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Abstract

Large Eddy Simulation (LES) is a powerful tool for studying turbulent combustion, but its computational cost
necessitates that any combustion models used in conjunction must be compact as well as accurate. A suitable
balance between cost and accuracy may be found in the use of finite-rate pathway-centric reaction mecha-
nisms, but these can vary greatly in cost and accuracy depending on the number of species and reactions
involved. In this study, the impact of mechanism complexity is studied so that appropriate mechanisms can
be chosen for future LES studies, and to aid in the development of new LES-optimized reaction mechanisms.
LES is performed on a generic gas turbine combustor operating at two sets of typical aeroengine conditions.
The liquid fuel spray is modeled using Lagrangian particle tracking. Two pathway-centric reaction mechanisms
for the kerosene surrogate C12H23 are employed, resulting in four cases. One mechanism is more complex,
as well as three times more computationally expensive, than the other. The mechanisms show similar results
with regard to large-scale flame dynamics, but major product mass fractions in the emissions differ by ∼ 4%
and < 1% at idle and cruise conditions, respectively. The equilibrium OH concentration predicted by the more
complex mechanism is ∼ 2 and ∼ 8 times greater than that of the simpler mechanism at idle and cruise con-
ditions, respectively. The more complex mechanism predicts more heat release at the inner shear layer, while
the simpler mechanism predicts a mostly quenched flame there.

Keywords: Gas turbine combustor; Computational fluid dynamics; Spray combustion; Large-eddy simulation;
Finite-rate chemistry

1. Introduction
Kerosene-fueled jet engines are ubiquitous in modern aircraft. In the development of the next genera-
tion of jet engines, key areas of research are efficiency improvements, emission reduction, enhanced
compatibility with new and existing aviation biofuels, and avoiding damaging thermoacoustic instabil-
ities. Due to the relative wealth of data pertaining to conventional kerosene-based jet fuels compared
to sustainable biofuels, simulation studies of biofuels should be preceded by a thorough validation
study using conventional fuels. Such validation studies also provide results that can later be com-
pared with equivalent results from biofuels. With the growing capabilities of supercomputers, ever
more sophisticated computational tools can be employed to study the internal combustion processes
of jet engines and provide key insights that are difficult to obtain from physical experiments. One
such tool is Large Eddy Simulation (LES), a turbulence modeling method within Computational Fluid
Dynamics (CFD) that allows the large-scale motions of turbulent combustion to be resolved in time
and space, while the influence of smaller and more isotropic motions is modeled. This provides a
more expensive, but potentially more accurate and reliable, picture of turbulence than can be attained
with Reynolds-Averaged Navier-Stokes (RANS) methods.

Due to the high computational cost of LES and detailed chemistry models, chemical reaction mech-
anisms employed for finite-rate chemistry in LES must be compact yet accurate. Such reduced
mechanisms are naturally based on simplifications and approximations which may give rise to less
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comprehensive results. The impact of reaction mechanism complexity on LES should therefore be
gauged for various cases, so that appropriate mechanisms can be chosen for future studies and new
mechanisms, optimized for LES, can be developed.

In this study, turbulent spray combustion inside a generic kerosene-fueled single-cup combustor is
studied with LES and finite-rate chemistry modeling, with Lagrangian particle tracking for the liquid
spray. The same case has been studied experimentally by DLR, [1] [2], and numerically by Jones
et al., [3]. Two sets of operating conditions are used, emulating an aeroengine at idle and cruise
conditions, respectively. Two pathway-centric chemical reaction mechanisms, one large (henceforth
labeled A3), [4] [5], and one small (henceforth labeled Z77), [6], are used to model the combustion
process. In both of these mechanisms, the fuel is modeled as a single chemical species with the for-
mula C12H23. (This specific formula is considered by [4] [5] to be most appropriate for modeling JP-5
fuel, while C11H22 is more appropriate for Jet A.) The results from the mechanisms are compared,
and their differences related to the underlying characteristics of each mechanism. Presented results
include heat release, temperature, and key species concentrations. A visual comparison with experi-
mental results is made to ensure that the results are reasonable, but the primary aim is to gauge the
difference between the predictions of the two mechanisms.

2. Methodology
The simulation case is based on an experimental combustor, [1], at DLR Institute of Propulsion Tech-
nology. It has a square cross section of 102 x 102 mm2 and a length of 264 mm. The single burner
uses prefilming air-blast atomization to create a liquid fuel spray. The combustor has been operated
at idle conditions, corresponding to inlet temperatures and pressures of 550 K and 4 bar, as well as
cruise conditions, corresponding to 650 K and 10 bar, [2]. A global equivalence ratio of 0.74 (neglect-
ing air flow from window cooling film) was used at both sets of conditions.

Figure 1 – (a) Schematic of the combustor. (b) Schematic of the burner. (c) Overview of the
simulation domain with boundaries, spray, and flame, as well as color plots of mean axial velocity

and temperature.

A typical Eulerian LES model is used for the gas phase, based on implicitly filtered transport equations
for mass (Eq. 1a), momentum (1b), energy (1c), and species concentrations (1d). The specific
formulation of the equations is explained in more detail by Fedina, [7]. Source terms with the subscript
"l" describe liquid-gas interactions while "c" denotes combustion chemistry. The symbol H̃K is used
for compact notation and represents the sum of filtered enthalpy, filtered kinetic energy, and subgrid
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kinetic energy: H̃K = h̃+ 1
2 |ṽ|

2 + k. The equations are closed by assuming Fickian diffusion, Fourier
heat conduction, and ideal gas conditions, [8]. The viscosity is calculated using Sutherland’s law with
constant Prandtl and Schmidt numbers, [9]. Source terms originating from unresolved phenomena
are modeled using subgrid kinetic energy, which is obtained from the one-equation subgrid kinetic
energy model with constant coefficients, [10]. A variant of the Partially Stirred Reactor model, [11],
which provides local estimates for the amount of fine structures within the flame at subgrid scales, is
used to calculate the filtered chemical source terms.



∂ρ

∂ t
+∇ · (ρ ṽ) = ρ̇l (1a)

∂ρ ṽ
∂ t

+∇ · (ρ ṽ⊗ ṽ) =−∇p+∇ ·
(

2µD̃− 2
3

µ(∇ · ṽ)I
)
+ fl −∇ ·B (1b)

∂ρH̃K

∂ t
+∇ · (ρH̃K ṽ) =

∂ p
∂ t

+
(

2µD̃− 2
3

µ(∇ · ṽ)I
)
·∇ṽ+∇ · (α∇h̃)+ q̇c + q̇l −∇ ·bE (1c)

∂ρỸi

∂ t
+∇ · (ρỸiṽ) = ∇ · (Di∇Ỹi)+ ω̇ic + ṁil −∇ ·bi (1d)

Fuel is injected along the circumference of the prefilmer lip, as shown in Figure 1. The fuel should
in reality form a rapidly atomizing liquid film on the lip, [2], but is here considered fully dispersed at
injection. The liquid phase is modeled as a cloud of Lagrangian particles, each representing a group
of spherical droplets with identical properties. The Eulerian and Lagrangian phases are four-way
coupled, meaning that they influence each other while individual particles may also interact upon
collision according to a trajectory model, [12]. Secondary droplet breakup is described by the Reitz-
Diwakar model, [13]. The Lagrangian phase loses momentum to the Eulerian phase through the drag
force (as experienced by a solid sphere), while heat is transferred between the phases according to
the Ranz-Marshall model, [14]. Evaporation and boiling are modelled using the approach of Zuo et
al, [15]. Mathematically, these phase interactions constitute source terms within the governing equa-
tions of each phase.

A block-structured hexahedral grid composed of 6.0 million cells is used to resolve the gas phase,
and Lagrangian particles are injected at a rate of 109/s. All model equations are solved using a finite-
volume code based on the OpenFOAM library, [16]. All simulations are run for 38 ms to establish a
statistically steady state, after which data is collected over the course of 11 ms. In order to gauge the
mesh resolution sensitivity, data is also collected for 5 ms using a finer mesh produced by splitting
each hexahedron into eight similar hexahedra, resulting in 48 million cells. Due to to the significantly
higher cost that accompanies the increase in mesh resolution, an inexpensive two-step global reac-
tion mechanism based on [17] is employed for this comparison. Using the finer mesh results in a
0.85% increase in the total time-averaged heat release when compared to the base mesh, a differ-
ence small enough to justify the use of the base mesh.

The two employed reaction mechanisms are designed for kerosene-based jet fuel and consider it to
be a single species with the model chemical formula C12H23 (when the number of hydrogen atoms
in the fuel species may only be an integer). Z77 contains 33 species and 77 reactions, while A3
contains 50 species and 277 reactions. Particular attention was given to pyrolysis (fuel breakdown)
in the development of A3. In the LES simulations of the present work, A3 requires roughly three
times the total simulation time of Z77 at equivalent Courant numbers. Figure 2 shows some of the
key parameters of the mechanisms: laminar flame speed (su), maximum flame temperature (Tmax),
ignition delay time (τign), and non-premixed extinction strain rate (σext). These parameters are com-
puted using 0D (τign) and 1D (su, Tmax, σext) simulations in Ansys Chemkin-Pro, [18]. Extinction strain
rates are computed for a non-premixed counterflow flame fed by a fuel/nitrogen mixture (T = 473 K)
on one side and a pure oxygen (T = 300 K) stream on the other. The su and Tmax results come from
the same set of simulations, where a laminar flame propagates into an unburnt fuel mixture at T = 470
K. The su, Tmax, and τign panels contain two sets of graphs, corresponding to low (dashed lines) and
high (solid lines) pressure. Experimentally measured values are included for n-dodecane and Jet A,
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as well as POSF10289, a test fuel closely approximating JP-5, [4] [5]. Following the approach of [19],
the results marked by diamonds have been scaled by (T1/T0)

1.83 to match the conditions of the other
results in the same panel.

Figure 2 shows that both mechanisms have similar kinetics, though Z77 has a somewhat higher flame
speed, hotter flame, and slower ignition. A comparison with experimental results seems to indicate
that A3 is more realistic than Z77 as it follows the POSF10289 measurements very closely, but this is
mainly because those specific experimental results were used to validate A3. With this bias in mind,
both mechanisms show good agreement with experimentally measured values for typical kerosene-
based aviation fuels. Both mechanisms capture the Negative Temperature Coefficient (NTC) effect,
where relatively fast ignition can occur at low temperatures. This effect is more pronounced in Z77
than in A3. The mechanisms display similar σext in dilute mixtures (m f uel/mN2 < 0.075) but diverge
at more fuel-rich mixtures. At m f uel/mN2 = 0.1, A3 tolerates 37% higher strain rates than Z77 without
undergoing extinction. Both mechanisms are about equal in pressure sensitivity with regard to su and
Tmax, while A3 is more pressure-sensitive than Z77 at high temperatures with regard to τign.

Figure 2 – Kinetics of both reaction mechanisms. Clockwise, from top left: su (1 and 2.5 atm), T (1
and 2.5 atm), τign (10 and 20 atm), σext (1 atm). Solid lines: high pressure. Dashed lines: low

pressure. (—): A3. (—): Z77. Experimental measurements: ( ): Kumar et al. (1 atm), Jet A, [20].
( ): Wang et al. (1 atm), POSF10289, [5]. ( ): Liu et al. (1 atm), n-dodecane, [21]. ( ): Vasu et al.

(20 atm), Jet A, [22]. ( ): Wang et al. (12 atm), POSF10289, [5].

3. Results
Figure 3 shows the dynamic behavior of the spray and flame at both idle and cruise conditions. Each
spray parcel is rendered as a sphere colored by temperature, showing a rapid heat-up to boiling
temperature after injection. A green region can be seen near the hotter parts of the spray, indicating
a high concentration of evaporated fuel. A thin layer of formyl radical (HCO) covers the outside of
the fuel cloud. As HCO is a very short-lived radical, the HCO layer indicates the presence of a flame
front. Downstream of the flame front, a postflame zone containing high concentrations of the hydroxyl
radical (OH) fades into the chemical equilibrium zone where carbon dioxide (CO2) dominates over
the other mentioned species. A magenta-colored pressure iso-surface shows a helical region of low
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pressure, which forms as the ’eye’ of the swirling flow downstream of the burner precesses around
the central axis. Such a structure is referred to as a Precessing Vortex Core (PVC).

It can be plainly seen in Figure 3 that all stages of combustion occur significantly faster at cruise
conditions than idle conditions; the spray and flame are much more compact and close to the burner
despite a higher mass flow rate. The primary cause of this difference in turbulent flame speed is
the significantly stronger mixing of the fuel with the hot exhaust gases at cruise conditions, which is
in part due to the higher Reynolds number and thus stronger turbulent fluctuations, but also due to
self-excited longitudinal acoustic waves, with an amplitude of 4.8% (Z77) and 4.3% (A3) of the mean
pressure, causing periodic velocity oscillations. The same acoustic mode is excited at idle conditions
as well, though only with an amplitude of 0.61% (Z77) and 0.34% (A3) of the mean pressure. The
relatively high flame lift at idle conditions provides the PVC with ample space to induce helical mo-
tions in the spray and flame, which consequently also give rise to azimuthal pressure waves with an
amplitude of 0.18% (Z77) and 0.36% (A3) of the mean pressure.

Figure 4 shows volume renderings of both instantaneous and time-averaged temperature in each
simulation. Due to the strong mixing at cruise conditions, the Outer Recirculation Zone (ORZ) is
much more well-mixed with the hot downstream region than at idle conditions.

Figure 3 – Overview of the combustion process. Left to right: Z77, A3. Top to bottom: idle conditions,
cruise conditions. High gaseous concentrations of four different species are represented by volume
renderings of different color. The darker shade of purple indicates relatively high concentrations of
both OH and CO2. A magenta-colored pressure iso-surface shows the location of the PVC. PVC =
Precessing Vortex Core. CRZ = Central Recirculation Zone. ISL = Inner Shear Layer. OSL = Outer

Shear Layer. ORZ = Outer Recirculation Zone. Lagrangian particles are not to scale.
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Figure 4 – Volume rendering of temperature in each simulation. Left to right: Z77, A3. Top to
bottom: idle conditions, cruise conditions. In each panel, left to right: instantaneous temperature,

time-averaged temperature.

A detailed view of the global combustion process is presented in Figure 5, where planarly and tem-
porally averaged mass fractions of some key species are plotted along the axial direction through
the first 100 mm of the combustion chamber. The temperature is included as well. The difference
in turbulent flame speed is once again visible as the products water (H2O) and carbon dioxide (CO2)
reach asymptotic levels much sooner at cruise conditions than at idle conditions. The two mecha-
nisms produce quite similar emission profiles overall, with a number of differences (most notably the
concentrations of the formyl and hydroxyl radicals HCO and OH) which are now discussed.

The peak fuel mass fraction is ∼ 5% higher for A3 than for Z77, at both idle and cruise conditions.
This is likely because the different pyrolysis pathways employed by the mechanisms produce slightly
different breakdown rates for the fuel surrogate species. Z77 produces roughly twice as much formyl
radical as A3, which is likely because A3, as a reaction mechanism, contains more short-lived radi-
cals which tend to occupy the same space. When the chemical behavior of the near-flame region is
of interest, a complex reaction mechanism evidently provides a more detailed picture than a simple
one. The hydroxyl radical appears in much higher density than the formyl radical, which means that
the magnitude of its concentration is much more similar between the mechanisms. Both mecha-
nisms predict a stable equilibrium concentration far downstream of the flame, but the predictions of
its magnitude are quite different. A3 predicts a higher OH mass fraction than Z77, by a factor of ∼ 2
at idle conditions and ∼ 8 at cruise conditions. There is clearly some crucial difference between the
mechanisms in their treatment of the formation and consumption of the hydroxyl radical, and the size
of the discrepancy depends heavily on operating conditions.
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At idle conditions, the asymptotic water and carbon dioxide mass fractions are ∼ 4% higher for Z77
when compared to A3. Z77 also produces an asymptotic temperature about 50 K higher than that
of A3, which corresponds to a 3% difference relative to a reference temperature of 298.15 K. These
differences imply that combustion is overall more complete for Z77 than for A3 in the region down-
stream of the flame. The mechanisms behave much more similarly at cruise conditions, with major
product mass fractions and temperature very slightly (< 1%) higher for A3 than for Z77. The flow-
through time in the combustor and the mixing rate between the fuel and oxidizer are faster at cruise
conditions, which means that converged time averages may be collected over shorter periods of time.
A longer data collection period at idle conditions may shrink the gap between the results produced
by the two mechanisms, and will be employed in subsequent studies. However, the 1D simulation
results presented in Figure 2 suggest that A3 should still produce a lower temperature, and that this
difference should be more pronounced at low pressure (idle conditions) than at high pressure (cruise
conditions).

Figure 5 – Planarly and temporally averaged mass fractions of five important species as well as
temperature, along the axial direction in the region just downstream of the burner. Left to right: Z77,

A3. Top to bottom: idle conditions, cruise conditions.
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Figure 6 contains time-averaged, azimuthally integrated color plots of the chemical heat release in
each simulation, which provide a picture of the mean shape and location of the flame. The results
are normalized separately for each mechanism by the highest value observed at cruise conditions.
Experimentally measured OH chemiluminescence, [2], which indicates high levels of heat release, is
included as well. Qualitatively, the simulation results match the experimental data quite well, though
more so at cruise conditions. The flame lift and fuel penetration depth are overpredicted at idle
conditions. Ongoing investigations with other reaction mechanisms suggest that the choice of fuel
surrogate, here C12H23, has a significant impact on flame shape at idle conditions; better agreement
may be achieved by using C11H22, which is considered by [4] [5] to better represent typical Jet A.
The two mechanisms produce very similar flames, with much of the chemical activity occurring at the
Inner Shear Layer (ISL) and within the primary flow cone between the recirculation regions. No heat
is released at the Outer Shear Layer (OSL) because there is little to no fuel present there. The fact
that both mechanisms produce flames of such similar shape despite their differences with regard to
su, τign, Tmax, and σext (see Figure 2), suggests that these parameters, and by extension the detailed
kinetics of the mechanisms, has a relatively small effect on the mean flame shape in this case. In-
stead, the turbulent and thermoacoustic mixing between burnt and unburnt gas dictates where the
fuel and air concentrations roughly correspond to the stoichiometric mixture fraction (which depends
on the choice of fuel surrogate), and thus where the flame front is located, [23].

Figure 6 – Top row: experimentally measured mean OH chemiluminescence, an indicator of heat
release. Experimental figures taken from Meier et al, [2]. Remaining rows: Time-averaged,

azimuthally integrated combustion heat release in all simulations. Left to right: idle conditions, cruise
conditions.
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Figure 7 was produced in the same way as Figure 6, but shows the OH mass fraction instead. In this
case, the simulation results are normalized by the highest number observed at idle conditions, which
is slightly higher than that seen at cruise conditions. The included experimental results, [2], are in fact
color plots of the temperature, not the OH concentration itself. Because the temperature was inferred
from OH-PLIF measurements, however, the color plots also provide the shape of the OH distribution.
As with the heat release in Figure 6, the OH distributions in Figure 7 capture the overall shape of
the experimental results, though the flame lift is overpredicted at idle conditions. Comparing the heat
release and the OH distributions, it seems that the highest concentration of OH is found in regions
with high heat release. This is the hot region where OH is initially produced by fuel oxidation. The
concentration quickly decreases downstream, as additional reactions convert OH to other radicals as
well as the stable product H2O. The OH distributions predicted by the two mechanisms are markedly
different. As previously seen in Figure 5, OH is more plentiful outside the main heat release zone for
A3 than for Z77. This can also be seen in Figure 7 where A3 displays a significantly wider distribution,
especially at cruise conditions. Furthermore, Z77 shows peak concentrations located mainly between
the inner and outer shear layers, while A3 shows peak concentrations all along the inner shear layer
as well.

Figure 7 – Top row: experimentally measured mean temperature, based on OH-PLIF
measurements. Experimental figures taken from Meier et al, [2]. Remaining rows: Time-averaged,

azimuthally integrated OH mass fraction in all simulations. Left to right: idle conditions, cruise
conditions.
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Figure 8 provides a picture of the relationship between heat release and turbulence in each of the
simulated flames. In a box-shaped region surrounding the flame, cells are sorted into bins based
on the mean magnitude of local velocity fluctuations, defined as

√
u′2 + v′2 +w′2 where u′2, v′2, and

w′2 are the variances of the three velocity components. The total heat release in each such bin is
then computed and divided by the bin resolution, producing distributions of heat release in velocity
fluctuation space. The integral of each curve is thereby made equal to the total mean heat release
in the corresponding flame. The quality of the data clearly degrades as each curve approaches its
maximum velocity fluctuation, as the number of cells in each bin becomes progressively fewer. Bins
with fewer than 10 cells are omitted. At idle conditions, A3 predicts significantly higher heat release
than Z77 in regions with fluctuations larger than 40 m/s. This is because A3 gives a high degree of
chemical activity at the strongly turbulent ISL, while Z77 predicts a relatively quenched flame there.
This lower tolerance of turbulence may be linked to the generally lower extinction strain rates σext

of Z77, shown in Figure 2. Further studies, employing a wider range of reaction mechanisms, are
required in order to establish a potential correlation between σext and local quenching in LES. If such
a correlation is found, σext may prove to be a useful parameter for predicting and characterizing the
behavior of fuels and the mechanisms that are used to model them. The mechanisms behave more
similarly at cruise conditions, making it difficult to extract constructive information from the lower panel
of Figure 8.

Figure 8 – Mean heat release in regions of different turbulent intensity. (—): A3. (—): Z77.

4. Conclusion
Spray combustion in a generic single-cup combustor has been modeled using LES and two chemical
reaction mechanisms in order to gauge the difference between them. The conclusions are summa-
rized below.

• Both mechanisms predict the same overall flame dynamics, with a high flame lift and a strong
precessing vortex core at idle conditions, and a compact flame with strong thermoacoustic
fluctuations at cruise conditions.

• At idle conditions, the simpler mechanism (Z77) predicts ∼ 4% higher CO2 and H2O mass
fractions and a ∼ 3% higher temperature in the emissions, compared to the more complex
mechanism (A3). These differences amount to < 1% at cruise conditions.
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• While the simpler mechanism (Z77) predicts high OH concentrations in the near-flame region
and low concentrations elsewhere, the more complex mechanism (A3) predicts a more even
distribution as well as a significantly higher equilibrium concentration; ∼ 2 times higher at idle
conditions, and ∼ 8 times higher at cruise conditions.

• The more complex mechanism (A3) predicts a large amount of heat release at the inner shear
layer, while the simpler mechanism predicts a mostly quenched flame there. This difference
may be explained by the fact that the former has an overall higher extinction strain rate, but
further simulation studies are needed in order to establish whether such a correlation exists.
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