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Abstract

This paper presents time-resolved numerical simulations of a well-characterized aero-engine model combustor.
Recently published unsteady Reynolds averaged Navier-Stokes simulations (URANS) are compared to large eddy
simulations (LES). Finite-rate chemistry, where a separate transport equation is solved for each chemical species, is
employed for the gas phase, a sectional approach for PAHs, and a two-equation model for soot. Thus feedback effects
such as the consumption of gaseous soot precursors by growth of soot and PAHSs are inherently captured accurately.
The numerical results (velocity components, temperature and soot volume fraction) compare well with experimental
data. No significant differences between URANS and LES are found for time-averaged velocity components and
time-averaged temperature, while the prediction of the soot distribution was significantly improved by LES. It will
be shown that accurate description of the instantaneous flame structure, especially the hydroxyl distribution, by
resolution of turbulent scales is of fundamental importance for accurate soot predictions in the present test case.

1. INTRODUCTION

1.1. Motivation

Combustion is one of the oldest heat and power genera-
tion technologies and continues to play an important role
in covering the energy demand of the world. The intense
use of combustion, however, has led to several environ-
mental issues, such as soot emissions. Soot and soot pre-
cursors are suspected to be carcinogenic. Furthermore,
soot from aircraft engines is suspected to increase cirrus
clouds at high altitudes and thus has an impact on the
climate [28, 45, 46, 29]. From an engineering point of
view, soot indicates incomplete and hence less efficient
combustion. By its high radiative emissivity, soot also
contributes to locally elevated heat loads on combustion
chamber walls [33, 32, 43]. Therefore, continuous efforts
are made to reduce the soot emissions of combustion sys-
tems. Soot models provide a detailed insight into soot
evolution processes and are thus an essential tool for the
optimization of combustion devices.

Different soot models have been reported in literature.
On one hand, these models can be distinguished by their
soot nucleation mechanism. In simple nucleation models,
soot is directly formed from acetylene [35, 52, 59, 15]
while in more complex nucleation models benzene [35,
59], naphthalene [8] or pyrene [50, 3, 12, 36] are used
as incipient species. These complex models thus take

into account the slow chemistry of polycyclic aromatic
hydrocarbons (PAHs), however, at a significant increase
of computational cost. An alternative approach is the
definition of somehow lumped PAH species [56, 10, 5, 30,
42] to efficiently model the dominant chemical processes
of PAH evolution.

On the other hand different techniques for the sta-
tistical approximation of the soot size distribution were
developed. One of the most basic techniques are two-
equation models, where soot is described by two indepen-
dent variables, e.g. soot mass fraction and soot particle
number density [34, 60, 26, 52]. In two-equation mod-
els, a monodisperse soot particle size distribution and
spherical soot particles are assumed. In contrast to more
elaborate models which consider polydisperse soot par-
ticle size distributions, as discussed below, two equation
models usually predict fewer particles with larger diame-
ters. Accurate predictions of soot volume fractions can
be achieved, however. Due to their computational effi-
ciency, two-equation models are widely used for simula-
tion of complex combustion devices such as aero-engines
[10] or internal combustion engines [16]. A more detailed
statistical approximation of the soot size distribution is
given by the method of moments [18, 15, 11, 42], where
transport equations for moments of the soot size distri-
bution are solved. A Langrangian scheme to solve these
transport equations was recently developed by [2]. In
sectional approaches [50, 56, 8, 12, 5, 36], the soot size
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distribution is discretized into bins, which can be treated
in analogy to chemical species. Monte Carlo simulations
are also used to predict soot size distributions [40, 41].

Due to its computational efficiency, a two-equation
model which provided promising results in previous sim-
ulations of complex three-dimensional configurations [6,
10, 13, 14] is applied in the present work. In contrast
to classical implementations of two-equation soot mod-
els with acetylene based soot inception [34], we include
PAHs which are described by a sectional approach and
model soot inception by PAH growth reactions.

1.2. Selection of Validation Experiment

For complex combustion systems, e.g. aero-engine com-
bustors, quantitative validation of soot models is diffi-
cult since most experimental investigations of soot from
real aero engine combustors are limited to measurements
of the smoke number at the combustor exit [42, 13].
They lack information concerning the spatial distribution
of soot as well as particle size distributions. Soot in-
formation from inside the combustor is still more rare.
So far detailed validation data for sooting combustion
was restricted to academic test cases like laminar flames
[63, 38, 1, 23, 58, 61, 51, 17] or turbulent jet flames
[49, 30] which offer full optical access for application of
non-intrusive measurement techniques. Until recently,
there were no test cases available which provide well-
defined boundary conditions and comprehensive valida-
tion data on one hand and on the other hand feature
technically relevant conditions as confined swirling flow
and operation at elevated pressure.

This gap was closed by Geigle et al. [20, 21, 22] and
Stdhr et al. [57] who performed measurements yielding a
detailed characterization of an aero-engine model com-
bustor. Optical access to the combustion chamber via
four quartz windows permitted the use of non-intrusive
laser measurement techniques. This new data set pro-
vides an unprecedented opportunity to validate soot mod-
els at technically relevant conditions, burning ethylene
instead of the more complex realistic fuel kerosene. In
this way the problem of spray modeling and the choice
of accurate spray initial conditions are avoided. A signif-
icant improvement of the present experiment compared
to an earlier configuration [31], which was also used for
soot model validation [9], is the separate control of the
swirled primary air inflows. Furthermore the geometry of
the secondary air inlets was optimized and more compre-
hensive validation data is available.

1.3. Numerical Solution Approach

Soot modeling in turbulent combustion is a complex task
involving various fields of research, i. e. gas phase and
soot chemistry, turbulence, chemistry-turbulence interac-
tion and heat radiation must be considered in order to
accurately predict soot. Due to high computational cost,

the simultaneous use of the most accurate modeling ap-
proach in any of the mentioned fields is often not fea-
sible but a compromise between available computational
resources and required accuracy must be found.

In previous work, we therefore investigated the ap-
plicability of an efficient turbulence modeling approach,
namely URANS, for soot predictions at technically rele-
vant conditions [14]. The URANS results showed good
agreement to measurements in terms of time-averaged
velocity components and time-averaged temperature;
also a precessing vortex core was resolved in accordance
to experimental investigations [57]. However, deviations
between measured and calculated soot distributions were
observed and it was claimed that these deviations par-
tially result from limitations of URANS, especially, it was
argued that scale resolving simulations such as LES are
required to more accurately describe the instantaneous
OH distribution and ultimately achieve better agreement
between measured and predicted soot distributions in the
present test case. For confirmation, LES were performed
and are compared to recently published URANS [14].

As no dominant influence of subgrid scale chemistry
turbulence interaction (sgs-TCl) was observed in previ-
ous simulations of a confined, swirl stabilized flame and
good results were obtained by assuming sgs-TCl to be
small and thus linear [37], this assumption is also taken
in the present work. For the sake of computational effi-
ciency, soot is described by a two-equation model [10, 6].
All simulations use the in-house code THETA (Turbulent
Heat Release Extension of TAU) [9]. THETA is a par-
allelized, unstructured finite volume solver which is opti-
mized for gas turbine related combustion problems.

2. GOVERNING EQUATIONS AND NUMERI-
CAL SCHEME

The averaged and modeled equations for conservation of
mass and momentum read:

op  Opii _
opil; | Opiii; 0P

ot 8$j 83:1

0 ~ 1~ _
- 287%» <(M + pue) (Si,j - 3Sk,k6i,j)> = DY -
(2)

The overbars ¢ and ;5 denote Reynolds and Favre av-
erages in the URANS context and respective filtering
operations in the LES context. The Einstein summa-
tion convention is applied here and in the following. wu;
is the velocity component in z;-direction, p the den-
sity, i the molecular viscosity, p; the turbulent viscos-
ity, S;; the strain tensor and g; the gravity constant
in x;-direction. The pseudo-pressure p* is defined as
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p* =p+ %pk&-j, where p is the pressure, k the tur-
bulent kinetic energy and ¢;; the Kronecker delta. In
case of URANS, the turbulent viscosity is calculated by
the two-equation shear stress transport (SST) turbulence
model [39] and in case of LES by the zero-equation wall
adapting local eddy viscosity model (WALE) [44]. The
filtered and modeled transport equations of specific en-
thalpy h (h is defined as the sum of thermal and chemical
enthalpy: h = fTTO cp dT + >, Ah%a, where Ah%a is
the standard enthalpy of formation) and reactive scalars
Y., (including mass fractions of gaseous and PAH species,
soot mass fraction Y; and soot particle number density
ns, see section 3) read:

oph  Opuh 0 Ao\ Oh\ -
ot + 0x; 0zx; ((cer Pr. ) Ox; =, (3)
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where X is the thermal conductivity, ¢, the specific heat
at constant pressure, Pr, = 0.7 the turbulent Prandtl
number, and Sc and Sc; = 0.7 the laminar and turbulent
Schmidt number, respectively. For the soot properties Y
and ng, molecular diffusion is neglected (1/Sc = 0) due
to the large Schmidt number of soot particles , while for
other reactive scalars Sc = 0.7 is assumed. The source
terms wy, and w, describe heat radiation and consump-
tion as well as production of reactive species due to chem-
ical reactions, respectively.

2.1. Heat Radiation

Assuming an optically thin medium, the heat radiation
source term reads:

wp=—40spe(T) Yy T, (5)

where og is the Stefan-Boltzmann constant. The emis-
sivity coefficient for soot, €4 (T), is derived from the work
of Di Domenico et al. [10] as

€s (T) = ; T’ (6)

with the constant ¢, = 441ﬁ and the soot density
pPs = 1800%. In the present work interaction between
turbulence and heat radiation is assumed to be linear.
Taking this assumption, the filtered heat radiation source
is thus given by W, = wp(Ys,T). The radiation model
was validated in previous work [10, 5, 30].

2.2. Chemical Source Term

The chemical source term wy, is described by a finite-rate
combustion model where a separate transport equation is

solved for each reactive scalar a. With the general form
of a chemical reaction r,

Nep Nep

/ o "
E Vo Q0= g Var @, (7)
a=1 a=1

where v are stoichiometric coefficients and Ny, the num-
ber of species and the source of a reaction r,

Nsp Nsp
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the compact notation of the chemical source term w, is
written as:

we = M, Z (ug’r — V&’T) Wy . 9)

M, is the molar mass of species «, N, the number
of reactions, and O the reaction order, respectively.
Cs = pYs/Mg is the concentration of species 8. Fky
and k; are forward and backward rate coefficients which
are modeled by Arrhenius equations. As discussed in sec-
tion 1.3, sgsTCl is assumed to be linear. The filtered
chemical source term is thus given by:
To = wa(T,Y) . (10)
A great challenge for finite-rate combustion models is
the stiffness of the system of discretized transport equa-
tions which is induced by the high disparity of chemical
time scales [24]. To mitigate the resulting time step lim-
itation, an implicit discretization of the chemical source
term is applied:

w (@) —w (@) + 22 (31— 8t |

7% (11)

where ® is the vector of reactive scalars and the aver-
aging operator () is dropped for clarity. The Jacobian
J = Ow/0® is formulated analytically, which is more
accurate and also more efficient than a numerical formu-
lation [25].

3. GAS PHASE CHEMISTRY AND SOOT
MODEL

The kinetics of gas phase species are modeled by a re-
action mechanism which describes the formation of aro-
matic hydrocarbons up to benzene and toluene and has
been validated for the combustion of small hydrocarbons,
such as methane or ethylene at atmospheric and high-
pressure conditions [55, 54]. The mechanism consists of
43 species and 304 reactions.

In our PAH and soot models [10, 5], all chemical reac-
tions involving soot and PAHs are formulated in Arrhe-
nius form and thus are compatible to chemical reactions
of gas phase species. Hence, the transport equations
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Figure 1: Distribution of PAH bins.

stemming from the PAH and soot models are solved by
the finite-rate chemistry solver in the same way as the
transport equations of gas phase species, thereby allow-
ing a full coupling between soot, PAHs and the thermo-
chemical state of the gas phase. Feedback effects of
soot and PAHSs on the gas phase such as consumption of
gaseous soot precursors (predominantly acetylene, ben-
zene and toluene) as well as heat radiation are thus in-
herently captured accurately.

PAHs are modeled by a sectional approach, where, as
illustrated by Fig. 1, aromatic species with a molar mass
between 100 and 800 g/mol are discretized by three bins
with a logarithmic scaling factor of two. PAH chemistry is
divided into four sub mechanisms: PAH formation, CoH>»
condensation, PAH collisions and PAH oxidation. The
PAH model was derived in detail by Blacha et al. [5],
thus only a brief overview is given in this paper. PAH
formation, or rather interaction between gas phase and
PAHg in general, is modeled by 19 reversible reactions
derived from the detailed reaction mechanisms by Richter
et al. [50] and Slavinskaya et al.[54]. An example is the
reaction C;H7 + CHy = A1CyH3 + H, where styrene is
replaced by (¥ PAHO) and the stoichiometric coefficient
v is calculated from conservation of mass. For the full
list of reactions and reaction rate parameters, the reader
is referred to the work of Blacha et al. [5].

PAH growth is described by the HACA (hydrogen ab-
straction - acetylene addition) mechanism [19] and by
PAH collisions,

PAH}, + PAH; — v}/ PAH, + v PAH, 11 + 1y Ha,
(12)

with j < k, where for k = 3, PAH11 is replaced by soot.
All PAH growth reactions which involve the last PAH bin
as reactant therefore describe soot inception. The rate of
reaction (12) is determined by the kinetic theory of gases
using a constant collision efficiency v ; = 0.3. Following
Pope et al. [47] stoichiometric coefficients are calculated
depending on intra sectional distribution functions and
atom conservation. Regarding PAH oxidation, the two
oxidants OH and O, are considered.

A two-equation model is applied for soot where the
evolution of the soot aerosol is described by the soot mass
fraction Y, and the soot particle number density ng. The
soot model considers soot surface growth by acetylene
condensation, collisions between soot and PAHSs, coagu-
lation and soot oxidation by OH and O5. Soot formation
is captured by the PAH model since PAH growth reac-
tions involving the last PAH bin as educt yield to soot
nucleation.

A detailed derivation of our implementation of the two-
equation soot model is given by [10] and [6]. Due to
the high complexity of soot evolution processes and the
resulting modeling uncertainties, comprehensive valida-
tion of soot models is of fundamental importance. The
soot model was thus applied to both laminar and turbu-
lent combustion including different fuels from methane
to Jet-Al surrogates. Using the same set of model con-
stants for all simulations, a good overall agreement with
experiments has been reported [5, 4, 30].

4. RESULTS

4.1. Investigated Test Case

4.1.1 Combustor Configuration

The set-up of the aero-engine model combustor is illus-
trated in Fig. 2. The nozzle is fed by three concentric
flows. Air at room temperature is injected through a
central nozzle (diameter 12.3 mm) and an annular noz-
zle (inner diameter 14.4 mm, outer diameter 19.8 mm).
Both air flows are fed from separate pleni and pass ra-
dial swirlers. The swirler of the central air consists
of 8 channels and the swirler of the annular air of
12 channels. Gaseous fuel (ethylene) is injected between
the co-swirling air flows through 60 straight channels
(0.5 x 0.4 mm?). The fuel channels, which are resolved
by the CFD grid, form a concentric ring and mimic the
atomizing lip for spray combustion in aero-engine com-
bustors (cf. Fig. 2(b)). The combustion chamber mea-
sures 120 mm in height and has a square cross section of
68x68 mm? with beveled edges. Four quartz windows
(height 127 mm, width 59 mm) provide excellent optical
access of the flame. Secondary air is injected from the
four corners of the combustion chamber through ducts
with 5 mm diameter at a height of 80 mm (cf. Fig. 2(a)).
More details about burner configuration, test rig and ex-
perimental setup are given by Geigle et al. [20].

4.1.2 Validation Data

Several operating conditions have been investigated ex-
perimentally. Starting from a 3 bar reference operat-
ing point with a primary equivalence ratio of ¢ = 1.2
and a thermal power of P ~ 30 kW, parameter vari-
ations were performed to study the influences of sec-
ondary air injection, pressure, thermal power, split be-
tween central and annular air and the equivalence ra-
tio, respectively, on the soot distribution. Comprehen-
sive validation data obtained by several laser diagnostics
(velocity components by stereo-PIV (particle image ve-
locimetry), temperature by CARS (coherent anti-Stokes
Raman scattering) and soot volume fraction by LIl (laser-
induced incandescence)) is available for each operating
point [20, 21, 57]. In this paper, simulations of the 3 bar
reference operating point are presented. The correspond-
ing inflow mass fluxes, hydraulic diameter based Reynolds
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Inflow mass flux [g/s] Re/1000 T [K]
Ring air 7.08 15 293
Central air 3.03 17 293
Secondary air 4.04 14 293
Fuel CoHg 0.83 - 297

Table 1: Operating point parameters. Reynolds numbers
are based on the respective hydraulic diameter.

numbers, and temperatures are listed in Tab. 1.

4.2. Simulation Details

The simulations were performed on a three-dimensional
fully tetrahedral grid with 6.6 million points correspond-
ing to 36.5 million tetrahedra. The computational do-
main is shown in Fig. 2. The inflow boundaries are placed
well upstream of the swirlers. To take heat losses into ac-
count, isothermal walls are assumed. Estimated wall tem-
peratures based on thermocouple measurements amount
to 350 K for the swirlers, 600 to 700 K for the com-
bustion chamber and 900 K for the windows. Special
attention has been paid to properly resolve the mixing of
fuel and air. To this end, the mesh was locally refined
in the vicinity of the fuel channels to a spatial resolution
of Az = /Veen &~ 0.05 mm (cf. Fig. 2(b)). The resolu-
tion in the region of flame stabilization is 0.25 mm, while
0.5 mm are applied in the majority of the computational
domain and 1.0 mm towards the outlet passage.

Appropriate second order discretization schemes are
used in space and time. To ensure convergence, a time
step width of 0.5 us was applied. Pressure-velocity cou-
pling is realized by a projection method [7]. In total, 55
transport equations are solved (five equations for momen-
tum, pressure correction and specific enthalpy, two equa-
tions for turbulence modeling (only in case of URANS),
43 equations for gas phase species, and five equations
for PAHs and soot, respectively). Statistics were sam-
pled over a physical time of approximately 60 ms, which
corresponds to about six flow through times. One simu-
lation took about 55 days on 256 cores (= 338 000 CPU
hours on Intel Xeon X5570 quad-core processors with a
clock rate of 2.93 GHz).

4.3. Global Grid Resolution Criteria

To evaluate to quality of an LES in terms of grid res-
olution, two global criteria (in contrast to local criteria
such as spectra or two-point correlations) are commonly
used. Pope [48] proposed that the ratio between resolved
and total turbulent kinetic energy should exceed at least
80 %, to properly resolve turbulent scales down to the in-
ertial range. However, based on experience, this criterion
is required but often not sufficient. In the present work,
therefore, the ratio of turbulent viscosity to molecular

viscosity,

ot
= (") (13)
where ( . ) denotes temporal averaging, is used to eval-
uate to quality of the LES. This ratio should be of
order 10 or less (and thus orders of magnitude lower
compared to URANS) to sufficiently resolve turbulent
scales [27]. Time-averaged and instantaneous viscosity
ratios are shown in Fig. 3. Except for some regions in
the inner swirler, both, the time-averaged and the in-
stantaneous viscosity are significantly smaller than 10,

indicating a sufficient resolution of turbulent scales by
the CFD grid.

second%\

air

(a) Computational domain.
ring
air

central

(b) Injection system.

Figure 2: The aero-engine model combustor. a) Compu-
tational domain with calculated temperature. b) Detailed
view of the injection system with calculated CoH4 mass
fraction.
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4.4. Velocity Field

Figure 4 shows streamlines of representative calculated
instantaneous flow fields. Dominant features of the tur-
bulent swirling flame are the inner and outer recirculation
zones (IRZ and ORZ) which provide heat and radicals for
flame stabilization.

Since URANS relies on statistically averaged equa-
tions, the calculated velocity field displayed in Fig. 4(a)
is per model definition smoother than the true turbulent
field. As discussed in previous work [14], and as indicated
by the black lines in Fig. 4(a), URANS however predicts
the dominant deterministic motion in the present test
case, which is a three-dimensional helical vortex structure
in the inner shear layer (ISL), frequently termed precess-
ing vortex core (PVC), at a frequency of 500 Hz. LES
on the other hand resolves a certain range of turbulent
scales and is thereby able to predict significantly more
complex flow patterns as shown in Fig. 4(b).

A comparison between calculated and measured axial
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- 7.50e+00
75)

5.00e+00
- 2.50e+00
50|
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-250—
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- 5,00e+00
2,50e+00

0,00e+00
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Figure 3: Ratio of turbulent to molecular viscosity r,:
(a) LES, time-averaged. (b) LES, instantaneous. Di-
mensions are in mm.

velocity profiles is given in Fig. 5. Profiles at the axial
positions x = 4, 12, 45, and 95 mm are selected as rep-
resentative for the flame, including the inflow region with
strong reaction and the post-quench zone. At x = 4 mm
and x = 12 mm the flow field is characterized by velocity
peaks between the outer and inner shear layer and a pro-
nounced inner recirculation zone. At the cited axial posi-
tions, the calculated velocity peaks are sharper compared
to the experiment, thus the width of the inner recircula-
tion zone (IRZ) is slightly overpredicted. Also, the max-
imium negative axial velocity in the IRZ is higher com-
pared to the experiment, especially in case of URANS.
Good to excellent agreement is observed at x = 45 mm
where the velocity distribution is more homogeneous and
the velocity peaks close to the combustion chamber walls
are not captured by the measurements due to limited op-
tical access. The central velocity plateau which develops
downstream of secondary air injection is captured well by
both, LES and URANS. Overall, LES performs slightly
better than URANS as it better predicts the maximum
negative axial velocity at the most upstream position.
However, no major differences in terms of time-averaged
axial velocity are found between URANS and LES.

4.5. Temperature

Measured and calculated temperatures are compared in
Fig. 6, where radial profiles at the axial positions z = 1,
12, 45, and 95 mm are shown. At the most upstream
position (z = 1 mm), measurements and LES show cold
gas in the IRZ, while recirculating hot gas is present
in the ORZ. The URANS results however, as a result
of the overpredicted negative axial velocity as shown in
Fig. 5(d), show hot gas in the IRZ. Furthermore, URANS
underpredicts the temperature in the ORZ.

At x = 12 mm hot gas penetrates the IRZ and low
temperatures are observed only between the inner and
the outer shear layer. In line with the most upstream
position, URANS overpredicts the width of the central
hot temperature plateau and underpredicts the temper-
ature in the ORZ. LES performs better in the cited re-
gions, however it overpredicts the temperature between
the inner and outer shear layer. Taking into account that
accurate temperature predictions in the region of flame
stabilization are highly challenging and the high complex-
ity of the present test case, good to reasonable agreement
between simulation and experiment is found.

Excellent agreement between measurements and sim-
ulation at x = 45 mm, where a homogeneous temper-
ature profile indicates completely burnt mixture, and in
the post-quench region (x = 95 mm) shows that heat
losses due to radiation and isothermal walls are well de-
scribed. Again, no significant differences are observed
between URANS and LES.
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Figure 4. Streamline plots of representative calculated instantaneous flow fields. (a) URANS (b) LES Dimensions

are in mm.

4.6. Soot volume fraction

Measured and calculated distributions of the soot volume
fraction f, are shown in Fig. 7. As discussed in detail by
Eberle et al. [14], there are three characteristic differences
between the measured soot volume fraction distribution
and the URANS results. Firstly, the maximum soot vol-
ume fraction (f, max = 0.54 ppm) is higher compared to
the experiment (f, max = 0.037 ppm). This applies also
to LES (f, max = 0.64 ppm) since the same soot model
was applied for both, URANS and LES. Possible reasons
are discussed in previous work [14]. Secondly, soot is
oxidized to fast. In both simulations, soot is completely
oxidized downstream of an axial position of approximately
70 to 75 mm. This is in contrast to the measurements
where soot is observed as far as 110 mm downstream of
fuel injection. The afore-discussed overprediction of soot
volume fractions has two implications on soot oxidation:
Firstly, soot precursors such as acetylene and PAHs are
consumed too quickly and can hence not balance soot
oxidation by further contributing to soot growth at more
downstream positions. Secondly, the oxidation rates are
too high since they are proportional to the soot concen-
tration, which is overpredicted. Finally, in contrast to
measurements, URANS does not predict soot on the axis
of the combustion chamber close to the stagnation point
between IRZ and inflow, whereas LES does accurately
predict the shape of the soot distribution in this region.

To better understand these significant differences be-
tween URANS and LES, Fig. 8 shows plots with instanta-
neous mass fractions of Oy and OH. Isolines of acetylene
mass fraction and soot volume fraction are given as well.
It is important to note that URANS, in contrast to si-

multaneous LIl and OH-PLIF measurements by Geigle et
at. [21], predicts high hydroxyl concentrations on the cen-
ter line of the combustor at any given instant in time (as
shown by time-resolved analysis in [14]) thereby prevent-
ing soot on the center line due to the oxidative potential
of OH. This persistent prediction of hydroxyl in the cited
region is attributed to the limitations URANS, which only
resolves deterministic transient motion. LES, however,
more accurately describes the instantaneous flame struc-
ture by resolving turbulent scales and subsequently pre-
dicts, in agreement to measurements [21], zones with
low OH concentrations, which are filled with soot, while
overlapping of soot and OH is minor.

5. CONCLUSIONS AND OUTLOOK

URANS and LES of a well-characterized, confined, soot-
ing swirl flame using a finite-rate chemistry model where
a separate transport equation is solved for each species
were performed successfully. Velocity components and
temperature are predicted with good to excellent agree-
ment against measurements and reasonable agreement
was found for soot.

While no significant differences between URANS and
LES were observed for time-averaged axial velocity and
temperature, the prediction of the shape of the soot dis-
tribution was significantly improved by LES due to a more
accurate description of the instantaneous flame struc-
ture, i. e. the hydroxyl mass fraction. As future work,
large-eddy simulations with an extended sectional soot
model (including reversible soot precursor chemistry and
a revised soot oxidation model) are planned to further
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Figure 7: Predicted and measured time-averaged soot volume fraction f,: (a) Measured f, (b) Calculated f,,
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improve the prediction of soot with focus on maximum
soot volume fraction and soot oxidation at technically
relevant conditions.
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