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Comprehensive Modeling  
of the Cause-and-Effect Chain 
in Aero-Engine Combustor 
Simulations: From Primary 
Breakup to Soot Formation
Due to the significant environmental and health impacts, minimizing pollutant emissions, 
especially soot, is a critical challenge in developing next-generation aero-engines. While 
predictive soot models in computational fluid dynamics (CFD) are essential for reducing 
development time and cost, the full simulation of the entire process—from fuel injection and 
atomization to soot formation and evolution—remains challenging and often involves strong 
modeling assumptions. To address this challenge, this study combines smoothed particle 
hydrodynamics (SPH), used to predict liquid fuel atomization, with finite volume method 
(FVM) large eddy simulations (LES) with advanced combustion and soot models. This 
approach allows for consistent simulations from fuel breakup to soot formation and enables 
a detailed investigation of the complex 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 predicted. The 
objective of this work is to apply these methods to a single-sector aero-engine combustion 
chamber operated at elevated 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 experimental data demonstrates that the applied methods 
accurately capture the overall flow and combustion characteristics. Spray characteristics 
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. [DOI: 10.1115/1.4069470] 
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1 Introduction

Minimizing pollutant emissions remains one of the key 
challenges in the development of future gas turbines. While soot 
emissions can be eliminated using carbon-free fuels like hydrogen or 
ammonia, these fuels can be more easily 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 feedstock, improved 
soot models embedded into high-fidelity computational 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, multiphase 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 restricting 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 involved, from fuel 

injection and atomization to mixture formation, initial soot particle 

formation in the primary combustion zone, and subsequent soot 

evolution in the postflame 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 recent works [3–5]. However, in 

these works, simple models for the fuel spray breakup were applied.
The mixture formation in aero-engine combustors is determined 

by the breakup and evaporation of the liquid fuel. In modern aircraft 

engines, the fuel is usually injected into the combustion 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 understood, 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 particularly expensive. 
Studies are often restricted to simplified, academic configurations, 
such as a planar atomizer [7], which cannot represent all phenomena 
of circular aircraft atomizers operated 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 subsequent spray evolution is then modeled with a 
Lagrangian particle tracking approach. A first attempt to use detailed 
spray initializations generated with smoothed particle hydro
dynamics (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 subidle operation. The results 
highlight the potential 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 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 
experimental 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 breakup 
modeling with SPH and the coupling to the reactive LES are given in 
Sec. 4. Thereafter, in Sec. 5, the results are presented and discussed. 
Finally, the conclusions of this study are given in Sec. 6.

2 Single Sector Configuration

2.1 Experimental Setup. The experimental campaign was 
conducted in the Single Sector Combustor (SSC) test facility of 
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the DLR Institute of Propulsion Technology in Cologne, Germany. 
The test rig 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 burners for aero-engine applications, e.g., Ref. 
[12]. The test rig and measurement techniques are also described in 
detail in Ref. [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 igniter. 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 particle 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 opposing mixing ports (see 
Fig. 1). The air split is controlled by critical nozzles and is nominally 
set as follows: 62.2% for mixing ports, 15.9% for starter film, and 
21.9% for burner including heat shield cooling. For PIV measure
ments, 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 mass flow is varied to study soot 
formation at different air-fuel ratios. The operating conditions are 
summarized in Table 1. The kerosene surrogate D70 2 is used for the 
tests. It has similar 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 remain 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 mea
surement techniques in fuel-rich flames presents several significant 
challenges, including high flame luminosity, strong gradients in 
temperature and gas composition, as well as UV laser and signal 
trapping by soot particles. The experimental setup has been adopted 
to address these challenges, as described in Refs. [12,14].

The flow field is measured by PIV using a dual camera setup. This 
allows individual exposure of each camera in the submicrosecond 
range and reduces saturation caused by the high flame luminosity 
[15]. Seeding particles (porous silica spheres) are introduced only 
into the burner air mass flow during the PIV measurements. An Nd: 
YAG laser (532 nm, 100 mJ, 25 Hz) is used to generate a laser light 
sheet over the height of the optically accessible region (see 
measurement plane in Fig. 1). According to Ref. [12], the accuracy 
of the flow field obtained by the described PIV measurements is in 
the range of 5–10%.

The location of the heat release zones is determined experimen
tally by the radiation of the electronically excited OH radical. It is 
captured by a UV-sensitive camera with a bandpass filter 
(317 nm610 nm). The detected signal on each pixel corresponds 
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* chemilumines
cence distribution in the central plane is reconstructed using the 
onion-peeling method.

The soot volume fraction in the reacting flow field is quantified 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 filtered (450 nm610 nm) 
incandescence signal. The camera is 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 ls 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 weakest 
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 hydrodynamics (SPH) 
is applied for the detailed simulations of spray breakup in the fuel 
injector. In the following, the two applied CFD methods and the 
corresponding numerical setups are presented.

3.1 Reactive Large Eddy Simulations Solver. All LES of the 
combustion chamber 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 
discretize the pressure and the velocity. All scalar equations are 
discretized using a second-order variation diminishing scheme [18]. 
The equations are advanced in time using second-order backward 
differences. The r-model by Nicoud et al. [19] is used for the 
modeling of the unresolved subgrid fluxes.

3.1.1 Combustion Model. The gas-phase chemistry is modeled 
with a tabulated chemistry approach [20] using a detailed kinetic 

Fig. 1 Experimental setup and CFD domain. The location of the 

measurement plane in the CFD domain is highlighted at the 
bottom of the combustor (green). (Color version online)

Table 1 Operating conditions 

Case A Case B Case C Case D

Pressure in bar 9:3
Temperature in K 603
Fuel mass flow in g s−1 11.5 9.3 7.2 5.7

2Testbenzin D70, provided by Staub & Co. - Silbermann GmbH, Germany
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mechanism for kerosene surrogates specialized in the formation of 
soot precursors [21]. A combination of 52 vol. % dodecane 
(C12H26), 15.8 vol. % iso-octane (C8H18), 12.1 vol. % cyclohexane 
(C6H12), and 20.1 vol. % trimethylbenzene (C9H12) is used for the 
representation of the fuel. The applied kinetic mechanism was 
optimized for this surrogate composition, and both were previously 
applied together for simplified [22] and realistic configurations [4]. 
Because the flame properties and soot distribution of D70 and Jet A- 
1 are comparable, it is expected that the difference in the fuel will 
only affect the overall soot level. Three hundred premixed flamelets 
inside the flammability limits are used for the tabulation, and the 
progress variable YC ¼ YCO2

þ YCO þ YH2O þ YH2
is used. The 

presumed probability density function (PDF) approach is applied 
to account for the unresolved turbulence chemistry interaction, 
adding the variances of the progress variable YC 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. 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 Ref. [24], the scalar dissipation rate in the 
variance equation is modeled by assuming that the scalar dissipation 
rates of the fluctuations are linked to a turbulent mixing time st with a 
linear relaxation assumption 

qD
@c00

@xi

@c00

@xj

� �qCr

fc002

st

¼ Cr

lt

ScD2
fc002 (1) 

where Cr is a proportionality constant of the order of unity, Sc ¼ 0:7
the turbulent Schmidt Number and D the filter size of the LES. The 

reaction term fc002 measures the correlations between scalar 
fluctuations and the reaction rate and is provided by the probability 
density function: 

c00xc ¼ ðc − ~cÞ _xc ¼

ð1

0

ðc� − ~cÞ _xcðc
�Þpðc�Þdc�

¼ _xcc − _xc~c (2) 

For the tabulation, 400 points for Z, 101 points for YC, and 10 points 
for the variances ~Z002 and ~Y002C are used. A nonequidistant spacing is 
applied to the mixture fraction and the variances to minimize 
interpolation errors during table access.

3.1.2 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) nðxi, t, nÞ by a set of two 
coupled sub-NDFs nsl

ðxi, t, nÞ. xi is the i-th component of the 
coordinate vector, t the time, and sl the index of the sub-NDF. All 
particles are assumed to be spherical. Therefore, the internal 
coordinate vector n consists only of the soot particle volume V. By 
solving transport equations for the three lower-order moments mk, 
k ¼ 0, 1, 2, of each sub-NDF, the evolution of soot is modeled 

@ �mk x, tð Þ

@t
þ
@~ui �mk x, tð Þ

@xi

¼ _mk (3) 

_mk ¼ _xnuc,k þ _xcoa,k þ _xcon,k þ _xHACA,k þ _xox,k (4) 

with the ith velocity component ui and the source term _mk. 
Nucleation of primary soot particles from the soot precursor Pyrene 
(C16H10), coagulation, surface growth through condensation, the 
hydrogen abstraction/acetylene addition (HACA) mechanism, and 
soot oxidation with OH and O2 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].

3.1.3 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) 
chemistry is accounted for by introducing an additional PAH 
transport equation [26]: 

@�q ~YPAH

@t
þ
@�q~ui

~YPAH

@xi

¼
@

@xi

�q Deð Þ
@ ~YPAH

@xi

" #

þ _xPAH (5) 

q is the density and De is the effective diffusion coefficient, 
composed of the laminar and turbulent contributions. The PAH 
source term _xPAH is split into three parts: A chemical production 
term _x

þ

PAH, a chemical destruction term _x
−
PAH linear dependent on 

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

_xPAH ¼ _x
þT

PAH þ _x
−T

PAH

~YPAH

~YT
PAH

 !

þ _x
T

s

~YPAH

~YT
PAH

 !2

(6) 

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 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 
radiative heat transfer on soot formation is expected to be only 
marginal, and it is, therefore, neglected for this study.

3.1.4 Lagrangian Spray Model. The liquid spray is modeled 
using a Lagrangian particle tracking approach. The Lagrangian 
spray solver is running on separate cores to improve the scalability 
of the coupled Euler-Lagrangian solver [29]. Sec. 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 measure
ment 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 fuel spray is injected into the combustion 
chamber with a fuel mass flow of mf ¼ 11:5gs−1 (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 0.5 mm in the 
primary zone and 0.25 mm in the injector. A constant time-step is 
chosen, and the resulting Courant-Friedrichs-Lewy 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 
IQ� criterion by Celik et al. [30]. This results in values > 80 % in all 
regions of interest of the combustion chamber, which is considered a 
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good quality LES. Simulations are conducted at the operating 
conditions given in Table 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 “ turbo-SPH” [11,32,33] is used for detailed simulations 
of fuel atomization in the investigated injector.

This study employs a weakly compressible SPH formulation [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 centrifugal forces of the 
swirled airflow are modeled following the approach by Dauch et al. 
[36].

A particle size of 5 lm 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 lm shows very similar results to the 5 lm 
resolution. Since discretizing the entire combustor with this 
resolution is prohibitively expensive, the computational domain is 
restricted to a stream tube around the primary atomization 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 Ref. [11]. The sampling 
position is chosen far enough downstream of the atomizer edge to 
ensure complete primary atomization. Only clusters with at least 
four SPH particles are considered droplets, leading to a minimal 
diameter of �10 lm.

4.2 Spray Interface. Although a direct coupling of both 
methods would be desirable as it contains the highest detail of the 
spray droplet characteristics, the involved temporal and spatial 
scales differ significantly 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 conditions required for the simulation of the fuel spray 
breakup are extracted from an initial RANS simulation of the entire 
combustion 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 starting 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].

4.2.1 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 l 
from the atomizer edge of the fuel injector. Around 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 heat 
shield. Most particles are found at around 1D, and sizes between 
10 lm and 130 lm are observed. For the simplest initialization, the 
PSD of all particles is calculated, and the velocity and radial position 
r of the initialized particles corresponds 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 respective mean velocity. The sampling for case 
A is shown as an example for three radial positions (R3) in Fig. 4, 

Fig. 2 Initialization positions of the spray PSD in the injector and 
spray breakup simulated with SPH

Fig. 3 Workflow of the coupling of SPH and LES 

Fig. 4 Spray droplets for case A sampled over three radial 

positions (left) and the resulting normalized cumulative volume- 
based particle size distribution (right) for R3
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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 lm. 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 at 
r ¼ 1:0D and r ¼ 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 diameter 
(SMD) d32¼ 34 lm (SMD34) is fitted to the distribution obtained 
from the SPH simulation of Case A. The second distribution with a 
smaller SMD of d32¼10 lm (SMD10) is used to represents a spray 
distribution after secondary breakup. Therefore, 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 of this 
section, 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, finally, 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 un, the 
equivalence ratio /, the normalized temperature Tn, and the 
normalized soot volume fraction fv,n 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 equivalence 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 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, 
instantaneous 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 
combustion zone by means of the velocity fields and flame position. 
Figure 8 shows the comparison of the normalized mean velocity 
components �un and �vn from the experiments with simulation 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 particles, 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 difficulties 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 

Fig. 5 Normalized number-based spray particle size distribution 
for the distribution sampled from the SPH simulation and two 

modified Rosin–Rammler distributions with different d32

Fig. 6 Distribution of the spray droplet size over the radial 
position sampled from SPH simulations for the respective 
operating conditions

Fig. 7 Contour of the instantaneous (left) and mean (right) flow field. From left to right: normalized axial 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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both CFD and experiments. While the CFD accurately captures the 
location of local maxima for both velocity components, deviations 
in absolute values 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 
initialization. It is, therefore, concluded that the spray has no major 
influence on the flow field.

The flame position is validated by comparing OH* chemilumi
nescence 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 combustor 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 Intensity I for two different spray initializa
tions 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 experiment 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 simulations, 
the highest values are found close to the fuel injector at r ¼ 4D, 
similar to the experiment, and no significant differences are 
observed between the shown spray initializations. This observation 

also holds for the initializations SMD34, R3, and R5, omitted in the 
figure for clarity. It is concluded that the simulation 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 
predictions, the results of all applied spray initializations (SMD10, 
SMD34, R1, R3, R5) are compared to LII measurements of the soot 
volume fraction fv. The mean normalized soot volume fraction fv,n of 
all LES and the measurement are shown in Fig. 10. The local 
maximum value of all six data sets is used for normalization. All 
studied cases follow the same trend, with the highest fv found in the 
flame branches of the primary zone. fv 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 recirculation 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 inherently asymmetric flow field. When 
comparing the different spray initialization approaches, SMD34 and 
R1 significantly overpredict the magnitude of soot volume fraction 
in the primary zone. With SMD10, corresponding to a distribution 
after secondary spray breakup, soot prediction is additionally 
increased by a factor 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 R5 
predicting slightly higher absolute values than R3.

For a better understanding of the differences in soot formation 
between the different initializations, the local mixture formation is 
investigated. Since first soot particles are formed through nucleation 

Fig. 8 Mean normalized axial and radial velocity components in 
the primary zone of the combustion chamber for three different 
spray initilizations compared to experimental data. The black 
dashed line represents the combustor wall.

Fig. 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 initialization
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of polycyclic aromatic hydrocarbons (PAHs) and condensation of 
PAHs 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, correlating with the mean fv. The 
highest local equivalence ratio exceeds / ¼ 2 for d32¼ 10 lm and 
decreases to around 1.5 for the cases R3 and R5. Since the smallest 
initialized spray droplets are evaporated quickly, sampling the spray 
droplet data at a single location leads to a high fuel concentration in 
the region near the injector. Adding detailed information from the 
SPH simulation 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 
significantly smaller spray droplets, see Fig. 5, initialized at the 
same axial distance l 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 accurate knowl
edge 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 R5, 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 characteristics are to be expected. To understand 
which changes are important to consider in the spray modeling for 
emission predictions, the operating condition of the combustion 
chamber is varied by decreasing the fuel mass flow mf for the cases 
B-D, see Table 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, PSDB exhibits a shift 
towards larger droplets. In the first step, the same spray droplet 
distribution (PSDA), 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 simulations and 
experiments are shown in Fig. 13. As expected, the experiments 
show that the total amount of soot is decreased with decreasing mf

due to overall leaner mixtures. While fv is also reduced in the CFD 
when using the same PSD for all operating points, and the soot 
distribution zones resemble those in the experiment, the trend no 
longer aligns with the experimental results. Soot is slightly 

Fig. 10 Comparison of the normalized mean soot volume fraction for all applied spray initialization with experimental data on the 
center plane of the primary zone. The local maximum value of all six data sets is used for the normalization.

Fig. 11 Comparison of the mean local equivalence ratio for different spray initializations. The white line represents the 
stoichiometric mixture fraction isoline.

Fig. 12 Normalized cumulative volume based spray particle size 

distribution sampled from SPH simulations for all four studied 
operating conditions
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overpredicted for the highest fuel mass flow. Although soot is 
decreased when lowering mf , 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 significantly by applying the 
PSD corresponding to the respective operating point, as seen in the 
bottom line of Fig. 13. The LES, now in line with the experimental 
data, can accurately predict the trend of decreasing soot volume 
fraction between the different operating points. The importance of 
the applied distribution is explained by comparing the case-specific 
droplet distributions in Fig. 6. Applying PSDA 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 investigated 
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 specialized 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 
validated against experimental data. Key findings include:

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

� 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 
velocity, are insufficient indicators of the mixture distribution. 
Including the radial distribution of the fuel spray in the LES resulted 

in locally leaner mixtures and reduced soot formation, improving 
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 captur
ing the complete cause-and-effect chain, from primary atomization 
to soot formation. Establishing flexible interfaces between critical 
subprocesses ensures that they can be addressed sequentially rather 
than requiring simultaneous simulations. This represents a signif
icant advancement for the LES of realistic aero-engine combustors.
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