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ABSTRACT

Aviation-induced particulate matter directly affects the climate, the atmospheric composition at flight altitudes, and 

local air quality near airports. Meeting environmental regulations is a key challenge for the future development of air 

transportation. To enhance the understanding of secondary aerosol formation in aircraft plumes, an innovative methodology 

combining flow dynamics in aircraft engine plumes with a particle-based microphysical model is proposed. To this end, 2D 

axisymmetric unsteady Reynolds-Averaged Navier-Stokes simulations were conducted behind a realistic aircraft engine 

geometry. The CFD model was coupled with a tabulated chemistry and a detailed microphysical model accounting for soot 

surface activation, condensation of organic vapors and sulfur species (H2SO4, SO3), as well as scavenging of sulfuric acid-

water droplets on soot surfaces. The model's predictive capacity was validated against experimental data from APEX 1-2, 

encompassing plume aerothermodynamics properties and the evolution of gaseous species from low-idle (4%) to take-off 

(100%) power settings of the CFM56-2C1 aircraft engine. The predicted size distributions of total and non-volatile particles 

matched reasonably well with measurements from APEX-1 within the near field (≤ 30 m). The model reveals the engine 

power dependency of soot and the chemical composition of volatile particles, predominantly influenced by organic 

compounds downstream of the engine. Adsorption of gaseous species of organic compounds and sulfuric acid were identified 

as the most dominant mechanism for soot particle coatings in the near field, regardless of operating conditions.

Page 1 of 70
This is an Accepted Manuscript version of the following article, accepted for publication in Aerosol Science and Technology:

Cantin, S., Chouak, M., & Garnier, F. (2024). Eulerian–Lagrangian CFD-microphysics modeling of aircraft-emitted aerosol formation 
at ground-level. Aerosol Science and Technology, 1–24. https://doi.org/10.1080/02786826.2024.2395940

This article is deposited under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://
creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, 
provided the original work is properly cited, and is not altered, transformed, or built upon in any way.



Information Classification: General

1. Introduction

Gaseous and particulate matter (PM) emissions from aircraft engines are known to have a negative

impact on both the environment and human health. At ground level, PM emissions from aircraft turbine 

engine exhaust are mainly composed of non-volatile PM (nvPM) such as soot particles, minimal traces of 

metal oxides, metallic wear particles, and similar constituents. nvPM is defined as material that does not 

volatilize when heated to 623K (350 ◦C) (Saffaripour et al., 2020). The majority of nvPM produced by 

aircraft is carbonaceous black carbon, which is a product of incomplete combustion (Yuan et al., 2022). 

Aircraft-generated black carbon exists in the form of branched, fractal aggregates, which comprise many 

agglomerated primary particles. Volatile PM (vPM) emissions primarily comprising sulfur and organic 

compounds, for their part, are exclusively formed within a sufficiently diluted and cooled exhaust plume 

downstream of the engine. To regulate the PM emissions of aircraft turbine engines, the ICAO-CAEP 

(Committee on Aviation Environmental Protection) has developed a new certification method (ICAO, 

2016). This method is based on continuous measurements of nvPM emissions in number and mass at the 

engine exit for a reference landing and take-off cycle at an altitude of less than 915 m (3000 ft), known as 

the Landing Take-Off (LTO) cycle. The regulatory limits for nvPM emissions apply to engine 

manufacturers during the certification of in-production and new commercial aircraft engines with a rated 

output greater than 26.7 kN. However, these regulations do not address vPM emissions because their 

formation and characterization require additional research  (Owen et al., 2022). In this context, the study of 

vPM emitted by aircraft engines is gaining momentum, with several studies in the literature focusing on the 

characterization of aviation PM emissions both experimentally and numerically.

Experimentally, several measurement campaigns have been conducted in the past decade (Lobo et al., 

2015; Yu et al., 2019; Beyersdorf et al., 2014), enabling the physical characterization of the particle size, 

number, shape, and composition. Regarding the composition, aviation PM emissions in the atmosphere 
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typically comprise both liquid-coated soot particles and liquid droplets (vPM). While nvPM particles 

(primarily composed of black carbon) are produced by the incomplete combustion of fuel and air in engine 

combustors, vPM are generated in early engine plumes through the nucleation or condensation of gaseous 

precursors; examples are sulfuric acid (H2SO4), produced by oxidation of sulfur compounds (SOx) due to 

the fuel sulfur content, and volatile organic compounds (VOCs), especially polar ones such as aldehydes, 

whose partial vapor pressures are low enough that they condense at ambient temperature. Aircraft-engine 

emitted VOCs have become significant contributors to PM formation both near airports and during cruise 

conditions (Liang et al., 2021). The volume of aircraft-emitted VOCs is highly dependent on engine power, 

with the highest emissions in term of mass seen at low power settings typical of ground idle, and emissions 

decreasing as power increases (Beyersdorf et al., 2012). Additionally, idle emissions are combined with 

relatively longer periods of time spent at low power conditions. Variability in total hydrocarbons (HCs) at 

idle conditions has recently been reported (Kılıç et al., 2018; Kılıç et al., 2017). For instance, differences 

between idle (7-8%) and low-idle (3-5%) power settings have led to an average increase in VOCs EI from 

2.9 to 7.8 g kg fuel-1. The relative contribution of pure hydrocarbons, particularly aromatic and aliphatic 

compounds, in engine exhaust decreases with increasing thrust, while the fraction of oxidized compounds, 

such as acids and carbonyls, increases. 

Considerable scientific effort has been devoted to characterizing and quantifying VOCs in engine 

exhausts, but the evolution of organic/sulfur PM loading in the aircraft near field remains unclear. The 

characterization of liquid components of these particles remains challenging due to their volatile nature, 

causing constant evolution in the atmosphere. Understanding the contribution of volatile components to the 

formation of vPM and liquid-coated soot particles is necessary to assess the environmental and health 

impacts of total aircraft PM emissions. Therefore, a more comprehensive approach is required to better 

understand the interaction between VOCs and nvPM/vPM, involving a wide range of different species and 

varying ambient conditions.
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Even though experimental studies are highly relevant to the development of engine emission 

inventories and related health impact assessments, they do not provide a detailed understanding of PM 

formation conditions and mechanisms, particularly for vPM in engine plumes. Investigating potential 

mitigation strategies for aircraft PM emissions necessitates the development of advanced decision-making 

tools based on detailed microphysical modeling of plumes. In this regard, the review of past numerical 

studies can be distinguished based on cruise flight and ground level conditions.

Particle formation and evolution in early plumes have received the most interest at flight conditions in 

characterizing near-field contrail properties. Two different approaches are generally used in this regard. On 

the one hand, 3D Computational Fluid Dynamics (CFD), including Large Eddy Simulations (LES) 

(Lewellen, 2020; Paoli et al., 2013), or Reynolds-Averaged Navier-Stokes simulations (RANS) (Khou et 

al., 2016; Cantin et al., 2021) are utilized. These approaches resolve many details of the jet flow and account 

for spatial variation of the mixing in the plume. On the other hand, box models are employed, based on a 

few idealized air parcel trajectories (0D) originating from an engine (Vancassel and Mirabel and Garnier, 

2014) or utilizing analytical expressions computing the entrainment rate of the plume represented by a 

streamline at the jet center (1D) (Kärcher et al., 2015). For ground-level aviation PM microphysics, 1D 

models with semi-empirical profiles are typically used (Davidson and Wang, 2002) for both jet dilution and 

mixing. As an example, numerical studies conducted by Wong et al. (Wong et al., 2008; Wong et al., 2014; 

Wong et al., 2015) focused on an idle regime and employed a 1D modeling strategy to simulate early plumes 

with detailed microphysics. These models accounted for complex multicomponent interactions between 

organic vapors and emitted soot particles. Results revealed that soot surface activation occurs immediately 

downstream of the engine exit plane, while condensation of volatile vapors becomes more significant 

further downstream. Furthermore, binary homogeneous nucleation of H2SO4-H2O embryos are the primary 

contributors to new PM formation. Organic vapors were found to not directly promote nucleation of new 

particles, but instead, were seen to contribute through condensation on existing homogeneous liquid 

droplets. However, simplified representations of plume in 1D models do not accurately capture flow field 
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inhomogeneities observed behind real engine-exhaust geometries (Kärcher et al., 2015). These models 

neglect the substantial spatial variability in jet plumes resulting from turbulent mixing of hot jet exhaust 

with ambient air, instead simulating only an average mixing state across the entire plume cross-sectional 

area (Bier and Unterstrasser and Vancassel, 2021). Spatial inhomogeneities, particularly strong radial 

gradients and turbulent perturbations in plume temperature and relative humidity have a strong influence 

on microphysical processes. When comparing a 1D dilution-based model with a 3D CFD model at cruise 

flight conditions, Vancassel and Mirabel and Garnier (2014) found that detailed plume dilution (using 3D 

CFD) with both online and offline coupling strategies predicted survival of ice particles 10 s after ejection, 

while the parametrized dilution model predicted the evaporation of all ice particles before this time. 

Regarding 3D models, only a few studies have utilized a CFD framework under idle conditions to 

investigate the effect of buoyancy (Synylo et al., 2020) or the dispersion of gaseous pollutants (Testa et al., 

2013), but these studies did not consider the formation of liquid-coated soot particles and vPM.

In this context, the present work aims to enhance the accuracy of plume mixing and the 

formation/evolution of liquid-coated soot particles and vPM in aircraft plumes based on 2D axisymmetric 

CFD simulations, taking into account a realistic aircraft engine geometry with core and bypass flows. The 

CFD model is coupled with a tabulated chemistry and a detailed microphysical model that accounts for 

complex multicomponent interactions between organic vapors, sulfur species, and aircraft-emitted soot 

particles. Building upon the initial work of Wong et al. (2014) and Jun (2011), a new particle-based 

microphysical model PAMMAP, (PArticle-based Microphysical Model for Aircraft Plumes), is developed 

for online coupling.

The paper is organized as follows. Section 2 provides a model description of PM formation/evolution 

processes in near-field aircraft plumes. Section 3 presents the set of equations representing fluid dynamics, 

particle motion, gas phase chemistry, and PM microphysics. Section 4 outlines the numerical methods, 

including the microphysical coupling strategy and grid settings. Finally, Section 5 presents the validation 
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results of the model and analyzes the properties of plume gaseous and PM emissions for different engine 

power settings.

2. Model description of PM formation at ground level
The modeling approach followed to characterize the plume evolution of turbofan particle properties is 

illustrated in Figure 1. The nozzle exit flow from the turbofan engine at ground level consists of two flows: 

a hot core flow and a surrounding cold bypass flow. The bypass jet contains ambient moist air that is 

accelerated by the engine fan, while the core jet drives the fuel-combustion products composed of gaseous 

emissions laden with soot particles. Both jets are mixed with the freestream (ambient) moist air at rest. 

Freshly emitted soot particles are initially hydrophobic (non-activated). Soot surfaces can be activated by 

sulfuric acid or water-soluble organic species to become hydrophilic (aqueous) or by water-insoluble 

organic species to become hydrophobic (non-aqueous). Hence, sulfuric acid and organic liquid layers can 

be formed by condensation of vapor onto activated soot particles. In addition to gaseous adsorption on soot, 

activation by collisions of sulfuric acid droplets on soot surfaces is also considered. New particles are 

formed (nucleation) via binary homogeneous nucleation of small H2SO4-H2O molecular clusters. These 

clusters or droplets tend to coagulate due to their high concentration in the exhaust plume. Finally, the 

model takes into accounts condensation of gaseous species such as water, sulfuric acid and organic 

compounds onto sulfuric acid droplets.

Figure 1

3. Mathematical description
This section deals with the mathematical equation for gas flow and for the dispersed phase for particle 

matter (PM). Then, the chemical equations are presented. Finally, the microphysical model for PM 

formation is depicted.
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3.1 Gas phase flow

The mean flow is assumed axisymmetric and compressible. Therefore, the unsteady Reynolds-averaged 

Navier-Stokes (RANS) equations expressing the conservation of the gas phase global mass, momentum, 

and energy were solved in cylindrical coordinates (O, 𝑟, 𝑦) (CD-Adapco, 2021). To compute the mixture 

composition in the gas phase (Φg = ∑𝑘 𝑦𝑘Φ𝑘), the mass fractions of species (𝑦𝑘) were derived with Eq. (1) 

defined as follows:

∂ 𝜌𝑔𝑦𝑘

∂𝑡 +
∂ 𝜌𝑔𝑢𝑗𝑦𝑘

∂𝑟𝑗
=

∂
∂𝑟𝑗

𝜇𝑔

𝜎𝑔
+

𝜇𝑡,𝑔

𝜎𝑡,𝑔

∂𝑦𝑘
∂𝑟𝑗

+ 𝑤𝑐ℎ𝑒𝑚𝑘 + 𝑤𝑎𝑑𝑠𝑘 + 𝑤𝑐𝑜𝑛𝑑𝑘 + 𝑤𝑛𝑢𝑐𝑙𝑘, (1)

Equation (1) translates the mass conservation of species which is governed by their average mass 

fraction 𝑦𝑘, their diffusion coefficient in the mixture 𝐷𝑘, and the average mixture gas density 𝜌𝑔. The mass 

transfer rate 𝑤𝑐ℎ𝑒𝑚𝑘 is a function of chemical reactions, while 𝑤𝑎𝑑𝑠𝑘, 𝑤𝑐𝑜𝑛𝑑𝑘 and 𝑤𝑛𝑢𝑐𝑙𝑘 are functions of 

adsorption, condensation, and nucleation of gaseous species, respectively, and represent the one-way 

coupling with the microphysics model. A detailed description of these coupling terms will be provided 

later. The variables 𝜎𝑔 and 𝜎𝑡,𝑔 denote the Schmidt number and the turbulent Schmidt number, taken as 

being equal to 1 and 0.9, respectively.

3.2  Dispersed phase

Size binned distribution is usually employed by 1D models to predict the temporal evolution of aerosol 

number concentration (Jones and Miake-Lye, 2024; Yu et al., 2024). A key challenge in bin microphysics 

schemes is the numerical diffusion across size or mass bins that occurs during growth calculations 

(collision–coalescence and condensation). Such diffusion can lead to numerical artifacts, namely, 

unphysical broadening of particle size distributions (Morrison et al., 2020). Conversely, the Lagrangian 

particle-based approach avoid this numerical diffusion by individually calculating particle transport in 

physical space and their growth using ordinary differential equations (Unterstrasser and Hoffmann and 

Lerch, 2017). Consequently, a Lagrangian particles tracking method was used for the dispersed phase to 
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track the motion of particles. As the number density of physical particles is relatively high, number-based 

emission indices being around 1015 kg fuel-1 at the exhaust nozzle plane (Wey et al., 2007), a modeling 

simplification is required to save simulation time. Therefore, computational particles are considered as 

spheres of radius 𝑟𝑝, with each representing 𝑁 physical particles (Schröder et al., 2000). Numerically, soot 

particles and liquid droplets are treated as passive tracers since their size and relaxation time are relatively 

small compared to the characteristic scales of the gas phase flow (Garnier et al., 2014). Due to their small 

size, on the order of a hundred of nanometers, particles’ drag and gravity forces were neglected in the 

model. Consequently, the particles have the same velocity as the carrier phase.

3.3 Gas phase chemistry

The major gaseous emissions from aircraft engines are carbon dioxide CO2 and water-vapor H2O. 

Minor species are nitrogen-oxides NOx, carbon-oxide CO, hydrocarbons, and organic compounds. Sulfur 

oxides SOx are also present due to the fuel sulphur content. Many chemical interactions occur between NOx, 

HOx, and SOx in aircraft engine plumes, which need to be characterized. For instance, SOx products are 

important as they act as aerosol precursors, which promote homogenous nucleation and form volatile sulfate 

aerosols. A kinetic reaction scheme (tabulated-chemistry) based on the works of Kärcher and Hirschberg 

and Fabian (1996) and Khou et al. (2016) was implemented in the CFD code Star-CCM+. However, this 

scheme does not include any hydrocarbon chemistry since the reactions of organic compounds occur at 

minute timescales, which is too long to affect conditions in our period of interest (Garmory and Britter and 

Mastorakos, 2008). The scheme consists of 𝑛 = 60 reactions with 22 reactive species, including NOx, SOx, 

HOx, and 47 non-reactive species, including organic compound chemistry. The choice of organic compound 

based on the previous work of Kılıç et al. (2018) and Wong et al. (2014) for the validation will be discussed 

later.

In Eq. (2), which gives the evolution of a mass fraction 𝑦𝑘 of each species 𝑘, the mass reaction rate 𝑤𝑘 

is assessed with Arrhenius laws. The mass production rate 𝑤𝑐ℎ𝑒𝑚𝑘 of a species 𝑘 can be obtained from:
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𝑤𝑐ℎ𝑒𝑚𝑘 = 𝑀𝑘

𝑛

𝑟=1
𝜉𝑟

𝑘Ω𝑟 , (2)

where 𝑀𝑘 is the species molar mass and n refers to the number of considered reactions, 𝜉𝑟
𝑘 denotes the 

stoichiometric coefficient of species k in a reaction, and Ω𝑟  the net reaction rate.

3.4 Microphysics model

This sub-section describes the particle-based microphysical model used to simulate the atmospheric 

evolution of aircraft-emitted particles in the plume of a turbofan. The mathematical model for computing 

the activation and condensation of gaseous species on particles is based on the work of Wong et al. (2014), 

while the All-Of-Nothing (AON) coagulation module from Unterstrasser and Hoffmann and Lerch (2017) 

was used. First, the models for activating soot particles through the adsorption of gaseous species and the 

scavenging of droplets are presented. Then, the equations of condensation growth on soot particles and 

sulfuric acid droplets are presented, and the coagulation of sulfuric acid-water droplets is introduced. 

Finally, the homogeneous binary nucleation of a sulfuric acid-water model for molecular clusters is 

presented. The microphysical processes implemented in the code are summarized in Figure 2.

Figure 2

3.4.1 Activation of soot surfaces

It is generally admitted that freshly emitted soot particles from gas turbine engines are bare and initially 

hydrophobic. The activation of soot surfaces by adsorption of vapor molecules is a prerequisite for 

subsequent vapor condensation on soot. Soot surfaces can be activated by sulfuric acid or water-soluble 

organic species to become hydrophilic (aqueous) or by water-insoluble organic species to become 

hydrophobic (non-aqueous). We thus track two distinct phases, aqueous (hydrophilic) and non-aqueous 

(hydrophobic), on a soot surface in the model. Water is not considered in this activation process because 

direct adsorption of water on hydrophobic soot surfaces is believed to be very unfavorable (Brown et al., 

1996), especially in the presence of sulfuric acid (Kärcher, 1998). In addition to gaseous adsorption on soot, 
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activation by collisions of nucleated liquid droplets on soot surfaces is also considered. This process, termed 

scavenging, is modeled with Brownian coagulation between scavenged liquid droplets and soot particles. 

In summary, the activation of a soot particle i is described in the model by:

𝑑𝛩𝑖
𝑑𝑡 |

𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
=

𝑑𝛩𝑖
𝑑𝑡 |

𝑎𝑑𝑠,𝑎𝑞
+

𝑑𝛩𝑖
𝑑𝑡 |

𝑎𝑑𝑠,𝑛𝑜𝑛―𝑎𝑞
+

𝑑𝛩𝑖
𝑑𝑡 |

𝑠𝑐𝑎𝑣,𝑎𝑞
+

𝑑𝛩𝑖
𝑑𝑡 |

𝑠𝑐𝑎𝑣,𝑛𝑜𝑛―𝑎𝑞
+

𝑑𝛩𝑖
𝑑𝑡 |

𝑐𝑜𝑛𝑑,𝑎𝑞

+
𝑑𝛩𝑖
𝑑𝑡 |

𝑐𝑜𝑛𝑑,𝑛𝑜𝑛―𝑎𝑞
,

(3)

where 𝛩𝑖 is the activated soot surface fraction. The adsorption of aqueous and non-aqueous vapors onto 

soot particle surfaces, is represented by the first two terms on the right-hand side (RHS) of Eq. (3). 

Similarly, the scavenging process of aqueous and non-aqueous vapor liquid droplets by soot particle 

surfaces is depicted by the third and fourth term on the RHS of Eq. (3). The last two terms are related to 

rate of change of soot surface coverage due to the condensation of vapor (Jun, 2011). 

The mass of adsorption on soot particles of sulfuric acid, trioxide and organic species is calculated 

from:

𝑑𝑚𝑖
𝑑𝑡 |

𝑎𝑑𝑠,𝑎𝑞
=  0.25 𝛼𝑑,𝑆𝑐𝑠𝒩𝐴𝜋 𝑑2

𝑠(1 ― 𝛩𝑖)(𝐶𝐻2𝑆𝑂4𝑀𝐻2𝑆𝑂4 + 𝐶𝑆𝑂3𝑀𝑆𝑂3), (4)

𝑑𝑚𝑖
𝑑𝑡 |

𝑎𝑑𝑠,𝐻𝐶𝑗

=  0.25 𝛼𝑑,𝐻𝐶𝑗𝑐𝐻𝐶𝑗𝒩𝐴𝜋 𝑑2
𝑠(1 ― 𝛩𝑖) 𝐶𝐻𝐶𝑗𝑀𝐻𝐶𝑗 , (5)

where 𝑀𝐻2𝑆𝑂4, 𝑀𝑆𝑂3, and 𝑀𝐻𝐶𝑗 are the molecular weights of H2SO4, SO3, and organic species j, 

respectively. The mass accommodation coefficients for the adsorption of gaseous sulfuric acid and organic 

species j on soot (referred to as dry accommodation coefficients), respectively 𝛼𝑑,𝑆 and 𝛼𝑑,𝐻𝐶𝑗, describe the 

sticking probabilities of vapor molecules on a bare soot surface; 𝑐𝑠 and 𝑐𝐻𝐶𝑗 are the mean thermal speed for 

the vapor phase sulfuric acid and organic species j; 𝐶𝐻2𝑆𝑂4, 𝐶𝑆𝑂3,and  𝐶𝑗 are the concentrations of vapor 

phase sulfuric acid, vapor phase SO3, and vapor phase organic species j, and 𝒩𝐴 is the Avogadro’s number. 
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Thus, we obtain the mass variation of each soot particle and, a fortiori, the vapor mass variation, which 

leads to the coupling term 𝑤𝑎𝑑𝑠𝑘 in Eq. (1):

𝑤𝑎𝑑𝑠𝑘 = 𝑛
𝑑𝑚𝑖
𝑑𝑡 |

𝑎𝑑𝑠,𝑘

1
𝛥𝑉 , (6)

where 𝑑𝑚𝑖

𝑑𝑡 |
𝑎𝑑𝑠,𝑘

 denotes the vapor mass variation by adsorption of species k, 𝑛 is the number of particles 

per numerical particles, and 𝛥𝑉 is the grid cell volume.

Beside activation by adsorption, soot particles can be activated by scavenging sulfuric acid-water 

droplets. In our model, it is assumed that all soot particles/droplets of a computational particle (CP) (also 

called SIP for SImulation Particle (Unterstrasser and Hoffmann and Lerch, 2017)) in a cell volume are 

located at the same point and have the same quantities, such as the temperature. Also, the interpolated cell 

grid volume should be small enough for the CP to be considered well-mixed.

For the presentation of the mathematical model, we consider a case with a CP i containing more 

physical particles than CP j (𝜐𝑖 > 𝜐𝑗, where 𝜐 represents the number of physical particles per CP). If CP i is 

a soot particle, then it will collect some mass scavenging 𝑚𝑖|𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞 (a droplet) from the CP j. If CP 

i is a droplet, then it will collect some mass scavenging 𝑚𝑖|𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞 (a soot particle) from the CP j. 

The formulation procedure is in two steps: 1) determine the probability that the CP coagulation occurs; 2) 

define how a pair of CP coagulate.

The probability that a collection event will happen is evaluated by the probability 𝑝𝑐𝑟𝑖𝑡 = 𝜐𝑠𝑐𝑎𝑣/𝜐𝑚𝑖𝑛, 

with 𝜐𝑚𝑖𝑛 = min (𝜐𝑖,𝜐𝑗). The number of particles scavenged is calculated from:

𝑑𝜐𝑠𝑐𝑎𝑣
𝑑𝑡 |

𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞
= 𝐾𝑖𝑗𝜐𝑖 𝜐𝑗

1
𝛥𝑉  (1 ― 𝛩𝑖), (7)

where 𝐾𝑖𝑗 is the Brownian coagulation kernel between particle 𝑖 (with a diameter 𝑑𝑖) and particle 𝑗 (with a 

diameter 𝑑𝑗), and (1 ― 𝛩𝑖) represents the available surface on the particle. If the particle 𝑖 is a soot particle 
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collected from a droplet j, then 𝛩𝑖 is the surface coverage of the soot particle. If the particle 𝑖 is a droplet 

collecting from a soot particle j, then 𝛩𝑖 is 0 since droplets do not need to be activated.

Then, the probability 𝑝𝑐𝑟𝑖𝑡 is compared to the function rand (), which provides uniformly distributed 

real random numbers from 0 to 1. A total of four cases can be distinguished, depending on the comparison 

between 𝑝𝑐𝑟𝑖𝑡 and rand (). Below is the complete definition of how a pair of CP (i, j) change after they 

coagulate.

In the first case, the limiter mode is activated if 𝜐𝑠𝑐𝑎𝑣 is larger than both 𝜐𝑖 and 𝜐𝑗. The number of 

droplets collected 𝜐𝑠𝑐𝑎𝑣 is artificially reduced to 𝜐𝑖 in such a case (let us assume that 𝜐𝑖 > 𝜐𝑗). In the second 

case, the multiple collection occurs if 𝑝𝑐𝑟𝑖𝑡 > 1, as each particle in CP i is allowed to collect more than one 

droplet from CP j. In the third case, if 𝑝𝑐𝑟𝑖𝑡 > 𝑟𝑎𝑛𝑑 (), it is a single collection. Finally, no operation on a 

specific CP pair is performed if 𝑝𝑐𝑟𝑖𝑡 < rand ().

Self-coagulation can be considered for kernels with 𝐾𝑖𝑗 > 0. If 2𝑝𝑐𝑟𝑖𝑡 > rand (), self-coagulation 

occurs between the soot particles/droplets in a CP. Then, every two physical particles within a CP coagulate, 

implying 𝜐𝑖 = 𝜐𝑖/2 and 𝑚𝑖|𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞 = 2 𝑚𝑖|𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞.

3.4.2 Condensation growth of sulfuric acid, organics and water vapors on soot particles and droplets

In the model, condensation of volatile vapors can also occur on the activated parts of the soot surfaces. 

Our model assumes that only water, sulfuric acid, and water-soluble organics can condense on the aqueous 

(hydrophilic) part of the surface, and that only water-insoluble organics can condense on the non-aqueous 

(hydrophobic) part. The total mass of sulfuric acid, water, and organic species j on soot particles due to 

condensation is calculated by:

𝑑𝑚𝑖
𝑑𝑡 |

𝑐𝑜𝑛𝑑,𝑠
=  4𝜋 𝐷𝐻2𝑆𝑂4 𝑅𝑝 𝐺𝐻2𝑆𝑂4 𝛩𝑎𝑞,𝑖 

𝑃𝐻2𝑆𝑂4 ― 𝜅𝑎𝑞𝛼𝐻2𝑆𝑂4𝑃𝑠𝑎𝑡
𝐻2𝑆𝑂4

𝑅𝑇 𝑀𝐻2𝑆𝑂4, (8)
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𝑑𝑚𝑖
𝑑𝑡 |

𝑐𝑜𝑛𝑑,𝑊
=  4𝜋 𝐷𝑊 𝑅𝑝 𝐺𝑊 𝛩𝑎𝑞,𝑖 

𝑃𝑊 ― 𝜅𝑎𝑞𝛼𝑊𝑃𝑠𝑎𝑡
𝑊

𝑅𝑇 𝑀𝑊, (9)

𝑑𝑚𝑖
𝑑𝑡 |

𝑐𝑜𝑛𝑑,𝐻𝐶𝑗

=  4𝜋 𝐷𝐻𝐶𝑗 𝑅𝑝 𝐺𝐻𝐶𝑗 𝛩𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞,𝑖 
𝑃𝐻𝐶𝑗 ― 𝜅𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞𝛼𝐻𝐶𝑗𝑃

𝑠𝑎𝑡
𝐻𝐶𝑗

𝑅𝑇 𝑀𝐻𝐶𝑗, (10)

where 𝑅𝑝  is the radius of soot particle including liquid layers, 𝑀𝑊 is the molecular weight of water; 𝐷𝐻2𝑆𝑂4, 

𝐷𝑊, and 𝐷𝐻𝐶𝑗 are the diffusivities of the vapor phase sulfuric acid, water, and organic species j in air; 𝑃𝐻2𝑆𝑂4

, 𝑃𝑊, and 𝑃𝐻𝐶𝑗 are the vapor pressure of sulfuric acid, water, and organic species j; 𝑃𝑠𝑎𝑡
𝐻2𝑆𝑂4, 𝑃𝑠𝑎𝑡

𝑊  and 𝑃𝑠𝑎𝑡
𝐻𝐶𝑗 

are the saturation vapor pressure of sulfuric acid, water, and organic species j; 𝜅𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞 is the Kelvin 

factor of the soot particles; 𝛼𝐻2𝑆𝑂4, 𝛼𝑊, and 𝛼𝐻𝐶𝑗 are the activity coefficients of sulfuric acid, water, and 

organic species j in the soot coating liquid mixtures, and 𝐺𝐻2𝑆𝑂4, 𝐺𝑊, and 𝐺𝐻𝐶𝑗 are the correction factors 

for condensation of each species on soot particles (Pruppacher and Klett, 1998).

Although organic vapors in aircraft emissions may not contribute to the nucleation process to promote 

new particle formation, it has been shown that only the size and the composition (not the number) of 

homogeneous liquid droplets is affected by condensation (Wong et al., 2015). Consequently, the 

condensation growth of droplets is computed. The equations are similar to the condensation growth 

equation for soot particles, i.e., Eqs. (8), (9), and (10). Hence, we assume that 𝛩𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞,𝑖 = 1 for droplets 

since droplets do not need to be activated.

Thus, we obtain the mass variation of each particle due to condensation/evaporation of a species and, 

a fortiori, the vapor mass variation, which leads to the coupling term 𝑤𝑐𝑜𝑛𝑑𝑘 in Eq. (1):

𝑤𝑐𝑜𝑛𝑑𝑘 = 𝑛
𝑑𝑚𝑖
𝑑𝑡 |

𝑐𝑜𝑛𝑑,𝑘

1
𝛥𝑉  , (11)

where 𝑑𝑚𝑖

𝑑𝑡 |
𝑐𝑜𝑛𝑑,𝑘

 denotes the vapor mass variation by condensation/evaporation of species k.
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3.4.3 Coagulation of sulfuric acid-water droplets

Our model takes into account the coagulation between H2SO4-H2O liquid droplets. In this scenario, we 

consider a CP i containing more physical particles than CP j (𝜐𝑖 > 𝜐𝑗, where 𝜐 represents the number of 

physical particles per CP). Then CP i will collect some mass scavenging 𝑚𝑖|𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞 from the CP j 

that is a droplet. The formulation procedure is in two steps: 1) determine the probability that the CP 

coagulation occurs; 2) define how a pair of CP coagulate.

The probability that a collection event will happen is evaluated by the probability 𝑝𝑐𝑟𝑖𝑡 = 𝜐𝑠𝑐𝑎𝑣/𝜐𝑚𝑖𝑛, 

with 𝜐𝑚𝑖𝑛 = min (𝜐𝑖,𝜐𝑗). The number of particles scavenged between two droplets is computed as follows:

 
𝑑𝜐𝑘
𝑑𝑡 |

𝑠𝑐𝑎𝑣,𝑎𝑞/𝑛𝑜𝑛―𝑎𝑞
= 𝐾𝑖𝑗𝜐𝑖 𝜐𝑗

1
𝛥𝑉  , (12)

where υ𝑖 and υ𝑗 are the number of droplets in a CP i and j, respectively, 𝛥𝑉 is the volume of a control 

volume, and 𝐾𝑖𝑗 is the Brownian coagulation kernel.

Then, the probability 𝑝𝑐𝑟𝑖𝑡 is compared to the function rand (), which provides uniformly distributed 

real random numbers from 0 to 1. A total of 4 cases can be distinguished, depending on the comparison 

between 𝑝𝑐𝑟𝑖𝑡 and rand (). The definition of how a pair of CP (i, j) change after they coagulate is similar 

to the procedure described in Sect. 3.4.1 for soot particles and sulfuric acid-water droplets scavenging.

3.4.4 Homogeneous binary nucleation of sulfuric acid-water

In addition to the growth of existing soot particles, new liquid droplets can form through binary 

homogeneous nucleation (BHN). The homogeneous nucleation of organic species is characterized by very 

slow nucleation rates, and therefore, organic gaseous precursors do not promote the formation of new 

particles (Wong et al., 2015). This formation is driven by the binary homogeneous nucleation of sulfuric 

acid and water. The clusters that are in the process of “particle formation” need to be separated from larger 

liquid droplets in the particle distribution. The precise threshold between clusters and particles is 
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ambiguous, and varies with the property of interest (Elm et al., 2020). Since the critical size for a H2SO4-

H2O cluster is around 1.5-1.7 nm (Määttänen et al., 2018; Du and Yu, 2006; Arnold et al., 2012), the 

threshold between clusters and particles was set to 1.7 nm, meaning that only computational particles with 

a critical radius smaller than 1.7 nm could nucleate. Given the range of ambient conditions relevant to an 

aircraft plume, the nucleation rate 𝐽𝐻2𝑆𝑂4―𝐻2𝑂 (number of new embryos formed per second and per cubic 

meter) in the water/sulfuric acid mixture was calculated with the cluster size, composition, and nucleation 

rate, using the parameterization from Määttänen et al. (2018).

The H2SO4–H2O nucleation rate is highly dependent on the temperature, relative humidity, and H2SO4 

concentration. The following empirical criterion (Seinfeld and Pandis, 2016; Casati et al., 2007) is used to 

decide whether H2SO4-H2O nucleation commences:

𝐶𝑐𝑟𝑖𝑡 = 0.16 exp(0.1 𝑇 ― 3.5 𝑅𝐻 ― 27.7) , (13)

where 𝑅𝐻 is the relative humidity on a scale ranging from 0 to 1, and T is the temperature of the gas phase. 

When the gas phase concentration of H2SO4 exceeds 𝐶𝑐𝑟𝑖𝑡, the nucleation of H2SO4–H2O embryos starts. 

As in Wey and Liu (2007), the gas depletion for H2SO4 due to the nucleation process is calculated by:

𝑑𝑚𝐻2𝑆𝑂4

𝑑𝑡 = 𝐽𝐻2𝑆𝑂4―𝐻2𝑂
𝑛∗

𝑡𝑜𝑡(1 ― 𝑥∗)𝑀𝐻2𝑆𝑂4𝑉0
𝒩𝐴

, (14)

where 𝑀𝐻2𝑆𝑂4 is the molecular weight of the sulfuric acid, 𝑛∗
𝑡𝑜𝑡 is the number of molecules in the critical 

cluster, 𝑥∗ is the mole fraction of sulfuric acid in the critical cluster, 𝑉0 is the initial volume of the cluster, 

and 𝒩𝐴 is the Avogadro’s number. The gas depletion for H2O due to the nucleation process is calculated 

by:

𝑑𝑚𝐻2𝑂

𝑑𝑡
= 𝐽𝐻2𝑆𝑂4―𝐻2𝑂

𝑛∗
𝑡𝑜𝑡𝑥∗𝑀𝐻2𝑂𝑉0

𝒩𝐴
, (15)
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where 𝑀𝐻2𝑂 is the molecular weight of the water vapor. The nucleation rate for  H2SO4-H2O liquid droplets 

(Kärcher, 2003) is evaluated by:

𝑑𝑛𝑘

𝑑𝑡
= 𝐽𝐻2𝑆𝑂4―𝐻2𝑂, (16)

where 𝑛𝑘 is the number density of liquid droplets.

Thus, we obtain the mass variation of each particle due to the nucleation of the species and, a fortiori, 

the vapor mass variation, which leads to the coupling term 𝑤𝑛𝑢𝑐𝑙𝑘 in Eq. (1):

𝑤𝑛𝑢𝑐𝑙𝑘 = 𝑛
𝑑𝑚𝑘

𝑑𝑡
1

𝛥𝑉 , (17)

where 𝑑𝑚𝑘

𝑑𝑡  denotes the vapor mass variation by nucleation of a liquid droplet of species k.

4. Methods

4.1 Characteristics of the organic gaseous species at the exhaust

The APEX campaign provides a large quantity of organic compounds from 4 to 100% engine power 

settings for a CFM56-2C1. Recent field measurements by Kılıç et al. (2017) characterized organic 

emissions at 1.5 m behind different aircraft engines to identify gaseous organic species for engine power 

settings ranging from 4 to 100%. In Kılıç et al. (2017), a ranking of 109 organic species by mass-based 

emission index (𝐸𝐼𝑚) indicates that from 34 to 22 species represent most (70%) of the emissions seen 

between 4 and 100% engine power settings on the basis of the (𝐸𝐼𝑚). The molar fractions of gaseous 

organics species were calculated from the index emission of Kılıç et al. (2018) and Wey et al. (2006).

The computation of the effective saturation concentration 𝐶∗ allows to know the capacity of a volatile 

compound to condense at a specific temperature. The effective saturation concentration of organic species 

from Kılıç et al. (2017) have an effective saturation pressure that range from 104 to 1010 mg m-3 at room 

temperature (i.e. 300K) (refer to intermediate volatile and volatile organic compounds (IVOC/VOC) 

(Huang et al., 2021)). However, measurements showed that for a CFM56-2B1, the effective saturation 
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concentration of organic species in plumes can be as low as 10-2 mg m-3 for low vapor saturation pressure 

organic compounds (Presto et al., 2012). As our goal is to select typical organic surrogate species emitted 

from a large volatility range and allow interactions of volatile organics and aircraft-emitted soot particles, 

we had to consider volatile organics having vapor pressures low enough for them to condense onto soot 

particles. Consequently, we added four additional organics species, namely, C14H10, C16H10, C20H12 and 

C22H12 to obtain a more representative set of organic compounds in a plume. For those four species, the 

effective saturation pressure range from 10-2 to 103 mg m-3 at room temperature (i.e., 300K) (refer to low- 

and semi-volatile organic compounds (LVOC/SVOC) (Huang et al., 2021)). The emission indices for these 

species were taken from (Presto et al., 2012; Jathar et al., 2012) for a CFM56-2B1. A list of organic 

surrogate species selected for each regime for our modeling work is provided in Table 1. 

Table 1

4.2 Microphysics implementation

4.2.1 Coagulation algorithm

The Lagrangian particle tracking microphysics module considers each computed particle one by one. 

Consequently, the information on computed particles (soot particles or liquid droplets) is stored in an array 

with up to 147 attributes (in the form of columns) characterizing the represented aerosol. Besides 

microphysical quantities (mass adsorbed/collected/condensed for each species), other quantities, such as 

the position 𝒙𝑝 or the number of physical particles 𝜐𝑝, are also stored.

To simulate the coagulation process, the associated time step ∆𝑡𝑐 is defined. Particles coagulate in a 

grid cell of a volume ∆𝑉 at the probability 𝑝𝑐𝑟𝑖𝑡. At every time step ∆𝑡𝑐, a list of CP is created in the grid 

cell, where 𝑁𝐶𝑃 is the total number of CP in the cell. In that list, CP are permutated randomly, as per Shima 

et al. (2009). The coagulation algorithm simply checks each i−j combination for a possible collection event, 

by computing the probability 𝑝𝑐𝑟𝑖𝑡. We ensure there is no overlapping, and therefore, that no CP could 

coagulate twice, in order to reduce the computation cost. As well, the linear sampling version of AON is 
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included in the model (Shima et al., 2009; Unterstrasser and Hoffmann and Lerch, 2020). [𝑁𝐶𝑃/2] 

combinations of pairs i −j are selected, with each CP appearing in exactly one pair (if 𝑁𝐶𝑃 is odd, one CP 

is ignored). As only a subset of all possible combinations is numerically evaluated, the extent of collisions 

is underestimated. To compensate for this, the probability 𝑝𝑐𝑟𝑖𝑡 is upscaled by a scaling factor 𝛾𝑐𝑜𝑟𝑟:

𝛾𝑐𝑜𝑟𝑟 =
𝑁𝐶𝑃(𝑁𝐶𝑃 ― 1)

2
𝑁𝐶𝑃

2
, (18)

to guarantee an expectation value as desired. As our number of particles (around 300,000) and the storage 

array (147 columns for the soot particles array) are large, the linear sampling represents a good compromise 

providing computational cost savings.

The coagulation module was validated using the scenario set-up from Vemury and Pratsinis (1995) to 

evaluate the self-preserving size distributions (SPSD) in both free molecular and continuum regimes. The 

results showed strong agreement with the reference in the free molecular regime, with only minor 

discrepancies in dimensionless number concentration observed in the continuum regime. A comparison of 

geometric standard deviations with the theoretical SPSD values revealed discrepancies of less than 0.6%.

4.2.2 Properties of liquid organics mixture

To incorporate the organic surrogate species above in our microphysical model, certain approaches for 

estimating the species’ physical and thermodynamic properties were implemented into the model, as in 

Wong et al. (2014). The boiling points and critical properties (i.e., critical temperature, pressure, volume, 

and compressibility factor) of the pure organic surrogate species are necessary for this estimation. The 

group contribution method of Nannoolal et al. (2004) and Nannoolal and Rarey and Ramjugernath (2007) 

was used to calculate the boiling points and critical properties. The density of a liquid mixture of sulfuric 

acid, water, and water-soluble organics (for the hydrophilic coverage) and of a liquid mixture of water-

insoluble organics (for the hydrophobic coverage) was estimated by the Rackett equation, with the Li 

mixing rule (Poling and Prausnitz and O'connell, 2001). The empirical relationship developed by Brock 
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and Bird was used to calculate the surface tension of a pure organic surrogate species (Poling and Prausnitz 

and O'connell, 2001). The surface tension of a liquid mixture soot coating was assumed to be the molar 

averaged surface tension of all the species in the mixture. Activity coefficients of the components in liquid 

mixtures were evaluated following the principles given by Clegg and Seinfeld (2006). Since two different 

phases, aqueous and non-aqueous, are tracked on a soot surface, the activity coefficients of sulfuric acid, 

water, and the organic species were calculated separately in two phases. For the aqueous fraction, the 

aqueous liquid mixture was further divided into two independent components (sulfuric acid-water solution 

and aqueous organic solution). We assume that the interactions between the sulfuric acid-water solution 

and aqueous organic solution are negligible. The empirical relationship developed by Taleb and Ponche 

and Mirabel (1996) was used to calculate the activity coefficients of sulfuric acid and water in an aqueous 

sulfuric acid solution. The modified UNIversal quasi-chemical Functional group Activity Coefficients 

(UNIFAC) group contribution model (Gmehling and Li and Schiller, 1993) was used to calculate the 

activity coefficients of the organic species in both aqueous and non-aqueous organic solutions. Finally, if 

available, the experimental saturation vapor pressure of an organic surrogate species expressed as the 

Antoine Equation was used. For heavier organic species without an experimental saturation vapor pressure, 

the group contribution method developed by Nannoolal and Rarey and Ramjugernath (2008) for the 

estimation of the vapor pressure of organic species was used for both water-soluble and water-insoluble 

organic species.

4.2.3 CFD coupling with the microphysical model

For microphysics, a fourth-order Runge-Kutta scheme was used, which is deemed less diffusive, to 

solve the equations governing particle activation/growth (Eqs. (4), (5), (8), (9), and (10)) and surface 

coverage change (Eq. (3)). Furthermore, the condensation model was tested and showed no broadening of 

an initial size distribution of monodisperse droplets with the simulation time. The microphysical module 

was implemented as a user-defined function in the commercial CFD code in STAR-CCM+ v2020.2. The 

methodology for coupling with the CFD solver is detailed in Figure 3. Microphysical processes and particle 
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storage are computationally expensive and time-consuming. To accelerate computations, we distribute 

mesh cells containing at least one computational particle to multiple computing cores, leveraging parallel 

computing techniques for more efficient simulations.

Figure 3

Three time steps, ∆𝑡 =  0.005 𝑠 for idle (4%), taxi (7%), and approach (30%), while ∆𝑡 = 0.0005 𝑠 and 

0.0002 𝑠 for climb (85%), and take-off (100%), are respectively chosen, ensuring the Courant–Friedrichs–

Lewy number does not exceed 1.0 along the plume. Convergence is determined once the average residuals 

of the continuity, momentum, energy, and equations decrease at least four orders of magnitude at each time 

step. Since the coagulation process is very sensitive to rapid humidity or temperature changes, the 

dynamical time step ∆𝑡 may be sub-cycled (divided into smaller steps) ∆𝑡𝑐. The sub-step time calculation 

for the coagulation processes is based on the coagulation timescale (Zhao and Zheng, 2013). For 

condensation, the dynamical time step ∆𝑡 is relatively comparable to the condensation characteristic 

timescale 𝜏𝑐 (around 0.001 𝑠). A time step of 0.001 𝑠 is sufficiently small to account for the fast diffusional 

growth at high plume super-saturations (Bier and Unterstrasser and Vancassel, 2021). 

4.3 CFD setup

4.3.1 Aero-thermodynamics conditions

The first task required to simulate the evolution of aero-engine emissions (gaseous and particulate) in 

the early plume at different Landing Take-Off (LTO) power settings is to estimate exhaust properties at the 

engine-exit plane. The strategy is similar to (Cantin et al., 2022). The software GASTURB (thermodynamic 

cycle program) (Kurzke, 2004) was used to determine the thermodynamic cycle at different LTO power 

settings. A generic two-spool, unmixed-flow, and turbofan engine configuration was chosen to model the 

CFM56-2C1 engine. The model was calibrated to simulate the conditions of APEX-1 tests Nos. 908, 914, 

913, 928, and 909 for engine powers settings from 4 to 100% (Wey et al., 2006). The engine design 

parameters, such as the thrust settings, bypass ratio, overall pressure ratio, and mass flow rates of the core 

and the bypass, were gathered from Jane’s All the World’s Aircraft (Jackson and Munson, 2004) when 
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available. The fuel flow rates at various power settings were taken from the APEX-1 data and the 

International Civil Aviation Organization (ICAO) Emission Databank (ICAO, 2017). Based on these 

parameters, the temperature, pressure, and velocity were calculated at various engine stations, including the 

engine-exit plane. The latter were used as initial thermodynamics conditions for the CFD model.

Table 2 presents the engine exhaust conditions used at five different engine power settings: 4, 7, 30, 

85, and 100%, as given by the gas turbine cycle program GASTURB. These conditions were set at the core 

and bypass duct inlets. The properties of soot particles at the exhaust nozzle from APEX-1 measurements 

are also presented. The soot particle size distribution follows a log-normal, meaning that all the particles 

have a different radius. The initial profile distribution for soot particles is computed from Jacobson (2005) 

as a lognormal:

𝑛𝑖 =
𝑁∆𝑑𝑖

𝑑𝑖 2𝜋ln (𝜎𝑔)
exp

― 𝑙𝑛2(𝑑𝑖/𝐷𝑀)
2𝑙𝑛2(𝜎𝑔) , (19)

where 𝑁 is the total number concentration of particles, 𝑛𝑖 is the number concentration of the computational 

particle i, 𝑑𝑖 is the diameter of the computational particle i, 𝐷𝑀 is the geometric mean number diameter, 

and 𝜎𝑔 is the geometric standard deviation. 

Freshly emitted soot particles are composed of several nanometre-sized primary spherules combined 

into aggregates (Wang et al., 2019). However, the soot morphology quickly evolves (few meters from the 

exhaust) from a linear chain-like aggregate into a more compact spherical aggregate shape, a process called 

soot morphology restructuring. This process is accelerated under conditions closer to supersaturation 

(Bessagnet and Rosset, 2001), at high engine power settings (Saffaripour et al., 2020), or when soot are 

liquid-coated with gaseous species such as sulfuric acid (Pagels et al., 2009) or aromatic precursors 

(Schnitzler et al., 2014). Hence, assuming a rapid soot morphology restructuring, a spherical shape for soot 

aggregates is considered. To accurately model the soot surface activation and the adsorption of gaseous 

species on soot aggregates, the soot distribution was initialized with the geometric mean diameter of soot 
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aggregates from APEX-1 measurements (Saffaripour et al., 2020; Lobo et al., 2007), rather than the GMD 

of primary soot spherules.

Even if soot aggregates restructure rapidly into spherical structures, they are still porous at the engine 

exit, having packing densities of 0.25-0.5 (Sipkens and Corbin, 2024), which underestimates the real surface 

area of soot aggregates. To evaluate the underestimation in terms of soot surface area related to the use of 

GMD of restructured soot aggregates (nonporous structure), the number of primary particles in a soot 

aggregate was computed according to Kelesidis et al. (2018). Using primary particle data and the GMD of 

soot aggregates of nvPM for a CFM56-7B26/3 (Abegglen et al., 2015; Liati et al., 2014), the calculation of 

the surface area of soot aggregates considering primary particle was performed using the equation by Brasil 

and Farias and Carvalho (1999) with an overlapping coefficient of 0.14 (Sipkens et al., 2023). Assuming 

spherical soot aggregates, the underestimation in terms of GMD is below 7%, which remains within the 

uncertainties of soot GMD measurements (Boies et al., 2015; Saffaripour et al., 2020).

For H2SO4/H2O molecular clusters, the mean particle radius is set to 0.277 nm according to Kärcher et 

al. (2007), while the initial mass fraction of H2SO4 is set to 0.45 (Karcher et al., 1998). The static 

temperature and pressure values are 𝑇𝑎𝑚𝑏 = 293 𝐾 and 𝑃𝑎𝑚𝑏 = 930 ℎ𝑃𝑎, respectively. The mole fraction 

of water vapor in ambient air is set at 𝑋𝑎𝑚𝑏 = 4.267 10―3 to account for a 17% relative humidity, for 

comparison with experimental results (Wey et al., 2006).

Table 2

4.3.2 Computational domain and grid

A 2D axisymmetric representation of the engine nozzle was considered for URANS calculations, as 

shown in Figure 4. The geometry of the CFM56-2C1 short-cowl nozzle is composed of a core and a bypass 

flow with diameters 𝐷𝑐 = 0.695 𝑚 and 𝐷𝑏 = 1.508 𝑚, respectively. In the engine geometry, the duct from 

the outlet of the exhaust nozzle plane was modeled in order to promote the development of the boundary 

layer on each side of the jet. The nozzle configuration is representative of a CFM56-2C1 engine, in which 
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a central plug is included to encourage early mixing between the core and the bypass flows (here, the inner 

shear layer).

As shown in Figure 4, the computational domain had a radius 𝑅 = 10 𝐷𝑏, and a length 𝐿 = 134 𝐷𝑏 to 

ensure ambient pressure at far-field boundaries. Three inlet sections were used upstream: a freestream 

pressure inlet (𝑃0
𝑎𝑚𝑏,𝑇0

𝑎𝑚𝑏), a bypass pressure inlet (𝑃𝑏,𝑇𝑏), and a core pressure inlet (𝑃𝑐,𝑇𝑐). A no-slip 

adiabatic condition was imposed on engine walls, while a symmetry condition was used on both lateral 

places. The azimuthal boundary was treated as a slip condition while the far-field axial boundary was set 

as a far-field condition.

A grid convergence study of the gaseous phase was performed for a high and low engine power case 

(7 and 100%) using three grids: coarse (53,000 cells), medium (81,000 cells), and fine (189,000 cells), 

respectively labelled grid 1, 2, and 3. For the gaseous phase, the mean errors computed in the inner shear 

layer (i.e., between the core and the bypass jets) for the static temperature, water vapor mass fraction, and 

axial velocity were below 2% between the medium and the fine grid. Furthermore, discretization errors 

estimated using the GCI method (Celik et al., 2008) at a probe point (𝑟 = 0.7 𝐷𝑐, 𝑦 = 1 𝐷𝑏) were 

sufficiently low with the medium mesh. As such, computations were only performed on the medium grid.

The medium grid is mainly composed of hexahedral elements and boundary prismatic cells, as shown 

in Figure 4-c. Refinement blocks were used in the duct of the core and the bypass flow, as well as in the 

near field of the engine nozzle (< 20 𝐷𝑏) to capture high gradients in the shear layer (∆𝑥 = 0.03 𝐷𝑏). Then, 

the mesh in the far field was relatively coarser, with cells about ∆𝑥 = 0.15 𝐷𝑏. Typically, the cell anisotropic 

size in the duct is ∆𝑥 = 0.02 𝐷𝑏. The near-wall refinement ensured a maximum 𝑦+ < 5, allowing to resolve 

the boundary layer with a wall law function.

Figure 4
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5. Model validation – results analysis
In this section, the results regarding plume dynamics, along with a validation of the plume with the 

APEX-1 and -2 campaigns in the exhaust jet of a CFM56-2C1 aircraft engine, are introduced. Then, the 

validation about the emission index of main species and minor species is presented. Finally, the results for 

the microphysical model are presented in terms of the validation of the size particle distribution, the 

emission index in terms of both number and mass, and the composition of soot particles and liquid droplets.

5.1 Model validation

5.1.1 Plume dynamics

Figure 5 shows a comparison of the predicted and measured properties, such as the velocity (Figure 5-

a), temperature (Figure 5-b), and exhaust gas fraction (Figure 5-c), in the near field of a CFM56-2C1 at 30 

m downstream. These conditions were chosen to approximate APEX-1 conditions, where the ambient 

temperature ranged from 290 to 310K, and the ambient relative humidity ranged from 7 to 17%. Our results 

are compared with APEX-1 measurements across engine power settings ranging from 4 to 100%. We 

observe good agreement between our predictions and the measurements for all quantities. The results show 

that the predicted properties (velocity, temperature, and exhaust gas fraction) increase monotonically with 

increasing engine power. At 100% engine power, the plume contains a higher exhaust gas fraction than at 

lower power settings, indicating that the fraction of exhaust species at the centerline of the jet decreases 

more slowly.

Figure 5

Figure 6 illustrates the stream-wise (xy-plane) contours of the exhaust plume temperature at the idle 

and take-off regimes. The mixing of the two streams (core and bypass flow) with ambient air downstream 

cools the plume and decreases the temperature. Between the two streams, the shear layer is clearly more 

spread out for take-off as compared to the idle regime after 𝑥/𝐷𝑏 = 3. The difference of the mixing between 

the idle (𝑢𝑐𝑜𝑟𝑒 = 41.8 𝑚.𝑠―1) and take-off (𝑢𝑐𝑜𝑟𝑒 = 208.3 𝑚.𝑠―1) regimes is attributed to the disparity in 

jet speed with a lower ambient air speed (𝑢𝑎𝑚𝑏 = 1 𝑚.𝑠―1). This difference increases the thickness of the 
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shear layer extending radially. Moreover, since the exhaust gas temperature at the nozzle throat is lower in 

the idle regime, the jet plume in take-off conditions exhibits a relatively higher temperature (~830K) as 

compared to the idle plume (~700K) on the jet centerline up to 𝑥/𝐷𝑏 ≈ 2.

Figure 6

5.1.2 Gas phase emissions

Figure 7 compares the CFD-predicted emission indices (EI) (kg.kg fuel-1) with APEX measurements 

for major (1st row) and minor (2nd and 3rd rows) species at probes located at a distance 1, 10, and 30 m 

behind the aircraft. Although chemical reactions are computed for only major gaseous species in the jet 

plume, the model’s EI predictions showed a good agreement with APEX measurements, with discrepancies 

being below one order of magnitude. These results demonstrate the model’s capacity to predict reasonably 

well the plume chemistry of both major (NO, SOx, NOx) and minor (HCs) species over the full range of 

LTO engine power settings. For instance, the EI of CO decreased as the power increased from 4 to 85%, 

and then increased slightly from 85 to 100% power. The model also accurately captures the plume mixing, 

as evidenced by the decrease in EI from 1 to 30 m for all species. The greatest difference in EI between 1 

and 30 m is observed for lower engine power settings (4 and 7%), where the predicted exhaust gas fraction 

is lower at 30 m, as shown in Figure 5-c.

Figure 7

5.1.3 Particulate emissions

Figure 8 compares the CFD-predicted 𝐸𝐼𝑛 (kg fuel-1) and particle diameter (nm) of both non-volatile 

PM (1st row) and total PM (2nd row) with APEX-1 measurements at distances of 1, 10, and 30 m downstream 

from the engine exhaust. At 1 and 10 m, the 𝐸𝐼𝑛 values of nvPM align well with the measurements. At 30 

m, small discrepancies emerge for engine power settings below 30%, with the predicted values being about 

two orders of magnitude lower than the measurements. From 10 m to 30 m, the results show a constant 

value of the 𝐸𝐼𝑛 for all engine power settings.
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Total PM 𝐸𝐼𝑛 measurements show an increase between 10 and 30 m that is primarily attributed to the 

homogeneous nucleation of new vPM. However, the numerical results suggest that the variation in 𝐸𝐼𝑛 for 

total PM and nvPM is not significant for all locations and engine power settings, indicating that new vPM 

are not formed in the plume, at least within the first 30 m. Indeed, new vPM could have been formed in the 

sampling system, as shown by (Wong et al., 2008; Onasch et al., 2009). Also, the relatively high temperature 

in the plume (>297.5K) may prevent the homogeneous nucleation of particles according to Wong et al. 

(2008).

Overall, the geometric mean diameter (GMD) of nvPM falls within the uncertainty range of APEX 

measurements, as shown in Figure 8. Non-volatile PM diameter results exhibit an increase in the plume 

distance for low power settings (≤ 7%), while decreasing for higher power settings ranging from 1 to 30 m. 

Experimental observations reveal a linear increase in diameter as a function of power settings, and yet the 

diameters are consistently lower at 30 m as compared to at 1 m, consistent with the power thrust numerical 

results above 30%. The total PM results show an increase in particle diameter with increasing power until 

85%, followed by a slight decrease. Our findings indicate good agreement in total particle diameter at 30 

m for engine power thrust below 30%, but a slight overestimation is observed for higher power regimes. 

As already mentioned, this suggests that freshly nucleated vPM were detected in the sampling system, 

exhibiting a mean size diameter of 12 nm (smaller than that of nvPM) and consequently decrease the mean 

particle size at 30 m (Wey et al., 2007). At high engine power thrust, a large dispersion of the GMD 

measured is observed in the data 30 m downstream, depending on the ambient temperature (Lobo et al., 

2007). For runs with higher ambient temperature, the GMD was larger (~35 nm), while the reported GMD 

was smaller (~20 nm) for runs with lower ambient temperature. Higher ambient air temperature suppresses 

nucleation in the plume, reducing the population of small nucleation-mode particles and increasing the 

GMD.

Figure 8

Page 26 of 70



Information Classification: General

The particle number ratio of nvPM to total PM 𝐸𝐼𝑛 provides an effective means of assessing the 𝐸𝐼𝑛 of 

vPM. To evaluate the presence of volatile PM, the evolution of the particle number ratio up to 80 m 

downstream of the engine is illustrated in Figure 9. At a thrust of 30%, the PM number ratio begins to 

decrease at around 20 m, while for lower power regimes (4 and 7%), this decline becomes more pronounced 

at distances between 60 and 70 m. Remarkably, the PM number ratio remains constant at a unity value for 

85%. These results suggest that volatile PM of sulfuric acid are minimally formed at 30 m, specifically 

under atmospheric conditions characterized by an ambient temperature of 293 K and an ambient relative 

humidity of 17%.

Binary homogeneous nucleation of H2SO4-H2O is mainly dependent on ambient conditions, but is also 

influenced by H2SO4 concentration (Määttänen et al., 2018). Sulfuric acid is emitted in significantly higher 

quantities at the exhaust plane nozzle (𝑋𝐻2𝑆𝑂4 = 2.17 10―9), specifically at 30% engine power, as 

compared to other regimes  (𝑋𝐻2𝑆𝑂4 ≈ 10―10), with a magnitude difference of one order of magnitude 

(Bisson et al., 2016). Furthermore, the static plume temperature at 30 m for 30% engine power (~309K), is 

lower compared to the higher regime (~322-328K), as illustrated in Fig. 5-b. This temperature difference 

suggests that the formation of volatile particulate matter (vPM) through binary homogeneous nucleation of 

H2SO4-H2O might be more favorable at mid-thrust conditions, of approximately 30%.

Figure 9

The soot mode calculation evaluates the performance of the microphysical model in terms of adding 

mass through adsorption, condensation and scavenging to soot particles. The sulfate and organic mass-

based emission indices (𝐸𝐼𝑚) as a function of engine power at the 30 m location behind the engine is 

depicted in Figure 10. Experimental data were averaged from Aerosol Mass Spectrometer (AMS) 

measurements during the APEX-1 campaign (Wey et al., 2006), where the ambient temperature ranged 

from 290 to 310 K and the ambient relative humidity varied from 7 to 17%.
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The model captured reasonably well the global trend of PM microphysics in a near-field aircraft plume 

at ground level, showing a decrease in 𝐸𝐼𝑚 soot mode for organic compounds and sulfate from low power 

to 30%, then an increase for higher engine power settings. The sulfate and organic mass-based emission 

indices increase as a function of engine power, indicating a significant increase in the surface area of the 

soot mode, with more gas phase components condensing on the pre-existing surface area.

For organic mass loading on soot particles, the model results agree very well with experimental data 

for high power settings (≥ 85%) but over-predict the 𝐸𝐼𝑚 of organic compounds by about one order of 

magnitude for other engine power settings. One potential explanation for this difference is that the 

numerical model does not incorporate contributions from organic-enhanced nucleation processes, 

potentially leading to an overestimation of mass loading on soot particles at low engine power settings. 

Numerical results regarding sulfate mass loading across all engine power settings show good agreement, 

especially for engine thrusts ≤ 85%, where discrepancies are below one order of magnitude.

Figure 10

Figure 11 presents the particle size distribution (PSD) of nvPM as a function of the particle diameter at 

7, 30, 85, and 100% engine power at 30 m. Results are compared with experimental measurements from 

APEX-1. Initially, nvPM emissions exhibit a log-normal distribution in a single mode. Plume mixing 

primarily affects the particle number density as the coagulation of soot particles is not considered in this 

paper. The activation process increases the surface coverage of soot particles with adsorption of gaseous 

species and scavenging of H2SO4/H2O droplets. At high power levels, a significantly greater portion of 

condensed material appears as coatings as compared to low thrust levels, as evidenced by the mean particle 

radii reaching 18 nm and 22 nm for 7 and 100% engine power. Larger particles with a higher particle 

number are observed for 100% as compared to at 7%. As an example, the emission index of nvPM with a 

mean diameter of 100 nm is 100 times bigger at 100% than at 7%. At lower power settings, the mean 

particle radius shifts towards smaller radii (leftward), while higher PSDs at higher power settings exhibit 
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larger particle radii. The model accurately predicts the PSD. Particle number raw data were fitted using a 

single-mode log-normal function (Moore et al., 2017) of the form:

𝑑(𝐸𝐼𝑛,𝑖)
𝑑(log (𝐷𝑝)) =

𝑁
2𝜋log (𝜎𝑔,𝑖)

exp ―
𝑙𝑜𝑔 𝐷𝑝 ― 𝑙𝑜𝑔 𝐷𝑔,𝑖

2

2 𝑙𝑜𝑔(𝜎𝑔,𝑖)
2 , (20)

where 𝑁 is the total particle number, 𝐸𝐼𝑛,𝑖 is the corresponding number emissions index, 𝐷𝑝 is the dry 

particle diameter, 𝐷𝑔,𝑖 is the geometric mean diameter, and 𝜎𝑔, 𝑖 is the geometric standard deviation.

Figure 11

To conclude on the validation results, the model is able to predict the evolution of nvPM in terms of 

their particle number, size and chemical composition within the first 30 m at 4, 7, 30, 85, and 100% thrust 

engine power levels. The next sub-section analyzes PM composition results.

5.2 Effect of engine power setting on PM composition

Results indicate that volatile particles are not formed within the first 30 m. This section provides more 

in-depth insights into the chemical composition of soot and volatile particles up to 50 m downstream of the 

engine, as volatile particles are formed at that distance. Figure 12-a presents the predicted mass fraction of 

soot coatings as a function of engine power settings at 50 m downstream, for organics compounds and 

sulfuric acid. As expected, organic compounds dominate the composition of soot coatings for all engine 

power settings as compared to sulphuric acid. Indeed, Onasch et al. (2009) found that organic mass loading 

on soot particles is higher than for sulfates in the near field (30 m) for all regimes. This aligns with Figure 

10, confirming that the coatings are dominated by organic species. The contribution of organic compounds, 

as compared to sulfuric acid, to soot composition is high at low regimes, decreases around mid-thrust (≈ 

30%), and then increases at high power, which is well captured.

At low regimes (≤ 7%), around 99.5% and 98.2% of the total mass fraction consists of organic 

compounds, that is consistent with measurements for a CFM56-2C1 by Yu et al. (2019) when comparing 
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the mass partitions between organic and sulfate compounds for the soot mode at low thrust (≤ 7%). These 

authors reported mass partitions of 97 ± 9% and 79 ± 8% for organic compounds at 4 and 7% thrust, 

respectively. At 30% thrust, the contribution of organic compounds reaches 85%, which is higher than the 

42 ± 15% mass partition measurement results found by Onasch et al. (2009). Their contribution increases 

for higher engine power settings to reach 93-95%. Given that our value of 𝐸𝐼𝑚 for organic compounds 

closely matches the measurements in Figure 10, we believe that the over-prediction of mass emissions 

indices of organic compounds is due to the fact that our model does not incorporate contributions from 

organic-enhanced nucleation processes.

Figure 12

The results confirm that the adsorption of gaseous species is the most dominant microphysical process 

for all regimes. This is evident from the mass fraction of soot coatings, where it can be seen that the 

adsorption of organic compounds dominates at 50 m, as shown in Figure 12-b. During idling (thrust ≤ 7%), 

less sulphuric acid is adsorbed as compared to in higher regimes. Also, at lower engine power, more organic 

species condense onto soot particles since the temperature is relatively low as compared to higher engine 

power settings. However, the temperature is too high to allow the condensation of sulfuric acid and water 

vapor on soot particles in the near field. Additionally, activation by scavenging of droplets remains 

insignificant for all engine power settings at that distance.

The detailed composition of soot coatings and different compound classes of soot mode particles and 

homogeneous nucleation mode particles at 50 m in terms of mass fraction for all engine power settings is 

illustrated in Figure 12-c and -b, respectively. The results illustrate that engine power settings do have an 

impact on soot coatings. Acid class compounds increase with increasing power, while carbonyls and 

aromatics decrease. Carbonyls dominate with 56-49% at low-medium thrust (≤ 30%), while acid class 

compounds account for 52% among other species at 100% engine thrust. At 4% thrust settings, the most 

abundant compound classes at the engine exit plane are carbonyls, aromatics, and non-aromatics, with mass 
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fractions of 50, 22, and 15% of the total organic species, respectively. Interestingly, these families 

contribute the most to soot coatings in terms of mass fraction in the near field. The organic species of these 

families were initialized with the highest initial molar fraction, as compared to the species of other families, 

making them major components. Wong et al. (2014) suggest that the activation of soot surfaces is driven 

more by the adsorption of volatile vapors than by condensation in the first 10 m downstream since at that 

point, the temperature of the exhaust plume is still too high for most species to condense. As activation is 

mainly driven by the concentration of species, this means that the most abundant species at the exhaust 

contribute the most to soot mass loading. This is also confirmed for 100% power settings, where carbonyls, 

acids, and non-aromatics contribute the most, with mass fractions of 26, 52, and 12% of the total organic 

species, respectively. The contribution of sulfuric acid to soot coating becomes relevant for thrust settings 

above 30%, as its mass fraction reaches 15% of the total species and decreases with increasing power.

Regarding the composition of volatile PM in Figure 12-d, low regimes (≤ 7%) favor organic condensed 

material, as compared to higher regimes. The carbonyls and aromatics families account for 31% of the total 

mass fraction composition on volatile PM at 4%, whereas alcohols contribute to 18% of the mass fraction 

at 7%. For the other regimes, the composition is nearly the same as the initial one, with a distribution of 55 

and 45% for water vapor and sulfuric acid, respectively.

Figure 13

Figure 13 displays the predicted hydrophilic and hydrophobic soot surface coverages at 50 m 

downstream of the engine exit plane as a function of engine power settings. The figure indicates that soot 

particles are more covered with liquid layers at low regimes (thrust ≤ 7%) than at higher regimes. Surface 

coverage decreases from almost 100% to 15% with increasing power, indicating that particle get drier with 

increasing thrust. One explanation may be that the surface area (i.e., the increasing number of liquid-coated 

soot particles) of the soot mode dramatically increases with engine power, with decreasing organic gaseous 

emissions, causing sulfuric acid and organic compounds to be taken up by more available soot surface. This 
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leads to a lower quantity of adsorbed material with increasing power. Additionally, more particles are 

activated at low regimes, as the residence time is higher at low regimes than at high regimes for particles at 

30 m, allowing more materials to condense. This is consistent with the findings by (Wong et al., 2008). The 

mass fraction of water-insoluble species drops from 31% to 2% with increasing engine power settings, 

indicating that more water-insoluble organic species are taken up by soot particles at low regimes. For 

water-soluble species, our results showed that the proportion of water-soluble species is higher at low 

regimes, around 67%, and decreases to 13% at 100% power settings.

6. Conclusions

This study presents a CFD-microphysics coupling approach for accurately predicting the evolution and 

formation of liquid-coated soot particles) and volatile particulate matter (vPM) in near-field aircraft-emitted 

plumes at ground level. The approach employs a Eulerian-Lagrangian online coupling, based on a 2D 

axisymmetric Computational Fluid Dynamics (CFD) framework for engine plume dynamics coupled with 

a tabulated chemistry (60 reactions with 22 reactive species and 47 non-reactive species) and a detailed 

microphysical model. This model considers intricate multicomponent interactions involving organic 

vapors, sulfur species, and soot particles emitted by the aircraft.

Model validation against APEX measurements demonstrated the model’s predictive capabilities in 

capturing jet plume aero-thermodynamics at a distance of 30 m. Gaseous chemistry evolutions, including 

emission indices of major pollutants such as NOx, CO, SO2, and other condensable organic species were 

validated against experimental data from APEX-1. The proposed model’s predictions exhibit a reasonable 

agreement with measurements for emission indices and a particle diameter of nvPM and total particles 

within the 1 to 30 m downstream range.

The results confirm that organic species dominate over sulfuric acid and water vapor soot coatings in 

the near field for all power settings. Organic compounds such as acids increase and carbonyls/aromatics 

decrease with increasing engine power. Microphysical processes affecting soot particles, such as 

Page 32 of 70



Information Classification: General

condensation, scavenging, and adsorption, were also examined. Soot surface activation was primarily 

driven by the adsorption of volatile vapors, particularly within the initial 50 m downstream. Notably, the 

adsorption of organic compounds emerged as the dominant process for all engine power settings, with lower 

power regimes promoting the condensation of organic gaseous species due to lower plume temperatures. 

The study underscores the significance of volatile particulate matter, highlighting limited droplet formation 

at 30 m for engine power at 30%, whereas no liquid droplet formed for other engine power settings. A 

composition analysis of volatile PM reveals distinct variations, with carbonyls and aromatics dominating 

at lower power regimes, while alcohol contributes significantly at 7% at 50 m.

This study found similar trends with 1D plume modeling regarding droplet formation at 30 meters for 

engine power at 7%. The activation of soot surfaces is driven more by the adsorption of volatile vapors 

rather than by condensation in the first 10 meters downstream. As such, simpler dilution models are capable 

of modeling aerosol formation as well as complex calculations that include CFD-microphysics coupling 

with chemistry in the near-field. However, these models might yield different results regarding aerosol 

properties at larger plume scales and cruise flight conditions. In such cases, when mixing is strong and the 

wake vortex plays an important role in the plume dynamics, plume microphysics might need to be coupled 

with detailed flow modeling.

In conclusion, our findings provide valuable insights into the intricate dynamics of particle formation 

in aircraft engine plumes, elucidating the interplay between engine power settings, particle composition, 

and microphysical processes. These results enhance our understanding of aviation-related particulate 

emissions. Furthermore, the developed modeling tool can be instrumental in studying the influence of 

ambient atmospheric conditions or engine parameters on PM evolution and can be upgraded to incorporate 

ice-microphysics for contrail formation.
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Figure captions

Figure 1. 2D scheme of plume from a turbofan engine with gaseous and particulate matter emissions

Figure 2. Simplified pathways for aerosol formation in aircraft plume at ground level

Figure 3. Schematic of CFD-microphysics coupling and the main modules in PAMMAP

Figure 4. Computational domain and grid for CFM56-2C1, short-cowl nozzle: (a) 2D-view, (b) nozzle geometry, 

and (c) nozzle mesh

Figure 5. Comparison of (a) plume velocity, (b) static plume temperature (K), and (c) exhaust gas fraction predicted 

and measured in near-field aircraft plume at 30 m downstream

Figure 6. Stream-wise (xy-plane) contours of exhaust plume temperature at idle (7%) (top) and take-off regime 

(100%) (bottom)

Figure 7. Comparison emission indices of major (1st row) and minor (2nd and 3rd rows) species with experimental 

results from APEX-1 at 1, 10, and 30 m downstream

Figure 8. Comparison of 𝐸𝐼𝑛 (kg fuel-1) and particle diameter (nm) of non-volatile PM (1st row) and total PM (2nd 

row) between APEX-1 measurement campaign and CFD results at 1, 10, and 30 m downstream of the engine. Error 

bars indicate the experimental uncertainties.

Figure 9. Evolution of nvPM / total PM number ratio in the plume

Figure 10. Comparison of sulfate and organic 𝐸𝐼𝑚 (mg kg fuel-1) condensed on the soot mode between APEX-1

measurements and CFD results as a function of LTO power settings at 30 m downstream the engine exhaust

Figure 11. Particle size distribution of nvPM for 7, 30, 85, 100% engine power settings at 30 m

Figure 12. Mass fraction composition regarding sulfate and organic components of soot mode particles (a) 

microphysical processes of soot mode particles (b) different compound classes of soot mode particles (c) and 

homogeneous nucleation mode particles (d) as a function of engine power at 50 m downstream of the engine

Figure 13. Mass fraction in soot coatings regarding surface coverage as a function of engine power at 50 m 
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downstream of the engine

Table captions

Table 1. Exhaust properties of the CFM56-2C1 engine at LTO power settings based on GASTURB thermodynamic 

cycle modeling (Kurzke, 2004) and APEX measurements (Wey et al., 2006)

Table 2. List of organic surrogate species
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Table captions

Table 1. Exhaust properties of the CFM56-2C1 engine at LTO power settings based on GASTURB thermodynamic 

cycle modeling (Kurzke, 2004) and APEX measurements (Wey et al., 2006)

Power Settings (%) 4 7 30 85 100

Test point no. 908 914 913 928 909

Velocity, 𝑈𝑐 (m s-1) 34.5 41.8 91.1 183.2 208.3

Static Temperature, 𝑇𝑐 (K) 640.8 665.0 685.0 771.5 824.5

𝐸𝐼𝑛 (kg fuel-1) 4.05×1014 8.51×1013 9.88×1013 4.83×1014 1.73×1015

Core flow

𝐷𝑀 (nm)/𝜎𝑔 16.3/1.56 17.6/1.63 26.2/1.73 39.3/2.05 34.7/1.84

Velocity, 𝑈𝑏(m s-1) 44.8 59.5 117.1 168.1 174.5

Bypass Flow

Static Temperature, 𝑇𝑏 (K) 295.8 296.9 304.8 323.9 331.3
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Table 2. List of organic surrogate species

Families of HC species

Power 
Settings 

(%)

Number 
of HC 
species

Acids Alcohols Aliphatic Aromatics Carbonyls
O-

containing

Non 
aromatics 

HC

4 38
C2H4O2

CH2O2

C6H6O

C5H10

C8H14

C3H4

C9H12

C6H6

C10H14

C8H10

C7H8

C11H16

C9H10

C10H12

C8H8

C14H10

C16H10

C20H12

C22H12

C2H4O

C3H4O

CH2O

C3H6O

C4H6O

C3H4O2

C4H6O2

C9H10O

C5H6O

C5H8O

C8H8O

C2H2O

C4H8

C3H6

C4H6

C6H10

C7H12

C5H8

C6H8

7 31
C2H4O2

CH2O2

CH4O C3H4

C14H10

C16H10

C20H12

C22H12

C7H8

C10H14

C8H10

C9H12

C6H6

C4H8O

C4H4O3

C2H4O

CH2O

C3H4O

C3H6O

C3H4O2

C4H2O3

C4H6O

C4H6O2

C5H4O2

C2H2O

C6H10

C7H12

C5H8

C4H8

C3H6

C4H6

30 27
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2D scheme of plume from a turbofan engine with gaseous and particulate matter emissions 
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2D scheme of plume from a turbofan engine with gaseous and particulate matter emissions 
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Simplified pathways for aerosol formation in aircraft plume at ground level 
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Simplified pathways for aerosol formation in aircraft plume at ground level 
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Schematic of CFD-microphysics coupling and the main modules in PAMMAP 
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Schematic of CFD-microphysics coupling and the main modules in PAMMAP 
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Computational domain and grid for CFM56-2C1, short-cowl nozzle: (a) 2D-view, (b) nozzle geometry, and 
(c) nozzle mesh 
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Computational domain and grid for CFM56-2C1, short-cowl nozzle: (a) 2D-view, (b) nozzle geometry, and 
(c) nozzle mesh 
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Comparison of (a) plume velocity, (b) static plume temperature (K), and (c) exhaust gas fraction predicted 
and measured in near-field aircraft plume at 30 m downstream 
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Comparison of (a) plume velocity, (b) static plume temperature (K), and (c) exhaust gas fraction predicted 
and measured in near-field aircraft plume at 30 m downstream 
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Stream-wise (xy-plane) contours of exhaust plume temperature at idle (7%) (top) and take-off regime 
(100%) (bottom) 
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Stream-wise (xy-plane) contours of exhaust plume temperature at idle (7%) (top) and take-off regime 
(100%) (bottom) 
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Comparison emission indices of major (1st row) and minor (2nd and 3rd rows) species with experimental 
results from APEX-1 at 1, 10, and 30 m downstream 
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Comparison emission indices of major (1st row) and minor (2nd and 3rd rows) species with experimental 
results from APEX-1 at 1, 10, and 30 m downstream 
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Comparison of 〖EI〗_n (kg fuel-1) and particle diameter (nm) of non-volatile PM (1st row) and total PM 
(2nd 

row) between APEX-1 measurement campaign and CFD results at 1, 10, and 30 m downstream of the 
engine. Error 

bars indicate the experimental uncertainties. 
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Comparison of 〖EI〗_n (kg fuel-1) and particle diameter (nm) of non-volatile PM (1st row) and total PM 
(2nd 

row) between APEX-1 measurement campaign and CFD results at 1, 10, and 30 m downstream of the 
engine. Error 

bars indicate the experimental uncertainties. 
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Evolution of nvPM / total PM number ratio in the plume 
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Evolution of nvPM / total PM number ratio in the plume 
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Comparison of sulfate and organic 〖EI〗_m (mg kg fuel-1) condensed on the soot mode between APEX-1 
measurements and CFD results as a function of LTO power settings at 30 m downstream the engine exhaust 
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Comparison of sulfate and organic 〖EI〗_m (mg kg fuel-1) condensed on the soot mode between APEX-1 
measurements and CFD results as a function of LTO power settings at 30 m downstream the engine exhaust 
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Particle size distribution of nvPM for 7, 30, 85, 100% engine power settings at 30 m 
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Particle size distribution of nvPM for 7, 30, 85, 100% engine power settings at 30 m 
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Mass fraction composition regarding sulfate and organic components of soot mode particles (a) 
microphysical processes of soot mode particles (b) different compound classes of soot mode particles (c) 

and 
homogeneous nucleation mode particles (d) as a function of engine power at 50 m downstream of the 

engine 
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Mass fraction composition regarding sulfate and organic components of soot mode particles (a) 
microphysical processes of soot mode particles (b) different compound classes of soot mode particles (c) 

and 
homogeneous nucleation mode particles (d) as a function of engine power at 50 m downstream of the 

engine 
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Mass fraction in soot coatings regarding surface coverage as a function of engine power at 50 m 
downstream of the engine 
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Mass fraction in soot coatings regarding surface coverage as a function of engine power at 50 m 
downstream of the engine 
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