensor τ sgs

ij in equation (2) is closed by a
Smagorinsky model13. The deviatoric part is modeled based on an eddy-viscosity assump-
tion, while the isotropic part is included into the pressure term, resulting in the pressure
parameter P .

τ sgs
ij − 1

3
τ sgs
kk δij ≈ 2 νt (S̃ij −

1

3
S̃kkδij) with νt =

(
CS∆̄

)2 ∣∣∣S̃ij

∣∣∣ (4)

S̃ij =
1

2

(
∂ũi

∂xj

+
∂ũj

∂xi

)
(5)

P = p− ρ

3
τ sgs
kk (6)

The model coefficient CS in eq. (4) for the turbulent viscosity νt is obtained by the
dynamic procedure proposed by Germano et al.14 and using the least-squares approach
following Lilly15. No special wall treatment is included into the sub-grid scale model. The
approach relies on the dynamic procedure to reproduce the correct asymptotic behavior
of the turbulent flow near the wall16. In equation (3) the contribution of the subgrid
scalar fluxes can be modeled consistently with the modeling of the subgrid scale stresses
with a gradient flux approach,

Jsgs
φ,j ≈ νt

σt

∂φ̃

∂xj

. (7)

Here, a subgrid scale Schmidt number σt relates the turbulent diffusion coefficient to the
turbulent viscosity νt.

2.2 Combustion Modeling

The mixture fraction concept was used to account for two species mixing as present
in nonpremixed or partially premixed combustion systems. A transport equation for the
mixture fraction can be derived from equation (3), assuming equal diffusivities Dα = D
for all species.

∂

∂t
(ρ̄ f̃) +

∂

∂xj

(ρ̄ ũj f̃) =
∂

∂xj

(
ρ̄

(
D̃

∂f̃

∂xj

+ Jsgs
f,j

))
(8)

Due to the definition of the mixture fraction based on element mass fractions equation (8)
contains no source term. Hence, f can be considered to be a conserved scalar.
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The flamelet concept is based on the idea that turbulent flames are composed of tiny lam-
inar flames, the “flamelets”. Peters17 derived a steady flamelet equation by transforming
equation (3) into mixture fraction space. Steady flamelets can be parameterized by the
mixture fraction f and the scalar dissipation rate χ. Thus, the steady flamelet database
yields

ΦSF = Φ(f, χ). (9)

Assuming infinitely fast chemistry, unity Lewis numbers (Le = Dαρcp/λ = 1) and no heat
losses, it appears that the species composition, the temperature and the enthalpy can be
described by the mixing process only. Due to the fact that the scalar dissipation rate
can be interpreted as an inverse mixing time it is suitable to account for non-equilibrium
concentrations. The filtered scalar dissipation rate can be modeled following an algebraic
approach proposed by Girimaji and Zhou18:

χ̃ = 2

(
D +

νt

σt

)
∂f̃

∂xj

∂f̃

∂xj

(10)

One of the main disadvantages of the standard steady flamelet approach is that it does
not cover the whole range from pure mixing (extinction) to chemical equilibrium. Solely
burning solutions are incorporated in this concept and lead to a “mixed-is-burnt”-like
behavior. Thus, it is not suitable when accounting for complex burning situations like
flame lift, local extinction, re-ignition, etc.
A further developed flamelet-based reduction technique takes advantage of a scalar vari-
able controlling the chemical progress. Van Oijen and de Goey19 proposed a mixture frac-
tion/progress variable approach (PVA) which is based on the solution of steady premixed
flamelets building a premixed flamelet-generated manifold (FGM). Recent studies19;20 re-
vealed that premixed FGMs are also applicable to premixed and nonpremixed combustion
systems. In van Oijen and de Goey’s approach the progress variable is typically a linear
combination of weighted reaction product species α,

Y =
∑

α

Yα

Mα

. (11)

with the species mass fractions Yα and the molar mass Mα. The source term for the
progress variable is evaluated accordingly. To build well-defined databases this progress
variable has to be selected monotonically increasing with the reaction progress for each
flamelet. The chemical database Φ is then parameterized by the mixture fraction f and
the progress variable Y , leading to

ΦFGM = Φ(f,Y). (12)

Outside the flammability range all thermo-chemical variables have to be extrapolated to
the limits of possible mixtures (f = 0, . . . , 1).
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2.3 PDF Modeling

Knowledge of subgrid distributions of scalars which constitute the chemical database
is required when accounting for unresolved scales. Due to a generally nonlinear relation
of Φ to these scalars, an integration of the subgrid probability density function (PDF) is

necessary to achieve filtered thermo-chemical properties Φ̃. In the case of steady flamelet
modeling the PDF is defined by P (f, χ). Assuming statistical independence of f and
χ yields P (f, χ) = P (f) · P (χ). Hence, the distributions can be modeled separately. A
commonly used approach is to apply a presumed β-PDF to the distribution of the mixture
fraction and a Dirac δ-function to the distribution of the scalar dissipation rate2. With

these assumptions and the subgrid variance f̃ ′′2 the filtered thermo-chemical properties
read as

Φ̃(f, χ) =

∫∫
φ(f, χ)β(f ; f̃ , f̃ ′′2)δ(χ; χ̃) dfdχ = Φ̃(f̃ , f̃ ′′2, χ̃). (13)

The subgrid variance is modeled according to Branley and Jones21. This model employs
a new model constant Cν , which is suggested by Branley and Jones to be in the range of
0.1 to 0.2.

f̃ ′′2 = Cν∆
∂f̃

∂xj

∂f̃

∂xj

(14)

In the case of the PVA, a subgrid PDF modeling approach according to Landenfeld et al.22

is used. In nonpremixed flames where complex flame effects like local extinction or flame
lift do not appear, a strong correlation between f and Y can be expected. A PDF
modeling according to equation (13) with a separation of the PDF is then unsuitable.
The Landenfeld et al. method is based on minimizing the statistical dependency of the
tabulated variables. Therefore, the progress variable is normalized by its maximum value
Ymax resulting in a reaction progress variable C ranging from zero to one.

C =
Y

Ymax

(15)

The new manifold is then built as ΦFGM = Φ(f, C). With this technique the correlation
between the tabulated variables f and C can be reduced strongly. Applying a Dirac δ-
function to the distribution of C and a presumed β-PDF to the distribution of the mixture
fraction the filtered thermo-chemical properties read as

Φ̃(f, C) =

∫∫
φ(f, C)β(f ; f̃ , f̃ ′′2)δ(C; C̃) dfdC = Φ̃(f̃ , f̃ ′′2, C̃). (16)

The filtered reaction progress variable is evaluated using the same assumed shape PDF
as in equation (16). According to Landenfeld et al.22 cross-correlations of Y and Y−1

max

can be neglected.

C̃ ≈ Ỹ ·
˜( 1

Ymax

)
and

˜( 1

Ymax

)
=

∫ (
1

Ymax

)
β(f ; f̃ , f̃ ′′2) df (17)
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2.4 Numerical Procedure

The governing equations were implemented in the three dimensional low-Mach number
LES code FASTEST-ECL. The code uses geometry flexible, block-structured, bound-
ary fitted grids, enabling it to represent complex geometries. A co-located grid with a
cell-centered variable arrangement is used. The flow solver offers fully second order ac-
curacy. Discretization is based on the finite volume method. For spatial discretization,
specialized central differencing schemes, which preserve second order for arbitrary grid
cells are used23. To assure boundedness of the mixture fraction, the convective term in
the scalar transport has been discretized using non-oscillatory, bounded TVD schemes24.
Multiple stage Runge-Kutta schemes with second order accuracy are used for the time
stepping. A fractional step formulation is applied and at each stage a momentum correc-
tion is carried out in order to satisfy continuity. Therefore a Poisson equation is derived
from equation (1) and solved iteratively with multi-grid and SOR relaxation. For the tur-
bulent Schmidt number σt=0.7 and for the variance model constant Cν=0.15 were chosen.
The steady flamelet databases were built using the one dimensional flow solver CHEM1D25.
For this purpose, steady, laminar opposed jet flames were solved for strain rates, starting
from a = 10 s−1 to the last burning strain rate a = 1660 s−1. In the case of FGM modeling
steady laminar premixed flames were calculated within the flammability limits. Outside
these limits an extrapolation method by Ketelheun26 which is based on preserving phys-
ical solutions in too lean or too rich regions was used. For all FGM calculations CO2

has been used as progress variable. For the flamelet computations the GRI 3.0 chemi-
cal mechanism27 with Leα=1 was applied. The resulting scalar values were mapped on
mixture fraction and dissipation rate or progress variable coordinates, respectively.

3 EXPERIMENTAL AND NUMERICAL SETUP

3.1 Sydney Bluff-Body Burner

The Sydney bluff-body swirl configuration, with all dimensions and the coordinate sys-
tem, is shown in Figure 1. For the unswirled cases no annulus is present. The rotationally
symmetric bluff-body nozzle is housed in a square duct of 130 mm to 305 mm width, de-
pending on the flow case. Gas is fed through a centered pipe at a bulk jet velocity of uj

at ambient conditions with a Reynolds number of Rej. In the case of swirl configurations,
swirled air is injected through an annular gap (primary air flow: axial component us, ro-
tational component ws). The geometric swirl number Sg is evaluated with the mean bulk
velocities (ws/us) within the annular gap. The secondary air stream (ambient conditions,
co-flow) between the duct and the burner nozzle is fixed at uc. The measurements were
conducted by Dally et al.3;4, Kalt et al.5, Al-Abdeli and Masri6;7 and Masri et al.8 The
flow parameters of the four investigated flames are given in Table 1. All simulations were
carried out on elliptically smoothed hexahedral grids. For the unswirled bluff-body con-
figuration two grids with 1.1 and 2.2·106 grid points (GP) and for the swirled bluff-body
case three grids (1.1, 2.2 and 2.7·106 GP) were created. The special three-dimensional
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fst uc us uj Res Rej Sg Lf

Flame Fuel (−) (ms−1) (ms−1) (ms−1) (−) (−) (−) (m)
HM1E CH4/H2 (1:1) 0.050 35.0 - 108.0 - 15800 - 1.00
HM3E CH4/H2 (1:1) 0.050 35.0 - 195.0 - 28500 - 1.00
SM1 CH4 0.055 20.0 38.2 32.7 75900 7200 0.50 0.12
SMA2 CH4/Air (1:2) 0.250 20.0 16.3 66.3 32400 15400 1.59 0.23

Table 1: Flame and flow conditions of the investigated cases of the Sydney flame series.
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Figure 1: Sketch of the Sydney bluff-body swirl
burner (dimensions mm).
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Figure 2: Nozzle dimensions of the Owen et al.
combustor.

O-grid arrangements guarantee a very fine resolution within the nozzle, around the bluff-
body and the near nozzle region. The computational domain covers the square duct in the
lateral direction. In the axial direction, the domain reaches from one bluff-body length
Dbb upstream to 5.2Dbb downstream of the jet exit plane in the unswirled case and 10Dbb

in the swirled case. The fuel nozzle is included with a length of approximately 13.8 jet
diameters.
At the inlets bulk flow velocities were prescribed for the jet. In the case of the unswirled
bluff-body flows artificial turbulence was superimposed for the coflow using the method
of Klein et al.28. For the swirled cases no artificial turbulence was used. At the exit plane
a convective outlet boundary condition was prescribed.

3.2 Generic Gas Turbine Combustors

3.2.1 Owen et al. Combustor

The nozzle of the axisymmetric combustor experimentally investigated by Owen et al.9

is shown in Figure 2, including its dimensions. The combustion chamber had a length of
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uf Ref Tf uo Reo To p φ
(ρu)f

(ρu)o

Fuel (ms−1) (−) (K) (ms−1) (−) (K) (bar) (−) (−)
CH4 0.9287 10000 300 20.63 95000 750 3.8 0.9 0.063

Table 2: Operating conditions of the Owen et al. combustor. Inlet velocities u, Reynolds numbers Re,
temperatures T for fuel (index f) and oxidizer (index o), combustor pressure p, equivalence ratio φ and
momentum ratio of fuel and oxidizer.

Figure 3: Setup of the Janus et al. combustor.

1000 mm in the experiment, for the computation it was only included for 375 mm. The
nozzle diameter R is used to normalize length scales in the remainder of this paper. The
operating conditions are listed in Table 2. Preheated air is fed to the combustion chamber
through a coaxial annulus. The fuel in the central nozzle, being natural gas (≈96% CH4),
is not preheated. The separation between fuel and air was modeled as infinitely thin wall
in the simulation. Porous discs were used to homogenize the flow inside the nozzles.
The combustor walls are water cooled and feature nearly uniform wall temperatures of
500 K. Due to the high difference of axial momentum of fuel and oxidizer the fuel outlet
figures as bluff-body inducing a central recirculation zone. Owen et al. observed large-
scale fluctuations or coherent structures resulting from low frequency movements of the
recirculating gas into the fuel nozzle. Gas bubbles enter the fuel nozzle on one side and
partially block it. In the other parts of the nozzle increased eddy breakup is observed,
leading to stronger mixing in the shear layers and thus lifting of the flame.
As for the Sydney flames, an elliptically smoothed grid with three-dimensional O-grid
arrangements was used. The grid consists of 5.1·106 grid cells. The nozzle was included
for approx. 2R in the computational domain, the combustor was included for 8R, approx.
one third of its total length. At the inlet, the bulk flow velocities for fuel and air were
prescribed. Artificial turbulent fluctuations obtained by the method of Klein et al.28 were
superposed.
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ṁf Ref = Reo Tf ṁo To = Tc ṁc p φ S
Fuel (kgs−1) (−) (K) (kgs−1) (K) (kgs−1) (bar) (−) (−)
CH4 0.00137 26200 368 0.03 623 0.09 2 0.8 1.2

Table 3: Operating conditions of the Janus et al. combustor. Inlet mass flows ṁ, Reynolds numbers Re
and temperatures T for fuel (index f), oxidizer (index o) and cooling air (index c), combustor pressure
p, equivalence ratio φ and swirl number S.

3.2.2 Janus et al. Combustor

This configuration was extensively experimentally investigated by Janus et al.11;12. The
setup is shown in Figure 3. Fuel and air are preheated and fed separately into the com-
bustion chamber. From the experiment a lifted flame was reported as well as a coherent
structure, forming a helical vortex. Geometrical complexity arises not only from the in-
cluded swirler, but also from the asymmetry of the combustor itself due to the optical
accessibility. The operating conditions are summarized in Table 3. As the temperature of
the cooling air was not exactly known from the experiment, it was assumed to be equal
to the temperature of the oxidizing air.
The employed grid used a three-dimensional O-grid structure, as for the other configura-
tions, was elliptically smoothed and contained approx. 2·106 grid cells. Bulk flow velocities
were prescribed at the inlet boundary conditions without adding artificial turbulence. The
direction of the velocity vectors at the swirler inlet was defined parallel to the channels.
The cooling air velocity is defined normal to the inlet surface.

4 RESULTS

4.1 Sydney Bluff-Body Burner

The “simplest” flame of this series is the methane-hydrogen flame HM1E which is stabi-
lized by two counter-rotating vortices forming a recirculation zone behind the bluff-body.
The inner vortex feeds this zone with fresh fuel, while the outer vortex entrains hot gases.
Between the vortices fuel is preheated. The flame is 50% of the flowrate of extinction.
The outer surface of the bluff-body generates vortex-shedding, which influences the re-
action zone and enhances velocity fluctuations. Further downstream the jet penetrates
through the recirculation zone. There, intense mixing takes place, and as a consequence
strong turbulence-chemistry interactions are present. In this region a secondary reaction
zone is established and HM1E behaves like a normal jet flame. Due to the interaction of
recirculation zone and jet, the flame length as well as the temperature fluctuates strongly.
The flame HM3E differs from HM1E in having a higher jet Reynolds number and hence
exhibiting much stronger turbulence-chemistry effects. The jet-flame-like behavior is es-
tablished much earlier in this case, leading to significant local extinction events in the
region downstream of the bluff-body wake. The flame is 10% from extinction. Because of
the higher jet velocity the bluff-body recirculation is more compact providing the mixing
of fuel and hot gases. The entrainment of air is increased so that higher temperatures

10
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Figure 4: Flame HM1E. Time averaged results of axial velocity and mixture fraction (mean values and
fluctuations), temperature and OH (mean values). •, M Experiment, – – – LES-OF, — LES-MF.

within the wake can be obtained. Also the constriction is much stronger than in HM1E.
The swirl flames exhibit further fluid dynamic features which superimpose on the mecha-
nisms present in the unswirled cases. Intensified or additional recirculation zones lead to
more compact, shorter flames. Due to a vortex breakdown mechanism in flame SM1 a sec-
ondary reaction zone is established at the axis. The interaction of the vortex breakdown
bubble (VBB) with the fuel jet leads to strong jet precession. Because of a relatively low
stoichiometry the swirl flame burns attached to the bluff-body’s outer edge. The bluff-
body recirculation is not as developed in flame SM1 as in the unswirled flames.
Because of a partially premixed jet the burning behavior of SMA2 differs strongly from
that of the other flames. The stoichiometry is much higher, hence the flame burns right
above the bluff-body between the inner and the outer edge. In contrast to SM1, vortex
breakdown is not present. Because of a highly swirled primary air flow with a low axial
momentum, in conjunction with a high jet momentum, a very strong recirculation zone
above the bluff-body is formed. The recirculation zones due to hydrodynamics and geom-
etry overlap. The formation of a vortex breakdown mechanism is suppressed by a high
momentum flux ratio of the axial jet and the primary air.

4.1.1 Bluff-Body Flame HM1E

In Figure 4 the calculated time-averaged axial velocity and the mixture fraction and
their fluctuations, as well as the temperature and the hydroxyl (OH) concentration are
compared to experimental data. For the axial velocity component an overall good agree-
ment can be obtained. The jet penetration depth, the spreading and the positions of the
two shear layers are predicted quite well. The jets maximum velocity decays a little too
fast. The bluff-body wake is predicted correctly by all computations. For the velocity
distinct differences between the computations were not observable. For the time-averaged
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axial and radial velocity fluctuations an overall good agreement can be obtained, with
little difference between the two calculations. The position and level of the fluctuations
within the inner shear-layer is predicted correctly.
Scalar data for HM1E is not available, only for the similar flame HM1. The flames HM1
and HM1E are both 50% of blow-off and it was found that the flow fields differ only
marginally and computations yield almost identical scalar fields29. For the mixture frac-
tion an overall good agreement has been obtained as well. The penetration length is
predicted with acceptable accuracy and the plateau type structure close to the bluff-body
with a nearly constant mixture fraction value is captured well by all LES. Further down-
stream the mixture fraction is somewhat overestimated, later the decay rate is too high.
Generally the fluctuations of the mixture fraction are underestimated, whereas profiles,
peak values and positions are satisfactory. For the fluctuations the two LES provide small
differences, but there is no clear trend.
According to Kempf et al.29 and Raman et al.30 a temperature peak is predicted at the
position x = 13 mm, r/Dj = 6.9 by all LES. A very good agreement for the mean tem-
perature can be obtained. Some small differences in the calculations are identifiable for
the temperature fluctuations, however without a clear trend. The mean values of the
species concentrations mostly show good agreement. There is little difference between
the calculations apart from some small improvements within the OH prediction using
LES-MF. Even though OH is somewhat underpredicted near the bluff-body, it has been
observed that most species are predicted very well within the recirculation zone. Here the
residence times are relatively high. Due to this fact, finite-chemistry effects are minimized
and the species are well described using steady flamelets. It is remarkable that LES-MF
could not lower the OH concentration near the bluff-body edge. The same is observed
by Kempf et al.29 and Raman et al.31. Navarro-Martinez and Kronenburg32 argue that
conditional scalar dissipation values around stoichiometric are quite small (around 1 s−1).
Consequently the OH concentration is only slightly affected by the strain rate.

4.1.2 Bluff-Body Flame HM3E

In contrast to HM1E, consideration of strain rate effects influences the numerical results
for HM3E strongly. Due to high dissipation rates above x = 50 mm strong local extinction
is present which cannot be captured by the OF approach. A shift to the LES-multiple
flamelet (MF) approach provided improved results. Figure 5 shows the time-averaged
velocity and mixture fraction profiles and their fluctuations. Both computations (OF,
MF) are compared to the experimental data. For the axial velocity component both pro-
vide good results. The strength and location of the recirculation zone and the gradients
are predicted with good accuracy. For these features LES-MF offers slightly better re-
sults. The fluctuations at the first measurement plane are in good agreement with the
experimental data. It seems that the turbulence level of the inner shear-layer is overpre-
dicted at x = 4 mm and continued further downstream. Above x = 4 mm both modeling
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Figure 5: Flame HM3E. Time averaged results of axial velocity and mixture fraction (mean values and
fluctuations), temperature and OH (mean values). • Experiment, – – – LES-OF, — LES-MF.

approaches have difficulties in predicting the correct level of the velocity fluctuations,
but still the shape, peak positions and the order of magnitude agree with the measure-
ments. The LES-MF approach provides an almost correct penetration behavior of the
mixture fraction. Surprisingly the mixture fraction fluctuations are mostly underesti-
mated by both approaches, in contrast to what has been observed for the velocity field.
Figure 5 additionally shows the temperature and the species concentration of OH. The
scalar quantities like mixture fraction and temperature benefit strongly from the incor-
poration of multiple flamelets. The temperature is predicted with good accuracy showing
matching data along the axis. In contrast to the OF modeling the LES-MF approach of-
fers improved predictions for the temperature gradients, although the temperature peaks
above x = 65 mm are somewhat higher. The high temperature plateau directly above
the bluff-body is captured well, with slight deviations towards the axis. The temperature
fluctuations obtained with LES-MF are predicted with good accuracy. In contrast to the
experiments both models estimate the flame burning mainly towards the outer edge right
above the bluff-body. In consideration of the complexity of this quantity the hydroxyl
radical is predicted excellently downstream of the bluff-body from x = 30 mm. Here the
LES-MF approach provides improved results.

4.1.3 Swirl Flame SM1

The methane-air swirl flame SM1 exhibits a complex, highly instationary flow char-
acteristic. Thus intense turbulence chemistry interactions are expected for that flame.
Three computations of SM1, with one and with multiple flamelets including strain ef-
fects, as well as with FGM modeling, were carried out. In the case of FGM combustion
modeling a PDF assumption different from equation (16) has been used. Here, statis-
tical independence of the mixture fraction and the physical progress variable has been
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Figure 6: Flame SM1. Time averaged results of axial and rotational velocity component (mean values
and fluctuations), temperature and OH (mean values). • Experiment, – – – LES-OF, — LES-MF,
- - - LES-FGM.

assumed33. Figure 6 shows the time-averaged velocities and their fluctuation. The overall
agreement is quite good. The LES-MF calculation offers a clear improvement in predict-
ing the fluctuations. Shape and peak positions almost match the experimental data. The
decay of the jet is predicted well by all simulations. It seems that the experimental data
show a bias towards higher radii. Again, the vortex breakdown phenomenon is captured
by all calculations. Results of the temperature and OH are shown in Figure 6 as well.
As expected, a clear improvement on the calculations with LES-OF was provided by the
LES-MF calculation. With the LES-FGM approach a similar spreading behavior to that
of the LES-MF was observed. At positions away from the bluff-body and at the centerline
this approach provides strongly improved results. Due to the absent diffusion in mixture
fraction space within the premixed FGM database the near equilibrium values within the
bluff-body recirculation rise too high. For the temperature both dissipation rate based
simulations predict a too intense reaction at the outer shear-layer as indicated by the
peaks of all quantities at the first measurement plane. A slight deviation of the mix-
ture fraction can lead to significant errors in temperature and scalar predictions. Here,
a slight deviation in predicting the mixture fraction gradient towards the recirculation
plateau causes a temperature and species peak. Within the LES-FGM calculation this
distinct peak does not appear. The LES-OF approach overestimates the strength of the
secondary reaction zone which is most evident in the OH concentration at x = 150 mm.
Applying LES-MF or LES-FGM reduces the OH concentration drastically towards the
measured values.

4.1.4 Swirl Flame SMA2

In previous investigations Olbricht et al.34 showed that dissipation rate based flamelet
approaches fail in predicting this flame. Using such approaches leads to a flame burning
within the inner shear-layer where stoichiometry is reached. In fact, the flame propagates
from the inner to the outer shear-layer. Right above the burner’s base significant OH is
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Figure 7: Flame SMA2. Time averaged mean values of temperature, CO2, H2O and OH profiles. • Ex-
periment, — LES-FGM.

present, which indicates a widespread reaction zone. This issue, together with the strong
bluff-body recirculation, forms a high temperature region. Hence, only results of the more
sophisticated LES-FGM approach are shown. For the PDF modeling, the formulation
proposed in section 2.3 is adopted. A vortex breakdown mechanism has not been observed
by the LES-FGM and the experiments. Figure 7 shows time-averaged temperature, CO2,
H2O and OH results of the LES-FGM and the experiments. Good agreement with the
experimental data is observable. A general problem is in achieving the correct centerline
values, as they are mainly underpredicted. Within the recirculation zone the results are of
good quality. The temperature level at x = 30 mm is predicted well whereas the plateau
type shape towards the axis further downstream could not be captured correctly. The
temperature gradients at the outer shear-layer obtained by the LES-FGM match with
the experiments quite nicely. The hydroxyl radical OH is distributed in the whole area
above the bluff-body. However, there are deviations from the measured values. The OH
production mechanism of this species can be comprehended with the available results. The
location of the flame-front as well as its strength is captured reasonably by the proposed
LES-FGM approach.

4.2 Generic Gas Turbine Combustors

4.2.1 Owen et al. Combustor

Figure 8 shows a quantitative comparison of the computational results to the exper-
imental data. The radial and axial positions are normalized by the nozzle diameter R.
The two left columns show the time averaged mean and fluctuations of the axial veloc-
ity. They are normalized with the inflow velocity of the air, uOx. The position and the
strength of the recirculation zone are well captured. The recirculation zone was observed
between x/R = 0.42 and x/R = 2.34. At the third position at x/R = 1.27, the very good
matching of the gradients can be observed. Noticeable is the good agreement at the last
measurement plane at x/R = 4.67. Here, the cumulation of the heat release in the flame
and the resulting thermal expansion strongly influence the velocity. The velocity fluctua-

15



Clemens Olbricht, Frederik Hahn, Anja Ketelheun and Johannes Janicka

0

0.5

1.0

0 0.3 0.6 0.9 1.2

r/R [-]

<u>/uOx [m/s]

0

0.1

0.2
0.3

0.4

0 0.3 0.6 0.9 1.2

r/R [-]

x/R=0.14

x/R=0.38

x/R=1.27

<u’u’>1/2/uOx [m/s]

x/R=4.67

0
0.2
0.4
0.6
0.8

0 0.3 0.6 0.9 1.2

r/R [-]

x/R=0.21
0

0.1

0.2

0.3
x/R=3.16

x/R=3.84

<f> [-]

x/R=7.41

0.7

1.1

1.5

1.9

2.3

0 0.3 0.6 0.9 1.2

r/R [-]

x/R=0.89

x/R=1.57

x/R=4.52

<T> [103 K]

x/R=5.19

0

7

14

21

28

0 0.3 0.6 0.9 1.2

r/R [-]

<YP> [%]

0

7

14

21

28

0 0.3 0.6 0.9 1.2

r/R [-]

x/R=0.21

x/R=3.16

x/R=3.84

<YCO> [%]

x/R=7.41

Figure 8: Owen et al. combustor. Time averaged mean values and fluctuations of axial velocity, mean
values of mixture fraction, temperature, product mass fraction and CO. • Experiment, — LES-FGM.

tions are too low above the fuel outlet. However, a plateau-shape of the fluctuations even
in regions without velocity gradients can be observed. According to Owen et al. this can
be ascribed to large scale coherent structures leaving the outlet plane. The third column
of Figure 8 shows the mean values of the mixture fraction. The mixing of oxidizer air
and hot exhaust gas with the cold fuel because of the recirculation into the fuel nozzle is
well represented by the computation. This indicates a good prediction of the heat release.
The mean temperature, a reaction product mass fraction (yP = yH2O + yCO2) and the
carbon monoxide mass fraction are given the three right columns of Figure 8. The too
high temperature in the lower measurement positions results from heat loss to the cooled
combustor walls and radiation in the experiment which were not included in the simu-
lation. Furthermore, mixing effects conceptually cannot be included in the FGM table.
The mean profiles of the product mass fraction and the CO mass fraction match very well
with the experimental data, especially behind the recirculation zone. The computational
results are of comparable quality to those by Pierce and Moin10. Overall, a very good
accordance between the simulation and the experiment was observed.

4.2.2 Janus et al. Combustor

Figure 9 shows the time averaged mean values of the axial and tangential velocity
components at different measuring positions in the two left columns. The results are
normalized with the axial jet velocity u0 at the inflow. The radial position is normalized
by the inner nozzle diameter D = 6 mm. For the mean velocities, a very good agreement
with the measured data could be obtained. In comparison to the experiment, a too strong
decay of the axial velocity of the fuel jet is observed. The radial velocity component is
slightly overpredicted, being the reason for a too strong spreading of the swirl flow. The
stagnation point of the fuel jet is found at x/D = 2.5. The tangential velocity capture
the spreading of the flow well, compared to the experiment. The analysis of the velocity
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Figure 9: Janus et al. combustor. Time averaged mean values and fluctuations of the axial, and rotational
velocity component. • Experiment, — LES-FGM.

fluctuations, given in Figure 9 in the right columns, confirms the impression obtained
from the comparison of the mean values. A very good agreement for both the axial
and tangential velocity fluctuations is obtained. The amount of the radial fluctuations is
overpredicted, compared to the experiment. For both velocity components, the maximum
values of the fluctuations are obtained in the shear layers. This indicates that the energy
contents of the coherent structure —if it is still present— strongly decays. No significant
differences between the first to measuring positions can be observed. At x/D = 2.50
and x/D = 3.33 the fluctuations observed in the experiments are higher compared to the
simulations in the region of the central fuel jet. This effect is not present for the tangential
fluctuations. A deviating prediction of the precession of the fuel jet is thus not the reason
for the differences. The lower fluctuations of the axial velocity are explained by the lower
axial velocity predicted by the simulation. The most challenging part in the prediction of
this configuration is the description of position and strength of the central recirculation
zone. It has a strong influence on the mean flow field. The remaining uncertainties for
the boundary conditions make the correct prediction of the recirculation zone even more
difficult.

5 CONCLUSIONS

Progress has been made in predicting Sydney flames and generic gas turbine combustors
by applying flamelet-based combustion models. The investigated flames were chosen to
differ in stabilization mechanism, flame-front position, flame length, flame lift, distance to
blow-off and fuel composition. Based on flamelet reduction techniques, the sophistication
of the combustion model was adjusted to fit the requirements of each flame. The hybrid
LES-flamelet approaches have been proven to be a reliable tool for the prediction of
combustion processes for different flames. A clear trend of utilizing progress variable based
flamelet approaches is observable, due their universality. A reduction technique based
on premixed generated manifolds was introduced and successfully applied to two swirl
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flames and two gas turbine combustors exhibiting different burning behaviors. Standard
strain rate based flamelet approaches combined with LES provided very good results for
two unswirled and one swirled flame, even for intermediate species and the OH radical.
Accurate predictions of complex flows are feasible with the proposed modeling techniques.
Also, complex flow features like recirculation, jet precessing or vortex breakdown have
been reproduced. As the lifted flames in the combustors are stabilized by recirculation
rather than by premixed flame propagation, they are not sensitive towards modeling of
the effective burning velocity. As long as the grid is reasonably fine, the TVD scheme and
the numerical diffusion lead to a sufficient resolution of the flame front.
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