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ABSTRACT
Considering the increasingly stringent targets for aircraft

emissions, CFD is becoming a viable tool for improving future
aero-engine combustors. However, predicting pollutant forma-
tion remains challenging. In particular, directly solving the
evolution of soot particles is numerically expensive. To reduce
the computational cost but retain detailed physical modeling,
quadrature-based moments methods can be efficiently employed
to approximate the particle number density function (NDF). An
example is the recently developed split-based extended quadra-
ture method of moments (S-EQMOM), which enables a continu-
ous description of the soot particles’ NDF, essential to consider
particle oxidation accurately. This model has shown promising
results in laminar premixed flames up to turbulent laboratory
scale configurations. However, the application to large-scale ap-
plications is still scarce. In this work, the S-EQMOM model is
applied to the Rolls-Royce BR710 aero-engine combustor to in-
vestigate the soot evolution process in practically relevant config-
urations. For this, the soot model is embedded into a high-fidelity
simulation framework, consisting of large eddy simulation for the
turbulent flow and mixing and the flamelet generated manifold
method for chemistry reduction. An additional transport equa-
tion for polycyclic aromatic hydrocarbons is solved to model their
slow chemistry and the transition from the gaseous phase to the
solid phase. Simulations are performed for different operating
conditions (idle, approach, climb, take-off) to validate the model
using experimental data. Subsequently, the results are analyzed
to provide insights into the complex interactions of hydrodynam-
ics, mixing, chemistry, and soot formation.

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

1. INTRODUCTION

To reduce the negative impacts of hydrocarbon fuel com-
bustion on the environment and human health, more stringent
legal regulations have been imposed for aero-engine emissions.
In addition to legal regulations, the aero industry has pledged
to reduce pollutant emissions drastically by the year 2050 [1].
In particular, soot, resulting from the incomplete combustion of
fossil-stemmed fuels (Jet A-1) or novel carbon-based sustainable
aviation fuels (SAF), is one of the emission reduction goals. Un-
derstanding and predicting soot formation is crucial to fulfilling
the legal requirements when developing efficient and sustainable
next-generation aero-engine combustors. Besides experimental
investigations, computational fluid dynamics (CFD) has become
indispensable in designing new engines and reducing costs in the
development phase [2]. However, simulating aero-engine com-
bustors under realistic operating conditions remains challenging
due to the interaction of complex phenomena at various scales,
such as liquid injection and evaporation of the fuel, turbulence,
chemical reactions at high pressures and temperatures, transient
conditions, and effusion-cooled walls [3].

Since resolving all scales and physics involved remains pro-
hibitive, efficient CFD simulations necessitate models. Due to
the strong coupling of these complex phenomena, the overall
modeling error is determined by the weakest model. Hence, for
accurate soot predictions, a detailed soot model incorporated in
a high-fidelity simulation framework is required. In aero-engine
development, however, Reynolds Averaged Navier-Stokes simu-
lations (RANS) with simplified models, such as the two-equation
soot model [4], are considered industry standards in design de-
velopment [3]. Studies with semi-empirical approaches [5, 6],
but also more detailed soot models applied to research combus-
tors [7–9] reported that predicting soot was challenging. These
models lack generality and are mostly limited to specific fuels and
operating conditions different from those in aero engines [10–
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12]. Additionally, experimental results of the real engine are
limited, making in-depth validation challenging. Only few works
have investigated soot formation in practically-relevant gas tur-
bine combustors using advanced numerical models [13, 14]. For
high-fidelity simulations, a detailed representation of the flow
field and mixing field by means of scale-resolved simulations is
of great importance. Here, direct numerical simulations (DNS)
remain prohibitive in the context of complex geometries. How-
ever, large eddy simulations (LES) overcome this issue by only
resolving the large scales, while the smaller scales are modeled
with a suited sub-grid scale model [15]. Similarly, sufficiently
large kinetic mechanisms are required to describe complex fuels,
their conversion, and the formation of soot precursors. The direct
integration of such kinetics into CFD renders simulations excep-
tionally computationally expensive. Flamelet-based modeling,
such as the Flamelet Generated Manifold (FGM) method [16],
are popular for combustion modeling with LES due to their ca-
pabilities to resolve flame structures with detailed kinetic mech-
anisms at reduced computational costs. First results of flamelet
LES coupled with a detailed soot model [13] showed promis-
ing results, demonstrating that scale-resolving simulations with
advanced pollutant models are desirable for aero-engine simula-
tions.

One primary reason that hinders the use of detailed soot
models in CFD simulations is that the formation and evolution
of soot are governed by the high-dimensional population bal-
ance equation (PBE), which is numerically expensive to solve.
Therefore, efficient methods to approximate the PBE, such as the
Methods of Moments (MOM) [17–21], were recently developed
to characterize the particle number density function (NDF) in
turbulent reacting flows. In the methods of moments, the par-
ticle NDF is not solved directly but is approximated by solving
transport equations for its lower-order statistical moments. Based
on these moments, an inversion algorithm is used to reconstruct
the unknown NDF [22, 23]. The solution of only a few trans-
port equations makes this method effective and is therefore suited
to be used in combination with reactive scale-resolving LES.
However, describing the oxidation of the smallest particles with
the classic MOM remains challenging as pointwise and discrete
information on the NDF is not available [24]. Out of the differ-
ent quadrature-based moment closures, the Extended Quadrature
Method of Moments (EQMOM) [25] overcomes this problem
and provides a continuous reconstruction of the NDF by an ap-
proximation with a set of kernel density functions (KDF). This
method has proven to be particularly suited for predicting soot
particle formation, growth and oxidation [26]. However, the iter-
ative and non-unique inversion algorithm applied in this method
makes the inclusion in three-dimensional simulations challeng-
ing [25, 27, 28]. The recently developed Split-based Extended
QMOM (S-EQMOM) approach overcomes these numerical diffi-
culties by approximating the unknown NDF by a sum of coupled
sub-NDFs of known shape [24]. Instead of solving for the mo-
ments of the whole NDF, the low-order moments of the sub-NDFs
are used. Here, the advantage is that the inversion algorithm pro-

vides a set of equations with a unique solution for the moment
inversion resulting in a robust method for reconstructing the soot
particle NDF. The accuracy of the S-EQMOM was hierarchically
validated from laminar premixed flames at highly oxidating con-
ditions [24] over a turbulent jet flame [29] up to a single sector
model combustor at elevated pressure [30]. Promising results
were achieved in these laboratory configurations, which makes
the method desirable for large-scale aero engines with challenging
environments, such as multi-phase flows and high pressures.

In this work, flamelet LES at realistic operating conditions
of the Rolls-Royce BR710 annular aero-engine combustor are
performed in combination with the S-EQMOM. First numerical
investigations of this combustion chamber were performed for
NOx prediction and reduction in the late 90s [31, 32]. Recently,
Eigentler et al. [14] investigated soot formation in this combustor
using RANS simulations with finite rate chemistry, a sectional
model for soot precursors, and a two-equation soot model.

The objective of this work is to characterize soot formation
and evolution in a realistically operated aero-engine combustor
using the recently developed S-EQMOM soot model incorporated
in a high-fidelity simulation framework. First, the resulting flow
fields are analyzed and soot emissions are validated with the
available experimental data. The soot particle size distribution
(PSD) inside the aero-engine combustor is then reconstructed
for the first time, enabling a deeper understanding of particle
formation and evolution inside the rich, quench, and lean regions
of the combustion chamber at four characteristic aircraft operating
conditions, idle, approach, climb, and take-off.

2. NUMERICAL MODELS AND SETUP
In this section, the numerical framework and the models that

enable the simulation of aero-engines are first given. Then, the
numerical setup, including the computational domain and the
applied boundary conditions, is presented.

2.1 Simulation Framework
CFD. The simulations are performed using the CFD solver

PRECISE-UNS developed and maintained by Rolls-Royce [33].
The code is a cell-based finite volume solver specialized for the
simulation of aero-engine combustors. It uses a pressure-based
algorithm to solve the Favre-averaged Navier-Stokes equations in
the low Mach number formulation. All diffusive fluxes and the
pressure correction equation are discretized using second-order
central differences and the convective fluxes are discretized with
a second-order variation diminishing scheme [34]. Second-order
backward differences are used to discretize unsteady terms. In the
context of LES, the computational grid acts as a spatial filter. The
non-resolved subgrid viscosity is modeled using the 𝜎-model by
Nicoud et al. [35] with a model constant of 𝐶𝜎 = 1.35. A La-
grangian particle tracking method is used to describe the evolution
of the fuel spray. The fuel is injected at prescribed locations with
droplet diameters sampled from a Rosin-Rammler distribution
with prescribed statistical properties and a steady-state evapora-
tion model is applied [36]. The resulting spray distribution is
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assumed to correspond to the distribution after the atomization.

Combustion Model. The evolution and formation of soot
are strongly connected to the gas phase chemistry. Hence, de-
tailed information on the thermo-chemical state, such as species
concentration and temperature, is required for an accurate pre-
diction. Detailed kinetics of the combustion process are de-
sired but not applicable due to the increased computational costs.
The Flamelet Generated Manifold (FGM) approach [16] used
in this work allows using detailed kinetics at a reduced cost for
large-scale simulations. Instead of solving the entire thermo-
chemical state during the simulation, freely-propagating pre-
mixed flamelets with varying mixture fractions are calculated
in a preprocessing step. The flamelets are calculated with the
one-dimensional flame solver CHEM1D [37]. The kerosene fuel
(Jet-A1) is represented by a surrogate consisting of 52 vol-%
dodecane (C12H26), 15.8 vol-% iso-octane (C8H18), 12.1 vol-%
cyclohexane (C6H12), and 20.1 vol-% trimethylbenzene (C9H12).
The chemical kinetics are modeled with a recently developed
mechanism for kerosene surrogates specialized for soot formation
[38, 39], which is based on a multicomponent reaction mecha-
nism [40]. Subsequently, the calculated flamelets are parame-
terized by the mixture fraction 𝑍 and the progress variable 𝑌𝐶
and stored in a manifold. The progress variable is defined as
𝑌𝐶 = 𝑌CO2 + 𝑌CO + 𝑌H2O + 𝑌H2 . The subgrid-scale turbulence-
chemistry interaction is taken into account by a presumed prob-
ability density function (PPDF) approach [3]. This adds the
variances 𝑍 ′′2 and 𝑌 ′′2

𝐶
as additional control variables, leading

to a four-dimensional manifold for the characterization of the
thermo-chemical state. 200 flamelets inside the flammability
limits of kerosene were used for the tabulation. For the tabula-
tion, 400 points were used for the mixture fraction and 100 for
the progress variable. Ten points were used for both variances
to discretize the respective PDF. A stretched grid with increased
resolution towards lower values was used for the mixture fraction
and its variance to minimize interpolation errors during the table
access. For each control variable, a transport equation is solved

𝜕�̄�𝜙

𝜕𝑡
+
𝜕

(︁
�̄��̃�𝑖𝜙

)︁
𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖
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�̄�

[︃
ā

𝑆𝑐
+ a𝑇

𝑆𝑐𝑇

]︃
𝜕𝜙

𝜕𝑥𝑖

)︃
+ 𝑞 + 𝑆𝑠𝑝 (1)

with 𝜙 =
[︁
𝑍,𝑌𝐶 , 𝑍

′′2, 𝑌 ′′2
𝐶

]︁
, the general source term of the trans-

port equation 𝑞, the spray source term 𝑆𝑠𝑝 , the viscosity a, the
Schmidt number 𝑆𝑐, the turbulent viscosity a𝑇 , and the turbulent
Schmidt number 𝑆𝑐𝑇 . The local thermo-chemical state according
to the control variables is retrieved from the FGM table.

Soot Model. The evolution of soot precursors in the gas
phase is captured by the FGM model presented in the previ-
ous section. For the transition into the solid phase and further
development of soot particles, the S-EQMOM model [24] is ap-
plied in this work. The S-EQMOM model approximates the
unknown soot NDF 𝑛(𝑥𝑖 , 𝑡; 𝝃) by a set of coupled sub-NDFs
𝑛𝑠𝑙 (𝑥𝑖 , 𝑡; 𝝃), where 𝑠𝑙 is the index of the sub-NDF. Here, soot
particles are considered to be spherical and are described only by
their volume𝑉 . Therefore the vector of the internal coordinates is

𝝃 = [𝑉]. Gamma distributions are used to approximate the soot
particle NDF, following [24, 26]. To account for the evolution
of each sub-NDF, transport equations for their three lower-order
moments, 𝑘 = 0, 1, 2, need to be solved

𝜕�̄�𝑘 (𝑥𝑖 , 𝑡)
𝜕𝑡

+ 𝜕�̃�𝑖�̄�𝑘 (𝑥𝑖 , 𝑡)
𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖

(︃
𝐷𝑇

𝜕�̄�𝑘 (𝑥𝑖 , 𝑡)
𝜕𝑥𝑖

)︃
+ ¯̇𝑚𝑘 . (2)

Here, 𝑚𝑘 stands for the 𝑘-th moment, 𝑢𝑖 for the 𝑖-th velocity com-
ponent and 𝐷𝑇 = a𝑇/𝑆𝑐𝑇 for the turbulent diffusivity with the tur-
bulent Schmidt number 𝑆𝑐𝑇 set to 0.7. The source terms �̇�𝑘 of the
moment equations include particle formation through nucleation
from PAH molecules, coagulation, surface growth by condensa-
tion, the hydrogen abstraction/acetylene addition (HACA) mech-
anism and particle oxidation. Describing chain-like aggregates
requires an additional particle property, e.g., the particle surface.
Therefore, soot aggregation is currently not considered in the
model, similar to [41]. Nucleation is modeled by a dimerization
reaction of two pyrene molecules [42]. Coagulation is modeled
following Kazakov and Frenklach [43]. Surface growth through
condensation is modeled by the collision of pyrene molecules
with soot particles [42]. Chemical surface growth is modeled
with the HACA mechanism [44, 45]. Oxidation of soot particles
is assumed to take place through reactions with O2 and OH [45].
The rates for the HACA mechanism and oxidation are taken from
[46]. Two sub-NDFs are used in this work, similarly to [24, 29],
leading to six additional moment transport equations. The details
of the S-EQMOM model and the source terms are presented in
[24] and are not repeated here for brevity. To take into account
the slow PAH chemistry and the mass transfer from the gaseous
into the solid phase, an additional filtered transport equation for
the PAH mass fraction is introduced [19]

𝜕�̄��̃�PAH
𝜕𝑡

+
𝜕�̄��̄�𝑖�̃�PAH

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖

[︄
�̄� (𝐷𝑒)

𝜕�̃�PAH
𝜕𝑥𝑖

]︄
+ ¯̇𝜔PAH, (3)

with 𝐷𝑒 = 𝐷 + 𝐷𝑇 the effective diffusion coefficient, 𝐷 the
molecular diffusion coefficient.

Pyrene (C16H10) is considered as the PAH soot precursor and
is used for �̃�PAH. Following [19, 47], to model the slow chemistry
of PAH, the filtered source term ¯̇𝜔PAH is split into three different
components: a chemical production term ¯̇𝜔+

PAH independent of
the gas phase, a chemical destruction term ¯̇𝜔−

PAH that is linear
dependent on the PAH mass fraction, and a consumption term ¯̇𝜔𝑠

representing the mass transfer from the gas phase to solid phase
through nucleation of PAHs, which is quadratic to the species
mass fraction

¯̇𝜔PAH = ¯̇𝜔+𝑇
PAH + ¯̇𝜔−𝑇

PAH

(︄
�̃�PAH

�̃�𝑇
PAH

)︄
+ ¯̇𝜔𝑇

𝑠

(︄
�̃�PAH

�̃�𝑇
PAH

)︄2

. (4)

The superscript𝑇 denotes that the value is taken from the FGM ta-
ble. The remaining quantities are directly used from the transport
equation.
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FIGURE 1: COMPUTATIONAL DOMAIN WITH HIGHLIGHTED INLET
(1), OUTLET (3) AND EFFUSION COOLING BOUNDARY CONDI-
TIONS (2).

2.2 Geometry and Boundary Conditions
In this work, the Rolls-Royce BR710 aero-engine combus-

tion chamber is investigated. This combustion chamber follows
the rich-quench-lean (RQL) concept with a rich mixture in the
primary reaction zone, fast quenching through mixing with fresh
air, and a lean region towards the exit. To reduce the computa-
tional effort, only a segment of 18° of the annular combustion
chamber, including one fuel injector, is simulated with periodic
boundary conditions in the circumferential direction. The com-
putational domain includes all important geometrical features,
such as the fuel injector and the outer parts of the combustion
chamber for the annulus airflow, and is shown in Fig. 1. The
fuel injection is modeled by a spray located near the edge of the
prefilming airblast atomizer with a prescribed Sauter mean parti-
cle diameter, initial velocity, and fuel mass flow rate. To prevent
overheating, the combustion chamber walls are cooled by Z-ring
cooling, in which fresh air is injected through holes. These holes
are not resolved since this would increase considerably the num-
ber of cells. Therefore, an effusion cooling boundary condition
with a uniform mass flow rate is applied to these regions. This
boundary condition models the injection or suction of the fluid
flow through the boundary by mass source terms in the governing
equations. Fresh air enters the computational domain at the inlet
(Blue patch Fig. 1) with an operating point specific mass flow
and temperature. The annulus air and exhaust gases leave the do-
main through four exits with zero gradient boundary conditions
(Green patch Fig. 1). The computational domain is discretized by
approximately 5.5 million cells, consisting of predominantly hex-
ahedral cells in the core and polyhedral cells towards the walls.
A mesh refinement is applied in the region of the injector and the
primary reaction zone as well as at the dilution holes. The qual-
ity of the mesh was estimated using the 𝐼𝑄a criterion introduced
by Celik et al. [48]. Inside the combustion chamber, values

TABLE 1: OPERATING CONDITIONS

take-off climb approach idle

thrust level 100 % 85 % 30 % 7 %
𝑤𝑓 𝑓 in gs−1 35.71 29.74 10.72 4.46

-1.0 1.0ux,norm

FIGURE 2: INSTANTANEOUS (TOP) AND MEAN (BOTTOM) AXIAL
VELOCITY FOR THE TAKE-OFF OPERATING CONDITION.

> 80 % are achieved in the main region of interest and values
> 70 % for the rest. To evaluate the performance of the model
over the entire operating range of the engine, simulations of four
operating conditions are performed and validated based on the
soot measurements available in the International Civil Aviation
Organization (ICAO) engine certification data bank [49]. The
corresponding thrust levels and fuel mass flows 𝑤𝑓 𝑓 are shown in
Tab. 1. With higher thrust levels, the operating pressure and inlet
temperature are continuously increased while the air-fuel ratio
(AFR) is decreased.

3. RESULTS AND DISCUSSION
For all operating conditions presented in the previous sec-

tion, LES with the S-EQMOM soot model were performed. The
computational cost for each operating point is about 270.000 core
hours per 0.1 s physical simulation time. In this section, the re-
sults of these simulations are presented and analyzed.

Global Characteristics of the Combustion Chamber. The
normalized instantaneous and mean axial velocity component for
the take-off operating point is shown in Fig. 2. Normalization is
achieved by dividing the velocity by its value at the combustor
exit. The incoming fresh air is split into different paths when en-
tering the combustor. Part of the air enters the combustion cham-
ber through the injector and heatshield. The remaining air flows
through the annuli and subsequently via the mixing and cooling
holes into the combustion chamber. The instantaneous velocity
features significant fluctuations in all parts of the combustion
chamber. The swirled flame stabilizes in the primary reaction
zone and a characteristic inner recirculation zone is formed be-
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(a) take-off (b) climb (c) appraoch (d) idle
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FIGURE 3: INSTANTANEOUS (TOP) AND MEAN (BOTTOM) NORMALIZED TEMPERATURE AND SOOT VOLUME FRACTION fv FOR TAKE-
OFF (a), CLIMB (b), APPROACH (b) AND IDLE (d) CONDITION. THE WHITE LINE REPRESENTS THE STOICHIOMETRIC MIXTURE FRACTION
ISOLINE.

hind the injector. The rich mixture is then quenched and diluted
with fresh air entering the combustion chamber through mixing
holes. Two jets are visible in the plane shown in Fig. 2, but more
mixing holes are present outside of the depicted plane. Towards
the exit, the burned exhaust gases are accelerated through the
constriction of the geometry and thermal expansion. The veloc-
ity field for the other three operating conditions is similar to the
highest load case and omitted here for brevity. While the velocity
field is very similar for all four operating conditions, significant
differences can be observed in the mixing fields and the temper-
ature distribution. For improved visualization and as the main
focus of this work is on the soot formation inside the combustion
chamber, all figures shown in the following are restricted to the
combustion chamber. The instantaneous normalized temperature
shown in Fig. 3 is the highest in the rich fuel zone. Normalization
is achieved by dividing the temperature with the highest present
temperature. While the two highest thrust levels have very similar
temperature distributions, a significant change can be observed
between the climb and approach cases. The temperatures in the
quenching zone and the combustor exit are significantly reduced
due to the higher AFR at lower operating conditions. While the
regions of the highest temperatures are located inside the recircu-
lation zone for the two higher load cases, they move towards the
combustor walls for the lower ones. The peak temperature is also
decreasing with lower thrust levels. The fuel-rich zone inside the
white iso-line of the stoichiometric mixture fraction decreases
continuously from take-off to idle. An asymmetry of the mean
mixture fraction can be seen for all operating points. The injector
and the combustion chamber center line are tilted relative to the

rotation axis of the engine and the annulus airflow is asymmetric
as well. Especially in the upper annulus airflow, a Kármán-like
vortex street is formed behind the stem of the injector and there-
fore induces fluctuations in the flow through the dilution hole
located in line with the stem. Additionally, the flow through the
outer swirlers of the injector is also affected by it and results in
an asymmetric flow at the injector exit. This can also be seen
in the instantaneous axial velocity component in Fig. 2. These
geometrical features and flow fluctuations influence the mixing
behavior inside the combustion chamber and lead to an asymmet-
ric flow field. This asymmetric behavior has not been published
before. Previous studies using a simplified setup with modeled
inflow conditions for the swirled flow through the injector and
the dilution holes show a symmetric flow field [14, 31].

Differences between the operating conditions also occur for
the soot volume fraction 𝑓𝑣 depicted in the two bottom rows of
Fig. 3. Similar to the temperature, no significant changes are
visible between take-off and climb conditions. In contrast, the
soot volume fraction is reduced by several orders of magnitude
for the approach and idle conditions. For all cases, the maximum
soot volume fraction is reached in the primary reaction zone at
rich mixtures. The instantaneous distribution of the soot volume
fraction strongly correlates with rich mixtures for all operating
conditions. Especially in the quench zone of the combustor,
near the dilution holes, the formation of “soot pockets” with high
soot volume fraction can be observed. These pockets are formed
in regions of high mixture fraction and then transported further
downstream towards the exit. Simultaneously, the dilution with
fresh unburned air leads to oxidation and therefore a continuous
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(a) take-off (b) climb (c) appraoch (d) idle
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FIGURE 4: INSTANTANEOUS (TOP) AND MEAN (BOTTOM) NORMALIZED PAH MASS FRACTION AND NORMALIZED O2 MASS FRACTION
FOR TAKE-OFF (a), CLIMB (b), APPROACH (b) AND IDLE (d) CONDITION. THE WHITE LINE REPRESENTS THE STOICHIOMETRIC MIXTURE
FRACTION ISOLINE.

decrease of soot, including these pockets. This behavior holds
for all investigated operating conditions. The evolution of soot is
driven by counteracting processes, i.e., nucleation and oxidation.
These two processes are driven by the gas phase mixture compo-
sition: PAH and O2 mass fraction for nucleation and oxidation,
respectively. The normalized mass fraction of these species is
shown in Fig. 4. The PAH mass fraction in the top part and the
O2 mass fraction in the bottom part of the figure are normalized
with the maximum value of the respective species mass fraction.
PAH is predominantly formed in very rich zones close to the injec-
tor nozzle. However, the mean fields indicate significantly lower
values that span a larger area than the instantaneous fields. This
indicates a strong transient behavior, which would be challeng-
ing to capture in steady simulations. Similar to the soot volume
fraction, the PAH mass fraction is reduced by approximately two
orders of magnitude for the idle case compared to the take-off
condition in the primary reaction zone. The O2 mass fraction
represented in the bottom part follows the RQL concept. In the
rich zone, the oxygen is consumed by the combustion. Hence,
pockets and regions of void oxygen are formed and transported
far downstream of the combustor. In the quench and lean zone,
a significant increase in the oxygen fraction is observed. While
the mean fields are very similar for all four conditions, more O2
is found for the lower operating conditions due to higher AFRs.

Soot Emissions. Experimental investigations in aero-
engine combustors under realistic high-pressure conditions are
usually very challenging to perform and detailed results are only
sometimes publicly available. However, due to legal requirements
for the certification, the publication of engine data, especially for

emissions, is required. In addition to CO and NOx emissions,
particle emissions must also be listed. One of these parameters
for comparison is the mass-based emission index 𝐸𝐼mass. It gives
the amount of soot at the exit of the combustor in relation to the
fuel mass flow in mg soot per kg fuel

𝐸𝐼mass =
�̇�soot
�̇�fuel

. (5)

The certification data is taken from the ICAO database [49]. In
the simulations, the emission index is calculated at the exit of the
computational domain at every time step. The temporal evolution
of the emission index shows large fluctuations up to one order of
magnitude for all cases, see Fig. 5 (a). Especially for the two
highest load cases (climb and take-off) large scale fluctuations
with high absolute values are observed. These fluctuations are
caused by the unsteady formation and oxidation of soot pockets
in the quench region of the combustion chamber, which are trans-
ported downstream to the exit of the combustor. Due to these
fluctuations, very long simulation runtimes are required to sam-
ple enough data for representative mean values. A quantitative
comparison of the mean value for all four operating conditions
and the experimental data is shown in Fig. 5 (b). The mean values
are calculated over a time period of 0.1 s. The trend and values
of the experiments are captured favorably. In particular, a good
agreement is obtained for the idle and the climb case. At the
take-off and approach condition, the soot emissions are slightly
underestimated.

Particle Size Distribution. One of the main advantages of
the applied S-EQMOM soot model over classical moment meth-

6 Copyright © by ASME; CC-BY distribution license
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FIGURE 5: MASS BASED SOOT EMISSION INDEX FOR THE
FOUR SIMULATED OPERATING CONDITIONS, TEMPORAL FLUC-
TUATION OF THE EMISSION INDEX (a) AND COMPARISON TO THE
CERTIFICATION DATA (b).

ods is the availability of spatial and temporal information on the
reconstructed PSD. In the following, the reconstructed PSD in
different zones (i.e., rich, quench, and lean zone) of the com-
bustor for all four operating conditions is investigated. Figure 6
shows the mean PSD of all four investigated operating conditions
in different regions of the combustion chamber. To calculate
the mean PSDs, two-dimensional slices of the instantaneous flow
field of the combustion chamber are taken into account. The
rich region (a) consists of the primary reaction zone in front of
the mixing holes, the quench region (b) covers the part of the
combustor where the fresh air gets mixed with the burned gases
and includes both rows of mixing holes and the lean zone (c) was
sampled near the outlet of the combustion chamber.

In the rich region, first soot particles are formed and the
highest number of small particles is expected to be found. For the
approach, climb and take-off condition, the PSD shows a bimodal

distribution with a high density of small particles. In contrast,
for the idle condition, the PSD exhibits an unimodal distribution.
For this case, the PAH concentration is very low compared to
the other cases (see Fig. 4) and therefore less soot and no large
particles are found. The two highest load cases, climb and take-
off, show very similar results for the particle size distribution
with a peak of incipient small particles and the formation of large
particles due to surface growth and coagulation. Furthermore, the
maximum particle diameter decreases with reduced thrust and is
in line with the results obtained for the soot volume fraction (see
Fig. 3). In the quenching region (b), the abundance of oxygen
injected through the mixing holes favors oxidation and the overall
number of particles is reduced at all operating conditions while
the maximum particle diameter remains constant. For the climb
and take-off condition, similar PSDs are obtained. The bimodal
shape of the PSDs is maintained for all operating conditions
except the idle case, where the shape is still unimodal.

When moving further downstream into the lean region (c) of
the combustor, the particle number density reduces significantly
for all operating conditions. With longer residence times in re-
gions with ample oxygen, the effect of oxidation becomes more
prominent. The two lower thrust operating points, idle and ap-
proach, have a bimodal-shaped distribution with a lower particle
density for all particle diameters compared to the PSD in the rich
region. The bimodal shape is seen for the first time in this region
for the idle condition. In particular, particles with a diameter
larger than 10 nm have a particle density lower than 109 cm−3,
showing substantial particle oxidation. Note that for the idle
case, the particle density for the smallest particles is only slightly
decreased and higher than for the approach condition. This can
be related to lower temperatures but similar residence times that
slow down the particle oxidation. Contrary, the two higher load
cases exhibit a dominant second mode with larger particles with
diameters up to 200 nm. Overall, the particle number is reduced
by several orders of magnitude over the entire particle diameter
space compared to the value in the upstream region. Since very
large particles are harder to oxidize due to short residence times in
the quench and lean zone, their particle number decreases slower
compared to small particles. At the take-off condition, a slightly
lower soot particle density than for the climb case is observed,
although it is higher in the rich and quenching regions. This
agrees with the previously shown results for 𝐸𝐼mass calculated at
the combustor exit, where the take-off condition exhibits lower
values compared to the climb condition.

4. CONCLUSION
In this work, soot formation and evolution of the Rolls-Royce

BR710 aero-engine combustor at four relevant operating condi-
tions have been simulated with an advanced soot model embedded
into a high-fidelity LES framework. The recently developed S-
EQMOM soot model has been applied with the FGM method for
combustion modeling and the presumed PDF approach for tur-
bulence chemistry interaction. An additional transport equation
for the lumped PAH species was included to take the coupling
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between the gas and solid phase into account.
The general characteristics of the combustor follow the RQL

concept with a rich primary zone, fast quenching through mix-
ing with fresh air, and a following lean region. Transient flow
phenomena caused by geometrical features of the combustion
chamber influence the mixing in the reaction zone and lead to
an asymmetric flow and mixing field. The soot emissions at
the exit of the combustion chamber are compared to certification
measurements of the emission index 𝐸𝐼mass. Good agreement
with the measurement for the engine certification is achieved at
all four operating conditions. The trend and magnitude are re-
produced well, and only the soot emission index at the take-off
condition is underestimated. Large fluctuations of up to one order
of magnitude are observed for the two highest load cases, take-
off and climb, demonstrating the importance of time-resolved
simulations for accurate soot prediction.

Furthermore, the soot PSD was reconstructed inside an aero-
engine combustor for the first time. For all operating conditions,
the peak of small particles is found in the rich primary reaction
zone where PAHs are present, leading to the formation of the first
nucleated soot particles. Particle growth processes lead to the
formation of particles with larger diameters and the maximum
particle size increases with higher thrust levels. In the quench
and lean zones, the soot oxidation process reduces the particle
number significantly, especially for the two highest load cases.

In summary, the simulations performed in this work have
shown a good agreement with experimental data and provided a
deeper insight into the soot evolution process inside a real aero-
engine combustor. To further improve soot prediction, particle
aggregation should be included in future works. Overall, the ad-
vanced models applied have produced promising results for com-
plex fuels under realistic conditions. This is particularly relevant
for future combustors powered by SAF, which, while carbon-
neutral, may still produce soot with variable features depending

on the aromatic contents [50]. Future works should evaluate vari-
ous SAF using the proposed high-fidelity, fuel-flexible framework
to enable a CFD-based design of new-generation low-emission
aero-engines.
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