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ABSTRACT

Due to the significant environmental and health impacts,
minimizing pollutant emissions, especially soot, is a critical chal-
lenge in developing next-generation aero-engines. While predic-
tive soot models in CFD are essential for reducing development
time and cost, the full simulation of the entire process—jfrom fuel
injection and atomization to soot formation and evolution—re-
mains challenging and often involves strong modeling assump-
tions. To address this challenge, this study combines smoothed
particle hydrodynamics (SPH), used to predict liquid fuel atom-
ization, with finite volume method (FVM) large eddy simulations
(LES) with advanced combustion and soot models. This ap-
proach allows for consistent simulations from fuel breakup to
soot formation and enables a detailed investigation of the com-
plex interactions between spray dynamics and soot under engine-
like conditions. To accurately capture the primary breakup, the
fuel spray particle size distribution (PSD) is sampled from SPH
simulations and used to initialize Lagrangian spray particles in
the LES, where secondary breakup and evaporation are pre-
dicted. The objective of this work is to apply these methods to a
single-sector aero-engine combustion chamber operated at ele-
vated pressure and high preheating temperatures, with an aero-
engine fuel injector geometry, and to investigate the influence of
spray dynamics on soot formation. Comparison with experimen-
tal data demonstrates that the applied methods accurately capture
the overall flow and combustion characteristics. Spray charac-
teristics sampled from SPH simulations significantly improve the
accuracy of mixing and soot formation predictions compared to
conventional spray representation approaches. Furthermore, an
extended analysis across various operating ranges demonstrates
that spray initializations tailored to the respective conditions are
essential for achieving accurate pollutant predictions.

*Corresponding author: koob@stfs.tu-darmstadt.de

1. INTRODUCTION

Minimizing pollutant emissions remains one of the key chal-
lenges in the development of future gas turbines. While soot
emissions can be eliminated using carbon-free fuels like hydro-
gen or ammonia, these fuels can be easier used in stationary
gas turbines. For the aviation sector, where the storage of these
carbon-free fuels is especially challenging, sustainable aviation
fuels (SAFs) are important for reaching net zero carbon emissions
in the near future. Since soot formation and evolution are very
sensitive to mixture formation and, hence, also to the fuel feed-
stock, improved soot models embedded into high-fidelity compu-
tational fluid dynamics (CFD) are essential for the development
of future sustainable aero-engines.

Although soot model development has been an ongoing
topic, its primary focus has been on academic setups rather than
on engine-relevant, multi-phase configurations [1]. While semi-
empirical soot models, such as the two-equation soot model [2],
offer low computational costs, they are only accurate under the
specific conditions for which they were developed, greatly re-
stricting their broader applicability. With increasing available
computational resources, more sophisticated approaches such as
methods of moments or sectional methods have become feasible
not only for simplified configurations but also for application-
relevant setups [3, 4]. These models are developed and improved
in academic configurations and subsequently applied to cases
with increased complexity. For the simulation of an aero-engine
combustion chamber, the full chain of physical processes in-
volved, from fuel injection and atomization to mixture formation,
initial soot particle formation in the primary combustion zone,
and, subsequent soot evolution in the post-flame zone must be
captured with adequate models. Soot formation under engine-
relevant conditions was successfully investigated for full-scale
aero-engine combustors with large eddy simulations (LES) in re-
cent works [3-5]. However, in these works, simple models for
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the fuel spray breakup were applied.

The mixture formation in aero-engine combustors is deter-
mined by the breakup and evaporation of the liquid fuel. In
modern aircraft engines, the fuel is usually injected into the com-
bustion chamber through airblast atomizers [6]. The liquid fuel
film is spread over a prefilmer surface, pushed to the trailing
edge by the high-velocity bypassing airflow, and starts to break
up after detaching. The breakup process remains poorly under-
stood, as experimental investigations near the atomizer edge are
challenging due to the high density of the liquid fuel spray, and
detailed numerical simulations of the two-phase flow are par-
ticularly expensive. Studies are often restricted to simplified,
academic configurations, such as a planar atomizer [7], which
cannot represent all phenomena of circular aircraft atomizers op-
erated at high temperatures and elevated pressure. Although first
numerical approaches to simulate the fuel breakup of realistic
aircraft airblast atomizers were presented by Dauch et al. [8] and
Warncke et al. [9], including these detailed methods directly in the
full combustor simulation, remains prohibitively expensive. To
reduce computational costs, the atomization process is therefore
often excluded and the fuel spray is initialized with a presumed
particle size distribution, e.g., following Rizk and Lefebvre [10]
by applying a modified Rosin Rammler distribution. The subse-
quent spray evolution is then modeled with a Lagrangian particle
tracking approach. A first attempt to use detailed spray initial-
izations generated with smoothed particle hydrodynamics (SPH)
in reactive LES of a combustion chamber was recently presented
by Okraschevski et al. [11] for the numerical simulation of high
altitude relight at sub-idle operation. The results highlight the po-
tential of coupling these methods to further improve the accuracy
of numerical simulations.

This idea serves as the starting point for this study and is
further extended to better understand the interaction of detailed
spray dynamics and soot formation. This work explores the
coupling of SPH spray breakup simulations and reactive LES
and its importance for reliable modeling of soot formation under
realistic operating conditions. By varying the sampling strategy
of spray droplet particle size distributions (PSDs) retrieved from
SPH simulations in reactive large eddy simulations (LES) the
influence on the mixture and soot formation is studied in a single-
sector aero-engine model combustor featuring an aero-engine fuel
injector, which is investigated experimentally using laser-optical
measurement methods. The objectives of this work are:

* Validation of the coupled simulation approach with available
experimental data.

* Analysis of the influence of the spray initialization on soot
predictions.

» Assessment of the required spray details to predict emissions
over the entire operating range.

The remaining paper is structured as follows: First, the experi-

mental setup of the investigated single-sector combustor and the

measurement methods are presented in Sec. 2. This is followed by

the description of the numerical methods and the computational

setup in Sec. 3. Details on the spray break-up modeling with SPH

and the coupling to the reactive LES are given in Sec. 4. There-

after, in Sec. 5, the results are presented and discussed. Finally,

the conclusions of this study are given in Sec. 6.
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FIGURE 1: EXPERIMENTAL SETUP AND CFD DOMAIN. THE LO-
CATION OF THE MEASUREMENT PLANE IN THE CFD DOMAIN IS
HIGHLIGHTED IN GREEN.

2. SINGLE SECTOR CONFIGURATION
2.1 Experimental setup

The experimental campaign was conducted in the Single Sec-
tor Combustor (SSC) test facility of the DLR Institute of Propul-
sion Technology in Cologne, Germany. The testrig is specifically
designed for laser-optical investigations of the burner near field
under realistic operating conditions and was used in the past for
various studies of the soot formation process in rich-quench-lean
(RQL) burners for aero-engine applications, e.g., [12]. The test
rig and measurement techniques are also described in detail in
[12]; only the main features are briefly outlined here.

The SSC provides optical access to the reacting flow field
from three sides through planar fused silica windows. One side
is equipped with a metal liner that holds a hydrogen torch ig-
niter. A preheated starter film is applied along the windows in
the primary zone on the hot gas side, cooling the windows and
preventing seeding particles from settling on them during par-
ticle image velocimetry (PIV) measurements. The majority of
the preheated air bypasses the primary zone and enters the metal
flame tube 103 mm downstream of the heat shield through op-
posing mixing ports (see Fig. 1). The air split is controlled by
critical nozzles and is nominally set as follows: 62.2 % for mix-
ing ports, 15.9 % for starter film, and 21.9 % for burner including
heat shield cooling. For PIV measurements, the starter film air
split was increased to around 30 % to effectively prevent particle
deposition on the liner windows. This adjustment is expected to
have a negligible impact on spray preparation and soot formation
in the burner’s near field. Most of the cooling air is fed into the
combustor just upstream of the outlet nozzle, where it is also used
to control the desired combustor backpressure. The temperature
and pressure upstream of the burner are set to 603 K and 9.3 bar.
The burner pressure drop is held constant at 3.1 % and the fuel

Copyright © 2025 by ASME;
reuse license CC-BY 4.0

520z JaquianoN GO uo Jasn Areiqr LIy Aq 4pd-0g€ LG L-G2021B-G00BY0EE0N /605925 2/S00VY0LYEON/08.88/5202 L O/4pd-sBuipaadold/ | ©/610°awse uoiosj|ooje)bipawse/:dyy woly papeojumoq



TABLE 1: OPERATING CONDITIONS

Case A CaseB CaseC CaseD

Pressure in bar 9.3
Temperature in K 603
Fuel mass flow in gs~! 11.5 9.3 7.2 5.7

mass flow is varied to study soot formation at different air-fuel
ratios (AFR). The operating conditions are summarized in Tab. 1.
The kerosene surrogate D70! is used for the tests. It has simi-
lar properties to Jet A-1, but with a lower aromatic content (max.
2000 ppm). This reduces signal trapping and laser absorption and
extends the applicability of the optical measurement techniques
to a wider range of fuel-rich test conditions. An assessment of the
differences in soot formation of Jet A-1 and D70 in a different test
rig showed that the flame structure and soot distribution remains
nearly unchanged between both fuels. The level of soot, however,
is found to be reduced with the lower aromatic fuel D70. Similar
trends were observed by Hassa et al. [13], who compared Jet A-1
with different low aromatic biofuel blends.

2.2 Measurement methods

The application of optical measurement techniques in fuel-
rich flames presents several significant challenges, including high
flame luminosity, strong gradients in temperature and gas com-
position, as well as UV laser and signal trapping by soot particles.
The experimental setup has been adopted to address these chal-
lenges, as described in [12, 14].

The flow field is measured by particle image velocimetry
(PIV) using a dual camera setup. This allows individual expo-
sure of each camera in the sub-microsecond range and reduces
saturation caused by the high flame luminosity [15]. Seeding par-
ticles (porous silica spheres) are introduced only into the burner
air mass flow during the PIV measurements. An Nd:YAG laser
(532nm, 100mlJ, 25 Hz) is used to generate a laser light sheet
over the height of the optically accessible region (see measure-
ment plane in Figure 1). According to [12], the accuracy of the
flow field obtained by the described PIV measurements is in the
range of 5 to 10 %.

The location of the heat release zones is determined ex-
perimentally by the radiation of the electronically excited OH
radical. It is captured by a UV-sensitive camera with a bandpass
filter (317 nm = 10 nm). The detected signal on each pixel corre-
sponds to the line-of-sight integral over the combustor depth. A
series of 800 frames is acquired at 10 Hz to create a time-averaged
image. Assuming rotational symmetry, the average OH* chemi-
Iuminescence distribution in the central plane is reconstructed
using the onion-peeling method.

The soot volume fraction in the reacting flow field is quan-
tified by laser-induced incandescence (LII). A laser light sheet
(1064 nm, 60 mJ, 10 Hz) heats up the soot particles. A camera
perpendicular to the laser light sheet captures the spectrally fil-
tered (450nm + 10nm) incandescence signal. The camera is

ITestbenzin D70, provided by Staub CO. - Silbermann GmbH, Germany

operated in double-frame mode, which allows the LII signal to
be corrected for background luminosity on a single-pulse basis.
The LII signal is calibrated with a laser absorption measurement
according to Refs. [14, 16] with a Nd: YAG laser (532 nm, <1 mJ,
10 Hz) 1 ps before the LII laser pulse. The uncertainty of the LII
measurements is about 10 % and is mainly dictated by the laser
absorption measurement [12].

3. NUMERICAL METHODS AND SETUP

To simulate this engine-relevant configuration with CFD, all
physical processes have to be modeled appropriately, as the weak-
est model will determine the overall error. In this work, a finite
volume method (FVM) is used for the reacting simulation of the
entire combustion chamber and smoothed particle hydrodynam-
ics (SPH) is applied for the detailed simulations of spray breakup
in the fuel injector. In the following, the two applied CFD meth-
ods and the corresponding numerical setups are presented.

3.1 Reactive LES solver

All large eddy simulations (LES) of the combustion cham-
ber are performed using the Rolls-Royce CFD solver PRECISE-
UNS [17]. The cell-based finite volume solver tailored to
the simulation of aero-engine combustion chambers solves the
Favre-filtered Navier-Stokes equations in the low Mach number
formulation. Second-order central differences are applied to dis-
cretize the pressure and the velocity. All scalar equations are dis-
cretized using a second-order variation diminishing scheme [18].
The equations are advanced in time using second-order backward
differences. The o-model by Nicoud et al. [19] is used for the
modeling of the unresolved subgrid fluxes.

Combustion model. The gas phase chemistry is modeled
with a tabulated chemistry approach [20] using a detailed kinetic
mechanism for kerosene surrogates specialized in the formation
of soot precursors [21]. A combination of 52 vol-% dodecane
(C12H6), 15.8 vol-% iso-octane (CgHig), 12.1 vol-% cyclohex-
ane (CgHj2), and 20.1 vol-% trimethylbenzene (C9Hj») is used
for the representation of the fuel. The applied kinetic mech-
anism was optimized for this surrogate composition and both
were previously applied together for simplified [22] and realis-
tic configurations [4]. Because the flame properties and soot
distribution of D70 and Jet A-1 are comparable, it is expected
that the difference of the fuel will only affect the overall soot
level. Three hundred premixed flamelets inside the flammabil-
ity limits are used for the tabulation, and the progress variable
Yc = Yco, + Yco + Yi,0 + Y, is used. The presumed probability
density function (PDF) approach is applied to account for the un-
resolved turbulence chemistry interaction, adding the variances
of the progress variable Y¢ and the mixture fraction Z to the set
of control variables. The presumed PDFs are a beta function
for the mixture fraction and a three-delta peak for the progress
variable [23]. The assumption of a three-delta peak might lead
to errors when the variances become large, such as in Reynolds-
averaged Navier-Stokes (RANS) or very coarse LES simulations.
Since the magnitude of the variances in the current LES is low
due to the very fine grid in the regions of high reactivity, the
influence is minor in the current study. Following [24], the scalar
dissipation rate in the variance equation is modeled by assuming
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that the scalar dissipation rates of the fluctuations are are linked
to a turbulent mixing time 7, with a linear relaxation assumption

6C" (9C" C//Z U —
D ~oC =C NZ,
p Ox; 0x; 4 T (TSCAZC

)

where C, is a proportionality constant of the order of unity,
Sc = 0.7 the turbulent Schmidt Number and A the filter size
of the LES. The reaction term c¢”’?2 measures the correlations
between scalar fluctuations and the reaction rate and is provided
by the probability density function:

1
Tae = (c Do, = J (c* — D (c)p(ct)de’
0

= WeC — WeC. (2)

For the tabulation, 400 points for Z, 101 points for Y, and 10
points for the variances Z'"> and ¥/* are used. A non-equidistant
spacing is applied to the mixture fraction and the variances to
minimize interpolation errors during table access.

Soot model. The formation and evolution of soot particles
are modeled with the split-based extended quadrature method
of moments (S-EQMOM) [25]. This model approximates the
unknown soot number density function (NDF) n(x;, t, £) by a set
of two coupled sub-NDFs ny, (x;, 1, ). x; is the i-th component of
the coordinate vector, ¢ the time, and s; the index of the sub-NDF.
All particles are assumed to be spherical. Therefore, the internal
coordinate vector £ consists only of the soot particle volume V.
By solving transport equations for the three lower-order moments
mg, k =0, 1,2, of each sub-NDF, the evolution of soot is modeled

omy(x;,t oy (x;, t -
k(l )+ i k(l ):mk (3)
ot ox;

Mk = Wnue,k + Weoa,k + Weon,k + WHACA, k + Wox, k> “4)

whith the i-th velocity component u; and the source term rig.
Nucleation of primary soot particles from the soot precursors
Pyrene (C1¢H1¢), coagulation, surface growth through condensa-
tion, the hydrogen abstraction/acetylene addition (HACA) mech-
anism, and soot oxidation with OH and O, are covered in the
source term. The different processes included in the model are
described in detail in the work of Salenbauch et al. [25].

Coupling of the soot and the chemistry. The mass transfer
from the gaseous phase to the solid soot phase through nucleation
and the slow polycyclic aromatic hydrocarbon’s (PAHs) chem-
istry is accounted for by introducing an additional PAH transport
equation [26]:

aﬁ?PAH 9piiYp,y 9 |- ‘ﬁpAH =
o T am ox PP oy, [P O

p is the density and D, the effective diffusion coefficient, com-
posed of the laminar and turbulent contributions. The PAH source
term a_')PAH is split into three parts: A chemical production term

. . . S .
Wpapys @ chemical destruction term Wpag linear dependent on Ypay,

and a consumption term modeling the mass transfer from the gas
phase to the solid soot phase @, quadratic to Ypay:

- - 2
Y, Y,
Bpans = Dpant + Dpan (YPTﬂ) +dy (;Tﬂ) . (6)
PAH PAH

Quantities denoted with the superscript T are stored in the flamelet
manifold. Recent studies have demonstrated the soot models
suitability for modeling soot formation under conditions relevant
to aero-engine applications [4, 22].

In the confined combustion chamber of an aero-engine, the
impact of radiative heat transfer (RHT) is less important than in an
open flame configuration [27, 28]. The heat of the flame cannot
leave the combustor and is mostly reflected from the walls into
the combustor, and the heat absorbed by the walls is reintroduced
to the combustion chamber through the wall cooling air. The
overall impact of RHT on soot formation is expected to be only
marginal, and it is, therefore, neglected for this study.

Lagrangian spray model. The liquid spray is modeled us-
ing a Lagrangian particle tracking approach. The Lagrangian
spray solver is running on separate cores to improve the scalabil-
ity of the coupled Euler-Lagrangian solver [29]. The following
Section 4 discusses the determination of the starting positions for
these Lagrangian particles in detail.

3.2 Numerical setup.

Figure 1 shows the domain with colored boundary conditions
and the position of the experimental measurement plane in green
next to the experimental setup. Preheated air is supplied to a
plenum upstream of the burner and flows through the fuel injector
into the combustion chamber. Additional air enters the primary
zone of the combustor through the heat shield (HS) cooling holes
and the starter film at the edges of the heat shield. While the starter
film is modeled with a regular inflow boundary condition, the
HS cooling air is modeled with an effusion boundary condition.
The small holes are replaced by a patch with uniform mass flow
while an additional momentum source term ensures the correct
momentum of the cooling airflow. To represent the tangentially
and radially aligned holes of the real heat shield, two separate
effusion boundary conditions with tangential and radial inflow
directions are implemented. The liquid fuels spray is injected
into the combustion chamber with a fuel mass flow of my =
11.5gs™! (Case A), as detailed in Sec. 4.2. Downstream of
the primary combustion zone, secondary air is introduced into
the combustion chamber through mixing ports, resulting in fast
mixing and quenching of the rich burned products. All walls are
assumed to be adiabatic.

The domain is discretized by approximately 16 million cells
using an octree-based algorithm. The resulting mesh consists
mainly of hexahedral cells with polyhedrons towards boundaries
and the transition between cell sizes. The maximum cell size
is 0.5mm in the primary zone and 0.25 mm in the injector. A
constant time step is chosen, and the resulting CFL number is
below 0.3 in the combustion chamber and below 0.7 in the refined
region of the fuel injector. The quality of the LES is estimated
by applying the /Q, criterion by Celik et al. [30]. This results
in values > 80% in all regions of interest of the combustion
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FIGURE 2: INITIALIZATION POSITIONS OF THE SPRAY PSD IN THE
INJECTOR AND SPRAY BREAKUP SIMULATED WITH SPH.

chamber, which is considered a good quality LES. Simulations
are conducted at the operating conditions given in Tab. 1 of the
SSC for all four fuel mass flows.

4. SPRAY MODELING

In this section, details on the modeling of the spray breakup
and the coupling of SPH with the full combustor simulation are
presented.

4.1 Primary breakup solver

The SPH method [31] is a mesh-free approach in which the
fluid is discretized into a set of Lagrangian particles of constant
mass. The proprietary in-house SPH-code “turboSPH” [11, 32,
33] is used for detailed simulations of fuel atomization in the
investigated injector.

This study employs a weakly compressible SPH formula-
tion [34], calculating the pressure field via the Cole equation of
state [35] with an added background pressure. The numerical
schemes used are detailed in Okraschevski et al. [11], and cen-
trifugal forces of the swirled airflow are modeled following the
approach by Dauch et al. [36].

A particle size of 5 um is used to discretize the computational
domain of the SPH simulations. Previous studies have shown that
this resolution is sufficient to reproduce the main characteristics
of the spray breakup and the particle size distribution, as shown
by Braun et al. [32] for a planar atomizer with a similar Weber
number to the injector applied in this study. Additionally, the
volumetric weighted particle size distribution sampled from a
simulation with a resolution of 2.5 um shows very similar results
to the 5 um resolution. Since discretizing the entire combustor
with this resolution is prohibitively expensive, the computational
domain is restricted to a stream tube around the primary atom-
ization zone following the procedure described in Refs. [11, 37].
Slip conditions are applied to the streamline walls, as indicated in
Fig. 2, and velocity profiles at the inlet boundaries are interpolated
from a preceding RANS simulation of the complete combustor.
Spray statistics are sampled inside a 1.5 mm wide measuring area
following the methodology presented in [11]. The sampling po-
sition is chosen far enough downstream of the atomizer edge to
ensure complete primary atomization. Only clusters with at least

Flow
characteristics

( Initial CFD } >

Flow field Fuel
Air flow split [ mass flow

Flow New initialization 7
.. > SPH simulation
characteristics \

Y

Spray PSD

FIGURE 3: WORKFLOW OF THE COUPLING OF SPH AND LES SIM-
ULATIONS.

four SPH particles are considered droplets, leading to a minimal
diameter of ~ 10 um.

4.2 Spray interface

Although a direct coupling of both methods would be de-
sirable as it contains the highest detail of the spray droplet char-
acteristics, the involved temporal and spatial scales differ signif-
icantly between SPH and FVM. Therefore, instead of a direct
coupling, an iterative indirect approach is selected, as depicted
in Fig. 3. The general flow characteristics and boundary condi-
tions required for the simulation of the fuel spray breakup are
extracted from an initial RANS simulation of the entire combus-
tion chamber. Detailed spray droplet PSDs are sampled from the
following SPH simulation of the fuel breakup and used as spray
boundary conditions in the reactive LES of the entire combustor.
To mitigate the potential influences of the initial simulation on
the spray dynamics, the flow field as predicted by the LES should
be used to recalculate the spray breakup in an iterative process
until the spray dynamics and resulting flow field converge. The
necessity and number of iterations will largely depend on the
initial spray estimate used in the preliminary RANS simulation
and will be discussed in the result section. The fuel spray in the
LES is initialized at a prescribed location with a specific spray
PSD by providing the droplet diameters and the corresponding
particle number density. The location and mean velocity of the
spray is set according to the SPH simulations. Since the start-
ing positions of the spray droplets in the LES are not obvious,
this influence is investigated in this study by applying different
initialization strategies. Transient conditions are accounted for
by superimposing the initial droplet velocity with local turbulent
fluctuations. If not stated differently, the initialized distribution is
assumed to correspond to the distribution after the primary spray
breakup. A secondary breakup model [38] is applied to model
the subsequent spray evolution, and evaporation is modeled using
a steady-state evaporation model [39].

Spray boundary conditions. Different fuel spray initial-
izations are applied in this study to investigate their influence on
soot predictions. The distributions are sampled from the detailed
SPH spray breakup simulations and initialized at the sampling
distance / from the atomizer edge of the fuel injector. Around
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FIGURE 4: SPRAY DROPLETS FOR CASE A SAMPLED OVER
THREE RADIAL POSITIONS (LEFT) AND THE RESULTING NOR-
MALIZED CUMULATIVE VOLUME-BASED PARTICLE SIZE DISTRI-
BUTION (RIGHT) FOR R3.
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FIGURE 5: NORMALIZED NUMBER BASED SPRAY PARTICLE SIZE
DISTRIBUTION FOR THE DISTRIBUTION SAMPLED FROM THE
SPH SIMULATION AND TWO MODIFIED ROSIN-RAMMLER DISTRI-
BUTIONS WITH DIFFERENT ds,.

9400 droplets are sampled from the SPH, and their particle size
over the normalized radial position is plotted in Fig. 4 on the left.
The normalization length D corresponds to one-tenth of the inner
diameter of the heatshield. Most particles are found at around
1D, and sizes between 10 um and 130 um are observed. For the
simplest initialization, the PSD of all particles is calculated, and
the velocity and radial position r of the initialized particles cor-
responds to the mean value of all spray droplets (R1). The level
of detail included in the initialization is increased by including
additional information on the radial distribution. Therefore, the
spray droplets are sampled over different radial positions r in the
first step, and the corresponding PSD is initialized with the re-
spective mean velocity. The sampling for case A is shown as an
example for three radial positions (R3) in Fig. 4, together with the
resulting normalized cumulative volume-based spray PSD. While
the two inner radial sampling positions of 0.9D and 1.1D have
very similar PSDs, the outer position at 1.3D is only composed of
droplets smaller than 70 pm. Although droplets are found further
outside, their total number is small, and the mean radial position
is still close to 1.3D. Each radial position is initialized with the
corresponding mean particle velocity. The same procedure is
repeated with five radial positions (R5) by adding initialization
atr = 1.0D and r = 1.2D. Two additional distributions sampled
from a modified Rosin-Rammler distribution [10] are applied as
a reference. The second distribution with a Sauter mean diam-
eter (SMD) d3; = 34 um (SMD34) is fitted to the distribution
obtained from the SPH simulation of Case A. The second distri-

150
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= 100
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< 50

FIGURE 6: DISTRIBUTION OF THE SPRAY DROPLET SIZE OVER
THE RADIAL POSITION SAMPLED FROM SPH SIMULATIONS FOR
THE RESPECTIVE OPERATING CONDITIONS.

bution with a smaller SMD of d3; = 10 um (SMD10) is used to
represents a spray distribution after secondary breakup. There-
fore, no secondary breakup model is required for this distribution.
The normalized number-based PSDs are shown in Fig. 5.

For the investigation of all operating points (case A-D), case-
specific PSDs are sampled from the respective SPH simulations.
The distributions of the droplets over the radial positions for all
cases are shown in Fig. 6. In all cases, most droplets are found
at around 1D. Increasing the fuel mass flow leads to increased
radial spreading of the droplets and larger maximum droplet sizes.
The mean radial position moves from 1D for case D to 1.08D for
case A.

5. RESULTS AND DISCUSSION

LES with the S-EQMOM soot model are performed for all
previously presented spray initializations. In the following sec-
tion, the results are presented and analyzed. First, the general
flow characteristics are presented, and results with different spray
initializations are compared to the experimental reference data.
Afterward, the influence of the spray dynamics on soot formation
is studied, and, lastly, the impact of different operating conditions
on the spray dynamics soot interaction is investigated.

5.1 Global flow characteristics

To understand the general flow characteristics in the region
of the combustion chamber relevant to this study, Fig 7 shows the
instantaneous (left) and averaged (right) fields of the normalized
axial velocity u,, the equivalence ratio ¢, the normalized tem-
perature 7, and the normalized soot volume fraction f, , in the
center of the primary zone, corresponding to the experimental
measurement plane, for the base case A. The swirled flow opens
up after entering the combustion chamber, and a recirculation
zone is formed at the center. The additional fresh air entering
through the starter film is visible at the combustor walls, where
high velocities are paired with low temperatures and an equiva-
lence ratio of zero, especially visible in the instantaneous fields.
The flame is burning in the central lower part of the combustor,
where high temperature gradients are observed. As expected, the
highest temperatures are observed at the stoichiometric mixture
fraction and in the recirculation zone. While the main branches
of the flow consist of a rich mixture, the recirculation zone has
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FIGURE 7: CONTOUR OF THE INSTANTANEOUS (LEFT) AND MEAN (RIGHT) FLOW FIELD. FROM LEFT TO RIGHT: NORMALIZED AX-
IAL VELOCITY, EQUIVALENCE RATIO, NORMALIZED TEMPERATURE AND NORMALIZED SOOT VOLUME FRACTION. NORMALIZATION IS
ACHIEVED BY DIVIDING WITH THE RESPECTIVE LOCAL MAXIMUM VALUE. THE STOICHIOMETRIC MIXTURE FRACTION IS MARKED WITH

A WHITE ISOLINE.
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FIGURE 8: MEAN NORMALIZED AXIAL AND RADIAL VELOCITY
COMPONENTS IN THE PRIMARY ZONE OF THE COMBUSTION
CHAMBER FOR THREE DIFFERENT SPRAY INITILIZATIONS COM-
PARED TO EXPERIMENTAL DATA. THE BLACK DASHED LINE REP-
RESENTS THE COMBUSTOR WALL.

a leaner composition due to the additional air introduced by the
downstream mixing ports. Soot is predominately present in the
rich regions, and locally increased values correlate with a higher
local equivalence ratio. In the near-wall region, where the hot
burned products are quenched with fresh air from the starter film,
soot is also present in lean mixtures. Additionally, local, instanta-
neous pockets of the soot volume fraction are significantly higher
than the temporal mean, highlighting the strong fluctuations and
transient behavior of the turbulent flame and its interaction with
the soot formation mechanism. In the following, the CFD setup
is validated against the available experimental data in the primary

I0F T 3
Experiment
S I
= 5h 7 1
10 F \' gl \' 1’ —
d32 = IO,um
S
= 5r n
N \_. | J _—
R1
Q 0
=5 1

y/D

FIGURE 9: CONTOUR OF THE NORMALIZED DECONVOLUTED OH*
SIGNAL AND THE NORMALIZED HEAT RELEASE RATE FROM THE
CFD FOR THE FLAME POSITION FOR TWO DIFFERENT SPRAY INI-
TIALIZATION.

combustion zone by means of the velocity fields and flame po-
sition. Figure 8 shows the comparison of the normalized mean
velocity components &, and 7, from the experiments with sim-
ulation results. The maximum value of all plots is used for the
normalization. Simulation results are shown for the reference
distribution and the distribution sampled at one point (R1). Both
simulations capture the central recirculation zone and the global
flow characteristics well. Note that the velocity measurement near
the fuel injector with PIV is obstructed by the present liquid fuel
droplets. Smaller droplets, comparable in size to the seeding par-
ticles, cannot be distinguished due to their similar light-scattering
properties. Larger droplets and filaments scatter light differently
but cause overexposure in this region. Consequently, velocity
measurements in this area are unreliable The differences in the
recirculation zone between the simulation and experiment for the
lowest axial position are attributed to these measurement diffi-
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FIGURE 10: COMPARISON OF THE NORMALIZED MEAN SOOT VOLUME FRACTION FOR ALL APPLIED SPRAY INITIALIZATION WITH EX-
PERIMENTAL DATA ON THE CENTER PLANE OF THE PRIMARY ZONE. THE LOCAL MAXIMUM VALUE OF ALL SIX DATA SETS IS USED FOR

THE NORMALIZATION.

culties and the corresponding measurement points are marked in
gray. The high axial velocity near the wall at lower positions,
induced by the starter film, is observed in both CFD and experi-
ments. While the CFD accurately captures the location of local
maxima for both velocity components, deviations in absolute val-
ues are noted. This observation indicates that the swirled flame’s
opening angle is well-represented. While slight variations in
the magnitude and width of the local maxima are observed with
different spray initializations, the global flow characteristics in
the primary zone remain unaffected, suggesting that the spray
dynamics have minimal impact on the global flow fields. This
consistent behavior is noted across all other spray initialization
tested, which are omitted in the figure for clarity. Although minor
differences in the magnitude and the width of local maxima are
observed between different spray initializations, the global flow
characteristic in the primary zone is not changed. In particular,
the flow field in the injector (not shown in Fig. 8) used to extract
the SPH-boundary conditions remains unchanged for all initial-
ization. It is, therefore, concluded that the spray has no major
influence on the flow field.

The flame position is validated by comparing OH* chemi-
luminescence from the experiments with the mean heat release
rate of the CFD used as an indicator of the reaction zone. For
the deconvolution of the line-of-sight measurements, an axis-
symmetrical flow field is assumed. Although the flow in the
rectangular combustion chamber does not match these criteria in
all regions, the asymmetry primarily affects regions near the com-
bustor walls and further downstream of the fuel injector. Near the
fuel injector—the region of interest for OH* measurements—the
flow field can be assumed axis-symmetrical. For a qualitative
comparison, the experimental data and the simulation data are
normalized with the local maximum value. The normalized In-
tensity / for two different spray initializations and the experiment
is shown in Fig. 9. It has to be noted that the regions of low
chemiluminescence at low radial and axial positions in the ex-
periment are caused by artifacts of the deconvolution, e.g., the
absorption of OH* signal by the liquid fuel spray, and therefore

have to be excluded from any interpretation [12]. In all simu-
lations, the highest values are found close to the fuel injector at
r = 4D, similar to the experiment, and no significant differences
are observed between the shown spray initializations. This ob-
servation also holds for the initializations SMD34, R3, and RS,
omitted in the figure for clarity. It is concluded that the simula-
tion can correctly predict the flame position and that the applied
LES setup is suitable for predicting the combustion process at
realistic operating conditions. A comparison of the mass flows in
the different passages of the fuel injector from the initial RANS
simulation with the LES results shows a maximum deviation of
10 %. Therefore, and since different spray initializations have no
significant influence, the iterative process depicted in Fig. 3 is not
required for the current setup, and the initial SPH is sufficient to
characterize the primary spray breakup.

5.2 Role of Spray Initialization in Predicting Soot Formation

To assess the impact of the fuel initialization on soot pre-
dictions, the results of all applied spray initializations (SMD10,
SMD34, R1, R3, R5) are compared to LIl measurements of the
soot volume fraction f,. The mean normalized soot volume frac-
tion f,, of all LES and the measurement are shown in Fig. 10.
The local maximum value of all six data sets is used for nor-
malization. All studied cases follow the same trend, with the
highest f,, found in the flame branches of the primary zone. f,
increases rapidly in the vicinity of the injector at a radial position
of around 3D and decreases further downstream. In the LES, the
distance between the two soot branches is slightly larger than in
the experiment. This difference is attributed to differences in the
predicted fuel-air mixture. No soot is found in the central recir-
culation zone. A small asymmetry between the flame branches,
with slightly higher values on the left, is observed and attributed
to the combustor design. The swirled flame in the rectangular
chamber and dual-sided secondary air injection create an inher-
ently asymmetric flow field. When comparing the different spray
initialization approaches, SMD34 and R1 significantly overpre-
dict the magnitude of soot volume fraction in the primary zone.
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FIGURE 11: COMPARISON OF THE MEAN LOCAL EQUIVALENCE RATIO FOR DIFFERENT SPRAY INITIALIZATIONS. THE WHITE LINE REP-
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FIGURE 12: NORMALIZED CUMULATIVE VOLUME BASED SPRAY
PARTICLE SIZE DISTRIBUTION SAMPLED FROM SPH SIMULA-
TIONS FOR ALL FOUR STUDIED OPERATING CONDITIONS.

With SMD10, corresponding to a distribution after secondary
spray breakup, soot prediction is additionally increased by a fac-
tor of two. In contrast, the cases where additional information
about radial distributions are considered (R3 and R5) predict a
soot distribution similar to the experiment, with RS predicting
slightly higher absolute values than R3.

For a better understanding of the differences in soot for-
mation between the different initializations, the local mixture
formation is investigated. Since first soot particles are formed
through nucleation of polycyclic aromatic hydrocarbons (PAHs)
and condensation of PAHSs on soot particles further increases the
soot volume fraction, soot formation is directly dependent on the
mixture. Figure 11 displays the local equivalence ratio ¢ in the
primary zone, with the SMD34 result omitted for clarity due to
its similarity to R1. The shape of the rich zone between the
two white lines remains consistent across the four simulations;
however, increasing the number of radial initialization positions
reduces the local maximum near the injector significantly, cor-
relating with the mean f,. The highest local equivalence ratio
exceeds ¢ = 2 for d3p = 10 um and decreases to around 1.5 for
the cases R3 and RS. Since the smallest initialized spray droplets
are evaporated quickly, sampling the spray droplet data at a sin-
gle location leads to a high fuel concentration in the region near
the injector. Adding detailed information from the SPH sim-
ulation by sampling the data over multiple radial positions has
a spreading effect on the fuel spray. This subsequently leads
to leaner local mixtures and, therefore, fewer PAHs. The even
higher mixture fraction observed for SMD10 is explained by the

assumption of the distribution after secondary breakup with sig-
nificantly smaller spray droplets, see Fig. 5, initialized at the same
axial distance [ from the prefilmer edge. This again leads to the
fast evaporation of fuel spray droplets in a confined area and an
increased local mixture fraction. Sampling the initialization of
the fuel spray over different radial positions derived from the SPH
simulations, on the other hand, leads to improved mixing of the
fuel and oxidizer with leaner mixtures and decreased formation
of soot precursors. These results show the importance of accu-
rate knowledge of not only the droplet size distribution but also
starting positions and velocities for predictive simulation of the
mixing behavior in the combustion chamber. Since only minor
differences in the soot volume fraction and equivalence ratio are
observed between the results of R3 and RS, three radial positions
for the spray initialization are used in the following of this study.

5.3 Impact of the operating conditions on spray dynamics
and soot interactions

As changes in the operating conditions generally come along
with changes of the flow through the injector, different spray char-
acteristics are to be expected. To understand which changes are
important to consider in the spray modeling for emission pre-
dictions, the operating condition of the combustion chamber is
varied by decreasing the fuel mass flow m; for the cases B-D, see
Tab. 1. The normalized cumulative volume-based spray PSDs for
all four operating points are shown in Fig. 12. All distributions
follow a similar trend. However, PSDg exhibits a shift towards
larger droplets. In the first step, the same spray droplet distri-
bution (PSD,), corresponding to case A, is applied for all four
operating points. To study the influence of the operating point-
specific PSD, the corresponding distributions PSDx are applied
in a second step.

The resulting mean soot volume fractions normalized with
the overall local maximum in the primary zone for all simula-
tions and experiments are shown in Fig. 13. As expected, the
experiments show that the total amount of soot is decreased with
decreasing my due to overall leaner mixtures. While f, is also
reduced in the CFD when using the same PSD for all operating
points, and the soot distribution zones resemble those in the ex-
periment, the trend no longer aligns with the experimental results.
Soot is slightly overpredicted for the highest fuel mass flow. Al-
though soot is decreased when lowering m, it is now lower than
in the experiments for cases B and C, and for the lowest fuel mass
flow, no soot is visible anymore. These results are improved sig-
nificantly by applying the PSD corresponding to the respective
operating point, as seen in the bottom line of Fig. 13. The LES,
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FIGURE 13: MEAN NORMALIZED SOOT VOLUME FRACTION IN THE PRIMARY ZONE OF THE COMBUSTOR COMPARED TO THE EXPERI-
MENTAL DATA FOR DIFFERENT FUEL MASS FLOWS. THE FIRST ROW REPRESENTS THE EXPERIMENTAL DATA, THE SECOND ROW THE
CFD RESULTS WHITH THE SAME SPRAY PSD APPLIED FOR ALL FUEL MASS FLOWS WHILE THE BOTTOM ROW SHOWS THE RESULTS
WHEN USING THE SPRAY PSD CORRESPONDING TO THE SPECIFIC FUEL MASS FLOW.

now in line with the experimental data, can accurately predict
the trend of decreasing soot volume fraction between the differ-
ent operating points. The importance of the applied distribution
is explained by comparing the case-specific droplet distributions
in Fig. 6. Applying PSD, with the largest radial spread of the
droplets to the other cases leads to locally leaner mixtures and,
therefore, underprediction of soot formation. A possible reason
for the overprediction of soot in the simulation is uncertainties
regarding the applied fuel. While the low aromatic fuel D70 is
applied in the experiment, a kerosene surrogate is used for the
simulations. This difference might result in potential differences
in the gas mixture.

The variation of the fuel mass flow has shown that, since
the spray breakup varies over the operating range, initializing
the respective distribution is indispensable to capture the correct
mixing trends and, consequently, the correct soot prediction.

6. CONCLUSION

This combined numerical and experimental study has in-
vestigated a single-sector combustor with an aero-engine fuel
injector operating at high pressures and preheating temperatures.
The focus of this work is to elucidate the impact of liquid fuel
spray on soot emissions. A segregated approach utilizing spe-
cialized solvers for fuel breakup and the reacting flow allows
the simulation of the entire cause-and-effect chain-from primary
breakup to soot formation. Spray characteristics sampled from
highly resolved SPH simulations of the fuel breakup were used
as initialization for the liquid fuel spray in the LES. By applying
different initialization strategies, the influence of the fuel spray
boundary condition was studied, and simulation results were val-
idated against experimental data. Key findings include:

* The applied numerical setup accurately predicts velocities and
flame position.

10

* Variations in spray boundary condition have only minor effects
on the global flow characteristics.

* Local mixture formation is highly sensitive to spray initializa-
tion, directly influencing the prediction of soot formation.

The results underscore that global flow quantities, such as ve-
locity, are insufficient indicators of the mixture distribution. In-
cluding the radial distribution of the fuel spray in the LES re-
sulted in locally leaner mixtures and reduced soot formation, im-
proving alignment between simulation results and experiments.
Extending the study to additional operating conditions further
highlighted the necessity of accurate spray PSD information for
replicating experimental trends.

This single-sector study demonstrates the importance of cap-
turing the complete cause-and-effect chain, from primary atom-
ization to soot formation. Establishing flexible interfaces be-
tween critical sub-processes ensures that they can be addressed
sequentially rather than requiring simultaneous simulations. This
represents a significant advancement for the LES of realistic aero-
engine combustors.
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